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Zusammenfassung 

Die derzeitige Klimaerwärmung vollzieht sich mit einer beispielslosen Geschwindigkeit und lässt 

erwarten, dass sich der Temperaturanstieg maßgeblich auf die weltweiten Ökosysteme auswirken wird. 

Seit dem 20. Jahrhundert hat sich die Oberflächentemperatur um etwa 0,6°-0,7°C erwärmt, und die 

Prognosen gehen davon aus, dass sie bis 2100 um weitere 1,4°-5,8°C steigen wird, wenn nichts gegen den 

Treibhauseffekt unternommen wird. Die daraus resultierenden Veränderungen der Ökosysteme können 

unter anderem eine geographische Verschiebung der Artareale beinhalten, was zu einem Einbruch oder 

lokalem Verschwinden der Populationen führen kann. Darüber hinaus kann in den letzten Jahrzehnten 

beobachtet werden, dass es zu Abweichungen im Auftreten biologischer Ereignisse oder aber zu 

Veränderungen in der Futterverfügbarkeit oder der Zusammensetzung des Nahrungsnetzes kommt. 

Derartige Veränderungen lassen sich vor allem für aquatische Ökosysteme beobachten, die neben dem 

Temperatureinfluss durch eine zunehmende Eutrophierung oder Versäuerung der Gewässer und 

besonders durch die Belastung mit Schadstoffen (Pestiziden) gefährdet sind.  

Neben den klimatischen Veränderungen und dem Eintrag von Xenobiotika wird eine zunehmende 

Gefährdung der Gewässer durch nicht-einheimische Arten beschrieben. Obwohl die Artenzusammen- 

setzung eines Ökosystems einem kontinuierlichen Wandel unterliegt, kann in den letzten Jahrzehnten ein 

zunehmender Verlust an Biodiversität vor allem in limnischen Habitaten festgestellt werden. Invasive 

Arten stellen eine Bedrohung für die Biodiversität dar und werden im globalen Maßstab als einer der 

wichtigsten Faktoren für das Aussterben oder die Verdrängung einheimischer Spezies angesehen. Ein 

Rückgang der Biodiversität und das verstärkte Eindringen invasiver Arten in aquatische Ökosysteme 

kann auf verschiedene, vor allem durch den Menschen hervorgerufene Stressfaktoren, wie Verbau der 

Gewässer, extensive Nutzung für Energiegewinnung, aber auch den Eintrag von Umweltchemikalien 

zurückgeführt werden.  

Aufgrund ihrer intensiven Nutzung in der Agrarwirtschaft stellen Pestizide mittlerweile eines der größten 

Umweltprobleme dar, da sie aufgrund ihrer chemischen und physikalischen Eigenschaften zu einer 

dauerhaften Belastung in den Böden und Gewässern führen können. Der stetig ansteigende Gebrauch von 

Pestiziden wird durch die prognostizierten Klimaveränderungen (z.B. stärkere Regenfälle, höhere 

Temperaturen) in den nächsten Jahren weiter zunehmen. Bisher ist jedoch nur wenig darüber bekannt, 

wie sich die Pestizide im Zusammenhang mit den veränderten Umweltbedingungen auf die Ökosysteme 

und deren Zusammensetzung auswirken werden. In der vorliegenden Arbeit soll Pyrimethanil (Pestizid, 

Fungizid) als Beispielsubstanz für einen anthropogen genutzten Schadstoff untersucht werden. Die 

Wirkweise von Pyrimethanil ist bisher vor allem an Pilzen sehr gut untersucht. Für Nichtziel-Organismen, 

wie aquatische Pflanzen und Invertebraten, fehlen Wirk- und Effektuntersuchungen jedoch weitgehend. 

Darüber hinaus gibt es nur wenige Untersuchungen darüber, wie sich das Fungizid über einen längeren 

Zeitraum auf aquatische Invertebraten auswirkt und ob es mit steigenden Temperaturen zu einem 

veränderten Einfluss der Substanz kommt. Mit den im Folgenden genannten Experimenten soll untersucht 

werden, inwieweit sich die zukünftige Nutzung von Pestiziden auf aquatische Ökosysteme und deren 

Artenzusammensetzung auswirkt: 
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 Ökotoxikologische Standarduntersuchungen zur Bestimmung des Effektprofils von Pyrimethanil 

(2. Kapitel) 

 Multigenerationsstudien mit Daphnia magna und Chironomus riparius sowie der zusätzlichen 

Bestimmung der genetischen Diversität der Zuckmücken bei drei verschiedenen 

Temperaturszenarien, welche ein derzeitiges kaltes und warmes Jahr nachstellen sowie zukünftig 

erwartete Temperaturen für 2080 (2. und 3. Kapitel) 

 Experimentelle Nachstellung eines Nahrungsnetz für die Beobachtung interaktiver Effekte 

zwischen Xenobiotika und abiotischen sowie biotischen Umweltfaktoren (4. Kapitel) 

 Untersuchung der Sensitivität verschiedener Lebensstadien gegenüber Pyrimethanil und dem 

Einfluss verschiedener Temperaturen mit einem nicht standardisierten Testorganismus 

(Physa spec.) (5. Kapitel) 

 

Eine umfassende Testbatterie, die Experimente mit aquatische Primärproduzenten und Invertebraten unter 

standardisierten Bedingungen umfasst, führt zu dem Ergebnis, das unter anderem die Modellorganismen 

D. magna und C. riparius sehr sensitiv auf Pyrimethanil reagieren. Die Standardtests verdeutlichen 

zudem, dass es nicht ausreicht, nur einen Test mit einem Vertreter jeder trophischen Ebene 

durchzuführen, sondern dass es notwendig ist, neben Standardorganismen weitere Organismen, wie z.B. 

Mollusken, zu testen, da diese oftmals sensitiver reagieren, wie es sich auch anhand der vorliegenden 

Ergebnisse feststellen lässt. Des Weiteren kann gezeigt werden, dass einige der untersuchten 

Primärproduzenten, wie Scenedesmus obliquus oder Lemna minor, wesentlich weniger sensitiv sind als 

die aquatischen Invertebraten. Die Sensitivitätsverteilung zum Vorteil der Primärproduzenten lässt sich 

durch das Anwendungsspektrum von Pyrimethanil erklären, da Pyrimethanil bei Applikation auf 

Kulturpflanzen jene nicht beeinträchtigen sollte. Neben der grundlegenden ökotoxikologischen Wirkung 

wird anhand von weiteren akuten und chronischen Tests auch der Einfluss der Temperatur untersucht. 

Bereits die kurzzeitige Untersuchung (48 h) des Einflusses von Pyrimethanil auf die Mobilität von 

Mückenlarven (C. riparius) zeigt, dass mit steigenden Temperaturen die Toxizität des Fungizids 

angesteigt.  

Eine Exposition gegenüber subletalen Konzentrationen von Pyrimethanil über mehrere Generationen 

hinweg, bei sich dynamisch verändernden Temperaturen, kann Spezies-spezifische Unterschiede 

zwischen den Arten aufdecken. Die Multigenerationsstudie mit D. magna führt zu dem Resultat, dass ein 

Pyrimethanil-bedingter Anstieg der Mortalität durch einen generellen Anstieg der Reproduktion 

ausgeglichen wird, obwohl das Populationswachstum stärker durch die Temperatur als durch das 

Fungizid beeinflusst ist. Die Exposition gegenüber der NOEC (no observed effect concentration) von 

0,5 mg Pyrimethanil/L unter naturnahen klimatischen Bedingungen über mehrere Generationen hinweg 

ruft eine Inhibition der Reproduktion bis zu 37% im Vergleich zur Kontrolle hervor. Obwohl die 

durchschnittliche Inhibition der Reproduktion bei 20% liegt und damit vergleichbar mit dem Ergebnis des 

Standardtest bei 20°C ist, kann bei einer zuvor im 21-tägigen Daphnien-Reproduktionstest ermittelten 

LOEC (lowest observed effect concentration) von 1 mg Pyrimethanil/L während der Multigener- 
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ationsstudie für alle drei Temperaturszenarien keine zweite Generation etabliert werden. Somit kann 

gezeigt werden, dass es oftmals nicht ausreicht, einzig die Ergebnisse aus Standardtests zu betrachten.  

In einem ähnlichen Versuchsansatz mit C. riparius wird mit einem zweifaktoriellen Experiment 

überprüft, ob geringe Konzentrationen des Fungizids (NOAEC/2 – Hälfte der no observed adverse effect 

concentration) über mehrere Generationen hinweg einen Einfluss auf den Lebenszyklus der Mücken oder 

die genetische Diversität der Population haben. Auch in diesem Versuch wird ein dynamisches 

Temperaturregime angewandt, welches ein kaltes und warmes Jahr von heute (11°-22,7°C; 14°-25,2°C) 

beziehungsweise zukünftig erwartete Temperaturen (16,5°-28,1°C) während der Reproduktionsphase 

nachstellt. Im Rahmen der 140-tägigen Studie werden für jede hervorgebrachte Generation von 

C. riparius folgende Endpunkte untersucht: Überleben, Schlupf, Reproduktion, Populationswachstum und 

die genetische Diversität. 

Die Ergebnisse zeigen, dass sich hohe Temperaturen und die Exposition gegenüber Pyrimethanil 

synergistisch auf den Lebenszyklus von C. riparius auswirken können. In den simulierten derzeitigen 

Temperaturszenarien bewirkt die NOAEC/2 nur schwache bis moderat fördernde oder nachteilige Effekte 

auf die Mücken. Im Gegensatz dazu führt eine Exposition gegenüber dieser geringen Konzentration des 

Fungizids unter den prognostizierten Temperaturbedingungen für einen zukünftigen Sommer zu 

nachteiligen Effekten auf die Mortalität oder das Populationswachstum. Zusätzlich zeigt sich, dass die 

genetische Diversität unter den Temperaturbedingungen eines zukünftigen Jahres deutlich reduziert ist, 

kaum dagegen unter den gegenwärtigen klimatischen Bedingungen für Mitteleuropa. 

Die Ergebnisse der beiden Multigenerationsstudien mit D. magna und C. riparius zeigen, wie wichtig es 

ist, im Rahmen von Untersuchungen zum Klimawandel Langzeitstudien und mehrere Endpunkte 

einzubeziehen. Dies führt zu einem besseren Verständnis der Auswirkung von geringen 

Schadstoffbelastungen und einer genaueren Regulation des Einsatzes von Agrarchemikalien. 

Multigenerationsstudien und die Simulation natürlicher klimatischer Bedingungen erlauben in 

Kombination mit der Bewertung von Lebenszyklusparametern und der genetischen Diversität eine 

realistischere Einschätzung der möglicherweise sonst kaschierten Effekte. Im Rahmen der Arbeit kann 

gezeigt werden, dass nicht nur das Klima, sondern auch geringe Pestizidkonzentrationen in Zukunft ein 

begründetes Risiko für aquatische Invertebraten darstellen können. 

Neben dem Einfluss der Temperatur können weitere abiotische und biotische Faktoren die Auswirkung 

von Umweltschadstoffen beeinflussen. Daher wird in der vorliegenden Arbeit ebenfalls untersucht, wie 

Daphnien auf die Auswirkung einer geringen Pyrimethanilkonzentration reagieren, wenn sie gleichzeitig 

gegenüber verschiedenen Temperaturen und einem Prädator exponiert sind. Hierfür wird ein partielles, 

multifaktorielles Versuchsdesign gewählt, bei dem D. pulex in einem System gegenüber einer 

umweltrelevanten Pyrimethanilkonzentration - entweder direkt über die Wasserphase, indirekt über das 

Futter oder gleichzeitig über die Wasserphase und das Futter - exponiert ist. Zusätzlich werden im System 

Larven von Chaoborus flavicans als Prädatoren eingesetzt, deren Anwesenheit von Daphnien über 

Kairomone wahrgenommen wird. Als weitere Stressfaktoren werden verschiedene Temperaturen (15°C, 

20°C, 25°C) über einen Versuchszeitraum von drei Wochen untersucht, sowie die Beobachtung einer 
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Langzeitexposition gegenüber Pyrimethanil. Hierfür werden Daphnien aus der Zucht über mehrere 

Generationen gegenüber 0,05 mg Pyrimethanil/L exponiert und anschließend als Versuchstiere eingesetzt.  

Die Exposition gegenüber einzelnen Stressfaktoren, wie kontaminiertes Medium oder Futter, zeigt keinen 

Effekt auf die Reproduktion, während die Kombination mehrerer Stressfaktoren die Reaktion aquatischer 

Schlüsselarten ändern kann. Der Expositionspfad der Substanzen ist dabei von geringerer Bedeutung, 

während die Temperatur und die Anwesenheit eines Prädators die dominierenden Faktoren sind, welche 

die Reproduktion der Daphnien kontrollieren. Im Zuge des Klimawandels sind mit einem 

Temperaturanstieg eine Förderung der Nachkommenanzahl sowie eine verkürzte Zeit bis zur ersten Reife 

bei Daphnien zu erwarten, was zu einer Veränderung in der Zusammensetzung aquatischer Biozönosen 

führen kann. Insgesamt zeigen die Resultate, dass die Kombination mehrerer Stressfaktoren aquatische 

Invertebraten komplex beeinflusst, was unter alleiniger Berücksichtigung von Standardtest nicht ermittelt 

werden kann. Demnach sollten ökologisch relevante Aspekte, wie der Einfluss spezifischer Stressoren, 

berücksichtigt werden, wenn die Toxizität von Pestiziden und deren Risiko für aquatische Ökosysteme 

abgeschätzt werden soll. 

Neben der Abschätzung des Umweltrisikos von Chemikalien in Standardtests und mit  Modellorganismen 

ist es zusätzlich entscheidend, wie sich Umweltchemikalien auf verschiedene Entwicklungsstadien einer 

Art oder aber Nicht-Standardorganismen auswirken. Hierfür werden erneut verschiedene Stressfaktoren 

experimentell kombiniert und untersucht, wie sich die Sensitivität einzelner Lebensstadien von Physella 

acuta bezüglich einer Exposition gegenüber multiplen Stressoren ändert. Die untersuchten Lebensstadien-

spezifischen Endpunkte umfassen die Embryonalentwicklung, die juvenile Größenzunahme sowie die 

Durchführung eines Reproduktionstests über die F0- und F1-Generation bei Pyrimethanilkonzentrationen 

von 0,06 bis 1 mg/L und drei Temperaturen (15°C, 20°C, 25°C). 

Die Ergebnisse dieser Tests ergeben, dass Pyrimethanil bei den Schnecken zu konzentrationsabhängigen 

Effekten unabhängig von der jeweiligen Temperatur führt. Interessanterweise ist die Toxizität des 

Fungizides im Embryotest und Reproduktionstest der F1-Generation höher bei niedrigeren, für die Art 

suboptimalen Temperaturen, im Gegensatz zu einem Anstieg der Toxizität im juvenilen Wachstumstest 

und Reproduktionstest der F0-Generation mit steigenden Temperaturen. Die Lebensstadien-spezifische 

temperaturabhängige Toxizität von Pyrimethanil, die Nichtanwendbarkeit des ECx-Konzepts bei höheren 

Temperaturen und die hohe Sensitivität der Schnecken im Vergleich zu den Standardorganismen macht 

die Komplexität der Wechselwirkung zwischen dem Modellschadstoff und der Temperatur deutlich. 

Daraus ergibt sich eine neue Herausforderung für die Beurteilung von Pestiziden und deren Auswirkung 

auf die aquatischen Gemeinschaften im Rahmen des globalen Klimawandels. 

Zusammenfassend lässt sich feststellen, dass sich sowohl eine Exposition gegenüber Agrarpestiziden mit 

dem Beispiel des Modellschadstoffs Pyrimethanil als auch eine Erhöhung der Temperatur negativ auf die 

Wachstums- und Reproduktionsrate von aquatischen Schlüsselarten auswirken kann. Die beobachtete 

Steigerung der Reproduktion ist für die Daphnienpopulation zunächst nicht nachteilig. Vermehren sich 

die Algen in einem aquatischen Ökosystem jedoch nicht gleichermaßen, stehen möglicherweise 

unzureichende Energieressourcen für die Zooplanktongemeinschaft zur Verfügung, was sich als 
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indirekter Effekt auch auf die Sekundärkonsumenten auswirken kann. Des Weiteren muss bedacht 

werden, dass sich Schadstoffe auch über das Nahrungsnetz anreichern und so ebenfalls die 

Zusammensetzung des Ökosystems nachhaltig beeinflussen können. Obwohl Organismen prinzipiell in  

der Lage sind sich auf erhöhte Temperaturen einzustellen, sollte das Temperaturoptimum nicht über einen 

längeren Zeitraum überschritten werden. Bei lang anhaltenden Temperaturanstiegen kann sich die 

Toxizität von Schadstoffen erhöhen, wie es in der vorliegenden Studie anhand von diversen aquatischen 

Invertebraten auch bestätigt werden kann. 

Neben dem Temperaturanstieg kann auch die Zerstörung von Habitaten, wie verbaute Gewässersysteme 

oder einer Ausweitung landwirtschaftlicher Nutzflächen mit hohem Schadstoffeintrag, dazu führen, dass 

in vielen Ökosystemen zunehmend weniger indigene Arten zu finden sind und diese durch invasive Arten 

ersetzt werden. Die hier gezeigten Ergebnisse machen deutlich, dass die zukünftigen 

Temperaturerhöhungen unter der zusätzlichen Belastung von Schadstoffen den reproduktiven Erfolg 

invasiver Arten begünstigen können, was vermutlich zu signifikanten biologischen Änderungen der 

Struktur und Funktion betroffener limnischer Ökosysteme führen wird. Basierend auf den Resultaten der 

Biotests mit P. acuta ist zu erwarten, dass diese Art ein starkes Potential hat, um zum Beispiel die 

indigene Schwesternart Physa fontinalis zu verdrängen, da sie eine höhere Toleranz gegenüber 

organischen Verschmutzungen hat und besser an erhöhte Temperaturen adaptiert ist. Darüber hinaus ist 

zu erwarten, dass sich Populationen von P. fontinalis zunehmend in nördlichere und abgegrenzte 

Gewässer zurückziehen werden, was wiederum die Ausbreitung von P. acuta erleichtert, da sie die freien 

Nischen konkurrenzlos besetzen kann. Dennoch ist bislang nicht bekannt, in welcher Form sich eine 

intraspezifische Konkurrenz zwischen P. fontinalis und P. acuta im Freiland manifestiert, stellt aber einen 

interessanten Aspekt für weitere Untersuchungen dar.  
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Summary 

The environmental impact of climate change is meanwhile not only discussed in the scientific community 

but also in the general public. However, little is known about the interaction between climate change and 

pollutants like pesticides. A combination of multiple stressors (e.g. temperature, pollutants, predators) 

may lead to severe alterations for organisms such as changes in time of reproduction, reproductive 

success and growth performance, mortality and geographic distribution. The questions if aquatic 

organisms tend to react more sensitive towards incidents under climate change conditions remains. 

Therefore, within the present thesis the aquatic ecotoxicological profile of the fungicide pyrimethanil, as 

an exemplarily anthropogenic used contaminant, was examined.  

