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RESUMEN 
 

La conservación de las aves agrícolas es uno de los mayores retos de 

conservación en Europa. El declive de estas aves esta claramente ligado a la 

transformación del sistema de producción agrícola que se viene dando desde 

mediados del pasado siglo. Uno de los puntos de partida de esta tesis es que la 

intensificación agrícola ha llevado a una reducción en el alimento natural disponible 

para las aves agrícolas, viéndose éstas obligadas a buscar fuentes alternativas de 

alimento como la semilla de siembra, lo que puede suponer una elevada exposición a 

plaguicidas en el caso de ser estas semillas “blindadas” (i.e. tratadas con plaguicidas). 

La semilla de siembra como vía de exposición a plaguicidas en las aves del medio 

agrícola constituye el principal objeto de estudio de esta tesis.  

Uno de los objetivos de la tesis es investigar el efecto de la ingestión de semillas 

tratadas con varios plaguicidas (fungicidas e insecticidas) sobre la salud y el éxito 

reproductor de la perdiz roja (Alectoris rufa). Para ello hemos estudiado 

simultáneamente múltiples biomarcadores en los tres estadios del proceso 

reproductivo: individuos adultos reproductores, huevos y descendencia. Un segundo 

objetivo ha sido estudiar el riesgo de exposición de las perdices y de otras aves a las 

semillas tratadas en el campo.  

Entre los fungicidas, tanto el difenoconazol a la dosis de aplicación 

recomendada como el tiram a una dosis equivalente al 20% de la recomendada, 

reducen la tasa de fertilidad de los huevos. Además, el tiram retrasa el comienzo de la 

puesta y reduce el tamaño de la misma. Estos efectos podrían explicarse por una 

disrupción del sistema endocrino causada por los plaguicidas y/o por un desequilibrio 

en el sistema antioxidante que generaría daño oxidativo (comprobado en el caso del 

tiram) sobre las células y órganos sexuales, y que llevaría a las perdices a invertir 

menos recursos en reproducción para compensar la perdida de antioxidantes. Los 

pollitos que nacen de progenitores tratados con tiram presentan una respuesta 

inmune celular reducida, lo que compromete su supervivencia en caso de enfermedad. 
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Entre los insecticidas, las semillas tratadas con imidacloprid a la dosis 

recomendada de aplicación resultaron letales para las perdices, acumulándose además 

el imidacloprid en los tejidos de las aves. A una dosis inferior a la de aplicación, el 

imidacloprid reduce el tamaño de puesta y afecta a la respuesta inmune celular de la 

descendencia. La ingestión de semillas tratadas con fipronilo (en una proporción del 

20% del alimento diario), produce una reducción de la ingesta de alimento con la 

consiguiente pérdida de condición corporal, la cual a su vez desencadena una cascada 

de efectos, muy relacionados entre sí, que afectan a la fisiología de los individuos y 

reducen su éxito reproductor. Los efectos más destacables son la reducción en la 

respuesta inmune celular, en los niveles de hormonas sexuales y en la tasa de fertilidad 

de los huevos. Además, los pollitos que nacen de estos huevos también presentan una 

respuesta inmune celular reducida. 

Mediante el estudio de buches de perdices cazadas hemos comprobado que las 

semillas de siembra son una fuente de alimento y una importante vía de ingestión de 

plaguicidas para las perdices silvestres. Se ha podido comprobar que el 32.3 % de las 

perdices cazadas en otoño presentan residuos de plaguicida en su tracto digestivo. 

Además, la semilla de cereal de invierno supone un 53.4% de la biomasa total ingerida 

por las perdices de octubre a febrero. Teniendo en cuenta las dosis recomendadas de 

aplicación para el tratamiento de semillas, el porcentaje de semillas de siembra en la 

dieta de las perdices, y la densidad de semillas en el campo (11.3 semillas/m2 en el 

centro del campo y 43.4 semillas /m2 en los bordes ), las perdices podrían obtener una 

dosis capaz de producir una intoxicación aguda por tiram, imidacloprid y fipronilo o 

una intoxicación crónica por oxicloruro de cobre, maneb y tebuconazol en una 

superficie de tan solo 6 a 50 m2 de los campos recientemente sembrados. 
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ABSTRACT 

 

The conservation of farmland birds is one of the biggest conservation 

challenges in Europe. The decline of these birds is clearly linked to the transformation 

of agricultural production system that has occurred since the mid 20th century. One of 

the main hypotheses of this PhD is that agricultural intensification has led to a 

reduction in the availability of natural food resources for farmland birds, forcing them 

to seek alternative sources like sown cereal seeds, which may account for the exposure 

to high doses pesticides if seeds are “coated” (i.e. treated with pesticides). The study 

of treated seeds as a route of exposure of farmland birds to pesticides is the main goal 

of this PhD. 

One of the aims of the PhD is to investigate the effect of the ingestion of seeds 

treated with pesticides (fungicides and insecticides) on red-legged partridge (Alectoris 

rufa)health and reproductive success. With this purpose, we have studied multiple 

biomarkers simultaneously in the three stages of the reproductive process: breeding 

adults, eggs and offspring. A second aim was to study the risk of exposure of partridges 

and other birds to treated seeds in the field. 

Among the fungicides, difenoconazole at the recommended application dose 

and thiram at both the recommended application dose and a reduced dose 

corresponding to 20% of the recommended one reduce egg fecundation rate. 

Furthermore, thiram delays the beginning of egg-laying period and reduces the clutch 

size. These effects could be explained by a disruption of the endocrine system caused 

by pesticides and / or by an imbalance in the antioxidant system that causes oxidative 

damage (confirmed in the case of thiram) on sexual cells and organs, making 

partridges to invest fewer resources in breeding to compensate the loss of 

antioxidants. Chicks born from parents treated with thiram exhibit reduced cellular 

immune response, which compromises their survival in case of diseases. 

Among the insecticides, seeds treated with the recommended application dose 

of imidacloprid were lethal to partridges, showing the insecticide potential for tissue 

accumulation in birds. At lower application doses, imidacloprid reduces clutch size and 

affects cellular immune response of the offspring. Ingestion of seeds treated with 
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fipronil (constituting  a 20% of the daily food offered), results in reduced food intake 

with the consequent loss of body condition, which in turn triggers a chain of effects, 

highly interconnected, that affect individual physiology and reduce reproductive 

success. The most notable effects include the reductions of cellular immune response, 

levels of sex hormone levels and fecundation rate. Furthermore, chicks born of treated 

parents also have reduced cellular immune response. 

By studying the crops and gizzards of hunted partridges, we found that winter 

cereal seeds are a food source and an important route of pesticide intake for wild 

partridges. Up to 32.3% of the partridges hunted in autumn presented pesticide 

residues in their digestive tract. In addition, winter cereal seeds represent 53.4% of the 

total biomass ingested by partridges from October to February. Considering the 

pesticide recommended application rates for seed treatment, the percentage of 

treated seeds in partridges’ diet, and the density of seeds in the field (11.3 seeds / m2 

in the center of the field and 43.4 seeds / m2 in the headlands), seeds treated with 

thiram, imidacloprid and fipronil could represent a risk of acute intoxication for 

partridges, whereas seeds treated with copper oxychloride, maneb and tebuconazole 

could represent a risk of chronic intoxication. The amounts of seeds likely to pose 

those risks can be obtained in an area of only 6-50 m2 of recently sown fields. 
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Ana López-Antia, Manuel E. Ortiz-Santaliestra, Rafael Mateo. En: Meco, R., Lacasta, C., 

Moreno, M.M. (Coord.). Manejo ecológico de secanos. MARM, Madrid. 
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1. Introducción 

En Europa, los cambios que en la política agraria se han venido produciendo 

desde mediados del pasado siglo han llevado a una intensificación del sistema agrario 

que a su vez ha llevado a un declive en la mayoría de especies de fauna asociadas a 

ambientes agrícolas (Meeus, 1993; Fuller et al. 1995; Krebs et al. 1999; Weibull et al. 

2000; Stoate et al. 2001; Benton et al. 2002; Robonson y Sutherland, 2002; Benton et 

al. 2003; De Juana, 2004; Tscharntke et al. 2005; Boatman et al. 2007; Geiger et al. 

2010) (Figura 1).  
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Figura 1. Tendencias poblacionales de las aves comunes de ambientes agrícolas en Europa 

(EBCC, 2010) (www.ebcc.info/). 

 

La transformación del sistema agrícola tradicional comenzó con la llamada 

Revolución verde, movimiento surgido en México a mediados de los años 40 que 



Introducción general 

 

7 

 

consistió en el aumento de la producción agrícola mediante la selección genética de los 

cultivos y difusión de las variedades más productivas, la explotación intensiva 

permitida por el uso del regadío y el uso masivo de fertilizantes y plaguicidas. En los 

años 60 estas técnicas se extendieron a la India y otros países asiáticos en vías de 

desarrollo consiguiendo así un aumento muy llamativo en sus producciones de cereal. 

Este incremento mostraba unas perspectivas muy optimistas de cara a erradicar el 

hambre en el mundo de modo que en 1970 el ingeniero agrónomo, fitopatólogo y 

genetista Norman E. Borlaug, considerado el padre de la Revolución Verde, consiguió el 

premio Nobel de la Paz por la selección de los cereales apropiados para la producción 

intensiva (Borlaug, 2007). 

 

2. Intensificación agrícola y pérdida de biodiversidad 

Las técnicas aportadas por la revolución verde no tardaron en extenderse por 

todo el mundo y así, progresivamente, se ha ido transformando el paisaje agrícola 

hacia un sistema económicamente más rentable pero biológicamente mas pobre. Las 

transformaciones que ha sufrido la agricultura y que han llevado a la pérdida de 

biodiversidad se pueden resumir en los siguientes puntos: pérdida de la 

heterogeneidad del paisaje, siembra otoñal del cereal, drenaje e irrigación, uso de 

fertilizantes y uso de plaguicida. Varios de estos factores están muy interrelacionados 

entre sí y es difícil determinar el papel de cada uno de ellos en la pérdida de especies, 

haciéndose necesarios estudios experimentales concretos. 

2.1. Perdida de la heterogeneidad del paisaje 

En primer lugar, para mejorar la productividad y gracias al uso de maquinaria, 

los campos de cultivo se unen entre sí creándose vastas extensiones de mono-cultivo. 

De esta manera se pierden tanto variedades de cultivo como zonas no cultivadas 

(márgenes). Esto se convierte en un problema especialmente crítico en el caso de 

especies con escasa movilidad y poblaciones pequeñas ya que son estas más 

vulnerables a la fragmentación de su hábitat (Robinson y Sutherland, 2002; Benton et 

al. 2003). 
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Los márgenes agrícolas y la vegetación arbustiva que crece en ellos son 

especialmente importantes para un amplio número de especies silvestres. Por 

ejemplo, se ha demostrado su importancia para insectos e invertebrados (Weibull et 

al. 2000; Wilson et al. 1999; Evans et al. 2007) que constituyen la base de la dieta de 

un gran número de especies de fauna silvestre. Su destrucción también afecta 

directamente a varias especies de aves que los utilizan como lugar de cría, refugio o 

alimentación (Bradbury et al. 2000), y a los mamíferos, para los que además de zonas 

de refugio y alimento cumplen la función de corredores biológicos. 

Otro factor determinante de la pérdida de heterogeneidad del paisaje en áreas 

agrícolas es la desaparición de la rotación de cultivos. El aumento en el precio del 

cereal y el uso de plaguicidas, herbicidas y fertilizantes hacen que prácticamente 

desaparezcan las antiguas rotaciones de cultivos destinadas a dar fertilidad al suelo o 

acabar con las plagas.  

Se ha demostrado la importancia de la heterogeneidad del paisaje agrícola, 

sobre todo durante la época de cría, para varias especies de aves y mamíferos. Un 

ejemplo de dicha importancia es el de la alondra común (Alauda arvensis), especie que 

en Europa está en declive moderado, lo que quiere decir que su población desciende 

aproximadamente un 5% cada año (EBCC, 2009). Tras estudiar su éxito reproductor y la 

distribución de su territorio en zonas de cultivos orgánicos y convencionales en el 

Reino Unido, se llegó a la conclusión de que es importante que su territorio contenga 

un variado mosaico de cultivos para que a lo largo de toda la época de cría, la cual 

incluye 2 ó 3 puestas, encuentre la estructura vegetal adecuada (Wilson et al. 1997). 

Diversos estudios realizados en Reino Unido sobre una especie cinegética como 

es la perdiz pardilla (Perdix perdix) ya indicaban hace años que los cambios 

experimentados en la agricultura en la segunda mitad del siglo XX habían producido 

una disminución significativa de la abundancia de la especie. Tanto el número de aves 

cazadas cada año como los censos realizados en primavera mostraban idénticas 

tendencias negativas (Sotherton, 1998; Greenwood, 2003). En el caso de la perdiz roja 

(Alectoris rufa) en España, la tendencia de las poblaciones naturales es difícil de 

establecer debido a las numerosas sueltas de perdices de granja que dificultan la tarea 
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de realizar seguimientos fiables de la evolución de los tamaños de población, pero la 

sensación generalizada es que cada vez son más escasas las perdices rojas salvajes en 

nuestros campos (Blanco Aguiar et al. 2003).  

Otros ejemplos de estudios similares los encontramos en la liebre europea 

(Lepus europaeus) (Tapper y Barnes, 1986), el escribano cerillo (Emberiza citrinella) 

(Stoate et al. 1998), la avefría (Vanellus vanellus) (Sheldon et al. 2004) o el sisón 

(Tetrax tetrax) (Salamolard y Moreau, 1999). Estas tendencias negativas asociadas a las 

aves que viven en ambientes agrícolas contrastan con lo observado para otras especies 

de aves como por ejemplo las forestales (Figura 2), cuyas  poblaciones en Europa se 

han mantenido relativamente estables durante las últimas décadas (Greenwood, 2003; 

SEO/Birdlife, 2010). Así, dado que la intensificación agrícola es el nexo de unión entre 

todas las especies cuyas poblaciones están en declive, los datos existentes indican que 

dicha intensificación estaría teniendo un impacto negativo en las especies de aves de 

medios agrícolas. 
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Figura 2. Tendencias poblacionales de cuatro especies de aves en España durante el periodo 

1998-2008. Nótese que, mientras que las especies asociadas a ambientes agrícolas declinan 

(codorniz) o se mantienen estables (perdiz roja y tórtola común), una especie típicamente 

forestal como la paloma torcaz ha visto incrementadas sus poblaciones. Realizado con datos 

del programa SACRE de SEO/BirdLife (www.seo.org). 
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2.2. Siembra otoñal del cereal 

La siembra otoñal ha tomado fuerza frente a la siembra de primavera gracias a 

variedades de cereal de alto rendimiento que son capaces de resistir los inviernos. Esta 

modificación de la época de siembra ha provocado la desaparición de los rastrojos 

invernales que servían de alimento a especies agrícolas amenazadas como la alondra 

común o el escribano cerillo (Gillings et al. 2005). La siembra otoñal también ha 

afectado negativamente a las aves que nidifican en el suelo agrícola, como la avefría, 

ya que estas prefieren la estructura más abierta de los cultivos de primavera (Sheldon 

et al. 2004). Por último, la siembra otoñal conlleva la cosecha temprana de los campos, 

lo que puede limitar la época reproductora de especies tardías como por ejemplo el 

triguero (Emberiza calandra) (Brickle et al. 2000).  

En la península Ibérica es especialmente destacable el caso del aguilucho cenizo 

(Circus pygargus) catalogado como Vulnerable en el Catalogo Nacional de Especies 

Amenazadas (Real Decreto 439/1990). Se ha calculado que un 90% de la población 

nidificante de esta rapaz en España coloca sus nidos en el suelo de los campos de 

cereal (Ferrero, 1995), sobre todo en cultivos de invierno como el trigo y la cebada y en 

menor medida en campos de centeno y alfalfa. Muy frecuentemente los pollos no son 

capaces de volar antes de la siega, lo que puede generar perdidas incompatibles con la 

conservación de la especie a menos que se adopten medidas concretas (Arroyo y 

Bretagnolle, 2000). Tales medidas incluirían retirar los nidos justo antes de la siega y 

volver a colocarlos después en el mismo sitio, moverlos a alguna zona cercana con 

vegetación (márgenes) o la medida que ha demostrado más eficaz, mantener un rodal 

sin segar de medida variable alrededor del nido (Castaño, 2010). En ausencia de estas 

actuaciones, se estima que el porcentaje de pollos que se pierde por término medio 

sería de un 60 %, variando dicho porcentaje según el tipo de cultivo y las condiciones 

meteorológicas (Arroyo et al. 2002).  

Otros efectos negativos similares se han descrito para distintas especies de 

invertebrados como por ejemplo larvas de mosca (Frouz, 19999), arañas (Marc et al. 

1999) o polillas (Fox, 2001). 
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2.3. Drenaje e irrigación 

El drenaje de marismas para la plantación de cultivos de regadío y para reducir 

la incidencia de enfermedades como la malaria se ha producido desde el siglo XVII en 

los países desarrollados (Henderson, 2003). A partir de los años 40 muchas zonas 

húmedas españolas fueron igualmente desecadas para convertirlas en tierras de 

cultivo con la consiguiente pérdida de diversidad en especies de aves, plantas e 

insectos. Se estima que la superficie ocupada por los humedales en España se redujo 

durante las cuatro últimas décadas del siglo XX en un 60%, desde las 280.000 ha en 

1960 hasta las 114.000 en 1999 (MARM, 1999). Además, los humedales que no fueron 

desecados también sufrieron la sobreexplotación como consecuencia de la progresiva 

creación de tierras de regadío que se nutren de sus acuíferos. Un ejemplo claro de esto 

son Las Tablas de Daimiel, donde la creación progresiva de áreas de regadío ha 

resultado en una reducción del 60% de un área con protección como Zona Ramsar, 

Área de Protección Especial, Red Natura 2000 y Parque Nacional. 

 

2.4. Uso de fertilizantes 

El uso de fertilizantes nitrogenados inorgánicos se duplicó a partir de los años 

cuarenta, aumento que también tiene importantes consecuencias para la 

biodiversidad. Los fertilizantes inorgánicos promueven el crecimiento rápido y vigoroso 

de los cultivos seleccionados reduciendo las zonas sin crecimiento y por tanto 

inhibiendo el crecimiento de otras plantas. Esto tiene efectos directos en las aves ya 

que el crecimiento más denso puede hacer que la zona ya no sea apropiada para la 

nidificación; además, también tiene efectos indirectos ya que se reduce el número de 

insectos y por tanto la cantidad de alimento. El uso de fertilizantes en los cultivos 

también afecta a los márgenes que los rodean cambiando su composición y 

favoreciendo el crecimiento de plantas anuales nitrófilas. Esto puede llevar a los 

agricultores a tratar los márgenes con plaguicidas, sembrarlos o directamente 

eliminarlos al verlos como una fuente de malas hierbas para los cultivos. Por último, el 

rápido crecimiento de los cultivos en primavera, estimulado por los fertilizantes, puede 
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traducirse en una cosecha temprana que puede hacer que las aves no sean capaces de 

completar el periodo de cría antes de que las cosechadoras destruyan sus nidos 

(Stoate et al. 2001, Arroyo y Bretagnolle, 2000). 

En cultivos de secano, es muy frecuente la práctica de añadir los fertilizantes 

directamente al agua de riego, proceso conocido como fertirrigación. Algunas especies 

de aves agrícolas como la perdiz roja pueden beber este agua de riego cuyas 

concentraciones de nitrato pueden alcanzar las 500 ppm, nivel 10 veces superior al 

límite recomendado para el agua potable. Un estudio reciente ha revelado como 

niveles de nitrato habituales en el agua de manantiales afectados por la escorrentía de 

los campos fertilizados (100 ppm) inducen diversos daños a nivel fisiológico en la 

perdiz roja, incluyendo ligeras alteraciones de la bioquímica plasmática, pérdida de la 

eficiencia en la respuesta inmune, e incremento del estrés oxidativo que puede causar 

daños celulares tanto en las membranas como en el ADN (Rodriguez-Estival et al. 

2010). Los niveles propios del agua de fertirrigación (500 ppm) causaban también un 

déficit de vitaminas antioxidantes, tanto en el hígado como en la sangre. 

Los fertilizantes nitrogenados son altamente solubles en agua, por lo que todo 

el nitrógeno que no es asimilado por las plantas es rápidamente lavado del suelo por el 

agua de escorrentía, yendo a parar a los medios acuáticos próximos a los puntos de 

aplicación del fertilizante (Vitousek et al. 1997). Es muy frecuente que en medios 

lénticos cercanos a zonas de cultivo puedan aparecer picos en las concentraciones de 

nitrato o amonio que superan ampliamente los márgenes de seguridad establecidos 

para la fauna acuática, poniendo en peligro la supervivencia de peces, anfibios e 

invertebrados acuáticos. Por ejemplo, en lagunas del suroeste de Valladolid se han 

detectado concentraciones de nitrógeno amoniacal superiores a las 10 ppm (M.E. 

Ortiz, datos propios), mientras que el nivel de seguridad para la fauna acuática ante 

exposiciones crónicas, a pH neutro y una temperatura de 20ºC, es de 4,15 ppm (US 

EPA, 1998). Así por ejemplo, la exposición a niveles ambientales de nitrato y amonio de 

diferentes especies de anfibios comunes en zonas agrícolas del interior de la Península 

Ibérica se ha revelado capaz de inducir mortalidad embrionaria y larvaria (Ortiz et al. 

2004) y efectos adversos sobre los individuos adultos entre los que destacarían la 
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alteración de los cortejos nupciales y de las conductas de protección de los huevos 

durante la puesta (Ortiz-Santaliestra et al. 2007; Ortiz-Santaliestra et al. 2009). 

 

2.5. Uso de plaguicidas 

A pesar de que el uso de productos fitosanitarios, derivados naturales de las 

plantas, es conocido desde la antigüedad, el uso de plaguicidas sintéticos no comenzó 

hasta finales de la Segunda Guerra Mundial, momento a partir del cual dicho uso 

comenzó a incrementarse de manera rápida. Por ejemplo, en Estados Unidos, la 

cantidad total de plaguicidas utilizados pasó de las 180.000 toneladas justo antes de la 

Segunda Guerra Mundial hasta las 559.000 toneladas en 1997, habiendo llegado 

incluso a las 664.000 toneladas a finales de los años 70 (CIPM, 2003). 

Estos productos sintéticos van a afectar a la fauna salvaje de un modo hasta 

entonces desconocido. De los cambios que se produjeron con la modernización de la 

agricultura, el uso de estos productos es uno de los que mas ha afectado a la fauna 

salvaje. El efecto principal e inmediato del uso de fitosanitarios es debido a su 

capacidad para reducir la disponibilidad de alimentos para las aves o para sus presas. 

Esto es lo que denominaremos efecto indirecto de los plaguicidas, para diferenciarlo 

de los efectos directos mediados por su toxicidad (Figura 3). 

Aumento de la mortalidad
Menor éxito reproductor

EFECTOS INDIRECTOS
Alteración del hábitat
Escasez de alimento

Menor condición corporal

EFECTOS DIRECTOS
Toxicidad aguda-crónica

Alteración endocrina

Aumento de la mortalidad
Menor éxito reproductor

EFECTOS INDIRECTOS
Alteración del hábitat
Escasez de alimento

Menor condición corporal

EFECTOS DIRECTOS
Toxicidad aguda-crónica

Alteración endocrina

 

Figura 3. Efectos de los plaguicidas sobre las aves silvestres en el ambiente agrícola. 
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3. Efectos indirectos de los plaguicidas 

Los plaguicidas pueden reducir la disponibilidad de alimento para las aves a dos 

niveles. Afectando de forma general al hábitat de las aves y eliminando directamente 

sus fuentes de alimento (Figura 4). 

Efectos 
indirectos 

de los 
pesticidas 
sobre las 

aves

↓El 
alimento 
animal 
para las 

aves 

↓Hábitat y 
alimento para 

los 
invertebrados

Muerte 
directa de 

invertebrados 

↓Alimento 
vegetal para 

las aves 

Herbicidas

Herbicidas

Insecticidas
y fungicidas

Figura 4. Efectos indirectos de los plaguicidas sobre la fauna silvestres. Estos efectos derivan 

de la acción de los plaguicidas en el medio alterando el hábitat y reduciendo la disponibilidad 

de alimento. 

 

3.1. Alteración del hábitat  

Los herbicidas actúan reduciendo la abundancia o eliminando especies de 

plantas silvestres que sirven de alimento para especies herbívoras o granívoras (Foto 

1). Se ha demostrado que para las aves granívoras, la pérdida de los rastrojos que son 

quemados durante el otoño e invierno ha contribuido a aumentar la mortalidad 

invernal de estas aves y por tanto a reducir el tamaño de sus poblaciones (Campbell et 

al. 1997). Por el contrario, se ha probado que en lugares donde se mantienen los 

rastrojos se favorece la recuperación de especies como el pinzón común (Fringilla 

coellebs) o el escribano soteño (Emberiza cirlus) (Evans y Smith, 1994). 
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Foto 1. El uso de herbicidas tiene un efecto inmediato en la estructura del hábitat para las 

aves. Además, la eliminación de las malas hierbas altera toda la cadena trófica, y por lo tanto la 

disponibilidad de alimento para las aves (Autor: R. Mateo). 

 

3.2. Disminución de la disponibilidad de alimento 

Diversos plaguicidas actúan reduciendo la abundancia de invertebrados y la 

diversidad de especies que sirven de alimento para las aves insectívoras y para muchas 

aves granívoras durante la época de cría (Stoate et al. 2001). Este es un efecto 

atribuible tanto a herbicidas e insecticidas como a fungicidas. Los herbicidas tienen 

efectos negativos indirectos sobre la abundancia de insectos ya que acaban con las 

plantas que sirven de hábitat y de alimento para éstos (Moreby, 1997). Por ejemplo, 

algunos herbicidas influyen negativamente en la abundancia de mariposas ya que 

reducen el alimento vegetal para las larvas y las fuentes de néctar o polen para los 

adultos (Boatman et al. 2007). Aunque los mayores efectos sobre la abundancia y 

diversidad de invertebrados son los producidos por los efectos directos de los 

insecticidas. También se ha demostrado que algunos fungicidas influyen en la 

abundancia de invertebrados (Sotherton et al. 1987).  

La importancia de los invertebrados durante la época de cría está 

perfectamente documentada en el caso de la perdiz pardilla (Green, 1984; Potts, 1991) 
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de hecho, medidas tomadas en Inglaterra para tratar de frenar el declive de esta 

especie han demostrado que el hecho de no aplicar insecticida en los márgenes de los 

cultivos favorece la abundancia de invertebrados y el éxito reproductor de la perdiz 

pardilla (Rands, 1985). Actualmente, además de los estudios sobre la perdiz pardilla, se 

han publicado otros estudios que relacionan la aplicación de plaguicidas con el éxito 

reproductor de otras aves agrícolas como la perdiz roja (Green, 1984), el faisán 

(Phasianus colchicus) (Hill, 1985), la alondra común, el escribano cerillo (Boatman et al. 

2004) y el triguero (Brickle et al. 2000; Boatman et al. 2004). Incluso en casos en los 

que esta relación entre plaguicidas, abundancia de alimento y éxito reproductor no 

parece significativa (Evans et al. 2007), hay que tener en cuenta que a pesar de que los 

pollitos sobrevivan pueden crecer débiles y tener menor esperanza de vida que otros 

que hayan sido criados en zonas menos expuestas. También cabe la posibilidad de que 

los progenitores comprometan su propia supervivencia al realizar un sobreesfuerzo 

para conseguir un alimento poco abundante (Bradbury et al. 2000).  

Tanto en los insecticidas como en los herbicidas y fungicidas se ha demostrado 

que los productos de amplio espectro son claramente más perjudiciales que aquellos 

productos específicos. En un estudio realizado en Inglaterra sobre cinco grupos de 

invertebrados se observó una relación negativa entre la abundancia de animales y el 

uso de insecticidas. Además, el declive de cuatro de estos grupos también pudo ser 

atribuido al uso de fungicidas. Los efectos adversos de los insecticidas se asociaron a 

compuestos de las familias de los piretroides y los organofosforados, pero no con 

insecticidas carbamatos como el pirimicarb (Stoate et al. 2001). 

 

4. Efectos directos o tóxicos de los plaguicidas 

Los efectos directos de los plaguicidas en la fauna silvestre son los que se 

derivan de su acción toxicológica sobre dichos animales. Estos efectos pueden ser muy 

variados, tanto como los posibles mecanismos de acción de los plaguicidas en los 

animales. No obstante, estos efectos han sido clasificados en dos grupos para tratar de 

comprender cuál ha sido el papel de algunos compuestos tóxicos de síntesis en el 

declive de ciertas poblaciones de animales silvestres. Por un lado, estarían los efectos 
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letales, consistentes en la muerte del animal como consecuencia de la exposición 

directa; por otra parte, estarían los diferentes tipos de efectos subletales, cuya 

manifestación más relevante desde el punto de vista de la población sería la alteración 

del proceso de reproducción (Figura 5). 

Efectos sobre la 
reproducción

Mortalidad

Tóxicos

Declive poblacional

Efectos sobre la 
reproducción

Mortalidad

Tóxicos

Declive poblacional  

Figura 5. Esquema de los posibles efectos de un plaguicida en una población de aves silvestres. 

 

El primer caso bien estudiado del efecto de los plaguicidas en la fauna silvestre 

corresponde al de los insecticidas organoclorados, dentro de los cuales algunos 

compuestos como el p,p’-DDT resultaban perniciosos para la reproducción de las aves, 

mientras que otros como los ciclodienos (endrín y dieldrín) eran lo suficientemente 

tóxicos como para llegar a causar intoxicaciones letales (Newton, 1979). Este tipo de 

clasificación de efectos puede ser aplicada a otras familias de plaguicidas, e incluso a 

otros contaminantes ambientales. De ese modo, plaguicidas de elevada toxicidad 

como los insecticidas anticolinesterásicos (organofosforados y carbamatos) pueden 

actuar principalmente provocando una mortalidad de especies no diana, como aves 

silvestres, que pueden ver comprometido su nivel poblacional si dicha mortalidad no 

es compensada por una suficiente tasa de reproducción y una menor mortalidad 

debida a otras causas. Por el contrario, otros plaguicidas como ciertos fungicidas como 

el tiram pueden alterar la formación de la cáscara de los huevos y de esta forma 

reducir el éxito reproductor de las aves (Guitart et al. 1996; Mateo et al. 2010). 
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4.1. Los plaguicidas organoclorados y su elevada persistencia 

El primer plaguicida sintético utilizado ampliamente en el mundo fue el p,p’-

DDT, de cuyos efectos nocivos existían en un principio muy pocas evidencias (Coburn y 

Treichler, 1946; Dewitt, 1995 ). A raíz de la publicación en 1963 del libro “Silent 

Spring”, escrito por la ambientalista Rachel L. Carson, se empiezan a dar a conocer los 

efectos adversos de este tipo de compuestos, especialmente en las aves silvestres. 

Estos compuestos organoclorados plantearon conceptos novedosos, como los 

relacionados con su persistencia y afinidad por los lípidos, que se plasman en dos 

fenómenos ampliamente estudiados hoy en día en la ecotoxicología como son la 

bioacumulación (acumulación de los tóxicos en los seres vivos a lo largo de su vida) y la 

biomagnificación (acumulación de los tóxicos a lo largo de la pirámide trófica). Muchos 

de estos conceptos, así como la idea de que el hombre podría estar contaminando el 

planeta eran controvertidos y novedosos y pusieron el uso de los plaguicidas en 

primera plana de la actualidad científica, política y ciudadana (Rattner, 2009). El 

resultado fue que a principios de los 70 se empezaron a prohibir en muchos países 

diversos plaguicidas organoclorados, como el p,p’-DDT, aunque en Australia siguió 

usándose hasta los 80 y actualmente se sigue usando en países de África y Sudamérica 

para el control de la malaria (WHO, 2006). 

Aunque la toxicidad aguda del p,p’-DDT no es demasiado elevada, su elevada 

persistencia hizo que se llegase a acumular en el sistema nervioso central hasta niveles 

tóxicos en las aves insectívoras (Wurster et al. 1965). Otros compuestos 

organoclorados del grupo de los ciclodienos, como el endrín y el dieldrín, son también 

altamente acumulativos, pero además su toxicidad aguda es mucho mayor, de forma 

que ha sido este tipo de productos neurotóxicos los que con más frecuencia se ha 

relacionado con mortalidades de fauna silvestre producidas por organoclorados 

(Friend y Franson, 1999). Un caso similar al de estos ciclodienos fue el observado como 

consecuencia del tratamiento de semillas de siembra con metilmercurio, una forma 

acumulativa del mercurio con afinidad por el sistema nervioso central (como los 

ciclodienos), que llegó a tener efectos devastadores en las especies granívoras de 

medios agrícolas (Newton, 1979; Friend y Franson, 1999). 
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No obstante, el efecto adverso mejor conocido de los organoclorados, y en 

concreto del p,p’-DDE (metabolito del p,p’-DDT) ha sido su capacidad de reducir el 

grosor de cáscara de los huevos de aves. Esta alteración de la cáscara tiene como 

consecuencia que los huevos son más frágiles, rompiéndose con facilidad durante la 

incubación. Entre las especies más afectadas por este efecto encontramos las aves 

rapaces y las piscívoras (Rudd, 1964; Ratcliffe, 1967; Hickey y Anderson, 1968). En 

España, se ha podido comprobar que la exposición al p,p’-DDE en aves rapaces como el 

azor (Accipiter gentilis) está asociada a una disminución del grosor de la cáscara de sus 

huevos (Mañosa et al. 2003). En Tenerife, en donde el uso de plaguicidas ha sido muy 

superior a la media de la España peninsular, los huevos de cernícalo vulgar (Falco 

tinnunculus) alcanzaban a finales del siglo XX niveles de p,p’-DDE que podrían afectar a 

su eclosionabilidad (Mateo et al. 2000). Entre todas las especies de aves rapaces de 

España, se ha visto que las que se alimentan principalmente de aves son las que 

tienden a acumular mayor cantidad de compuestos organoclorados en sus tejidos (van 

Drooge et al. 2008) (Figura 6). 
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Figura 6. Relación observada entre los niveles de organoclorados en el hígado aves rapaces de 

España y el porcentaje de la dieta formado por aves (en biomasa). Adaptado a partir de van 

Drooge et al. (2008). 
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4.2. Los compuestos anticolinestrásicos como sustitutos no persistentes 

La elevada persistencia de los plaguicidas organoclorados, aunque pudiese ser 

de entrada una ventaja al permitir reducir la frecuencia de los tratamientos, resultó ser 

un gran problema medioambiental. Por este motivo, el desarrollo actual de plaguicidas 

está dirigido a la obtención de productos menos persistentes, menos acumulativos, y 

que en definitiva no se incorporen a la cadena trófica. Como alternativa a los 

insecticidas organoclorados se implantaron en la agricultura los plaguicidas de las 

familias de los organofosforados y los carbamatos. Ambas familias presentan 

mecanismos de acción similares basados en la inhibición de la acetilcolinesterasa, una 

enzima encargada de degradar el neutrotransmisor acetilcolina. Son por lo tanto estos 

compuestos anticolinesterásicos potentes neurotóxicos, con similares efectos en los 

insectos y en los vertebrados, al ser la acetilcolina un neurotransmisor común a todos 

los animales (Friend y Franson, 1999). 

El uso de insecticidas anticolinestrásicos se ha ido reduciendo progresivamente 

desde los años 80, y muchos de los organofosforados y carbamatos más tóxicos se 

encuentran actualmente restringidos. Sin embargo, algunos de estos insecticidas se 

utilizan en envenenamientos intencionados de especies de fauna silvestre que se 

consideran dañinas para la agricultura o la ganadería, llegando incluso a producir 

intoxicaciones secundarias o en cadena (Foto 2). Estos envenenamientos 

intencionados constituyen un delito, y para llevarlos a cabo se utilizan plaguicidas que 

deberían tener un uso restringido o incluso se trata de productos que han sido ya 

prohibidos (Matínez-Haro et al. 2008). 

Una de las especies más emblemáticas que podría estar sufriendo el efecto del 

uso ilegal de venenos es el águila imperial ibérica (Aquila adalberti). El 

envenenamiento intencionado constituiría una de las principales causas de muerte no 

natural de la especie, siendo responsable de más de un 30% de las bajas (González et 

al. 2007). 
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Foto 2. Envenenamiento de un zorro (Vulpes vulpes) con un carbamato e intoxicación 

secundaria de un buitre leonado (Gyps fulvus). Estos compuestos son capaces de producir 

intoxicaciones en cadena por lo que sus formulados deberían ser mejor regulados (Autor: R. 

Mateo). 

 

4.3. Rodenticidas anticoagulantes y sus riesgos para especies no diana 

El interés por controlar las poblaciones de roedores que afectan a la agricultura 

o que representan un problema de salud pública ha llevado al desarrollo de plaguicidas 

con mecanismos de acción bastante específicos para estas especies de mamíferos. Los 

rodenticidas más ampliamente utilizados en la actualidad son compuestos de las 

familias de las cumarinas y las indandionas que actúan inhibiendo la enzima vitamina 

K-reductasa, encargada de reciclar la vitamina K necesaria para producir factores de la 

coagulación sanguínea. El efecto en los animales intoxicados es la aparición de 

hemorragias a medida que se va consumiendo la Vitamina K almacenada en el hígado 
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del animal, de forma que el efecto de los rodenticidas anticoagulantes aparece de 

forma diferida (>24 h) respecto a la ingestión del plaguicida.  

 No obstante, el mecanismo de coagulación sanguínea es común a todas 

las especies de vertebrados terrestres que pueden ingerir un cebo con rodenticida. Es 

por ello que la especificidad de los tratamientos debe ser conseguida mediante la 

colocación de los cebos en lugares a los que sólo los roedores puedan tener acceso (en 

el interior de tubos o en las madrigueras). A pesar de esta premisa, el control de las 

plagas de topillo campesino (Microtus arvalis) en España hasta la actualidad se ha 

estado llevando a cabo mediante la distribución con sembradora de grano tratado con 

rodenticida (Vidal et al. 2009). Esto hace que el grano quede en la superficie accesible 

para especies de aves y mamíferos no diana y que se hayan producido intoxicaciones 

en liebre ibérica (Lepus granatensis), paloma bravía doméstica (Columba livia) y 

calandria común (Melanocorypha calandra) (Sarabia et al. 2008; Olea et al. 2009) (Foto 

3). 

 

Foto 3. Extensas hemorragias intramusculares en una liebre intoxicada por clorofacinona, un 

rodenticida anticoagulante de la familia de las indandionas. La intoxicación se produjo después 

de una aplicación de grano tratado repartido en superficie en campos agrícolas (Autor: R. 

Mateo). 
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Los rodenticidas anticoagulantes han sido clasificados en dos grupos en función 

de su capacidad de acumulación en los animales (Berny et al. 1997), y a pesar de las 

lecciones que debieron ser aprendidas con el caso de los organoclorados, han sido los 

más acumulativos los que han acabado por imponerse. Ello se explica porque los más 

acumulativos resultan ser más efectivos al producir la muerte de los roedores con 

exposiciones mínimas a los cebos envenenados. Entre los más acumulativos, también 

llamados de segunda generación, se encuentran bromadiolona, brodifacum, 

difenacum y flocumafén, mientras que entre los menos acumulativos están la 

warfarina y la clorofacinona. El efecto del uso de rodenticidas de segunda generación 

sobre especies de depredadores está siendo tan negativo como lo fueron en su día los 

insecticidas organoclorados, ya que al presentar en muchos casos vidas medias en 

animales superiores a los 100 días, se acumulan en especies que consumen presas 

intoxicadas hasta producirles una intoxicación letal (Olea et al. 2009; Shore et al. 

2003).  

 

4.4. Nuevos retos en la regulación de plaguicidas 

Como ya se ha mencionado, la evolución histórica en el uso de plaguicidas 

muestra una clara tendencia hacia la restricción y eliminación de los compuestos más 

tóxicos, los cuales han ido siendo sustituidos por otros que no solo presentan una 

menor toxicidad, sino que además se degradan más deprisa y presentan un menor 

potencial de bioacumulación. Los insecticidas organoclorados fueron reemplazados 

debido a su elevada persistencia por organofosforados y carbamatos. Los plaguicidas 

anticolinesterásicos, a su vez, están siendo reemplazados debido a su toxicidad sobre 

organismos no diana por insecticidas de nueva generación como los piretroides 

(cipermetrina, fenvalerato, etc…). Además, es también destacable el uso que están 

adquiriendo para el control de plagas los insecticidas de origen biológico, entre los que 

destaca la bacteria Bacillus thuringiensis. Esta bacteria produce durante su 

esporulación una proteína tóxica que es ingerida por los insectos durante su fase 

larvaria causando problemas al nivel del sistema digestivo. 
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Así, uno de los principales retos en el desarrollo y uso de plaguicidas debe 

consistir en minimizar su toxicidad sobre los ecosistemas naturales y los organismos no 

diana (aquellos que no constituyen la plaga contra la cual se aplica el plaguicida en 

cuestión), para lo cual es fundamental entender la manera en que dichos organismos 

pueden asimilar, procesar y eliminar los plaguicidas, los periodos de exposición y los 

efectos tanto a nivel individual como a nivel poblacional. Por ejemplo, la principal 

referencia a la hora de caracterizar la toxicidad de los plaguicidas es la clasificación de 

plaguicidas publicada y actualizada por la Organización Mundial de la Salud (WHO, 

2009). Dicha clasificación agrupa los diferentes compuestos en cinco clases 

dependiendo de su dosis letal media (DL50), la cual se calcula generalmente utilizando 

roedores como organismos modelo.  

Cuando se maneja un elevado número de sustancias y se pretenden establecer 

categorías de toxicidad de dichas sustancias, un análisis simplificado de los efectos 

letales, como este en el que se basa la clasificación de la OMS, es la opción más 

razonable. Sin embargo, hay que considerar la posibilidad de que la toxicidad de un 

producto sobre la fauna silvestre no se manifieste a través de la inducción de efectos 

letales, sino que pueden apareces efectos subletales que a medio o largo plazo 

terminen por poner en riesgo la supervivencia de las poblaciones.  

Varios plaguicidas han sido identificados como disruptores del sistema 

endocrino. Estos compuestos interactúan generalmente con los receptores 

hormonales alterando los procesos regulados por hormonas. La disrupción endocrina, 

particularmente en lo que se refiere a hormonas esteroideas como las que intervienen 

en los procesos de reproducción (testosterona, estradiol, etc…), puede resultar en 

efectos sobre la reproducción, lo que indirectamente acabará motivando declives 

poblacionales. Numerosos compuestos químicos se han revelado como potenciales 

disruptores del sistema endocrino (Damstra et al. 2002). Entre los plaguicidas, han 

destacado tradicionalmente los insecticidas organoclorados en general, y el o,p’-DDT 

en particular, al que se le atribuyen efectos como la feminización de machos durante 

su desarrollo embrionario de diferentes especies de gaviota (género Larus) (Fry y 

Toone, 1981) o la inducción de anomalías en las conductas sexuales de estas mismas 

especies (Hunt et al. 1980; Fry et al. 1987).  
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También algunos plaguicidas de uso actual o reciente presentan potencial de 

alteración endocrina. Por ejemplo, la vinclozolina, un fungicida utilizado hasta 2007 en 

España, presenta un potencial antiandrogénico cuando es administrado en la codorniz 

japonesa (Coturnix coturnix japonica) (McGary et al. 2001). Este fungicida altera los 

niveles de la hormona liberadora de gonadotropina, fundamental para el correcto 

funcionamiento del proceso reproductor al participar en diferentes procesos como la 

ovulación, estimulación de los folículos o espermatogénesis. Además, se ha observado 

como el fungicida puede alterar ligeramente el comportamiento de apareamiento de 

los machos (McGary et al. 2001). Otro fungicida como el tiram, actualmente en uso, se 

ha mostrado capaz de inhibir el proceso de ovulación en ratas al bloquear la hormona 

luteinizante (LH) que estimula dicho proceso (Stoker et al. 1993). 

La atrazina es un herbicida de la familia de las triazinas actualmente prohibido 

en la Unión Europea, pese a lo cual es uno de los herbicidas más utilizados del mundo 

debido a que sigue siendo legal en muchos otros países, incluyendo Estados Unidos. La 

exposición a atrazina induce la feminización de machos en diferentes especies de 

anfibios comunes en ambientes agrícolas susceptibles de recibir efluentes del 

herbicida cuando es lavado de los campos de cultivo (Hayes et al. 2002). Otros estudios 

han demostrado que en aves expuestas a atrazina no se observa el mismo efecto de 

feminización que el herbicida induce en los anfibios (Wilhelms et al. 2006a; Wilhems et 

al. 2006b), lo que pone de manifiesto también la necesidad de testar la toxicidad de los 

plaguicidas sobre diferentes organismos para obtener una imagen representativa de 

sus potenciales efectos ecológicos. 

Otro tipo de efectos subletales que pueden presentar los plaguicidas sobre la 

fauna silvestre hacen referencia a la depresión de la respuesta inmune. Diferentes 

tipos de plaguicidas entre los que destacarían los organofosfatos pueden afectar a los 

órganos linfáticos (bazo, timo, bolsa de Fabricio) y reducir la eficiencia de la respuesta 

inmune al bloquear por ejemplo la liberación de anticuerpos (Galloway y Handy, 2003).  

El análisis de los efectos de los plaguicidas sobre la fauna silvestre será más 

fiable cuanto mejor se representen las condiciones que experimentan los animales 

cuando se ven expuestos a dichos plaguicidas en el campo. En un estudio reciente, se 
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han analizado los efectos en la perdiz roja de tres plaguicidas diferentes, un insecticida 

(imidacloprid) y dos fungicidas (tiram y difenoconazol), cuando son administrados en la 

dieta en forma de semillas tratadas para siembra. Los datos preliminares obtenidos 

arrojan una serie de resultados a considerar, como la elevada toxicidad del 

imidacloprid, que llega incluso a ser letal a los pocos días de exposición a dosis 

similares a las recomendadas para el tratamiento de semillas, o los efectos negativos 

que sobre la reproducción puede presentar el tiram al reducir el grosor de la cáscara 

de los huevos (Mateo et al. 2010).  

Sin embargo, también hay una serie de conclusiones que se pueden extraer de 

ese estudio y en las que se debe trabajar en un futuro próximo. En primer lugar, las 

perdices durante los experimentos fueron alimentadas exclusivamente con semillas 

tratadas, no existiendo un alimento alternativo. En segundo lugar, la siembra del cereal 

se lleva a cabo mayoritariamente en el otoño, y se desconoce la medida en que los 

esta exposición otoñal puede afectar a la reproducción que tiene lugar varios meses 

después. Finalmente, el estudio de la intoxicación, en este caso por consumo de  

semillas blindadas no debe limitarse a efectos sobre el propio organismo o sobre su 

capacidad de producir descendientes. También es preciso aplicar perspectivas inter-

generacionales, es decir, saber hasta qué punto un individuo nacido de una madre 

expuesta a un plaguicida es capaz de llegar a adulto y reproducirse a su vez 

exitosamente. El diseño de ensayos en condiciones ambientalmente realistas es por 

tanto indispensable para entender los efectos reales del uso de plaguicidas sobre la 

fauna silvestre. 
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ABSTRACT 

Pesticide coated seeds are commonly used in agriculture, and may be an 

important source of food for some birds in times of scarcity, as well as a route of 

pesticide ingestion. We tested the lethal and sub-lethal effects of treated seed 

ingestion by the red-legged partridge (Alectoris rufa), a game bird of high socio-

economic value in Spain. One year-old partridges (n= 42 pairs) were fed for ten days in 

spring (prior to breeding) with wheat treated with difenoconazole (fungicide), thiram 

(fungicide) or imidacloprid (insecticide), using two doses for each pesticide (the one 

recommended, and its double to represent potential cases of abuse of pesticides). We 

investigated the direct and indirect effects on the body condition, physiology, 

immunology, coloration and subsequent reproduction of exposed partridges. For the 

latter, eggs were collected, measured and incubated and the growth and survival of 

chicks were monitored. Thiram and imidacloprid at high exposure doses produced 

mortalities of 41.6% and 58.3%, respectively. The first death was observed at day 3 for 

imidacloprid and at day 7 for thiram. Both doses of the three pesticides caused 

sublethal effects, such as altered biochemical parameters, oxidative stress and reduced 

carotenoid-based coloration. The high exposure doses of imidacloprid and thiram also 

produced a decrease in cellular immune response measured by the 

phytohemagglutinin (PHA) test in males. Bearing in mind the limitation of the small 

number of surviving pairs in some treatments, we found that the three pesticides 

reduced the size of eggs and imidacloprid and difenoconazole also reduced the 

fertilization rate. In addition, both thiram and imidacloprid reduced chick survival. 