A large test battery of ecotoxicological standard tests and supplement bioassays with non-model species 

was conducted to investigate if species-specific or life stage-specific differences occur or if temperature 

alteration may change the impact of the fungicide. Two of the most sensitive species (Chironomus 

riparius and Daphnia magna) were used to investigate the acute and chronic thermal dependence of 

pyrimethanil effects. The results clearly depict that the ecotoxicity of pyrimethanil at optimal thermal 

conditions did not depend on the trophic level, but was species-specific. With regard to EC10 values the 

acute pyrimethanil toxicity on C. riparius increased with higher temperature (6.78 mg L
-1

 at 14°C and 

3.06 mg L
-1

 at 26°C). The chronic response of D. magna to the NOEC (no observed effect concentration) 

of the fungicide (0.5 mg L
-1

) was examined in an experiment which lasted for several generations under 

three simulated near-natural temperature regimes (‘cold year, today’ (11° to 22.7°C), ‘warm year, today’ 

(14° to 25.2°C) and ‘warm year, 2080’ (16.5° to 28.1°C)). A pyrimethanil-induced mortality increase was 

buffered by the strongly related increase of the general reproductive capacity, while population growth 

was stronger influenced by temperature than by the fungicide. At a further pyrimethanil concentration 

(LOEC – lowest observed effect concentration: 1 mg L
-1

), a second generation could not be established by 

D. magna under all thermal regimes.  

Besides daphnids, the midge C. riparius was used for a second multigeneration study. In a 

bifactorial test design it was tested if climate change conditions alter or affect the impact of a low 

fungicide concentration on life history and genetic diversity. The NOAEC/2 (half of the no observed 

adverse effect concentration derived from a standard toxicity test) was used as a low pyrimethanil 

concentration to which laboratory populations of the midges were chronically exposed under the 

mentioned temperature scenarios. During the 140-day-multigeneration study, survival, emergence, 

reproduction, population growth, and genetic diversity of C. riparius were analyzed. The results reveal 

that high temperatures and pyrimethanil act synergistically on life history parameters of C. riparius. In 

simulated present-day scenarios, a NOAEC/2 of pyrimethanil provoked only slight to moderate beneficial 

or adverse effects. In contrast, an exposure to a NOAEC/2 concentration of pyrimethanil at a thermal 

situation likely for a summer under the future expactations uncovered adverse effects on mortality and 

population growth rate. In addition, genetic diversity was considerably reduced by pyrimethanil in the 

‘warm year, 2080’ scenario, but only slightly under current climatic conditions. The multigeneration 

studies under near-natural thermal conditions indicate that not only the impact of climate change, but also 
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low concentrations of pesticides may pose a reasonable risk for aquatic invertebrates in the future. This 

clearly shows that thermal and multigenerational effects should be considered when appraising the 

ecotoxicity of pesticides and assessing their future risk for the environment. 

In addition to temperature further multiple abiotic and biotic stressors alterate pollutant effects. 

Moreover, to better discriminate and understand the intrinsic and environmental correlates of changing 

aquatic ecosystems, it was experimentally unraveled how the effects of a low-dose of pyrimethanil on 

daphnids becomes modified by different temperatures (15°C, 20°C, 25°C) and in the presence/ absence of 

predator kairomones of Chaoborus flavicans larvae. The usage of a fractional multifactorial test design 

provided the possibility to investigate the individual growth, reproduction and population growth rate of 

Daphnia pulex via different exposure routes to the fungicide pyrimethanil at an environmentally relevant 

concentration (0.05 mg L
-1

) - either directly (via the water phase), indirectly (via algae food), dually (via 

water and food) or for multiple generations (fungicide treated source population). 

The number of neonates increased with increasing temperatures. At a temperature of 25°C no 

significant differences between the individual treatment groups were observed although the growth was 

overall inhibited due to pyrimethanil. Besides, at 15 and 20°C it is obvious that daphnids which were fed 

with contaminated algae had the lowest reproduction and growth rate. The obtained results clearly 

demonstrate that multiple stress factors can modify the response of daphnids to pollutants. The exposure 

routes of the contaminant are of minor importance, while temperature and the presence of a predator are 

the dominant factors impacting the reproduction of D. pulex. It can be concluded that low concentrations 

of pyrimethanil may disturb the zooplankton community at suboptimal temperature conditions, but the 

effects will become masked if chaoborid larvae are present. Therefore it seems necessary to observe 

prospectively if the combination of several stress factors like pesticide exposure and suboptimal 

temperature may influence the life history and sensitivity of several aquatic invertebrates differently.  

Besides standard test organisms it is inevitable to conduct test with aquatic invertebrate which are 

not yet considered regularly in ecotoxicological experiments. For example molluscs represent one of the 

largest phyla of macroinvertebrates with more than 100.000 species, being ecologically and economically 

important. Therefore, within the present study embryo, juvenile, half- and full-life cycle toxicity tests 

with the snail Physella acuta were performed to investigate the impact of pollutants on various life stages. 

Different concentrations of pyrimethanil (0.06-0.5 or 1.0 mg L
-1

) assessed at three temperatures (15°C, 

20°C, 25°C) revealed that pyrimethanil caused concentration-dependent effects independent of 

temperature. Interestingly, the ecotoxicity of pyrimethanil was higher at lower temperature for the embryo 

hatching and F1 reproduction, but its ecotoxicity for the growth of juveniles and the F0 reproduction 

increased with increasing temperature. More specifically, it could have been observed that especially 

during the reproduction test high mortality rates occurred at the highest concentration of 1 mg L
-1

 at all 

temperatures. Due to high mortality rates no snails were available for the F1 at the highest concentrations 

(0.5 and 1.0 mg L
-1

). Compared to the F0, overall more egg masses were produced in the F1, being all 

fertile and no mortality occurred. For the F1-generation the strongest pyrimethanil effects were detected at 

15°C. A comparison of effect concentrations between both generations showed that the F1 is more 
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sensitive than the F0. 

These results indicate that an exposure over more than one generation may give a better overview 

of the impact of xenobiotics. With the establishment of an embryo and reproduction test under different 

temperatures and various concentrations of pyrimethanil with P. acuta we could successfully show that 

molluscs can respond more sensitive than model organisms and that both, chemical and thermal stressor 

strongly influence the behaviour of the pulmonates. It can be concluded that the high susceptibility for the 

fungicide observed in gastropods clearly demonstrates the complexity of pesticide-temperature 

interactions and the challenge to draw conclusions for the ecotoxicological risk assessment of pesticides 

under the impact of global climate change.  
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1. General Introduction 

1.1 Global Climate Change and Freshwater Ecosystems 

Climate change is expected to affect biological systems worldwide (Rosenzweig et al., 2008). The 

ongoing ecosystem changes are mainly driven by temperature increase and include poleward or altitudinal 

shifts in geographical distribution of organisms, population collapses or local extinctions. Furthermore, 

failures of large-scale animal migrations, changes in seasonal timing of biological events as well as 

changes in food availability and food web structure have been observed in the last decades (Wiltshire and 

Manly, 2004; Perry et al., 2005; Grebmeier et al., 2006; Pörtner and Knust, 2007; Farrell et al., 2008). 

Most of these changes are largely abetted by environmental temperatures (Rosenzweig et al., 2008) and it 

is expected that climate warming is very likely to have pronounced effects across different natural 

systems (Parmesan and Yohe, 2003), especially within freshwater ecosystems (Straile and Adrian, 2000; 

Gerten and Adrian, 2002; Walther et al., 2002). However, freshwater ecosystems are not only influenced 

by climate change, they are as well strongly impacted by other stressors including eutrophication, 

acidification or pollution by pesticides (Blenckner et al., 2007). Hence these ecosystems are as vulnerable 

to global change as terrestrial and marine ecosystems (Heino et al., 2009).  

 Global freshwater is extensively used by humans (Beeton, 2001) and for example with its high 

level of biodiversity it constitutes as one of the most precious human resources (Herdendorf, 1990). 

Declines in biodiversity are far greater in freshwaters than in the most terrestrial ecosystems (Sala et al., 

2000), due to higher rates of species endangerment and extinction compared to terrestrial or marine 

environments (Ricciardi and Rasmussen, 1998; Dudgeon et al., 2006). The main reason for this is the 

disproportionate richness of inland waters as a habitat for plants and animals. With 10,000 fish species 

living in freshwater they account for 40% of the global fish diversity and for one quarter of the global 

vertebrate diversity (Lundberg et al., 2000). On the other hand, surface freshwater habitats contain only 

around 0.01% of the world’s water and cover only about 0.8% of the Earth’s surface (Gleick, 1996) 

providing all in all a habitat for 100,000 out of 1.75 million known species. 

Sala et al. (2000) considered lentic (lakes and ponds) and lotic (streams and rivers) ecosystems to 

be most sensitive to land use change, exotic species and climate change within a global scale assessment. 

In addition, diversion of water supply, habitat alteration and visible pollution are forcing factors for 

freshwater ecosystems next to physically important drivers like air temperature, wind speed, cloud cover 

and relative humidity (Edinger et al., 1968). These meteorological conditions vary among regions and 

latitudes with aquatic ecosystems at high latitude being more strongly threatened by climate change than 

by other drivers (Heino et al., 2009). This is due to lake water temperature responding to meteorological 

conditions and having a significant influence on the water quality and ecology of lakes (Fang and Stefan, 

1999). As a result, there is a growing concern that aquatic ecosystem functions may be affected by 

climate change due to warming water temperatures, altering stream flow patterns, increasing storm 

events, changing catchment hydrology and increasing or decreasing discharge which in turn could change 

the extension of littoral zones (Mortsch and Quinn, 1996; Schindler, 1997; Poff et al., 2002).  
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 The global average surface temperature has increased by approximately 0.6-0.7°C since the early 

20
th
 century and is predicted to further continue and increase by 1.4-5.8°C for the year 2100 without 

proper actions against greenhouse effects (Houghton et al., 2001). Besides the already occurring changes 

in temperature it is assumed that there might be further seasonal changes. It is predicted that higher 

temperatures will be accompanied by more humid weather conditions and that the geographical and 

seasonal distribution of precipitation will change at the same time (Thuiller, 2007). Especially for 

Northern Europe an increase in the frequency and intensity of precipitation is expected (Mooij et al., 

2005). The most severe temperature increase is anticipated during late winter and early spring (Van Vliet 

et al., 2002; Van Oldenborgh and Van Ulden, 2003) resulting in generally milder and moistened winters 

due to intensified rainfall events. Besides, there will be changes in the remaining seasons with trends to 

warmer springs and drier summers. It is expected that the soil moisture will be reduced for example in the 

Mediterranean basin, thus increasing drought stress (Thuiller, 2007). Furthermore, the likelihood of 

extreme weather events increases significantly (Kors et al., 2000). This leads to an enhanced potential for 

soil erosion with increased rates of movement of water and organic or inorganic material through the 

unsaturated zone (Bloomfield et al., 2006).  

 This projected climate change is likely to have far reaching effects on biotic interactions across 

different ecosystems, including range boundary shifts, physiological and genetic adaptation, shifts in 

phenology and community composition (Walther et al., 2002; Parmesan and Yohe, 2003; Mooij et al., 

2005). These fast changing climate conditions may cause dramatic perturbations to food webs if 

interacting species respond differentiated to shifting environmental conditions (Stenseth and Mysterud, 

2002). Moreover, these predicted changes are expected to have profound effects on the distribution and 

phenology of species and may result in species loss as well as disturbances in productivity, persistence 

and resilience of aquatic ecosystems (Parmesan, 2006; Thackeray et al., 2010). These incidents may be 

especially relevant in seasonal environments where only short periods of the annual cycle are suitable for 

growth and reproduction (Fretwell, 1972) or in aquatic systems where trophic interactions are typically 

strong (Sommer et al., 1986; Platt et al., 2003). Within aquatic ecosystems seasonal changes in 

temperature and radiation lead to a predictable succession of physical processes as well as both phyto- 

and zooplankton growth in pelagic systems. During late winter and early spring, most lakes in temperate 

regions start to develop a characteristic seasonal succession of phytoplankton groups (Sommer et al., 

1986). Using time series analysis, many scientists detected a strong correlation between the timing of 

algal spring bloom formation and proxies of climate change within lakes of Western Europe (Müller-

Navarra et al., 1997; Gerten and Adrian, 2000). At the same time it is obvious that in the past decades 

spring bloom started earlier after warm winters followed by an earlier ice-break (Weyhenmeyer et al., 

1999). Such changes in algal phenology can result in a decoupling of trophic relationships, if the 

advancement of the spring algal bloom is not followed by similar changes in the timing and occurrence of 

key herbivores like Daphnia (Winder and Schindler, 2004 a, b). Beyond, climate change may also cause 

quantitative changes in phytoplankton community dynamics, shown as changes in phytoplankton species 

composition or changes in the seasonal succession of phytoplankton groups. Seasonal plankton 
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development is controlled by a complex interplay between hydrodynamic and chemical factors as well as 

food web interactions (Sommer et al., 1986). Growth of phytoplankton in the spring is strongly controlled 

by temperature, turbulence and the strength of thermal stratification in the water column. Spring 

conditions favor fast growing diatoms, with high nutrient, but low light and temperature requirements 

(Reynolds, 1984). Zooplankton often lags the physically driven dynamics of diatoms, which provide most 

of the high quality food for herbivore growth in the spring (Brett and Müller-Navarra, 1997). 

Additionally, the proportion of cyanobacteria may be favored at elevated temperatures and in turn lead to 

a decoupling of phytoplankton and zooplankton growth followed by altered mixing patterns (Zhang and 

Prepas, 1996), as cyanobacteria are known to be relatively poorly utilizable food for zooplankton 

(Gliwicz and Lampert, 1990) and lack essential fatty acids (Wacker and von Elert, 2001).  

It has been hypothesized that population growth of predators depends strongly on the ability to 

match the timing of reproduction with optimal food availability (Beaugrand et al., 2003; Platt et al., 

2003). In aquatic ecosystems the fitness of a predator depends on its temporal and spatial synchrony with 

the production of its prey (Winder and Schindler, 2004 a). Moreover, predation pressure by zooplankton 

is known to be positively temperature dependent (George et al., 1990) and species at higher trophic levels 

like fish are therefore possibly also indirectly affected by enhanced temperatures (Sandström et al., 1995). 

So far, these observed changes for individual species will give rise to further indirect effects of global 

warming, affecting communities and entire food webs (Harrington et al., 1999; Hughes, 2000). Most 

immediately, the effects are shifts in species’ geographical range, prompted by shifts in the normal 

patterns of temperatures and humidity that generally delimit species boundaries. Overall, the ability of 

species to respond to climate change will mostly depend on their ability to obey shifting climate through 

colonizing new habitats, or to modify their physiology and seasonal behavior to adapt to the changed 

conditions (Thuiller, 2007). Besides the impact of temperature increase on freshwater integrity, several 

scientists (Naiman and Turner, 2000; Jackson et al., 2001; Malmqvist and Rundle, 2002; Rahel, 2002; 

Revenga et al., 2005) state that there are five major categories which impact freshwater biodiversity: 

overexploitation, water pollution, flow modification, destruction or degradation of habitat, and invasion 

by non-indigenous species. Most of these impacts are caused by environmental changes that occur on a 

global scale, like nitrogen deposition, warming, shifts in precipitation and runoff patterns (Figure 1.1; 

Poff et al., 2002; Galloway et al., 2004).  

Vertebrates are above all affected by overexploitation. The four other threats may have 

consequences for all parts of the freshwater biodiversity from microbes to the mega-fauna. Among those 

threats, water pollution is a pandemic problem, although industrialized countries made considerable 

progress to reduce pollution, threats from greenhouse driven climate change, fragmentation of habitats 

(Dukes and Mooney, 1999), excessive nutrient enrichment (Smith, 2003) and other chemicals (e.g. 

endocrine disruptors) are growing (Colburn et al., 1996). All these mentioned components of global 

change may affect species distribution and resource dynamics in terrestrial and aquatic ecosystems 

(Dukes and Mooney, 1999) and therefore increase the chance of success among invasive species. 
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Figure 1.1: Impacts on biodiversity. Flowchart showing the relationship between climatic change and other major 

anthropogenic influences and their potential impacts and effects on freshwater biodiversity that occur on a global 

scale. The two major effects resulting directly from climate change and the anthropogenic factors (e.g. nitrogen 

deposition, shifts in precipitation and run-off patterns) have both individual and interactive effects on biodiversity in 

freshwater ecosystems. Adapted from Kappelle et al. (1999), Dudgeon et al. (2006) and Heino et al. (2009). 

1.2 Environmental Pollution with Special Focus on Pesticides and the Effects 

of Multiple Stressors 

Pesticides are one of the major stressors, besides eutrophication and climate change that may affect the 

environment (Pace and Groffman, 1998). In contrast, there are only a few studies investigating the 

relationship between pesticides and climate change, although due to climate change and altered 

conditions of the seasons, like for instance more frequent rainfall events and elevated temperatures, the 

use of pesticide will increase in the near future (Bloomfield et al., 2006). Navarro et al. (2000) ascertain 

that climate mainly influences the presence and development of a great number of pests. For example, 

grey mold is one of the most important diseases on vegetables and its occurrence is favored by mild and 

humid environmental conditions (Petsikos-Panayotarou et al., 2003). Among others plant pathogens are 

estimated to cause yield reduction of almost 20% in the principal food and cash crops worldwide (Knight 

et al., 1997).  

More than 300 active substances are authorized by the European Union for their application on 

different crops to prevent plant diseases. As a consequence of the extensive use in agricultural areas 

during application periods, pesticides appear in the atmosphere, soil and surface waters (Reinecke and 

Reinecke, 2007). The presence and allocation of pesticides in the environment depends on vapor pressure, 

water solubility and environmental factors like temperature, humidity, nature and the concentration of 

suspended particulate matter. Their presence in ambient air is caused by key processes like emission 
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during application, volatilization from soil and plants after application and wind erosion of soil particles 

containing sorbed pesticides (Mosleh et al., 2005; Coscolla et al., 2011). Freshwater lentic habitats 

located within agricultural landscapes are likely to be exposed to recurrent contamination by pesticides 

through various transfer processes such as drift during spraying, surface or subsurface runoff especially 

after heavy rainfall events, drainage and wet or dry deposition (Wauchope and Leonard, 1998; Liess, 

2002; Brown and Van Beinum, 2009).  

Due to their intensive use in agriculture, pesticides constitute meanwhile for one of the 

unresolved environmental problems causing long lasting pollution of soils and aquatic systems (Vanni 

and Fontana, 2003). Moreover, it is important to monitor pesticides in surface waters because of their 

inherent ecotoxicity (Chèvre et al., 2008). Several monitoring campaigns which were conducted in some 

countries have shown the widespread presence of pesticides in the aquatic environment and their effects 

on aquatic life have been highlighted as well (Trégouët and Nirascou, 2006; Schäfer et al., 2011). As a 

consequence of these outcomes many countries have defined specific water quality criteria for pesticides 

to protect surface waters. Among toxicants, pesticides are challenging compounds for the aquatic 

environments because their use leads to complex exposure patterns of field population (Coscolla et al., 

2011).  