These experiments highlight that the toxicity of pesticide-treated seeds is a factor to 

consider in the decline of birds in agricultural environments. 
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1. Introduction 

The use of pesticides is increasingly recognized as a key factor for explaining 

population declines of farmland animals (Geiger et al. 2010). While the main and most 

immediate effect of pesticide use on avian wildlife is related to a reduction of food 

availability for birds or their prey (Wilson et al. 1999), direct effects as a consequence 

of intoxication may also compromise bird survival or reproduction (Mineau, 2005), 

thereby contributing to population declines. The most common route of exposure of 

birds to pesticides is through ingestion of contaminated food, soil or water. For 

granivorous species, the ingestion of seeds treated with pesticides could be a risk of 

direct and severe intoxication. 

Seeds treated with pesticides are widely used in agriculture, as they reduce the 

risks of exposure for farmers by eliminating the need for spraying (Prosser et al. 2006). 

However, treated seeds may put at risk granivorous farmland birds, as they constitute 

a potential food source for these animals. Treated seeds are sometimes not properly 

buried or more often spilled from sowing machines, and therefore accessible to 

feeding farmland birds, representing a risk of pesticide intake. Seed coating practice 

became widespread during early 20th century, when the first seeds treated with 

organomercurial products appeared on the market. Since then, their use has been 

constant, and several cases of bird mortality related to treated seeds ingestion have 

been reported (e.g. Stanley and Bunyan, 1979). For some of the more toxic active 

ingredients used in seed coating, a bird feeding on treated seeds could get a lethal 

dose in less than a day (Hart, 1990). Seed coating was responsible for up to 50% of 

incidents on vertebrate wildlife caused by approved pesticide use in different 

European countries (de Snoo et al. 1999). While reports on risk of seeds treated with 

organochlorine or anticholinesterasic insecticides for birds are relatively common, 

most of the pesticides currently used for seed coating are based on active ingredients 

of lower toxicity and persistence. To date, little is known about the potential effects 

that these compounds have on seed-eating birds when they are directly ingested. 

The aim of this study was to analyse the effects of treated seed ingestion on the 

physiology and fitness (short-term survival and reproduction) of a game bird of high 
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socio-economic value, the red-legged partridge (Alectoris rufa). We studied the direct 

and delayed effects of a 10-day long exposure to seeds treated with two fungicides 

(thiram and difenoconazole) and an insecticide (imidacloprid).  

Imidacloprid is one of the most commonly used insecticides worldwide 

belonging to the family of neonicotinoids. It binds to specific nicotinic acetylcholine 

receptors, thus interfering with the transmission of nerve impulses. Oral median lethal 

doses (LD50) for birds available in the literature vary from 31 mg/kg in the Japanese 

quail (Coturnix japonica) to 152 mg/kg in the bobwhite quail (Colinus virginianus) 

(Tomlin 2004/05). In birds, exposure to this insecticide has direct effects on 

biochemical and oxidative stress parameters (Balani et al. 2011) as well as on the 

immune system (Siddiqui et al. 2007).  The ingestion of seeds treated with imidacloprid 

has also been linked with mortalities of wild birds in the field (de Snoo et al. 1999; Bro 

et al. 2010). Thiram is a dithiocarbamate fungicide known to negatively affect avian 

growth, physiology and reproduction (Guitart et al. 1996; Subapriya et al. 2007). Oral 

LD50s for birds have been found to vary from 673 mg/kg in the ring-necked pheasant 

(Phasianus colchicus) to more than 2800 mg/kg in the mallard duck (Anas 

platyrhynchos) (Hudson et al. 1984). Thiram has also been found to be teratogenic 

when injected into the egg (Korhonen et al. 1982). Difenoconazole is a broad-spectrum 

fungicide belonging to the chemical class of azoles. To the best of our knowledge, no 

major deleterious effects of this active ingredient have been reported so far on birds. 

The available information points to a low toxicity of difenoconazole on birds, with oral 

LD50s higher than 2000 mg/kg in both mallard duck and Japanese quail (KEM, 2006). 

Besides seed treatment, these three products are also used as foliar spray applications 

in fruit crops and orchards, and imidacloprid and thiram can also be dissolved in the 

irrigation water (MMAMRM, 2010). Apart from the LD50 values calculated for avian 

species commonly used in laboratory testing (quails, mallards), knowledge on the 

effects that these pesticides have on birds comes from studies on poultry. To date, 

nothing is known about their impact on wild birds, which are likely exposed to coated 

seed ingestion. In order to elucidate the toxicity mechanisms of ingestion of seeds 

treated with these pesticides, there is therefore a crucial need for investigating 

sublethal effects in adult partridges feeding on seeds, as well as possible delayed 
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reproductive effects (i.e. egg or offspring quality potentially affected by maternal 

exposure to pesticides). 

2. Material and methods 

2.1. Selection of pesticides and exposure doses 

For the experiment, we purchased the following pesticides: 1) Score® 25 EC 

(difenoconazole 25% w/v, Syngenta Agro, Madrid, Spain), 2) Pormasol® Forte (thiram 

80% w/w, Bayer CropScience, Alcácer, Spain) and 3) Escocet® (imidacloprid 35% w/v, 

Bayer CropScience, Alcácer, Spain). The first two products are not specifically for seed 

treatment because difenoconazole- and thiram-based products for this purpose were 

not available at the time we purchased the pesticides. 

Seeds were sprayed with different amounts of each commercial product to 

obtain nominal target concentrations, for that we used spray bottles at our facilities. 

We used two application doses for each pesticide; the lowest dose corresponding to 

the one recommended for cereal seed coating according to the current Spanish 

regulations (MMAMRM, 2010). The highest dose was twice this recommended dose, 

and was used in order to assess the effects of potential abuses in pesticide application. 

The target concentrations for each pesticide were thus as follows; 1) difenoconazole 

(3%): 200-400 cm3/100 kg of wheat seeds (0.06-0.12 mg/g), 2) thiram (50%) 350-700 

cm3/100 kg of wheat seeds (1.75-3.5 mg/g) and 3) imidacloprid (35%) 200-400 cm3/100 

kg of wheat seeds (0.7-1.4 mg/g). Aliquots of each treatment were stored at -20 ºC 

until analysis for the confirmation of the exposure doses. 

 

2.2. Analysis of coated seeds: confirmation of exposure doses 

The concentration in the treated seed was confirmed in six aliquots of each 

treatment. One gram of seeds was extracted with 20 ml acetonitrile during 1 min of 

vortex, 5 min of sonication and 1 min again of vortex. The extract was filtered through 

a syringe nylon filter of 0.2 µm. After appropriate dilution with acetonitrile, the extract 

was analyzed by LC-ESI-MS with an analytical system formed by Agilent 1100 series 

chromatograph and Agilent 6110 Quadrupole LC/MS with a multimode source (MM). 
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The nitrogen for mass detector was supplied with a high purity nitrogen generator 

(Whisper 2-50, Ingeniería Analítica, Sant Cugat, Spain). The chromatographic column 

used was Zorbax Eclipse XBD-C18 (4.6 x 150 mm, 5 µm) with a precolumn Zorbax 

Eclipse XBD-C18 (4.6 x 10 mm 5 µm). The injection volume was 20 µL. The 

chromatographic conditions of analysis consisted in a gradient elution of two phases 

(A: formic acid 0.01% in water; B: formic acid 0.01% in methanol). The initial conditions 

were 95% A and 5% B, reaching 50% A and 50% B at min 8.5., 10% of A and 90% of B at 

25 min. This was maintained until min 28, returning to the initial conditions by min 29. 

The flow rate was 0.8 mL/min. Pesticides were detected using positive ion monitoring 

with the following MM-ESI source settings. Nebulizer pressure was set at 35 psi, drying 

gas flow was 12 L/min, drying gas temperature was 250 ºC, vaporizer temperature was 

200 ºC, capillary voltage was 3,500 V and charging voltage was 1,000 V. The monitored 

ions were 175, 256 and 257 for imidacloprid, 72, 73, 88 and 240 for thiram, and 406, 

408 and 459 for difenoconazole. Fragmentation voltage was 100, except for ion 175 of 

imidacloprid (150) and ion 459 of difenoconazole (175). Stock solutions of pesticide 

standards were purchased in acetonitrile at a concentration of 10 µg/mL form Dr. 

Ehrenstorfer (Augsburg, Germany). Calibration curves were performed with 

concentrations of the three pesticides ranging from 0.25 to 2 µg/mL in acetonitrile. 

The recovery of the analytical procedure was calculated with six replicates of non-

treated wheat (1 g) spiked with 3 µg of each pesticide. The obtained recoveries were 

100.2 ± 2.4% for difenoconazole, 108.8 ± 1.8% for thiram, and 106.7 ± 2.8% for 

imidacloprid. 

The concentrations measured (mean ± SD) in the treated seeds at low and high 

doses were 0.052 ± 0.006 and 0.098 ± 0.006 mg/g for difenoconazole, 1.077 ± 0.308 

and 3.254 ± 0.354 mg/g for thiram, and 0.519 ± 0.081 and 0.869 ± 0.170 mg/g for 

imidacloprid. These concentrations were lower than the theoretical values (between 

62 and 93% of the target values), probably because part of the pesticide was lost in the 

containers used to treat the seeds. Captive partridges ate on average 25 g of 

wheat/day (authors’ unpublished data) and weighed on average 407 g. We therefore 

estimated the following daily ingestion doses for the lowest and highest application 
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doses, respectively: 3.19-6.02 mg/kg/day for difenoconazole, 66.2-199.9 mg/kg/day for 

thiram and 31.9-53.4 mg/kg/day for imidacloprid. 

 

2.3. Experimental design and sample collection 

The experiments were conducted in the Dehesa de Galiana experimental 

facilities (Ciudad Real, Spain). All experimental protocols were approved by the 

Universidad de Castilla-La Mancha’s Committee on Ethics and Animal Experimentation. 

For the full set of experiments we used a total of 42 breeding pairs of captive-born, 

one year-old red-legged partridges obtained from the farm of the regional government 

of Castilla-La Mancha (Chinchilla, Albacete, Spain). The sex of individuals was 

determined genetically following Griffiths et al. (1998). The partridges were housed in 

pairs in outdoor cages (95 x 40 x 42 cm) and acclimatized to the facility during 15 days 

before starting the experiments. Comercial partridge feed (Partridge maintenance 

fodder, Nanta-Nutreco, Tres Cantos, Spain) mixed with wheat and tap water were 

provided ad libitum. Each pair was randomly assigned to one of the seven 

experimental groups (six groups corresponding to the two application doses of each 

pesticide, plus a control group that was shared among the three experiments in order 

to reduce the number of birds used for experiments). Sample size included six 

breeding pairs per group. 

Prior to exposure, we took a blood sample from each partridge, in order to 

determine pre-treatment blood parameters and avoid initial differences. We extracted 

1 mL of blood from the jugular vein, which was kept in heparinised tubes and 

centrifuged at 10,000xg for 10 min at 4 °C to separate plasma from the cellular fraction 

(pellet). Both plasma and pellet were stored separately at -80 °C for later analysis. 

Before centrifugation, an aliquot of each sample was taken to calculate the 

haematocrit. 

The exposure began on March 15, 2010. Partridges were fed exclusively with 

treated wheat (low and high pesticide exposure groups), or with untreated wheat 

(control group). The exposure lasted for 10 days, at the end of which partridges 

returned to their usual diet of untreated wheat mixed with maintenance fodder. On 
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March 24 (end of the exposure), we extracted blood again and processed it as 

described above (post-treatment sample). Partridges were kept in the cages 

throughout the spring and early summer in order to monitor reproduction (see below). 

 

2.4. Survival and body condition of adult partridges 

Survivorship was checked daily during the experiment. When a partridge died, 

we did a necropsy to detect gross lesions or abnormalities in the main organs and 

systems. We initially measured tarsus length and weighed each partridge twice 

throughout the experiment: prior to and just after pesticide exposure (same days as 

blood collections). The body condition of partridges was calculated according to the 

scaled mass index proposed by Peig and Green (2009) and can be computed as: 

 smab
ii LLMM )/( 0=  

where Mi and Li are the body mass and the linear body measurement of 

individual i respectively; bsma is the scaling exponent estimated by the standardised 

major axis (SMA) regression of M on L,  L0 is the arithmetic mean value for the study 

population; M  is the predicted body mass for individual i when the linear body 

measure is standardized to Lo. The scaling exponent bsma can be calculated indirectly by 

dividing the slope from an ordinary least squares (OLS) regression (bols) by the 

Pearson’s correlation coefficient r. 

 

2.5. Physiological responses of adult partridges 

We measured oxidative stress indicators in red blood cells (RBC) homogenates 

by spectrophotometry following the methods described in Reglero et al. (2009). We 

quantified lipid peroxidation levels, estimated as thiobarbituric acid reactive 

substances (TBARS), as well as total (GSH) and oxidized (GSSG) glutathione levels. We 

used Ransel and Ransod kits (Randox Laboratories, Cornella de Llobregat, Spain) to 

measure the activities of the glutathione peroxidase (GPX, EC 1.11.1.9) and superoxide 

dismutase (SOD, EC 1.15.1.1), respectively. Enzyme activities were calculated relative 
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to mg of protein, using the Bradford method to quantify total proteins in the 

homogenates (Bradford 1976). 

We determined the levels of retinol (distinguishing the free, alcoholic, form and 

the form esterified with fatty acids), α-tocopherol and carotenoids (zeaxanthin and 

lutein) in plasma using high performance liquid chromatography (HPLC) coupled to a 

photodiode detector and a fluorescence detector. The methods used for extraction 

and analysis are described in Rodríguez-Estival et al. (2010). 

We measured the following biochemical parameters in plasma with an 

automatic spectrophotometer analyzer A25 using the reaction kits available for each 

enzyme or analyte (BioSystems, Barcelona, Spain): alkaline phosphatase (ALP), alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyl 

transferase (GGT), lactate dehydrogenase (LHD), creatine phosphokinase (CPK), 

albumin, total protein, glucose, cholesterol, triglycerides, calcium, magnesium, 

phosphorus, creatinine, urea and uric acid. 

We quantified testosterone and estradiol levels in plasma samples using 

enzyme-linked immunosorbent assay (ELISA) commercial kits (DRG Instruments GmbH, 

Marburg, Germany). We obtained calibration curves using the standards included in 

the kits and adjusting the obtained values to a four parameter logistic model with the 

software XLSTAT (Addinsoft SATL, Paris, France). 

 

2.6. Carotenoid-based coloration of adult partridges 

Prior to and just after pesticide exposure, we took digital photographs to 

measure the red, carotenoid-based coloration of the beak and eye ring of partridges as 

in Mougeot et al. (2009). For each bird, we took a digital picture of the left side of the 

head using the same digital camera (Nikon Coolpix 4500) and under standardized 

conditions. For each picture, we placed the same grey standard reference (Kodak Gray 

Scale, Kodak, New York) as a background. We analyzed images using Adobe Photoshop 

7.0. From each picture, we measured the RGB components (the average intensity of 

Red, Green and Blue components of pixels) of the eye ring and beak, and the relative 
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amount of the eye ring area pigmented by carotenoids (see Mougeot et al. 2009). The 

intensity of carotenoid-based red coloration, or RGB values (hereafter referred as to 

redness) was calculated as R divided by the average of R, G and B (Villafuerte and 

Negro, 1998). RGB values of the grey reference were used to standardize all colour 

measurements and correct for possible differences in coloration between pictures. 

 

2.7. Immune response of adult partridges 

We estimated cell-mediated immune responsiveness using the 

phytohemagglutinin (PHA)-skin test. On the last day of exposure, we measured wing 

web thickness of each partridge with a micrometer (Mitutoyo Absolut 547-401) to the 

nearest 0.01 mm and injected intradermally the wing web with 100 µL of PHA in PBS (1 

mg/mL dilution). The PHA is a lectin that causes an accumulation of T lymphocytes 

followed by an infiltration of macrophages (Goto et al. 1978), which manifests in a 

local inflammation that reaches its maximum 24 h after injection. After this 24 h 

period, we measured again the wing web thickness, and estimated the intensity of the 

T-cell-mediated immune response as the difference between the final and the initial 

thicknesses. 

Humoral immune response was estimated using a haemagglutination test after 

injecting an antigen (i.e. sheep red blood cells, SRBC) that stimulated the synthesis of 

specific antibodies. Two days after the end of the exposure, we collected blood from 

the jugular vein of a sheep housed in the same estate as the experiments were carried 

out. We calculated the haematocrit of this blood and diluted it in PBS to a final 

concentration of 20% SRBC. We injected intraperitoneally 100 µL of this dilution to 

each partridge. To analyse the antibody production, we took a blood sample 12 days 

after injecting the SRBC. After centrifugation, an aliquot of plasma was incubated at 56 

°C for 30 min in order to inactivate the complement and improve agglutination 

visibility (personal observation). The haemagglutination test in vitro was conducted on 

blood from the same sheep used for injecting the partridges, and collected on the 

same day as the test was performed. After testing several SRBC concentrations, better 

visibility was achieved using a 0.5 % dilution. Serial dilutions of plasma were prepared 
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in wells of a microtiter plate (50 µL final volume) to which we added 50 µL of the SRBC 

dilution. A well in each row where we added 50 µL of PBS instead of plasma was used 

as negative control. Plates were tilted 45º and incubated at 37 ºC for 1 h. After 

incubation, we examined the plates for SRBC agglutination and estimated the antibody 

concentration as the log2 of the less concentrated plasma dilution causing 

agglutination. 

 

2.8. Reproduction 

Because some birds died during the experiments, those partridges that were 

alone in the cages were paired again, when possible, with mates exposed to the same 

treatment. We checked daily all cages to collect the eggs, which were measured 

(maximum length and width) and kept at 15 ºC to avoid development. Every 15 days, 

we transferred all eggs collected thus far to an automatic incubation chamber 

(Masalles Valltrade, Sant Cugat del Valles, Barcelona, Spain) where they were 

incubated for 21 days at 37.7 ºC, 45% humidity and with constant movement. Then, 

we candled the eggs and those that were found to have developed were introduced in 

individual cages and moved to a birth chamber where they were incubated at 37.7 ºC 

with constant humidity but without movement. We checked the birth chamber daily 

for hatchlings. We took note of date of birth, tarsus length and body mass of each 

hatchling. Chicks were individually marked and housed in closed rooms with a heat 

source, water and food (Partridge growth fodder, Nanta-Nutreco, Tres Cantos, Spain). 

We measured (tarsus length) and weighed all chicks upon 8, 16, 24 and 32 days of age, 

and calculated their body condition as for adults. The storage time (0-15 days) was 

included in the early statistical models and no effect on embryo and chick 

development was found. 

Unhatched eggs were opened and examined to see whether they were 

fecundated or not (observation of the presence of embryo or germinal disk). To 

measure shell thickness of hatched and unhatched eggs, we collected three small shell 

pieces (aprox. 0.5 x 0.5 cm) from the equatorial region of each egg; we separated the 

inner membrane, dried the shell pieces and measured thickness with a micrometer to 
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the nearest 0.01 mm. Eggshell thickness was calculated as the average thickness of the 

three measurements. 

 

2.9. Statistical analyses 

We analyzed the survival of adult partridges using Kaplan-Meier survival 

analyses and the Mantel-Cox test for pairwise comparisons among treatment groups. 

Previously, we confirmed the absence of sex-related differences in survival using a 

Fisher’s exact test. We used general linear models (GLM) with the experimental dose 

and the sex as fixed factors in order to test for pesticide effects on body condition, 

blood parameters (i.e. haematocrit, oxidative stress indicators, plasma biochemistry, 

vitamins, carotenoids and sexual hormones), immune responses and carotenoid-based 

coloration. 

For reproduction-related variables (i.e. egg biometry, fecundation and hatching 

rates, and chicken survival and growth rates) we used the individual (egg or chick) 

instead of the breeding pair (cage) as experimental unit to study differences among 

treatments because of  the small number of breeding pairs remaining in some 

treatment groups after pesticide exposure.  

Variation in egg measurements (length, width and shell thickness) was analyzed 

with Generalized Linear Models (GLMz) considering lineal distributions of the 

dependent variables with the pesticide dose as fixed factor and the female body 

condition as a covariate. Fertile egg rate, as well as hatching rates considering both 

only fertile eggs and total eggs laid were analyzed with GLMz considering a binary 

logistic distribution of the dependent variables and using the female body condition as 

a covariate. In the case of thiram, because all the fertile eggs used for calculation of 

the hatching rate at high dose were laid by the same female, we did not use the 

covariate for the analysis of this variable. The effects of maternal exposure to 

pesticides on chick survival was analysed through Mantel-Cox tests after building 

Kaplan Meier survival curves for each treatment. In order to test for the influence of 

maternal body condition or egg biometry on chick survival, we also run a GLMz with 

the survival at day 32 as dependent variable considering a binary logistic distribution 
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using the treatment as fixed factor and eggs size and female body condition as 

covariates. Chick growth was analysed with a repeated measures analysis of the 

covariance using the chick body condition over time (measured at days 0, 8, 16, 24 and 

32 after hatching) as dependent variable, treatment as a factor and the female body 

condition and the egg size as covariates. 

When significant differences were obtained in GLM or GLMz analyses, we 

checked for the dose causing effects on marginal means through Least Significant 

Difference (LSD) tests. Normality of all variables included in parametrical analysis was 

checked by Shapiro-Wilk tests. Chick survival data were log-transformed to obtain a 

normal distribution. Plasma testosterone data could not be normalized, so the effects 

of pesticide on this variable were analysed using a Kruskal Wallis non-parametric test. 

We considered p-values below 0.05 as significant. However, given the small sample 

sizes per treatment, established to reduce the number of animals used in 

experimentation, we considered p-values below 0.1 as marginally significant and 

conducted post hoc analyses when a p-value within this range was obtained. Data 

were analyzed using SPSS 19.0. 

 

3. Results 

3.1. Direct adverse effects on adult partridges 

We did not detect any difference among treatment groups in the pre-exposure 

sampling for body condition or blood parameters, and therefore only considered post-

exposure measurements in the analyses. 

Table 1 shows the average mortality rate, body condition, haematocrit and 

biochemical parameters for each experimental group at the end of the exposure to 

pesticides. High exposure doses of imidacloprid and thiram significantly reduced the 

survivorship of adult partridges (p ≤ 0.002). For imidacloprid the first death at the high 

dose occurred on the third day of treatment and the last one two days after finishing 

the exposure period. For thiram the first death occurred on the seventh day of 

treatment and the last one occurred the day after finishing the exposure. No 
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differences in mortality were found between sexes. Both doses of imidacloprid and the 

highest dose of thiram reduced body condition and haematocrit (all p-values ≤ 0.005), 

whereas difenoconazole did not produce any significant change in these parameters. 

All pesticides and doses influenced some of the measured biochemical 

parameters. Difenoconazole caused marginally significant effect (p ≤ 0.055) in 

phosphorus and total protein levels. Post hoc tests revealed that both doses of the 

fungicide decreased plasma levels of these two parameters in a significant manner as 

compared to controls (Table 1). Difenoconazole exposure also reduced γ-glutamyl 

transferase levels also in a marginally significant manner (p ≤ 0.056), although in this 

case LSD test did not show any significant effect of any particular dose. Both doses of 

thiram significantly reduced blood levels of calcium, cholesterol, magnesium and 

albumin, while the high thiram dose also reduced total protein concentration in 

plasma (all p-values ≤ 0.034). Finally, both doses of imidacloprid reduced albumin, 

alkaline phosphatase, calcium, cholesterol and total protein levels. The high dose of 

the insecticide also affected levels of aspartate aminotransferase (all p-values ≤ 0.020). 

With regards to the variables related to the oxidative stress measured in 

erythrocytes, plasma vitamins and carotenoids (Table 2), partridges that consumed 

seeds treated with any thiram dose or with the highest difenoconazole dose showed 

increased SOD activity (p ≤ 0.025). Imidacloprid reduced the activity of GPX (p = 0.009) 

at both doses and produced a marginally significant decrease in total GSH 

concentration (p = 0.065); LSD test revealed this effect was significant at the high 

insecticide dose (Table 2). Exposure to the low difenoconazole dose decreased retinyl 

palmitate levels in plasma (p = 0.029). Neither imidacloprid nor thiram affected vitamin 

levels, and none of the tested pesticides significantly affected circulating carotenoid 

levels. 

Cellular but not humoral immune response was affected by treated seed 

consumption, although this effect was only detected in males (Figure 1). The 

inflammatory response to PHA was impaired in male partridges that had been exposed 

to seeds treated with the highest doses of thiram and imidacloprid (p ≤ 0.009) when 

compared to controls. We did not detect any immunotoxic effect for difenoconazole. 
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For carotenoid-based coloration, we did not find any significant treatment 

effect on beak or eye ring redness. However, we found significant differences among 

experimental and control groups in the percentage of pigmented eye ring, which was 

reduced after exposure to high doses of thiram, difenoconazole and imidacloprid (p ≤ 

0.005). These effects were mainly due to changes in the eye ring pigmentation of 

males, as in females this response was observed only in the imidacloprid experiment 

(Figure 2). 

 

3.2. Effects on reproduction and indirect effects on offspring 

Plasma levels of sexual hormones did not differ significantly from the controls 

in any of the exposed groups and none of the treatments influenced average clutch 

size (Table 3). However, eggs laid by females previously exposed to seeds treated with 

any of the pesticides were smaller, in terms of length, than those laid by control 

females (p ≤ 0.007), although in the case of thiram this effect was only detected at the 

high exposure dose (Table 3). Egg width was only reduced, as compared to controls, 

after maternal exposure to thiram treated seeds (p < 0.001). Eggshell thickness 

decreased after exposure to both thiram doses and to the low dose of imidacloprid (p 

≤ 0.001). We also detected a marginally significant increase of eggshell thickness in 

eggs laid by females exposed to difenoconazole (p = 0.062) that was observed only at 

the high fungicide dose (Table 3). Maternal body condition was negatively associated 

with egg length in the imidacloprid and difenoconazole assays (p ≤ 0.034) and 

positively associated with egg width in the case of thiram, as well as to eggshell 

thickness in the two fungicide experiments (p ≤ 0.024). 

The fertile eggs rate was reduced by difenoconazole and imidacloprid (p ≤ 

0.008) when compared to controls. The hatching rate of fertile eggs was not affected 

by any treatment (Table 3) or by maternal body condition in imidacloprid and 

difenoconazole experiments. The hatching rate of total eggs was only affected by 

difenoconazole treatments (p<0.01). 

Chick survival rate was significantly lower when parents had been previously 

exposed to any imidacloprid dose (p = 0.007) as compared to controls, and the same 
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was observed for thiram although this effect was only marginally significant (p = 

0.062). LSD test revealed a significant difference in chick survival between control and 

low thiram dose groups (Table 3). Neither the maternal body condition nor any of the 

egg quality parameters were significantly related to chick survival. 

Chicks from the imidacloprid and low thiram dose treatments showed lower 

body condition upon hatching than controls, although none of the pesticides 

significantly affected this variable when the effects of maternal body condition and egg 

size were introduced as covariates in the analyses (Table 3). Egg length was positively 

correlated to chick body condition (p = 0.037) whereas no treatment or covariate 

effects were detected for chick growth rate. 
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Figure 1. Mean (± SE) cellular immune responsiveness (wing web swelling after PHA injection) 

as a function of treatment and sex in the thiram and imidacloprid experiments. Different 

letters indicate significantly different groups (LSD: p < 0.05). 
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Figure 2. Mean (± SE) percentage of eye ring area pigmented by carotenoids as a function of 

treatment and sex. Different letters indicate significantly different groups (LSD: p < 0.05). 

 



 

 

Table 1. Mean (± SE) body condition, haematocrit and plasma biochemical parameters of red-legged partridges at the end of the exposure period (day 10) in 

each experimental group. Bold values indicate groups significantly different from controls.  

Parameter  Difenoconazole Thiram Imidacloprid 

Control Low dose High dose Low dose High dose Low dose High dose 

Mortality (%) 0.0 0.0 0.0 0.0 41.6* 8.3 58.3** 
Na 12 12 12 12 8 11 5 
Body conditionb  417.2 ± 25.3 417.2 ± 20.1 417.5 ± 27.6 412.9 ± 69.8 386.5 ± 60.4* 388.6 ± 53.0** 357.1 ± 89.3** 
Hematocrit (%) 43.11 ± 0.75 40.44 ± 1.12 41.52 ± 1.07 39.91 ± 1.32 35.21 ± 2.03** 38.71 ± 1.01* 34.13 ± 3.00** 
Albúmin (g/L) 18.45 ± 0.65 16.00 ± 1.31 16.67 ± 0.55 16.25 ± 0.62* 13.13 ± 1.16** 13.00 ± 0.60* 9.33 ± 1.89** 
Alkaline phosphatase (U/L) 759.0 ± 172.0 810.7 ± 151.4 950.0 ± 79.0 834.7 ± 76.2 605.7 ± 122.9 392.5 ± 66.7* 204.2 ± 58.0* 
Alanine aminotransferase (U/L) 18.92 ± 2.71 21.09 ± 2.91 28.25 ± 5.37 31.08 ± 5.20 30.88 ± 5.59 33.20 ± 5.35 27.33 ± 10.53 
Aspartate aminotransferase (U/L) 263.8 ± 31.5 263.2 ± 29.9 293.8 ± 28.4 255.0 ± 40.6 236.9 ± 50.2 223.4 ± 34.1 72.3 ± 36.9** 
γ-Glutamyl transferase (U/L) 6.92 ± 1.40 4.82 ± 0.98 3.00 ± 0.71 5.50 ± 1.76 5.57 ± 2.01 6.80 ± 3.87 3.17 ± 1.62 
Creatine phosphokinase (U/L) 926.9 ± 138.8 601.80 ± 54.8 775.58 ± 112.1 737.18 ± 118.7 822.20 ± 270.0 969.00 ± 177.70  
Creatinin (mg/dL) 0.41 ± 0.02 0.36 ± 0.02 0.37 ± 0.02 0.38 ± 0.03 0.38 ± 0.02 0.37 ± 0.02 0.38 ± 0.03 
Urea (mg/dL) 6.22 ± 0.58 5.73 ± 0.92 6.03 ± 0.65 5.01 ± 0.66 8.48 ± 1.59 10.62 ± 2.18 9.78 ± 1.28 
Calcium (mg/dL) 23.60 ± 2.04 19.30 ± 1.80 20.35 ± 1.87 18.14 ± 0.80* 16.19 ± 0.94* 16.08 ± 1.01** 15.54 ± 1.28** 
Cholesterol (mg/dL) 385.4 ± 41.9 307.2 ± 36.8 306.9 ± 30.3 277.4 ± 19.9* 229.3 ± 27.0* 232.0 ± 17.5** 211.5 ± 43.8** 
Glucose (mg/dL) 393.5 ± 25.6 409.4 ± 20.4 380.4 ± 45.9 419.4 ± 22.6 376.9 ± 22.5 405.7 ± 14.0 394.8 ± 43.6 
Magnesium (mg/dL) 3.84 ± 0.50 2.79 ± 0.20 3.29 ± 0.40 3.00 ± 0.12* 2.56 ± 0.14* 2.62 ± 0.17 3.16 ± 0.14 
Phosphorus (mg/dL) 7.53 ± 1.12 4.71± 0.60* 5.22± 0.43* 7.23± 0.87 5.32± 1.06 4.40 ± 0.52 6.78 ± 1.27 
Total protein (g/L) 75.39 ± 5.73 63.69 ± 3.58* 59.38 ± 2.26* 64.77 ± 3.84 48.90 ± 4.07* 51.34 ± 3.51* 35.48 ± 6.84** 
Triglycerides (mg/dL) 178.3 ± 22.1 142.8 ± 12.7 165.6 ± 21.2 201.1 ± 28.0 148.1 ± 33.2 146.8 ± 27.5 108.3 ± 13.7 
Uric acid (mg/dL) 8.17 ± 1.69 5.09 ± 0.50 7.03 ± 0.68 10.28 ± 0.50 15.38 ± 3.86 11.16 ± 2.23 23.74 ± 9.44 
a N per treatment for mortality calculation = 12 in all cases. 

b See text for details about method of estimation of body condition 

*,** Significantly different from controls at the p ≤ 0.05 and p ≤ 0.01 level respectively. 



 

 
 

Table 2. Mean (± SE) oxidative stress biomarker, vitamin and carotenoid levels at the end of the exposure period (day 10) in each experimental group. Bold 

values indicate groups significantly different from controls. 

Parameter  Difenoconazole Thiram Imidacloprid 

Control Low dose High dose Low dose High dose Low dose High dose 

N 12 12 12 12 7 11 5 

RBC TBARS (nmol/gr) 28.0 ± 1.4 27.6 ± 1.2 25.9 ± 1.3 28.8 ± 1.3 24.9 ± 1.2 26.6 ± 0.9 29.2 ± 1.7 

RBC GSH (µmol/gr) 6.17 ± 0.64 5.51 ± 0.56 5.53 ± 0.41 5.83 ± 0.48 5.25 ± 0.59 5.77 ± 0.45 3.51 ± 0.93* 

RBC GSSG (µmol/gr) 0.49 ± 0.38 0.49 ± 0.04 0.52 ± 0.03 0.57 ± 0.05 0.57 ± 0.75 0.61 ± 0.05 0.4 ± 0.06 

RBC GPX (IU/mg prot.) 0.12 ± 0.01 0.11 ± 0.01 0.10 ± 0.00 0.1 ± 0.01 0.12 ± 0.007 0.08 ± 0.01** 0.09 ± 0.01* 

BC SOD (IU/mg prot.) 0.61 ± 0.05 0.62 ± 0.03 0.75 ± 0.04* 0.93 ± 0.08* 0.93 ± 0.09* 0.53 ± 0.058 0.47 ± 0.02 

Retinol (µM) 13.11 ± 1.28 13.13 ± 0.73 13.56 ± 1.29 14.05 ± 1.30 14.56 ± 1.30 12.18 ± 1.38 7.98 ± 1.94 

Retinyl palmitate (µM) 0.26 ± 0.06 0.09 ± 0.01* 0.19 ± 0.04 0.20 ± 0.05 0.25 ± 0.06 0.22 ± 0.05 0.32 ± 0.08 

Tocoferol (µM) 14.94 ± 1.66 13.39 ± 1.27 15.08 ± 1.41 14.72 ± 1.94 17.37 ± 1.81 20.46 ± 3.96 14.31 ± 6.00 

Lutein (µM) 4.63 ± 0.78 4.06 ± 0.31 4.33 ± 0.36 5.13 ± 0.44 6.34 ± 0.66 7.17 ± 0.97 4.82 ± 1.33 

Zeaxanthin (µM) 10.28 ± 3.58 7.34 ± 0.81 7.76 ± 0.91 9.58 ± 1.07 11.27 ± 1.46 11.17 ± 1.56 10.42 ± 2.48 

* Significantly different from controls at the p ≤ 0.05 level. 

** Significantly different from controls at the p ≤ 0.01 level.  



 

 

Table 3. Mean (± SE) sexual hormone levels and reproductive parameters in each experimental group. Bold values indicate groups significantly different 

from controls. 

Parameter  Difenoconazole Thiram Imidacloprid 
Control Low dose High dose Low dose High dose Low dose High dose 

N (males/females) 6/6 6/6 6/6 6/6 3/5 6/5 3/2 
Testosterone (males) (ng/mL)  0.73 ± 0.57 0.21 ± 0.06 0.19 ± 0.03 0.55 ± 0.22 0.20 ± 0.15 0.21 ± 0.06 0.19 ± 0.03 
Testosterone (females) (ng/mL) 0.10 ± 0.04 0.19 ± 0.07 0.10 ± 0.07 0.25 ± 0.07 0.27 ± 0.09 0.19 ± 0.07 0.10 ± 0.07 
Estradiol (males) (pg/mL) 13.8 ± 4.1 18.7 ± 2.4 20.7 ± 3.8 29.2 ± 10.6 16.5 ± 5.3 18.7 ± 2.4 20.7 ± 3.8 
Estradiol (females) (pg/mL) 48.4 ± 5.9 25.5 ± 7.0 37.4 ± 13.8 38.3 ± 7.8 33.4 ± 8.5 25.5 ± 7.0 37.4 ± 13.8 
Number of breeding pairs  6 5 5 3 2 5 2 
Number of laying females 4 4 2 3 2 2 2 
Total number of eggs 40 78 40 26 10 40 34 
Clutch size per female 6.7 ± 4.2 15.6 ± 4.9 8.0 ± 5.2 8.7 ± 4.6 5.0 ± 3.0 8.0 ± 5.4 17.0 ± 3.0 
Egg length (mm) 40.64 ± 0.29 38.92 ± 0.25** 39.21 ± 0.28** 41.62 ± 0.24 39.01 ± 1.50* 39.45 ± 0.18** 39.15 ± 0.20* 
Egg width (mm) 29.54 ± 0.11 29.31 ± 0.10 29.13 ± 0.16 30.04 ± 0.27* 28.31 ± 0.77* 29.7 ± 0.09 29.55 ± 0.10 
Shell thickness (mm) 0.205 ± 0.003 0.202 ± 0.003 0.213 ± 0.003* 0.199 ± 0.002* 0.182 ± 0.005** 0.190 ± 0.003** 0.204 ± 0.002 
Fertile eggs (%) 85.0 37.2** 50.0* 57.7 60.0 55.0* 73.5* 
Hatching rate of fertile eggs (%) 76.4 72.4 65.0 93.3 66.7 90.9 88.0 
Hatching rate of total eggs (%) 65.0 26.9** 32.5** 53.8 40.0 50.0 64.7 
Number of chicks 26 21 13 20 22 14 4 
Chick body condition at birtha 13.12 ± 0.49 11.73 ± 0.54 12.44 ± 0.83 13.36 ± 0.88 10.59 ± 1.82 10.04 ± 0.65 11.31 ± 0.67 
Chick mortality (%) 34.61 44.44 53.85 71.42* 33.33 70.00* 76.19* 
Chick mean survival time after 
hatching (days) 

24.0 ± 2.2 22.0 ± 2.6 19.5 ± 3.4 16.8 ± 3.2* 24.0 ± 8.0 14.9 ± 2.6** 13.8 ± 2.4** 

a See text for details about method of estimation of body condition 
* Significantly different from controls at the p ≤ 0.05 level. 
** Significantly different from controls at the p ≤ 0.01 level.
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4. Discussion 

Among the tested pesticides, imidacloprid caused more deaths, followed by 

thiram, whereas difenoconazole was not lethal to partridges. These results agree with 

reported LD50 values of these compounds for birds, as well as with reported cases of 

poisoning due to the ingestion of seeds treated with imidaclorprid in wild birds 

(partridges, pigeons and ducks) (de Snoo et al. 1999; Bro et al. 2010) and with thiram 

in farmed birds (Guitart et al. 1996). To our knowledge, no mortality has been reported 

in wild birds as a consequence of ingestion of difenoconazole-treated seeds. 

Considering the estimated daily ingestion of imidacloprid (31.9-53.4 mg/kg at 

low and high exposure doses, respectively) and the oral LD50 of the insecticide known 

for other Galliforme (Japanese quail; 31 mg/kg), the mortality rates observed in the 

present study (8.3 and 58.3% at low and high doses, respectively) seem to be below 

what could be expected. This might be attributed to inter-specific differences in 

sensitivity to imidacloprid exposure. However, the daily ingestion was calculated on 

the basis of a 25 g wheat/day intake, and the addition of pesticides may have reduced 

this daily food intake, and therefore the amount of pesticide ingested. This possibility 

is supported by the loss of body mass observed in partridges fed with imidacloprid- 

and thiram-treated seeds. In fact, autopsies performed on dead partridges revealed 

signs of emaciation in most individuals treated with these two products. Such 

reduction in food intake might be due, on the one hand, to the potential repellent 

effect of both pesticides (Avery et al. 1993; Werner et al. 2010). We have observed 

that partridges given the choice between untreated and treated seeds clearly rejected 

the treated seeds when they were coated with thiram, but did not show any 

preference between untreated seeds and seeds treated with imidacloprid 

(unpublished data). On the other hand, food intake reduction could be attributed to a 

toxic effect of the pesticides that made partridges feel sick and stop eating as Li et al. 

(2007) and Subapriya et al. (2007) observed in studies with chicken exposed to thiram. 

The decrease in plasma levels of total proteins, albumin, cholesterol, calcium 

and magnesium, along with the decrease in haematocrit in partridges exposed to 

thiram and/or imidacloprid also appear to be symptoms of starvation. The decrease in 
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total protein and albumin may be due to increased protein catabolism because of 

starvation, which is usually accompanied by an increase in uric acid levels 

(Lewandowski et al. 1986). Although we did not find such increase, the plasma level of 

uric acid in partridges feeding on seeds treated with the high dose of imidacloprid 

(23.7 mg/dL) was above the 20 mg/dL threshold considered as pathological 

(Lewandowski et al. 1986). Reduced cholesterol levels also typically mirror a loss of 

body condition in birds (Alonso-Alvarez et al. 2002). Reduced levels of calcium and 

magnesium in pesticide-exposed animals could be indirectly related to lower plasma 

albumin levels, as this protein is responsible for blood transport of these elements 

(Dacke, 2000). Hypocalcaemia appears as a common effect in birds exposed to thiram 

(Edwards, 1987), although in some cases it is not accompanied of a reduction in 

plasma albumin levels (Subapriya et al. 2007). 

Exposure to imidacloprid reduced plasma level of AST in partridges. This effect 

has not been described before in birds and the information from the few studies 

conducted in mammals is contradictory. Unlike what we observed in partridges, 

Bhardwaj et al. (2010) found high levels of AST in rats treated with imidacloprid. In 

contrast, Aydin (2011) found that a chronic exposure to thiacloprid, another 

neonicotinic insecticide, caused a suppressive action on the enzyme in rats. Unlike 

imidacloprid and thiram, difenoconazole hardly caused any effect on body condition or 

biochemical parameters; the fungicide only reduced total protein concentration and 

phosphorus levels, which in birds has a poor diagnostic value (Lewandowski et al. 

1986). 

The production of free radicals and the consequent imbalance in the oxidant-

antioxidant system is among the main ways by which pesticides cause tissue damage 

(Banerjee et al. 2001). Therefore, the study of oxidative status constitutes a key tool in 

the identification of sublethal effects of a toxic on an organism. We have detected an 

increase in SOD levels in erythrocytes of animals treated with thiram and 

difenoconazole, although only at high exposure doses for the latter. SOD is the first 

line of antioxidant defence as it neutralizes the superoxide anion (O2
-) (Knight, 2000). 

To the best of our knowledge, this is the first study in which the oxidative stress caused 

by difenoconazole is assessed in wild birds. Regarding thiram, Li et al. (2007) found a 



Capítulo I 

 

57 

 

decline in SOD activity of liver cells after dietary exposure in chicken. Whereas this 

result is contradictory to ours, we must take into account that the antioxidant levels 

and composition vary among species, tissues and cell types (Costantini, 2008) as well 

as a function of age, sex, environmental conditions and diet (Banerjee et al. 2001). In 

fact, other studies measuring the effects of thiram on SOD in non-avian species have 

detected increased enzyme levels after exposure to the fungicide (Grosicka-Maciąg et 

al. 2008). The interaction of thiram with SOD could be due to the potential activity of 

the fungicide as a metal chelator, since the enzyme in the cytoplasm is Cu/Zn-

dependent (Marikovsky, 2002). Most studies indicate an effect of thiram on the 

activity of the antioxidant system, which would indicate that the fungicide is 

responsible for the production of free radicals forcing cells to react in order to 

neutralize them. 

Imidacloprid also resulted in changes in the antioxidant defences, reducing 

both the activity of GPX and the levels of total GSH in erythrocytes. The same effects 

have been reported in rat liver (Kapoor et al. 2010), although imidacloprid-related 

increases of GPX in the same organ have also been detected in other cases (EL-Gendy 

et al. 2010). Immediately after the exposure to a toxicant, antioxidant enzymes tend to 

increase their activity; however, the activity may not be sustained because of enzyme 

depletion, either by decreased synthesis or by oxidative inactivation of the enzyme 

(Muthukumaran et al. 2008). GSH is the major intracellular antioxidant molecule and 

acts as substrate of several enzymes that mitigate or prevent the harmful effects of 

free radicals (Banerjee et al. 2001). For example, GPX uses GSH to transform H2O2 into 

H2O (Knight, 2000). The observed decrease in GSH levels could be related to this role 

as a substrate of antioxidant enzymes. 

Although specific mechanisms of immunotoxicity by any pesticide remain 

poorly known (Galloway and Handy, 2003), cells and organs of the immune system are 

known to be sensitive to damage by free radicals (Banerjee et al. 2001; Galloway and 

Handy, 2003). This may explain the reduced cellular immune responsiveness (PHA skin 

test response) caused by imidacloprid and thiram, the two compounds with greater 

potential for causing oxidative stress. Accordingly, difenoconazole, the only compound 

for which immunotoxic effects were not detected, had fewer effects on oxidative 
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status of exposed partridges. The immunotoxic effects of imidacloprid have been 

reported in a few cases, although no study has so far related the exposure to the 

insecticide to a depleted cellular immune response. Gatne et al. (2006) found a 

lowered humoral immune response of mice, whereas Balani et al. (2011) observed a 

decrease in the total number of leukocytes in poultry chicken as a consequence of 

imidacloprid exposure. Virtually no studies have analysed effects of fungicides on the 

immune system (Voccia et al. 1999) and, to our knowledge, there is nothing specifically 

described for thiram in this matter; only Pruett et al. (1992) reported a decrease in NK 

cells in rats after skin absorption of other dithiocarbamate, sodium 

methyldithiocarbamate. 

Interestingly, the effect of pesticides on the cellular immune response affected 

only males. This may be because of higher testosterone levels in males – a sexual 

hormone that is required for expression of sexual signals but associated with 

immunosuppressive effects – an increased metabolic rate and the consequent 

production of free radicals (Alonso-Alvarez et al. 2009). In this context, none of the 

pesticides altered the normal levels of sex hormones, which means that the 

testosterone levels, and thus the potential for immunosuppressive effects, remained 

higher in males than in females even after pesticide exposure. 

The carotenoid-based coloration of partridges, and in particular the percentage 

of eye-ring pigmentation, was reduced by higher doses of the three tested pesticides. 