The highest percentages of the total pesticide load hold the herbicides with a share of 92.8%. The 

fungicides take second place with 7% and only 0.1% count for insecticides (Berenzen et al., 2005). As 

one of the most frequently used pesticide group fungicides are often essential in agriculture to maximize 

crop yields and avoid crop failures (Knight et al., 1997; Ribeiro et al., 2000; Coscolla et al., 2011). 

Additionally fungicides provide substantial benefits on food quality. Therefore, fungicides play a crucial 

role in modern agriculture and act either by inhibiting sterol biosynthesis, energy production, amino acid 

synthesis or cell division or have multiple sites of action. Consequently, fungicides targeting these 

processes or functional groups will be toxic to a wide range of organisms. Worldwide 113 active 

ingredients are registered as fungicides with anilinopyrimidines being a novel class of chemicals. It is 

known that anilinopyrimidines do not affect spore germination, but they inhibit the elongation of germ 

tubes at even low concentrations. One of these frequently used anilinopyrimidines is pyrimethanil 

(Moyano et al., 2004; Anfossi et al., 2006). It is a broad spectrum fungicide being highly effective against 

all strains of Botrytis cinerea (Latorre et al., 2002). Biochemical studies indicate that pyrimethanil inhibits 

the biosynthesis of methionine. Furthermore, pyrimethanil prevents the fungal secretion of hydrolytic 

enzymes such as protease, cellulose, lipase, cutinase, which play an important role in the infection process 

(Miura et al., 1994; Milling and Richardson, 1995).  

Control on pathogens is achieved by integrating canopy management and cluster management 

with fungicide treatment. Fungicides are mainly applied at flowering stage, beginning of berry ripening, 

and a week before harvest (Latorre et al., 2002). Treatments involve repeated sprayings, which cause 

several delayed pulses of fungicides or pesticides in general, mainly owing to spray drift, drainage and 

runoff from the treated areas (Mosleh et al., 2005; Ducrot et al., 2011). In principle, fungicides are 

sprayed onto the upper parts of plants but due to the actions of wind, rain and dew, they can also enter the 
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soil beneath, where they can alter fertility through their influence on chemical and microbiological 

properties (Fernandez et al., 2005). Non-degraded fungicides and their degradation products may be a 

source of soil contamination and pollution of rivers and lakes, and should be eliminated from run-off and 

groundwater (Anfossi et al., 2006). The intensive use of pesticides and associated chronic contamination 

of all compartments of the ecosystem (Arias-Estevez et al., 2008) can directly or indirectly affect human 

health and ecosystem integrity by inducing a significant threat to aquatic environments and drinking 

water resources (Dabrowski and Schulz, 2003).  

Repeated spraying with pesticides may cause a chronic pollution of the aquatic environment. 

Therefore experiments lasting for a longer time period or over several generations are essential for the 

assessment of long term exposure effects of natural populations or even communities. By means of 

multigeneration experiments the chronic impact of toxicants can be simulated which allows to investigate 

the gradual population dynamic in response to the respective stress factor (Vogt et al. 2007 a). This gives 

the opportunity to examine next to fitness relevant endpoints the genetic variation of a stressed population 

as well. If a population has a high level of genetic variance the potential to adapt on changing 

environmental conditions is enhanced and increases the survivability (Frankham, 2005). In contrast, toxic 

stress could lead to a genetic impoverishment in populations due to directional selection processes or 

enhanced random genetic drift as a consequence of lowered effective population sizes (Bickham et al., 

2000). In order to distinguish between both processes, experiments concerning the heritability of stress 

tolerance have to be performed. The results of long term studies can provide information on how even 

moderate levels of chemical stress which can be hardly documented in single-generation experiments can 

affect exposed population and change both genetic structure and certain fitness traits. Therefore, 

environmental genomics, where molecular, cellular, whole organisms and population responses to 

stressors are observed is an emerging toxicological research field and remains one of the greatest 

challenges in ecology and ecotoxicology (Walker et al., 2006). 

Gagné et al. (2007) pointed out that global warming could increase the sensitivity of fish and 

invertebrates to contaminants as in ectothermic animals metabolic rates adapt to the ambient temperature 

to balance energy production and expenditure besides ensuring their own continued survival, maintenance 

and reproduction (Greco et al., 2011). All organisms live with a limited range of body temperature, due to 

optimized structural and kinetic coordination of molecular, cellular and systemic processes (Pörtner and 

Farrell, 2008). Within certain body tolerance boundaries elevated environmental temperatures will 

therefore stimulate metabolic rate increments (Abele et al., 1998). Temperature fluctuation could 

significantly change the susceptibility of aquatic organisms to the toxic effects of contaminants, perhaps 

beyond the impact of contaminant dynamics in aquatic ecosystems (Gagné et al., 2007). It has been 

shown in the field that the variability of climate can influence the functioning of organisms and thereby 

induce changes in susceptibility for toxicant stress. Generally, an increase in temperature leads to an 

enhanced activity in organisms, which in most cases will be accompanied by increased uptake rates of 

several substances, including toxicants, from the environment. If an organism is capable of active 

excretion, an increased elimination rate might compensate for the excess of chemicals been taken up, 
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leading to no net change in internal concentration. On the other side, if uptake and elimination rates are 

not influenced by temperature to the same extent, the internal concentration will eventually change. It can 

be assumed that by spending energy on maintaining a constant internal concentration, the organism has to 

reduce expenditure on other functions like growth or reproduction (Smit and Van Gestel, 1997).  

Owing to their aquatic distribution, pesticides affect a wide-range of non-target organisms 

(Fernandez et al., 2005), like invertebrates and fishes within the adjacent terrestrial and aquatic 

ecosystems (Burkepile et al., 2000; Adamus et al., 2001; Dosnon-Olette et al., 2009). The exposure of 

aquatic organisms, even with very low levels of pesticides in their environment, may result in various 

biochemical, physiological and histological alterations in vital tissues of aquatic organisms (Çaliskan et 

al., 2003; Dutta and Arends, 2003). It has been demonstrated that multiple stressors may impact both 

aquatic and terrestrial ecosystem (Vinebrooke et al., 2004) and that abiotic and biotic stressors usually do 

not operate independently, but rather often interact to produce combined impacts on biodiversity and 

ecosystem functioning (Frost et al., 1999; Schindler, 2001). Stressors are either abiotic or biotic variables 

that exceed their range of normal variation, and adversely affect individual physiology or population 

performance in a statistically significant way (Vinebrooke et al., 2004). In the laboratory the effects of 

environmental stressors are often tested individually, even though in nature organisms are exposed to 

several stressors simultaneously (Schindler et al., 1996; Yan et al., 1996). Understanding multiple 

stressors is particularly challenging when their combined effect cannot be predicted based on evidence 

from single stressor studies, which means that results occur that are caused by non-additive effects 

(Breitburg et al., 1999; Folt et al., 1999). Stressors can act synergistically when their combined effect is 

larger than predicted from the size of the responses to each stressor alone and antagonistically when the 

impact is smaller than expected (Folt et al., 1999).  

There is an increasing concern that those synergistic, antagonistic or cumulative impacts of 

natural and anthropogenic stressors are enforced under global climate change conditions and that they 

affect ecosystem functioning through changes and losses in biodiversity, especially when ecosystem 

processes are maintained by only a few species (Tilman, 1999; Hansson and Brönmark, 2002; Sala et al., 

2000; Schindler, 2001; Vinebrooke et al., 2003).  

1.3 Invasive Species and Biodiversity 

Freshwater ecosystems are considered to belong to the most endangered and vulnerable systems for the 

invasion by exotics (Ricciardi and MacIsaac, 2000). Introduced species have the potential to alter 

environments (Cohen and Carlton, 1995) and meanwhile biological invasion is an important element of 

global change (Vitousek et al., 1997; Strayer, 1999) with introduced species of plants and animals in 

freshwaters throughout large parts worldwide (Cope and Winterbourn, 2004). The importance of 

understanding and preventing non-indigenous species introductions in aquatic systems is underscored by 

the increasing number and rate of freshwater invasions, the high endemicity of freshwater ecosystems and 

the importance of freshwater for human health and economy. Invasion of species can lead to broad-scale 

changes like decline and extinction in native populations, changes in community structure and ecosystem 
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processes and health (Mack et al., 2000; Pimentel et al., 2005; Johnson et al., 2009). In principal, any 

fundamental biological invasion is a natural process, representing the arrival of a species into a location in 

which it did not exist in historical time (Carlton, 1979). However, human activities and the resulting 

process of global change have led to a significant and accelerated invasion of ecosystems by invasive 

species (Ricciardi and MacIsaac, 2000; Byers, 2002). 

According to that, the spread and introduction of non-native species is amongst the most 

important, most harmful, least controlled, and least reversible disturbance of human impacts on the 

world’s ecosystems, strongly affecting their biodiversity, biogeochemistry and economic use (Cox, 1999; 

Rahel, 2002; Lockwood et al., 2007). Before species become a threat and can be referred as invasive 

species for the new environment, where they never had been recorded before (Crooks, 2002), they have to 

overcome several barriers successfully. Those barriers include transport form native range to a new 

ecosystem, establishment in the new habitat by survival, growth and reproduction or to spread by 

acquiring high rates of population growth to invade the new region. In case of all these factors are 

fulfilled, the invasive species has to alter the structure and functioning of the invaded systems to impact 

the environment (Parker et al., 1999). However, rates, routes and manners with which species now 

traverse the globe are wholly unprecedented (Vitousek et al., 1997). It is generally assumed that species 

are moved beyond their native range deliberately and accidentally (Cope and Winterbourn, 2004). Some 

of the key vectors causing the introduction of invasive species may be unintentional transport by ships 

and intentional importations of aquaculture target species as well as accidental releases from aquaculture 

sites. Yet, the transport of species into various environments is not the only focus and challenge of 

ecologists. Further it is important to determine the factors that make ecosystems vulnerable to biological 

invasions like destructed habitats, and to assess the impact of invaders (Parker et al., 1999; Ruiz et al., 

1999, 2000; Lydeard et al., 2004).  

Many species have become established in disturbed environments, where they exploit resources 

such as food and space better than resident species (Crooks, 2002; Shea and Chesson, 2002). The number 

of biological invasions continues to increase and in the meantime many ecosystems support multiple non-

indigenous species. Johnson et al. (2009) point out that for some environments introduced species 

outnumber the natives. One example is the river Rhine where the rate of invasions has been accelerated 

by the interconnection of river basins in the central corridor (Dnjepr, Vistula, Oder, Elbe, and Rhine). 

This interconnection of rivers has played one of the key roles for invasion into the freshwater system of 

Germany and the Netherlands (Bij de Vaate et al., 2002). Many of the invasive species in the Rhine, 

mostly macroinvertebrates, have their origin in the Ponto-Caspian region. It is expected that climate 

change supports biological invasion by organisms originating from warmer regions in Southern Europe, 

since shallow lakes in Western Europe will become warmer and winter generally milder (Bij De Vaate et 

al., 2002).  

It has been observed that invasion may alter properties of the invaded habitat or ecosystems, 

where an ecosystem is defined as the spatially-explicit association of abiotic and biotic elements due to 

the flow of resources such as nutrients, biomass or energy (Carpenter and Turner, 1998). These alterations 
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- caused by species being transferred outside their endemic range - produce very often dramatic 

ecological alterations changes like a decline in biodiversity and an induction of biotic homogenization 

(Enserink, 1999; Kolar and Lodge, 2001; Cambray, 2003; Mills et al., 2003). Therefore, negative 

interactions between non-natives and natives are among the most commonly considered consequences of 

invasion and they can be pervasive and irreversible for the ecosystem (Strayer, 1999; Crooks, 2002). 

Successful invaders are characterized by high fecundity rates leading to a higher biomass relative to their 

competitors (Simon and Townsend, 2003) allowing them to form dominant communities, which might be 

an indicator of impact within and between trophic levels. The dominance of one or a few groups within an 

animal assemblage likely represents a large impact on either native consumers and/ or ecosystem 

functioning (Hall et al., 2006).  

One example of successful invasive species and competitors are snails (Race, 1982; Brenchley 

and Carlton, 1983; Byers, 2000). Introduced molluscs within Northern America have brought substantial 

changes in the distribution of native gastropods and bivalves (Strayer, 1999). Freshwater gastropods, 

especially snails belonging to pulmonate or Thiaridae, are widespread all over the world. Hence, they are 

common inhabitants of the littoral zone and above all they are key players in many freshwater habitats 

(Dillon, 2000). If conditions are favorable, a single specimen of many freshwater pulmonate species can 

rapidly establish new populations as these snails are hermaphrodites (Madsen, 1989). One representative 

of these pulmonate snails is Physella acuta, which is able to disperse rapidly and colonize new areas, 

particularly disturbed environments where it attains high densities. The life cycle characteristics of 

P. acuta include high proliferation rates, a high passive dispersal capacity, a high tolerance to polluted 

water (Brown, 1994; Bernot et al., 2005), and a high adaptability to changing environmental habitats, 

which altogether enhance their invasiveness (Kefford and Nugegoda, 2005). All these biological and 

ecological properties provide a possible explanation for the success of this species in rapidly populating 

disturbed freshwater habitats (Guo et al., 2009).  

Meanwhile these snails are widely distributed and locally abundant over a wide range of 

freshwater habitats like streams, ponds, lakes and ditches as a result of an intense introduction and 

subsequent invasion (Taylor, 2003). De Kock and Wolmarans (2007) describe that physids live in roots of 

floating plants and thus rapidly spread across large distances. Furthermore, the spread could be enhanced 

by environmental change, where pollution increases constantly (Pawley et al., 2001). The high density of 

P. acuta in eutrophic water bodies suggests that this species can tolerate these habitats more readily than 

other freshwater snails (Guo et al., 2009). In a destructed area P. acuta was the first to repopulate the 

environment, rapidly reaching densities of up to 4561 snails m
-2 

whereas the indigenous species failed to 

regain their position in the river (Brackenbury and Appleton, 1991). A reason why P. acuta reaches huge 

population densities could be the faster growth in the presence of another species. Brackenbury and 

Appleton (1991, 1993) showed for P. acuta that it attains sexual maturity sooner and remains 

reproductively active for longer, in contrast to Physa fontinalis for example, which is an indigenous 

species for Mid-Europe. Furthermore, P. acuta is above all able to breed all year round and in connection 

with its greater fecundity and shorter incubation periods, the invasive species achieves a clear 
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reproductive advantage. However, P. acuta is not only affecting sister species. Due to the fact that they 

can develop massive population they consume so much primary production, as they are suspension-

feeders on phytoplankton and seston, grazers on periphyton and browsers on vascular plants, that they 

substantially affect the amount and composition of primary producers and therefore negatively impact the 

biodiversity of freshwater ecosystems (Lombardo and Cooke, 2002; De Kock and Wolmarans, 2007).  

Interaction radiating out from the primary producers can affect nearly every part of the ecosystem. 

It has been shown for several snails that feed on periphyton and which have been introduced widely 

outside of their native ranges may affect ecosystem functioning at least occasionally. Indeed, the long-

term effects of invasive species in connection with global change are yet difficult to predict (Strayer, 

2010). Therefore, one objective of the present study was to investigate the displacement potential of 

invasive species towards indigenous ones under global climate change conditions. 

1.4 Aims and Scope of the Thesis 

With regard to climate change the environmental pollution is increasing and therefore the general toxicity 

of a frequently used agrochemical, more precisely the fungicide pyrimethanil, was examined. An 

overview of the conducted experiments is given in Table 1.1. In order to identify the most sensitive 

species the impact of the fungicide was observed on a broad range of different trophic levels with 

standard and non-standard test organisms. This provides the opportunity to compare if standard 

ecotoxicological test are a sufficient tool for the estimation of the impact of toxicants within 

ecotoxicological risk assessments (Chapter 2). One of the aims was to ascertain if and how temperature 

modulates the toxic potential of pyrimethanil in short-term and during long-term exposure under either 

current or future, near-natural temperature conditions. Therefore the two pyrimethanil sensitive species, 

Daphnia magna and Chironomus riparius, were individually exposed in a multigeneration study to assess 

the combined effect of a chronic and low-dose concentration of the fungicides and three different 

temperature scenarios. It is postulated for both organisms that chemical and thermal stress may lead to 

unspecific effects, especially according to the population dynamics of both species as well as on the 

genetic diversity, which is exemplarily investigated in the midges (Chapter 2 and 3).  

However, toxicants will not only cause species-specific differences or temperature dependent 

changes in population dynamics. Additionally, ecosystems might become affected by alterations of food-

web interactions. The food-web interactions might be impacted by the transfer of pollutants and disturbed 

biotic interactions, which can be influenced by several factors, like temperature increase or composition 

of the habitat with all its biotic and abiotic parameters. With the help of a fractional multifactorial test 

design it should be investigated if temperature, contaminated test medium and food, predator stress and 

pre-exposure to a toxicant have simultaneously effects and leading to sustainable change within the 

aquatic ecosystem. To test for the interactions of stressors Daphnia pulex is exposed towards three 

different temperatures, a predator (larvae of Chaoborus flavicans) and the fungicide pyrimethanil in 

multiple exposure scenarios (Chapter 4).  
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Besides the temperature dependence of biotic and abiotic interactions, it is important to expose 

different life stages of the organisms towards chemical or temperature stress, because even the used 

developmental stage could influence the outcome of the experiment. It is hypothesized that the embryonic 

or juvenile life stages might be more sensitive towards pollution and temperature stress. To investigate if 

there are any differences in behavior of the development stages different experiments were conducted 

with several pyrimethanil concentrations and three different temperatures with the invasive snail Physella 

acuta (Chapter 5). Thus it is tried to assess if the ecotoxicity of pyrimethanil is life stage-specific and 

whether temperature and contaminants cause cumulative effects. Further, it was investigated if the 

invasive snail is able to cope changing environmental conditions better than their indigenous sister 

species Physa fontinalis (Chapter 6).  

Finally, as a synthesis of all these results it is tried to give ecotoxicological and ecological 

implications for the use of contaminants within the context of climate change where the impact may be 

modified due to biotic and abiotic interactions.  

 

Table 1.1: Experimental set up of present thesis. Overview of the conducted experiments and test organisms 

according to their description within the chapters. Temp. = temperature; static temperature = 15, 20 and 25°C. 

Conc. = concentration of pyrimethanil. 