In the cases of the two fungicides this effect was sex-dependent, and particularly 

marked in males that invest more in carotenoid-based signalling than females 

(Villafuerte and Negro, 1998). This kind of ornamentation is highly dependent on body 

condition and very sensitive to changes in the immunological and oxidative status of 

male partridges (Alonso-Alvarez et al. 2008; Mougeot et al. 2009). These observations, 

together with the aforementioned effect of testosterone on metabolic rate, make 

males more sensitive to energetic constrains caused by pesticide exposure, which 

ultimately reflects in a stronger effect on carotenoid-dependent coloration in males 

than in females. 
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We have found negative effects of the three pesticides on several reproductive 

parameters, including some indirect effects of imidacloprid and thiram on chick 

survival. However, these observed results have been obtained with a small number of 

surviving pairs, and therefore the obtained data must be taken with caution. Further 

research with lower doses of exposure and a larger number of birds is currently being 

developed in order to confirm or reject some of the preliminary results obtained here. 

These indirect effects on chicks were likely mediated via maternal effects, because 

offspring were never exposed themselves to the pesticides. Physiological effects on 

adults such as reduced fitness, oxidative stress, immune suppression or carotenoid-

dependent coloration may have further effects on reproduction. For example, a 

correlation between circulating carotenoids and clutch size, or a negative relation 

between hatching success and lipid peroxidation have been described in red-legged 

partridges (Bortolotti et al. 2003). At a phenotypic level, changes in carotenoid-based 

sexual traits may also affect reproduction in birds (e.g. Giraudeau et al. 2011). In terms 

of reproduction, the results of the present study constitute, to the best of our 

knowledge, the first published report about the effect of imidacloprid on vertebrates 

and about the effect of thiram and difenoconozale on birds. 

We have found that some of the reproductive effects of pesticide exposure 

appeared at low doses but not at high ones (i.e. imidacloprid effects on shell thickness 

and thiram effects on chick survival). The lack of effect at the highest exposure doses 

may be due to several reasons; first, because most mortality occurred at higher doses, 

the surviving individuals may have been more resistant to pesticide toxicity. This is in 

agreement with the observation that stronger effects at lower doses were found for 

imidacloprid and thiram, the two compounds that caused significant mortality at high 

doses. Second, the potential rejection of treated seeds, especially those treated with 

thiram, may have led to a lower ingestion of seeds treated with high concentrations of 

pesticides. Partridges exposed to high doses might have suffered from anorexia, but 

this effect would be less severe than the intoxication caused by the ingestion of seeds 

treated with the lower dose. 

Thiram-exposed females laid abnormally small eggs, narrower and with a 

thinner shell than controls. This effect of thiram has been described in previous studies 
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on poultry after accidental ingestion of seeds treated with the fungicide (Guitart et al. 

1996). Some of these effects were also found in eggs laid by difenoconazole- and 

imidacloprid-exposed females, but, to our knowledge, no study had related the 

exposure to these pesticides to egg quality. Apart from affecting egg biometry, 

difenoconazole and imidacloprid also reduced fertile eggs rate when compared to 

controls. These two effects are likely interrelated in the red-legged partridge, since 

lighter and smaller eggs are more likely to be unfertile (Cabezas-Díaz and Virgós, 2007). 

Egg size is related to chick condition at hatching, which is in turn related to 

chick survival (Blomqvist et al. 1997). Our results confirm that these parameters are 

correlated, but this relationship does not explain by itself the differences among 

pesticide treatments in chick survival. The effects of pesticides on offspring could also 

be mediated by effects on egg quality, in terms of amounts of carotenoids and 

antioxidants, hormones or enzymes (Berthouly et al. 2007; Cucco et al. 2008). The 

negative effects of maternal exposure to pesticides on chick body condition – indirectly 

through a reduction of egg size – are important when extrapolating the results to field 

conditions; in the wild, where animals may suffer from food limitation and continued 

predation risk, these parameters might have a greater influence on chick survival than 

what we can estimate from our experimental approach. 

This experimental study suggests that pesticide abuses could represent a 

serious threat of intoxication and mortality in an important game bird such as the red-

legged partridge. The results also highlight the importance of considering sub-lethal 

effects of coated seed ingestion by farmland birds, even at recommended doses of 

pesticide use, in terms of their physiological and reproductive effects. Moreover, 

imidacloprid and thiram are also applied with the irrigation water on crops often used 

by partridges such as vineyards and olive groves. As it occurs with treated seeds, 

irrigation water with dissolved agrochemicals can represent a s significant risk for 

wildlife (i.e. nitrates; Rodríguez-Estival et al. 2010). Although we have used as model 

organism one of the bird species potentially more exposed to coated seed ingestion, 

similar effects as those reported for the red-legged partridge could occur in other 

threatened birds that share the same habitats and eat seeds, such as the pin-tail 

sandgrouse (Pterocles alchata), black-bellied sandgrouse (Pterocles orientalis) or great 
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bustard (Otis tarda). Whereas our results suggest that treated seeds, under certain 

circumstances and regarding specific active ingredients, may constitute a risk for 

farmland birds, we must take into account that potential exposure was not 

characterized in the present study. Next steps should include an evaluation of the real 

exposure to coated seed ingestion by wild birds, including feeding behaviour analyses 

and estimation of food intake rates. Nevertheless, the negative effects documented 

here could well be enhanced under natural conditions because of additional stressing 

factors such as predation, food scarcity or lack of optimal breeding and sheltering 

habitats. 
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ABSTRACT 

Pesticide coated seeds are known to be potentially toxic for birds, but the risk 

of poisoning will depend on how likely the individuals are to consume them. To refine 

the risk assessment of coated seed consumption by birds we studied the consumption 

and avoidance of seeds treated with imidacloprid, thiram, maneb or rhodamine B 

under different scenarios of food unpredictability (diversity or changes in food 

sources). In a first set of experiments, we examined during four days the amount of 

ingested food by red-legged partridges (Alectoris rufa) when offered untreated seeds, 

treated seeds or both. In the latter case, we also assessed the effect of a daily 

interchange in the position of feeders containing treated and untreated food. A second 

experiment, conducted with imidacloprid only, consisted of offering, during 27 hours, 

fixed overall amounts of treated and untreated food, equally distributed in a different 

number of feeders per pen (1, 2, 4 or 8 feeders of each type of food) in order to 

diversify food sources. All the tested pesticide-treated seeds were avoided in two-

choice experiments, and imidacloprid and thiram were also avoided in one-choice 

experiments. We found that imidacloprid treated seeds were avoided, probably as a 

consequence of a conditioned aversion effect due to the post-ingestion distress. 

However, under a diversification of two-choice food sources with multiple feeders, 

imidacloprid-treated seeds were ingested by partridges at increasing amounts that can 

produce sublethal effects or even death. Thiram treated seeds were also initially 

avoided in one-choice experiment, but probably mediated by a sensory repellence that 

progressively decreased with time. Our results reveal that the risk of pesticide 

exposure in birds may increase by unpredictability of food resources or prolonged 

availability of coated seeds, so pesticide registration for seed coating should consider 

worst-case scenarios to avoid negative impacts on farmland birds. 
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1. Introduction 

Pesticide coated seeds can be used as food resource by farmland birds during 

sowing periods, when alternative food sources are usually scarce. Depending on the 

pesticide, this route of exposure can be a risk of direct and severe intoxication for 

birds. The risk assessment related to treated seed consumption by birds under the first 

tier approach considers a worst case scenario in which all the food consumed by birds 

is treated, but higher tier approaches taking the possible avoidance of the treated food 

into account are also needed to determine the risk (European Food Safety Authority, 

2009). The avoidance of a toxic food item could happen in two ways: (1) a rejection 

due to the physical characteristics of the food such as taste, odour and colour (Avery, 

1984; Luttik, 1998; Tucker, 1965) or (2) a rejection due to sickness produced by a 

sublethal intoxication through a mechanism of conditioned aversion (Avery et al. 1997; 

Blackwell et al. 2001; European Food Safety Authority, 2009). In the former scenario, 

avoidance will occur before the bird ingests a significant amount of toxic, whereas in 

the latter one it may occur after the ingestion of a given amount of toxic which is 

generally expected to be non-lethal, although sometimes the bird can die if aversion 

takes too long to occur (Bennet, 1989a) or the bird eats too fast due to, for example, 

starvation, competition or predation risk (M’Kay et al. 1999; Pascual et al. 1999). 

Furthermore, although avoidance of pesticide-treated seeds could prevent the death 

of birds, important sublethal effects could still occur. 

Eighteen pesticides or pesticide mixtures are currently approved in Spain for 

cereal seed treatment (MAGRAMA, 2013), fourteen of which are fungicides (e.g. 

thiram and maneb) and the remaining four are insecticides. Starting in December 

2013, the European Union has banned the use of the three neonicotinoid insecticides 

(i.e. imidacloprid, thiamethoxam and clothianidin) for seed coating, soil treatment and 

foliar treatment due to its toxicity on pollinators, but its use for winter cereals sown 

during the autumn will continue to be authorized (Regulation 485/2013). Previously, 

we have found that feeding on wheat seeds treated with imidacloprid or thiram can 

produce adverse effects on the immune function and ultimately cause the death of 

red-legged partridges (Alectoris rufa), as well as reduce chick survival as a consequence 
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of parental exposure (Lopez-Antia et al. 2013). Therefore, the risk of poisoning 

associated with seeds treated with these pesticides can be diminished only if coated 

seeds have a repellent effect on birds. Avoidance by birds of toxic compounds present 

in their food has been observed with several pesticides (e.g. Bennett, 1989a, 1989b; 

Kononen et al. 1987). Furthermore, the colour coating that must be applied to 

pesticide treated seeds may also have the potential to repel birds (Hartley et al. 2000). 

However, avoidance is not equally effective for all pesticides and can be reduced under 

conditions of food shortage (Pascual et al. 1999). Although some studies have proven 

that results of experimental avoidance tests cannot be extrapolated to field conditions 

(Mineau and Palmer, 2013; M’Kay et al. 1999; Pascual et al. 1999), these experiments 

may contribute to elucidate whether birds reject or not each given pesticide, and to 

understand the avoidance behaviour under unpredictable scenarios and the 

importance of the availability of alternative food resources.  

Here we have experimentally tested the avoidance by red-legged partridge of 

one insecticide used for seed treatment with known effects on birds’ health 

(imidacloprid); and two fungicides (thiram and maneb) of lower acute toxicity. 

Moreover, we also tested the potential effect on visual avoidance produced by the 

most used seed dye, rhodamine B. We wanted to determine if partridges selected the 

untreated seeds against the treated ones and how this selection/avoidance varied 

depending on the unpredictability of the environment (diversity or changes in food 

sources) or the habituation during prolonged exposures. We hypothesize that birds are 

less prone to avoid treated seeds when their presence is subjected to higher variations 

and that any avoidance of treated seeds, especially when there is no alternative food, 

might decrease over time if primary repellence is not followed by a conditioned 

aversion mechanism mediated by toxic effects.  

 

2. Material and methods 

2.1. Chemical selection 
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For this experiment we selected three products commonly used as seed 

treatment: one insecticide (imidacloprid) and two fungicides (thiram and maneb). 

Imidacloprid and thiram produce proven harmful effects on birds’ health (Lopez-Antia 

et al. 2013), whereas maneb is supposed to be less toxic for birds. We also tested the 

most used seed dye, rhodamine B, also present in the pesticide-coated seeds. 

Imidacloprid is one of the most commonly used insecticides worldwide, 

belonging to the family of neonicotinoids that have dominated the seed protection 

market with a share of the 77% (Elbert et al. 2008). Despite the recent ban for some 

uses in the European Union (Regulation 485/2013), its use for seed coating of winter 

cereal sown during the autumn is still authorised. It acts binding to specific nicotinic 

acetylcholine receptors, thus interfering with the transmission of nerve impulses. Oral 

median lethal doses (LD50) for birds available in the literature vary from 31 mg/kg in 

the Japanese quail (Coturnix japonica) to 152 mg/kg in the bobwhite quail (Colinus 

virginianus) (Tomlin, 2006). In the field there are some documented cases of wild bird 

mortalities due to the ingestion of seeds treated with imidacloprid (Berny et al. 1999; 

Bro et al. 2010; De Snoo et al. 1999) and some cage studies have proven that exposure 

to this insecticide has direct effects on biochemical and oxidative stress parameters, 

immune system or reproduction in birds (Balani et al. 2011; Lopez-Antia et al. 2013; 

Siddiqui et al. 2007). Some studies suggest the possible repellent effect of imidacloprid 

for birds (Avery et al. 1993, 1994, 1997).  

Thiram is a dithiocarbamate fungicide known to negatively affect avian growth, 

physiology and reproduction (Guitart et al. 1996; Lopez-Antia et al. 2013; Subapriya et 

al. 2007a, 2007b). Oral LD50 for birds has been found to vary from 673 mg/kg in the 

ring-necked pheasant (Phasianus colchicus) to more than 2800 mg/kg in the mallard 

duck (Hudson et al. 1979). Thiram has been widely studied and used as a bird and 

mammal repellent (Kennedy and Connery, 2008; Nolte and Barnett, 2000; Werner et 

al. 2010). 

Maneb is a dithiocarbamate widely used as fungicide in agriculture and 

suspected to be an endocrine disruptor (Vandenberg et al. 2012) with effects such as 

the inhibition of the thyroid function (Cocco, 2002; McKinlay et al. 2008) or the 
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decrease in plasma testosterone levels (Manfo et al. 2011) occurring at very low doses. 

Oral LD50 for birds is less than 1500 mg/kg during 14 days for common starling (Sturnus 

vulgaris) or pheasant, and more than 5000 mg/kg during 8 days for mallard duck 

(USEPA, 2000). To date, nothing has been published about the repellent effect of 

maneb for birds. 

Rhodamine B is a red dye widely used in treated seeds as legislation requires 

these kinds of seeds to be coloured to prevent human consumption. In a field 

experiment performed by de Almeida et al. (2010), seeds treated with rhodamine B 

were consumed by wild birds in equal amounts as untreated seeds. However, other 

studies have described a neophobic response to dyed food in birds used to eat the 

same non-coloured food (Hartley et al. 2000). 

 

2.2. Seed treatment 

For the experiments, we purchased the following pesticides: 1) Escocet® 

(imidacloprid 35% w/v, Bayer CropScience, Alcácer, Spain) 2) Pormasol® Forte (thiram 

80% w/w, Bayer CropScience, Alcácer, Spain) and 3) Sembral maneb col® (maneb 40% 

w/v, Cequisa SA, Barcelona, Spain). The second product is not specifically for seed 

treatment because thiram-based products for this purpose were not available at the 

time we purchased the pesticides. Seeds were sprayed with the recommended doses 

for cereal seed coating according to the current Spanish regulations (MAGRAMA, 

2013), for which we used a professional hand sprayer (Apollo 5, EXEL gsa, Villefranche, 

France). The doses applied of each pesticide to the seeds were thus as follows: 1) 200 

ml of imidacloprid (35%)/100 kg of wheat seeds (theoretical concentration: 0.7 mg/g); 

2) a dose equivalent to thiram (50%) 350 ml/100 kg of wheat seeds (theoretical 

concentration: 1.75mg/g); and 3) 350 ml of maneb (40%)/100 kg of wheat seeds 

(theoretical concentration: 1.4 mg/g). All the treated seeds included a red dye. A batch 

of seeds was treated only with rhodamine B (0.13 ml/kg of wheat seeds) in order to 

test the effects of the red dye in the experiments of seed selection. 

2.3. Experiments 
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The experiments were conducted in the Dehesa de Galiana experimental 

facilities (Ciudad Real, Spain) between November 2012 and January 2013. All 

experimental protocols were approved by the Committee on Ethics and Animal 

Experimentation of the University of Castilla-La Mancha. Partridges used in the 

experiments were born on the same facilities were the experiments were conducted 

and tested during their first winter. The sex of individuals was determined genetically 

following Fridolfsson and Ellegren (1999). Two different experimental designs were 

used to study avoidance under different scenarios of increasing unpredictability of 

food sources. 

Experimental design 1: Partridges were housed in pairs in 24 outdoor aviaries (3 

x 3 x 2 m) and acclimatized to the facility with wheat and tap water provided ad libitum 

during 3 days before starting each experiment. Four trials were conducted to test the 

avoidance of each product (imidacloprid, thiram, maneb and rhodamine B) separately. 

Each product trial was performed during four days, with food consumption measured 

early in the morning daily (starting exposure on Monday and measuring last 

consumption on Friday). Twenty-four pairs of partridges were used for each trial, 

divided into four experimental groups (n=6 pairs/group): untreated seeds only, treated 

seeds only (these two are one-choice tests); treated and untreated seeds without 

shifting the position of feeders, and treated and untreated seeds shifting the position 

of feeders every day (these two are two-choice tests), in order to increase the 

unpredictability of treated and untreated food location. Both untreated and treated 

seeds were offered ad libitum in known amounts in four different feeders per pen. 

Partridges offered with treated and untreated seeds (two-choice) had two feeders 

with each type of seeds. In those groups shifting the position of feeders, these were 

rotated in a way that the type of food (treated or untreated) in every given position 

changed every day. The amount of consumed seeds was weighed daily and the feeders 

were refilled. Partridges were weighed at the beginning and at the end of the 

experiment. When a partridge died, we did a necropsy to detect gross lesions. Crop or 

gizzard contents were weighed and the concentration of pesticide was analyzed as it 

was described in Lopez-Antia et al. (2013). Because birds used as controls (feeding 

untreated seeds) were re-used in different non-consecutive trials to reduce the 
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number of experimental birds, the total number of pairs used for these experiments 

was 78. 

Experimental design 2: We performed a multiple feeder experiment with 

imidacloprid treatment only. Twenty-four pairs were housed separately and 

distributed in four experimental groups (n=6 pairs / group) depending on the number 

of feeders: 2, 4, 8 or 16. Partridges were acclimatized to the facility and to the feeders 

for 10 days with wheat and tap water provided ad libitum. Before starting the 

experiment, normal food consumption was measured to ensure that there were no 

differences between groups. Then, half of the feeders of each pen were filled with 50 g 

of imidacloprid treated wheat seeds and the other half with 50 g of untreated wheat 

seeds (two-choice test). Feeders with treated and untreated food were placed in 

alternate positions along the pen. The amount of treated and untreated wheat 

consumed in each pen was weighed after 27 hours of experiment. 

 

2.4. Statistical analyses 

We tested the effect of treatments on total food consumption by means of 

generalized linear models (GLMz) with the experimental group as a fixed factor. This 

comparison was also performed for the mass of treated seed consumed between the 

three groups exposed to treated seeds. Both the percentage of treated seeds 

consumed between the two-choice groups (using arcsine transformation) and the 

differences between treated and untreated wheat consumed within the same 

experimental group were analyzed with t-test. In the first case we used an 

independent sample test and in the second one a paired sample test. All these 

analyses were done to compare the seed consumption at the end of the experiments. 

To study the day by day consumptions, we performed the following analysis: (1) a 

GLMz with the treatment (shifting or no shifting), the day and their interaction as fixed 

factors and the total amount of seeds consumed as scale weight variable to study the 

effect of shifting feeders in treated seed consumption, (2) a paired t-test to compare 

treated seeds consumption with untreated seeds consumption in two-choice tests and 

finally (3), for one-choice tests, a GLMz with treatment, day and their interaction as 
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fixed factors to compare consumption within and between groups. We also tested the 

effect of the treatments on the change of body mass of the partridges (separated by 

gender) with GLMs of repeated measures with the group as a factor and including total 

food consumption as a covariate. Finally, mortality was analyzed with a GLMz as a 

binomial variable (dead/alive) with sex and experimental group as fixed factors. When 

significant differences were obtained in GLMz analyses for the studied factors (day, 

group and interactions), differences between marginal means were tested with least 

significant difference (LSD) tests. Results from Experiment 2 were analyzed with GLMz 

with mass of treated food consumed as dependent variable, the total amount of seeds 

consumed as scale weight variable and the number of feeders as the fixed factor. 

GLMz with the percentage of ingested treated seed form the total consumption as 

dependent variable and the number of feeders as factor was also calculated. We 

considered p-values below 0.05 as significant. Data were analyzed using IBM SPSS 

Statistics 19.0. 

 

3. Results 

3.1. Imidacloprid 

In the experimental design 1, the total seed ingestion during the experiment 

was 83-85% lower in only treated seeds than in the other groups (Wald χ2 = 34.71, d.f. 

= 3, p<0.001; Table 1). Only untreated seeds and only treated seeds groups (one-

choice groups) consumed similar food quantities on the first day but subsequent days 

only treated group reduced food consumption compared with only untreated group 

(Wald χ
2 = 129.50, d.f. = 1, p < 0.001; Figure 1a). Birds that could choose between 

treated and untreated wheat (two-choice groups) clearly selected the untreated one 

(both groups with t5 ≥ 5.18, p ≤ 0.005; Table 1) and ate less treated seeds than the 

group fed only with treated seeds (Wald χ2 = 20.58, d.f. = 2, p < 0.001; Table 1). Shifting 

the position of feeders containing treated and untreated seeds did not change the 

daily and overall amount, ratio or percentage of treated seeds ingested (Figure 2a, 

Table 1).  
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Table 1. Mean (± SE) wheat consumed (g) per couple of partridges over the experimental 

design 1 (four days).  

Experimental group Type 

Imidacloprid 

(n=24) 

Thiram 

(n=24) 

Maneb 

(n=24) 

Rhodamine B 

(n=24) 

Untreated (n=6) U 169 ± 31a 

198 ± 

17a 

159 ± 

18 151 ± 24 

Treated (n=6) T 28 ± 8bA 

94 ± 

16bA 

127 ± 

17A 119 ± 23A 

Two-choice without shifting (n=6) U 173 ± 18* 

212 ± 

17* 

157 ± 

26* 114 ± 15* 

 T 6.2 ± 1.9B* 

2.2± 

1.8B* 

16.0 ± 

11.7B* 21.6 ± 10.7B* 

 All 179 ± 18a 

215 ± 

17a 

173 ± 

17 135 ± 19 

 %T 3.7 ± 1.3 

1.0 ± 

0.8 

11.5 ± 

8.9 13.3 ± 6.1 

Two-choice shifting (n=6) U 177 ± 31* 

180 ± 

17* 

90 ± 

21* 134 ± 22* 

 T 7.0 ± 3.0B* 

6.8 ± 

4.5B* 

31.2 ± 

17.1B* 24.6 ± 8.0B* 

 All 184 ± 29a 

191 ± 

16a 

120 ± 

23 159 ± 22 

 %T 7.5 ± 5.6 

3.5 ± 

2.2 

20.5 ± 

10.5 16.6 ± 5.3 

Different lower case letters show differences in total seed ingestion and upper case letters 

show differences in treated seed ingestion among groups (LSD: p < 0.05). Asterisks indicate 

differences in two-choice tests between the consumption of treated and untreated seeds 

(paired t-test, p<0.05). Statistical differences are referred to the seed ingestion over the total 

period of the experiment. U = untreated; T = treated; All = treated + untreated; %T = 

percentage of treated food over the total consumed. 
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Untreated seeds only group Treated seedsonly group
 

Figure 1. Mean (± SE) total seed consumed (g) per partridge (n = 6 pairs) throughout the 

experiment in the groups with only untreated or treated seeds (one-choice). Different letters 

(upper-case: untreated, lower-case: treated) indicate significant differences among days (LSD: 

p < 0.05). Asterisks indicate significant differences in seeds ingestion between groups (LSD: p < 

0.05). 

All partridges lost weight during the experiments (males: F1,19 = 25.45, p < 0.001; 

females: F1,20 = 15.34, p = 0.001), but differences were not significant between groups 

nor were dependent on the total seed consumption (Table 2). Three partridges died 

during the imidacloprid experiment, being the only test in which we recorded 

casualties. These were two females from the only treated seeds group (the first one on 

the first day of the experiment and the other one on the third day) and a male from 

the two-choice group shifting feeder position that died on the last day of experiment. 

Differences in survival among groups were not significant. At necropsy all three 

partridges presented distended bowel. Imidacloprid was detected in the crop or 

gizzard contents of the dead partridges in a concentration ranging from 0.6 to 3.5 µg/g 

(Table 3). 



Tesis doctoral – Ana López Antia 

 

78 

 

Without shifting Shifting

Untreated seeds

Treated seeds

 

Figure 2. Mean (± SE) treated and untreated seeds consumed (g) per partridge (n = 6 pairs) 

throughout the experiment in the different two-choice groups. Different letters indicate 

significant differences in marginal means among days (LSD: p < 0.05). Asterisks indicate 

significant differences in treated and untreated seeds ingestion (paired t-test, p<0.05). 

 

For the experimental design 2, the amount of treated seeds ingested weighed 

by the total ingestion increased with the number of feeders offered to the birds (Wald 
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χ
2 = 8.86, d.f. = 3, p = 0.031; Figure 3). A similar result was obtained by using directly 

the percentage of treated seed consumed (Wald χ2 = 11.16, d.f. = 3, p = 0.011; Figure 

S1). No partridges died during this one-day experiment.  

Untreated seeds Treated seeds
 

Figure 3. Mean (± SE) imidacloprid treated and untreated seeds consumed (g) per couple (n=6) 

as a function of the number of feeders. Different letters indicate significantly different groups 

in marginal means (LSD: p < 0.05). 

 

3.2. Thiram 

The total seed ingestion was significantly lower (51-56%) in the group with only 

treated seeds than in the other groups (Wald χ2 = 38.56, d.f. = 3, p ≤ 0.001; Table 1). 

Consumption in the only treated seeds group was significantly lower on the first day of 

the experiment than on the other days (Wald χ2 = 13.36, d.f. = 3, p < 0.05; Figure 1b). 

Despite this increase, consumption in only treated seeds group did not reach the level 

of consumption in only untreated seeds group (Wald χ
2 = 51.19, d.f. = 1, p <0.001; 

Figure 1b). Birds that could choose between treated and untreated food clearly 

selected the untreated one (both groups with t5 ≥ 9.15, p ≤ 0.001) and ate less treated 

seeds than the group with only treated seeds (Wald χ2 = 73.58, d.f. = 2, p < 0.001; Table 

1). Shifting the position of feeders containing treated and untreated seeds did not 

increase significantly the daily and overall amount, ratio or percentage of treated 

seeds ingested (Figure 2b, Table 1). All partridges lost weight but differences were not 

significant among groups (Table 2). 
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3.3. Maneb 

There were no significant differences in the total seed ingestion among groups 

(Table 1). Consumption in the one-choice groups was significantly lower on the first 

day of the experiment than on the other days (Wald χ
2 = 65.40, d.f. = 3, p < 0.001; 

Figure 1c), but no differences were found between treatments. Partridges in the two-

choice groups positively selected the untreated seeds (both groups with t5 ≥ 3.86, p < 

0.05; Table 1). The amount of treated seeds ingested was significantly higher in the 

group with only treated seeds than in the two-choice groups (Wald χ2 = 35.91, d.f. = 2, 

p < 0.001; Table 1). Shifting the position of feeders containing treated and untreated 

seeds did not change the daily and overall amount, ratio or percentage of treated 

seeds ingested (Table 1), but daily data showed non-significant differences between 

treated and untreated seed consumption  in the shifting feeders group (Figure 2c). All 

partridges lost weight but differences among groups were not significant (Table 2). 

 

3.4. Rhodamine B  

There were not significant differences in the total seed ingestion among groups (Table 

1). Consumption in the one-choice groups significantly increased throughout the 

experiment (Wald χ
2 = 19.26, d.f. = 3, p < 0.001; Figure 1d). Partridges that could 

choose between red dyed and undyed wheat selected the undyed one (both groups 

with t5 > 4.49, p ≤ 0.006; Table 1), but daily data reveals a loss of significance at the last 

day in the shifting feeders group (Figure 2d). The amount of treated seeds ingested 

was significantly higher in the group with only treated seeds than in the two-choice 

groups (Wald χ2 = 32.03, d.f. = 2, p < 0.001; Table 1). Shifting the position of feeders 

containing treated and untreated seeds did not change the overall amount or 

percentage of treated seeds ingested (Table 1), but dyed seed ingestion ratio increased 

significantly along the experiment in the shifting feeders group (Wald χ2 =20.72, d.f.=2, 

p=0.013; Figure 2d). All partridges lost weight, but differences were not significant 

among groups (Table 2). 



 

 

Table 2. Mean (± SE) weight loss (%) of male and female partridges during the experiment. 

Experimental group  

Imidacloprid Thiram Maneb Rhodamine B 

♂ (n=24) ♀ (n=24) ♂ (n=24) ♀ (n=24) ♂ (n=24) ♀ (n=24) ♂ (n=24) ♀ (n=24) 

Untreated (n=6) 3.6 ± 1.1 1.7 ± 1.0 7.0 ± 4.1 5.3 ± 1.3 5.4 ± 1.0 6.4 ± 1.2  8.5 ± 1.3 7.3 ± 1.2 

Treated (n=6) 14.7 ± 2.8 6.9 ± 1.4 9.3 ± 1.5 18.1 ± 3.2 12.2 ± 2.8 11.6 ± 3.6 11.0 ± 2.2 6.1 ± 0.4 

Two-choice without shifting 

(n=6) 
4.4 ± 2.8 3.5 ± 3.2 6.9 ± 1.5 6.0 ± 2.2 6.6 ± 0.5 8.8 ± 1.2 6.7 ± 1.6 8.5 ± 0.5 

Two-choice shifting 

(n=6) 
8.5 ± 4.2 5.1 ± 2.0 11.5 ± 6.2 11.4 ± 4.0  8.4 ± 1.9 6.4 ± 1.0 7.5 ± 1.2 7.5 ± 1.5 

 

Table 3. Digestive contents and pesticide concentration found in death partridges (imidacloprid experiment). 

Partridge Sex 
Death 

day 
Experimental group 

Crop content 

(g) 

Gizzard 

content (g) 

Pesticide 

concentration in 

crop (µg/g) 

Pesticide 

concentration in 

gizzard (µg/g) 

B218 Female 1 Treated 18.0 4.8 3.4 0.70 

B185 Female 3 Treated 10.0 4.7 1.3 0.59 

B530 Male 4 Two-choice shifting 0.0 0.1  2.56 
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4. Discussion 

Partridges in one-choice tests that were offered imidaclorpid- or thiram-treated 

seeds ate significantly less than those having untreated seeds (Figure 1a, 1b). The 

amount of treated seed ingested by partridges was always lower when birds had 

alternative, untreated food (two-choice) than when they had not (one-choice, Table 1). 

Moreover, for all tested chemicals partridges offered both types of seeds selected the 

untreated ones (Figure 2). However, for the case of imidacloprid, the only product 

tested through our second experimental design, we observed that as the necessity of 

searching attempts (i.e. number of feeders per treatment) increased, so did the 

amount of treated seed ingestion (Figure 3). 

One of the goals of this study is to determine if partridges selected the 

untreated seeds against the treated ones. The rejection of treated seeds has been 

observed in the two-choice groups exposed to the different treatments (Figure 2). 

Although the negative selection of treated food occurred in all the experiments, the 

avoidance was more evident in the imidacloprid and thiram experiments. These two 

pesticides also reduced the total food ingestion in the only treated seeds group (Figure 

1a, 1b), which lead us to think that apart from the neophobic effect from the colour 

there was other repellent effect due to the sensory or toxic effects. 

Another point that we wanted to clarify is how the avoidance of treated seeds 

occurred, if it was due to some physical characteristics of the seeds or if it was due to 

sickness after a sublethal ingestion. Our results indicate that in the case of imidacloprid 

the avoidance could be mediated by its acute toxicity leading to a process known as 

conditioned taste aversion that may have been favoured by color and odor cues 

(Roper and Marples. 1997; Massei and Cowan, 2002; Phillips and Winchell, 2011), 

because exposed birds maintained a very low consumption throughout the 

experiment, even when there was no alternative food (Figure 1a; Table 1). A similar 

avoidance has been also observed in red-winged blackbirds fed with imidacloprid 

treated rice containing 833 and 2500 mg/kg, and wheat with 165 mg/kg (Avery et al. 

1993, 1994). In the case of thiram, avoidance could be mediated just by sensory 
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effects, as a primary repellent (Shivik et al. 2003), that could decrease along the 

experiment, as the increase of treated seed ingestion shows (Figure 1b).  

We hypothesized that birds could have more difficulties to recognise and reject 

treated seeds when the presence of these treated seeds in the environment is more 

unpredictable due to spatial and temporal variations. Shifting feeders position did not 

increased significantly treated seed ratio consumption in any treatment although some 

trends were observed in all the experiments (Table 1; Figure 2). Specially in 

imidacloprid experiment we observed that the ratio of treated seeds was reduced in 

both groups (shifting feeders and without shifting feeders) along the experiment but 

this reduction was faster in the group without shifting (Figure 2a). The multiple feeder 

experiment (experimental design 2) also demonstrated that the more unpredictable 

the environment is (more food sources), the more difficult it is for the partridges to 

distinguish the treated seeds from the untreated food (Figure 3). Although results from 

both experimental designs are no directly comparable, is interesting to note that the 

mean percentage of treated seed consumed in the two-choice without shifting group 

(3.7 ± 1.3) in the experimental design 1 (Table 1) was very similar to the mean 

percentage of treated seed consumed in the four feeder group (3.7 ± 1.5) in the 

experimental design 2 (Figure S1). In the field, the situation could be much more 

unpredictable with treated and untreated food mixed together in the same field or in 

the headlands or field margins. These results suggest that imidacloprid, despite having 

a repellent effect, is ingested by partridges at levels that may cause sublethal effects or 

even death. The two-choice experiments confirmed that this may occur not only in the 

worst case scenario where other food resource is not available (Lopez-Antia et al. 

2013), but also when alternative food is present. Moreover, in a field scenario other 

circumstances such as starvation, competition with other birds, predation risk (M’Kay 

et al. 1999; Pascual et al. 1999) and a more unpredictable scenario may increase the 

risk for birds.  

Depending on the way the avoidance occurs and the acute toxicity of the 

product, partridges might be exposed to lethal amounts of toxic. Three partridges died 

during the four days of imidacloprid experiment, two from the only treated seeds 

group and one from the two-choice shifting positions group. The first partridge died on 
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the first day of experiment after the ingestion of 18 g of seeds. The mass of seeds 

consumed in the feeders equals the mass in the crop of the dead partridge (Table 3). 

According to the theoretical concentration of imidacloprid in the seeds, this partridge 

ate 12.6 mg of imidacloprid, which corresponds to 43.95 mg/kg of body mass. This 

value is just slightly above the LD50 of 31 mg/kg calculated for the Japanese quail 

(Tomlin, 2006). The second partridge died on the third day of the experiment with 10 g 

of seeds in the crop (Table 3). In this case, the estimated dose of exposure would be 

22.68 mg/kg of body mass, slightly below the LD50 calculated for the Japanese quail. 

That amount may be added to 6 g of treated seeds consumed on the first day of 

experiment in the aviary of this partridge, although we cannot elucidate how much of 

this was eaten by the dead partridge or by its partner (no treated seeds were 

consumed on the second day of experiment in this aviary). Finally, on the fourth and 

final day, a partridge from the two-choice shifting position group died. This partridge 

did not have any food in the crop or in the gizzard (Table 3) and did not ingest treated 

seeds that day, but 7, 1 and 12 g had been consumed in this aviary on the days 1, 2 and 

3, respectively. Neither in this case we know how much of this was consumed by the 

dead partridge, but imidacloprid was detected in the gizzard liquid content. We must 

emphasize that the percentages of treated food ingested over the total ingested in this 

aviary throughout the experiment from day 1 to 4 were 58.5%, 100%, 75% and 0% 

showing that there was not an avoidance of the treated seeds during the first 3 days of 

exposure.  

The imidacloprid levels that we found in crops and gizzards (Table 3) were 

lower than those found by Berny et al. (1999) in intoxicated partridges and pigeons 

found in the field (crop content: 11.4 µg/g in partridges and 16.3 µg/g in pigeons; 

gizzard content: 4.1 µg/g in partridges). This difference could correspond to avoidance 

behaviour against imidacloprid developed during the experiment that would not exist, 

or would be less marked, under field conditions, because as we have observed in the 

multi-feeder trial, the ingestion of treated seed can be favoured by the unpredictability 

or diversity of the environment. 

Another thing to elucidate with these experiments was if the initial refusal to 

undesirable food might decrease over time when there is no alternative food (Kimball 
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et al. 2002), and that is what seemed to happen in the case of thiram. This fungicide 

produced a reduction in the food ingestion in the only treated seed group, but the 

consumption, contrary to the imidacloprid experiment, tended to increase throughout 

the experiment to almost normal levels (Figure 1b) (on day 4, only untreated seeds 

group ate 25 ± 3 g and only treated seeds group ate 17 ± 4 g). In other experiments the 

first day yielded lower total seed ingestion rates than in the following days (probably 

because higher disturbance than in the acclimatization period), but in the case of all 

thiram trials this did not occur (Figure S2). All this indicates that thiram avoidance was 

mainly due to physical characteristic of the product easily detected by the birds such as 

bad taste or odour (probably visually associated by birds with the red dye), and not 

due to acute adverse effects as could happen with imidacloprid. This ease of 

recognition probably explain why treated food ingestion was as small as 1.0 ± 0.8 % in 

the two-choice without shifting feeders group and 3.5 ± 2.2 % in the two-choice 

shifting feeders group. Thiram has been described and used as an efficient bird 

repellent (Kennedy and Connery, 2008; Malhi, 1996; Werner et al. 2010). 

The fungicide maneb and the red dye rhodamine B did not reduce the total 

seed ingestion along the experiment and the selection of untreated seed in the two-

choice experiments could be attributed to a neophobic effect of the red dye. In both 

cases the trend along the experiment in seed consumption in the only treated seeds 

group was similar than in the only untreated seeds group (Figure 1c and 1d). 

Therefore, further research on sublethal effects of pesticides not rejected by birds, 

such as maneb, may be necessary because the exposure can be more important than 

for pesticides actively avoided by birds. Maneb is a very widely used fungicide 

suspected of being an endocrine disruptor (Cocco, 2002; Manfo et al. 2011; McKinlay 

et al. 2008) and likely to act at very low doses (Vandenberg et al. 2012).  

The fact that the partridges selected the non-dyed seeds compared to the dyed 

ones in the rhodamine B experiment responds to another goal of this study, the 

importance of the dye in the avoidance of seeds. As all the treated seeds used in the 

experiments were dyed with rhodamine B, we must assume that part of the positive 

selection of the untreated seeds could be due to the avoidance of the red colour of 

seeds. Avoidance of unnaturally coloured food has been demonstrated in some species 



Tesis doctoral – Ana López Antia 

 

86 

 

of birds, but it does not seem to be a generalized effect for all the species. Brunner and 

Coman (1983) performed 23 field and aviary trials, and in 19 of these, consumption of 

red coloured food was lower than that of uncoloured food. More examples of this are 

given in Hartley et al. (2000). On the contrary, de Almeida et al. (2010) found no 

differences between the consumption of non-dyed and rhodamine B dyed seeds by 

wild birds in a field study. Mastrota and Mench (1995) found no significant effect in 

grain consumption using erythrosine red dye in a pen study with bobwhite quail. The 

effectiveness of other colours for rejection of treated seeds is something that may 

need further research. 

We have conducted the experiments with red-legged partridges, but risk could 

be greater for other bird species such as passerines, which possess smaller bodies and 

have higher ingestion rates, and for which the ingestion of a single seed treated with 

imidacloprid may be lethal (Mineau and Palmer, 2013). Moreover, red-legged 

partridge is an omnivorous bird that also feeds on green leaves of plants, so it is easier 

for it to find alternative food than for strictly granivorous species. More research must 

be done to know the feasibility of field exposure of farmland birds to treated seeds 

and the consequent lethal and sublethal effects, especially when the decline of birds in 

agricultural ecosystems has been associated with the use of highly toxic insecticides 

(Mineau and Whiteside, 2013).  

 

5. Conclusions 

For all the studied pesticides, partridges chose the untreated seeds against the 

treated ones, which could be partly due to the neophobic effect of the red dye. In the 

case of maneb, the red dye appeared to be the only reason for rejection, whereas in 

the case of imidacloprid, rejection was due to post-ingestion distress, thus causing 

partridges to become exposed to lethal amounts of toxic when the food resources 

were more unpredictable or when there was no alternative food. In the case of thiram, 

rejection could be due to physical characteristic easily detected by birds, such as bad 

taste or odour, but this avoidance tended to decrease along the experiment when 

there was no alternative food. The present study reveals that the possibility of 
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ingestion of pesticide treated seeds may be affected by the unpredictability of the 

distribution and occurrence of these seeds, and by the availability of alternative 

untreated food. Also, under a scenario of treated seed intake, the acute toxicity of 

pesticides will play a major role in conditioning the risk of exposure by determining the 

possibility of either post-ingestion avoidance through conditioned aversion or 

irreversible early adverse effects, according to the ingested dose. In conclusion, the 

unpredictability of food resources or the prolonged availability of treated seeds should 

be taken into account in higher tier risk assessment of pesticide coatings, or otherwise 

worst-case scenarios should be always considered to prevent negative impacts on 

farmland birds. 
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SUPPORTING INFORMATION 

 

Figure S1. Mean percentage (± SE) of imidacloprid-treated seeds ingested in relation to total 

seed ingested per couple as a function of the number of feeders. Different letters indicate 

significantly different groups (LSD: p < 0.05). 
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Only treated Two-choice shifting

Only Untreated Two-choice without shifting

 

Figure S2. Mean (± SE) total seed consumed (g) throughout the experiment in the different 

experimental groups. 
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Imidacloprid-treated seed ingestion has lethal effect on 

adult partridges and reduces both breeding investment 

and offspring immunity 

 

Ana Lopez-Antia, Manuel E. Ortiz-Santaliestra, François Mougeot, Rafael Mateo. 2015. 

Environmental Research 136: 97-107. 

 

 



Tesis doctoral – Ana López Antia 

 

96 

 

ABSTRACT 

The ingestion of imidacloprid treated seeds by farmland birds may result in 

exposure to toxic amounts of this insecticide. Here we report on the effects that the 

exposure to the recommended application rate and to 20% of that rate may produce 

on birds feeding on treated seeds. Experimental exposure to imidacloprid treated 

seeds was performed on red-legged partridges (Alectoris rufa) (n=16 pairs per 

treatment group: control, 20% or 100% of the recommended application rate) during 

two periods that corresponded to the autumn (duration of exposure: 25 d) and late 

winter (10 d) cereal sowing times in Spanish farmlands. We studied effects on the 

survival, body condition, oxidative stress biomarkers, plasma biochemistry, carotenoid-

based coloration, T-cell mediated immune response and reproduction of exposed adult 

partridges, and on the survival and T-cell immune response of their chicks. The high 

dose (recommended application rate) killed all partridges, with mortality occurring 

faster in females than in males. The low dose (20% the recommended application rate) 

had no effect on mortality, but reduced levels of plasma biochemistry parameters 

(glucose, magnesium and lactate dehydrogenase), increased blood superoxide 

dismutase activity, produced changes in carotenoid-based integument coloration, 

reduced the clutch size, delayed the first egg lay date, increased egg yolk vitamins and 

carotenoids and depressed T-cell immune response of chicks. Moreover, the analysis 

of the livers of dead partridges revealed an accumulation of imidacloprid during 

exposure time. Despite the moratorium on the use of neonicotinoids in the European 

Union, birds may still be at high risk of poisoning by these pesticides through direct 

sources of exposure to coated seeds in autumn and winter. 
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1. Introduction 

In the last decades, farmland birds in Europe and North America have been 

suffering population declines at higher rates than birds from other habitats (EBCC, 

2012). Farmland is being profoundly altered through agricultural intensification, posing 

a major challenge for biodiversity conservation today in many countries (Krebs et al. 

1999). Recent studies have pointed out that a major cause of bird population declines 

is the use of pesticides, either because of indirect effects on habitat and food supply 

(Hallmann et al. 2014; Goulson, 2014) or because of direct toxic effects on the health 

of birds (Mineau and Whiteside, 2013). A greater probability of lethality in birds occurs 

when the ratio between the LD50 and the estimated field exposure dose is low (EFSA, 

2009). Pesticides with higher LD50 or lower risk of exposure can produce a range of 

sub-lethal effects such as loss of physical condition, immunosuppression, neurological 

impairments or endocrine disruption (Fry, 1995). All these effects may ultimately affect 

survival or reproduction, and therefore impact on population dynamics.  

Imidacloprid is a systemic insecticide belonging to the family of neonicotinoids 

and it is currently the first insecticide and the second agrochemical most used in the 

world (Jeschke et al. 2011; Goulson, 2013). This pesticide acts by binding to specific 

nicotinic acetylcholine receptors, thus interfering with the transmission of nerve 

impulses. Starting in December 2013, the European Union declared a moratorium on 

the use of three neonicotinoid insecticides (i.e. imidacloprid, thiamethoxam and 

clothianidin) for seed coating, soil treatment and foliar treatment due to its toxicity on 

pollinators, but their use for seed treatment of winter cereals, as well as after crop 

flowering and in crops harvested before flowering, continues to be approved 

(Regulation 485/2013). Imidacloprid oral acute LD50 for birds vary from 31 mg/kg in the 

Japanese quail (Coturnix japonica) to 152 mg/kg in the bobwhite quail (Colinus 

virginianus) (Tomlin, 2004/05). In the field, there are some documented cases of wild 

bird mortalities due to the ingestion of seeds treated with imidacloprid (Berny et al. 

1999; Ibañez et al. 2011; Bro et al. 2010; Mineau and Palmer, 2013).  

Imidacloprid is predominantly used as seed coating in a large variety of crops 

(Jeschke et al. 2011; Goulson, 2013). In the 20th century seed coating was responsible 
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for up to 50% of incidents on wildlife caused by approved pesticides in Europe (de 

Snoo, 1999). Since that, the niche market for insecticidal treated seed has tripled and 

neonicotinoids monopolized 77% of this market in 2005 (Elbert et al. 2008). Farmland 

birds are at risk of exposure to pesticide-treated seeds because sown seeds are not 

always properly buried in the field. The US Environmental Protection Agency estimated 

that about 1% of the drilled seeds remain accessible for granivorous vertebrates. In 

addition, occasional spillages during sowing activities (especially at field corners and 

extremes of sowing lines) may also be attractive for foraging birds and increase the risk 

of exposure to pesticides. Under such circumstances, treated seed ingestion can result 

in the intake of a high amount of a toxic pesticide over a short foraging time period. It 

is estimated that a farmland bird could get a lethal dose with the ingestion of less than 

five imidacloprid treated seeds (Goulson, 2013; Mineau and Palmer, 2013). 

Experiments on poultry have shown that exposure to imidacloprid has direct 

effects on biochemical, oxidative stress and immune system parameters (Siddiqui et al. 

2007; Balani et al. 2011; Kammon et al. 2012; Gibbons et al. 2014). In a previous 10 

day-exposure study performed in spring with adult red-legged partridges (Alectoris 

rufa), animals were exposed to seeds treated with the recommended application rate 

for cereal seed coating and with twice this rate (to assess the effects of potential 

abuses in pesticide application). The highest imidacloprid dose used in that study 

(twice the recommended application rate) was shown to reduce exposed partridge 

survival, whereas both doses produced physiological and biochemical changes, 

affected fertility and decreased offspring survival (Lopez-Antia et al. 2013). In the 

current work, we wanted to test if these effects still occur under a more realistic 

scenario, in which coated seeds represent only part (20%) of an adult partridge’s diet. 

We also considered two exposure periods that correspond to the sowing seasons of 

autumn (long-cycle winter cereal) and late winter (short-cycle winter cereal) in Spanish 

farmlands. Moreover, our main interest was to study the impact of the insecticide on 

reproduction, as the published literature in this regard is limited to only one 

preliminary study (Lopez-Antia et al. 2013); in that experiment the reproductive results 

were obtained from a small number of breeding pairs and thus should be confirmed. In 

the current study, based on a larger sample size, we also studied new reproductive 
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performance parameters (egg quality and content; offspring immunity), in order to 

obtain a better understanding of the indirect effects of imidacloprid on reproduction.  