 Topic Organisms Temp. Conc. Endpoints Chapter 

P
y
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- 

m
et

h
a

n
il

 

Ecotoxicity test 

with standard and 

non-standard 

organisms 

primary producer  

(e.g. algae) and 

primary consumer  

(e.g. daphnids, snails) 

standard 
dose-response 

relationship 

reproduction 

mortality 
2, 3, 4, 5 

P
y

ri
m

et
h

a
n

il
 a

n
d

 t
em

p
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a
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re
 

Species-specific 

Daphnia magna, 

Daphnia pulex 

static 
dose-response 

relationship 

reproduction, 

mortality, 

development 

2, 3, 4, 5 Chironomus riparius 

snails ( e.g. Physa 

spec., Radix balthica) 

Population 

dynamics 

Daphnia magna 

dynamic 

NOEC 
reproduction, 

mortality 
2, 3 

Chironomus riparius NOAEC/2 
+ genetic 

diversity 

     
Daphnia pulex 

static 

NOEC 
reproduction, 

mortality 
4 

Physella acuta 
dose-response 

relationship 
+ development 5 
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n
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, 

te
m
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a
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a
n
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in

te
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n
 Contaminated 

food, predation 

Daphnia pulex  

static 

NOEC 
reproduction, 

mortality 
4, 5 

Physella acuta LOEC 

Life stage 

Physella acuta 

static 
dose-response 

relationship 

reproduction, 

mortality, 

development 

5, 6 

Physa fontinalis 

Competition 

between 

indigenous and 

invasive species 

Physella acuta  

static 
dose-response 

relationship 
reproduction 5, 6 

Physa fontinalis 
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2. Aquatic Ecotoxicity of the Fungicide Pyrimethanil: Effect 

Profile under Optimal and Thermal Stress Conditions 

 

Abstract 

The aquatic ecotoxic profile of the fungicide pyrimethanil and its acute and chronic thermal dependence 

in two aquatic invertebrates Chironomus riparius and Daphnia magna were investigated. The ecotoxicity 

of pyrimethanil at optimal thermal conditions did not depend on the trophic level, but was species 

specific. The acute pyrimethanil toxicity on C. riparius increased with higher temperature. The chronic 

response of D. magna to the NOEC of the fungicide was examined in a multigenerational experiment 

under three near-natural temperature regimes. A pyrimethanil-induced increase of total mortality was 

buffered by the strongly related increase of the general reproductive capacity, while population growth 

was stronger influenced by temperature than by the fungicide. At a LOEC, however, a second generation 

could not be established with D. magna at all thermal regimes. This clearly shows that thermal and 

multigenerational effects should be considered when appraising the ecotoxicity of pesticides and 

assessing their future risk for the environment. 

2.1 Introduction 

Fungicides are used worldwide to control the development of pathogenic fungi on vegetables or fruits and 

to avoid crop failures due to fungal diseases (Ribeiro et al., 2000). For instance the grey mould Bortrytis 

cinerea can cause economically important damages on grapes, apples and tomatoes if not treated with 

fungicides (Latorre et al., 2002; Anfossi et al., 2006). One of the most frequently used fungicides in 

European vineyards is pyrimethanil (Navarro et al., 2000; Moyano et al., 2004; Anfossi et al., 2006). The 

application rates of pyrimethanil during the growing season are in average 600 g ha
-1

 in apple orchards or 

1 kg ha
-1

 in vineyards (EFSA, 2006). Pyrimethanil is protectively applied up to five times during the 

growing season on plants and may reach the ground and surface water due to rain or spray drift 

(Verdisson et al., 2001; Mosleh et al., 2005; Anfossi et al., 2006; EFSA, 2006). It is well known, that 

pesticides as an extensively used class of environmental chemicals may impact natural ecosystems 

(Reinecke and Reinecke, 2007). In water courses nearby the application area, fungicides can affect the 

growth of non-target-species and disturb chemical and microbiological processes (Fernandez et al., 2005). 

In case of the regularly applied pyrimethanil, however, only little is known about its ecotoxicity, and 

mainly on aquatic primary producers (Tomlin, 1997).  

A permanent reduction of the biodiversity in aquatic ecosystems may result from the global 

forecasted temperature increase of about 4°C until the end of the 21st century in connection with an 

enforced use and entry of pollutants into the environment (Sala et al., 2000; Thuiller, 2007). At the same 

time, a significantly higher agricultural application of pesticides, especially fungicides, is required and 

might become usual in warmer and more humid climate expected to occur under climate change 

conditions (Boxall et al., 2009), which generally enforce fungal diseases as well (Anderson et al., 2004). 

Moreover, it is expected that temperature variations and changes in precipitation patterns towards extreme 
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weather events like heavy rain fall during summer months will very likely cause a higher entry of 

contaminants such as agrochemicals into the aquatic environment (Rosenzweig et al., 2001; Noyes et al., 

2009), mainly by influencing movement, partitioning, and distribution of chemical pollutants (Schiedek et 

al., 2007; Noyes et al., 2009). Moreover, it can be argued that thermal stress modifies the chemistry of 

pollutants (Schiedek et al., 2007) resulting under certain circumstances in a significant alteration of the 

ecotoxicological responses of aquatic species to pesticides (Heugens et al., 2001; Holmstrup et al., 2010). 

There are, however, only few experimental data to support this assumption for fungicides. In case of the 

fungicide fenarimol, the reproductive toxicity for the marine amphipod Monoporeia affinis increases with 

rising temperature, while the thermal and chemical stressors act synergistically (Jacobson et al., 2008).  

As shown by Kim et al. (2010) it is important to take effects of relevant environmental conditions 

on the chemical toxicity into account in order to assess the ecosystem impact of contaminants more 

realistically. Abiotic and biotic parameters can influence the toxicity on aquatic organisms by up to an 

order of magnitude and furthermore, sometimes in not a consistent way. We therefore suggest that the 

toxic potential of the regularly applied fungicide pyrimethanil for aquatic key species may also change 

with increasing temperatures. To understand i) how toxic pyrimethanil is for different key species/trophic 

levels and ii) if the toxicity of pyrimethanil will change in the near-future aquatic environment under 

climate change this paper is divided in two parts.  

The first part aims to test the effects of pyrimethanil on a broad range of aquatic model organisms 

to identify the most sensitive link in the ecosystem using a classical ecotoxicology approach. In the 

second part we investigate if and how temperature modulates the toxic potential of pyrimethanil in short-

term and during a long-term exposure under either current or future, near-natural temperature conditions 

using an ecological approach. The selected temperature regime for our future scenario is within the 

forecasted climate change scenarios for European lakes as described by Mooij et al. (2007) and 

Thackeray et al. (2010). 

2.2 Material and Methods 

2.2.1 Standard Ecotoxicological Tests 

To determine the effect profile and toxicity of pyrimethanil on different trophic levels and systematic 

groups, literature was analyzed and supplement bioassays with standard organisms were applied as given 

in Table 2.1. All organisms tested in present study originated from in-house cultures of the Goethe 

University Frankfurt am Main and pyrimethanil (CAS-No: 53112-28-0), PESTANAL
®
, analytical 

standard (99.9% purity)) was purchased from Sigma-Aldrich (Steinheim, Germany). In short, chronic 

pyrimethanil effects on algal/plant growth and on the mortality and reproduction of two invertebrates 

were supplementary studied. It has to be noted, that Lumbriculus variegatus was exposed in a sediment-

water-system spiked with pyrimethanil via water phase (OECD 225, 2007). The sediment consisted of 

quartz sand and kaolin but contrary to the guideline no peat was added.  

In addition, the acute toxicity of pyrimethanil for the survival of Chironomus riparius was tested 

according to OECD 235 (2011) with minor deviations. Therefore, 24 first instar larvae of C. riparius were 
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introduced to 24-multiwell plates (2 mL spiked reconstituted water cavity
-1

, pH 7.9-8.4, conductivity 540 

µS cm
-1

). One cethyl alcohol pellet was added to each well to reduce the surface tension. The larvae were 

exposed to two control (with/without cetyl alcohol) and seven pyrimethanil treatments at a light:dark 

cycle of 16:8 h under dim light without feeding at 20° ± 1°C. After 48 h the larvae were checked for their 

mobility. 

 

Table 2.1: Ecotoxicological standard tests with pyrimethanil. Conducted bioassays to assess the aquatic ecotoxicity 

of pyrimethanil. The organisms, endpoints, OECD guideline number, test duration and used concentrations are 

given. 

Test organism Test system OECD guideline 
Test-

duration 

Conc. range 

[mg L
-1

] 

Desmodesmus subspicatus Growth inhibition test 201 (OECD, 2002) 72 h 0.6-50 

Lemna minor Growth inhibition test 221 (OECD, 2006) 7 d 1.25-80 

Lumbriculus variegatus Sediment water toxicity test 225 (OECD, 2007) 28 d 0.25-8.0 

Chironomus riparius  Acute immobilisation test 
No guideline; for 

details see 2.1 
48 h 0.5-32 

Daphnia magna  Acute immobilisation test 202 (OECD, 2004 a) 48 h 0.25-16 

Daphnia magna Reproduction test 211 (OECD, 1998) 21 d 0.032.0 

 

2.2.2 Pyrimethanil Exposure Under Different Temperature Regimes 

Further acute and chronic bioassays were conducted under different temperature regimes with 

pyrimethanil-sensitive test organisms. The acute impact of temperature on the ecotoxicity of pyrimethanil 

was studied with first instar larvae of C. riparius which were exposed in two control groups (with/without 

cetyl alcohol) and seven concentrations ranging from 0.5 to 32 mg L
-1

 of the fungicide at four static 

temperatures (14°C, 18°C, 22°C and 26°C) for 48 h (for details see 2.1). Beyond this acute response test 

we investigated how population dynamics of Daphnia magna respond to a chronic exposure to sublethal 

concentrations of the fungicide under near-natural, rapidly changing environmental conditions occurring 

today and in future. In this 140-days-lasting multigenerational study, D. magna was exposed to 

pyrimethanil at three different temperature scenarios: (I) ‘cold year, today’ (CYT), (II) ‘warm year, today’ 

(WYT) and (III) ‘warm year, 2080’ (WYF). Every climate scenario simulated in environmental chambers 

was arranged with a control treatment, a treatment with the NOEC (0.5 mg L
-1

) and the LOEC (1.0 mg   

L
-1

) for pyrimethanil determined in the standard reproduction test before. The simulated and 20-minutely 

logged (TL20 loggers, AMZ Großhandels KG, Mainhausen, Germany) temperature regimes are given for 

each climate scenario in Figure 2.1. The simulated present-day temperature regimes (D 10.8°C) and the 

irradiation periods represent natural conditions typical for mid-April to mid-October (day 105-287 of a 

year). Dynamic test temperatures for both present-day scenarios ‘cold year, today’ and ‘warm year, today’ 

were based on field-measured water temperatures between 1990 and 2005 from lake Mainflingen and the 

river Main near Nied and Seligenstadt (Germany) (open source data, HLUG, 2010, Figure 2.1). To 

simulate prospective water temperatures in ~2080 we used the calculated heating rates of 0.04-0.05 C yr
-1

 

as observed in shallow lakes in Europe over the last forty years (Mooij et al., 2008; Thackeray et al., 
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2010). As a result, a mean temperature increase about 2.5°C is expected for shallow water bodies in 

northern Europe till 2080 and is added on top of the temperatures for a ‘warm year, today’. Changes in 

temperature for each scenario were manually adjusted every day by 0.2°C. The starting temperature was 

11.0°C for CYT, 14°C for WYT and 16.5°C for the WYF. The mean temperature for each generation 

during 21 d is given in Table 2.2. 

 

 

Figure 2.1: Temperature scenarios for the multigeneration study. Water temperature (open circles) measured at two 

sites of a large, slow flowing river (Main, Germany) and in a non-stratified pond with maximal 6 m depth (nature 

protection area Mainflingen, Germany) during 1990-2005 (data from HLUG, 2010). Fitted temperature curves 

(dashed lines, y = -0.0013x² + 0.51x - b) for a cold year (I, b = 22.72) and a warm year (II, b = 25.22) in 1990-2005 

as well as expected for a warm year in ~2080 (III, b = 28.10) were used to simulate the period mid of April until end 

of August during the multigenerational study. Actually daily mean temperature logged in environmentally controlled 

cabinets (bold lines, mean ± SD) from exposure of parental generation (P) of Daphnia magna until the end of 

experiment (E) are shown for comparison. Duration of irradiation [hours d
-1

] was weekly adjusted (upper oblong). 

 

 

The constitutive experimental design followed the OECD guideline 211 for the reproduction test 

with D. magna (OECD, 2008). Always the third brood of the parental generation was used to establish a 

subsequent generation. Therefore all juvenile daphnids of the third brood from a given treatment were 

pooled and ten of them established the next generation. Every single generation has remained for 21 d in 

the test, so that the number of neonates per generation and for each temperature scenario could be 

compared. Two times weekly the test medium was renewed and the daphnids were fed with an algae 

suspension of Desmodesmus subspicatus (0.2 mg C daphnid
-1

 d
-1

). As shown by Müller et al. (2012) there 

is only a slight decrease in the amount of pyrimethanil over 19 days which is furthermore not 

temperature-dependent. Therefore it was decided not to analyze the concentration of pyrimethanil within 

the water phase of the test vessels as the medium is renewed every three days. 
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2.2.3 Data Analysis 

If not stated differently, data are reported as mean [± standard deviation] and calculated with the software 

programs Excel
®
 (Microsoft) and Prism


 (version 5.03, GraphPad). The 10% and 50% effect 

concentrations (EC10, EC50) for the acute and chronic toxicity tests were derived using a non-linear 

regression curve fit model (x = log(x)). To calculate the no observed effect concentration (NOEC) and the 

lowest observed effect concentration (LOEC), all data sets were checked for normal distribution with the 

D‘Agostino and Pearson test (n  8) or the Kolmogorov-Smirnov test (n = 5 to 7). Homogeneity of 

variances was tested with Bartlett’s test at p ≤ 0.05. The ecotoxicity of pyrimethanil was analyzed using 

an one-way ANOVA (F, p ≤ 0.05) and subsequently a Dunnett’s post hoc test. If the assumption for an 

ANOVA was not given, the Kruskal-Wallis-test followed by Dunn‘s post hoc test was used (p ≤ 0.05). 

For the comparison of two means, the unpaired t-test for data sets with normal distribution or the Mann-

Whitney-test was applied. In addition, the produced neonates of the pyrimethanil treatment and the 

control of a dedicated generation were compared using a two-way ANOVA followed by Bonferroni post-

test (p ≤ 0.05). To test for a linear relationship of pyrimethanil exposure on survival (acute test) or 

reproduction (multigenerational study) and (mean) temperature, linear regression analyses including 

Runs-test were accomplished. The same analysis was performed to test for a coherence of reproductive 

patterns and mortality during multiple generations. With regard to the ecological significance of the 

observed results, the intrinsic rate of population increase r was moreover calculated for each treatment 

and generation of the multigenerational study. The population growth rate pgr (≙ r) was iteratively 

calculated for each generation and treatment (Hammers-Wirtz and Ratte, 2000; Muyssen and Janssen, 

2004; Coors and De Meester, 2008) and further analyzed by means of a nonlinear regression using a 

polynomial equation of the third order. 

2.3 Results 

2.3.1 Aquatic Effect Profile of Pyrimethanil 

Table 2.2 gives an overview of the observed and calculated effect concentrations reported in the literature 

or derived from our experiments which are described in detail in the appendix. NOEC values range from 

0.50 to 5.0 mg L
-1

, LOEC values from 0.20 to 10.0 mg L
-1

, EC10 values from 0.95 to 6.83 mg L
-1

,
 
and 

EC50 values from 1.18 to 46.1 mg L
-1

. The toxicity range and the variation of ecotoxicological values 

within the groups of primary producers and consumers are comparable. Hence the ecotoxicity of 

pyrimethanil is species-specific and not dependent on the trophic level. 
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Table 2.2: Summary of standard test toxicity data. Ecotoxicity of pyrimethanil [mg L
-1

 ± 95%-confidence interval] 

on aquatic model organisms and the respective endpoint. Effect concentrations are derived from standardized test 

systems and represent own data if not specified differently. NOEC = no observed effect concentrations, LOEC = 

lowest observed effect concentrations, LC10/EC10 = concentration causing 10% mortality/effect, LC50/EC50 = 

concentration causing 50% mortality/effect, CI = confidence interval. 

 Species Endpoint NOEC LOEC LC10/EC10 [CI]  LC50/EC50 [CI] 

P
ri

m
a

ry
 p

ro
d

u
ce

rs
 

Desmodesmus subspicatus  

(chronic, 72 h) 
growth 5 10 

6.83 

[5.60 - 8.32] 

13.7 

[12.2 - 15.3] 

Scenedesmus acutuus 

 (chronic, 48 h) 
growth    

23.1
1
 

[16.5 – 27.5] 

S. obliquus (chronic, 96 h) growth  0.2²   

S. obliquus (chronic, 96 h)
6
 growth 12.5 20 

14.9  

[11.4-19.4] 

20.9  

[19.2-22.7] 

D. quadricauda 

(chronic, 96h) 
growth 0.6² 0.8²   

Raphidocelis subcapitata 

(acute, 72 h) 
growth    1.2

3
 

Gomphonema parvulum 

(chronic, 7 d)
6
 

growth 0.06 0.12 
0.11 

 [0.044-0.27] 

0.24  

[0.17-0.36] 

Lemna minor (chronic, 7 d) growth 2.5 5 
3.07 

[2.31 - 5.93] 

23.4 

[20.7 - 26.4] 

 
L. minor (chronic, 6 d) growth   

3.60 

[3.12 – 4.25]
 1
 

46.1 

[40.2 – 52.0]
1
 

L. gibba (chronic, 7 d) biomass    7.8
3
 

P
ri

m
a

ry
 c

o
n

su
m

er
 

Lumbriculus variegatus  

(chronic, 28 d) 

repro-

duction 
4 8 

1.52 

[0.68 - 3.40] 

12.7 

[6.42 - 25.0] 

Chironomus riparius 

(acute, 48 h) 
immobility 0.5 1 

0.91 

[0.09 - 9.16] 

2.92 

[1.11 - 7.69] 

C. riparius (chronic, 28 d) emergence 4
4
    

C. riparius(chronic, 28 d) mortality 4
5
 8

5
 

5.38 

[4.17 - 6.93]
 5
 

 

9.27 

[8.20 - 10.5]
 5
 

 Chaoborus flavicans 

 (larvae, 21 d)
6
 

mortality   
0.06 

 [0.02-0.234] 

1.78  

[1.06-2.98] 

Daphnia magna  

(acute, 48 h) 
immobility 2 4 

1.02 

[0.48 - 2.19] 

3.61 

[2.62 - 4.97] 

D. magna (acute, 48 h) immobility    2.9
4
 

D. magna (chronic, 21 d) 
repro-

duction 

0.5; 

0.94
4
 

1 
0.95 

[0.67 - 1.35] 

1.18 

[0.42 - 3.32] 

D. pulex (chronic, 21 d)
6
 

repro-

duction 
0.015 0.03 

0.016 

[0.008-0.03] 

0.09  

[0.5-0.97] 

S
ec

o
n

d
a

ry
 

co
n

su
m

er
s 

Radix balthica
6
(chronic, 

28 d) 

fertility of 

egg masses 
1.25 2.5 

0.37 

 [0.05-2.84] 

1.48  

[0.58-3.78] 

Physella acuta
6
(chronic, 

28 d) 

fertility of 

egg masses 
0.125 0.25 

0.087  

[0.063-0.132] 

0.262 

 [0.220-0.312] 

Oncorhynchus mykiss  

(acute, 96 h) 
mortality    10.6

3
 

O. mykiss (chronic, 21 d)   1.6
3
   

1
Verdisson et al. (2001), ²Dosnon-Olette et al. (2010), ³FOOTPRINT (2011), 

4
EFSA (2006), 

5
Müller et al. (2011), 

6
These data are amplified and supplementary data of the whole present thesis and are not part of the original 

publication. 
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2.3.2 Combined Effects of Temperature and Pyrimethanil 

To test if the ecotoxicity of pyrimethanil depends on temperature, the pyrimethanil-sensitive species C. 

riparius and D. magna were exposed towards pyrimethanil at either constant or dynamic temperature 

regimes. The calculated effect concentrations (EC10 and EC50) for survival of the C. riparius larvae at 

14°C to 26°C reveal that the ecotoxicity increased with rising temperatures (EC10: R
2
 = 0.99; EC50: 

R
2
 = 0.98; Figure 2.2). The negative relationship of effective concentrations and temperature is more 

pronounced at higher concentrations (slope of EC10 = -0.32 ± 0.02, slope of EC50 = -0.73 ± 0.06). 