We hypothesized that exposure to field doses of imidacloprid would produce 

oxidative system imbalance and would impact on important health parameters, such 

as the immune system, or on the reproductive system (Banerjee et al. 2001; Sheweita 

et al. 2005; Agarwal et al. 2012). Carotenoid-based ornamentation has been proposed 

as a good indicator of oxidative damage and general health status (Perez-Rodriguez 

and Viñuela, 2008) and is known to influence reproductive investment (Alonso-Alvarez 

et al. 2012). The simultaneous investigation of effects on all these variables should 

help us to better understand the range of effects and toxicity mechanism of 

imidacloprid. 

 

2. Material and methods 

2.1. Experimental design 

The experiment was conducted in the Dehesa de Galiana experimental facilities 

(Ciudad Real, Spain). All experimental protocols were approved by the Committee on 

Ethics and Animal Experimentation of the University of Castilla-La Mancha. We used 90 

(45 females and 45 males) captive-born, one year-old red-legged partridges from the 

experimental farm of the University of Castilla-La Mancha. The sex of individuals was 

determined genetically following Fridolfsson and Ellegren (1999). Partridges were 

housed in pairs in outdoor cages (95 x 40 x 42 cm) and acclimatized to the facility 

during 15 days before starting the experiments. Commercial partridge feed (Partridge 

maintenance fodder, Nanta-Nutreco, Tres Cantos, Spain) mixed with wheat and tap 

water were provided ad libitum. Each pair was randomly assigned to one of the three 

experimental groups (control, low dose or high dose) with a sample size of 15 pairs in 

each group. Six additional females were housed and assigned to one of the three 

treatments in order to have a replacement in cases of deaths by male aggressions.  

The first exposure began on November 26, 2010 and the second one on March 

4, 2011. During exposure periods, partridges were fed exclusively with treated wheat 
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provided ad libitum (low and high pesticide exposure groups), or with untreated wheat 

also provided ad libitum (control group). The first exposure lasted for 25 days and the 

second one for 10 days, which correspond to the duration of the two cereal sowing 

seasons in Spain (a longer season in autumn and a shorter one in late winter). At the 

end of the exposure periods, partridges returned to their usual diet of untreated 

wheat mixed with maintenance fodder. On December 21 and March 14 (after the first 

and the second exposure periods, respectively), we took a blood sample from each 

partridge. One mL of blood was drawn by jugular venipuncture, kept in heparinised 

tubes and centrifuged at 10,000 × g for 10 min at 4 °C to separate plasma from the 

cellular fraction (pellet). Both plasma and pellet samples were stored separately at -80 

°C for later analysis. Before centrifugation, an aliquot of each sample was taken to 

calculate the haematocrit. Partridge pairs were kept in their cages throughout the 

spring and early summer in order to monitor reproduction (see below).  

 

2.2. Seeds treatment and exposure doses 

Seeds were treated with the commercial product Escocet® (imidacloprid 35% 

w/v, Bayer CropScience, Alcácer, Spain) using a professional hand sprayer (Apollo 5, 

EXEL gsa, Villefranche, France). We used two application doses; the highest dose 

corresponded to the recommended application rate for cereal seed coating according 

to the current Spanish regulations (MAGRAMA, 2013), and the lowest dose was set at 

20% of the recommended application rate, which would represent an intake of 20% of 

treated seeds in the diet. This estimation of sowing seed occurrence in the diet of red 

legged partridge is based on data given by Perez y Perez (1981).  

The doses applied to the seeds were 40-200 ml of imidacloprid (35%) per 100 kg 

of wheat seeds (theoretical concentration: 0.14-0.7 mg/g). In a recent study using the 

same application technique, we verified that the actual concentration of imidacloprid 

in seeds treated using the recommended application rate was 74% of the nominal 

concentration (Lopez-Antia et al. 2013).  

Captive partridges ate on average 25 g of wheat per day (Lopez-Antia et al. 

2014). Partridges from this experiment weighed on average 397 g. We estimated that 
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the daily ingestion dose for the high and the low dose groups would be of 44 and 8.8 

mg/Kg/day, respectively. With these daily ingestion doses, partridges from the high 

dose group would reach the LD50 (31 mg/kg for the Japanese quail) in less than one 

day, and those from the low dose group ones in less than four days. These ingestion 

doses will, however, be modulated by the rejection of treated seeds due to a post-

ingestion distress (Lopez-Antia et al. 2014).  

 

2.3. Survival and body condition of adult partridges 

During the experiment, we checked partridges’ survivorship daily. We initially 

measured tarsus length and weighed each partridge four times throughout the 

experiment: prior to and just after each pesticide exposure. The body condition of 

partridges (mass corrected for size) was calculated according to the scaled mass index 

proposed by Peig and Green (2009). 

 

2.4. Immune response of adult partridges 

On January 24, about a month after finishing the first exposure period, we 

estimated cell-mediated immune responsiveness using the phytohemagglutinin (PHA)-

skin test. For each partridge, we took three measures of the right wing web thickness 

at the injection site with a micrometer (Mitutoyo Absolut 547-401) to the nearest 0.01 

mm, and injected intradermally the wing web with 100 µL of PHA in PBS (1 mg/mL 

dilution). PHA is a lectin that causes an accumulation of T-lymphocytes followed by an 

infiltration of macrophages, which manifests in a local inflammation that reaches its 

maximum 24 h after injection. After this 24 h period, we measured again the wing web 

thickness (three measures), and estimated the intensity of the T-cell-mediated 

immune response as the change in average wing web thickness (difference between 

the final and the initial thicknesses). 

 

2.5. Reproduction 
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Because some birds died during the experiments, those partridges that were 

alone in the cages were paired again, when possible, with mates exposed to the same 

treatment. Reproductive parameters could be obtained for 24 reproductive pairs after 

the second exposure period (12 control pairs and 12 pairs in the low dose group). 

Breeding (egg laying) began one month after the end of the second exposure period. 

We checked all cages daily and collected eggs, which were measured (maximum length 

and width) and kept at 15 °C to temporarily prevent development. Every 15 days, we 

transferred all eggs collected thus far to an automatic incubation chamber (Masalles 

Valltrade, Sant Cugat del Valles, Barcelona, Spain), where they were incubated for 21 

days at 37.7 °C, 45% humidity and with constant movement. The storage time (0-15 

days) was included in the early statistical models but had no significant effect on 

embryo and chick development. Before transferring eggs to the incubation chamber, 

eggs laid in 4th, 8th and 12th position of the laying sequence of each pair were separated 

and kept frozen at -80 °C for analyzing egg yolk vitamins and carotenoids. On the 21st 

day of incubation, eggs were candled and those that were found to have developed 

were introduced in individual cages and moved to a hatching chamber where they 

were incubated at 37.7 °C with constant humidity but without movement. We checked 

the chamber daily to monitor hatching events. We took note of hatching date, tarsus 

length and body mass of each hatchling. Chicks were individually marked and housed 

in closed rooms with a heat source, water and food (Partridge growth fodder, Nanta-

Nutreco, Tres Cantos, Spain). We measured (tarsus length) and weighed all chicks upon 

8, 16, 24 and 32 days of age, and calculated their body condition as for adults. Some 

chicks from the third and fourth round of incubation were selected for the PHA test, 

excluding first chicks of each pair. PHA test was performed as has been described for 

adults. Chick sex was determined genetically following Fridolfsson and Ellegren (1999). 

Unhatched eggs were opened and examined to determine fertility (observation 

of the presence of embryo or germinal disk). To measure shell thickness of hatched 

and unhatched eggs, we collected three small shell pieces (aprox. 0.5 × 0.5 cm) from 

the equatorial region of each egg; we separated the inner membrane, dried the shell 

pieces and measured shell thickness with a micrometer to the nearest 0.01 mm. 

Eggshell thickness was calculated as the average thickness of the three measurements. 
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2.6. Imidacloprid levels in dead partridges and egg yolk samples 

Imidacloprid concentrations in the crop contents of partridges found dead 

during the experiments were measured by LC-MS, as described for seeds in Lopez-

Antia et al. (2013). The concentrations in liver and egg yolk samples were determined 

following the method described by Sánchez-Barbudo et al. (2012) with some 

modifications. A sample (1 g) was homogenized with anhydrous sodium sulfate (9 g) in 

a mortar, the homogenate was placed in glass tubes with Teflon caps. Then, 0.5 µg of 

thiacloprid (Sigma Aldrich; Madrid, Spain) from a solution with 10 ng/µL was added as 

internal standard, as well as 15 mL of acetonitrile. The samples were stirred for 10 min 

in a horizontal shaker (SH30L; Finepcr, Seoul, Korea), followed by 5 minutes of 

sonication (Ultrasons-H Selecta; Abrera, Spain). The extracts were filtered and washed 

twice with 5 mL of acetonitrile, evaporated in a rotary evaporator (Büchi; Flawil, 

Switzerland) at 100 mbar and 40 °C and re-suspended in 2 mL of ethyl 

acetate:cyclohexane (1:1 v/v). Extract purification was done by gel permeation 

chromatography (GPC) at atmospheric pressure in a glass column with an internal 

diameter of 17.25 mm and filled with 43.5 cm of Bio-Beads S-X3 (Bio-Rad Laboratories; 

Madrid, Spain). The mobile phase was ethyl acetate: cyclohexane (1:1 v/ v). The 

fraction corresponding to 0–60 mL was discarded. The 60–90 mL fraction was collected 

and evaporated with a rotary evaporator until an approximate volume of 1 mL, 

transferred to a vial and evaporated to dryness under nitrogen flow, re-suspended in 

0.5 mL of acetonitrile and analyzed by LC-ESI-MS using the method described by Lopez-

Antia et al. (2013) with some modifications. The monitored ions of imidacloprid were 

256, 257 with fragmentation voltage at 100 and 175, at 170. The ion used for 

quantification was 256. The monitored ions of thiacloprid used as internal standard 

were 133.1, 253, 254, 255 and 256 with fragmentation voltage at 120 and 126, 127 and 

128 with voltage at 160. The ion used for quantification was 253. The recovery of the 

analytical procedure was calculated with five replicates of blank liver of partridge (1 g), 

spiked with 0.5 µg of imidacloprid, and processed as the samples. The obtained 

recovery for imidacloprid was 82.1 ± 2.3%. The limit of detection (LOD) was established 

at 0.1ng/µl by serial dilutions of the standard and a signal to noise ratio (S/N) >3. 
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2.7. Biochemical responses of adult partridges 

We measured oxidative stress indicators in red blood cells (RBC) homogenates 

with an automatic spectrophotometer analyzer A25 (BioSystems, Barcelona, Spain) 

following the methods described in Reglero et al. (2009). We quantified the total (GSH) 

and oxidized glutathione (GSSG) levels. We used Ransel and Ransod kits (Randox 

Laboratories, Cornellà de Llobregat, Spain) to measure the activities of the glutathione 

peroxidase (GPx, EC 1.11.1.9) and superoxide dismutase (SOD, EC 1.15.1.1), 

respectively. Enzyme activities were calculated relative to mg of protein measured 

using the Bradford method to quantify total proteins in the homogenates (Bradford, 

1976). The coefficients of variation (CV) of these analytical techniques calculated with 

sample replicates were 3.1% for SOD (n=6) and 2.0% for GPx (n=3). Moreover, the 

analysis of control samples provided by the manufacturer were always within the 

certified range of SOD and GPX activities. For GSH and GSSG techniques we calculated 

a CV with sample replicates (n=6) of 3.1% and 6.0%, respectively. 

We measured lipid peroxidation as levels of malondialdehyde (MDA) in the RBC 

homogenates. For this, MDA-tiobarbituric acid adducts were measured as described in 

Romero-Haro and Alonso-Alvarez (2014) with an Agilent 1100 Series High Performance 

Liquid Chromatography (HPLC) system (Agilent Technologies, Waldbronn, Germany) 

coupled with a fluorescence detector (FLD) and a 5 µm ODS-2 C-18 (4.0 × 250 mm) 

column, maintained at 37 °C. The CV of this analytical technique was 8.0% (n=10). 

We determined the levels of the following antioxidants molecules: retinol 

(distinguishing the free, alcoholic, form and the form esterified with fatty acids), α-

tocopherol and carotenoids (zeaxanthin and lutein), in plasma and eggs yolk using 

HPLC coupled to a photodiode detector (DAD) and a FLD. The method used for 

extraction and analysis of plasmas antioxidants molecules is described in Rodríguez-

Estival et al (2010). For all the antioxidant molecules in plasma we calculated a CV with 

samples replicates (n=14) of ≤8.6%. For the egg yolk the method used for extraction 

was the same as for plasma, but a single extraction with dichloromethane was made. 

The analytical methods were exactly the same for both sample types. For all the 
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antioxidant molecules in the egg yolk measured in samples replicates (n=6) we 

obtained a CV ≤12.2%. 

Plasma biochemistry was determined spectrophotometrically using the 

reaction kits available for each enzyme or analyte (BioSystems, Barcelona, Spain): 

alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), lactate dehydrogenase (LHD), creatine phosphokinase (CPK), 

albumin, total protein, glucose, cholesterol, triglycerides, calcium, magnesium, 

phosphorus, creatinine, urea and uric acid. For these techniques, a control sample 

provided by the kit manufacturer was analyzed and results were always within the 

certified range.  

The measure of brain acetylcholinesterase (AChE) was performed according to 

the Ellman’s method with the modifications described by Hill and Fleming (1982). 

Activities were compared with values obtained with six samples of control partridges 

that died of natural causes. 

 

2.8. Color measurements of adult partridges.  

The red coloration of the partridges´ beak and eye rings is carotenoid-based 

and relates to individual health (Mougeot et al. 2009) and investment in reproduction 

(Alonso-Alvarez et al. 2012). Eye ring and beak color were measured before (February, 

24) and after (March, 14) the second exposure using a portable spectrophotometer 

(Minolta CM-2600 d; Tokyo, Japan). For each study bird, we took three measurements 

of both the eye ring and beak color. Reflectance spectrum was determined from 360 to 

700 nm wavelength at 10-nm intervals. Most of the variability in the reflectance of 

carotenoid-based colors of red-legged partridge ornaments is distributed in the red 

part of the spectrum (625–700 nm; Perez-Rodriguez and Viñuela, 2008; Alonso-Alvarez 

and Galvan, 2011), and therefore covered by the spectrum range of measurements. 

We extracted and processed the reflectance data using the SpectraMagic™ NX 

software (Konica Minolta). For each color measurement, we obtained “L”, “a”, “b” 

values (“Lab” color space) that were used to calculate the hue and chroma of each 

measured trait. Colour measurements (eye ring and beak hue and chroma) were highly 



Tesis doctoral – Ana López Antia 

 

106 

 

repeatable (repeatability calculated following Lessels and Boag 1987; all R-values > 

0.92; all P < 0.001). We used the average values from the three measurements taken 

on each individual part for analyses of color variation. Color hue is inversely related to 

red shift (higher hue values describe more orange eye-rings or beaks, while lower hue 

values describe redder eye-rings or beaks). Chroma values are indicative of color 

saturation (the higher the chroma, the greater the color purity and perceived color 

intensity). 

 

2.9. Statistical analyses 

Adult partridge survival was analyzed using a Kaplan-Meier survival analysis and 

the Mantel-Cox test for pairwise comparisons among treatment groups and among 

sexes within groups. We analyzed separately the data from each exposure period. We 

did so to simplify the presentation of results, to report season-specific exposure 

effects, and because partridges were expected to have recovered from the effects of 

the first exposure when the second one started, c. 3 months later.  We used 

Generalized Linear Models (GLMz) with the experimental dose and the sex as fixed 

factors in order to test for imidacloprid effects on body condition, body weight, body 

weight loss, blood parameters (i.e. haematocrit, oxidative stress indicators, plasma 

biochemistry, vitamins and carotenoids), PHA response and carotenoid-based 

coloration of integuments. Initial models testing for treatment effects on adult 

partridge traits included the Sex × Treatment interaction, which was removed from the 

final models when non-significant. For body condition and body weight, we checked 

that there were no initial differences between groups. For analyses of carotenoid-

based coloration after the second exposure, we included the initial color 

measurements (before exposure) as a covariate. For adult response to PHA, we used 

body condition as covariate. We used a Pearson’s correlation to analyze the 

relationship between imidacloprid levels in liver and number of survival days. To test 

for treatment effects on reproductive parameters, we performed GLMz using two 

databases: 1) Eggs and chicks as experimental units. We performed analyses with the 

pesticide dose as fixed factor and the breeding pair as a nested factor within the 

treatment group. Egg measurements (length, width, eggshell thickness, vitamin and 
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carotenoid levels), chick survival days and chick condition at hatching were analyzed as 

linear distribution variables, while fertile egg rate, hatching rates (of fertile eggs and of 

total eggs) and chick mortality were analyzed as binary logistic distribution variables. 

Chick response to PHA was analyzed using the dose as a fixed factor and the chick 

hatching condition as a covariate. Differences in chick growth were tested with a 

general linear model of repeated measures with the dose as a fixed factor. 2) Breeding 

pair as the experimental unit. This data base was used to test for differences among 

treatment groups in mean clutch size, number of laying females, sex ratio and latency 

to first egg. The mean clutch size and the latency to the first egg were analyzed as 

linear distribution variables, the laying females were analyzed with a binary logistic 

distribution, and the sex ratio was also analyzed with a binary logistic distribution 

where we compared between doses the number of female chicks, weighed by the total 

number of chicks. Statistical analyses were performed with IBM SPSS Statistics 19.0. 

Significance was established at p<0.05, but results with p<0.1 have been also 

commented and considered as marginally significant.  

 

3. Results 

3.1. Effects on adult partridges 

Imidacloprid treatment at the high dose killed all partridges in 21 days, with 

lethality occurring earlier in females than in males (χ2=7.74, p=0.005) (Figure 1), the 

mean survival time for the high dose group was 6.7 ± 1.1 days for females and 12.7 ± 

1.8 for males. The first deaths occurred on the third day of autumn treatment (ten 

partridges died this day, eight females and two males). This mortality rate in the high 

dose group (100%) was higher than in the low dose group (18.7%; χ2 = 44.75, p<0.001) 

and in the control group (15.6%; χ
2 = 60.16, p<0.001) (Table S1). Imidacloprid was 

detected in crop and liver of partridges dying during the exposure periods (Table 1), 

and a positive relationship was found between the survival days during the exposure 

time and the concentration of imidacloprid in liver in the high dose group (r=0.697, 

p=0.001, n=19; Figure2). Insecticide levels (in the crop and liver of dead partridges) did 

not significantly differ between the low and high dose groups (Table 1). Partridges 
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treated with the low dose of imidacloprid presented a reduced body condition after 

the first exposure (Wald χ
2=8.98, p=0.003), but not after the second exposure, 

compared with controls (Figure 3). Body weights of exposed partridges were 

significantly lower than those of controls after both exposure periods (Wald χ2=21.9, 

p<0.001 and Wald χ
2=12.8, p<0.001 respectively), and were also lower before the 

second exposure period (Wald χ
2=6.24, p=0.012; Table S1). When considering body 

weight loss, partridges from the low dose group lost significantly more weight than 

controls after the first exposure (Wald χ
2=7.83, p=0.005), and a similar, marginally 

significant trend was also found after the second exposure (Wald χ
2=3.68, p=0.055) 

(Table S1). Cellular immune responsiveness (inflammatory response to PHA) did not 

differ between controls and low dose adult partridges (Table S1). 

 

 

Figure 1. Cumulative survival of male (black lines) and female (grey line) red-legged partridges 

exposed to the high dose of imidacloprid. Different letters indicate significant differences 

between sexes (Mantel cox test, p≤0.05). 
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Table 1. Levels (mean ± SE) of imidacloprid measured in the crop content and liver of dead 

partridges from the low and high dose groups. 

Treatment N* Crop content (g) Imidacloprid concentrations 

Crop (µg/g) Liver (ng/g) 

High dose 19 5.9 ± 1.24 55.3 ± 17.9 82.6 ± 22.5  

Low dose 3 1.32 ± 0.23 4.1 ± 13.0 56.0 ± 28.0 

Control 4 1.41 ± 0.83 0.0 ± 0.0  

*Differences in sample sizes between groups are due to the higher mortality that occurred in 

the high dose group. 

 

 

 

Figure 2. Relationship between the exposure time (from initial exposure until death, in days) 

and the imidacloprid liver concentration (ng/g) in partridges from the high dose group (r=0.7, 

p=0.001, n=19). 
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Figure 3. Scaled mass index (mean ± SE) before and after both exposure periods in control 

(black line) and low dose (grey line) treated partridges. *Significantly different from controls at 

the p≤0.05 level. 

Regarding the biochemical parameters, glucose, magnesium, lactate 

dehydrogenase and creatine phosphokinase levels in plasma were significantly 

reduced by the low dose of imidacloprid, but only after the second exposure (Figure 4, 

Table S1). Partridges treated with the low dose of imidacloprid showed an increase in 

SOD activity in red blood cells after autumn exposure (Wald χ2=6.92, p=0.009; Figure 

4). Amongst these biochemical parameters, only glucose levels correlated with body 

weight loss after the second exposure period, (r=0.422, p=0.04, n=24). The 

imidacloprid effect on glucose levels remained significant when body loss was included 

as a covariate in the model (Wald χ
2=11.56, p=0.001). No differences were found in 

other oxidative stress parameters or in the antioxidant (carotenoid/vitamin) plasma 

levels (Table S2). No differences were found in brain AChE activity between partridges 

dead in the high dose group (18.8 ± 1.0 µmol/min/g) and control partridges that died 

of natural causes (15.9 ± 1.1 µmol/min/g). 
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First exposure Second exposure

 

Figure 4. Levels (mean ± S.E.) of glucose, magnesium and lactate dehydrogenase in plasma and 

SOD activity in red blood cells in control and low dose treated partridges after the first and the 

second exposure periods. (Sample sizes per treatment ranged between 21-26 partridges; 

*significantly different from controls at the p≤0.05 level). 

 

Before the second exposure, eye ring and beak coloration did not differ 

between groups. After the exposure to the low dose of imidacloprid, the eye ring 

chroma was reduced significantly compared with controls (Wald χ
2=4.84, p=0.028), 

while eye ring hue was unaffected (Figure 5, Figure S1). Beak redness (the inverse of 

hue) slightly increased in the low dose treated birds (Wald χ
2=3.19, p=0.026), while 

beak chroma was unaffected by treatment (Figure S1). 
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Figure 5. Mean (± SE) chroma of the eye-ring of control and exposed (low dose group) 

partridges before and after the second exposure to imidacloprid (N=25 for control and 26 for 

low dose; *significantly different from controls at the p≤0.05 level). 

 

3.2. Effects on reproduction and indirect effects on offspring 

All reproductive parameters are summarized in Table 2. The clutch size per 

laying female was significantly reduced in low dose treated partridges (F1=4.98, 

p=0.043) and this group also laid the first egg later than the control group (Wald 

χ
2=4.42, p=0.036; Table 2). Egg size, shell thickness, fertile egg rate and hatching rate 

did not differ between experimental groups (Table 2). Eggs laid by imidacloprid-low 

dose exposed females had higher levels of antioxidants in the yolk than those laid by 

control females: retinol (Wald χ
2=5.97, p=0.015), α-tocopherol (Wald χ

2=9.29, 

p=0.002), lutein (Wald χ
2=11.19, p=0.001) and zeaxanthin (Wald χ

2=9.41, p=0.002) 

(Figure 6). Imidacloprid residues were not detected in the yolk of analyzed eggs (n=11). 

Finally, there were no differences in chick survival, chick growth or sex ratio 

between experimental groups (Table 2). Chicks from imidacloprid low dose exposed 

partridges showed a reduced inflammatory response to PHA compared to those from 
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control partridges (Wald χ
2=7.24, p=0.007; Table 2). In this response, chick body 

condition at hatching was negatively associated with PHA response (Wald χ
2=6.91, 

p=0.009), it is, chicks with lower body condition developed higher PHA response. 

 

Table 2. Reproductive parameters (n, % or mean±SE) of partridge pairs from the control and 

low dose groups (there are no data from high dose group because all partridges died during 

the first exposure). 

Parameter Control Low dose 

Number of pairs 12 12 

Number of laying females 7 9 

Total number of eggs 138 83 

Clutch size per laying female 19.7 ± 4.4 9.2 ± 2.3* 

Days to the first egg 10.3 ± 4.2 21.0 ± 3.5* 

Egg length (mm) 39.25 ± 0.11 39.84 ± 0.21 

Egg width (mm) 29.87 ± 0.07 29.22 ± 0.11 

Elongation index 1.31 ± 0.01 1.36 ± 0.01 

Shell thickness of fertile eggs (mm) 0.225 ± 0.002 0.227 ± 0.003 

Shell thickness of unfertile eggs (mm) 0.217 ± 0.003 0.207 ± 0.007 

Fertile eggs (%) 70.2 82.8 

Hatching rate of fertile eggs (%) 85.4 82.5 

Hatching rate of total eggs (%) 72.9 75.8 

Number of chicks 70 47 

Chick body condition at hatching 5.88 ± 0.05 5.73 ± 0.09 

% Female chicksa 0.50 ±0.07 0.54 ± 0.12 

Chick mortality (%) 35.71 41.66 

Wing web swelling (mm) 0.34 ± 0.03 0.17 ± 0.09* 

*Significantly different from controls at the p≤0.05 level 

aNumber of female chicks / Total number of chicks 
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Figure 6. Vitamin and carotenoid levels (mean ± SE) in the yolk of eggs laid by control and low 

dose treated partridges. (N=22 for controls and 11 for low dose;*significantly different from 

controls at the p≤0.05 level; **significantly different from controls at the p≤0.01 level.) 

 

4. Discussion 

The target dose of imidacloprid (the recommended application rate for cereal 

seed coating) killed all partridges, with mortality occurring more rapidly in females 

than in males. A sublethal dose of 20% of the recommended application rate reduced 

levels of some plasma biochemical parameters (glucose, Mg and LDH), increase SOD 

activity, produced changes in carotenoid-based integumental coloration, reduced the 

clutch size, delayed the first egg lay date, increased egg yolk vitamins and carotenoids 

and depressed chick response to PHA. Moreover, liver analysis revealed an 

accumulation of imidacloprid in this organ during exposure time. 
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4.1. Exposure estimation and adult survival 

Imidacloprid treated seeds have proven highly lethal for partridges at the target 

dose, killing all exposed partridges in 21 days. We think that this worst case scenario, 

in which partridges feed only on treated seeds for 21 days, could be possible in times 

of scarcity, when there is no alternative food. Moreover, up to 31-47% of females died 

at the third day of exposure, and 50% of birds died after a week. The mortality we 

reported in this study for the high dose group was higher than that reported in a 

previous experiment (Lopez-Antia et al. 2013) using the same dose, in which mortality 

rate averaged 8% after 10 days of exposure. These differences may be due to the 

harsher weather conditions: the previous exposure was performed in spring, whereas 

in the current experiment the lower temperatures could have increased the treated 

seed ingestion (Chatelain et al. 2013). The crop content of dead partridges in the high 

dose group (Table 1) confirmed the results of previous cage studies that concluded 

that imidacloprid treated seeds were only partially refused by birds (Avery et al, 1993; 

Lopez-Antia et al. 2014). These crop contents indicated a mean consumption of 5.9 ± 

1.2 g of treated seeds/partridge/day, which is similar to the mean consumption of 

seeds treated with the imidacloprid recommended application rate that we recorded 

in a recent study (Lopez-Antia et al. 2014). With this consumption rate, partridges 

would have ingested between 8.11 and 12.58 mg of imidacloprid/Kg/day, reaching the 

LD50 (31 mg/kg for the Japanese quail) between day two and day four of exposure. This 

is consistent with the high mortality reported in the first three days of exposure and 

demonstrates that the partial rejection of treated seeds does not protect partridges 

from acute intoxication. This risk of acute intoxication could be even greater for 

smaller birds with higher ingestion rate by body mass and greater sensitivity to the 

insecticide than partridges. Mineau and Palmer (2013) estimated that a 15 g passerine 

bird, in the 5% tail of a species sensitivity distribution, will have a 50% chance of 

lethality from ingesting 3.9 imidacloprid-treated seeds. Intoxicated birds have been 

found in the field with imidacloprid treated seeds in their crop, which demonstrates 

that acute poisonings can occur (Berny et al. 1999; Ibañez et al.2011; Bro et al. 2010; 

Mineau and Palmer, 2013).  
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As we said above, with a normal food ingestion rate (25 g/day), the insecticide 

daily ingestion rate for partridges from the low dose group would be 8.8 mg/Kg/day 

and partridges would reach the LD50 (31 mg/kg for the Japanese quail) in less than four 

days. In this group, three partridges died on the third day of exposure and another 

three died between days 10 and 14. Unfortunately we did not measure the food 

consumption, but given the the rejection of imidacloprid-treated seeds is due to post-

ingestion distress (Avery et al. 1993; Lopez-Antia et al. 2014), we may expect a normal 

food ingestion rate during the first days of exposure. Moreover we expected a great 

variation in treated food ingestion between individuals, as we have seen in previous 

studies (Lopez-Antia et al. 2014).  

The mean daily survival rate in the high dose group was significantly lower in 

females than in males (Figure 1). As far as we know, this study is the first that 

highlights such difference between sexes. In a previous experiment, no differences in 

survival between sexes were reported (Lopez-Antia et al. 2013), probably because of 

the small sample size (6 pairs), and because of differences in the season and length of 

exposure between studies. This difference between sexes in survival time could be due 

to differences in sensitivity to the insecticide or differences in the insecticide ingestion 

rate (quantity of toxicant/body weight). Imidacloprid concentration in crop and liver 

did not differ significantly between sexes, but body weight was significantly lower in 

females than in males before the start of the experiment. We think that this 

differential mortality by gender needs further research given its importance for species 

demography. 

Imidacloprid liver concentration was positively correlated with the number of 

days under exposure to the high dose until death (Figure 2), which indicates that 

imidacloprid was accumulated in liver over time. To the best of our knowledge, this is 

the first paper that reports the accumulation of this pesticide in animal tissues. This 

finding can be useful for field studies and risk assessment, as levels of imidacloprid in 

the liver of birds could provide a measure of their exposure. We must remark that 

imidacloprid levels found in dead partridges did not differ significantly between low 

and high dose groups (Table 1). This is probably due to the dispersion of the data (SE 

was higher than the mean in the low dose). The mass of crop content was also very 
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small, and in some cases the pesticide had probably been transferred into the crop 

mucosa, depending on the time in contact. Berny et al. (1999) analyzed crop contents 

and livers of partridges and pigeons found dead in the field, and the liver levels they 

found were even higher than those detected in partridges here (Table 1). Probably, 

these birds in the field had ingested a higher dose of imidacloprid or during more time, 

because birds have less capacity to avoid treated seeds in more unpredictable 

environments, as is the case of field scenarios (Lopez-Antia et al. 2014). The 

accumulation over time observed here for imidacloprid contrasts with the results 

obtained in rats treated with clothianidin, another neonicotinoid, which was not 

accumulated in tissues of exposed rats (Yokota et al. 2003). 

 

4.2. Sublethal effects on adults 

Mg, LDH and glucose levels in plasma were reduced in low dose-exposed birds 

after both exposure periods, but only significant so after the second exposure (Figure 

4). These changes were associated with a decrease in metabolism, which might be 

explained by a reduction in food consumption. However, some studies described a 

thyroid disrupting potential of imidacloprid (Bhaskar and Mohanty, in press). Balani et 

al. (2011) also detected a decrease in plasma glucose after 14 and 28 days of 

administration of sublethal doses of imidacloprid to white leghorn chickens. Thyroid 

hormones are important mediators in basal metabolic rate, so the observed changes 

could indicate an effect on thyroid function that will need further research. 

Some papers recently published have described a decrease of AChE brain 

activity after the exposure of rats to imidacloprid at sub-lethal doses (Vohra et al. 

2014; Kanpoor et al. 2014). By contrast, we did not observe any decrease in this 

enzyme activity in the brain of dead partridges, as compared with controls analyzed in 

our laboratory. 

SOD activity in the red blood cells was increased significantly by imidacloprid, 

but only in the first exposure (Figure 4). It is well know that the metabolism of some 

pesticides generates free radicals that have to be neutralized by the antioxidant 

system; SOD is the first line of this antioxidant defense because it acts against 
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superoxide anion (O2
·-) that can be produced during phase I reactions of xenobiotic 

detoxification (Parkinson, 2007). As we found no changes in glutathione redox system 

or lipid peroxidation, we can conclude that SOD induction prevented further oxidative 

stress produced by this dose of imidacloprid in the partridges. Oxidative stress induced 

by imidacloprid has been studied in rats, and lipid peroxidation has been observed at 

sublethal levels during sub-chronic and chronic exposures (Kanpoor et al. 2010; 

Mohany et al. 2012; Bal et al. 2012). Kanpoor et al. (2010) also observed a decrease of 

GSH levels in liver, SOD activity in liver and brain and GPX activity in brain. In a 

previous work, López-Antia et al. (2013) observed that partridges exposed at higher 

doses of imidacloprid showed a reduction of GPX activity and levels of GSH in red 

blood cells, but no changes in SOD. 

We found no significant differences in antioxidant plasma levels (carotenoid 

and vitamin) between controls and the low dose group (Table S2), probably because 

the oxidative imbalance was compensated by the increase in SOD activity. We found 

that the carotenoid based coloration of partridges was affected after the second 

exposure. Specifically, we observed a reduction in the chroma of the eye ring (Figure 

5). The chroma component of the color is defined as the strength of the color 

(saturation) and, therefore, our results indicated that the red colour of the eye ring 

was less intense in low dose treated partridges than in controls (Figure 5; Figure S1). 

This reduction of the chroma can be interpreted as lower amounts of carotenoids 

(astaxanthin and papilioerythrinone) deposited in the eye ring of partridges (García-de 

Blas et al. 2014). We also observed a shift in the hue of the beak coloration, indicating 

a slightly redder beak in the low dose treated partridges (Figure S1). This could be 

interpreted as a higher proportion of the redder carotenoid pigment, astaxanthin, 

which is produced from zeaxanthin by two oxidation steps (García-de Blas et al. 2014). 

In this sense, imidacloprid exposure may have favoured this oxidative metabolism. Eye 

ring and beak coloration seem to be honest signals of condition and health in red-

legged partridges (Perez-Rodriguez and Viñuela, 2008; Perez-Rodriguez et al. 2013) 

and are also important sexual signals that influence mate choice and reproductive 

investment (Alonso-Alvarez et al. 2012). In our previous experiment (Lopez-Antia et al. 

2013), we detected a reduction in the proportion of eye ring area pigmented by 
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carotenoids in partridges exposed to twice the recommended application rate. Here 

we detected more subtle changes in eye ring coloration at a lower dose.  

 

4.3. Effects on reproduction and indirect effects on offspring 

Regarding the reproductive parameters, pairs from the low dose group laid 

significantly fewer eggs than pairs from the control group, and also laid the first egg 

later (Table 2). Preliminary studies for the industry, revised by Mineau and Palmer 

(2013), already described effects on egg laying and hatching on mallards fed with a 

mash containing 240 ppm of imidacloprid. In mammals, some studies have observed 

adverse effects of imidacloprid on reproductive organs and germ cells. In seven day-

old male rats, a sublethal exposure caused reductions in epididymis and vesicula 

seminalis weights, epididimal sperm concentration and testosterone levels (Bal et al. 

2012). In female rats, a chronic exposure produced morphological alterations and 

changes in oxidative stress parameters in ovaries and altered levels of sexual 

hormones (Kanpoor et al. 2011). Fertilization process and zygotes formation were 

adversely affected by imidacloprid in an in vitro study (Gu et al. 2013). Finally, another 

neonicotinoid, clothianidin, produced fragmentation of germ cells and a decrease in 

embryonic length in male quails after 30 days of exposure (Tokumoto et al. 2013). 

These effects are mainly attributed to oxidative damage caused by imidacloprid. The 

effect on the clutch size that we found in our experiment could be also due to a 

reduction in the body condition (although this reduction was not significant (Figure 3)) 

or to the reduction of food ingestion (Mineau, 2005). A reduction in clutch size in the 

field may result in clutch abandonment, and a nesting delay could lead to reduced 

chances of re-nesting (Mineau, 2005). 

We found that eggs laid by low dose treated partridges had higher levels of 

vitamins and carotenoids in the yolk. This could be due to the smaller number of eggs 

laid by these exposed females, which may have allowed greater allocation of such 

resources for each laid egg. In fact, if we include the clutch size as a covariate in our 

models, this variable significantly explains levels of vitamins and carotenoids in the egg 

yolk, and a treatment effect remained significant only for zeaxanthin levels in eggs. A 
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trend for increased carotenoid plasma levels was also found in imidacloprid low dose 

exposed birds (in both males and females; Table S2) before laying, which may indicate 

that the accumulation of carotenoids was a response against the xenobiotic. Finally, 

although differences in chick mortality were not significant, we detected a reduction in 

the PHA response of chicks from pairs exposed to imidacloprid low dose (Table 2). In 

our previous study, we found a higher mortality in chicks from imidacloprid exposed 

pairs (Lopez-Antia et al. 2013), but we did not measure the immune response in these 

chicks. This reduction in cellular immune responsiveness may explain the higher chick 

mortality observed here. Immunotoxicity of imidacloprid has been described in poultry 

(Siddiqui et al. 2007; Kammon et al. 2012) and in adult red-legged partridges (Lopez-

Antia et al. 2013), but this is the first study reporting an indirect immunotoxic effect on 

the offspring of exposed parents. This effect on chicks is not explained by a transfer of 

imidacloprid to the eggs, because residues were not detected in yolk, but other effects 

on egg quality may have occurred. In fact, the higher levels of carotenoids and vitamins 

in the eggs of treated birds could correspond to a compensatory mechanism against 

imidacloprid effects during yolk formation.  

 

5. Conclusions 

This study revealed that imidacloprid exposure not only have lethal effects, but 

also numerous deleterious sub-lethal effects on redox balance, secondary sexual traits 

and reproduction in a bird at sublethal levels equivalent to 20% of treated seed in diet 

during sowing periods. We also found a reduced cell-mediated immune response in 

the offspring not directly exposed to the toxic. In addition to seed treatment, 

imidacloprid is applied through the irrigation water and as foliar spray, after flowering 

and in crops harvested before flowering (MAGRAMA, 2013). Moreover, birds may be 

exposed at lower imidacloprid levels from the dust detached or the soil residues from 

the treated seeds at planting (Krupke et al. 2012) and by drinking water contaminated 

by soil leachate (Goulson, 2013). These harmful effects of imidacloprid at exposure 

doses according to the usage rates in the field are important, especially given the 

ubiquity of the product. Despite the current restrictions on use of neonicotinoids in the 



Capítulo III 

 

121 

 

European Union (Regulation 485/2013), birds are still at a high risk of exposure to 

these pesticides through direct sources of exposure such as the ingestion of coated 

seeds. 
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SUPPORTING INFORMATION 

Table S1. Mean (± SE) body condition, body weight, haematocrit, wing web swelling and plasma biochemical parameters of partridges in each experimental 
group after both exposure periods. 

Parameter First exposure Second exposure 
Control Low dose High dose Control Low dose 

Initial N 32 32 32 28 26 
Mortality (%) 12.5 18.7 100** 7.1 3.8 
N 28 26 0 26 25 
Body condition  403 ± 9 367 ± 8**  426 ± 7 411 ± 8 
Body weight 405 ± 9 357 ± 9**  433 ±8 400 ± 9** 

Body weight loss -2.0 ± 8.2 -35.2 ± 8.4**  
-3.1 ±5.0 -17.9 ± 6.1† 

Haematocrit (%) 34.9 ± 1.4 35.1 ± 1.2  42.6 ± 0.7 41.0 ± 0.8 
Wing web swelling (mm) 0.52 ± 0.02 0.49 ± 0.02    
Albumin (g/L) 14.7 ± 0.8 14.6 ± 0.7  17.2 ± 0.6 17.1 ± 1.0 
Bilirubin (mg/dL) 31.5 ± 5.0 26.7 ± 4.6  42.85 ± 4.09 51.57 ± 4.27 
Alkaline phosphatase (U/L) 1981 ± 231 2460 ± 501  1790 ± 266 2309 ± 401 
Alanine aminotransferase (U/L) 34.2 ± 6.9 23.7 ± 2.1  28.00 ± 3.7 31.13 ± 5.1 
Aspartate aminotransferase (U/L) 295 ± 22 323 ± 44  264 ± 16 258 ± 12 
Creatine phosphokinase (U/L) 656 ± 135 801 ± 118  663 ± 76 480 ± 37* 
Creatinin (mg/dL) 0.529 ± 0.03 0.480 ± 0.01†  0.474 ± 0.02 0.480 ± 0.01 
Uric acid (mg/dL) 1.74 ± 0.30 2.72 ± 0.58  6.33 ± 0.98 5.88 ± 1.07 
Calcium (mg/dL) 11.8 ± 0.6 11.3 ± 0.5  12.3 ± 0.4 12.3 ± 0.6 
Cholesterol (mg/dL) 216 ± 15 205 ± 17  203 ± 12 190 ± 11 
Glucose (mg/dL) 401 ± 16 361 ± 16†  423 ± 11 372 ± 14** 
Magnesium (mg/dL) 3.98 ± 0.22 3.70 ± 0.13  4.16 ± 0.94 3.57 ± 0.20** 
Phosphorus (mg/dL) 5.77 ± 0.52 5.65 ± 0.54  6.47 ± 0.30 6.38 ± 0.42 
Total protein (g/L) 43.6 ± 2.3 45.8 ± 1.7  49.4 ± 1.2 49.0 ± 1.7 
Triglycerides (mg/dL) 224 ± 30 235 ± 27  202 ± 22 193 ± 14 
Lactate dehydrogenase (U/L) 2090 ± 146 1960 ± 345  1839 ± 113 1483 ± 75** 

*,**Significantly different from controls at the p≤0.05 and p≤0.01 level. 
†Difference with controls close to significance (p=0.055) 
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Table S2. Mean (± SE) values of oxidative stress biomarkers, vitamins and carotenoid levels in 

each experimental group after both exposure periods. 

Parameter First exposure Second exposure 
Control Low dose Control Low dose 

N 23 23 25 26 

RBC MDA (nmol/gr) 5.97 ± 0.27 5.42 ± 0.27 5.78 ± 0.28 5.78 ± 0.28  

RBC GSH (µmol/gr) 3.19 ± 0.27 3.34 ± 0.24 3.56 ± 0.22 3.34 ± 0.26 

RBC GSSG (µmol/gr) 685.6 ± 72.6 527.2 ± 69.3 641.7 ± 80.6 708.1 ± 117.0 

RBC GPX (IU/mg prot.) 0.402 ± 0.02 0.402 ± 0.03  0.559 ± 0.04 0.563 ± 0.05 

RBC SOD (IU/mg prot.) 1.38 ± 0.08 1.60 ± 0.05* 1.00 ± 0.11 1.103 ± 0.10 

Retinol (µM) 36.3 ± 3.4 34.5 ± 3.4 50.1 ± 2.3 50.0 ± 2.8 

Tocoferol (µM) 27.3 ± 2.3 23.9 ± 2.1 26.5 ± 1.9 27.4 ± 1.7 

Lutein (µM) 1.59 ± 0.17 1.53 ± 0.15 3.07 ± 0.26 3.55 ± 0.21 

Zeaxanthin (µM) 1.53 ± 0.31 1.46 ±0.21 6.10 ± 0.50 7.15 ± 0.46 

Bold values indicate groups significantly different from controls 

*Significantly different from controls at the p≤0.05 level 
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Figure S1. Reflectance spectra (% reflectance over the 400-700 nm wavelength range) of the eye 

ring (a) and beak (b) of control (solid lines) and exposed (low dose- dotted lines) partridges after 

the second exposure period, in spring. From these spectra (raw data), we calculated the color hue 

(the wavelength of the inflection point of the reflectance curve) indicative of the perceived color 

(lower hue = redder trait; higher hue = oranger traits) and the chroma (the % reflectance in the red 

color range, i.e. 600-700nm) indicative of color saturation (higher % reflectance = more 

saturatation). 
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ABSTRACT 

Pesticide research has traditionally focused on compounds with high acute toxicity 

and/or persistence, but the adverse sublethal effects of pesticides with different 

properties may also have important consequences on exposed wildlife. We studied the 

effects of thiram, a fungicide used for seed coating with known effects as endocrine 

disruptor. Red-legged partridges (Alectoris rufa) (n=16 pairs/treatment group) were 

feeding wheat treated with 0%, 20% or 100% of the thiram application rate used in 

autumn (25 days) and late winter (10 days) mimicking cereal sowing periods. We studied 

the effects on reproductive performance, carotenoid-based ornamentation and cellular 

immune responsiveness of adult partridges, and their relationship with changes in 

oxidative stress biomarkers and plasma biochemistry. We also studied the effect of 

parental exposure on egg antioxidant content and on the survival, growth and cellular 

immune response of offspring. Exposure to thiram coated seeds delayed egg laying, 

reduced clutch size, and affected egg size and eggshell thickness. Partridges exposed to 

20% thiram dose exhibited reduced egg fertility and brood size (55% and 28% of controls, 

respectively). Chick survival was unaffected by parental exposure to treated seeds, but 

adverse effects on their growth rate and cellular immune response were apparent. These 

effects on reproduction and immune function may have important demographic 

consequences on farmland bird populations. 
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1. Introduction 

Recent studies have linked population declines of farmland birds to pesticide use. 

Both indirect effects on food supply and direct toxic effects have been proposed as main 

causes for some population declines (Mineau and Whiteside. 2013; Hallmann et al. 2014). 

Toxic effects in birds can be as varied as the mechanisms of action of pesticides. 

Depending on the exposure dose and the toxicity of the pesticide, effects can range from 

lethality to sublethal responses, with adverse effects on health, survival and reproduction 

that can affect population viability (Mineau and Whiteside. 2013). 

Treated seeds, which are coated with fungicides and in some cases with 

insecticides, are widely used in agriculture. This type of pesticide application, in which the 

active substance is applied exactly where it is needed, can minimize exposure of farm 

workers. However, treated seeds may be hazardous to birds and other vertebrates if not 

properly buried during sowing (De Snoo et al. 1999). Vertebrate granivores may feed on 

treated seeds during periods of food shortage (i.e. autumn and winter), resulting in 

increased risk of exposure and adverse effects.  

Thiram is a dithiocarbamate fungicide that has been used in agriculture since 1931. 

Median lethal dose (LD 50) varies from 673 mg/kg in the ring-necked pheasant (Phasianus 

colchicus) to more than 2800 mg/kg in the mallard duck (Anas platyrhynchos) (Hudson et 

al. 1994). Its mechanism of toxicity is complex and differs among organisms (Wedig et al. 