 

 
Figure 2.2: Temperature dependent ECx values for Chironomus riparius. Effective concentrations (EC10, EC50) of 

pyrimethanil for the acute mortality of first instar larvae of C. riparius at four different temperatures. Lines represent 

linear regressions with 95% confidence intervals. Test duration = 48 h; n = 24. 

 

To investigate if a chronic exposure to a NOEC or LOEC of pyrimethanil affects D. magna 

during multiple generations under near-natural temperature conditions, a multigenerational study was 

conducted. The daphnids exposed to the LOEC (1 mg L
-1

) did not produce a F1-generation in any of the 

temperature scenarios due to low reproduction rates and a high mortality within 21 d at the beginning of 

the experiment. However, under NOEC (0.5 mg L
-1

) exposure, the population growth continued for four 

months under present and forecasted temperature regimes. During the multigenerational study, six 

generations were produced in the ‘cold year, today’. In the ‘warm year, today’ and ‘warm year, 2080’ 

daphnids produced 7 and 9 generations, respectively. 

The number of neonates which were produced by control daphnids (Table 2.3) followed in 

general the temperature gradient (R
2
 = 0.63, slope = 7.62 ± 1.23; Figure 2.3 A). This was especially true 

for daphnid reproduction under the ‘cold year, today’ simulation. In contrast, the number of offspring of 

controls observed in the ‘warm year, today’ and ‘warm year, 2080’ often deviated from experimental 

temperature profiles, in particular at temperatures above 21°C. For the scenario ‘warm year, today’ the 

number of neonates decreased from generation F2 to F4 and after a maximum during F5, again in F6 (Table 

2.3). Under ‘warm year, 2080’ conditions, reproduction was reduced in generations F4 and F5. For 

generations F6 and F7 we observed a second reproduction maximum followed by a decline in generation 
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F8. More generally, reproduction of controls decreased clearly in the consecutive generations of both 

scenarios if a maximum amount of approximately 150 neonates per adult was reached. With the ongoing 

of the study reproduction increased again and adult daphnids produced as many juveniles as in the first 

maximum. This bimodal pattern was most pronounced in the ‘warm year, 2080’ scenario. 

  

Table 2.3: Mortality and offspring of Daphnia magna during multigenerational study. Mortality [%] of 10 mother 

daphnids and number of neonates per daphnid [mean ± SD] within 21 days are given for every generation (Gen) 

of control and pyrimethanil treatments (0.5 mg L
-1

) in three temperature scenarios. Bold numbers indicate 

significant differences between the control and pyrimethanil group of a certain generation. 

End-

point 

Gene-

ration 

Cold year, today Warm year, today Warm year, future 

Control Pyrimethanil Control Pyrimethanil Control Pyrimethanil 

M
o

rt
a

li
ty

 

F0 0 0 0 0 0 0 

F1 0 20 0 0 0 0 

F2 20 20 10 30 10 20 

F3 0 0 10 20 0 20 

F4 20 10 0 10 0 20 

F5 0 10 20 10 0 30 

F6 0 10 10 20 20 0 

F7   0 30 50 40 

F8     0 20 

F9     0 10 

 sum 40 70 50 120 80 160 

N
eo

n
a

te
s 

p
er

 d
a

p
h

n
id

 

F0 15.9 [6.20] 15.4 [5.58] 33.6 [10.0] 30.7 [11.6] 79.5 [7.33] 63.2 [8.12] 

F1 76.3 [20.3] 59.1 [20.9] 107 [21.0] 69.9 [14.8] 100 [22.0] 75.2 [18.9] 

F2 101 [15.2] 81.4 [28.8] 154 [16.5] 96.4 [26.5] 139 [25.9] 92.9 [24.7] 

F3 97.1 [17.3] 86.9 [17.2] 121 [27.2] 109 [21.7] 155 [19.8] 138 [17.9] 

F4 117 [12.9] 99.4 [21.9] 109 [17.1] 100 [16.8] 151 [31.1] 127 [16.4] 

F5 109 [16.9] 112 [10.1] 136 [18.2] 104 [16.7] 99.0 [17.1] 94.0 [20.4] 

F6 94.5 [15.7] 65.0 [26.0] 147 [28.7] 96.4 [19.6] 111 [25.2] 113 [12.9] 

F7   112 [14.9] 105 [11.8] 146 [29.5] 137 [6.11] 

F8     148 [14.3] 113 [20.2] 

F9     98.4 [13.2] 94.6 [18.0] 

 median 97.1 81.4 116.5 98.2 125.0 103.8 

 

The NOEC of pyrimethanil inhibited the reproduction (in total average 19.9%) (Figure 2.3 C), which 

indicated a comparable level of effects of ca. 22% as observed at the NOEC in the standard test (Figure 

2.5 D). The most significant inhibitory effect of pyrimethanil on reproduction was lower under the ‘cold 

year, today’ simulation (maximum 31.2% in F6) compared to the other scenarios. Under ‘warm year’ and 

‘warm year, 2080’ simulations, the relative effect of pyrimethanil on reproduction increased significantly 

up to 37.4% (F2) and 33.2% (F2), respectively, compared to the control group. Although the reproduction 

under pyrimethanil exposure followed the temperature gradient similar to the controls (R
2
 = 0.79, slope = 

7.22 ± 0.79), the percentage inhibition by pyrimethanil did not depend on the thermal history (R
2
 = 0.03, 
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p = 0.44, Figure 2.3 B, C). If the mean values of neonates over all generations are compared for the 

several temperature scenarios they are all in the same range with 16.2% for the ‘cold year, today’, 15.7% 

for the ‘warm year, today’ and 17.0% for the ‘warm year, 2080’ (Table 2.2).  

 

 

Significant differences between the control and pyrimethanil treatments exposed to the ‘warm 

year, today’ and ‘warm year, 2080’ became mainly apparent, albeit only if the reproductive output in the 

control was short before or at peak reproduction with approximately 150 neonates per adult. 

Pyrimethanil-exposed daphnids had a lower maximum production per parent under ‘warm year, today’ 

(max. 109 juveniles) and ‘warm year, 2080’ conditions (max. 138 juveniles) compared to the control 

(max. 154 and 155 juveniles, respectively). If exposed to pyrimethanil, a bimodal reproductive response 

pattern as observed in the controls became exclusively obvious in the future ‘warm year, 2080’ scenario. 

The combined effect of low fungicide exposure and thermal stress increased the average mortality as 

shown in Table 2.3. On the one hand mortality increased the higher the temperature was and on the other 

one the mortality was always approximately doubled if the daphnids were exposed towards pyrimethanil. 

The average mortality and the sum of neonates were positively correlated (controls: R
2
 = 0.77; 

pyrimethanil treatments: R
2
 = 0.95) and correspondingly, the impact of the fungicide on the intrinsic 

population growth rate was minor (Figure 2.4 A-C). The pgr increased with increasing temperatures. In 

the F0 generation, the pgr of controls was 0.16 d
-1

 in the ‘cold year, today’, 0.21 d
-1

 in the ‘warm year, 

today’ and 0.30 d
-1

 in the ‘warm year, 2080’. If temperatures achieved the highest temperature during the 

lapse of the experiment, the pgr reached 0.39 d
-1

 in the ‘cold year, today’ (F4), 0.44 d
-1

 in the ‘warm year, 

today’ (F5) and 0.50 d
-1

 in the ‘warm year, 2080’ (F8).  
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Figure 2.3 (A-C): Linear regression of 

reproduction endpoints for Daphnia 

magna. Influence of temperature on the 

number of neonates (A and B) and 

ecotoxicity of pyrimethanil (C) during 

a 140-day-lasting multigenerational 

study with Daphnia magna. Each circle 

represents the number of neonates (A 

and B) due to increasing temperatures 

and accordingly the inhibition of 

neonates caused by pyrimethanil (C). 

Black dots = results for a ‘cold year, 

today’; grey dots = ’warm year, today’; 

white dots = ’warm year, 2080’. 
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2.4 Discussion 

The ecotoxicity of pyrimethanil on aquatic model organisms does not depend on the trophic level, 

but is species-specific. Our study clearly shows that data from standard tests performed under optimal 

conditions underestimate the toxic potential of pyrimethanil under thermal stress conditions. Temperature 

is a strongly modifying factor for the acute ecotoxicity of pyrimethanil, particularly at higher 

concentrations. By the example of Daphnia magna it could be demonstrated that even an exposure to a 

NOEC of pyrimethanil significantly affects reproduction and to a lesser extent population growth rate 

(pgr), particularly under warm summer conditions. 

Pyrimethanil causes adverse effects on aquatic primary producers. However, the interspecific 

variability of its ecotoxicity is high (Table 2.2; c.f. Verdisson et al., 2001; FOOTPRINT, 2009; Dosnon-

Olette et al., 2010). Pyrimethanil effect concentrations vary within the green algae by a factor ~20 if 

considering the EC50 values (Table 2.2). Belgers et al. (2009) propose that the risk assessment of 

fungicides should also cover macrophytes due to the difficult prediction of potential fungicidal effects on 

the environment. The ecotoxicological standard representatives for vascular aquatic plants, the 

Lemnaceae, respond however as sensitive towards pyrimethanil as the green algae, while available EC50 

values for the species L. minor vary slightly about a factor of 2 (Table 2.2, Verdisson et al., 2001). The 

impairment of the photosynthetic system seems to be a general effect of pyrimethanil on aquatic primary 

producers as not only reported for Lemnaceae, but also for several other macrophytes and green algae 

(Figure 2.5 A, B; Verdisson et al., 2001; Dosnon-Olette et al., 2009, 2010).  

One may expect an increased ecotoxicity of pyrimethanil on primary consumers as Dosnon-Olette 
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  Figure 2.4 (A-C): Population growth rate of 

Daphnia magna. Effects of pyrimethanil (0.5 

mg L
-1

) on the intrinsic population growth of 

D.magna under dynamic changing temperature 

regimes [°C] during a 140-day-lasting 

multigenerational study. Each symbol 

(black dot = control, open dot = fungicide) 

represents the calculated increase of the 

growth rate for every generation (mean, 

n = 10). Temperature scenarios are A) ‘cold 

year, today’, B) ‘warm year, today’, and C) 

`warm year, 2080’. 
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et al. (2009, 2010) provide evidence for pyrimethanil accumulation in algae and water plants. The 

ingestion of pyrimethanil-contaminated algae or detritus might be an additional, indirect pyrimethanil 

exposure route for detritivorous and herbivorous species. Lumbriculus variegatus and Chironomus 

riparius (larvae) are directly exposed to xenobiotics in the water and sediment due to their benthic mode 

of life (Pinder, 1986; Mosleh et al., 2005). The chronic exposure of L. variegatus and C. riparius to 

pyrimethanil has, however, no negative impact up to a concentration of 4 mg L
-1

 (Table 2.2; Figure 

2.5 C). Hence both detritivorous species are as susceptible as the primary producer D. subspicatus and the 

secondary consumer Oncorhynchus mykiss, for example (Table 2.2).  

Nevertheless, the provided food during the bioassay with L. variegatus was not pre-contaminated 

with pyrimethanil and quickly ingested. Therefore an indirect exposure route of pyrimethanil can be 

excluded for L. variegatus. D. magna turned out to be a more sensitive standard organism towards 

pyrimethanil (Table 2.2; Figure 2.5 D; EFSA, 2006). The susceptibility of D. magna toward fungicides 

might be in part based on the uptake of contaminated food and hence a result of the contemporary direct 

and indirect fungicidal exposure. During the chronic standard bioassay, D. magna was fed on fresh 

D. subspicatus algae every three to four days. Admittedly within four days, 7 to 10% of pyrimethanil 

disappeared from the medium in presence of the sister species S. obliquus and D. quadricauda (Dosnon-

Olette et al., 2010). Therefore, the likely absorbed or bio-accumulated pyrimethanil in algal cells may 

have indirectly increased the ecotoxicity on D. magna. Supportively Taylor et al. (1998) demonstrated 

that Cd-contaminated algal cells depress the feeding rate of D. magna in a Cd-free medium due to the 

algal surface-bound fraction of Cd ions. Furthermore, Bertram and Hart (1979) provide evidence that the 

reproduction of daphnids becomes affected due to Cd-contaminated food.  

The impact of pyrimethanil on D. magna increases from acute to chronic exposure and finally 

results in a reduced population growth rate at 1 mg L
-1

 at standard test conditions which may indicate also 

consequences for the zooplankton community. In accordance, the populations break down at 1 mg L
-1

 

after completing the first generation in the multigenerational study, at least at simulated spring conditions 

providing a temperature range of 11 to 27°C. In contrast, the ecotoxicity of pyrimethanil appears to 

decrease with longer exposure time if comparing the NOEC values of the acute immobilization and 

chronic test with C. riparius (Table 2.2). It becomes obvious that ECx values derived from acute response 

tests with C. riparius at either 20°C or 18°C to 26°C vary considerably (Table 2.2; Figure 2.2) but this 

inter-experimental variation is within a normal range as shown by Weltje et al. (2010). The acute 

response test with C. riparius first instar larvae to pyrimethanil and temperature clearly shows that 

temperature modulates the toxicity of pyrimethanil at a concentration range of 0.5 to 32 mg L
-1

 (Figure 

2.2). Enhanced temperature stress often enforces the impact of toxic substances on aquatic organisms 

(Heugens et al., 2001, 2003; Holmstrup et al., 2010).  

The increased acute ecotoxicity of pyrimethanil with increasing temperature (Figure 2.2) might be 

explained by the enforced metabolism of midges or by the rising formation of toxic pyrimethanil 

metabolites with other modes of action than the mother substance. The formation of toxic metabolites is, 

however, not a probable cause for the enhanced toxicity because the known metabolites are far less toxic 
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than the mother compound (DAR, 2005). Furthermore, the content of pyrimethanil in the medium should 

be stable during a period of at least seven days at 15°C to 25°C (unpublished data; DT50 in the water 

phase = 16.5 days, EFSA, 2006). Hence a changed toxicokinetic profile with an altered absorption and 

elimination of the substance at different temperatures is a more probable explanation. Tests with Cd and 

daphnids have shown that an increased toxicity of the heavy metal is based on a better absorption of the 

substance in consequence of rising temperatures (Heugens et al., 2003, 2006). Moreover, Guerrero et al. 

(2002) ascertained that the metabolism of fungicides and other xenobiotics to more polar products with a 

different mode of action is temperature-dependent. Up to now it is, however, not clear if either 

xenobiotics can be easier and faster taken up or if the accumulation in the organism becomes fortified at 

higher temperatures or if it is a combination of both effects (Heugens et al., 2003). How these effects can 

be traced back to changes in the metabolism of the C. riparius larvae, in terms of an easier pyrimethanil 

adsorption on the chironomid feeding tube, an exceeded pyrimethanil uptake or other modes of action of 

metabolites of the fungicide due to increased temperature has to be shown by further studies.  

In contrast to the increased acute pyrimethanil ecotoxicity on C. riparius at higher temperatures 

(Figure 2.2), pyrimethanil at a previously determined NOEC level and three temperature scenarios do not 

act synergistically in D. magna (Figure 2.3 C). Indeed there seems to be a correlation of the total 

mortality and average reproduction with the mean temperature per scenario (Table 2.3). However, chronic 

effects of the low concentration of pyrimethanil in D. magna under near-natural temperature regimes 

considering suboptimal, optimal and super-optimal temperatures reveals a complex, not inherently 

temperature dependent reproductive pattern if considering the thermal history (Figure 2.3 C).  

Reproduction of D. magna is significantly inhibited by pyrimethanil, but only if the controls are 

in an excellent reproductive shape as observed in few generations in the current and future warm year 

simulations (Table 2.3). It is a general rule, that the reproduction level increases linearly up to a 

physiological optimum as a result of an enhanced individual performance (Gabriel and Lynch, 1992), 

here in case of higher temperature. Concordantly the parent animals in the simulated scenarios ‘warm 

year, today’ and ‘warm year, 2080’ produce more juveniles and generations compared to the scenario 

‘cold year, today’ over the fixed test period (Table 2.3). But the reproduction of D. magna declines after a 

first peak under the ‘warm year, today’ and ‘warm year, 2080’ scenarios and recovers despite still 

increasing temperature leading to a bimodal response pattern (Table 2.3). It is well known, that the 

reproduction rate declines if the reproductive (thermal) optimum is exceeded (Gabriel and Lynch, 1992). 

The observed bimodal pattern during the multigenerational study, however, is a phenomenon we only 

know from daphnid field populations in response to phytoplankton dynamics (Müller-Navarra and 

Lampert, 1996; Winder and Schindler, 2004 a). 

Given that the bimodal response occurred at different time points in the two warm year 

simulations, simple experimental errors such as low food quality, irradiation effects or variance due to 

different experimentators can be excluded as an explanation for this unusual reproductive pattern. 

Probably the increased metabolism of the parent daphnids at higher temperature leads to a higher 

reproductive output, although energy resources still depend on the same food level over the test period. 
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Then the reproduction rate of the juvenile daphnids should decline with further rising temperatures 

because food conditions for the next offspring become worse (Giebelhausen and Lampert, 2001; Straile 

2002; Winder and Schindler, 2004 a, b). Nevertheless, the food was provided ad libitum during the whole 

experimental period. An alternative reason for the bimodal reproductive pattern might be that parent 

animals transmit information about current environmental conditions and variability to their offspring and 

these ‘maternal’ or ‘epigenetic’ effects cause phenotypic and genotypic changes in the juveniles 

(Mousseau and Fox, 1998; Boersma et al., 1999; LaMontagne and McCauley, 2001). If parent animals are 

exposed to stressors like higher temperatures, contaminants or starvation, the developing juveniles should 

already be adapted to this stimulus before they are released (Gliwicz and Guisande, 1992; Brett, 1993). 

The bimodal reproductive pattern in the ‘warm year scenarios’ is diminished under additional 

pollutant stress. Only if control animals are in a phase of a production maximum, a toxic effect of 

pyrimethanil on reproduction became apparent. Moreover, the bimodal reproductive pattern of the 

daphnids is obvious only in the pyrimethanil treatments exposed to the simulation of a ‘warm year, 2080’. 

A higher metabolic rate due to the combined impact of warm summer temperature and pyrimethanil 

exposure might influence the energy allocation at the expense of offspring production. As a consequence 

of enhanced metabolic rates under warmer conditions and exposure to pollutants, reduced energy 

resources should also be allocated for detoxification processes (Heugens et al., 2003; Antunes et al., 2004; 

Bossuyt and Janssen, 2004). The additional demand for detoxification processes may reduce the energy 

reserves of maternal animals which may no longer be sufficient to ensure a comparably high reproduction 

rate like in unexposed animals (Haeba et al., 2008).  