1968; Rasul and Howell, 1974), and thiram could affect bird survival and reproduction in 

several ways. On the one hand, it produces alterations of biochemical parameters in birds 

(Wedig et al. 1968; Rath et al. 1995; Subapriya et al. 2007a; Lopez-Antia et al. 2013). It also 

may act as a neuroendocrine disruptor, inhibiting of dopamine-β-hydroxylase, the enzyme 

that converts dopamine to norepinephrine (Serio et al. 1984; Stoker et al. 1993; Stoker et 

al. 1996). The European Union has classified thiram as a “Substance for which endocrine 

activity has been documented in at least one study of a living organism” (European 

commission, 2007). On the other hand, it generates reactive oxygen substances (ROS) 

during the phase I of its metabolism. Several effects on bird’s antioxidant system have 
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been described, including an increase of lipid peroxidation (Li et al. 2007) and either an 

increase or a reduction of antioxidant enzyme activity. Oxidative stress may explain other 

effects of thiram found in birds. For example, negative effects on immune function have 

been reported in birds exposed to thiram (Subapriya et al. 2007b) and free radicals are 

known to play an important role in immune system regulation (Banerjee, 1999). Oxidative 

damage could also explain the well-documented capacity of thiram to produce tibial 

dyschondroplasia (Simsa et al. 2007). Finally, morphological alterations of the 

reproductive organs (Rasul and Howell, 1974; Lorgue et al. 1975; Weppelman et al. 1980) 

and effects on egg production and fertility (Lorgue et al. 1975; Weppelman et al. 1980; 

Guitart et al.1996; Lopez-Antia et al. 2013) have been reported after thiram 

administration. Sperm damage due to free radicals is one of the main causes of infertility 

in males (Aitken et al.2003). In females, oxidative stress can also damage reproductive 

organs and cause pregnancy complications (Agarwal et al. 2012). Furthermore, the 

organism might need to use dietary antioxidants (e.g. vitamins A or E) to deal with 

oxidative stress, which causes an imbalance of the trade-off in the allocation of these 

substances among different physiological functions. For example, females’ plasma 

antioxidant levels modulate the egg antioxidant content and this could affect the offspring 

growth and survival (Surai and Speake, 1998), known to affect important functions in the 

chicken such as the immune response  

Lorgue et al. 1995 already proposed the ingestion of thiram coated seeds by wild 

birds as a matter of concern, and Madsen, 1996 expressed the same in the case of pink-

footed geese (Anser brachyrhynchus) in their staging areas during preparation for the long 

distance migration to breeding areas. Thiram has some repellent effects that may reduce 

the risk of treated seed ingestion (Werner et al. 2010), but the aversion to thiram treated 

seeds was recently shown to subside over time in the absence of alternative food (Lopez-

Antia et al. 2014). Thus, given the potential effects of thiram on reproduction and the 

neuroendocrine system, and its widespread use in agriculture, it is important to examine 

the potential for adverse effects on birds at environmentally relevant concentrations. 
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In a previous study (Lopez-Antia et al. 2013) in which partridges were fed with 

seeds treated with the application rate of thiram (100%) and twice this application rate 

(200%) during 10 days, the application rate was shown to alter several plasma 

biochemistry parameters, increase oxidative stress, and reduce carotenoid-based 

coloration in exposed partridges. We also detected some reproductive effects including 

reduced egg size and increased chick mortality. Unfortunately these reproductive effects 

were obtained from a few breeding pairs (n=3) and needed to be confirmed. In the 

present work, partridges were exposed during two periods, corresponding to the autumn 

and late winter sowing seasons for long-cycle and short-cycle winter cereal cultivation, 

respectively. To simulate different scenarios of alternative food availability, seeds were 

treated with the application rate of thiram (100%) or with 20% of that application rate, 

which would correspond to a 20% ingestion of coated seeds in the diet of partridges. The 

purpose of the present study was to confirm the effects that treated seed ingestion by 

adult partridges have on reproduction and check whether these effects occur at low 

doses, such as those that birds may be ingesting in the field. We also studied effects on 

carotenoid-based ornamentation since it is a good indicator of general body condition, 

very sensitive to oxidative damage, and known to influence reproductive investment 

(Alonso-Alvarez et al. 2012). 

 

2. Material and Methods 

2.1. Experimental design 

The experiment was conducted using the facilities of the University of Castilla-La 

Mancha (Dehesa de Galiana, Ciudad Real, Spain). All protocols were previously approved 

by the “Committee on Ethics and Animal Experimentation” of the University of Castilla-La 

Mancha. The study animals consisted of 96 captive-born red-legged partridges (51 females 

and 45 males). We determined the sex of each individual genetically using the method of 

Fridolfsson and Ellegren (1999). Birds were acclimated for 15 days before exposure during 



Tesis doctoral – Ana López Antia 

 

136 

 

which time they were fed untreated wheat mixed with commercial partridge feed 

(Partridge maintenance fodder, Nanta-Nutreco, Tres Cantos, Spain) and provided with tap 

water ad libitum. Partridges were housed in pairs in outdoor cages (length × width × 

height: 95 × 40 × 42 cm). Each cage (each pair of partridges) was randomly assigned to one 

of the treatment groups (control, low dose or high dose / 15 pairs per group). Two 

additional females per group were housed in cages in order to replace those that may die 

due to male aggressions. 

Birds were exposed to treatments twice: the first exposure began on November 

26, 2010 and lasted for 25 days, and the second one began on March 4, 2011 and lasted 

for 10 days. These exposure periods corresponded to the duration of the two natural 

cereal sowing seasons in Spain, for long- and short-cycle cereals, respectively. During 

exposure periods, partridges were exclusively fed either untreated wheat or wheat 

treated at one of two dose levels.  

 

2.2. Seed treatment and confirmation of exposure doses 

Seeds were treated with the commercial product Pormasol Forte (thiram 80% w/w, 

Bayer CropScience) to obtain a theoretical concentration of 0.35 mg/g in the low dose 

group (20% of the recommended application rate) and 1.75 mg/g in the high dose group 

(recommended application rate). The low dose corresponded to an ingestion of 20% of 

coated seeds in the diet ( i.e. the rate of cereal seed ingestion by red-legged partridges in 

autumn) Perez y Perez (1981). The high dose simulated the worst possible case in which 

coated seeds represent 100% of partridges diet during the sowing season. Thiram was 

applied to wheat using a hand sprayer (Apollo 5, EXEL gsa). 

Thiram concentrations in the seeds and in the crop and gizzard contents of 

partridges found dead during the experiments were measured by LC-MS, as previously 

described for determining seed concentrations in Lopez-Antia et al. (2013). The 

concentration for the seeds was confirmed in six samples per treatment. The coefficient of 
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variation (CV) for this analytical technique was 11.6% for the high dose seeds (n=6) and 

16.7% for the low dose seeds (n=6). 

 

2.3. Survival and body condition of adult partridges 

Partridge survival was checked daily throughout the experiment. Tarsus length was 

measured at the initiation of the study, and each partridge was weighed four times (prior 

to and just after each pesticide exposure). We calculated the body condition (mass 

corrected for size) using the scaled mass index proposed by Peig and Green (2009). 

 

2.4. Immune response of adult partridges 

We used the phytohemagglutinin (PHA) skin test to estimate cell-mediated 

immune responsiveness. We performed the test approximately one month after the first 

exposure period in order to determine if this response observed at the end exposure 

period (Lopez-Antia et al. 2013) is sustained. This technique consists in the intradermal 

injection of a small amount of a lectin (PHA) that produces the local infiltration of 

mononuclear cells. Details on the methodology are described in Mougeot et al. (2009). 

 

2.5. Reproductive success 

Partridges that died during the study (due to male aggression in cages) were 

replaced, whenever possible, with birds exposed to the same treatment. The exposure 

period ended on March 14 and the first egg was laid a month later, on April 12. Eggs were 

collected daily, weighed and measured (maximum length and width), and were stored at 

15 °C to suspend embryo development. Every 15 days batches of eggs were transferred to 

an automatic incubator (Masalles Valltrade). Eggs were then incubated at 37.7 °C, 45% 

humidity and with constant movement. Throughout the study, five consecutive batches of 

eggs were incubated. We included the storage time (0-15 days) of each egg in the early 
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statistical models to rule out any possible confounding effect of storage on embryo or 

chick development. Before incubation, the 4th, 8th and 12th egg of the laying sequence of 

each pair were separated and stored at -80 °C to determine egg yolk vitamin and 

carotenoid levels. After 21 days of incubation, we candled eggs to check embryo 

development. Those eggs with a developed embryo were then transferred to a hatching 

chamber and placed in individual cages, while the other ones were opened to confirm if 

they were infertile and measure eggshell thickness (see Lopez-Antia et al. 2013). Upon 

hatching, we measured the tarsus length and body mass of chicks, and marked each 

individually with a plastic leg band. Hatchlings were housed in rooms with constant 

artificial light, a heat lamp and ad libitum water and food (Partridge growth fodder, Nanta-

Nutreco). Chick growth was monitored by measuring tarsus length and body mass on 8, 

16, 24 and 32 days of age. Body condition was calculated as for adults. To perform the 

PHA test, we selected some chicks from the third and fourth hatches. The PHA test was 

performed as described for adults (Mougeot et al. 2009). Parent birds exposed at the low 

exposure dose did not produce enough chicks (see results), so the PHA tests were only 

conducted on the chicks from the control and high dose groups. Chick sex was determined 

as previously described (Fridolfsson and Ellegren, 1999). 

Unhatched eggs were opened and the sex of the dead chicks was determined using 

tissue instead of blood. Eggshell thickness was measured for both unhatched and for 

hatched eggs. 

 

2.6. Physiological responses of adult partridges 

At the end of each exposure period (December 21 and March 14, respectively), we 

collected 1 mL of blood from the jugular vein of each partridge in heparinised tubes. A 

capillary tube of each sample was taken to measure the hematocrit. Blood was 

centrifuged at 10,000 × g for 10 min at 4 °C to separate the cellular fraction (pellet) and 

plasma. All samples were stored at -80 °C for subsequent analysis.  
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We used an automatic spectrophotometer analyser A25 (BioSystems) to measure 

indicators of oxidative stress in red blood cells (RBC) homogenates (Reglero et al. 2009). 

We quantified concentrations of total glutathione (GSH) and oxidized glutathione (GSSG), 

activities of the glutathione peroxidase (GPx, EC 1.11.1.9) and superoxide dismutase (SOD, 

EC 1.15.1.1) (Ransel and Ransod kits, Randox Laboratories), respectively. Total protein was 

quantified in homogenates using the Bradford method (Bradford, 1976). Enzyme activities 

were calculated relative to protein concentration. The CVs of these analytical techniques 

calculated with sample replicates were 3.1% for SOD (n=6) and 2.0% for GPx (n=3). 

Moreover, the analyses of control samples provided by the manufacturer were always 

within the certified range of SOD and GPX activities. For GSH and GSSG assays, the CVs for 

sample replicates (n=6), were of 3.1% and 6.0%, respectively. 

Malondialdehyde (MDA) concentration, a product of lipid peroxidation, in RBC 

homogenates was measured by the method described in Romero-Haro and Alonso-

Alvarez (2014) using an Agilent 1100 Series High performance liquid chromatography 

(HPLC) system (Agilent Technologies) coupled with a fluorescence detector (FLD) and a 5 

µm ODS-2 C-18 (4.0 × 250 mm) column. The CV of this analytical technique was 8.0% 

(n=10). 

We determined retinol (vitamin A), α-tocopherol (vitamin E) and carotenoids 

(zeaxanthin and lutein) concentrations in plasma using HPLC coupled to photodiode (DAD) 

and fluorescence (FLD) detectors (Rodríguez-Estival et al. 2010). For all these antioxidant 

molecules, CVs calculated with samples replicates (n=14) were ≤8.6%. We also extracted 

antioxidants from the egg yolk (Lopez-Antia et al. 2015) and using the same method as for 

plasma antioxidants. For all the antioxidant compounds in the egg yolk, CVs measured in 

samples replicates (n=6) were ≤12.2%. 

Plasma biochemistry (alkaline phosphatase (ALP), alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), lactate dehydrogenase (LHD), creatine phosphokinase 

(CPK), albumin, total protein, glucose, cholesterol, triglycerides, calcium, magnesium, 

phosphorus, creatinine, urea and uric acid) were analyzed spectrophotometrically 
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(BioSystems). For these techniques, control samples provided by the kit manufacturer 

were analysed and results were always within the certified range. 

 

2.7. Color measurements of adult partridges 

We measured the red coloration of the beak and eye rings of partridges, which are 

pigmented by carotenoids and are indicators of individual health (Mougeot et al. 2009) 

and investment in reproduction (Alonso-Alvarez et al. 2012). We measured eye ring and 

beak color before (February, 24) and after (March, 14) the second exposure period using a 

portable spectrophotometer (Minolta CM-2600 d; see Lopez-Antia et al. 2013). At each 

sampling time, three measurements of both the eye ring and beak coloration were taken. 

Reflectance spectrum was determined in the 360 to 700 nm wavelength range. We used 

the SpectraMagic NX software (Konica Minolta) to extract and process the reflectance 

data and to calculate the hue and chroma of the eye ring and beak before and after 

exposure. Color hue is inversely related to red shift (higher values describe a more orange 

color, while lower values describe a redder color). Chroma values are indicative of color 

saturation; chroma is directly proportional to perceived color intensity and purity (i.e. the 

perceived colorfulness of a specific color).  

 

2.8. Statistical analyses 

Treatment effects on adult survival were analyzed using a Kaplan-Meier survival 

analysis and the Mantel-Cox test for pairwise comparisons among treatment groups and 

among sexes within groups. Normality of the model residuals was checked by 

Kolmogorov-Smirnov tests. SOD, GSSG, GSH, magnesium, triglycerides. uric acid, ALP, ALT, 

AST, CPK, LDH and zeaxanthin plasma levels were log-transformed to obtain a normal 

distribution of the model residuals. We tested for thiram treatment effects on blood 

parameters (i.e. hematocrit, oxidative stress indicators, plasma biochemistry, vitamins and 

carotenoids) using linear mixed models which included the individual as a random effect, 
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and the season (first and second exposure), treatment group and the interaction season × 

treatment group as fixed effects (to assess whether treatment effect differed between 

exposure seasons). The interaction was removed from the models when found to be non-

significant. To analyse differences between experimental groups in body condition 

variation after each exposure period, we used General Linear Models (GLM) for repeated 

measures that included the experimental group as fixed factor. To study differences in 

PHA response and carotenoid-based coloration Generalized Linear Models (GLMz) were 

used with the experimental group as fixed factor. For analyses of carotenoid-based 

coloration, the initial color measurements (before exposure) was included as a covariate. 

All initial models included the sex and the sex × treatment interaction as factors and the 

body condition as covariate; these parameters were subsequently removed from the 

models when found to be non-significant. Pearson’s correlation was used to study the 

relationship between parameters.  

Number of laying females and fertile egg, hatching, sex ratio and chick mortality 

rates were fitted to models using binomial error distributions; all other reproductive 

variables were fitted using a normal error distribution. To test for treatment effects on egg 

measurements (length, width, elongation index, eggshell thickness, vitamins and 

carotenoids levels), chick condition at birth and mean survival days a GLMz was used that 

included the experimental dose as a fixed factor and the parental identity nested within 

the experimental dose factor. Initial models testing for treatment effects on egg 

measurements included the “fertile” (binomial) and the “fertile” × treatment interaction, 

which were subsequently removed when found to be non-significant. We also included 

the egg number in the laying sequence as covariate. Treatment effects on chick response 

to PHA were tested using a GLMz with the experimental dose as a fixed factor and the 

chick condition at birth as a covariate. Treatment effects on chick growth were tested 

using a GLM of repeated measures that included the experimental dose and the 

incubation set (sets 1 to 5, corresponding to the successive incubation batches) as fixed 

factors. To study treatment effects on latency to first egg, number of laying females, mean 

clutch size, brood size and fertile egg, hatching, sex ratio and chick mortality rates we also 
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used GLMz with the experimental dose included as a fixed factor but we used the 

breeding pair as experimental unit. We used weighted models to test for treatment 

effects on the rates  

When significant differences were obtained in GLM, GLMz or mixed models, the 

dose causing effects on marginal means was determined through Least Significant 

Difference (LSD) tests. P-values below 0.1 were considered as marginally significant and 

we conducted post-hoc analyses when a p-value within this range was obtained.  

 

3. RESULTS 

3.1. Effects on adult partridges 

Mortality of adult partridges ranged from 12.5 to 25% during the first exposure 

period and from 0 to 10.7% during the second exposure period, with no significant 

differences between treatment groups (Supplemental Data, Table S1). Thiram was 

detected in the crop and gizzard content of two of six partridges that died in the high dose 

group (concentrations: 1.95 and 0.06 µg/g) and of one of three partridge that died in the 

low dose group (concentration: 0.28 µg/g). The remaining animals had no food in the crop 

or gizzard and thiram was no detected in the grit or the mucosa of crop and stomach. 

The concentration of thiram measured in seeds (mean ± SD) was 1.56 ± 0.18 mg/g, 

89.2% of the theoretical value for seeds treated with the high dose and 0.32 ± 0.05 mg/g, 

92.5% of the theoretical value for seeds treated with the low dose. 

Hematocrit of exposed partridges was significantly reduced when compared with 

controls (F2,63.9=4.23, p=0.019; Figure 1); this reduction was only significant for partridges 

from the high dose group. These differences were not explained by changes in body 

condition. Body condition (Supplemental Data, Figure S1) and immune responses to PHA 

(Supplemental Data, Table S1) were slightly lower in the thiram exposed birds compared 

to controls, but these differences were not significant. 
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Plasma cholesterol levels were reduced (F2,114=3.20, p=0.04; Figure 1) in partridges 

from the high dose group relative to controls. This reduction was not explained by 

changes in body condition. The activity of ALP increased in exposed partridges (F1,56.04=6.6, 

p<0.01; Figure 1); these differences were marginally significant for the high dose group 

and highly significant for the low dose group. Variations in ALP activities were partially 

explained by body condition (F1,91.4=8.65, p=0.004), but the experimental dose effect 

remained significant when body condition was included as a covariate. There were no 

differences between treatment groups in any other blood plasma parameters 

(Supplemental Data, Table S1). 

Partridges treated with thiram had greater RBC SOD activity than controls 

(F2,74.7=5.58, p<0.01; Figure 2); these differences were significant for the high dose group 

and marginally significant for the low dose group. Variation in SOD activity was not 

explained by body condition. The concentration of RBC MDA of thiram exposed partridges 

was marginally greater than controls (F2,69.79=2.87, p=0.06; Figure 2), although this effect 

was only significant in the high dose group. There were no differences in the other 

oxidative stress biomarkers (GSH, GSSG and GPX; Supplemental Data, Table S2). Thiram 

treatment affected exogenous antioxidant molecules: α-tocopherol (F2,66.79=3.96, 

p=0.024), retinol (F 2,62.53=6.43, p<0.01) and zeaxanthin (F2,64=3.14, p= 0.05) concentrations 

were greater in plasma of the exposed partridges than controls (Figure 3). Post-hoc tests 

revealed that retinol and zeaxanthin levels were increased by exposure to both doses 

while α-tocopherol levels were only increased after exposure to the low thiram dose. 

Body condition was significantly correlated with retinol (F1,98.42=26.86, p<0.001) and 

zeaxanthin levels (F1,96.74=13.69, p<0.001), but dose effects remained significant when 

body condition was introduced as a covariate in the model. By contrast, body condition 

was not related to α-tocopherol levels. A negative relation was found between winter 

levels of MDA and spring levels of lutein (r=-0.68, p= 0.001, n=19), zeaxanthin (r=-0.63, p= 

0.004, n=19) and α-tocopherol (r=-0.79, p< 0.001, n=19). 

Before the second exposure, carotenoid-based coloration (beak and eye ring hue 

or chroma) did not differ between groups. After the second exposure, eye ring coloration 
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did not differ between treatment groups, but beak hue was significantly reduced at both 

treatment doses (Wald χ2=24.71, df=2, p<0.001; Figure 4). The difference was significant 

for both treatment groups. These differences in beak hue indicated that exposed 

partridges displayed redder beaks than controls (hue inversely related to redness). In 

addition, we found inverse relationships between plasma zeaxanthin levels and beak and 

eye-ring hue (beak: r=-0.48, p= 0.024, n=22; eye-ring: r=-0.45, p= 0.035, n=22), and 

between lutein levels and eye-ring hue (r=-0.46, p= 0.03, n=22). This indicated that a 

redder carotenoid-based coloration was positively associated with greater plasma levels 

of carotenoids, which were greater in exposed partridges compared to controls. 

 

3.2. Effects on reproduction and indirect effects on offspring 

All the reproductive parameters of partridges are summarized in Table 1. There 

were no differences in the number of laying females between groups, but clutch size 

(number of eggs per laying female) tended to be reduced in exposed partridges (Wald 

χ2=5.22, df=2, p=0.073); post-hoc tests revealed a difference between controls and the 

high dose group. The latency of the first egg laid tended to be longer for exposed 

partridges (Wald χ2=4.85, df=2, p=0.09); this effect was only significant in the low dose 

group. Eggs laid by treated partridges were similar to those of controls in length or weight, 

but were narrower in treated groups (Wald χ2=6.55, df=2, p=0.04); this reduction was only 

significant for eggs laid by partridges from the high dose group. Hence, the elongation 

index of eggs laid by exposed partridges was greater than for controls (Wald χ2=5.32, df=2, 

p=0.07). Again, this reduction was only significant for eggs laid by partridges in the high 

dose group. The “fertile” (fertile vs unfertile) factor and the egg number in the laying 

sequence were both significant in the models (both p<0.001). Eggshell of fertile eggs were 

thinner than infertile eggs (interaction treatment × fertile; Wald χ2=6.65, df=3, p=0.04), so 

groups were studied separately. We also found that the egg number in the laying 

sequence was significant in the model (p=0.01). The effect of thiram on the shell thickness 

of both fertilized and unfertilized eggs was not significant when the egg number in the 
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laying sequence was introduced as a covariate. Interestingly, a comparison of the eggshell 

thickness of all the fertilized eggs among treatment groups revealed a significant negative 

effect of thiram on eggshell thickness (F2,107=14.35, p<0.001; Table 1). However, an 

opposite treatment effect was observed in the unfertilized eggs (F2,63=7.48, p=0.001; Table 

1).  

Eggs laid by treated partridges tended to have greater yolk concentrations of α-

tocopherol (Wald χ2=5.32, df=2, p=0.07) and lutein (Wald χ2=4.99, df=2, p=0.08) in the 

high dose group, and marginally greater levels of zeaxanthin (Wald χ2=5.10, df=2, p=0.08) 

in both treatment groups. The egg number in the laying sequence was significant for α-

tocopherol concentration (p=0.01), but not for zeaxanthin or lutein concentration. There 

were no significant differences among treatment groups for retinol concentration in the 

egg yolk (Table 1). 

The ratio of fertile to total eggs laid differed between treatment groups (Wald 

χ2=13.58, df=2, p=0.001; Table 1), with a lower percentage of fertile eggs in the low dose 

group than in the control group (post-hoc p<0.001). This effect, together with the smaller 

clutch size resulted in a reduced brood size (Wald χ2=4.91, df=2, p=0.086; Table 1), the 

difference being significant in the low dose group. The hatching rate and the sex-ratio of 

hatchlings did not differ between experimental groups. 
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Figure 1. Mean (± S.E.) haematocrit and plasma levels of cholesterol and alkaline phosphatase 

activity in control, low dose and high dose treated partridges after the autumn and the spring 

exposures. Sample sizes per treatment and exposure time ranged between 24-28 partridges. 

Different letters indicate overall differences among marginal means of the different treatments 

(LSD: p < 0.05). 
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Figure 2. Mean Superoxide dismutase (SOD) activity and Malondialdehyde (MDA) concentration (± 

S.E.) in red blood cells in control, low dose and high dose treated partridges after the autumn and 

the spring exposure. Sample sizes per treatment and exposure time ranged between 19-26 

partridges. Different letters indicate overall differences among marginal means of the different 

treatments (LSD: p < 0.05). 
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Figure 3. Mean (± S.E.) plasma levels of α-tocopherol, retinol, lutein and zeaxanthin in control, low 

dose and high dose treated partridges after the autumn and the spring exposures Sample sizes per 

treatment and exposure time ranged between 19-26 partridges. Different letters indicate overall 

differences among marginal means of the different treatments (LSD: p < 0.05). 
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Figure 4. Mean (± S.E.) beak hue of control and exposed partridges before and after the spring 

exposure. Note that hue values are inversely related to redness (the lower the hue, the redder the 

beak). N=25 for control, N=26 for low dose and N=23 for high dose. Different letters indicate 

significant differences (LSD: p < 0.05). 
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Table 1. Reproductive and immune response parameters (n, % or mean ± S.E.) of partridge pairs 

from the different experimental groups. 

Parameter Control Low dose High dose 

Number of pairs 12 9 10 

Number of laying females 7 4 8 

Total number of eggs 139 43 81 

Clutch size per laying female 19.9 ± 4.4 10.7 ± 3.2 10.1 ± 3.0 

Latency -Days to the first egg 12.3 ± 4.2 28.2 ± 3.1* 21.7 ± 5.9 

Egg length (mm)b 39.9 ± 0.1 40.0 ± 0.2 40.1 ± 0.2 

Egg width (mm)b 29.7 ± 0.1 29.3 ± 0.1 29.2 ± 0.1** 

Elongation indexb 1.34 ± 0.01 1.36 ± 0.01 1.37 ± 0.01* 

Egg mass (g)b 18.6 ± 0.1 18.5 ± 0.2 18.2 ± 0.2 

Shell thickness of fertile eggs (µm) 225 ± 2 211 ± 6* 207 ± 2** 

Shell thickness of fertile eggs (µm)b 218 ± 2 208 ± 5 214 ± 3 

Shell thickness of unfertile eggs (µm) 219 ± 3 236 ± 4** 236 ± 5** 

Shell thickness of unfertile eggs (µm)b 221 ± 3 226 ± 3 229 ± 3 

Retinol in yolk (nmol/g)b 454 ± 21 471 ± 30 431 ± 24 

Tocoferol in yolk (nmol/g)b 896 ± 92 1116 ± 132 1154 ± 109* 

Lutein in yolk (nmol/g)b 36.7 ± 4 36.6 ±5.7 49.4 ± 4.7* 

Zeaxanthin in yolk (nmol/g)b 26.7 ± 2.0 33.2 ± 2.9 32.6 ± 2.4 

Fertile eggs (%) 62.5 34.3** 58.8 

Hatching rate of fertile eggs (%) 85.4 83.3 95.0 

Total number of chicks 70 10 38 

Brood size 11.7 ± 2.9 3.3 ± 1.4* 7.6 ± 2.7 

Chick body condition at birthb 5.83 ± 0.05 5.86 ± 0.13 5.92 ± 0.07 

Chick mortality (%) 35.7 60.0 38.5 

Female ratioa 0.54 ± 0.1 0.44 ± 0.2 0.47 ± 0.1 

Chick survival time after hatching (days) 25.2 ± 1.3 25.6 ± 3.0 22.1 ± 2.4 

PHA test-Wing web swelling (µm) 336 ± 30   132 ± 40* 

a Number of female chicks / Total number of chicks. 

bMarginal means for the nested model. 
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Body weight of chicks did not differ at hatch, but chicks from exposed partridges 

showed slower growth rates than chicks from control partridges during the first 24 days of 

life (F=3.27, df=2, p=0.05; Figure 5); this difference was significant for the low dose group. 

There were no significant differences in chick mortality rate or survival time between 

treatment groups, but chicks from the high dose group showed a reduced response to 

PHA compared with chicks from the control group (Wald χ2=17.67, df=1, p<0.001; Table 

1).  
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Figure 5. Mean (± S.E.) body condition (scaled mass index, see methods) of chicks at birth (day 0) 

and at 8, 16 and 24 days of age according to the treatment received by their parents (initial sample 

sizes were of 70, 10 and 37 for the control, low dose and high dose experimental groups, 

respectively). Different letters indicate significant differences among treatment groups (LSD: 

p<0.05).  

 

4. DISCUSSION 

The ingestion of thiram treated seeds by adult partridges did not evoke mortality, 

but did produce a range of sublethal effects, affected reproductive performance and 
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immune function of offspring. Changes in biochemical and oxidative stress parameters, as 

well as changes in carotenoid-based coloration in partridges, were observed at both 

exposure doses. Compared to controls, there was some evidence that reproduction of 

exposed partridges was impaired, especially in the group exposed to the low thiram dose. 

Exposure to thiram coated seeds delayed egg laying, reduced clutch size, and also reduced 

egg size (width) and altered eggshell thickness. There were also important effects on the 

fertile egg ratio (less than half of eggs laid by partridges exposed to the low dose were 

fertile), and brood size in partridges exposed to the low dose was reduced. Chick’s survival 

was not affected by parent ingestion of treated seeds, but effects on their growth rates 

and cellular immune responsiveness were detected. Thiram effects on the studied 

endpoints, and the proposed pathways that relate these at each biological level, are 

represented in Figure 6.  

 

4.1. Effects on adult partridges 

With a normal food ingestion rate for a captive red-legged partridge (25 g 

wheat/day; Lopez-Antia et al. 2014), an average bird weight of 393 g, and considering the 

measured concentration of toxicant in the seeds (0.32 and 1.56 mg/g for low and high 

dose, respectively), birds would have been exposed to a daily dose of 20.3 and 99.2 mg of 

thiram per kg of body weight under the low and high exposure doses, respectively. These 

levels are well below the documented oral LD50s for birds (673-2800 mg/kg; Hudson et al. 

1984), and substantiate the absence of significant adult mortality in the present study.  

The body condition of adult partridges did not differ between groups throughout 

the experiment (Supplemental Data, Figure S1), suggesting that partridges exposed to 

coated seeds did not reduce their food consumption compared with controls. This is 

consistent with the results of Lopez-Antia et al. (2014), which showed that the initial 

rejection of seeds treated with thiram at the application rate (the high dose in the present 

experiment) disappears over time when there is no alternative food source.  
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We observed a significant reduction in plasma cholesterol in the high dose group 

and increased activity of plasma ALP in both exposed groups compared to controls (Figure 

1). This could reflect hepatic lesions (Lewandowski et al. 1986) caused by exposure to 

thiram. Alternatively, ALP activity (the bone isoform) is also an indicator of osteoblastic 

activity (Lewandowski et al. 1986). The observed changes in this enzyme activity may be 

associated with the effects of thiram on bone metabolism and tibial dyschondroplasia 

(Simsa et al. 2007). Previous studies found increased cholesterol serum levels in chicks 

(Subapriya et al. 2007a), rats (Mishra et al. 1998) and dogs (Maita et al. 1991) and 

increased ALP activity in rats (Mishra et al. 1998; Maita et al. 1991) and dogs (Maita et al. 

1991) exposed to thiram.  

The harmful effects of many toxicants are due to the production of ROS, which 

must be abated by the antioxidant system to limit oxidative damage, and so oxidative 

stress biomarkers are important and relevant in toxicological studies. Moreover, because 

of its structure, thiram has two potential effects; it has an oxidizing effect due to its 

disulfide bridge that may interact with SH groups of proteins and cofactors, but also a 

reductive effect due to its SH group of the dimethyldithiocarbamate anion (Rasul and 

Howell, 1974; Grosicka et al. 2005). In the present study, an increase in SOD activity was 

observed in RBCs, in partridges exposed to both doses of thiram (Figure 2). SOD is the first 

line of the antioxidant defense, because it acts against superoxide anion (O2
·-), generated 

during phase I reactions of xenobiotic detoxification, converting it into hydrogen peroxide 

(H2O2). Although antioxidant defenses increased in exposed partridges (SOD activity, 

vitamins and carotenoids plasma levels (see discussion below)), these changes did not 

prevent oxidative damage in birds exposed to the high dose of thiram, that exhibited 

increased lipid peroxidation (i.e.greater MDA levels in RBCs) (Figure 2). Lipid peroxidation 

could explain some of the thiram effects on plasma biochemistry (liver damage), 

hematocrit (hemolytic anemia) and fertility of the red-legged partridges in the present 

study. Li et al. (2007) observed an increase in MDA levels in the liver of chicks fed with a 

diet containing 0.05 and 0.1 mg/g of thiram during 28 days that was accompanied by a 

reduction in SOD activity. Other studies have detected oxidative damage produced by 
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thiram in vitro. For example, Grosicka et al. (2008) reported increases in antioxidant 

enzymes (SOD, GPx and GSH reductase (GR)) and a decrease in GSH/GSSG ratio after the 

incubation of hamster cells in a culture medium with 150 µM of thiram. In other studies, 

Grosicka et al. 2005 found decreases in GSH and increases in thiobarbituric acid reactive 

substances (TBARS; a measure of lipid peroxidation equivalent to MDA) after the 

incubation of cells with 50 and 100 µM of thiram. Previously, Cereser et al. (2001) 

detected a reduction in GR activity and an increase in GSH/GSSG ratio and TBARS in 

human fibroblast incubated with various concentrations of thiram.  

Plasma concentrations of vitamins (retinol and α-tocopherol) and zeaxanthin were 

enhanced in thiram exposed partridges (Figure 3). These vitamins are obtained from the 

diet and act, among other functions, as antioxidants. Therefore, increased concentrations 

after thiram exposure may reflect increased intestinal absorption of these antioxidants or 

their mobilization from fat or liver, where they are stored. Such changes in plasma 

antioxidant levels were more prominent after the second exposure. This could be due to a 

conditioning hormesis or priming effect, with a greater response after an initial exposure 

period. This is evidenced by the fact that, at the high dose, MDA levels after the first 

exposure were highly correlated with α-tocopherol, lutein and zeaxanthin levels after the 

second exposure. As discussed above, this increase in circulating antioxidant compounds 

were not enough to overcome the pro-oxidant effect of thiram. In addition, it can also 

lead to depletion of antioxidant body reserves, and in the long term, to a lower 

investment in other functions, such as reproduction (see discussion below). 

Exposed partridges exhibited increased carotenoid-based coloration of their beak 

(the greater reduction in hue than controls indicated an increase in beak redness; Figure 

4). This change in beak redness was dose-dependent (intermediate and high in the low 

and high exposure dose groups, respectively). The red color of partridge ornaments is due 

to the presence of astaxanthin, a pigment that is produced through two oxidation steps 

from zeaxanthin (García-de Blas et al. 2014), a process that could have been enhanced by 

thiram exposure. Moreover, zeaxanthin plasma levels and beak hue were correlated, so 

the increase in beak redness could be related to a greater mobilization of carotenoids and 
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other antioxidants after thiram exposure. The red coloration of partridges may be an 

index of body condition and health in the red-legged partridge (Mougeot et al. 2009). 

Here, we found that carotenoid-based coloration increased in birds exhibiting sub-lethal 

effects. This could be of concern if similar effects occur in the wild, knowing that 

carotenoid-based coloration often influence mate choice, with a preference for redder 

individuals. This could result in preferential selection of more colorful individuals that have 

been exposed to a toxicant with potential reproductive effects over minimally or 

unexposed individuals. 

 

4.2. Effects on reproduction and indirect effects on offspring 

Partridges fed with thiram treated seeds laid smaller clutches than controls, and 

delayed laying onset (Table 1). These effects may be indicative of reproduction saving due 

to antioxidant allocation trade-offs between detoxification and reproduction (see below). 

It has been demonstrated that individuals with late laying dates have smaller clutches and 

reduced re-nesting oportunities. Moreover, in the present experiment, smaller clutches 

from treated partridges allowed greater levels of antioxidants in each egg (Table 1). Eggs 

laid by exposed partridges were also narrower than those laid by control partridges (Table 

1), suggesting that thiram exposed partridges lay smaller eggs. These effects suggest a 

lower reproductive investment of thiram exposed partridges. In fact, adverse effects of 

thiram over egg production have been previously reported. Weppelman et al. (1980) 

detected that 0.125 mg/g of thiram in the diet of hens terminated egg production after 

two days and caused severe ovarian atrophy after 7 days. A 50% reduction in egg laying 

capacity was observed in bobwhite quail exposed to 8.8 mg of thiram/kg/day (Wedig et al. 

1968). These experiments used lower exposure rates and administered thiram during the 

egg laying period, whereas we terminated exposure at least 29 days before the onset of 

lay. Antioxidant reserves are essential to keep the redox balance during reproduction, 

because breeding effort is known to promote oxidative damage (Alonso-Alvarez et al. 

2012). Therefore, antioxidant reserve depletion due to toxicant exposure may lead to 
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lower investment in reproduction (Figure 6). The delayed laying onset in exposed 

partridges could thus be related to the necessity of reducing breeding effort and 

reallocation of energetic resources for recovery from oxidative stress generated by the 

fungicide exposure.   

The fertile egg ratio was reduced in the exposed partridges, especially in the low 

dose group, which resulted in smaller brood sizes in this treatment group (Table 1). 

Oxidative damage could be within the etiology of thiram-induced infertility. The 

membrane of spermatozoa is rich in polyunsaturated fatty acids and therefore these cells 

are especially sensitive to lipid peroxidation, one of the main causes of infertility in males 

(Aitken et al. 2003). In females, relationships between oxidative damage and reproductive 

pathologies that lead to infertility have also been described (Agarwal et al. 2012). 

Infertility may be was more apparent in the low dose group because these partridges also 

laid smaller clutches.  

Another explanation for thiram-induced infertility could be a disruption in 

circulating hormone concentrations due to an inhibition of the action of the enzyme 

dopamine-β-hydroxylase (Serio et al. 1984; Stoker et al. 1993; Stoker et al. 1996; 

Weppelman et al. 1980), which converts the dopamine to norepinephrine, a 

neurotransmitter with an important role in the hypothalamic regulation of pituitary 

function. Weppelman et al. 1980 reversed the infertility caused by thiram in laying hens by 

treating with follicle stimulating hormone and gonadotropin releasing hormone. 

Moreover, Serio et al. (1984) demonstrated that any dose of thiram, which cause 

antigonadal action in hens, also decreased stores of norepinephrine. Thiram may affect 

reproduction in other ways. Decreases in gonad weights (testes, ovarian and oviduct) 

along with interruption of egg laying have been found in quails fed with thiram during 

reproduction (Wedig et al. 1968; Lorgue et al. 1975). In domestic fowl thiram produced 

the degeneration of the seminiferous epithelium of adults and a delay in the testicular 

development of immatures (Rasul and Howell, 1974).  
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Guitart et al. (1996) detected soft eggshells after an accidental ingestion of thiram 

coated seeds by laying hens. We observed thinner eggshell in the fertilized than in the 

unfertilized eggs, which may respond to the shell reabsorption during embryo 

development (Castilla et al. 2010). Moreover, thiram treatment reduced the eggshell 

thickness in the fertilized eggs, which may indicate an enhanced shell reabsorption in 

these eggs during embryo development, in contrast to unfertilized eggs (Table 1). These 

findings could be related to the smaller clutch size in the treated partridges, because only 

the interaction between treatment × fertilization was significant when laying order was 

included in the analysis nested by the parental identity. In our previous study, thiram 

reduced eggshell thickness (Lopez-Antia et al. 2013), but effects in fertile and infertile eggs 

were not examined. 

There were no differences in chick survival, sex ratio or chick body condition at 

hatch between thiram treatment groups. However, chicks produced by parents exposed at 

the low thiram dose exhibited reduced growth rate (Figure 5). This reduction in the 

growth rate was also evident for chicks from the high dose group during the first 16 days 

of life (Figure 5), but the effect was not apparent on day 24. This could be due to the 

mortality that occurred between days 16 and 24 (36% of the chicks measured on day 16 

died before day 24), which may have affected smaller less-fit chicks. Moreover, chicks 

produced by parents exposed at the high thiram dose had reduced cellular immune 

responsiveness (reduced responses to the PHA test; Table 1). These effects on chicks were 

not explained by the antioxidant content of the egg yolk, since increased levels of 

antioxidants should enhance, not reduce, these parameters. In a related experiment 

performed with imidacloprid (Lopez-Antia et al. 2015), an insecticide used for seed 

treatment, eggs laid by exposed partridges also had higher levels of vitamins and 

carotenoids in their yolk, and their offspring also had a reduced response to PHA. We did 

not test the immune response of chicks in the previous experiment with thiram (Lopez-

Antia et al. 2013), but chick mortality was increased for parents exposed to seeds treated 

at the recommended application rate. An Escherichia coli outbreak occurred in the farm 
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during that previous experiment, so chicks from the exposed group may have been more 

vulnerable due to a depressed immune system.  

The experimental exposure levels used in this experiment could be encountered by 

partridges in the field. In a recent study, we found that the density of non-buried seeds 

available for birds after sowing is approximately 7.3 seeds/m2 (Lopez-Antia, IREC, Ciudad 

Real, Spain, unpublished data). With this density, partridges would be exposed to doses 

tested in the present study in a field area of 16 or 80 m2, less than 1% of their home range. 

Moreover, approximately a 62% of the biomass consumed by wild partridges in winter 

comes from cereal seeds (Lopez-Antia, IREC, Ciudad Real, Spain, unpublished data). This 

suggests that the probability of exposure, and in turn deleterious sublethal effects, is high 

and could be affecting wild partridges and other granivorous birds. 

 

CONCLUSIONS 

The present study describes important reproductive effects of thiram exposure on 

a wild bird species and raises some concern about its use as seed dressing. Of concern is 

the relatively small exposure dose (20% of thiram treated seeds in the diet of partridges) 

during the sowing periods could potentially reduce the brood size. Furthermore, overall 

reproductive success of exposed partridges could be affected, with deleterious effects on 

offspring. Despite the limitations of laboratory studies and the difficulty of extrapolating 

these results to the field, reported effects on reproductive performance and immune 

function highlight the consequences that thiram treated seed ingestion can have on wild 

granivorous birds in farmland ecosystems.  

 

 



 

 

 

 

 
Figure 6. Thiram effects on the studied endpoints, and the proposed pathways that relate these at each biological level. The significant effects 

observed in the present study are marked with an asterisk. Here, the antioxidants allocation trade-off between detoxification and other essential 

functions (reproduction and immune response) has been investigated as a keystone of this scheme. These proposed linkages around the 

oxidative stress hypothesis could interact with a more specific mechanistic pathway for reproductive impairment through endocrine disruption of 

thiram at the hypothalamic-pituitary axis.  



Tesis doctoral – Ana López Antia 

 

160 

 

ACKNOWLEDGMENTS 

The present study was financed by FEDENCA (Real Federación Española de 

Caza) and Oficina Nacional de Caza with the partnership of Fundación Biodiversidad. 

Funding sources had no involvement in study design or execution. We thank to J. Feliu, 

X. Piñeiro, J. Rodriguez-Estival, I. Sanchez-Barbudo, L. Monsalve-Gonzalez and M. 

Martinez-Haro for their help. 

 

REFERENCES 

Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta, S. 2012. The effects of 

oxidative stress on female reproduction: A review. Reprod Biol Endocrin 10: 49. 

Aitken,RJ, Baker MA, Sawyer D. 2003. Oxidative stress in the male germ line and its 

role in the aetiology of male infertility and genetic disease. Reprod Biomed 

Online 7: 65-70. 

Alonso-Alvarez C, Pérez-Rodríguez L, Ferrero ME, de-Blas EG, Casas F, Mougeot F. 

2012. Adjustment of female reproductive investment according to male 

carotenoid-based ornamentation in a gallinaceous bird. Behav Ecol Sociobiol. 

66: 731-742. 

Banerjee,BD. 1999. The influence of various factors on immune toxicity assessment of 

pesticide chemicals. Toxicol Lett 107: 21-31. 

Bradford MM. 1976. A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal 

Biochem. 72: 248-254. 

Castilla AM1, Herrel A, Robles H, Malone J, Negro JJ. 2010. The effect of developmental 

stage on eggshell thickness variation in endangered falcons. Zoology 113: 184-

188. 

Cereser C, Boget S, Parvaz P, Revol A. 2001. Thiram-induced cytotoxicity is 

accompanied by a rapid and drastic oxidation of reduced glutathione with 

consecutive lipid peroxidation and cell death. Toxicology 163: 153-162. 



Capítulo IV 

 

161 

 

De Snoo GR, Scheidegger NMI, De Jong FMW. 1999. Vertebrate wildlife incidents with 

pesticides: A European survey. Pest sci 55: 47-54. 

European commission, 2007. Commission documents. [Cited 12 January 2015]. 

Available from: 

http://ec.europa.eu/environment/chemicals/endocrine/documents/index_en.h

tm 

Fridolfsson AK, Ellegren H. 1999. A simple and universal method for molecular sexing 

of non-ratite birds. J. Avian Biol. 30: 116-121. 

García-de Blas E, Mateo R, Guzmán Bernardo FJ, Rodríguez Martín-Doimeadios RC, 

Alonso-Alvarez C. 2014. Astaxanthin and papilioerythrinone in the skin of birds: 

a chromatic convergence of two metabolic routes with different precursors? 

Naturwissenschaften 101: 407-416. 

Grosicka E, Sadurska B, Szumilo M, Grzela T, Łazarczyk P, Niderla-Bielińska j, Rahden-

Staroń, I. 2005. Effect of glutathione depletion on apoptosis induced by thiram 

in Chinese hamster fibroblasts. Int Immunopharmacol 5: 1945-1956. 

Grosicka-Maciag E, Kurpios D, Czeczot H, Szumilo M, Skrzycki A, Suchocki P, Rahden-

Staron I. 2008. Changes in antioxidant defence systems induced by thiram in 

V79 Chinese hamster fibroblasts. Toxicol in Vitro 22: 28-35. 

Guitart R, Mateo R, Gutierrez JM, Figueras J. 1996. An outbreak of thiram poisoning on 

Spanish poultry farms. Vet Hum Toxicol 38: 287-288. 

Hallmann CA, Foppen RPB, Van Turnhout, CAM, De Kroon H, Jongejans E. 2014. 

Declines in insectivorous birds are associated with high neonicotinoid 

concentrations. Nature 511: 341-343. 

Hudson RH, Tucker RK, Haegele MA. 1984. Handbook of toxicity of pesticides to 

wildlife. Resource publication 153. United States Department of the Interior, 

Fish and Wildlife Service, Washington, DC. 

Lewandowski AH, Campbell TW, Harrison GJ. 1986. Clinical chemistries. In: Harrison GJ, 

Harrison LR ,eds, Clinical avian medicine and surgery. W.B. Saunders Company, 

Philadelphia, pp 192-200. 

Li J, Bi D, Pan S, Zhang Y. 2007. Effect of diet with thiram on liver antioxidant capacity 

and tibial dyschondroplasia in broilers. Brit Poultry Sci 48: 724-728. 



Tesis doctoral – Ana López Antia 

 

162 

 

Lopez-Antia A, Ortiz-Santaliestra ME, Mateo R. 2014. Experimental approaches to test 

pesticide-treated seed avoidance by birds under a simulated diversification of 

food sources. Sci Total Environ 496: 179-187. 

Lopez-Antia A, Ortiz-Santaliestra ME, Mougeot F, Mateo R. 2013. Experimental 

exposure of red-legged partridges (Alectoris rufa) to seeds coated with 

imidacloprid, thiram and difenoconazole. Ecotoxicology 22: 125-138. 

Lopez-Antia A, Ortiz-Santaliestra ME, Mougeot F, Mateo R. 2015. Imidacloprid-treated 

seed ingestion has lethal effect on adult partridges and reduces both breeding 

investment and offspring immunity. Environ Res 136: 97-107.  

Lorgue G, Delatour P, Courtot D. 1975. A study of the toxic effects of thirame, a 

fungicide of the dithiocarbamate group, in the quail. Rev Med 38: 365-382. 

Madsen J. 1996. Exposure of spring-staging pink-footed geese Anser brachyrhynchus 

to pesticide-treated seed. Wildlife Biol 2: 1-9. 

Maita K, Tsuda S, Shirasu Y. 1991. Chronic toxicity studies with thiram in Wistar rats 

and beagle dogs. Fundam Appl Toxicol 16: 667-686. 

Mineau P, Whiteside M. 2013. Pesticide acute toxicity is a better correlate of U.S. 

grassland bird declines than agricultural intensification. PLoS One 8: e57457. 

Mishra VK, Srivastava MK, Raizada RB. 1998. Testicular toxicity in rat to repeated oral 

administration of tetramethylthiuram disulfide (Thiram). Indian J Exp Biol 36: 

390-394. 

Mougeot F, Perez-Rodriguez L, Sumozas N, Terraube J. 2009. Parasites, condition, 

cellular immunity and carotenoid-based ornamentation in male red-legged 

partridge Alectoris rufa. J Avian Biol 40: 67-74. 

Peig J, Green AJ. 2009. New perspectives for estimating body condition from 

mass/length data: The scaled mass index as an alternative method. Oikos 118: 

1883-1891. 

Perez y Perez F. 1981. La perdiz roja española. 1st ed. Editorial científico-médica, 

Barcelona, pp. 250-251.  

Rasul AR, Howell JM. 1974. The toxicity of some dithiocarbamate compounds in young 

and adult domestic fowl. Toxi Appl Pharm 30: 63-78. 

Rath NC, Huff WE, Bayyari GR, Balog JM. 1995. Effect of thiram on chick chondrocytes 

in culture. J Toxicol Env Health 44: 369-376. 



Capítulo IV 

 

163 

 

Reglero MM, Taggart MA, Monsalve-González L, Mateo R. 2009. Heavy metal exposure 

in large game from a lead mining area: Effects on oxidative stress and fatty acid 

composition in liver. Environ. Pollut. 157: 1388-1395. 

Rodríguez-Estival J, Martinez-Haro M, Martin-Hernando MP, Mateo R. 2010. Sub-

chronic effects of nitrate in drinking water on red-legged partridge (Alectoris 

rufa): Oxidative stress and T-cell mediated immune function. Environ Res 110: 

469-475. 

Romero-Haro AA, Alonso-Alvarez C. 2014. Covariation in oxidative stress markers in 

the blood of nestling and adult birds. Physiol Biochem Zool 87: 353-362. 

Serio R, Long RA, Taylor JE. 1984. The antifertility and antiadrenergic actions of 

thiocarbamate fungicides in laying hens. Toxic Appl Pharm 72: 333-342. 

Simsa S, Hasdai A, Dan H, Ornan EM. 2007. Induction of tibial dyschondroplasia in 

turkeys by tetramethylthiuram disulfide (Thiram). Poultry Sci 86: 1766-1771. 

Stoker TE, Cooper RL, Goldman JM, Andrews JE. 1996. Characterization of pregnancy 

outcome following thiram-induced ovulatory delay in the female rat. 

Neurotoxicol Teratol 18: 277-282. 

Stoker TE, Goldman JM, Cooper RL. 1993. The dithiocarbamate fungicide thiram 

disrupts the hormonal control of ovulation in the female rat. Reprod Toxicol 7: 

211-218. 

Subapriya S, Vairamuthu S, Murali Manohar B, Balachandran C. 2007 a. 

Clinicopathological investigation on thiram toxicosis in broiler chicken. Int J 

Poult Sci 6: 242-244. 

Subapriya S, Vairamuthu S, Murali Manohar B, Balachandran C. 2007b. A study on 

immunopathologic effect of thiram toxicosis in broiler chicken. Int J Poult Sci 6: 

245-247. 

Surai PF, Speake BK. 1998. Distribution of carotenoids from the yolk to the tissues of 

the chick embryo. J Nutr Biochem 9: 645-651 

Wedig J, Cowan A, Hartung R. 1968. Some effects of Tetramethyl Thiuram Disulfide 

(TMTD) on reproduction of bobwhite quail (Colinus virginianus). Toxi Appl 

Pharm 12: 293-&. 



Tesis doctoral – Ana López Antia 

 

164 

 

Weppelman RM, Long RA, van Iderstine A, Taylor JE, Tolman RL,Peterson L, Olson G. 

1980. Antifertility effects of dithiocarbamates in laying hens. Biol Reprod 23: 

40-46. 

Werner SJ, Linz GM, Tupper SK, Carlson JC. 2010. Laboratory efficacy of chemical 

repellents for reducing blackbird damage in rice and sunflower crops. J Wildlife 

Manage 74: 1400-1404. 



 

 

 

SUPPORTING INFORMATION 

Table S1. Mean (± SE) body condition, haematocrit, cellular immune response (wing web swelling) and plasma biochemical parameters of partridges in each 

experimental group after both exposure periods. 

Parameter Autumn exposure Spring exposure 
 Control Low dose High dose Control Low dose High dose 
Initial N 32 32 32 28 26 24 
Mortality (%) 12.5 18.75 25 10.7 3.85 0 
N 28 26 24 25 25 24 
Body conditionb  403 ± 9 387 ± 13 393 ± 11 426 ± 7 424 ± 7  419 ± 7  
Haematocrit (%) 34.9 ± 1.4 35.2 ± 1.6 33.7 ± 1.4 42.6 ± 0.7 40.3 ± 0.85* 39.2 ± 0.97** 
Wing web swelling (mm) 0.52 ± 0.02 0.47 ± 0.04 0.51 ± 0.03    
Albumin (g/L) 14.7 ± 0.8 12.1 ± 1.0* 12.6 ± 0.7 17.2 ± 0.6 17.9 ± 0.8 15.7 ± 0.8 
Bilirrubin (mg/dL) 31.5 ± 5.0 25.7 ± 3.4 28.2 ± 2.9 42.85 ± 4.1 45.2 ± 3.8 43.8 ± 4.4 
Alkaline phosphatase (U/L) 1981 ± 231 2972 ± 449  2328 ± 333 1791 ± 267 3809 ± 613* 3124 ± 595 
Alanine aminotransferase (U/L) 34.2 ± 6.9 20.0 ± 1.9* 34.2 ± 4.7 28.00 ± 3.7 24.96 ± 2.0 30.86 ± 3.5 
Aspartate aminotransferase (U/L) 295 ± 22 339 ± 27 300 ± 16 264 ± 16 307 ± 22 324 ± 30 
Creatine phosphokinase (U/L) 656 ± 135 778 ± 110 850 ± 142 663 ± 76 605 ± 64 509 ± 45 
Creatinin (mg/dL) 0.529 ± 0.03 0.498 ± 0.02 0.499 ± 0.01 0.474 ± 0.02 0.46 ± 0.01 0.448 ± 0.02 
Uric acid (mg/dL) 1.74 ± 0.30 1.67 ± 0.26 1.83 ± 0.38 6.33 ± 0.98 7.37 ± 1.17 7.44 ± 1.19 
Calcium (mg/dL) 11.8 ± 0.6 10.4 ± 0.6 11.0 ± 0.5 12.3 ± 0.4 11.8 ± 0.6 11.2 ± 0.6 
Cholesterol (mg/dL) 215.7 ± 15.5 218.1± 20.7 152.4 ± 11.7** 203.1 ± 12.2 209.2 ± 15.9 196.4 ± 17.2 
Glucose (mg/dL) 400.9 ± 16.2 421.4 ± 18.6 433.3 ± 24.3 423.3 ± 11.4 389.9 ± 21.7 419.3 ± 15.5 
Magnesium (mg/dL) 3.98 ± 0.22 3.56 ± 0.16 4.08 ± 0.38 4.16 ± 0.94 3.75 ± 0.17* 3.70 ± 0.11* 
Phosphorus (mg/dL) 5.77 ± 0.52 5.70 ± 0.66 5.41 ± 0.51 6.47 ± 0.30 6.36 ± 0.36 5.74 ± 0.32 
Total protein (g/L) 43.6 ± 2.3 40.3 ± 1.8 41.6 ± 2.2 49.4 ± 1.2 46.8 ± 2.7 42.8 ± 2.0 
Triglycerides (mg/dL) 224 ± 30 191 ± 13 218 ± 35 202 ± 22 185 ± 14 230 ± 25 
Lactate dehydrogenase (U/L) 2090 ± 146 2003 ± 169 1965 ± 219 1839 ± 113 1901 ± 162 2213 ± 209 

*,**Significantly different from controls in the corresponding season at the p ≤ 0.05 and p ≤ 0.01 levels, respectively. These additional analyses have been 

performed for each season separately, but results in the text (and figures) are based on an integrated statistical analysis with both seasons together. 



 

 

 

Table S2. Mean (± SE) values of oxidative stress biomarkers, vitamins and carotenoid levels in each experimental group after both exposure periods. 

Parameter Autumn exposure Spring exposure 

 Control Low dose High dose Control Low dose High dose 

N 23 21 19 25 26 23 

RBC MDA (nmol/gr) 5.97 ± 0.27 5.45 ± 0.22 6.45 ± 0.31 5.78 ± 0.28 6.09 ± 0.25 6.44 ± 0.38 

RBC GSH (µmol/gr) 3.19 ± 0.27 2.812 ± 0.238 3.214 ± 0.262 3.56 ± 0.22 3.45 ± 0.14 3.83 ± 0.25 

RBC GSSG (µmol/gr) 685 ± 73 630 ± 94 594 ± 71 642 ± 81 804 ± 102 808 ± 109 

RBC GPX (IU/mg prot.) 0.402 ± 0.02 0.370 ± 0.02 0.322 ± 0.03 0.559 ± 0.038 0.573 ± 0.043  0.559 ± 0.044 

RBC SOD (IU/mg prot.) 1.38 ± 0.08 1.89 ± 0.13** 2.02 ± 0.12** 1.00 ± 0.111 0.98 ± 0.09 1.28 ± 0.13** 

Retinol (µM) 36.3 ± 3.4 39.0 ± 3.84 41.6 ± 3.34 50.1 ± 2.3 56.0 ± 2.97 62.3 ± 2.8* 

Tocoferol (µM) 27.3 ± 2.3 33.2 ±2.5* 25.4 ±2.9 26.5 ± 1.9 33.9 ± 2.3* 30.0 ± 1.9 

Lutein (µM) 1.59 ± 0.17 1.59 ±0.13 1.39 ± 0.21 3.07 ± 0.26 3.75 ± 0.25 3.65 ± 0.25 

Zeaxanthin (µM) 1.53 ± 0.31 1.50 ±0.16 1.57 ±0.40 6.10 ± 0.50 7.79 ± 0.55* 7.97 ± 0.56* 

*,**Significantly different from controls in the corresponding season at the p ≤ 0.05 and p ≤ 0.01 levels, respectively. These additional analyses have been 

performed for each season separately, but results in the text (and figures) are based on an integrated statistical analysis with both seasons together.
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Figure S1. Scaled mass index (mean ± SE) before and after both exposure periods in control, 
low and high dose treated partridges. 
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ABSTRACT 

Fipronil is an insecticide commonly used in agriculture, but there are growing 

concerns on its environment impacts (e.g. harmful effects on pollinators). Fipronil-

treated seed ingestion might threaten granivorous farmland birds, in particular 

Gallinaceus birds particularly sensitive to this insecticide. We report here on exposure 

risk and effects in the red-legged partridge (Alectoris rufa). We fed captive birds with 

untreated maize (controls) or with a mix of untreated-treated maize (ratio 80:20; 

exposed birds) during 10 days in spring (n=12 pairs in each group). We first show that 

exposed partridges did not reject treated seeds, but reduced their total food 

consumption and lost condition. We further studied effects of treated-seed ingestion 

on adult survival, oxidative balance, plasma biochemistry, carotenoid-based coloration, 

cellular immune responsiveness, steroid hormone levels and reproduction. Fipronil 

exposure altered blood biochemistry and sexual hormone levels, reduced cellular 

immune responsiveness, antioxidant levels and carotenoid-based coloration. Exposed 

pairs also had a reduced fertility, produced eggs with fewer antioxidants and offspring 

with a reduced cellular immune responsiveness. These negative effects on adult 

partridges and their reproductive performance highlight that fipronil-treated seed 

ingestion is a significant threat to wild birds. 
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1. Introduction 

Changes in agricultural practices that occurred since the middle of 20th century 

have led to population declines in many species associated with agro-ecosystems. 

Birds are among the most affected taxa; in Europe about 120 species of farmland birds, 

one fifth of European avifauna, are now of conservation concern (Krebs et al. 1999, 

Donald et al. 2010). Pesticide use is a key factor in explaining farmland bird declines, 

either because indirect effects on habitats and food supply (Rands, 1985; Boatman et 

al. 2004; Newton, 2004; Hallmann et al. 2014), or because of direct toxic effects on the 

bird health (Ratcliffe, 1967; Fry, 1995; Mineau and Whiteside, 2013). A pesticide toxic 

effect can be lethal or sublethal, and there is a great variety of sublethal effects, which, 

depending on their targets and adverse effect degree, can ultimately affect survival or 

reproduction, and therefore affect population dynamics.  

Fipronil is an insecticide from the phenyl pyrazoles class. It was discovered and 

produced by the French company Rhône-Poulenc Agro between 1985-1987, and 

released to the market in 1993 (Tingle et al. 2003). Fipronil binds to the gamma-

aminobutyric acid (GABA) receptors producing an uncontrolled central nervous system 

activity and subsequent death in insects. Fipronil also binds to vertebrate GABA 

receptors, although with less affinity than to those of insects (Tingle et al. 2003). 

Fipronil is a systemic insecticide, meaning that, once inside the plant, it is distributed 

to all tissues, protecting the whole plant from insects and the viruses that they 

transmit. It has been used to protect crops and ornamental plants, to control pest and 

as veterinary product against external parasites such as fleas or ticks (Simon-Delso et 

al. 2014; Gibbons et al. 2014). Fipronil has been mainly used as seed treatment with 

the advantage of reducing exposure in farm workers.  

The LD50s reported in the studies conducted by industry for fipronil 

registration showed a great variation among the studied bird species: from 

>2,500mg/kg for the mallard duck (Anas platyrhynchos) (Goodyear, 1994b) to 11.3 

mg/Kg for the bobwhite quail (Colinus virginianus) (Goodyear, 1994a), 31 mg/Kg for 

the ring-necked pheasant (Phasianus colchicus ) (Stavola, 1994a) or 34 mg/kg for the 

red-legged partridge (Alectoris rufa) (Stavola, 1994b). Gallinaceous birds seem 
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particularly sensitive to fipronil and therefore the studies of its effects on species of 

this Order are vitally important.  

Starting in March 2014, the European Union declared a two-year moratorium 

on the use of fipronil treated seeds (maize and sunflower) due to the high acute 

toxicity risk to bees associated with the exposure to dust or to residues present in 

pollen and nectar. One of the proposed key points to consider in the future is the risk 

of these seeds to granivorous birds (Commision Regulation 781/2013). Moreover, the 

last report published by the European Food Safety Authority (EFSA, 2006), after the 

peer review of fipronil, state for granivorous birds that mortality from consumption of 

treated maize could occur, especially in large birds. This report also concluded that the 

risk from fipronil treated seeds should focus on the acute and short term risk as there 

is no indication that fipronil is a reproductive toxin. On the contrary, Kitulagodage et al 

(2011a) found a reduction of hatching success and maternal transfer of fipronil 

residues to egg yolk and chick in breeding female Zebra finch (Taeniopygia guatatta) 

exposed to a single dose of fipronil of 1mg/Kg of body weight. Kitulagodage et al. 

(2011b) also detected a reduction of feeding activity and adverse neurological effects 

in bobwhite quail (Colinus virginianus) after the administration of a single dose of 

11.3mg /Kg of body weight (the LD50 calculated for the species). In rats, fipronil 

administration was shown to impair reproduction (Ohi et al. 2004), alter behaviour 

(Terçarol et al. 2011) and cause thyroid hormone disruption (Leghait et al. 2009) . 

The red-legged partridge is a Gallinaceous game bird of high socio-economic 

value in Spain, which is actually declining (SEO birdlife, 2011; Viñuela et al. 2013). The 

species is granivorous and, in most of its range, inhabits agricultural areas where maize 

and sunflower (the plants whose seeds are typically treated with fipronil) are 

cultivated. Analyses of crop contents have shown that red-legged partridges usually 

consume these seeds (authors unpublished data). This species does not de-husk seeds 

(Prosser and Hart, 2005; authors unpublished data), which would allow it to avoid the 

consumption of much of the pesticide present in sunflower seeds. All these 

observations suggest that partridges are at high risk of exposure to fipronil treated 

seeds. Furthermore, in Spain maize is sown in April, coinciding with the red-legged 

partridge reproduction season (and that of many other farmland birds). As mentioned 
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above, Gallinaceous birds are known to be especially sensitive to the action of fipronil. 

This, together with the fact that red-legged partridge breed well in captivity, makes 

this bird a perfect model species to experimentally study the sublethal effects of 

fipronil (EFSA, 2009). 

In this experiment, we fed captive partridges with a mix of untreated and 

treated maize seeds during 10 days in April, when egg laying starts, mirroring the 

potential exposure during the sowing season. We studied their food consumption 

(distinguishing between treated and untreated seeds) and investigated a possible 

avoidance of treated seed consumption. We also studied the effects of fipronil treated 

seed ingestion on adult birds (body condition, plasmatic biochemistry, oxidative stress, 

cellular immune responsiveness, ornamental carotenoid-based coloration and sex 

steroid hormones levels), on their reproductive performance ( clutch size, egg size, egg 

shell thickness, antioxidant content and maternal transfer of the insecticide to the egg 

yolk, hatching success) and on their offspring (chick development, survival and cellular 

immune responsiveness). Detecting sub-lethal effects in these variables should help us 

to better understand fipronil toxicity mechanisms and risks to exposed birds. 

 

2. Material and methods 

2.1. Experimental design 

The experiment was conducted in the Dehesa de Galiana experimental facilities 

(Ciudad Real, Spain). All experimental protocols were approved by the Committee on 

Ethics and Animal Experimentation of the University of Castilla-La Mancha. For this 

experiment, we used 53 (24 pairs and 5 extra partridges) captive-born, one year-old 

red-legged partridges from the experimental farm of the University of Castilla-La 

Mancha. The sex of individuals was determined genetically, following Fridolfsson and 

Ellegren (1999). Partridges were housed in pairs in outdoor cages (95 x 40 x 42 cm) and 

acclimatized to the facility during four months before starting the experiment. Birds 

were provided ad libitum with tap water and with a commercial partridge feed 

(Partridge maintenance fodder, Nanta-Nutreco, Tres Cantos, Spain) mixed with wheat.  
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Each pair was randomly assigned to one of the two experimental groups 

(control vs. exposed) with a sample size of 12 pairs in each group (with two and three 

extra males in the control and exposed groups, respectively). The exposure to treated 

seeds began on April 10 and finished on April 20 of 2012, coinciding with the maize 

sowing time in Spain. During the exposure period, partridges were fed exclusively with 

a mix of untreated-treated maize seeds (ratio 80:20) provided ad libitum (exposed 

group), or with untreated maize seeds, also provided ad libitum (control group). This 

estimation of 20% of treated seed occurrence in the diet is based on data given by 

Perez y Perez (1981) about seed consumption by red-legged partirdges. On April 20 

(after the exposure), we took a 1 mL of blood (drawn by jugular venipuncture) from 

each partridge. Blood samples were kept refrigerated in heparinised tubes and 

centrifuged at 10,000 × g for 10 min at 4 °C to separate plasma from the cellular 

fraction (pellet). Both plasma and pellet samples were stored separately at -80 °C for 

later analysis. Before centrifugation, an aliquot of each sample was taken to measure 

the hematocrit. Partridge pairs were kept in their cages throughout the spring and 

early summer in order to monitor their reproduction (see below).  

 

2.2. Food consumption 

To measure the food consumption by each pair of partridges (that shared the 

same cage), we weighed the amount of food (non-colored untreated maize or the mix 

of treated and untreated maize for control and exposed pairs, respectively) put in the 

feeders when experiment started, and left in the feeders at the end of the experiment. 

We placed plastic bags under the cages to collect the food spillages (that frequently 

occur with caged partridges), which were taken into account when quantifying the 

food left at the end of the experiment. In the case of exposed pairs, we weighed 

separately the treated (red colored) and untreated maize (uncolored) seeds after the 

exposure period.  

 

2.3. Survival and body condition of adult partridges 
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During experiment, we checked partridges’ survivorship daily. We initially 

measured tarsus length (with a caliper, nearest 0.1mm), and weighed each partridge 

(with an electronic balance, nearest 1 g) before and after the exposure time. The body 

condition of partridges (mass corrected for size) was calculated using the scaled mass 

index proposed by Peig and Green (2009). 

 

2.4. Immune response of adult partridges 

We used the phytohemagglutinin (PHA) skin test to estimate cell-mediated 

immune responsiveness. We performed the test on April 24, four days after the end of 

the exposure period. Details on the methodology are described in Mougeot et al. 

(2009). 

 

2.5. Reproduction 

The first egg was laid on the 9th of April, a day before starting the exposure.  

We checked all cages daily and collected eggs, which were measured 

(maximum length and width) and kept at 15 °C to temporarily prevent development. 

Every 15 days, we transferred all eggs collected thus far to an automatic incubation 

chamber (Masalles Valltrade, Sant Cugat del Valles, Barcelona, Spain), where they 

were incubated for 21 days at 37.7 °C, 45% humidity and with constant movement. 

Throughout the experiment, a total of five consecutive incubation sets (or batches) 

were performed. The storage time (0-15 days) was included in the early statistical 

models but had no significant effect on embryo and chick development. Before 

transferring eggs to the incubation chamber, those laid in 4th, 8th and 12th position of 

the laying sequence of each pair were separated and kept frozen at -80 °C for analyzing 

egg yolk levels of vitamins, carotenoids, and fipronil. On the 21st day of incubation, 

eggs were candled and those that were found to have developed were introduced in 

individual cages and moved to a hatching chamber where they were incubated at 37.7 

°C with constant humidity, but without movement. We checked the chamber daily to 

monitor hatching events. We took note of hatching date, tarsus length and body mass 
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of each hatchling, which were individually marked and housed in closed rooms with a 

heat source, water and food (Partridge growth fodder, Nanta-Nutreco, Tres Cantos, 

Spain). We re-measured tarsus length and re-weighed all chicks upon 8, 16, 24 and 32 

days of age, and calculated their body condition as for adults. Some chicks from the 

third and fourth round of incubation were selected for the PHA test, excluding first 

chicks of each pair. The PHA test was performed as described for adults. Chick sex was 

determined genetically following Fridolfsson and Ellegren (1999). 

Unhatched eggs were opened and examined to determine fertility (based on 

the presence of an embryo or germinal disk). Eggshell thickness was also measured 

(see Lopez-Antia et al. 2103 for details on the method).  

 

2.6. Treated seeds and pesticide levels in seeds, crops and gizzards. 

Treated seeds used in this experiment were commercial Regent® TS treated 

seeds (BASF, Barcelona, Spain) and were red colored. The package information 

indicated that seeds were treated with the insecticide fipronil and with the fungicides 

fludioxinil and metalaxil, although the exact concentration of each pesticide was not 

indicated in the package. According to the Spanish regulation at the time when the 

experiment was performed (MAGRAMA, 2012), maize seeds should be treated with 

250 cc of Regent® TS (fipronil 50% p/v) per 100 Kg of seeds. 

The measure of pesticide concentration in the seeds, crops and gizzards were 

performed by LC-MS. About one gram of seeds or digestive content was extracted with 

5mL of acetonitrile during 1 min of vortex, 5 min of sonication and 1 min again of 

vortex. The extract was filtered through a syringe nylon filter of 0.2 µm and was 

analysed as it was described in Lopez-Antia et al (2013) with the following 

modifications: Pesticides were detected using positive and negative ions monitoring 

with the following MM-ESI source settings. Nebulizer pressure was set at 35 psi, drying 

gas flow was 8 L/min, drying gas temperature was 250 ºC, vaporizer temperature was 

200 ºC, capillary voltage was 3,500 V in positive and 3,000 V in negative and charging 

voltage was 1,000 V for twice. The monitored ions for each pesticide along with the 

retention time and the fragmentation voltage for each ion were shown in table 1. 
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Stock solutions of pesticide standards were purchased form Dr. Ehrenstorfer 

(Augsburg, Germany). Calibration curves were performed with concentrations of the 

three pesticides ranging from 0.25 to 2 µg/mL in acetonitrile.  

 

Table 1. ESI-MS parameters used for pesticide analysis. 

   Monitored ions  

Chemical RT Polarity Parent (V) Daughters (V) 
% Recovery ± 

sd 

Metalaxyl 12.8 Positive 280 (50) 220 (150) 281 (50) 160 (200) 221 (150) Not calculated 

Thiram 12.9 Positive 88 (100) 303 (100) 72 (100) 73 (100)  90.9 ± 14.1 

Triticonazole 14.8 Positive 318 (150) 320 (100) 70 (200) 319 (150) 288 (150) 102.4 ± 1.4 

Fludioxinil 15.1 Negative 247 (125) 248 (125) 180 (225) 152 (250)  Not calculated 

Fipronil 18.7 Negative 435 (125) 437 (125) 330 (200) 183 (275) 112 (300) Not calculated 

 

2.7. Physiological parameters measured in adult partridges 

We used an automatic spectrophotometer analyser A25 (BioSystems, 

Barcelona, Spain) to measure oxidative stress indicators in red blood cells (RBC) 

homogenates following the methods described in Reglero et al. (2009). We quantified 

the total (GSH) and oxidized glutathione (GSSG) levels. We also measured the activities 

of the glutathione peroxidase (GPx, EC 1.11.1.9) and superoxide dismutase (SOD, EC 

1.15.1.1) using Ransel and Ransod kits (Randox Laboratories, Cornella de Llobregat, 

Spain), respectively. We quantified total proteins in the homogenates using the 

Bradford method (Bradford, 1976). Enzyme activities were calculated relative to 

protein levels (per mg).  

We measured malondialdehyde (MDA) levels in the RBC homogenates (lipid 

peroxidation levels) following the method described in Romero-Haro and Alonso-

Alvarez (2014). For this, we used an Agilent 1100 Series High performance liquid 

chromatography (HPLC) system (Agilent Technologies, Waldbronn, Germany) coupled 

with a fluorescence detector (FLD) and a 5 µm ODS-2 C-18 (4.0 × 250 mm) column.  

We determined plasma levels of retinol (vitamin A), α-tocopherol (vitamin E) 

and carotenoids (zeaxanthin and lutein) using HPLC coupled to photodiode (DAD) and 

fluorescence (FLD) detectors (following the method described in Rodríguez-Estival et 
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al. 2010). We extracted antioxidants from the egg yolk using the method described in 

Lopez-Antia et al (2015) and used the same analytical method than for plasma 

antioxidants. 

We used an automatic spectrophotometer analyzer A25 to determine plasma 

biochemistry levels, specifically: alkaline phosphatase (ALP), alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LHD), creatine 

phosphokinase (CPK), albumin, total protein, glucose, cholesterol, triglycerides, 

calcium, magnesium, phosphorus, creatinine, urea and uric acid. We used the reaction 

kits available for each enzyme or analyte (BioSystems, Barcelona, Spain).  

We quantified testosterone and estradiol levels in plasma samples using 

enzyme-linked immunosorbent assay commercial kits (DRG instruments GmbH, 

Marburg, Germany). We obtained calibration curves using the standards included in 

the kits and adjusting the obtained values to a four parameter logistic model with the 

software XLSTAT (Addinsoft SATL, Paris, France). 

 

2.8. Color measurements of adult partridges 

We measured the red coloration of the beak and eye rings of partridges, which 

are pigmented by carotenoids and are indicators of individual health (Mougeot et al. 

2009) and investment in reproduction (Alonso-Alvarez et al. 2012). We quantified the 

percentage of eye-ring area pigmented by carotenoid (see Mougeot et al. 2009) and 

measured the eye ring and beak color using a portable spectrophotometer (Minolta 

CM-2600 d; Tokyo, Japan; see also Lopez-Antia et al. (2015). We used the 

SpectraMagic™ NX software (Konica Minolta) to extract and process the 

spectrophotometer data and to calculate the hue and chroma of the eye-ring and 

beak. The % pigmentation of the eye-ring area is indicative of the amount of bare skin 

surface area around the eyes that is pigmented by carotenoids (a greater amount of 

carotenoids being necessary for coloring more eye-ring surface area). The 

spectrophotometer measurements characterized the color (hue and chroma) of the 

pigmented areas of the eye-ring and beak. Color hue is inversely related to red shift, so 

that higher values describe a more orange color, while lower values describe a redder 
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color. The chroma is indicative of the perceived color intensity and purity. Eye-ring 

pigmentation area and color, and beak color were measured for each bird on the 14th 

of February (before experiment) and on 20th of April (at the end of the exposure 

period).  

 

2.9. Statistical analyses 

Survival (for adults or chicks) was analyzed using a Kaplan-Meier survival 

analysis. We used a T-test for independent samples to test for differences in the total 

food ingested between experimental groups (control or exposed). We used a one 

sample T-test to compare the ratio of treated seeds ingested with the ratio of treated 

seeds offered (20%). We used a General Linear Model (GLM) of repeated measures in 

order to test for differences in changes in body condition between experimental 

groups. We used Generalized Linear Models (GLMz) with the experimental group and 

the sex as fixed factors in order to test for fipronil effects on all adult partridge traits. 

Initial models also included the sex × experimental group interaction, which was 

removed from the final models when non-significant. For analyzing treatment effects 

on carotenoid-based coloration after exposure, we used similar models for each color 

variable, and included the color measurement prior to experiment as a covariate. 

Before performing the models we tested relationships between variables with 

Pearson’s correlations. Some variables were correlated (values of p<0.05) with body 

condition after exposure. When this occurred, we performed the “basic” model (as 

described above) and one that included body condition after exposure as a covariate.  

To test for fipronil effects on reproductive parameters, we performed GLMz 

using two databases. We used a database with eggs and chicks as experimental units in 

order to study variables related to egg characteristics (length, width, eggshell 

thickness, vitamins and carotenoids levels) and chick characteristics (condition at 

hatching, survival, growth and response to PHA). Models included the experimental 

group as fixed factor and the breeding pair as a nested factor within the experimental 

group for egg measurements, chick condition and chick body mass at hatching. For egg 

measurements, initial models also included the “fecundated” (yes or no) × 
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experimental group and the incubation set × experimental group interactions, which 

were subsequently removed when non-significant. Chick response to PHA was 

analyzed using the experimental group as a fixed factor and the chick hatching 

condition as a covariate. Differences in chick growth were tested with a GLM of 

repeated measures with the experimental group as a fixed factor.  

We used another database with the breeding pair as the experimental unit in 

order to study the fertile egg rate, hatching rates (of fertile eggs and of total eggs), sex 

ratio, clutch size and brood size. For rates, we used GLMz with binary logistic 

distribution, where we compared between experimental groups: the fertilized eggs 

weighed by the total number of laid eggs; the hatched chicks weighed by the number 

of fertilized eggs (fertile egg rate) and by the total number of eggs (total egg rate); and 

the number of female chicks weighed by the total number of chicks. Differences 

between experimental groups in clutch size and brood size were tested using T-tests 

for independent samples. For all analyzes, we set the significance threshold level at 

p=0.05. We considered p-values below 0.10 as marginally significant and conducted 

post-hoc analyses when a p-value within this range was obtained. Model residuals 

were checked for normality using Kolmogorov-Smirnov tests. Zeaxanthin and 

testosterone plasma levels were log-transformed to obtain a normal distribution of 

model residuals. 

 

3. Results 

3.1. Food ingestion and treatment effects on adult partridges 

Partridges in the exposed group (fed with the mix of untreated and treated 

maize) consumed, significantly less food than control partridges (fed with only 

untreated maize) during the experiment (94.6 ± 11.3 versus 315.0 ± 25.1 g/partridge; 

t34.9=8.003, p<0.001). Partridges in the exposed group consumed 8.0 ± 1.6 g of 

treated seed/partridge. This represented 19.4 ± 7.7% of treated seeds, a ratio that did 

not differ from the original ratio of treated seeds in the mix (20%). Moreover, the 
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amount of treated seeds ingested was not correlated with the amount of untreated 

seeds ingested (r27=0.175, p=0.384). 

Three partridges from the exposed group (11.1 %) and one from the control 

group (3.8 %) died during the experiment (Table S1). However, adult survival did not 

differ significantly between both groups (χ21=1.03, p=0.310).  

Pesticide levels found in commercial treated seeds used for the experiment 

(see methods) were as follows (mean ± SD): 510 ± 38 µg/g of fipronil, 39 ± 3.6 µg/g of 

fludioxinil, 23 ± 5.7 µg/g of thiram and 0.55 ± 0.27 µg/g of triticonazol. Fipronil and 

fipronil-sulfone levels found in dead partridge tissues are summarized in Table 2, as 

well as the theoretical amount of fipronil consumed by the dead birds.  

Table 2. Levels of fipronil and fipronil-sulfone found in tissues from the three exposed 

partridges that died during experiment. 

Partridge 

(ring) 

Sex Survival 

days 

Estimated fipronil 

ingestiona 

(mg/Kg) 

Gizzard 

content (g) 

Pesticide 
concentration in 
gizzard (µg/g) 

830 male 9 14.5  3.31 1.233 

987 male 8 5.9  2.71 0.0283 

032 female 10 13.83  0.80 0.806 

a The fipronil ingestion during experiment was calculated based on the amount of treated food 

ingested in the cage, and divided by 2 (two birds per cage, assuming a similar consumption by 

both mates). These levels are indicative and not necessarily correspond with the real fipronil 

ingestion.  

 

Partridges in the exposed group lost body condition during the experiment 

(F1=17.15, p<0.001; Figure 1) at a higher degree than control partridges. Body 

condition loss was significantly correlated with the amount of food ingested in the 

control group (r26=0.424, p=0.031), but this relationship was only marginally 

significantly in the exposed group (r25=0.358, p=0.079). Body weight losses were also 
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significantly correlated with the amount of food ingested in the control group (r26=-

0.49, p=0.011), but not in the exposed group (r25=-0.32, p=0.120). In the exposed 

group, losses in body condition and body weight were neither correlated with the 

amount of treated seeds ingested  
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Figure 1. Body condition (scaled mass index; mean ± SE) before and after the exposure in 

controls and fipronil exposed partridges. **Significantly different from controls at the p≤0.001 

level. 

Treated partridges also presented a reduced hematocrit compared with 

controls after the exposure period (Wald χ21=9.54, p=0.002; Table 3), although this 

became only marginally significant when body condition was introduced as a covariate 

in the model (Wald χ21=3.04, p=0.08). 

We found a reduced cellular immune responsiveness (wing web swelling in 

response to PHA) in the exposed group compared with the control group (Wald 

χ21=5.26, p=0.022; Table 3). However, this difference became non-significant when 

body condition was introduced as a covariate in the model (Wald χ21=1.18, p=0.28). 



Capítulo V 

 

183 

 

Levels of oxidative stress parameters and antioxidant molecules in control and 

exposed partridges are summarized in Table 3. MDA levels tended to be lower in the 

exposed than in the control partridges (Wald χ21=3.23, p=0.07). SOD activity in red 

blood cells tended to be higher in exposed birds than in controls, but only in males 

(Wald χ21=2.80, p=0.09; Figure 2). We did not find between group differences in the 

GPX activity or in the GSH and GSSG levels in the red blood cells. Regarding the plasma 

levels of exogenous antioxidants, we found that exposed partridges presented lower 

levels of lutein and zeaxanthin, but this effect was sex dependent and was only 

significant in males (Fig 2): lutein (Wald χ21=11.25, p=0.001), zeaxanthin (Wald 

χ21=24.77, p<0.001). Zeaxanthin and lutein levels positively correlated with body 

condition in both the control and exposed groups, but only in males (r27>0.62, 

p≤0.001). When body condition was included as a covariate in the models, the 

treatment effect became non-significant for lutein (Wald χ21=2.25, p=0.13), but 

remained significant for zeaxanthin (Wald χ21=4.73, p=0.03). 

Regarding carotenoid-based coloration, we found that exposed partridges had 

a lower percentage of eye ring pigmentation than controls after exposure (Wald 

χ
2

1=45.69, p<0.001; Fig 3). The percentage of eye ring pigmentation was associated 

positively with body condition (r51=0.61, p<0.001), and the treatment effect remained 

significant when body condition was introduced as a covariate in the model (Wald 

χ
2

1=14.74, p<0.001). We did not find differences between control and exposed 

partridges for the eye-ring hue or chroma, or for the beak chroma, and a marginally 

significant effect of treatment on beak hue (Wald χ
2

1=3.12, p=0.08), with exposed 

partridges displaying slightly redder beaks than controls after exposure.  

All plasma biochemical parameter are summarized in Table 4. Compared with 

controls, partridges exposed to fipronil presented reduced plasma levels of albumin 

(Wald χ
2

1=4.12, p=0.042), magnesium (Wald χ
2

1=5.88, p=0.015), total proteins (Wald 

χ
2

1=7.47, p=0.006), triglycerides (Wald χ
2

1=4.23, p=0.04) and calcium, the latter being 

significantly reduced in females only (Wald χ
2

1=4.72, p=0.03). Uric acid levels were 

higher in exposed partridges than in controls (Wald χ
2

1=14.87, p<0.001). All these 

parameters correlated positively with body condition after the experiment in the 

treated group (all r20>0.54, all p<0.03), and all these treatment effects became non-
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significant when body condition was introduced as a covariate in the models. In the 

case of uric acid, plasma values negatively correlated with body condition, the 

association being marginally significant (r20=-0.41, p=0.069). 

 

Table 3. Mean (± SE) values of body condition, haematocrit, oxidative stress biomarkers (in red 

blood cells) and vitamins levels (in plasma) in control and fipronil exposed partridges after the 

exposure period. 

Parameter Control Exposed 

Initial N 
26 27 

Mortality (%) 
3.85 11.11 

Body condition 
435 ± 8 336 ± 16* 

Body weight loss (g) 
-36.7 ± 5.5 -128.3 ± 13.7* 

% of body weight loss 
7.6 ± 1.0 27.9 ± 3.0* 

Haematocrit (%) 
42.9 ± 1.1 37.6 ± 1.3* 

Wing web swelling (mm) 
0.187 ± 0.018 0.140 ± 0.01* 

N 
24 24 

RBC MDA (nmol/g) 
3.04 ± 0.27 2.46 ± 0.19† 

RBC GSH (µmol/g) 
6.08 ± 0.16 6.16 ± 0.21 

RBC GSSG (µmol/g) 
90.74 ± 15.29 83.13 ± 19.73 

RBC GPX (IU/mg prot.) 
0.69 ± 0.02 0.71 ± 0.02 

RBC SOD (IU/mg prot.) 
1.07 ± 0.08 1.09 ± 0.07†a 

Retinol (µM) 
10.53 ± 0.33 10.70 ± 0.48 

Tocoferol (µM) 
8.61 ± 0.76 9.48 ± 0.77 

Lutein (µM) 
2.11 ± 0.17 1.66 ± 0.17**a 

Zeaxanthin (µM) 
12.81 ± 1.07 7.57 ± 1.03**a 

*Significantly different from controls at the p ≤ 0.05 level. 

** Significantly different from controls at the p ≤ 0.01 level 

† Marginally significantly different from controls at the p<0.1 

a Differences only in males (see Figure 2). 
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Figure 2. Mean (± SE) lutein, zeaxanthin and calcium plasma levels and SOD red blood cells 

activity in males and females from control and exposed groups after the exposure period. 

*,**Significantly different from controls at the p≤ 0.05 and p≤0.001 level. 
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Figure 3. Mean (± SE) proportion of the eye-ring area pigmented by carotenoids in males and 

females from control and exposed groups after the exposure period. **Significantly different 

from controls at the p≤0.001 level. 
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We found that sex steroid hormone levels were affected by the treatment but 

in a sex dependent way. Estradiol levels were lower in exposed females than in control 

females (Wald χ
2

1=6.96, p<0.01; Fig 4), in males estradiol levels did not vary between 

exposed group and controls. In females, estradiol levels were correlated with the body 

condition (r20=0.53, p=0.02) and the treatment effect became non-significant when we 

introduced the body condition in the model (Wald χ
2

1=1.49, p=0.22). Testosterone 

levels were lower in exposed males than in control males (Wald χ
2

1=4.17, p=0.04; Fig 

4), in females testosterone levels did not vary between exposed group and controls. In 

males, testosterone levels were marginally correlated with the body condition 

(r27=0.37, p=0.06) and the treatment effect became non-significant when we 

introduced the body condition in the model (Wald χ
2

1=0.79, p=0.37). 
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Fig 4. Testosterone and estradiol plasma levels (means ± SE) in males and females from control 

and exposed groups after the exposure period. *,**Significantly different from controls at the 

p≤ 0.05 and p≤0.01 level. 
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Table 4. Mean (± SE) values of plasma biochemistry in control and fipronil exposed partridges 

after the exposure period. 

Parameter Control Exposed 

N 
24 24 

Albumin (g/L) 
17.5 ± 0.4 15.5 ± 0.9* 

Alanine aminotransferase (U/L) 
11.9 ± 5.4 13.7 ± 3.7 

Aspartate aminotransferase (U/L) 
87.0 ± 14.0 57.7 ± 20.5 

Creatine phosphkinase (U/L) 
700 ± 68 825 ± 129 

Creatinin (mg/dL) 
0.450 ± 0.03 0.435 ± 0.03 

Uric acid (mg/dL) 
6.12 ± 0.48 17.3 ± 3.14** 

Calcium (mg/dL) 
13.1 ± 1.15 10.3 ± 0.56*a 

Cholesterol (mg/dL) 
252 ± 18 233 ± 16 

Glucose (mg/dL) 
368 ± 7 371 ± 13 

Magnesium (mg/dL) 
3.17 ± 0.1 2.83 ± 0.13* 

Phosphorus (mg/dL) 
7.33 ± 0.44 6.55 ± 0.63 

Total protein (g/L) 
46.5 ± 1.2 40.2 ± 2.4** 

Triglycerides (mg/dL) 
413 ± 89 202 ± 80* 

Lactate dehydrogenase (U/L) 
2015 ± 281 2411 ± 297 

*,** Significantly different from controls at the p ≤ 0.05 and p ≤ 0.01 level. 

a Calcium levels were only significantly different from controls for the females (marginally 

significantly different for males). 

 

3.2. Effects on reproduction and indirect effects on offspring 

Reproductive parameters for control and exposed partridges are summarized in 

Table 5. Clutch size did not differ between exposed and control partridges, but the rate 

of fertile eggs was lower in the group exposed to fipronil than in the control group 

(Wald χ21=4.39, p=0.036). There were no differences in the hatching rate between 

treatment groups. Eggs laid by partridges exposed to fipronil were of similar size and 

had a similar shell thickness than those laid by controls, but they were significantly 
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heavier than those laid by controls (Wald χ21=4.98, p=0.026) (Fig 5). Eggs laid by 

treated partridges had lower levels of tocoferol (Wald χ21=19.80, p<0.001) and 

zeaxanthin (Wald χ21=3.89, p<0.049) in their yolk than those laid by control partridges 

(Fig 6). There were no significant treatment effects for retinol and lutein levels in egg 

yolk.  

As observed for the eggs, chicks from parents exposed to fipronil were also 

heavier at hatching than those from controls (Wald χ21=6.3, p=0.012). Chick body 

weight at hatching positively correlated with egg weight (r59=0.844, p=0.012) and the 

treatment effect became non-significant when we introduce egg weight as a covariate 

in the model (Wald χ21=0.37, p=0.54). However, we did not find differences in the 

body condition of chicks at hatching between treatment groups. We did not find 

treatment effects on chick sex ratio, chick growth (up to 32 days) or chick survival. 

However, chicks from exposed partridges showed a reduced inflammatory response to 

PHA compared to those from control partridges (Wald χ21=5.30, p=0.021). Chick body 

condition at hatching was negatively associated with PHA response in this analysis 

(Wald χ21=9.95, p=0.002; chicks in poorer condition at hatching developed stronger 

responses to PHA). 
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Figure 5. Egg weight (marginal means ± SE) from both experimental groups (control and 

exposed) along the different incubation sets (see methods). *,**Significantly different from 

controls at the p≤ 0.05 and p≤0.001 level 
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Table 5. Reproductive parameters (n, % or mean±SE) of partridge pairs from control and 

fipronil exposed groups. 

Parameter Control Exposed 

Number of pairs 10 11 

Number of laying females 10 9 

Total number of eggs 89 52 

Clutch size per laying female 8.9 ± 1.8 6.0 ± 1.3 

Egg length (mm) 38.8 ± 1.6 38.9 ± 1.1 

Egg width (mm) 28.8 ± 1.0 29.1 ± 0.8 

Egg mass (g) 17.3 ± 1.4 17.9 ± 1.3 

Elongation index 1.35 ± 0.01 1.33 ± 0.01 

Shell thickness (µm) 223 ± 31 222 ± 26 

Fertile eggs (%)a1 85 ± 4 67 ± 7* 

Hatching rate of fertile eggs (%)a2 67 ± 6 69 ± 9 

Hatching rate of total eggs (%)a3 56 ± 6 47 ± 8 

Total number of chicks 40 20 

Brood size 4 ± 1.0 2.3 ± 0.8 

Chick body weight at birth 11.77 ± 0.16 12.11 ± 0.22* 

Chick body condition at birth 12.01 ± 0.18 11.76 ± 0.25 

Chick mortality (%)a4 30 ± 7 32 ± 11 

Female ratiob 58 ± 8 65 ± 11 

Chick mean survival time after hatching (days) 25.0 ± 1.9 26.0 ± 2.5 

Wing web swelling (µm) 103 ± 20 75 ± 20* 

a Marginal means of weighed models 1fertile eggs/total eggs, 2hatched eggs/fertile eggs, 

3hatched eggs/total eggs, 4died chicks/total chicks. 

b Number of female chicks / Total number of chicks 

*Significantly different from controls at the p ≤ 0.05 level. 
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Figure 6. Vitamin and carotenoid levels (marginal mean ± SE) in the yolk of eggs laid by control 

and exposed partridges. *,**Significantly different from controls at the p≤ 0.05 and p≤0.001 

level. 

 

4. Discussion 

We found no differences in adult survival between experimental groups. 

Partridges fed with the mix of firpronil treated and untreated maize reduced their food 

consumption compared to controls, and did not discriminate between treated and 

untreated seeds, which were consumed in a similar proportion to that available in the 

mix (20%). Fipronil exposure produced a range of phenotypical and physiological 

changes in adult partridges, including a reduced body condition and haematocrit, 

altered biochemical parameters, a reduced cellular immune responsiveness, changes 

in the antioxidant status, reduced eye ring pigmentation by carotenoids and reduced 

levels of sex steroid hormones. Fipronil exposure also had a range of adverse effects 

on reproduction. Exposed partridges presented a lower fertile egg ratio. Moreover, 

eggs laid by exposed partridges had lower levels of tocoferol and zeaxanthin in their 
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yolk and were heavier than those laid by control partridges. Chicks hatched from these 

eggs (born from fipronil exposed parents) were also heavier at hatching, but showed a 

reduced inflammatory response to PHA ten days after hatching compared with those 

born from control parents. 

 

4.1. Food consumption, exposure levels and effects on body condition 

Partridges were exposed to a mean dose of 8.73 ± 0.18 mg/kg body weight. 

Exposed partridges reduced their food consumption, and consumed 63.5-75.5 % less 

maize than controls. This reduction could be due to a rejection of the mix, because of 

the physical characteristic of the treated seeds (colour, odour or taste), or could be 

due to sickness produced by a sublethal intoxication (EFSA, 2009; Avery, 1984; Luttik, 

1998). Other studies have also found a reduction in “clean” food consumption by birds 

subjected to a forced exposure to fipronil (e.g. northern bobwhite quail: Kitulagodage 

et al. 2011b; red legged partridge: Stavola, 1994b; other gallinaceous birds: Goodyear, 

1994a; Stavola, 1994a). This indicates that the food rejection was an effect of the 

insecticide, and that in our experiment the mix rejection was more likely a 

consequence of sickness produced by a sublethal intoxication. Contrary to our results, 

Avery et al. (1998) did not registered reductions in food consumption by three 

passerine bird species fed with fipronil rice treated seeds (500 mg/kg). These species-

specific differences in feeding behavior after exposure to fipronil may be important to 

explain the greater sensitivity of gallinaceous birds to this insecticide (see below). 