For the eco(toxico)logical interpretation, the analysis of the pgr might be more relevant than 

single reproductive or survival endpoints and may allow conclusions about daphnid population dynamics 

in the field. This is due to the mere fact that the population growth for Daphnia species integrates their 

mortality, reproduction, as well as their developmental rate which is not yet included in standard test 

protocols (Calow et al., 1997; Hammers-Wirtz and Ratte 2000; Coors and De Meester, 2008). Compared 

to the study by Coors and De Meester (2008) similar results for the pgr were determined in the standard 

reproduction test. They figure out that pairs of stressors cause only minor reductions in pgr about 4-12%. 

These outcomes can be confirmed by our multigeneration study with decreases in pgr about 1.5-14.2% 

for all scenarios. There is only one exception under spring conditions for the ‘future year, 2080’ in the F1 

generation. Here, a decrease of about 30% for the pgr was calculated. This observation supports the 

assumption of Giebelhausen and Lampert (2001) that warming earlier in the growing season could have a 

more severe impact on daphnid performance than elevated temperatures in summer months. The pgr of 

daphnids is mainly determined by temperature gradients and only faintly by the low-dosed fungicide 

pyrimethanil, since negative pyrimethanil effects on mortality are buffered by an intensified reproduction. 

Therefore, pgr differs less among control and NOEC exposed populations within a given temperature 

scenario than between populations grown under different temperature scenarios.  

Although the NOEC treatment caused only slight effects on population growth, the influence of 

pesticides for terrestrial and aquatic organisms and ecosystem should not be underestimated. In general it 
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can be concluded that the higher the temperature is the more the pgr increases in all treatments and 

temperature scenarios (Figure 2.4). Therefore we suppose, that climate change as simulated in our study 

may pose a low risk for the population growth of daphnids at optimal food conditions. From an ecological 

point of view it can be expected that daphnids reproduce earlier and more often in the year at thermal 

conditions forecasted for the global climate warming. Hence the consumption of algae by daphnids will 

become enforced. If the population dynamic of the phytoplankton does not follow the same time lapse as 

suggested to occur under climate change by several authors, the basic food resource for the daphnids is 

missing. That may result in a decline of the zooplankton community and as an indirect effect also of 

secondary consumers like fish (Platt et al., 2003; Winder and Schindler, 2004 b). 

2.5 Conclusion 

Multigenerational experiments including endpoints at the population level can be regarded as a decisive 

point in the assessment of long-term effects of pollutants in the aquatic environment (Muyssen and 

Janssen, 2004). Although the reproduction inhibition of D. magna was ca. 20% on average and thus 

comparable as observed at the NOEC of the standard test at 20°C, the chronic exposure to a LOEC (based 

on results of standard testing) prevents population growth of D. magna, whereas the chronic exposure of 

D. magna to a NOEC under near-natural temperature regimes over multiple generations reveals an 

inhibition of reproduction by up to 37%. These low-concentration pyrimethanil effects are only observed 

in the multigenerational study under near-natural conditions and cannot be deduced from standard tests. 

Thus ecological aspects, in particular thermal effects, should be considered if appraising the ecotoxicity 

of pesticides and assessing their ecotoxicological risk for the aquatic environment. 

2.6 Appendix 

The responses of the aquatic model organisms Desmodesmus subspicatus, Lemna minor, Lumbriculus 

variegatus, Chironomus riparius and Daphnia magna towards the fungicide pyrimethanil under optimal 

test conditions are described in the following (c.f. Figure 2.5 (A-D)). The number of cells of D. 

subspicatus in the control treatment reaches 72 x 10
5
 [± 14.9 x 10

5
] cells within 72 h (Figure 2.5 A). An 

exposure to 25 mg pyrimethanil L
-1

 causes a significant decrease in cell growth (6.86 x 10
5 
[± 2.55 x 10

5
] 

cells) compared to the control treatment (p < 0.001). After 72 h of exponential growth of control algae, 

cell numbers remain almost static at 25 and 50 mg pyrimethanil L
-1

. In comparison to the control 

treatment, growth is inhibited at minimum by 20.4% at 5 mg pyrimethanil L
-1

 and at maximum by 90% at 

the highest test concentrations (p < 0.001). Calculation of pyrimethanil inhibition results in a NOEC of 

5 mg L
-1

 and a LOEC of 10 mg L
-1

 (Table 2.2). 

Growth of L. minor in control treatments is exponential and frond number reaches 66.0 [± 4.32] on 

the seventh day (Figure A1-B). During the experiment, fronds are green and healthy in the control group 

with chlorophyll content in the leaf suspension of 20.3 [± 5.93] mg L
-1

 measured on day seven. In 

contrast, the fronds show some discoloration effects and barely proliferated in the highest concentrations 

of pyrimethanil. At 40 und 80 mg L
-1

, the chlorophyll content (10.1 [± 2.25] mg L
-1

 and 6.03 [± 1.2] mg 
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L
-1

, respectively, is significantly lower (up to 70%) than in the control (p < 0.01). A significant inhibition 

of frond growth compared to the control group becomes apparent at 5 mg L
-1

 (p < 0.001) and reaches 

from 23.7% up to 80.7% at 80 mg L
-1

 (Figure 2.5 B). Accordingly a NOEC of 2.5 mg L
-1

 and a LOEC of 

5 mg L
-1

 are assessed for L. minor (Table 2.2). 

An exposure of L. variegatus to pyrimethanil affects its reproduction (Figure 2.5 C). At the end of 

the test, the average number of oligochaetes is 36.8 [± 2.98] in the control and only 21.8 [± 1.5] in the 

highest treatment (8 mg pyrimethanil L
-1

) (Figure 2.5 C). This is a reduction by 41%. The NOEC is 4 mg 

L
-1

 and the LOEC is 8 mg L
-1 

(Table 2.2). First instar larvae of C. riparius and juveniles of D. magna 

exhibit acute toxic effects under pyrimethanil exposure after 48 h at 20°C. There is no significant 

difference in the C. riparius immobility between the control group (5%) and the control group with cetyl 

alcohol (28%). The acute immobilization test reveals an EC10 of 0.91 [CI 0.09-9.16] and an EC50 of 

2.92 mg pyrimethanil L
-1

 [CI 1.11-7.69] (Table 2.2). Just a few animals of D. magna are immobilized 

within the lower pyrimethanil concentration range from 0.25-2 mg L
-1

 (18.7% at 2 mg L
-1

) compared to 

the control (0%). First significant effects (p < 0.001) could be detected at 4 mg pyrimethanil L
-1

 with 

more than 60% of the daphnids being immobilized. At 8 and 16 mg L
-1

 the portion of immobilized rises 

up to 80%. These immobilization rates result in an EC10 of 1.02 mg L
-1

 [CI 0.48-2.19] and an EC50 of 

3.61 mg pyrimethanil L
-1

 [CI 2.62-4.97].  

At the end of the reproduction test with D. magna, the mean number of juveniles in the control 

reaches 92.0 [± 11.5] (Figure 2.5 D). At 1 mg L
-1

, the number of neonates (42.0 ± 10.1) is significantly 

reduced compared to the control (p < 0.001). The calculation of the pgr shows similar results with values 

of 0.36 d
-1

 for control treatment and 0.28 d
-1

 at 1 mg L
-1

. Daphnids exposed to 2 mg L
-1

 exhibit 100% 

mortality within one week and do not produce any neonates during this time. No mortality could be 

observed for the other treatments. The calculated EC10 value based on the number of juveniles is 

0.95 mg L
-1

 [CI 0.67-1.35] and the EC50 is 1.18 mg L
-1

 [CI 0.42-3.32] (Table 2.2).  
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Figure 2.5 (A-D): Standard ecotoxicity tests with pyrimethanil. Influence of chronic pyrimethanil exposure on A) 

cell growth of Desmodesmus subspicatus (72 h), B) growth inhibition of Lemna minor (7 d), C) reproduction of 

Lumbriculus variegatus (28 d), and D) reproduction of Daphnia magna (21 d). Pyrimethanil concentrations are 

nominal.  = p < 0.01;  = p < 0.001.  = 100% lethality.  
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3. Simulated Climate Change Conditions Unveil the Toxic 

Potential of the Fungicide Pyrimethanil on the Midge 

Chironomus riparius: A Multigeneration Experiment 

 

Abstract 

While it has been suggested that temperature increase may alter the toxic potential of environmental 

pollutants, few studies have investigated the potential risk of chemical stressors for wildlife under Global 

Climate Change (GCC) impact.  

We applied a bifactorial multigeneration study in order to test if GCC conditions alter the effects of low 

pesticide concentrations on life history and genetic diversity of the aquatic model organism Chironomus 

riparius. Experimental populations of the species were chronically exposed to a low concentration of the 

fungicide pyrimethanil (half of the no observed adverse effect concentration: NOAEC/2) under two 

dynamic present-day temperature simulations (11.0 to 22.7°C; 14.0 to 25.2°C) and one future scenario 

(16.5 to 28.1°C). During the 140-day-multigeneration study, survival, emergence, reproduction, 

population growth, and genetic diversity of C. riparius were analyzed.  

Our results reveal that high temperature and pyrimethanil act synergistically on the midge C. riparius. In 

simulated present-day scenarios, a NOAEC/2 of pyrimethanil as derived from a life cycle toxicity test 

provoked only slight to moderate beneficial or adverse effects on C. riparius. In contrast, exposure to a 

NOAEC/2 concentration of pyrimethanil at a thermal situation likely for a summer under GCC conditions 

uncovered adverse effects on mortality and population growth rate. In addition, genetic diversity was 

considerably reduced by pyrimethanil in the future scenario, but only slightly under current climatic 

conditions. 

Our multigeneration study under near-natural (climatic) conditions indicates that not only the impact of 

climate change, but also low concentrations of pesticides may pose a reasonable risk for aquatic insects in 

future. 

 

3.1 Introduction 

An increasing number of studies document currently observed effects of global climate change (GCC) on 

aquatic biodiversity and numerous projections predict dramatic species loss and disrupted functioning, 

persistence and resilience of many ecosystems due to fast-changing climatic conditions (Beznosov and 

Suzdaleva, 2004; Mooij et al., 2005; Thackeray et al., 2010). In contrast, combined effects of GCC and 

additional stressors, such as environmental pollutants, are less understood. Ecological risk assessment 

(ERA) faces new challenges under altered environmental conditions such as GCC (Segner, 2007; 

Wenning et al., 2010). The ecotoxicity of xenobiotics often alters at suboptimal conditions such as high 

temperature, but the direction and extent of the alterations are difficult to predict (Cairns et al., 1975; 

Mayer and Ellersieck, 1986; Heugens et al., 2001; Oetken et al., 2009). Rarely undertaken 

multigeneration studies provide moreover evidence that effects of either toxicants or temperature alter 
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during consecutive generations (Postma and Davids, 1995; Bossuyt and Janssen, 2004; Vogt et al., 

2007 a; Nowak et al., 2009; Salice et al., 2009). Nevertheless, the available unifactorial toxicity tests 

performed at constant temperatures appear to be too simplistic, as wild populations are successively 

exposed to suboptimal, optimal and superoptimal temperatures during consecutive generations (Segner, 

2007). Near-natural temperature regimes may modify the response of aquatic species to toxicant stress in 

the long term, especially at high summer temperatures under GCC conditions. 

The traditional ERA faces additional uncertainties regarding low-dose risk assessment (Postma 

and Davids, 1995; Foran, 1998; Sielken and Stevenson, 1998; Calow and Forbes, 2003; Segner, 2007; 

Calabrese 2008, 2010; Wenning et al., 2010). Population dynamics can be affected at even a regulatory 

approved no observed adverse effect concentration (NOAEC) of a chemical if concerning multiple 

generations (Postma and Davids, 1995). Moreover, at the concentration spectrum below the NOAEC, 

cellular stress responses may increase and reproduction may decrease (Roux et al., 1993; Damelin, 2000). 

Thus, low doses of xenobiotics below the adverse effect concentrations may be more risky than so far 

considered by ERA (Sielken and Stevenson, 1998; Calabrese, 2008, 2010), particularly under GCC 

conditions.  

Therefore, in this study we aimed to investigate the combined effects of chronic low-dose 

pesticide exposure and GCC in a multigeneration study. The ecotoxicological model organism 

Chironomus riparius was chosen as test organism (Meigen, 1804). This aquatic insect (Diptera, 

Chironomidae) species is a standard test organism in aquatic ERA (OECD, 2004) and former research 

papers hint to complex effects of both chemical and thermal stressors on multigeneration population 

dynamics (Postma and Davids 1995, Vogt et al., 2007 a, c; Nowak et al., 2009). We hypothesized a) that 

a low-dose (below NOAEC) concentration of the pesticide will show significant effects on life history 

and genetic diversity of C. riparius populations in long-term, and b) that disregarding seasonal 

temperature variation under current and potential GCC conditions will lead to false-negative estimations 

of the environmental risk of low-doses of pesticides to aquatic species. 

To test these hypotheses, we incipiently assessed the concentration response relationship of a 

model fungicide, pyrimethanil, on C. riparius via a toxicity test lasting for one generation including 

reproductive endpoints for the investigation of population level effects (OECD 2004). The 

multigeneration effect of a low fungicidal concentration (NOAEC/2) as derived from the life cycle 

toxicity test was subsequently investigated under a typical temperature situation for cold-temperate 

watercourses (slow-flowing or non-stratified) in spring and summer of (I) a cold year in 1990 - 2005, (II) 

a warm year in 1990 – 2005, and (III) a warm year expected for 2070 – 2100. During the multigeneration 

study, parameters related to survival, emergence, reproduction, population growth, and genetic diversity 

were analyzed. 
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3.2 Materials and Methods 

3.2.1 Life Cycle Toxicity Test 

To obtain a concentration response relationship for pyrimethanil (4,6-dimethyl-N-phenyl-2-

pyrimidinamine), first instar larvae (L1-larvae) of Chironomus riparius (laboratory-maintained culture at 

Goethe University, Frankfurt am Main, Germany) were exposed for one generation to control/solvent 

control conditions and to six nominal pyrimethanil concentrations (2, 4, 8, 16, 24, and 32 mg
 
L

-1
 

Pestanal
®
, analytical standard (Fluka), Sigma-Aldrich, Taufkirchen, Germany).  

Pyrimethanil was adopted as model fungicide due to several experimentally advantageous 

characteristics, such as the low risk for human health, the moderate water solubility and degradation time, 

the negligible degradation via hydrolysis and photolysis, and the ease of sound quantification (EFSA, 

2006). Pyrimethanil is often appliquéd in vineyards (≤ 1 kg ha
-1

, once a year), apple orchards and protein 

pea cultures (≤ 600 g ha
-1

, 2-3 x year
-1

; EFSA, 2006). The predicted environmental concentration of 

pyrimethanil in surface waters (PECsw) accounts to ≤ 90 µg L
-1

 for apple orchards and ≤ 27 µg L
-1

 for vine 

cultures (EFSA, 2006). In accordance, pyrimethanil was frequently detected in European surface waters 

at concentrations up to 22 µg L
-1

 (Schlichtig et al., 2001; Verdisson et al., 2001; Kreuger et al., 2010). It 

has however to be noted, that high amounts of pyrimethanil are regularly released from sewage plants into 

the aquatic environment (up to 200 g week
-1

 in 1999-2000, up to 400 g week
-1

 in 2006, up to 80 g week
-1

 

in 2007), in particular during summer months (Schlichtig et al. 2001; Blarr, 2008). 

The test was carried out according to OECD guideline 219 (OECD, 2004). Each treatment 

consisted of five replicates for biological analysis and one replicate for weekly physical/chemical 

measurements. Midges were exposed in an environmental chamber to 20 ± 1.5°C and 60% humidity for 

28 days. Light was provided by daylight
®
 tubes (18W/ 840, Osram, München, Germany) and set to 1800 

Lux and a 16: 8 h light: dark cycle. Four days prior experimental start, ten freshly laid egg ropes were 

separated from stock culture into 24-well-plates (2 mL reconstituted water [conductivity 537 µS cm
-2

, pH 

8.4] per well).  

Hatched larvae were pooled and L1-larvae were randomly inserted into 2 L quartz glass test 

vessels filled with aged sediment (5 days) and 1 L reconstituted water. The sediment consisted of washed 

and sterilized (24 h at 220°C) quartz sand (QuickMix
®
, quick-mix Gruppe, Osnabrück, Germany) with 

following granulometry: 0.1% > 500 µm, 34.3% > 250 µm, 50.0% > 150 µm, 10.6% > 125 µm, 5.0% 

> 63 µm and 0.03% > 20 µm. In addition, sediment contained 0.4% handpicked leaves of Fagus sylvatica 

(particle size < 500 µm; wetted with 111 mL reconstituted water g
-1

). Subsequent placement of the L1-

larvae (60 per vessel, 0.1 larvae cm
-2

), either 200 µL reconstituted water (control), 200 µL ethyl acetate 

(solvent control) or 200 µL of pyrimethanil solved in ethyl acetate (six levels) were added and gently 

dispersed. One day after application, vessels were slightly aerated and covered with gauze (mesh size 1.5 

mm). Every other day, larvae were fed with finely grounded fish food (Tetra Min
®
, Tetra GmbH, Melle, 

Germany) with 0.25 mg larvae
-1

 day
-1

 (day 1-5), 0.5 mg larvae
-1

 day
-1

 (day 6-11) and 1 mg larvae
-1

 day
-1

 

(from day 12 onwards). 

Number and sex of emerged adults and dead pupae were daily monitored, and all adults of one 
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replicate were transferred with an exhauster to individual breeding cages (20 cm x 20 cm x 15 cm). A 

glass dish filled with approximately 50 mL reconstituted water was placed into each breeding cage to 

allow for oviposition. Water in oviposition containers was renewed every second day. Eggs were daily 

collected into 24-well plates filled with 2 mL reconstituted water per well. Temperature, oxygen 

saturation and pH (CellOx 325, SenTix 11, WTW, Weilheim, Germany) were weekly measured in the 

extra test vessels and at the beginning and end of the test in the biological replicates. Conductivity 

(TetraCon 325, WTW, Weilheim, Germany) was examined at the beginning and at the end of experiment, 

other than nitrite, ammonium and phosphate (Aquaquant, Merck, Darmstadt, Germany) measured at the 

end of the experiment (day 29). 

 

3.2.2 Multigeneration Experiment 

To estimate the response of Chironomus riparius to combined thermal and low-dosed fungicide pollution 

under current conditions and a future climate change scenario, we performed a multigeneration 

experiment over a duration of 140 days (4 to 5 generations). L1-larvae of C. riparius were exposed to 

2 mg pyrimethanil L
-1 

at the beginning of each generation. The multigeneration study was conducted in 

environmentally controlled cabinets (MKKL 1200, Flohrs Instruments GmbH, Utrecht, Netherlands) to 

implement three dynamic temperature treatments. Dynamic temperature regimes represented a typical 

cold year in 1990-2005 (cold year – CY), a warm year in 1990-2005 (warm year – WY) and a 

temperature regime expected for a warm year in 2070-2100 (future warm year – WYF).  