High tier risk assessment requires considering the treated food avoidance as a 

modulator of the real exposure risk in the field. In our study, partridges did not 

distinguish between treated and untreated maize seeds, despite the fact that treated 

seeds are conspicuously colored in red. Other experiment performed with red-legged 

partridges (Lopez-Antia et al. 2014) demonstrated that birds positively selected 

untreated wheat seeds against red colored wheat seeds when both types were 

presented in two separated feeders. However, in a more unpredictable environment 

(with more feeders mixed together), partridges are less able to distinguish the treated 

seeds from the untreated food (Lopez-Antia el al. 2014). In the current experiment, 



Tesis doctoral – Ana López Antia 

 

192 

 

treated seeds were completely mixed with untreated ones in the feeders (in a 20:80 

ratio), which can make more difficult for the partridges to distinguish both types of 

seeds and makes complicated to get conclusions regarding specific rejection of treated 

seeds. In any case, the EFSA scientific report (2006) documented mortality cases of 

grey partridges during an avoidance study, indicating that this species can consume 

enough treated seeds to reach an LD50 dose.  

Along the exposure time, both experimental groups reduced their body weight 

(Table 3), but partridges exposed to fipronil treated maize lost significantly more 

weight than controls. In control partridges, body weight and body condition losses 

were explained by the amount of food the birds consumed. However, in the exposed 

group, these losses were not explained by total food consumption (neither the 

untreated seed consumption nor the treated seed consumption). This suggests that, 

besides the effect of fipronil exposure on appetite, other toxic effects are also 

occurring. In their study on passerine birds, Avery et al. (1998) did not record any 

change in the body weight of birds fed with rice seeds treated with fipronil (only food 

consumption was measured). In bobwhite quails exposed to a single dose of 11.3 

mg/kg of fipronil, Kitulagodage et al. (2011b) registered a 15% loss of body weight 

after 96 h of exposure and this effect was correlated with fipronil sulfone levels in 

tissues, especially in brain and liver.  

 

4.2. Physiological effects on adult partridges 

Partridges fed with the mix of untreated and treated seeds presented some 

changes in physiological traits with respect to controls. Some of these changes seem to 

be explained completely by the loss of body condition, while others can be explained 

by a direct effect of the insecticide. In any case, all these effects could have 

consequences on partridges’ survival or reproduction. 

All the effects on plasma biochemical parameters (Table 4) found in exposed 

partridges, compared with controls, are characteristic of food restriction or sub-

feeding. Moreover, the increase in uric acid levels indicated that exposed partridges 

had reached the third phase of fasting, in which body proteins are metabolized and a 
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quick lost of body weight occurs. The recovery after this phase becomes a difficult 

process and some internal organs could be damaged (Rodriguez et al. 2005). 

Treatment effects on uric acid levels in our experiment were not completely explained 

by body condition, and this may be in part explained by the antioxidant role of uric 

acid (see below). 

We found that exposed females reduced their calcium levels more than males. 

This difference is probably due to the extra calcium required to eggshell formation and 

oviduct contraction during egg laying.  

We also found that exposed partridges had a lower cellular immune response 

than controls (Table 3). It is known that this kind of immune response is highly 

correlated with body condition (Alonso-Alvarez and Tella, 2001; Mougeot et al. 2009). 

All the variability in our experiment seemed to be explained by changes in body 

condition and so, at these levels, fipronil do not seem to have a direct immunotoxic 

effect, as demonstrated in other insecticides (Galloway and Handy, 2003; Lopez-Antia 

et al. 2013). Although the reduced immune response is unlikely to be a direct 

immuntoxic effect of the insecticide, it still has important implications for partridge 

survival. 

The phase I detoxification process of pesticides produces free radicals 

(Parkinson, 2007) that the body antioxidant system (endogenous and exogenous 

antioxidant molecules and antioxidant enzymes) should neutralize to avoid tissue 

damage. In the current experiment, we found some effects suggesting that free 

radicals had been generated during the fipronil detoxification process, but that these 

had been effectively neutralized. Contrary to what we expected, MDA levels measured 

in red blood cells were lower for exposed partridges than for controls. This parameter 

measures the phospholipid peroxidation in cellular membranes, and is therefore 

expected to be higher in animals exposed to a toxicant. Moreover, birds in worst body 

condition should have a worsened antioxidant status (Costantini et al. 2007). We have 

two possible explanations for this phenomenon. The first explanation could be an 

hormetic effect of the insecticide that increased antioxidant defenses in excess of the 

damage produced. We registered marginally greater levels of SOD activity in exposed 
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partridges (only in males) than in controls. Uric acid is also an important antioxidant 

molecule in birds (Cohen et al. 2007), so the higher levels produced during the 

exposure to the insecticide (produced due to reduction in food ingestion or as a 

response to a pro-oxidant) could have improved the oxidative status of partridges. 

Moreover, the lower levels of lipids (i.e. triglycerides) in blood may reduce the 

possibility of MDA formation by lipid peroxidation chain reaction (Nacitarhan et al., 

1995). The second, non-exclusive, explanation could be a worsened oxidative status in 

control partridges due to their greater reproductive effort. Reproduction is an event 

that produces oxidative stress (Alonso-Alvarez et al. 2004). Control partridges in our 

experiment invested more in reproduction and had an overall more successful 

reproduction than exposed partridges (more fertile eggs with higher levels of 

antioxidants in yolk), which may have come with an increased oxidative “cost” for 

these partridges.  

We found treatment effects on plasma carotenoid levels (Fig 2; only in males, 

see explanation below) and on carotenoid-based coloration, specifically on the amount 

of pigmentation of the eye rings, which was significantly reduced in exposed partridges 

(Figure 3). These two variables are positively associated in red-legged partridge 

(Mougeot et al. 2009) as carotenoids are the molecules that conferred red coloration 

of the sexual ornaments displayed by partridges (Garcia de Blas et al. 2013). Moreover, 

both variables correlated positively with body condition, as found in previous studies 

(Perez-Rodriguez and Viñuela, 2008; Mougeot et al. 2009). In our experiment, 

variations in lutein plasma levels were completely explained by the variations in the 

body condition, but variations in zeaxanthin plasma levels and in the amount of 

pigmentation of the eye rings were only partially explained by changes in body 

condition. In the red-legged partridge, astaxanthin (synthesized from zeaxanthin by 

two oxidation steps) and papilioerythrinone (synthesized from lutein by oxidation and 

dehydrogenation steps) are the two main carotenoids responsible for the red 

coloration (García-de Blas et al., 2014). Our results suggest a direct effect of fipronil on 

zeaxanthin. Carotenoids are very susceptible to oxidative stress (Perez-Rodriguez, 

2009), and oxidative stress may have reduced zeaxanthin levels avoiding variations in 

other molecules, such us retinol or tocopherol. The decrease in carotenoid plasma 
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levels (lutein and zeaxanthin) induced by firponil exposure was also sex dependent, 

and was only detected in males (Figure 2). This could because males only used 

carotenoids for self-maintenance and for ornamental coloration, while females also 

need to allocate them to eggs’ yolk (Figure 6; see explanation below in “reproduction” 

section). The lack of fipronil effect on carotenoids plasma levels in females could be 

offset by a lower investment in reproduction. 

We also detected reduced levels of sex steroid hormones in partridges; in our 

experiment these reductions seem to be explained by losses of body condition due to 

the effect of fipronil. Previously Perez-Rodriguez et al. (2006) demonstrated the link 

between this two parameters in red legged partridges subjected to food restriction. On 

the other hand, both parameters (body condition and steroid hormone levels) could be 

independently affected by fipronil and spuriously correlated. Alternative explanation 

would be that fipronil affects the central nervous system causing an imbalance in the 

hormonal regulation. This neuroendocrine effect of fipronil was also proposed by Ohi 

et al. (2004) after detecting that 280 mg/kg of fipronil topically administered to wistar 

rats significantly altered plasma progesterone and estradiol levels 96 h after the 

exposure. On the other hand, Leghait et al. (2009) detected reductions in thyroid 

hormone plasma levels concomitantly to increased thyroid stimulation hormone in rats 

exposed to 3 mg/kg/day of fipronil during 14 days. This thyroid hormone disruption 

was explained by an increased hepatic metabolization and excretion of thyroid 

hormones.  

Sex steroid hormone levels, body condition and the immune response are 

parameters extensively interrelated and related with the expression of sex traits and 

courtship (Folstat & Karter, 1992; Perez-Rodriguez et al. 2006; Blas et al. 2006; Alonso-

Alvarez et al. 2009; Mougeot et al. 2009). The consequences of the variations in these 

parameters over reproduction are discussed below. 

 

4.2. Effects on reproduction and on the offspring 

Eggs laid by exposed partridges had lower levels of antioxidants than those laid 

by control partridges, these differences being only significant for tocoferol and 
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zeaxanthin levels (Figure 6). In female red-legged partridges, one of the greatest 

investments of carotenoids stores is for egg yolks (Bortolotti et al. 2003). As mentioned 

above, fipronil exposure affected directly and indirectly (through the reduction in food 

consumption) plasma carotenoid levels. Our hypothesis is that this reduction in plasma 

levels led to a lower investment in reproduction by these two components: reduction 

of antioxidant levels in egg content and reduction of eye ring pigmentation in females; 

and reduction of eye ring pigmentation in males. In red-legged partridge coloration is 

known to influence mate choice and reproductive investment, with females mated 

with redder males investing more in reproduction (Alonso-Alvarez et al. 2012). 

Another important finding is the reduced fertile egg ratio in exposed partridges 

(Table 5). This effect could be explained by the reduced levels of sex hormone in both 

males and females. In females estrogens play a fundamental role in regulating 

reproduction, controlling factors like oviduct development and reproductive behavior 

(Williams et al. 2004). In males testosterone is involved in spermatogenesis, in develop 

of sex traits and in reproductive behaviors (Wingfield et al. 1990). Coinciding with our 

results Kitulagodge et al. (2011a) detected a reduced hatching success in zebra finches 

after the exposure of breeding females to a single dose of fipronil of 1 mg/kg of body 

weight. This result could be due to a reduction in egg fertility (although the authors did 

not distinguished between hatching rate of fertile eggs or hatching rate of total eggs). 

In rats, reproductive effects have also been registered (Tingle et al. 2003; Ohi et al. 

2004).  

Chicks hatched from eggs laid by exposed partridges were heavier at birth than 

those hatched from eggs laid by controls (Table 5). Chick weight at hatching positively 

correlated with egg weight. These two variables (egg weight and chick weight at 

hatching) were also negatively correlated with the number of eggs laid, but only in 

exposed partridges. They were also positively correlated with female body condition in 

controls, but negatively correlated with female body condition in exposed partridges. 

Hence, in controls, the better the body condition, the heavier the eggs, while in 

exposed partridges, individuals with the worst body condition laid smaller clutch sizes, 

but with heavier eggs. This may be because of resource allocation constraints, and a 

trade-off between producing fewer heavier eggs or larger clutches with lighter eggs, 
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depending on the body condition of the female. The differences in chicks’ weight at 

hatching between control and exposed partridges disappeared quickly: 8 days after 

hatching we did not find differences between groups in body weight or body condition.  

Finally we found that chicks from exposed parents had a reduced cellular 

immune responsiveness than those from control parents (Table 5). Carotenoid and 

vitamin levels in the egg yolk confer antioxidant protection to the chick during the 

embryonic development and in the early days of life (Suray and Speake, 1998; Suray et 

al. 2001). Free radicals play an important role in immune system regulation (Banerjee, 

1999) and so alterations of the oxidative status, by depletion of antioxidant defenses, 

may be responsible for this immune suppressive effect (Berthouly et al. 2007). In 

another study, we also detected reduced cellular immune response in chicks produced 

by parents exposed to imidacloprid (Lopez-Antia et al. 2015) and thiram (Lopez-Antia 

et al. in press) treated seeds. In those cases, the immunosuppressive effects were not 

explained by the carotenoid and vitamin yolk contents or the toxicant transferred to 

the egg yolk (Lopez-Antia et al., 2015; Lopez-Antia et al., in press). Other egg 

components that we did not measure (e.g. nutrients, hormones) could also be 

affecting the chicks’ immune system, and would deserve further investigation.  

Our experimental results evidenced that fipronil exposure has a range of 

adverse effects on reproduction, and question some of EFSAs’ last report conclusions 

(EFSA, 2006). These negative effects on adult partridges and their reproductive 

performance reported here highlight that fipronil-treated seed use for agriculture is a 

significant threat to wild granivorous birds. 
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Abstract 

Due to reductions in winter food resources, newly sown cereal seeds have 

become a key component of many bird species diet, but these seeds are often treated 

with pesticides that may cause toxic effects. In this study, we characterized the 

exposure of red-legged partridge to winter treated cereal seeds. We analysed crop and 

gizzard contents of hunted partridges (n=189) to detect residues of pesticides used in 

seed treatment. Moreover, we measured the contribution of cereal seeds in the winter 

diet of partridges in order to assess the potential risk of exposure to pesticide-treated 

seeds. Refinement of risk assessment requires additional information about field 

scenarios, so we also studied the abundance of pesticide-treated seeds available for 

birds in the field, the pesticides and their concentrations in treated seeds, and the bird 

species observed in the field feeding on these pesticide-treated seeds. We found that 

treated seeds were an important route of pesticide ingestion for red-legged partridge; 

pesticide residues (six fungicides and two insecticides) were found in 32.3% of crops 

and gizzards. Moreover, cereal seeds represented more than half (53.4 ± 4.3%) of total 

biomass consumed by partridges from October to February. On the other hand, 

density of seeds remaining on the soil surface after sowing (11.3 ± 1.2 seeds/m2 in the 

centre of field and 43.4 ± 5.5 seeds/m2 in the headlands) was enough to provide, in an 

area between 6 and 50 field m2, a toxic dose (acute or chronic) for partridges of six 

active ingredients used in Spain for seed coating. Besides partridges, we observed 29 

other bird species consuming treated cereal seeds. In conclusion, the use of pesticide-

treated seeds poses a feasible risk of poisoning for partridges and for other 

granivorous birds. 
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1. Introduction 

In Europe, changes in the agricultural policy occurred since the middle of the 

last century, designed to increase crop production, have led to the decline of 

populations of many farmland birds (Donald et al 2001; Donald et al 2002; Krebs et al 

1999; Stoate 2001; Reif et al 2008). Reductions in winter food resources, due to the 

replace of overwinter cereal stubble and fodder crops by winter-sown cereal, is an 

important factor to explain these reductions (Siriwardena et al.1998, 2000, 2007). 

These changes in land use have resulted in changes in birds’ diet, being winter cereal 

now a key component of many species diet (Perkins et al. 2007; Browne et al.2003; 

Holland et al.2006; Robbinson and Southerlan 1999; Robinson et al.2004). Cereal seeds 

used for sowing are often treated with pesticides that are ingested by birds along with 

the seed and may cause them toxic effects. Toxic effects of pesticides can be lethal or 

sublethal, which depending on targeted function and the degree of affectation, can 

ultimately compromise survival or reproduction, and therefore affect population 

dynamics. 

The use of treated seeds was already mentioned by Pliny in the first century but 

was in the early twentieth century when the first seeds treated with organomercury 

products appeared in the market (Skerfving & Copplestone, 1976). This type of 

treatment allows for placing the pesticide exactly where it is needed and reduces the 

risk of exposure for farmers. However, pesticide-treated seeds may represent an 

ecological trap for birds; sown seeds are often not properly buried and spillages 

frequently occur, so seeds can remain accessible for granivorous vertebrates that use 

them as a food resource, especially in periods of shortage of other food sources (i.e. 

autumn and winter). The ingestion of treated seeds results in the ingestion of large 

amounts of pesticide in a short time. In the last century, seed coating, specially with 

insecticides, was estimated to be responsible for up to 50% of incidents on wildlife 

caused by approved pesticides in European countries (de Snoo, 1999); until the 1970s 

,this was associated with organochlorine pesticides, which were then replaced by 

anticholinesterase insecticides (i.e. organophosphates and carbamates) after the ban 

of organochlorine compounds in many countries due to their high environmental 
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persistence and biomagnification. Since the 80s, anticholinesterase insecticides have 

been progressively replaced by compounds with a lower acute toxicity, mainly 

pyrethroids, neonicotinoids and fipronil. Recently the European Union declared a 

moratorium on the use for seed coating of most important neonicotinoids (that can 

still be used for treatment of winter cereal; Regulation 485/2013) and fipronil 

(Regulation 781/2013) due to their toxicity on pollinators. The risk of these seeds to 

granivorous birds was recognized as requiring urgent attention. 

In Spain, 12 chemicals are currently approved for use for cereal seed coating 

(MAGRAMA 2015), 11 fungicides and 1 insecticide (Table 1). The insecticide is 

imidacloprid, that belongs to the neonicotinoid family and it is one of the most used 

insecticides in the world (Jeschke 2011). Imidacloprid has proven to be highly lethal to 

some birds at the dose used for seed treatment (Lopez-Antia et al. 2015a). Fipronil 

(currently unauthorized for seed treatment) produced reproductive effects on zebra 

finch (Taeniopygia guatatta; Kitulagodage et al 2011a) and red-legged partridge 

(Lopez-Antia et al., unpblished data; see Chapter 5), although EFSA considers it as a 

substance without effects on reproduction (EFSA, 2006). On the other hand, most used 

fungicides, as dithiocarbamates and triazoles, are proven or suspected to be endocrine 

disruptors (reviewed in McKinley et al, 2008) or to imbalance the antioxidant system, 

which ends up in disturbance of the immune system or the reproductive function 

(Lopez Antia et al., in press).  

Study of the effects of pesticides does not mean much unless we know 

exposure to these. It is therefore crucial to study the real exposure of birds in the field 

and the factors that modulate this exposure. 

In the European Union, the first step in assessment of acute and long-term risk 

to birds from treated seeds assumes that granivorous birds feed entirely on freshly 

treated seeds and is calculated for a indicator species (an unreal species considered to 

have a higher exposure than other species). If it is found that the treatment may pose 

a risk under these conditions refinement options must be considered.  
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Table 1. Chemicals currently approved for use as cereal seed treatment in Spain (MAGRAMA 

2015). *Fipronil is not approved for use as cereal seed treatment now but it was when the 

study was perform). 

Chemical  Chemical family 

Aplication rate for 

seed 

treatment(mg/Kg) 

Use Systemic 

Copper 

oxychloride 

 450-900 Fungicide 
 

Mancozeb Dithiocarbamates 200-300 Fungicide  

Maneb Dithiocarbamates 1000-1400 Fungicide  

Thiram Dithiocarbamates 1500-1750 Fungicide  

Metalaxyl Phenylamides 339-1017 Fungicide X 

Fludioxonil Phenylpyrroles 20 Fungicide  

Difenoconazole Triazoles 30-60 Fungicide X 

Flutriafol Triazoles 37.5-62.5 Fungicide X 

Tebuconazole Triazoles 300-375 Fungicide X 

Triticonazole Triazoles 25-50 Fungicide X 

Propiconazole Triazolinthiones 277 Fungicide X 

Imidacloprid Neonicotinoids 700 Insecticide X 

Fipronil* Phenyl pyrazoles 1250 Insecticide X 

 

In the European Union, the first step in assessment of acute and long-term risk 

to birds from treated seeds assumes that granivorous birds feed entirely on freshly 

treated seeds and is calculated for a indicator species (an unreal species considered to 

have a higher exposure than other species). If it is found that the treatment may pose 

a risk under these conditions refinement options must be considered.  

The present paper has a double objective; on the one hand, we retrieve field 

information to refine the risk assessment of birds to treated seeds; with this purpose, 

we study the abundance of treated seeds available for birds in cereal fields, the used 

pesticides and the concentration found on seeds. We also record which bird species 

are found feeding on these seeds along with the frequency at which each species is 

detected. The collected information will be useful to select an appropriate focal 

species (a real species that actually occurs in the crop when the pesticide is being 
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used). We also consider variables that have shown to influence seed abundance such 

as the drilling and post-drilling techniques (Davis 1974; Pascual et al. 1999b; de Snoo 

and Luttik, 2004), the field section (Murton and Vizoso 1963; Tamis et al, 1994; Prosser 

and Hart 2005; de Snoo and Luttik, 2004), and the presence of accidental spills of 

pesticide-treated seeds (Prosser and Hart 2005; EFSA, 2009). On the other hand, we 

estimate the exposure of a focal species, the red-legged partridge (Alectoris rufa), to 

pesticide-treated winter cereal seeds; we analyzed the crop and gizzard content of 

hunted partridges to know which pesticides are ingested and at which concentration. 

We also study partridges’ diet composition during sowing time in order to elucidate 

how sown cereal seeds contribute to the diet of relative to other food sources.  

2. Material and methods 

2.1. Availability of pesticide-treated seeds for birds after sowing 

The availability of sown seeds was studied in fields of the Spanish Northern 

plateau (provinces of Soria, Segovia and Valladolid) and the Southern Plateau around 

Tablas de Daimiel National Park (province of Ciudad Real), a continental wetland added 

to the Montreux record in 1990 and considered an UNESCO Biosphere Reserve and 

Special Protection Area under EC directive 92/43/CEE. This wetland is particularly 

important for breeding and wintering waterfowl and is surrounded by agricultural 

areas dominated by cereal crops, vineyards and olive groves.  

Sampling in the Northern plateau was performed in four fields sown in October 

of 2012 with wheat. Sampling around Tablas de Daimiel was performed in two fields 

sown in October of 2012 with barley, and in 42 fields sown in autumn of 2014 (from 

October to December) with one of the following cereals: wheat (3), oat (8), barley (29) 

and triticale (2). For Tablas de Daimiel fields sampled in 2014 the day it was sown, the 

sowing technique (sowing using a fertilizer+ harrowing; drilling and drilling+rolling) and 

the weather conditions (rain from sowing to sampling, both included) were recorded. 

Seed availability on the soil surface less than two days after sowing was determined by 

placing a squared frame (1 m2) and counting the visible seeds. In each field, we took 

five measures from the field centre and four measures from the headland. In each field 

part (and headland) the location of the first measure was random and the following 
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measures were taken every 15 meters. No systematic spill search was made but when 

a spill was detected the number of seeds that formed it was estimated (although not 

included in the calculation of seed densities of field centre or headlands). A sample of 

sown seeds was collected in each field for pesticide analysis. We also studied how long 

seeds remaining in the soil surface took to disappear. For this, we monitored the 

number of seeds in nine newly sown plots in nine different fields during 28 days. 

 

2.2. Use of sown fields by birds 

A total of 89 bird censuses were performed in 23 of the fields around Tablas de 

Daimiel shortly after finishing sown seed sampling (from October to December). Each 

census covered an area of approximately four hectares and was conducted during 30 

min per field between 8.30 and 10.30 am. All the species feeding in the sown field 

were counted and the feeding behaviour recorded. Finally, only species for which seed 

or shoot ingestion was confirmed during the censuses were included in the final 

database and considered for statistical analysis.  

 

2.3. Examination of crop and gizzard contents of hunted red-legged partridges 

The determination of pesticides in crop and gizzard contents (hereafter 

referred as digestive content), along with partridge diet, was based on the analysis of 

189 upper digestive tracts donated by hunting associations and coordinated by the 

Spanish Royal Federation of Hunters. Partridges were hunted between October 24, 

2010 and February 28, 2011 and came from seven provinces in Spain: Burgos, 

Valladolid, Soria, Madrid, Toledo, Murcia and Lleida. Samples were frozen by hunters 

and shipped to our laboratory, where digestive tracts were opened and the content 

was weighed. Those samples which contained coloured seeds (detectable to the 

nacked eye) were noted, this was done because a dye is added to seed treatments to 

differentiate treated seeds from consumption seeds. We also determined the 

percentage of each food category (i.e. green plant material, weed seeds, winter cereal 

seeds, insects and others) in the total content.  
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2.4. Pesticide analysis in sown seeds and digestive content of partridges 

The determination of pesticides in sown seeds and digestive contents was 

performed by LC-MS. About one gram of sample was extracted with 5 mL of 

acetonitrile during 1 min of vortex, 5 min of sonication and 1 min again of vortex. The 

extract was filtered through a syringe nylon filter of 0.2 µm and was analysed as 

described in Lopez-Antia et al. (2013) with some modifications. Pesticides were 

detected using positive and negative ions monitored with the following MM-ESI source 

settings. Nebulizer pressure was set at 35 psi, drying gas flow was 8 L/min, drying gas 

temperature was 250 °C, vaporizer temperature was 200 °C, capillary voltage was 

3,500 V in positive and 3,000 V in negative and charging voltage was 1,000 V for twice. 

The monitored ions for each pesticide along with the retention time, the 

fragmentation voltage for each ion and the obtained recoveries for each chemical are 

shown in Table 2. Figure 1 shows the chromatograms of the monitored compounds in 

both voltage modes. Stock solutions of pesticide standards were purchased form Dr. 

Ehrenstorfer (Augsburg, Germany). Calibration curves were performed with 

concentrations of the three pesticides ranging from 0.25 to 2 µg/mL in acetonitrile.  

2.5. Data analysis 

To identify which factors influenced the number of surface seeds found in a 

field we performed linear mixed models which included the field identification as a 

random effect and the sowing technique, type of cereal and rain (binomial) along with 

their interactions as factors, and the days from sowing as a covariate. These 

parameters were subsequently removed from the models, with the drop-one method, 

when found to be non-significant. The number of surface seeds were log(x+1)-

transformed to obtain a normal distribution of the model residuals. Normality of the 

model residuals was checked by Kolmogorov-Smirnov tests. Differences in the number 

of surface seeds between the field centre and the headlands of the fields around 

Tablas de Daimiel were analyzed with a paired sample t-test. The disappearance of 

seeds in the nine monitored plots over time was adjusted to a probit model in order to 

analyse mean time to disappearance. 

 



 

 

 

Table 2. ESI-MS parameters used for pesticide analysis and recovery. 

    Monitored ions  

# Chemical RT Polarity Parent (V) Daughters (V) % Recovery ± sd 

1 Imidacloprid 8.68 Positive 256 (100) 209 (200) 175 (150) 257 (100) 211 (150) 82.1 ± 2.3 

2 Flutriafol 12.2 Positive 302 (150) 303 (100) 123 (200) 70 (200) 74 (300) 78.8 ± 5.4 

3 Metalaxyl 12.8 Positive 280 (50) 220 (150) 281 (50) 160 (200) 221 (150) Not calculated 

4 Thiram 12.9 Positive 88 (100) 303 (100) 72 (100) 73 (100)  90.9 ± 14.1 

5 Triticonazole 14.8 Positive 318 (150) 320 (100) 70 (200) 319 (150) 288 (150) 102.4 ± 1.4 

6 Fludioxinil 15.1 Negative 247 (125) 248 (125) 180 (225) 152 (250)  Not calculated 

7 Tebuconazole 16.6 Positive 308 (150) 70 (200) 310 (150) 309 (150) 288 (150) 104.9 ± 2.5 

8 Fipronil 18.7 Negative 435 (125) 437 (125) 330 (200) 183 (275) 112 (300) Not calculated 

9 Difenoconazol 19.2 Positive 406 (100) 408 (100) 459 (175)   106.2 ± 12.4 

10 Piperonyl Butoxide 23.5 Positive 177 (150) 356 (100) 149 (200) 147 (200) 361 (200) 103.6 ± 3.5 
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Figure 1. chromatograms of the monitored compounds in both voltage modes. 



Tesis doctoral – Ana López Antia 

 

214 

 

In the case digestive content data, we performed a General Linear Model (GLM) 

with the percentage of cereal seeds in digestive content as the dependent variable and 

the locality as a factor to detect geographical differences in cereal seed ingestion. The 

association between the presence of pesticides in the digestive content of partridges 

and the percentage of cereal seed was studied by means a GLMz with a binomial 

distribution of the dependent variable (pesticide presence; positive or negative), with 

the locality as a factor and the percentage cereal seeds as a covariate. The percentage 

of cereal seeds in the digestive content of partridges was arcsine-square root 

transformed before its use as covariate.  

We calculated the estimated daily intake (EDI) of pesticides because of 

ingestion of treated seeds in red-legged partridges. We calculated EDI considering a 

daily food intake of 25 g (Lopez-Antia et al. 2014) and a mean body weight of 400 g. 

We considered two percentages of cereal seeds in biomass of diet corresponding to 

the mean and maximum values observed in our study (53.4% and 89.3 %, respectively, 

see results). The theoretical pesticide concentrations in treated seeds were obtained 

from recommended application data (MAGRAMA 2015) and used to calculate EDI. We 

compared the obtained EDI values with the following threshold values:  

(1) Acute hazardous dose 5% (HD5). This value was obtained from Mineau et al 

(2001). It corresponds to the dose of pesticide (mg/kgbw) estimated to lead to 50% of 

mortality in a species on the top 5% of a species sensitivity distribution model (i.e. 

more sensitive than the rest of 95% of bird species). For details in the calculation 

method see Mineau et al. (2001).  

(2) Chronic NOEL. The highest dose level at which no effects were seen (mg 

/Kgbw/day) after a long-term exposure. These values were obtained from the EFSA 

scientific reports for each pesticide 

(http://www.efsa.europa.eu/en/pesticides/pesticidesscdocs.htm). When more than a 

value is provided (for the same species or for different species) we calculated the 

geometric mean of all the values.  

 



Capítulo VI 

 

215 

 

3. Results  

3.1. Availability of pesticide-treated seeds and birds feeding on recently sown fields 

Seed availability was influenced by the sowing method and the location within 

the field (Table 3). Regardless of the sowing technique, there were significantly more 

seeds on surface in the headland than in the field centre ( t151=-4.67, p<0.001; Table 3). 

Seed density on surface in the headland was not influenced by the sowing technique, 

but in the field centre, fields drilled and then rolled presented more surface seeds than 

fields just drilled (F2,24.7=3.6, p=0.04; Table 3). There were no differences in seed 

density on surface between the different types of cereals (wheat, oat, barley and 

triticale seeds). Sowing date, time passed from sowing until sampling (0-7 days) or 

rainfall occurring before the sampling did not significantly influence seed density on 

fields’ surface. We detected some spills on the roads near the fields (where the drill-

seeds are filled) or in the headlands (where drill-seeds turn). We have not taken into 

account these spills when calculating the mean number of seeds remaining on the soil 

surface (Table 3), but they contained between 142 and 10,000 seeds (n=8).  

Six pesticides, mostly fungicides, were detected in the seeds collected at 

recently sown fields (Table 4). 55.2 % of the seed samples contained detectable levels 

of any pesticide, being tebuconazole the most frequently found active ingredient. 

Daily monitoring of selected plots revealed that times to disappearance (and 

95% confidence intervals) of 10%, 50% and 90% of seeds were 2.45 (0.24-4.01), 10.93 

(9.77-12.14) and 19.41 (17.61-21.90) days, respectively (Figure 2). Initial number of 

seeds in the surface (ranging from 420 to 14) did not correlate with the days elapsed 

until complete disappearance.  

During the sowing period, 31 species were observed feeding on sown cereal 

seeds (Table 5). Moreover, greylag goose (Anser anser) and common crane (Grus grus) 

were observed later ingesting cereal shoots. Among the five species more frequently 

observed feeding in recently sown fields, four of them show negative population 

trends in Europe or Spain (Table 5). 
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Figure 2. Evolution of the number of seeds in the nine sampled plots during the 28 sampling 

days (blue circles, left scale). The probit function adjustment (red line, right scale) was 

significant (χ2=3076.37, 77 d.f., p<0.001).  

 

 

Table 3. Number of seeds/m2 (mean ± SE) remaining in the soil surface in the field centre and 

headland depending on the sowing method. 

Sowing technic Sampled fields Field centre 

(seeds/m2) 

Headland 

(seeds/m2) 

Fertilizer + harrowing 2 12.7 ± 2.4 ab 44.9 ± 14.5 

Drilling 18 10.3 ± 1.4 a 48.1 ± 9.2 

Drilling + rolling 11 28.3 ± 6.9 b 37.8 ± 8.7 

Unknown 11 (17)† 7.2 ± 0.8  39.7 ± 12.1 

Overall 42 (48)† 11.3 ± 1.2 43.4 ± 5.5* 

a,bMean densities sharing a letter did not differ among different sowing techniques. 

*Significant difference between mean densities in field centre and headlands (paired t-test, 

p<0.001). 

† Sample size including six fields only sampled in the field centre.  
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Table 4. Presence of pesticides in seeds samples in the field after autumn sowing in Spain 

(n=67). 

Chemical N of positive samples 

(%) 

Pesticide concentration (ng/g) 

Mean  SD Minimum  Maximum 

Fungicides      

Triticonazole 5 (7.5) 4735 7039 48.78 16554 

Fludioxonil 1 (1.5) 2985     

Tebuconazole 20 (29.9) 3183  4097 42.4 14724 

Difenoconazole 6 (9.0) 14814  9836 1161 24433 

Insecticides      

Fipronil 1 (1.5) 25    

Piperonyl butoxide 4 (6.0) 272 21 256 296 

 

3.1. Partridges’ crop and gizzard content analysis  

We detected pesticide residues in the digestive content of 32.3% of the 

analysed red-legged partridges (Table 6), including insecticides in a 3.7% of the 

analysed samples and fungicides in a 29.6%. As observed in seeds, tebuconazole was 

the most frequently detected pesticide (19.1% of the samples). All the digestive 

contents in which a fungicide was detected also contained winter cereal seeds. On the 

contrary, no digestive content in which an insecticide was detected contained winter 

cereal seeds (Table 6). From the 61 digestive contents in which both any pesticide and 

winter cereal seeds were detected, only 20 contained red-coloured seeds.  

The geographical distribution of the analysed digestive contents showed that 

Burgos was the province with higher pesticide prevalence (56.7%; Figure 3). In most of 

the positive samples we found a single pesticide, but we also found five samples that 

contained two pesticides and one that contained three pesticides (Figure 3). Winter 

cereal seeds represented a 53.4% of the biomass found in the digestive content of red-

legged partridges (Table 7), but significant differences were observed between 

localities (F6,104=3.3, p=0.005). Other observed food items were sunflower seeds, maize 

and olives. Olives and maize were quite important in Lleida, where they represented 

26.8% of ingested biomass and were present in the 39.1 % of the digestive contents. 
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The ingested biomass of cereal seeds was positively associated with the detection of 

pesticide in the digestive content (Wald χ2= 5.21, df= 1, p=0.022). 

We have used the mean (53.4%) and maximum (89.3%, value corresponding to 

Valladolid province) percentage of winter cereal consumption by red-legged partridges 

during sowing periods to calculate the EDI of pesticides approved for cereal seed 

treatment in Spain. In the most conservative case (mean percentage of winter cereal 

consumption), acute HD5 and chronic NOEL would be exceeded by the EDI in three  

and five pesticides, respectively. If we consider the less conservative case (maximum 

percentage of winter cereal consumption), the EDI will be above the acute HD5 and 

chronic NOEL for four and six pesticides, respectively (Table 8).  
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Table 5. Bird species observed consuming seeds in cereal fields and their global long-term 

trends in Europe (1980-2012) (EBCC, 2014) and Spain (1998-2011). Density (±SD) represents 

the number of individuals/ha. Presence represents the % of census in which the species is 

detected (n=89). 

Species Density  Presence  
(%) 

 

Population trends Habitat 
EBCC 

Europe 
(%) 

Spain 

(%) Classa 

Milaria calandra 5.67±7.3 41.5 -59 12,2 ↔ Farmland 
Galerida cristata 0.79±1.2 40.4 -95 -9,6 ↓ Farmland 
Pica pica 0.92±0.8 35.9 4 -22,1 ↓ Other 
Passer hispaniolensis 9.99±15.5 29.2  55,9 ↕ Farmland 
Alauda arvensis 3.09±3 17.9 -51 -22,1 ↓ Farmland 
Columba domestica 13.5±15.3 17.9  12 ↔ Other 
Sturnus unicolor 1.22±0.9 16.8 27 -4,1 ↑ Farmland 
Grus grus 19.9±23.2 12.3 386   Other 
Streptopelia decaocto 2.50±3.4 12.3 102 715 ↑↑ Other 
Columba palumbus 1.85±2.1 11.2 103 63,8 ↑ Other 
Gallinula chloropus 0.694±0.5 10.1 -25 -44,3 ↓ Other 
Corvus monedula 3.03±3.2 9 22 -53,4 ↓ Other 
Fringilla coelebs 0.437±0.3 9 13 66,8 ↑ Other 
Passer montanus 2.12±2.1 9 -52 -15,5 ↓ Farmland 
Anser anser 32.0±24.2 7.9    Other 
Anas platyrhynchos 10.0±9.3 6.7 68 4,9 ↔ Other 
Vanellus vanellus 1.83±1.2 6.7 -60   Farmland 
Carduelis carduelis 2.37±2.8 4.5 18 -1 ↓ Other 
Petronia petronia 0.875±0.3 4.5 22 22,7 ↔ Farmland 
Columba oenas 7.5±8.7 3.4 28 27,7 ↕ Forest 
Parus major 0.417±0.3 3.4 22 16,6 ↑ Other 
Passer domesticus 7.50±4.3 3.4 -61 -10,7 ↓ Other 
Sturnus vulgaris 0.50±0.0 3.4 -58 42 ↑ Farmland 
Anthus spinoletta 0.875±0.2 2.2    Other 
Carduelis cannabina 10.9±15.0 2.2 -56 -2,1 ↓ Farmland 
Carduelis chloris 0.500±0.4 2.2 22 55 ↑ Other 
Lullula arborea 0.250±0.0 2.2 50 10 ↔ Other 
Turdus merula 0.375±0.2 2.2 17 28,4 ↑ Other 
Alectoris rufa 0.250 1.1 -16 -25,8 ↓ Farmland 
Cyanopica cyaneus 5.75 1.1 61 54,7 ↑ Forest 
a↑↑: High increase, ↑: Moderate increase, ↓: Moderate decrease, ↔: stable, ↕: undefined 

trend. 



 

 

Table 6. Pesticides found in the digestive contents of wild partridges. For each pesticide the following information is provided: number of samples in which it 

was detected (N+), percentage of the total samples analysed in which it was detected (%+), mean (and SD) concentration, maximum concentration (Max), 

number of samples in which coloured seeds were detected, and the food categories found in the digestive contents. 

Use Chemical family Chemical 
 Digestives (N=189) Coloured 

seeds 
Digestive content* 

N+ %+ Mean (µg/g) SD Max (µg/g) 

Insecticide Neonicotinoids Imidacloprid 6 3.1 0.082 0.031 0.128  GPM; I; Ot 

Phenyl pyrazoles Fipronil 1 0.5 0.007  0.007  GPM; WS 

Fungicide Azoles Flutriafol 4 2.1 0.035 0.013 0.046 1 WCS; I 

Triticonazol 11 5.7 0.010 0.003 0.0146  WCS; GPM; WS 

Tebuconazol 36 19.1 0.421 1.650 9.313 12 WCS; GPM; WS; Ot 

Difenoconazol 4 2.1 1.038 1.834 3.790 3 WCS; GPM; Ot 

Dithiocarbamates Thiram 2 1.0 0.177 0.177 0.261 1 WCS; GPM 

 Fludioxinil 2 1.0 0.030 0.022 0.046 1 WCS; Ot 

Synergist  Piperonyl butoxide 2 1.0 0.221 0.116 0.303 2 WCS 

*Type of food: Green plant material (GPM); Weed seeds (WS); Winter cereal seeds (WCS); Insects (I); Others (Ot) 
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Figure 3. Origin of analysed digestives with the result of the pesticides analysis. Numbers indicate the number of analysed samples/number of positives. Va: 

Valladolid; Bur: Burgos; So: Soria; Lle: Lleida; Ma: Madrid; Tol: Toledo; Mu: Murcia. 



 

 

Table 7. Pesticide prevalence, total food biomass and contribution of different food items in the digestive contents of red-legged partridges hunted in Spain. 

Province Sample 

(n) 

 With  

food 

(n) 

With  

pesticides 

(n) 

Pesticide  

prevalence  

(%)* 

Biomass (g)†  

(mean ± SE) 

Type of food (%)† 

(mean ± SE) 

WCS WS GPM Insects Other 

Madrid 20  6 2 10 6.3 ± 2.9 44.4 ± 19.1 ab 14.0 ± 14.0 41.7 ± 20.1 0.0 ± 0.0 0.0 ± 0.0 

Toledo 3  2 0 0 7.1 ± 4.8 50 ± 50 ab 49.6 ± 49.6 0.4 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 

Burgos 60  43 34 56.7 3.4 ± 0.5 60.7 ± 6.4 b 20.8 ± 5.3 9.6 ± 3.7 1.4 ± 1.4 7.4 ± 3.7 

Valladolid 17  14 3 17.6 4.5 ± 0.5 89.3 ± 7.13 c 3.6 ± 3.6 3.6 ± 1.9 0.0 ± 0.0 3.6 ± 3.5 

Soria 7  6 1 14.2 3.9 ± 1.5 47.2 ± 18.5 ab 22.2 ± 16.5 30.5 ± 16.3 0.0 ± 0.0 0.0 ± 0.0 

Lleida 30  23 14 46.7 4.5 ± 0.7 42.1 ± 10.1 ab 1.3 ± 1.3 30.0 ± 8.6 0.0 ± 0.0 26.8 ± 8.2 

Murcia 52  17 7 13.5 2.3 ± 0.7 26.5 ± 10.3 a 18.6 ± 9.0 30.8 ± 10.2 5.9 ± 5.9 12.4 ± 6.5 

Overall 189  111 61 32.3 4.5 ± 0.5 53.4 ± 4.3 14.5  ± 2.9 19.0 ± 3.2 1.4  ± 1.0 10.8 ± 2.6 

*Pesticide prevalence in each province was calculated over the total sample, independently of the presence of food items.  

†Relative to the entire digestive content. 

a,b,cDifferent letters indicated differences between localities in the ratio of winter cereal seeds.  

WCS=Winter cereal seeds, WS=Weed seeds, GPM=Green plant material 

 

 

 

 



 

 

 

Table 8. Estimated daily intake doses of pesticides by red-legged partridges considering the mean (53.4%) and maximum (89.3%) percentage of winter 

cereal seed in diet biomass. 

Chemical Application rate 
(mg/Kgseed) 

Daily exposure 
(mg/Kgbw) 

for 53.4% seeds in diet 

Daily exposure 
(mg/Kgbw) 

for 89.3% seeds in diet 

Acute 
HD5

a 
(mg/Kgbw) 

Chronic  
NOELb 

(mg/kgbw/day) 
Copper oxychloride 900 30.04 50.17c,d 49.95 16.88 
Mancozeb 300 10.01 16.72 710.95 54.4 
Maneb 1400 46.72d 78.05d 345.34 6.7 
Thiram 1750 58.41c,d 97.56c,d 36.81 9.6* 
Metalaxyl 1017 33.94 56.70 89.09 900 
Fludioxonil 20 0.67 1.11 208.12 37.2 
Difenoconazole 60 2.00 3.34 207.13 9.71 
Flutriafol 62.5 2.08 3.48 481.7 35.8 
Tebuconazole 375 12.51d 20.91d 347.3 5.8 
Triticonazole 50 1.67 2.79 232.29 19.5 
Propiconazole 277 9.24 15.44 296.8 300 
Imidacloprid 700 23.36c,d 39.02c,d 8.4 19.35 
Fipronil 1250 41.72c,d 69.69c,d 1.47 0.88 
aAcute HD5 is the amount of pesticide estimated to cause 50% of mortality in a species more sensitive than 95% of all bird species. Data obtained from 

Mineau et al. (2001). 

bNo observed effect level. Geometric mean of all the values provided (for the same species or for different species) for long-term applications. Data 

obtained from EFSA scientific reports. * Datum from the US EPA, not available from EFSA.  

c,d This values are higher than the acute HD5 or chronic NOEL, respectively.  
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4. Discussion 

Our results confirm the risk of exposure of farmland birds to pesticides used for 

winter cereal seed treatment. Treated seeds were found on the surface of recently 

sown fields at densities that can represent hazard for birds feeding on them. In fact, 

farmland birds were frequently observed feeding on these seeds. This route of 

exposure was confirmed with a geographically wide sampling and analysis of digestive 

contents of red-legged partridge, which is a species with a negative population trend in 

Spain and elsewhere in Europe, and it showed a prevalence of pesticide ingestion of 

32.3%. 

In terms of pesticide-treated seed availability, we found 11.3 seeds/m2 in the 

field centre and 43.4 seeds/m2 in the headland. These concentrations of surface seeds 

are similar to those found in eastern England (below 11 seeds/m2 in field centre and 45 

seeds/m2 in headlands; Pascual et al. 1999a) and lower to those found in the 

Netherlands (between 18.5 and 40 seeds/m2 in field centre and 89 seeds/m2 in 

headlands; Tamis et al. 1994,  or 31.3 seeds/m2 in field centre; De Snoo 2004). These 

differences between countries were attributed to differences in soil condition and its 

interactions with the type of drilling and post-drilling techniques. We have found 

higher densities of unburied seeds in fields rolled after drilling. On the contrary, in an 

experimental trial, Pascual et al. (1999b) found that rolling after drilling buried a large 

proportion of exposed seeds. This discrepancy could be due to differences in soil 

characteristics, because rocky substrates predominated in our study area and, in these 

conditions, rolling may have affected seed burial achieved with drilling. On the other 

hand, seed density on the surface of the headlands was 3.8 times higher than in the 

field centre. This difference between headland and field centre has been observed in 

other studies, being always from two to four times higher in the former (e.g.; Murton 

and Vizoso 1963). Poorer soil condition (due to more intense traffic), double drilling, or 

unintentional spills of seeds at turning are some of the reasons provided for explaining 

the higher seed density on the headlands (Tamis et al, 1994; Pascual et al. 1999a; De 

Snoo 2004). This finding is relevant because headlands are the field sites most used by 

birds (Prosser et al. 2005). Therefore, seed densities left on the surface of the 
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headlands must be taken into account when estimating the risk of pesticide-treated 

seeds on farmland birds. 

Winter cereal seeds are a key component in the diet of many farmland birds, 

but also a significant hazard if seeds are treated with pesticides. In this study, we have 

observed that winter cereal seeds are an important food source for wild red-legged 

partridges, but also an important route of pesticide ingestion during the sowing 

period. As far as we know, this is the first paper that used the digestive content of 

hunted birds to estimate the prevalence of pesticide ingestion, specifically through 

pesticide-treated seeds. We confirmed the presence of pesticides in 32.3% of the 

analysed digestive contents. Moreover, here we only monitored 10 out of 13 

pesticides approved for use as seed treatment in Spain at the time that partridges 

were hunted, so the exposure to some other pesticides (i.e. maneb, mancozeb, 

propiconazole and copper oxychloride) remained undetected.  

The prevalence of pesticide ingestion varied significantly between localities, 

ranging from a 0% in Toledo to a 56.7% in Burgos. These differences are probably due 

to differences in sampling (only three samples were taken in Toledo) and to 

differences in the landscape composition and in agricultural practices that modulate 

partridges’ diet. In all localities, pesticide ingestion probability increased with the 

ingestion rate of winter cereal seeds. However, it is noteworthy than in Valladolid, 

where the rate of cereal seed ingestion was the highest (89.3%), the prevalence of 

pesticides in the digestive content was the third, below Burgos and Lleida. This could 

be due to a lower use of treated seeds in this locality or to the use of other pesticides 

that we have not monitored here. In fact, we found two partridges from Valladolid 

with coloured seeds in their crops but we could not detect the used pesticide. On the 

other hand, the detection of coloured seeds in the digestive content has proven 

ineffective in determining the ingestion of treated seeds, because we only detected 

coloured seeds in less than half of the digestive contents in which the presence of 

treated seeds was confirmed. The disappearance of seed colour probably occurs when 

seeds are swallowed or digested, or when they are exposed to rain or dew. 
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Whereas the ingestion of treated seeds is the most important route of 

fungicide ingestion for birds in autumn and winter, our results indicate that this is not 

the same case for exposure to insecticides. This can be something expected because 

insecticide treatment of seeds is more frequently carried out in summer (i.e. maize, 

sunflower) than in winter crops (i.e winter cereal) in the study area. Moreover, the 

insecticide residues that we detected were probably due to the ingestion of green 

plant material. This food could come from crops treated with foliar spray, germinated 

treated seeds (since, as can be seen in Table 1, both products are systemic) or from 

field margin or fallen down vegetation that could have become contaminated by 

insecticide residues in soil or in dust produced during sowing (Goulson, 2013; Van der 

Sluijs 2014). In our opinion, this finding increases the concern about the use of 

systemic insecticides, demonstrating that besides potential high exposures due to the 

ingestion of treated seeds, wildlife can be chronically exposed to small amounts of 

these products with unknown consequences (Van der Sluijs 2014). In fact, in a gizzard 

content of a dead partridge found in Ciudad Real and analyzed in our laboratory 

(outside the study sample), a concentration of 7.97 ng/g of imidacloprid was found. 

The gizzard contained olive pits, green plant material and grit. 

According to literature, combinations of pesticide have, at least, an additive 

effect, and in some cases, especially those involving insecticides, could act 

synergistically, with reported toxicity increases of up to 100-fold (Thompson 1995). In 

our study, we found up to three different pesticides in a same partridge and one of the 

mixtures included the insecticide imidacloprid. These combinations could be due to 

the ingestion of different food items treated with different products or to the ingestion 

of a food item treated with various products. The study of the toxicity of pesticide 

mixtures in wildlife is a very important issue as well as one of the most challenging 

tasks to tackle. 

We did not find any study that describes adult red-legged partridge diet in the 

peer review literature. A study included in a book (Perez y Perez, 1981) estimated that 

winter cereal seeds represented 76.3% of red-legged partridge diet in in September, 

22.4% in October and November and only a 0.7% from December to February. In our 

study, winter cereal seeds represented a 53.4% of the food biomass found in the 
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digestive content of partridges from October to February. Moreover, while Perez y 

Perez (1981) estimated 47.2% of green plant material and 24.6% of weed seeds in the 

diet from October to February, we registered a 19.0 % of green plant material and a 

14.5% of weed seeds in the same period. Differences between these two studies likely 

reflect changes in agriculture landscape and agricultural techniques in Spain in the last 

35 years. These changes have led to a lost of natural vegetation and a greater 

dependence of red-legged partridge on crops. These have also led, together with other 

causes, to a reduction of over a 60% in partridge populations since 1973 (Blanco-

Aguiar et al. 2003; Viñuela et al. 2013).  

The estimation of the estimated daily intake of pesticides by red-legged 

partridges and the comparison of these values with the toxicological data found in the 

literature reveals a worrying situation for wild red-legged partridges and other 

farmland birds. Apart from insecticide exposures, which seemed to be unrelated to 

seed ingestion, thiram treated seeds could represent a risk of acute intoxication for 

partridges (>HD5) and thiram, cooper oxychloride, maneb and tebuconazole treated 

seeds could represent a risk of chronic intoxication (>NOEL). Moreover, tebuconazole, 

a product with a very low chronic NOEL, appeared in 19.1% of the digestive contents 

analysed. The chronic exposure of birds is likely to occur as autumn sowing season 

(long-cycle winter cereal) lasts from October to December and late winter sowing 

season (short-cycle winter cereal) occurs during late January and February, extending 

to the beginning of the breeding season.  

This risk assessment is supported by the observed availability of pesticide-

treated seeds in recently sown fields. Considering the mean density of unburied seeds 

(headland: 43.4 seeds/m2; field centre: 11.3 seeds/m2), we can estimate that 

partridges could obtain 2.17 g of cereal seeds/m2 on the headlands and 0.565 g of 

cereal seeds/m2 on the field centre. With these densities and an average daily food 

intake of 25 g per partridge (Lopez-Antia et al. 2014), the amounts of pesticide 

calculated in Table 8 as daily exposure (for 53.4-89.3% of food biomass) could be 

achieved by one partridge in approximately 6-20 m2 of headland or 24-50 m2 of field 

centre, depending on the pesticide used. A final consideration for the refinement of 

risk assessment is the potential de-husking of seeds, which is known to reduce 
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pesticide ingestion (Prosser and Hart 2005; EFSA, 2009). In our study all sunflower 

seeds (the type of seed in which we could have clearly distinguished de-husking) that 

we found in the digestive contents of partridges were not de-husked, as it was 

described before in this species (Prosser and Hart 2005). Nevertheless, de-husking 

behaviour varies among types of seeds and also among bird species (Prosser and Hart 

2005), so further research is necessary in this aspect to get a complete assessment of 

risks of seed treatment on farmland avian communities.  

The monitoring of recently sown fields has shown that corn bunting (Milaria 

calandra) could be another good focal species to estimate the risk from the ingestion 

of cereal seeds treated with pesticides. This species forages almost exclusively (98%) 

on cereal seeds in winter (Robinson 2004; Perkins et al. 2007). Moreover, it has been 

shown that small birds, like corn buntings (bw: 38-55 g) tend to be more sensitive to 

acute poisoning by pesticides (Mineau et al. 1996a). It is noteworthy that four of the 

five farmland bird species that were more frequently detected consuming recently 

sown cereal seeds present negative long-term population trends in Spain and/or 

Europe (Table 5). There are also other species for concern which we did not detect 

during the census such as pin-tailed sandgrouse Pterocles alchata or black-bellied 

sandgrouse Pterocles orientallis, in drastic decline in Spain (Herranz and Suarez, 2003) 

and known to feed largely (probably more than red-legged partridge) on cereal seeds 

(Suarez 1999b). The ingestion of treated seeds by the pin-tailed sandgrouse has been 

recently pointed out as a possible important factor affecting winter survival (Benitez-

Lopez et al. 2014). Finally, the exposure of this species to tebuconazole was confirmed 

in our laboratory in an individual found dead. This bird crop contained about 19 g of 

coloured treated seeds, which, considering the recommended application rate, would 

constitute a dose of 18.75 mg/kg of body weight (a value far below the HD5 for this 

pesticide). Unfortunately the pesticide concentration in this individual was not 

measured. 
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5. Conclusion 

 

This paper highlights the importance of cereal seeds as a food source and a 

route of pesticide ingestion for red-legged partridges during the sowing period in 

autumn. It demonstrates that the ingestion of treated seeds occurs and that there is a 

real risk arising from this ingestion, both for partridges and for other birds, so the 

environmental risk assessment of pesticides used for seed treatment should include 

the evaluation of adverse effect on farmland birds. The use of treated seeds, and 

especially the use of systemic chemicals, is a prophylactic measure completely contrary 

to the Integrated Pest Management (IPM) and with unnecessary adverse 

consequences in farmland ecosystems, including bird populations. In light of the 

results of this study, the use for seed treatment of some pesticides, including 

insecticides such as imidacloprid or fipronil and fungicides such as thiram or 

tebuconazole should be reconsidered to avoid further adverse impacts on farmland 

birds.  
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Rachel L. Carson en su libro Silent Spring (1962) reflexiona sobre cómo el 

hombre actual libera cientos de nuevos químicos al año, rompiendo así un equilibrio 

entre la vida y los elementos de la tierra para el que han sido necesarios cientos de 

millones de años de evolución. Carson opina que dicho equilibrio no sería 

reestablecido hasta que este aporte de químicos sintéticos cesara, y aun así serían 

necesarias varias generaciones para que el equilibrio se restableciera. Desde la 

publicación de Silent Spring, lejos de reducirse, el uso de plaguicidas en el mundo ha 

ido aumentando (Pimentel 1996), dejando una larga lista de catástrofes ecológicas que 

el hombre no ha sido capaz de preveer.  

 

1. Las aves agrícolas y las semillas tratadas: una historia que viene de lejos 

La conservación de las aves agrícolas es uno de los mayores retos de 

conservación en Europa. El declive de estas aves esta claramente ligado a la 

transformación del sistema agrícola que se viene dando desde mediados del pasado 

siglo. Uno de los puntos de partida de esta tesis es que la intensificación agrícola ha 

llevado a una reducción en el alimento natural disponible para las aves agrícolas 

(Figura 1), viéndose estas obligadas a buscar fuentes alternativas de alimento como la 

semilla de siembra, que constituye el principal objeto de estudio de esta tesis.  

La importancia de la semilla de siembra en la dieta de distintas aves granívoras, 

especialmente en invierno, ha sido ampliamente demostrada (Robinson y Sutherland 

1999; Browne y Aebischer 2003; Robinson 2004; Perkins et al. 2007; Holland et 

al.2006; Orlowski et a. 2014). En esta tesis también demostramos la importancia de 

estas semillas para nuestra especie de estudio, la perdiz roja (Capítulo 6). 
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Alimento natural

Siembra de cereal de otoño

• Pérdida de rastrojos de inverno

Pérdida de heterogeneidad del paisaje

• Pérdida de márgenes

• Pérdida de rotación de cultivos (barbechos)

Uso de insecticidas y  herbicidas

Drenaje e irrigación

• Pérdida de zonas de vegetación 
natural

Uso de fertilizantes

• Tratamiento de los márgenes

 

Figura 1. Relación entre los factores que caracterizan la intensificación agrícola y la pérdida de 

fuentes naturales de aliento. 

 

Por otro lado, aunque mucho más escasos, también existen algunos estudios 

que ponen de manifiesto los riesgos derivados de la ingestión de semillas tratadas para 

las aves (Tabla 1). El riesgo de las semillas tratadas radica en que su consumo permite 

la ingestión de grandes cantidades de principio activo tóxico, difícilmente alcanzables 

con otros modos de aplicación. La Tabla 1 es representativa de los errores cometidos 

en el proceso regulatorio a lo largo de la historia; primero con los productos 

organoclorados, luego con los organofosforados y carbamatos y ahora con los 

insecticidas sistémicos (neonicotinoides y fipronilo). Estos últimos han sido objeto de 

estudio de esta tesis (Capítulos 1, 2, 3 y 5).  

Además, el sistema regulatorio también puede estar fallando a la hora de 

detectar efectos a corto y largo plazo de otros productos (fungicidas) con una toxicidad 

aguda mucho menor, pero sospechosos de producir efectos subletales (por ejemplo 

disrupción endocrina o efectos sobre el sistema inmune), mucho más difíciles de 

detectar, que pueden afectar a la supervivencia y a la reproducción de los individuos y 

que a la larga pueden llevar a un declive poblacional. Dos representantes de las 

principales familias de fungicidas utilizadas en el tratamiento de semillas se han 

estudiado en esta tesis: difecononazol (familia de los triazoles; Capítulo 1) y tiram 

(familia ditiocarbamatos; Capítulo 4). 



 

 

Tabla 1. Casos de intoxicaciones en aves por semillas tratadas registrados en la bibliografía. 

Sustancia Año  País Especies afectadas Descripción del trabajo Referencia 

Dieldrín 
Clorfenvinfós 
Carbofenotión 

1950/1975 RU Gran número de aves granívoras Resumen de casos registrados en el campo y resultados 
obtenidos en el laboratorio. Plantea el problema de las 
diferentes sensibilidades entre especies.  

Stanley & 
Bunyan 
(1979) 

Aldrín 
Heptacloro 
γ HCB 

1961 RU Paloma torcaz (Columba palumbus) La ingestión de semillas tratadas es la causa de muerte del 
8% de la población de paloma torcaz de la zona de estudio, 
lo que lleva a la prohibición de su uso para la siembra de 
primavera. 

Murton & 
Vizoso (1963) 

Dieldrín 
Aldrín 
Heptacloro 

1960 RU Paloma torcaz y faisán (Phasianus colchicus) Trabajo experimental en el que se suministran semillas 
tratadas a las palomas para obtener valores de referencia y 
comparar con los animales encontrados muertos en el 
campo. 

Turtle et al. 
(1963) 

Aldrín 1967/1971 EEUU Suirirí bicolor (Dendrocygna bicolor), limícolas, 
anátidas y paseriformes 

Declive de la población local del suirirí bicolor debido al uso 
de semilla tratada en arrozales. Se recogen cadáveres de 
otras especies. 

Flickinger & 
King (1972) 

Carbofenotión 1974/1975 Escocia Ganso común (Anser anser), ganso piquicorto 
(Anser brachyrhynchus) 

Describe una serie de casos de intoxicaciones en estas dos 
especies tras ingerir semillas tratadas y brotes. 

Hamilton et 
al. (1976) 

Heptacloro 1976/1977 EEUU Faisán, urraca (Pica pica), codorniz de 
California (Callipepla californica), barnacla 
canadiense (Branta canadensis) 

Describe una serie de casos de muertes de animales. Se 
encuentran residuos de heptacloro en el tejido cerebral. 

Blus et al. 
(1979) 

Monocrotofós 1981 EEUU Unas 100 aves, mayoritariamente patos y 
gansos 

Describe un episodio de aves encontradas muertas en un 
arrozal. Se hallaron semillas tratadas en sus proventrículos. 

White et al. 
(1983) 

Heptacloro  1978/1981 EEUU Barnacla canadiense Relaciona el bajo éxito reproductor, mortalidad de adultos y 
descenso poblacional en un refugio de fauna con el uso de 
semillas tratadas. 

Blus et al. 
(1984) 



 

 

 

Sustancia Año  País Especies afectadas Descripción del trabajo Referencia 

Diazinón 
Carbofurano 

1983 EEUU 20 patos joyuyos (Aix sponsa) Episodio de mortalidad de 20 patos joyuyos en un campo de 
soja recientemente sembrado. 

Stone & 
Gradoni 
(1985) 

Disulfotón 
Dimetoato 
Carbofurano 

1988 
  

EEUU Barnacla canadiense Episodio de mortalidad de pollos de barnacla canadiense 
por la ingestión de semillas tratadas con una mezcla de 3 
insecticidas anticolinesterásicos. 

Blus et al. 
(1991) 

Fonofós 
Bendiocarb 
Metiocarb 
Imidacloprid 

1990/1994 Francia, 
Holanda  
RU 

Faisán, perdiz (Alectoris rufa), gansos, patos, 
palomas, estornino (Sturnus vulgaris), gorrión 
(Passer domesticus), verderón (Carduelis 

chloris) 

Resumen de los incidentes ocurridos con aves silvestres y 
pesticidas en 18 países europeos. Algunos casos apuntan a 
la ingestión de semillas tratadas. 

De Snoo et al. 
(1999) 

Furatiocarb 1995 Francia Palomas torcaces Mortalidad de palomas torcaces por ingestión de semillas 
tratadas y reducción de ésta por la adición de un colorante. 

Lelievre et al. 
(2001) 

Imidacloprid 1999 Francia Palomas y perdices. 12 perdices y 7 palomas se encontraron muertas con 
semillas en el buche. Pone apunto un método de detección 
del tóxico en muestras biológicas. 

Berny et al. 
(1999) 

Monocrotofós 2000 India 15 grullas sarus (Grus antigone), 3 grullas 
comunes (Grus grus) 

Mortalidad en un campo de trigo cercano al Parque 
Nacional de Keoladeo. Análisis del contenido gástrico y las 
semillas. 

Pain et al. 
(2004) 

Imidacloprid 
Fipronilo 

2003/2008 Francia 36 perdices pardillas Resultados de los análisis de los cadáveres encontrados en 
el marco del programa de seguimiento sanitario de la fauna 
salvaje.  

Bro et al. 
(2010) 
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2. El contexto de la regulación y uso de plaguicidas en la Unión Europea: un 

mecanismo por terminar de afinar 

Para entender la importancia de estudios como los de esta tesis es necesario 

entender cómo funciona el sistema regulatorio.  

La Unión Europea (UE), con el objetivo de unificar en todo su territorio la 

regulación de la comercialización de los distintos principios activos (PA) que 

constituyen los formulados comerciales de plaguicidas, promulgó la directiva 

91/414/CEE, que entró en vigor en 1993. Esta directiva pretendía evaluar los casi 1000 

PA aprobados en aquel momento en los estados miembros, además de los nuevos que 

se fueran incorporando, generando una lista (Anexo I) con los que se consideraban 

aptos para la comercialización. Una vez un PA quedaba incluido en el Anexo I, los 

estados miembros podían autorizar el uso de productos fitosanitarios que lo 

contuvieran. El plazo establecido para la revisión de todos los PA fue el 31 de 

diciembre de 2009. Desde junio de 2011 la directiva 91/414/CEE fue sustituida por el 

reglamento NO 1107/2009, con el fin de mejorar las deficiencias encontradas en la 

anterior directiva. El proceso que actualmente ha de seguir un PA para su aprobación 

en la EU esta representado en la Figura 2. 

• Realiza un informe siguiendo las indicaciones establecidas por la legislación comunitaria
(información físico-química, comportamiento en el medioambiente, datos toxicológicos y 
ecotoxicológicos). 

• Este informe debe incluir toda la literatura científica relevante, así como los resultados 
de los tests realizados ad hoc por el propio fabricante para cuyo desarrollo se recomienda 
utilizar los documentos guía publicados por la EFSA. 

• Coordina la revisión por pares del informe de evaluación.

• Emite un informe con sus conclusiones (Accesible en la web de la EFSA).

• Decide si autoriza la comercialización de un PA.

Fabricante

Estado miembro relator
• Realiza el estudio de estimación de riesgo. 

• Presenta un informe de evaluación ( Accesible en la web de la EFSA).

European Food Safety
Authority (EFSA)

Comisión Europea

Estados miembros • Deciden si autorizan la comercialización de productos con el PA.

Proceso de autorización de un PA en la EU

 
Figura 2. Proceso de autorización de un PA en la EU según reglamento NO 1107/2009. 
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En el caso de las aves, la legislación europea, mediante su reglamento 

283/2013, que fija los requerimientos específicos para la evaluación de ingredientes 

activos al amparo del reglamento 1107/2009, establece que el informe de datos 

ecotoxicológicos debe incluir información sobre toxicidad aguda (específicamente la 

dosis letal media), toxicidad a corto plazo (en concreto concentración letal media, 

mínima concentración letal si es calculable, concentración máxima sin efectos y 

tiempos de respuesta y recuperación) y toxicidad a largo plazo y reproductora 

(aportando información sobre las concentraciones que afectan al 10% y al 20% de la 

población, o alternativamente la concentración máxima sin efectos). Para la 

elaboración de los test ecotoxicológicos destinados a recabar esta información, la EFSA 

recomienda la aplicación de los siguientes protocolos elaborados por la OECD 

(Organisation for Economic Co-operation and Development) y la US EPA (US 

Environmental Protection Agency): 

Test de toxicidad aguda en aves: OECD test 223 (2010). Sirve para calcular la 

Dosis Letal 50 (DL50) y si es necesario, la curva de la dosis-respuesta y los intervalos de 

confianza. Adicionalmente la EFSA recomienda medir el consumo de alimento tras la 

administración del tóxico y la observación de signos clínicos de intoxicación.  

Test de reproducción en aves: OECD test 206 (1993) o US EPA 71.4 (1996). 

Sirve para calcular el nivel sin efecto observable (NOEL) en base a efectos en las 

siguientes variables: Condición corporal y consumo de alimento, tamaño de puesta, 

grosor de cáscara, índice de fertilidad (tras X días de incubación dependiendo de la 

especie), embriones viables tras X días de incubación (también varia según la especie), 

índice de eclosión y supervivencia de los pollos con 1 y 14 días de vida.  

La EFSA además es la encargada de elaborar documentos que permitan a la 

industria y a los estados miembros abordar la evaluación del riesgo de una manera 

unificada y sistemática. En el caso de la evaluación de riesgos de los plaguicidas para 

las aves y los mamíferos el documento utilizado es “Guidance document on risk 

assessment for birds and mammals” (2009). Este documento explica como calcular el 

riesgo de un producto a corto (riesgo agudo) y a largo plazo (riesgo crónico) y está 

basado en el cálculo de los llamados “TER” (toxicity exposure ratio). El proceso de 
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evaluación del riesgo está dividido en varias fases. En el caso del tratamiento de 

semillas, en una primera fase se utilizan los datos de toxicidad (DL50 y NOEL) de una 

especie genérica, la dosis de aplicación del tóxico y el consumo medio de alimento de 

esa especie para calcular el riesgo. Si el valor obtenido es menor de un valor umbral 

entonces se pasa a la siguiente fase de evaluación del riesgo en la que una serie de 

variables pueden ser estudiadas para caracterizar mejor el riesgo, como son el estudio 

de especies focales (las que representan a otras especies similares debido a su alto 

grado de exposición en el campo), porcentaje de semillas tratadas en la dieta (en el 

paso anterior se consideraba el 100%), rechazo del tóxico, si el ave pela las semillas, 

disponibilidad del alimento tratado en el campo, área de campeo o incidentes 

acaecidos con ese tóxico. La evaluación final del riesgo se basa en la ponderación de 

las distintas variables estudiadas.  

Una de las principales críticas que se ha hecho a este sistema es que no tiene 

en cuenta, o infravalora, las diferencias que existen entre especies en la sensibilidad a 

un tóxico; se ha demostrado que incluso aplicando los factores de seguridad habituales 

en la evaluación de riesgos las especies más sensibles quedan desprotegidas (Luttik et 

al. 2011). Es por eso que para esta tesis se ha tomado como especie modelo la perdiz 

roja, un ave de ambientes agrícolas, en gran parte granívora, cuyas población está en 

declive (Blanco-Aguiar et al. 2003; Viñuela et al. 2013). Además, la perdiz roja como 

especie de estudio tiene ventajas adicionales; es una especie que se cría en granjas, 

cinegética y para la cual existe una considerable cantidad de bibliografía sobre diversos 

aspectos de su fisiología. Por otro lado, hasta la elaboración de esta tesis, no existían 

datos de toxicidad de fitosanitarios sobre esta especie (a excepción de un dato sobre la 

DL50 del fipronilo; ver Capítulo 5). 

Otra limitación de los estudios llevados a cabo por la industria es la escasez de 

variables (biomarcadores) estudiadas. En los estudios desarrollados para esta tesis, 

además de las variables medidas habitualmente (mortalidad, medidas biométricas de 

crecimiento, y variables macroscópicas indicativas del éxito reproductor), hemos 

monitorizado otras que han revelado importantes efectos subletales de los plaguicidas 

testados sobre las perdices. Estas variables adicionales han sido: 
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Adultos: respuesta inmune celular, bioquímica plasmática, marcadores de 

estrés oxidativo, coloración, niveles de hormonas sexuales. 

Parámetros reproductivos: fecha de comienzo de puesta, tamaño de los 

huevos, concentración de antioxidantes en los huevos. 

Pollitos: Tamaño al nacer y crecimiento, supervivencia durante el primer mes 

de vida, respuesta inmune celular. 

Por otra parte, la adecuación de los estudios desarrollados por la industria a las 

condiciones reales de campo (épocas de exposición, duración de la exposición, 

condiciones ambientales) es escasa. Los estudios desarrollados para esta tesis han 

intentado simular, en la medida de lo posible, la situación en el campo ajustando la 

duración y la época de las exposiciones a las épocas de siembra del cereal, 

manteniendo las perdices en jaulas exteriores y ajustando la dosis al peor escenario 

posible o a un escenario más realista basado en estudios previos de consumo de 

semilla de siembra (Perez y Perez 1981; Capítulos 1, 3, 4 y 5). Además hemos 

completado estos estudios con un estudio específico de selección de alimento 

(Capítulo 2) y con un estudio de campo en el que se mide la exposición a las semillas 

tratadas en perdices cazadas junto con la disponibilidad de grano en el campo y la 

exposición de otras aves (Capítulo 6). 

Como conclusión podemos establecer que se hace necesario que la 

administración exija a la industria la elaboración de estudios más completos, que 

generen información ecológicamente relevante. Esta tesis demuestra como esta 

información se puede generar sin invertir excesivos recursos. 

 

3. Efectos de las semillas tratadas con plaguicidas en la perdiz roja: evidencias 

experimentales  

Antes de comentar los resultados es necesario explicar las diferentes 

metodologías desarrolladas en los capítulos que recogen exposiciones experimentales 

de las perdices a distintos plaguicidas (Capítulos 1, 3, 4 y 5). El Capítulo 1 recoge el 
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primer experimento llevado a cabo para esta tesis y fue planteado como un 

experimento de prospección en el que se probaron tres tratamientos de semillas 

(imidacloprid, tiram y difenoconazol) a dos dosis; la dosis de aplicación recomendada y 

el doble de esta dosis, y realizando un solo periodo de exposición en primavera. Este 

primer estudio resulto muy útil al revelar importantes efectos negativos de los tres 

plaguicidas sobre las perdices, y puso también de manifiesto tres aspectos que cabía 

mejorar en el diseño experimental de futuros experimentos. En primer lugar, se hacía 

necesario estudiar el consumo / rechazo de las semillas tratadas por parte de las 

perdices; esto nos llevo a realizar el estudio del Capítulo 2. En segundo lugar, el 

tamaño de muestra (6 parejas por grupo experimental) resultaba insuficiente a la hora 

de evaluar los efectos sobre la reproducción, sobre todo debido a la mortalidad 

ocurrida en algunos de los grupos experimentales. En tercer lugar, cabía recrear 

situaciones más realistas con dosis de exposición menores y periodos de exposición 

que coincidieran con las épocas de siembra. Todo esto nos llevo a repetir la exposición 

del imidacloprid (Capítulo 3) y del tiram (Capítulo 4) con un tamaño de muestra mayor 

(16 parejas por grupo experimental) y dosis y periodos de exposición más ajustados a 

la realidad. Por último, el Capítulo 5 estudia los efectos del fipronilo, un insecticida 

utilizado para el tratamiento de semillas de maíz, y por lo tanto el periodo de 

exposición se hizo coincidir con la siembra de este cereal (abril). Además, a diferencia 

de los otros experimentos, se utilizaron semillas de maíz tratado comercialmente (en 

los demás experimentos nosotros tratábamos las semillas) mezcladas con maíz sin 

tratar, en una proporción 20:80, y se controló el consumo de alimento de cada pareja. 

Los resultados obtenidos con el difenoconazol (Capítulo 1) demuestran un 

efecto de este producto sobre el índice de fertilidad de las perdices, con una reducción 

de entre un 44 y un 41% respectivamente en los dos grupos experimentales con 

respecto al grupo control. Como hemos dicho, estos resultados han de ser tomados 

con cautela, pero parecen estar apuntando a un efecto de disrupción endocrina del 

fungicida. Algunos estudios ya han identificado cierta actividad como disruptores 

endocrinos de otros miembros de la familia del difenoconazol (triazoles), como por 

ejemplo el tebuconazol (McKinlay et al. 2008), que además ha sido el plaguicida que 

con más frecuencia ha aparecido tanto en las semillas colectadas en el campo como en 
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los buches de las perdices analizados en el Capítulo 6, y del cual las perdices de campo 

podrían estar consumiendo cantidades que superan el NOEL (Capítulo 6). Todo esto 

nos lleva a recomendar más estudios sobre los efectos, tanto del difenoconazol y el 

tebuconazol, como de otros triazoles usados como tratamiento de semillas. 

Cabe destacar que durante el proceso de realización de esta tesis doctoral 

(2010-2015), la Unión Europea ha declarado una moratoria en el uso de los dos 

insecticidas estudiados, imidacloprid (Reglamento 485/2013) y fipronilo (Reglamento 

781/2013), debido a su toxicidad sobre los insectos polinizadores. Debido a la 

actualidad del tema, uno de los resultados más llamativos y más comentados de esta 

tesis es la alta mortalidad aguda producida por el imidacloprid (Capítulos 1 y 3). Este 

insecticida ha demostrado ser altamente tóxico para las perdices a su dosis de 

aplicación, matando a todas las perdices del experimento en 21 días, el 50% de ellas en 

una semana y el 50% de las hembras en 3 días (Capítulo 3). Además se ha demostrado 

que aunque las semillas tratadas con este insecticida son parcialmente rechazadas por 

las perdices, se trata de un rechazo condicionado al efecto adverso producido por el 

insecticida tras la ingestión, y por tanto no les protege de una intoxicación aguda 

(Capítulos 2 y 3), tal y como demuestran los casos de intoxicaciones agudas de aves 

por ingestión de semillas tratadas con imidacloprid recogidos en la literatura científica. 

También se ha demostrado que el rechazo de las semillas tratadas se reduce cuanto 

más difícil es para las perdices distinguirlas del alimento sin plaguicida, es decir, 

cuando ambos tipos de alimento aparecen mezclados (Capítulo 2), como fácilmente 

puede ocurrir en el campo. Por otro lado, también se han descrito los efectos 

producidos por una dosis subletal de imidacloprid, siendo el más destacables la 

reducción en el tamaño de puesta (39.8%; Capítulo 3), que a su vez produce una mayor 

concentración de antioxidantes en los huevos. A pesar de este mayor aporte de 

antioxidantes, los pollitos que nacen de estos huevos presentan una respuesta inmune 

celular reducida. Este último efecto puede estar relacionado con la mayor mortalidad 

de pollitos en el grupo de perdices tratadas con imidacloprid que encontramos en el 

Capítulo 1.  

Los resultados obtenidos en el estudio realizado con el fipronilo son también 

indicadores del riesgo que este otro insecticida tiene en las aves de medios agrícolas. 
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En este estudio hemos comprobado que las semillas tratadas con fipronilo no son 

específicamente rechazadas por las perdices cuando aparecen mezcladas con semilla 

no tratada, si bien se produce en general una reducción de la ingesta y una pérdida de 

condición corporal que a su vez desencadena una cascada de efectos, muy 

relacionados entre sí, que afectan a la fisiología de los individuos y reducen su éxito 

reproductor. Estos efectos son la reducción de la respuesta inmune celular, de los 

niveles de antioxidantes, de la coloración y de niveles de hormonas sexuales 

esteroideas. Como consecuencia, encontramos un descenso en la fertilidad y en la 

concentración de antioxidantes de los huevos. Además, los pollitos que nacen de estos 

huevos también ven reducida su respuesta inmune celular. Estos resultados contrastan 

con lo que manifiesta la EFSA en sus conclusiones sobre el producto (EFSA, 2006), 

donde descarta los efectos del fipronilo sobre la reproducción de las aves. 

A diferencia del imidacloprid y del fipronilo, el tiram es un fungicida que se 

viene utilizando en agricultura desde los años 30. A pesar de que la Unión Europea lo 

ha clasificado como posible disruptor endocrino y de que muchos autores en el pasado 

han apuntado a sus efectos negativos sobre la reproducción de los vertebrados, sigue 

siendo uno de los fungicidas más utilizados en Europa (Eurostats, 2007). Los resultados 

del Capítulo 4 junto con los del Capítulo 1 refuerzan la idea de que el tiram altera 

gravemente la reproducción de las aves reduciendo el tamaño, el número y la 

fertilidad de los huevos, y por tanto el numero de pollitos por pareja. Una vez más, los 

pollitos que nacen de perdices expuestas presentan la repuesta inmune celular 

reducida y además crecen más despacio. Igual que para el imidacloprid, estos efectos 

encontrados sobre los pollitos pueden explicar la mayor mortalidad de pollitos 

acaecida en el grupo del tiram en el Capítulo 1. Es sabido que el tiram tiene cierto 

efecto repelente sobre las aves (Werner et al. 2010), lo que podría evitar su consumo 

en grandes cantidades en el campo. Sin embargo, mediante las pruebas de control de 

consumo llevadas a cabo en el Capítulo 2 observamos que este efecto repelente 

desaparece con el tiempo en ausencia de alimento alternativo. 

Uno de los puntos más novedosos de esta tesis es el estudio simultáneo de 

múltiples biomarcadores a los tres niveles del proceso reproductivo: individuos adultos 

reproductores, huevos y descendencia, así como el estudio de las complejas 
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interrelaciones existentes entre estos biomarcadores y cómo se ven afectadas por los 

fitosanitarios. En la Figura 3 hemos tratado de representar gráficamente todas estas 

relaciones entre biomarcadores y que pasamos a discutir a continuación. 

Condición corporal

Coloración carotenoide

Progenitores

Respuesta inmune celular

Estado oxidativo

Niveles de hormonas 
esteroideas

Huevos

Tamaño de puesta

Fertilidad

Concentración de 
antioxidantes

Pollitos

Condición al nacer

Supervivencia

Respuesta inmune celular

Tamaño del huevo

 

Figura 3. Algunos de los biomarcadores medidos para los experimentos a los tres niveles: 

progenitores, huevos y pollitos. Todas las flechas representan las relaciones consideradas en 

esta tesis. Las flechas rojas representan las relaciones estadísticas encontradas en nuestros 

estudios.  

Un efecto importante de algunos tratamientos de semillas es la pérdida de 

condición corporal que produce su ingestión. Nosotros encontramos este efecto en los 

dos insecticidas estudiados (Capítulos 1, 3 y 5). Esta pérdida de condición se debe 

principalmente a la pérdida de apetito y consiguiente reducción en el consumo de 

alimento (como ya hemos dicho en ambos casos, imidaclorpid y fipronilo, debido a un 

efecto adverso producido por el insecticida tras su ingestión). La pérdida de condición 

corporal o la disminución en el consumo de alimento explican, aunque solo en parte, 

las variaciones en los niveles plasmáticos de antioxidantes exógenos (carotenos y 

vitaminas) tanto en el caso del fipronilo (Capítulo 5) como en el del tiram (Capítulo 4), 

aunque estas variaciones son de sentido inverso en ambos estudios (aumentan en el 
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tiram y se reducen en el fipronilo). Esta relación entre condición y niveles de 

antioxidantes exógenos ya había sido previamente probada en perdiz roja (Perez-

Rodriguez and Viñuela, 2008; Mougeot et al. 2009). En el caso del tiram vemos cómo 

este aumento en los antioxidantes circulantes lleva a un aumento en la coloración, 

relación demostrada en la perdiz roja por García de Blas et al. (2014). En el caso del 

fipronilo, vemos cómo la pérdida de condición explica el descenso en los niveles de 

hormonas sexuales, en la respuesta inmune celular y en la coloración, aunque esta 

última solo se explica parcialmente. Las interacciones entre estas variables (condición, 

antioxidantes circulantes, expresión de caracteres sexuales, hormonas sexuales y 

respuesta inmune) han sido extensamente estudiadas y debatidas con anterioridad en 

las distintas visiones propuestas de la “teoría del handicap de la inmunocompetencia” 

(Folstat & Karter, 1992; Perez-Rodriguez et al. 2006; Blas et al. 2006; Alonso-Alvarez et 

al. 2009; Mougeot et al. 2009).  

El reparto de los antioxidantes entre las distintas funciones vitales 

(mantenimiento tisular, expresión de caracteres sexuales y reproducción) puede ser 

esencial para explicar los resultados encontrados en nuestros estudios. Hemos 

argumentado que el esfuerzo del progenitor por mantener el estado oxidativo lleva, 

mediante mecanismos compensatorios, a reducir el tamaño de puesta (Capítulos 3 y 

4), el tamaño de los huevos (Capítulo 4) o la concentración de antioxidantes de cada 

huevo (Capítulo 5), estando las variables tamaño de puesta y concentración de 

antioxidantes en los huevos negativamente relacionadas (Capítulos 3 y 4). A su vez, la 

reducción en el tamaño de puesta encontrada en el imidacloprid (Capítulo 3) también 

puede ser explicada por la reducción en el consumo de alimento (Mineau, 2005). Un 

resultado similar lo encontramos en el estudio del fipronilo, en el que las hembras 

(expuestas) con peor condición pusieron menos huevos pero más pesados. Una 

tercera vía, no excluyente, para explicar las variaciones en el tamaño de puesta es que 

la coloración del macho influye en la inversión que la hembra realiza en reproducción, 

variando el tamaño de puesta; esto ha sido probado para la perdiz roja por Alonso-

Alvarez et al. (2012). En nuestro caso esto sería válido para el fipronilo y el 

imidacloprid, ya que ambos reducen la coloración de las perdices, pero no para el 

tiram, el cual causa una mayor coloración y un menor tamaño de puesta. Por otro lado, 
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los desajustes en el estado oxidativo (Capítulos 3 y 5) o la reducción en las hormonas 

sexuales (Capítulos 1 y 5) podrían explicar la disminución en la fertilidad encontrada 

tras la exposición a difenoconazol, tiram y fipronilo. 

Aunque estudios anteriores demuestran que los antioxidantes de los huevos 

confieren protección a los pollitos mejorando su respuesta inmune en los primeros 

días de vida (Suray and Speake, 1998; Suray et al. 2001), nosotros no encontramos esta 

relación, ya que tanto en el caso de la exposición al imidacloprid como al tiram, las 

concentraciones mayores de antioxidantes en los huevos han sido observadas en 

puestas en las que los pollitos mostraban una respuesta inmune celular reducida. En el 

caso del fipronilo, por el contrario, sí que encontramos disminución en los niveles de 

antioxidantes de los huevos y reducción en la respuesta inmune celular de los pollitos. 

Esta contradicción entre los tres estudios nos lleva a pensar que la presencia de otros 

elementos constituyentes del huevo (hormonas o nutrientes) que no hemos 

controlado en este estudio también podrían estar influyendo en la respuesta inmune 

de los pollitos. Además, tanto en el estudio del fipronilo como en del imidacloprid, 

hemos encontrado una relación negativa, contraria a lo esperable, entre la condición 

de los pollitos al nacer y su respuesta inmune celular, la cual no hemos podido explicar 

y deberemos investigar en el futuro. Aunque no hemos encontrado una correlación 

directa (estadística) entre respuesta inmune y supervivencia de los pollos, sí que 

hemos visto que ante la aparición de un patógeno (brote de E.coli surgido en la granja 

experimental durante el estudio del Capítulo 1), los pollitos nacidos de perdices 

expuestas a imidacloprid y tiram (productos que como hemos dicho reducen su 

respuesta inmune celular) sufrieron mas mortalidad que los pollitos nacidos de 

perdices control o perdices expuestas a difenoconazol. 

 

4. Evaluación del riesgo de exposición a semillas tratadas en condiciones de campo: 

el caso de la perdiz roja en España 

En el último capítulo de esta tesis (Capítulo 6), se demuestra la importancia de 

las semillas tratadas como vía de exposición a plaguicidas para las aves agrícolas en 

general y para las perdices en particular. Primero, mediante el análisis de buches y 
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mollejas de perdices cazadas, se encuentra que el 32.3% de los contenidos digestivos 

analizados (n=189) contienen residuos de alguno de los plaguicidas monitorizados 

(todos ellos utilizados como tratamiento de semillas en España). Para considerar estos 

datos hay que tener en cuenta que solo se monitorizaron 10 de los 14 productos 

autorizados en España, quedándose fuera algunos de los más utilizados (maneb y 

mancozeb), por lo que el porcentaje real sería aun mayor. Aparentemente, los 

residuos de imidacloprid y fipronilo encontrados en los buches no procedían de la 

ingestión de semilla de siembra, sino de la ingestión de materia vegetal. Este 

descubrimiento, lejos de ser tranquilizador, no hace más que confirmar la alta 

persistencia de estos productos en el medio y la exposición crónica de la fauna 

silvestre a pequeñas cantidades de PA, con consecuencias desconocidas (Van der Sluijs 

2014). También se vio como la semilla de siembra suponía una parte muy importante 

de la dieta de la perdiz entre octubre y febrero (53.4%). Se estudió la disponibilidad 

media de semillas para las aves tras la siembra, distinguiendo entre el centro del 

campo (unas 11 semillas/m2) y los bordes (unas 43 semillas/m2); esta cantidad de 

semillas es suficiente para que las perdices obtengan una dosis tóxica (aguda o crónica) 

de seis de los plaguicidas utilizados en el tratamiento de semilla de siembra en una 

superficie de entre 6 y 50 m2 de campo. Por último, hemos identificado 29 especies de 

aves, además de las perdices, que utilizan las semillas de siembra como fuente de 

alimento en invierno. Es destacable el hecho de que, de las cinco especies que han sido 

detectadas con mayor frecuencia comiendo semillas de siembra, cuatro presentasen 

tendencias poblacionales negativas, bien en Europa o en España.  

 

5. Consideraciones para una mejor gestión del riesgo asociado al uso de plaguicidas: 

una apuesta por el manejo integrado de plagas 

Como hemos podido comprobar en esta tesis, los sistemas de regulación 

actuales siguen fallando a la hora de preveer y de prevenir efectos negativos de los 

plaguicidas sobre los ecosistemas. Además de las limitaciones concretas, que ya hemos 

apuntado antes, a la hora de estimar el riesgo para las aves y otros organismos, existen 

otros factores que deberían ser considerados para analizar los riesgos derivados del 
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uso de un PA, como pueden ser los efectos de la exposición simultánea a varios 

plaguicidas (efectos aditivos y sinérgicos). Además, para la mayoría de países 

europeos, se debería disponer de una información más precisa sobre el uso de 

plaguicidas (un sistema similar al que tiene Reino Unido (FERA, 2015)) con el fin de 

poder evaluar mejor los efectos de éstos directamente en estudios de campo. Por 

último se deberían estudiar los efectos de los plaguicidas a nivel global, analizando los 

efectos de un PA en cada uno de los niveles de un ecosistema y las consecuencias que 

estos efectos tienen sobre los demás niveles (efectos indirectos). 

En Europa, junto con el reglamento NO 1107/2009, que rige actualmente la 

comercialización de los plaguicidas, se implantó la directiva 2009/128/CE por la que se 

establece el marco de actuación comunitaria para conseguir el uso sostenible de los 

mismos. Esta directiva hace obligatorio el uso de medidas de Manejo Integrado de 

Plagas (MIP) en todos los cultivos de la UE a partir de enero de 2014. El MIP es, según 

la FAO, “la cuidadosa consideración de todas las técnicas disponibles para combatir las 

plagas y la posterior integración de medidas apropiadas que disminuyen el desarrollo 

de poblaciones de plagas y mantienen el empleo de plaguicidas y otras intervenciones 

a niveles económicamente justificados y que reducen al mínimo los riesgos para la 

salud humana y el ambiente”. A grandes rasgos, las medidas alternativas que propone 

el MIP son, en este orden: (1) estudio y monitorización del organismo plaga, así como 

de los factores que afectan a su aparición para estimar el nivel de riesgo; (2) si el riesgo 

supera un determinado umbral económico se llevaría a cabo la aplicación de medidas 

agronómicas (rotación de cultivos, variación en la época de siembra, cultivos 

resistentes, cultivos trampa); (3) si las anteriores no son suficiente, entonces se 

procedería a la aplicación de medidas de agricultura biológica (trampas de feromonas, 

plantas biocidas, agentes biológicos); (4) y como última alternativa, la aplicación de 

productos químicos (usando los menos tóxicos y limitando su uso al máximo en el 

tiempo y el espacio).  

En el caso de las semillas tratadas, el uso del plaguicida es de tipo profiláctico y 

por tanto va en contra de los criterios que rigen el MIP, especialmente si se trata de 

tratamiento de semillas con productos sistémicos y con una alta persistencia en el 

medio. Los resultados de esta tesis refuerzan, con evidencias científicas, la idea de que 



Tesis doctoral – Ana López Antia 

 

252 

 

el tratamiento de semillas es una práctica poco sostenible que puede perjudicar 

seriamente a las poblaciones de aves y que por tanto debería desaparecer o por lo 

menos limitarse a casos extremos. 
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CONCLUSIONES 
 

1. Las semillas tratadas son a la vez una fuente de alimento y una importante vía 

de ingestión de plaguicidas para las perdices silvestres y para muchas otras aves del 

medio agrícola, y según el plaguicida con el que estén tratadas, pueden suponer un 

riesgo tanto de intoxicación aguda como crónica, pudiendo afectar tanto a su 

supervivencia como a la reproducción. 

2. La ingestión de semillas tratadas con la dosis recomendada de aplicación de 

difenoconazol afecta a la fertilidad de las perdices, probablemente al actuar el 

fungicida como disruptor endocrino. El difenoconazol, junto a otros miembros de la 

misma familia química (triazoles) como el tebuconazol, el triticonazol y el flutriafol, 

han resultado ser los plaguicidas que más aparecen tanto en los buches de las 

perdices cazadas en otoño e invierno como en las semillas recogidas en el campo. 

3. La ingestión de semillas tratadas con imidacloprid a la dosis recomendada de 

aplicación es altamente tóxica y letal para las perdices. Los residuos del insecticida 

se acumulan en el hígado durante el periodo de exposición. Por otro lado, la 

ingestión de una dosis subletal diaria afecta a la reproducción retrasando el 

comienzo de la puesta y reduciendo el tamaño de la misma. Los pollitos cuyos 

progenitores han sido expuestos al insecticida presentan una respuesta inmune 

celular reducida.  

4. El rechazo de las semillas tratadas con imidacloprid está condicionado al efecto 

adverso producido por el insecticida tras la ingestión, y por lo tanto no protege a 

las perdices de ingerir una dosis susceptible de causar toxicidad aguda. Además de 
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la exposición por consumo de semillas tratadas, las perdices están expuestas a 

pequeñas dosis del insecticida mediante la ingestión de materia vegetal como 

plantas, hojas y brotes.  

5. La ingestión de semillas tratadas con tiram, tanto a la dosis recomendada de 

aplicación como a un 20% de la misma, aumentan las defensas antioxidantes, 

endogenas y exogenas, mientras a su vez producen un aumento en los indicadores 

de peroxidación lipídica. Ambas dosis de tiram producen efectos negativos sobre la 

reproducción tales como retraso en la puesta, reducción del tamaño de puesta y 

del tamaño de los huevos, y una importante disminución en la tasa de fertilidad. 

Los pollitos cuyos progenitores han sido expuestos al fungicida crecen más 

despacio y presentan la respuesta inmune celular reducida. 

6. A pesar de que las semillas tratadas con la dosis de aplicación recomendada de 

tiram son rechazadas por las perdices en un primer momento, este rechazo 

desaparece con el tiempo en ausencia de fuentes alimento alternativas.  

7. La ingestión de semillas de maíz comercial tratado con fipronilo, en una 

proporción del 20% del alimento total, produce en las perdices una perdida de 

condición corporal explicada en parte por una reducción en el consumo de 

alimento. Esta perdida de condición se asocia con una reducción en la respuesta 

inmune celular, alteraciones bioquímicas y reducción en los niveles de hormonas 

sexuales. También se produce una importante disminución en la fertilidad de los 

huevos. Los pollitos cuyos progenitores han sido expuestos al insecticida presentan 

la respuesta inmune celular reducida. 
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8. Las perdices no rechazan el maíz tratado con fipronilo cuando se encuentra 

mezclado con el maíz limpio. Igual que en el caso del imidacloprid, además de la 

potencial exposición de las perdices al fipronilo por la ingestión de semillas 

tratadas, éstas están expuestas a pequeñas dosis del insecticida mediante la 

ingestión de materia vegetal como plantas, hojas y brotes. 

9. Teniendo en cuenta las dosis recomendadas de aplicación para el tratamiento 

de semillas, el porcentaje de semillas de siembra en la dieta de las perdices, y la 

densidad de semillas en el campo, las perdices podrían obtener una dosis capaz de 

producir una intoxicación aguda por tiram, imidacloprid y fipronilo o una 

intoxicación crónica por oxicloruro de cobre, maneb y tebuconazol en una 

superficie de tan solo 6 a 50 m2 . 

10. El tratamiento de semillas es una práctica poco sostenible, contraria a los 

criterios europeos de uso sostenible de los plaguicidas y que puede perjudicar 

seriamente a las poblaciones de aves y otros animales granivoros, por lo que su uso 

debería limitarse a aquellas situaciones en las que exista un alto riesgo y en las que 

no existan alternativas que supongan un menor riesgo para la fauna
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