Water temperature regimes simulated in CY and WY are characteristic for mid of April until end 

of August in 1990-2005 and are guided by near-surface temperatures measured at two sites of a large, 

slow flowing river (Main) and in a non-stratified quarry pond (nature protection area Mainflingen, 

Germany) during 1990-2005 (HLUG, 2010; Figure 2.1). Temperature curves followed the equation (1)    

y = -0.0013x² + 0.51x - b with b = 22.7°C for CY and b = 25.2°C for WY, while b = 28.1°C in the WYF-

scenario. The prospective water surface temperature increase of maximal 2.9°C in July is based on the 

assumption that shallow lakes will heat up at the same or higher rate than during the last 40 years. For 

instance, shallow lakes in the Netherlands heated up by 0.042°C yr
-1

 from 1961 to 2006 (Mooij et al., 

2008) and the lakes Windermere, Esthwaite Water and Loch Leven in UK by 0.04-0.05°C yr
-1

 from 1976 

to 2005 (Thackerey et al., 2010). Considering a comparative heating rate, temperature would have 

increased about 2.9°C in ~2080. This scenario fits well with the modeled maximal temperature increase 

of 2-4°C in the epilimnion of the Ammersee (Germany) as predicted for 2100 (Danis et al., 2004). 

Air temperature in the environmental cabinets was daily adjusted to the specific temperature 

gradient in 0.1°C steps and 20-minutely recorded (TL20 loggers, AMZ Großhandels KG, Mainhausen, 

Germany). Simulated day length coincided with the natural day length in Frankfurt am Main and was 

weekly adjusted in 15 to 20 min steps. The irradiation period increased from 13.5 h light d
-1

 (mid of 

April) to 16.2 h light d
-1

 (end of June) and decreased to 15.0 h light d
-1

 (mid of August). Light was 

provided by fluorescent tubes (TL-D tubes, 18W/ 865, Philips GmbH, Hamburg, Germany). Light 

intensity was set to 6400 lux and relative air humidity to 60%. 
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Preparation and experimental implementation for a single generation was conducted as described 

for the life cycle toxicity test with slight modifications. In short, merely 900 mL reconstituted water 

covered the sediment layer during water-sediment aging for three to five days. Furthermore, pyrimethanil 

was applied to L1-larvae in 100 mL portions (20 mg pyrimethanil L
-1

 reconstituted water). Besides, 

oviposition containers and wells with separated egg ropes were filled with either reconstituted water 

(control ropes) or 2 mg L
-1

 pyrimethanil solution. A new generation was started if any emergence could 

be observed for three days in the previous generation of the respective temperature regime. Ten well 

developed egg ropes per treatment were pooled (only nine egg ropes for both F4-generations in WY, only 

four egg ropes for F3-control in WYF) and 60 larvae randomly transferred to each test vessel. 

 

3.2.3 Life Cycle Parameters 

Non-emerged midges were computed as percentage mortality per replicate. From emerged midges, sex 

ratio, development rate per day and mean emergence time (EmT50) of males and females were calculated. 

For the calculation of development rate, experimental life cycle duration as well as median age of larvae 

at day of insertion was considered. EmT50 of males and EmT50 of females were estimated to be the day 

when 50% of males or females emerged. Therefore, the natural logarithm (x) of time [day] was plotted 

against the number of normalized [%], cumulated, emerged male or female midges for each replicate and 

non-linear regression analysis was completed (logistic curve, maximal response = 100, GraphPad Prism
®
, 

version 5.01, Graph Pad software). In addition to the specifications of OECD guideline 219 (OECD, 

2004 b), four reproductive parameters of C. riparius were scrutinized. Median time until oviposition (time 

between median day of emergence and median time of breeding), number of eggs per egg mass (size of 

egg ropes) and sum of fertile or produced eggs (offspring and potential offspring) were determined for 

each replicate. Numbers of eggs per rope were counted before larvae hatched (for method see Vogt et al., 

2007 a) and fertility of eggs was scrutinized up to eight days. A potential population growth rate (pgr) 

was computed for each replicate according to a simplified Euler-Lotka model and based to the calculation 

of Vogt et al. (2007 b). The pgr calculated in this study accounts for the potential negative effects of small 

swarm size per replicate on fertility. Calculation of pgr as proposed by Vogt et al. (2007 b) was therefore 

modified by the parameters potential offspring and median day until oviposition instead of offspring and 

EmT50 of females. 

 

3.2.4 Genetic Diversity 

In order to reveal potential effects of the chemical and temperature treatment on the level of genetic 

variability in the multigenerational study, expected (HE) and observed (H0) heterozygosis values of the 

source population and the final generations of all treatments was measured at five variable microsatellite 

loci (Nowak et al., 2006). For this purpose, 24 adults from the stock population and 18 individuals from 

each population of the final generation were taken and stored separately under dry conditions for genetic 

analysis. Laboratory procedure was performed as described in Nowak et al. (2006; 2007 a). In brief, DNA 

was extracted using a standard chloroform procedure. Microsatellite fragments were amplified via 
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polymerase chain reaction and visualized by size separation on a 3730 DNA analyzer (Applied 

Biosystems, Foster City, California, USA). Alleles were scored with GeneMarker software (Softgenetics, 

State College, Pennsylvania, USA). HE and HO values were calculated across loci and Chi Square test 

followed by Bonferroni correction was used to check for significant deviations from Hardy-Weinberg 

equilibrium (HWE). Population genetic parameters were calculated using Genalex software (Peakall and 

Smouse, 2006).  

 

3.2.5 Pyrimethanil Analysis 

For pyrimethanil analysis, the test medium (1 mL) was sampled from all test vessels approximately 1 

hour after application and at the end of the experiment or generation, stored at -20°C, and purified 

(centrifugation at 13000 rpm for 1 h and 0.2 µm filtration, Minisart RC 4, Satorius, Göttingen, Germany). 

In addition, ≥ 2.5 mg sediment were taken from the top layers (≥ 1cm) at the end of each experimental 

generation and stored at -20°C. For pyrimethanil extraction, 2 g wet sediment was spiked with 4 mL ethyl 

acetate (> 99.9% pure). This blend was bathed in ultra sonic sound for 15 minutes, strongly admixed and 

centrifuged at 4400 rpm for 10 minutes. Supernatant was spiked with 500 µL dimethyl sulfoxide 

(> 99.8% pure) and evaporated under nitrogen flow. Sediment extracts were directly filtered (0.2 µm, 

Minisart SRP, Satorius, Germany) into HPLC vials.  

Qualification and quantization of pyrimethanil was conducted by HPLC using a C18 column 

(precolumn 4.3 x 10 mm, main column 4.3 x 150 mm, 5 µm particle size, 120 Å pore size, Acclaim 120, 

Dionex, Idstein, Germany) and a HPLC-UV system (software Chromeleon Version 6.60 SP2 build 1472, 

Dionex, Idstein, Germany). The applied isocratic method operated with 40% methanol (A)/ 60% pure 

water (B) as mobile phase (1 mL min
-1

). After injection of 20 µL of sample, the mobile phase was 

gradually increased to 94% A/ 6% B within 18 minutes (25°C). Subsequently, the column was 

equilibrated at 40% A/ 60% B for 5 minutes. Retention time of pyrimethanil averaged to 14.5 minutes. 

Pyrimethanil concentrations were deduced from peak area relative to that of an internal standard at 254 

nm. Calibration line (n = 3) was linearly correlated from 10 µg L
-1 

up to 50 mg L
-1

 pyrimethanil 

(Pestanal®, Sigma-Aldrich, Taufkirchen, Germany). Limit of detection was 34 ng L
-1

 (3.3-fold residual 

SD from linear regression). Limit of quantification was 3.3 µg L
-1

 (Eurachem approach: 0 - 21 µg L
-1

, n = 

6, see Vial and Jardy, 1999). Time weighted mean of pyrimethanil concentration (≙ average actual 

concentration, AAC) in the test media was calculated as described by OECD guideline 211 (OECD, 

1998). Sediment recovery rate averaged to 68.3%.  

 

3.2.6 Statistical Analysis 

Life cycle data are reported as mean ± standard deviation. In the life cycle toxicity test, NOAEC and 

EC50/ LC50 values (50% effective/ lethal concentrations ± 95% confidence interval [CI]) were calculated 

from concentration response relationships by means of non-linear regression analysis (x = log(x), 

software GraphPad Prism
®
, version 5.01, GraphPad Software Inc., La Jolla, CA, USA). To detect the 
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NOAEC in the life cycle toxicity test and to test for differences among ACC of pyrimethanil of three 

temperature scenarios, Tukey's multiple comparison test was performed, subsequent homogeneity of 

variances (Bartlett’s test, p < 0.05) was proven and unifactorial Model I ANOVA (F, p < 0.05) 

accomplished (software GraphPad Prism
®
). Life cycle toxicity test data were arcsine transformed in case 

of percentage data and square root transformed if heterogeneous. Still non-parametric data were tested 

with Kruskal-Wallis test followed by Dunn's test (p < 0.05). Multigenerational life cycle data were 

statistically tested either as raw or transformed data as specified in Table 2 (software Statistica, version 

7.1, StatSoft, Inc., Hamburg, Germany). Homogeneity of variances was tested with Cochran’s or Levine’s 

test (p < 0.01, Table 2). Effects of independent variables pyrimethanil, temperature scenario and time 

(generation) were estimated by a repeated measurement 2-way-ANOVA. 

3.3 Results 

3.3.1 Toxicity of Pyrimethanil on Chironomus riparius During One Generation 

The life cycle toxicity test with Chironomus riparius was valid according to the OECD guideline 219 

(OECD, 2004): oxygen saturation was ≥ 70%; pH ranged between 7.1-8.2; survival of controls was 

≥ 72% and emergence took place between day 13 and 24 with 0.06 midges per day. The water chemistry 

did not show concentration-dependent developments (0 to 0.14 mg L
-1

 phosphate; 30 to 80 µg L
-1

 nitrite; 

0 to 8 mg L
-1

 ammonium). EmT50 of untreated females averaged to 18.4 ± 0.99 days in controls and 18.2 

± 0.85 days in solvent controls. Proportion of emerged females (compared to males) amounted to 53 ± 

14% in controls and 47 ± 7% in solvent controls. Females produced 8981 ± 3447 and 7551 ± 1824 eggs, 

45 ± 16% and 56 ± 27% thereof were fertile. The calculated pgr was 1.21 ± 0.05 and 1.22 ± 0.05 (control/ 

solvent control), respectively. 

For the endpoint mortality, a NOAEC of 4 mg L
-1

 and a LC50 of 9.27 [CI 8.20 to 10.47] mg L
-1

 

pyrimethanil were calculated on basis of a clear concentration response relationship using nominal 

concentrations (NOM, Figure 3.1 A). The respective lethal concentrations based on AAC for mortality 

were: NOAEC = 2.83 mg L
-1

 and LC50 = 5.95 [CI 5.41 to 6.55] mg L
-1

 pyrimethanil. At the lower range 

of tested pyrimethanil concentrations, development and reproduction were less affected than survival. The 

estimation of effective concentrations for the endpoint emergence time was not possible as regressions 

were too steep. EmT50 was slightly reduced until 24 mg L
-1

 pyrimethanil (16.2 ± 3.11 days at 24 mg L
-1

 

[NOM] ≙ 19.6 mg L
-1

 [AAC]; 15.0 days at 32 mg L
-1

 [NOM] ≙ 21.7 mg L
-1

 [AAC]) albeit EmT50 did not 

differ in variance at all. The development rate of 0.06 midges per day was unaffected up to 8 mg L
-1

 

pyrimethanil (5.32 mg L
-1

 [AAC]).  

Analysis of reproductive endpoints led to a NOAEC of 8 mg L
-1

 [NOM] (≙ 5.32 mg L
-1 

[AAC]), 

while reproduction was nearly entirely inhibited at 16 mg L
-1

 [NOM] (≙ 9.07 mg L
-1 

[AAC]). It has to be 

noted, however, that both the total and fertile egg production per female were significantly enhanced by 

2 mg pyrimethanil L
-1

 [NOM] (≙ 1.36 mg L
-1

 ACC) compared to controls (p < 0.05, Figure 3.1 B). The 

pgr evidenced a concentration response relationship with an ACC-corrected NOAEC of 5.32 mg L
-1

 and 

EC50 of 13.1 [CI 8.09 to 21.3] mg L
-1

 pyrimethanil.  
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Figure 3.1: Mortality and offspring of Chironomus riparius. C. riparius in the life cycle toxicity test with 

pyrimethanil. A) Mortality [%, mean ± SD]. Marked ecotoxicologically specific values NOAEC, LC10 and LC50 are 

calculated from dose response relationship. B) Offspring per female [number of fertile eggs per female ± 5/95 

percentiles]. NOAEC = no observed adverse effect concentration; LC10 = concentration causing 10% lethal effect; 

LC50 = concentration causing 50% lethal effect; C = control; asterisk = significant difference to control (p < 0.05). 

 

3.3.2 Interactive Effects of Pyrimethanil and Temperature During Consecutive 

Generations 

Water Chemistry 

In the test media, pH averaged to 7.6 ± 0.4 and oxygen saturation to 88.8 ± 11.1% over all generations 

and scenarios, respectively. After completion of a generation, phosphate varied between 0 and 0.3 (CY), 

1.84 (WY) or 3 (WYF) mg L
-1

, while conductivity ranged from 595 to 633 µS cm
-1

 (CY), 494 to 729 µS 

cm
-1

 (WY) or 513 to 918 µS cm
-1

 (WYF). Nitrite amounted on average to 0.11 ± 0.19 mg L
-1

, nitrate to 

5.0 ± 6.1 mg L
-1

, and ammonium to 4.5 ± 3.2 mg L
-1

. Pyrimethanil in the test media (ACC) averaged over 

all generations to 1.20 ± 0.07 mg L
-1

 (CY), 1.38 ± 0.15 mg L
-1

 (WY) or 1.11 ± 0.23 mg L
-1

 (WYF) and 

pyrimethanil in the upper sediment layers at the end of generations to 0.23 ± 0.14 µg g
-1

 (CY), 0.33 ± 0.25 

µg g
-1

 (WY) and 0.22 ± 0.09 µg g
-1

 (WYF). The mean ACC in the WY-scenario was significantly higher 

than in the CY and WYF-scenario (p ≤ 0.001), while the ACC per generation (Table 3.1) revealed no 

correlation with the mean temperature per generation (R² ≤ 0.19). Pyrimethanil content in the upper 

sediment layers did not differ within and among three scenarios (p > 0.05; Table 3.1). 
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Table 3.1: Temperature and pyrimethanil during multigeneration study with Chironomus riparius. Mean 

temperature [°C], median time-weighted (TWA) pyrimethanil concentration in the water phase [mg L
-1

] and 

median pyrimethanil concentration in the sediment [µg g
-1

] ± SD for each generation (F0-F4) in three temperature 

scenarios CY, WY and WYF simulated in the multigenerational study. CY = simulation of a cold growing season 

in 1990-2005. WY = simulation of a warm season in 1990-2005. WYF = simulation of a projected warm season in 

2050-2080. n (pyrimethanil generation
-1

) = 1 or 6. x = samples lost. Uppercase letters = significant differences 

(Tukey Post-Test). 

 Generation CY WY WYF 

mean temperature 

F0 15.21 (± 2.12) 17.34 (± 1.70) 20.14 (± 1.65) 

F1 19.96 (± 0.77) 21.82 (± 0.86) 24.62 (± 0.99) 

F2 21.70 (± 0.30) 23.76 (± 0.39) 26.92 (± 0.36) 

F3 22.02 (± 0.11) 24.56 (± 0.16) 27.97 (± 0.22) 

F4 20.65 (± 0.70) 24.27 (± 0.58) x 

pyrimethanil in surface 

water (TWA) 

F0 1.02 ± 0.08 0.96 ± 0.07 1.56 

F1 1.22 ± 0.32 0.96 1.35 

F2 0.92 ± 0.27 1.38 ± 0.08 1.03 

F3 1.76 ± 0.36 1.16 1.55 ± 0.30 

F4 1.83 0.73  

Mean 1.20 ± 0.07
a
 1.38 ± 0.15

b
 1.11 ± 0.23

a
  

pyrimethanil in the upper 

sediment layer 

F0 0.19 ± 0.04 0.91 0.21 ± 0.06 

F1 x 0.31 ± 0.11 x 

F2 0.15 ± 0.03 0.45 ± 0.22 0.26 ± 0.10 

F3 0.41 ± 0.14 x 0.19 ± 0.07 

F4 0.12 ± 0.07 0.12 ± 0.08  

Mean 0.23 ± 0.14 0.33 ± 0.25 0.22 ± 0.09 

 

Life history 

Within the experimental period mid of April until end of August, Chironomus riparius generated five 

generations in the simulations CY and WY within 139 and 125 days, respectively (Figure 2.1). Four 

generations were produced under the WYF scenario within 90 days but insufficient hatching of agile 

larvae impeded the establishment of a fifth generation with full replicability. Life cycle parameters were 

mainly controlled by temperature scenario and temperature gradient, the latter being inseparable from 

number of generations and dynamic light duration (Table 3.2). The two main factors caused highly 

significant, individual and interactive effects on almost all life cycle parameters of C. riparius. The 

concentration of 2 mg pyrimethanil L
-1

 had a weak impact on life cycle parameters that significantly 

altered over time. The interaction ‘pyrimethanil x generation’ affected seven out of ten studied life cycle 

parameters, whereas ‘pyrimethanil x temperature’ scenario caused interactive effects on only three out of 

ten life cycle parameters related to emergence and reproduction. Merely the endpoints development rate 

and pgr were interactively influenced by ‘pyrimethanil x temperature x generation’. 
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Table 3.2: Life cycle parameters of Chironomus riparius. Repeated 2-way ANOVA of different life cycle parameter 

of C. riparius during a multigenerational study. Ten dependent (life cycle parameter) and three independent variables 

(pyrimethanil treatment. temperature scenario. generational time) were tested. Applied data transformations for 

statistical analysis are specified in brackets. P = pyrimethanil. T = temperature scenario. Gen = generational 

time/ thermal gradient. df = degree of freedom. F = model mean square: error mean square. p = probability.  = 

significant;  highly significant;  = highest significant.  

Life cycle parameter  P T Gen P x T P x Gen T x Gen P x T x Gen 

Mortality 

[arcsin/ squareroot] 

 

df 1 2 4 2 4 8 8 

F 0.50 1.92 45.95 1.48 2.94 11.99 1.10 

p 0.49 0.17 < 0.001 0.25 0.02 < 0.001 0.37 

        

 

Developmental rate 

[raw] 

 

F 8.70 286.70 1271.50 10.10 7.70 890.70 3.90 

p < 0.01  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 

        

Proportion of emerged 

females 

[arcsin/ square] 

F 0.62 25.77 6.53 0.83 0.63 9.36 1.56 

p 0.44  < 0.001  < 0.001 0.45 0.65  < 0.001 0.15 

        

Mean emergence time 

(EmT50) of females 

[raw] 

F 0.59 1152.29 6.53 1.48 0.63 9.36 1.56 

p 0.45  < 0.001  < 0.001 0.25 0.65  < 0.001 0.15 

        

Mean emergence time 

(EmT50) of males [ln] 

F 5.10 52039 47296 4.10 3.40 43071 1.50 

p 0.03  < 0.001  < 0.001 0.03 0.01  < 0.001 0.18 

        

Mean time until 

oviposition [raw] 

F 1.93 26.16 15.27 1.10 4.94 6.04 0.74 

p 0.18  < 0.001  < 0.001 0.35  < 0.01  < 0.001 0.65 

        

Mean size of egg ropes 

[square] 

F 3.02 26.93 128.40 4.37 0.85 7.33 0.78 

p 0.10  < 0.001  < 0.001 0.02 0.50  < 0.001 0.62 

        

Sum of fertile eggs  

= offspring 

[squareroot] 

F 0.75 9.54 37.29 1.61 3.77 4.32 0.88 

p 0.40  < 0.001  < 0.001 0.22 0.007  < 0.001 0.54 

        

Offspring per female 

[squareroot] 

 

F 1.50 16.72 15.27 2.27 4.94 6.04 0.74 

p 0.23  < 0.001  < 0.001 0.13  < 0.01  < 0.001 0.65 

        

Potential growth rate  

(PGRpot) [raw] 

F 0.57 80.00 142.11 0.54 3.59 93.01 2.14 

p 0.46  < 0.001  < 0.001 0.59 0.009  < 0.001 0.04 

         

 

Temperature and pyrimethanil caused most conclusive effects on mortality, the number of fertile 

eggs and the pgr (Figures. 3.2-3.4) and are therefore described in the following, while other endpoints are 

presented in the appendix. Lethal effects on C. riparius were most pronounced in the future scenario as 

maximum control mortality was 39% in CY (F3 generation) and 26% in WY (F3 generation), but 52% in 

WYF (F2 generation; Figure 3.2). Furthermore, mortality of C. riparius in F4 decreased only in CY and 
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WY after reaching its maximum in F3. Under pyrimethanil exposure in the CY scenario, a 13% higher 

mortality than in controls was observed in the F2 generation. This difference between treatments vanished 

in the following F3 generation and reversed in the F4 generation, where control exhibited a 16% higher 

mortality than the fungicide treatment. Pyrimethanil-induced mortality under scenario WY was twice as 

high (50%) as control mortality (26%) during F2 generation, while this negative effect withered as well in 

the following generations (14% higher PYR mortality in F3, 4% higher PYR mortality in F4). In the 

warmest scenario WYF, mortality increased up to 62-63% in pyrimethanil treatments during F2 and F3 

generation, although high temperature caused a likewise high control mortality of 47-52%.  

 

 

Figure 3.2: Mortality of Chironomus riparius during multigeneration study. Mortality [%, mean ± SD] of C. riparius 

after exposure to control conditions (uniform bars) or 2 mg L
-1

 pyrimethanil (striped bars) during consecutive 

generations at three dynamic temperature regimes. CY = simulation of a cold growing season in 1990-2005 (white 

bars); WY = simulation of a warm season in 1990-2005 (light grey); WYF = simulation of a projected warm season 

in 2050-2080 (dark grey); C = control treatment; PYR = pyrimethanil treatment; F0 – F5 = consecutive generations; 

x = no data. 

 

The size reduction of egg ropes with increasing generational time and temperature was mirrored 

by a reduced sum of fertile eggs in warm year scenarios, but not in the CY scenario (Table 3.A1; Figure 

3.3). An additional pyrimethanil exposure insignificantly increased the sum of fertile eggs per female in 

50% of overall generations (CY: F0 and F1 generation, WY: F0 and F2 generation, WYF: F0, F1 and F2 

generation; Figure 3.3), while pyrimethanil slightly reduced the amount of fertile eggs per female in the 

CY-F3 generation and F1 and F3 generation in the WY simulation (Figure 3.3 A-C).  
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The pgr followed the temperature dynamics and was most strongly influenced by temperature 

scenarios and generational time (Table 3.2; Figure 3.4 A-C). Minimal pgr of 1.15 was discerned in 

controls of CY-F0 generation and in the pyrimethanil treatment of the final F3 generation within WYF 

scenario. Maximal pgr in control populations counted to 1.33 to 1.36 in three scenarios (CY-F2 

generation, WY-F1, F2 and F3 generations, WYF-F2 generation). Effects of pyrimethanil exposure on pgr 

were ambiguous. On the one hand, pyrimethanil slightly reduced the PGR in the CY-F3 generation by 

6.7% and in the WYF-F3 generation by 8.0%. On the other hand, pyrimethanil slightly enhanced the pgr 

in the WY-F0 generation by 4.9%.  
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Figure 3.4 (A-C): Potential population 

growth rate of Chironomus riparius. 

PGR [± 5/95 percentiles] over conse- 

cutive generations (F0-F4) is depicted 

either if exposed to control conditions 

(white dots) or 2 mg L
-1

 pyrimethanil 

(black dots) under simulation of A) a 

typical cold year in 1990-2005 (CY), B) 

a warm year in 1990-2005 (WY) or C) a 

temperature regime expected for a warm 

year in 2050-2080 (WYF). 

 

Figure 3.3: Offspring of Chironomus riparius 

during multigeneration study. Offspring per 

female [number of fertile eggs per female ± 

5/95 percentiles] is produced by either con- 

trol (white boxes) or 2 mg L
-1

 pyrimethanil 

(grey boxes) treated midges during con- 

secutive generations (F0-F5) under simulation 

of A) a typical cold year in 1990-2005 (CY), 

B) a warm year in 1990-2005 (WY) or C) a 

temperature regime expected for a warm year 

in 2050-2080 (WYF). 
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Genetic diversity 

In the source population, all loci showed considerable allelic variation with HE and H0 values of 0.59 and 

0.58, respectively (Table 3.3). Similar values were obtained under control conditions after five 

generations (HE = 0.55-0.65). Measured heterozygosis values in the pyrimethanil-exposed populations, in 

contrast, were lower than the respective values in the controls. Lowest HE and HO values were obtained 

for the pyrimethanil-treated population under the warm year future scenario (HO = 0.35; HE = 0.46), 

which translates into a 41% (HO) and 21% (HE) loss of allelic variation compared to the source 

population. After five generations, a significant deviation from HWE was found in two control treatments 

(CY, WY) at a single locus, and at three loci in the pyrimethanil-treated WYF population. 

 

Table 3.3: Genetic diversity of Chironomus riparius at five microsatellite loci. The observed (HO) and expected 

heterozygosis (HE = gene diversity) values during the multigenerational study are shown. 
1
 and 

3
 indicate the 

number of loci with significant deviation from Hardy-Weinberg equilibrium after Bonferroni correction.  

  Source CY-C CY-PYR WY-C WY-PYR WYF-C WYF-PYR 

HO  0.59 0.55
1
 0.43 0.65

1
 0.54 0.60 0.35

3
 

% of source pop.  92.6 73.2 109.6 90.8 102.6 59.5 

% loss to source pop.  7.4 26.7 -9.6 9.2 -2.6 40.5 

% loss to control   21.5  17.6  41.6 

HE  0.58 0.50 0.56 0.58 0.54 0.53 0.46 

% of source pop.  85.3 95.7 98.5 91.7 89.4 78.7 

% loss to source pop.  14.7 4.3 1.5 8.3 10.6 21.3 

% loss to control     -12.7   6.9   12.5 

 

3.4 Discussion 

The present study highlighted the importance of climate change research, including multiple endpoints in 

toxicity testing to better understand the ecotoxicological risk of low-doses of agrochemicals arising in the 

future. At first, the results of the multigeneration study provided clear evidence that GCC conditions pose 

a high risk for Chironomus riparius populations. Secondly, adverse effects on C. riparius observed under 

future climate simulation became strengthened by a supplement influence of a regulatory approved 

NOAEC/2 of the fungicide pyrimethanil. Although the fungicidal impact on life history parameters was 

relatively weak over multiple generations, the strongly degraded genetic diversity under contemporary 

thermal and fungicidal stress might reduce the resilience of C. riparius against forthcoming stressful 

environments. 

Temperature has been ascribed a major role in the ecology of chironomids (Larocque-Tobler et 

al., 2010). Other factors such as the degree of genetic variation (Vogt et al., 2007 c; Oetken et al., 2009), 

larval density (Hooper et al., 2003), food supply (Péry and Garric, 2006), photoperiod (Danks, 1978; 

Ineichen et al., 1979), and oxygen level (McFarlane and McLusky, 1972; Airas et al., 2008) strongly 

influence the thermal and/ or xenobiotic response of chironomid populations. For instance, developmental 

time of C. riparius was similar at limiting and ad libitum food conditions at 15°C, but not at 20°C and 
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temperatures above (Péry and Garric, 2006). In addition, genetically impoverished C. riparius 

populations were more susceptible to TBT at increasing temperature rather than genetically diverse 

populations (Oetken et al., 2009). To avert those limitations from our multigeneration study, we initially 

exposed a genetically rich source population of C. riparius at low larval density and provided ad libitum 

larval food with precautionary food buffer in the sediment, naturally adapted photoperiods, and a high 

oxygen saturation over the experimental period (c.f. Hooper et al., 2003; Charles et al., 2004; Nowak et 

al., 2007 b; Vogt et al., 2007 c; Airas et al., 2008). At this setting favorable for population growth, life 

history traits of the ectotherm midge followed, as expected, the shifting temperature gradients. The higher 

the temperature was, the higher the mortality, the faster the emergence, and the stronger the depression of 

reproduction and population growth (Table 3.4; Figures 3.2-3.4). These findings generally support several 

previous studies with C. riparius, with few deviations (Péry and Garric 2006; Vogt et al., 2007 c; Oetken 

et al., 2009). 

Emergence time of C. riparius is slightly reduced at near-natural temperature conditions if 

compared to EmT50 values reported for genetically rich populations after constant temperature exposure 

(Table 3.4; Vogt et al., 2007 c; Oetken et al., 2009). The accelerated development under fluctuating 

temperature is well known as the Kaufmann’s effect or thermal hormesis (Kaufmann, 1932; Keen and 

Parker, 1979). The high mortality and failure of C. riparius to effectively reproduce at a mean 

temperature of 26.9° to 28.0°C during F2-/ F3-WYF generations were surprising (Table 3.1; Figure 3.2). 

At 26.7°C, no effect on survival and only a slight decrease in egg production was observed in the study of 

Péry and Garric (2006). However, while we exposed eggs and L1-larvae, Péry and Garric (2006) exposed 

only L4-larvae. An age-dependent thermotolerance (Frouz et al., 2002; Bowler and Terblanche, 2008) and 

the generally high susceptibility of early larval stages in Chironomus may explain these observed 

differences. Likewise surprising is the high control mortality (39%) in the F3-CY generation, while the 

mean air temperature of 22.02°C and a day-night temperature variation of 0.13°-0.22°C (SD) should not 

be stressful for C. riparius (OECD 2004). Since the water chemistry was in a good shape during the F3-

CY generation, the high control mortality is probably based on the loss of genetic diversity (Vogt et al., 

2007 b), although the F4-CY generation should not have been recovered in that case. However, similar 

high control mortality at the fourth C. riparius generation and a subsequent recovery was observed at 20° 

± 1°C by Vogt et al. (2007 a) and might be an inherent response pattern of C. riparius. The discrepancies 

in thermal responses underpin that thermal effects on early life history stages should be included to 

describe the thermal response of chironomid populations comprehensively. Moreover, thermal hormesis 

and individual responses of distinct generations should be kept in mind if interpreting constant-

temperature life cycle tests (Keen and Parker, 1979). 

The monthly July mean near-surface temperature (TJul) strongly correlates with the abundance 

and species composition of chironomids (Larocque-Tobler et al., 2010). Hence both present-day 

scenarios, in particular the warm year present-day scenario, provide favorite thermal environments for 

temperate C. riparius populations (Figures 2.1, 3.2-3.4). During the last three to five decades, however, 

TJul of more than a few Northern hemisphere lakes has increased by approximately 0.001°-0.009°C yr
-1
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and in selected shallow lakes of the Netherlands and in the UK by even 0.04°-0.05°C yr
-1

 (Scheffer et al., 

2001; Mooij et al., 2008; Adrian et al., 2009; Thackeray et al., 2010). Regional models for Germany 

predict a mean air temperature increase in summer by 2.7°-4.1°C in 2071-2100 (Jacob et al., 2008). Thus, 

temperate, particularly shallow water bodies may heat up by approximately 1.4°-2.9°C in 2100 if 

calculating a 50-70% increase of air temperature (Kristensen, 2008) or by ~3.7°C if considering an 

ascending slope of 0.042°C Truly yr
-1

. Under such a thermally polluted situation (WYF scenario), 

population dynamics of C. riparius were severely deteriorated. After exposure to a critical temperature 

above the thermo neutral zone as marked by an elevated mortality during two consecutive WYF 

generations, insufficient number of agile larvae were released to establish a fifth experimental generation 

with full replicability (Figures 3.2, 3.3 C, 3.4 C). Nonetheless, a small number of larvae with an 

unaffected genetic diversity were released from the F3-WYF control population and could insure the 

population from extinction (pgr > 1; Table 3.3; Figure 3.4 C).  

The pyrimethanil concentration causing a beneficial effect on C. riparius reproduction in the life 

cycle toxicity test provoked slight to moderate and ambivalent life history effects at near-natural 

temperature conditions as simulated in the multigeneration study (Table 3.4; Figures 2.1, 3.2-3.4). A trend 

for stimulating effects of pyrimethanil was detected in the mutigenerational study, mostly in view of 

reproductive parameters (Table 3.4; Figure 3.3). A stimulation of reproduction in response to chemicals 

was likewise observed in two earlier multigeneration studies and may reflect a general stress reaction of 

C. riparius to low doses of pollutants (Ristola et al., 2001; Vogt et al., 2007 a). At first glance, stimulating 

effects on reproduction, particularly in the beginning of the reproductive season, would be beneficial for 

population growth in the long-term. But hormesis is not mandatorily positive, given that an 

overcompensation of xenobiotically interfered homeostasis by way of increased activity of defense and 

repair mechanisms (e.g. antioxidant/ DNA repair capacity) is energetically expensive (Costantini et al., 

2010). To maintain the homeostasis, defense mechanisms are activated at very low xenobiotic 

concentrations long before life cycle parameters response, which is especially true for C. riparius (Park et 

al., 2009; Choi et al., 2002). Hence an observed stimulatory effect of pyrimethanil on the life cycle of 

C. riparius at a comforting situation like in a life cycle toxicity test or at simulated spring conditions 

should diminish or convert into a harmful effect over several generations due to a cumulative energetic 

imbalance, in particular under stressful temperature conditions. In fact, harmful effects of the low doses 

of pyrimethanil were rarely detectable with the monitoring of life cycle reactions of C. riparius as they 

often depend on generation number (Tables 3.2; 3.4; Figures 3.2-3.4). Inhibiting and stimulating 

pyrimethanil effects on survival, emergence and reproduction often cancel each other, resulting in a 

neutral population growth (Table 3.4; Figures 3.2-3.4). Furthermore, adverse pyrimethanil effects on 

survival of C. riparius in two present-day scenarios vanish until the end of the summer, which probably 

hints to an adaptive response (Figure 3.2). Especially peculiar is the stimulation of survival in the CY-F4 

generation that contradicts the harmful effect obvious in the F2 generation. Adaptation of metabolic 

systems to CY- and WY-summer conditions may have reduced the overall stress level, while in the CY-F4 

generation an overcompensation towards mild chemical stress may have occurred (Heugens et al., 2001; 
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Calabrese, 2010). However, surprisingly strong effects of the fungicide were disclosed at a rather cryptic 

parameter, namely genetic variability. Pyrimethanil-exposed populations showed generally lower 

heterozygosis values compared to the respective control treatments (Table 3.3). These results corroborate 

the belief that a pollution-induced loss of genetic diversity can take place within few generations (Vogt et 

al., 2010). 

The considerable risk of the NOAEC/2 of the fungicide for the biological model became apparent 

under GCC conditions respecting the increased mortality, reduced population growth and the striking loss 

of genetic diversity of C. riparius (Table 3.3; Figures 3.2, 3.4). Although few larvae were still released 

from the WYF-F3 generation, a drop of > 40% of the initial heterozygosis was measured within only four 

generations. The rapid decrease of allelic variation in the WYF-pyrimethanil treatment is likely a side 

effect of the high mortality and the consequently reduced swarm size. This reduction of individuals 

contributing to the next generations led to increased inbreeding rates and increased genetic drift effects, 

resulting in lowered rates of heterozygosis. The extremely lowered effective population size of 

C. riparius attributable to mild fungicidal stress in the future scenario also explained the increased 

number of loci departing from HWE, caused by strong genetic drift effects in small populations. The 

effects of genetic erosion for the long-term viability of a population are not exactly predictable, but there 

is general agreement that a reduced genetic diversity will lead to a lowered adaptation potential to 

changing environmental conditions and is frequently accompanied by reduced fitness due to inbreeding 

depression (Nowak et al., 2007 b; Brown et al., 2009; Fox and Reed, 2010). At the same time, high 

genetic variation is needed to allow species to cope with environmental perturbations more flexibly and 

thereby insure populations against inevitable environmental changes. Thus, interaction of chemical and 

thermal stress may severely reduce the fitness of C. riparius populations in the future, particularly once 

they are affected by novel stressors. 

The results highlighted the importance of climate change research including multigenerational 

effects and multiple endpoints to better understand and manage the ecotoxicological risk of low-dosed 

agrochemicals under GCC. The present study may help to understand more broadly how aquatic species 

cope with low doses of agrochemicals at near-natural temperature regimes in general and at GCC 

conditions in particular, and may provide a framework for further studies. Multigeneration studies and the 

simulation of natural (climatic) conditions allow for more realistic assessments and reveal, in combination 

with extensive life history assessments and measures of genetic diversity, otherwise concealed effects. 

Our results indicate that not only the impact of climate change, but also low concentrations of pesticides 

might pose a reasonable risk for aquatic insects in future. Therefore the ecotoxicological community 

should adduce evidence that uncertainty factors used by ERA are still protective for aquatic environments 

under climate change conditions to provide a maximum level of protection for aquatic biodiversity and 

ecosystem health. 
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3.5 Appendix 

The appendix presents the developmental and additional reproductive endpoints as examined during the 

multigeneration study as well as the calculation of the population growth rate after Vogt et al. (2007 a). 

Increasing temperature accelerated the development of C. riparius (Table 3.4). Life cycle duration was 

shorter or equal in pyrimethanil treatments, only the pyrimethanil treatment in F4 generation of CY 

scenario had a 1.5 days longer life cycle than the control (Table 3.4). Developmental rate in pyrimethanil 

treatments was considerably depressed in F3 and F4 generation in WY (0.006 and 0.005 less emerged 

midges per day) if compared to controls. Sex ratio and EmT50 of females were not influenced by 

pyrimethanil, although there was a trend towards prolonged emergence time of females in F3 and F4 

generation of CY, in F1 and F4 generation of WY and F1 generation of WYF scenario (Tables 3.2, 3.4).  

Reproductive endpoints were likewise mainly influenced by temperature scenario and generation number, 

while pyrimethanil effects were weak (Table 3.2). Though the oviposition of pyrimethanil-treated C. 

riparius outspeeded that of controls in the F0 and F2 generation under CY and WY scenario (CY: -2.1 and 

-1.0 days; WY: -1.3 and -0.9 days) and the F2 generation under WYF scenario (-1.0 day) (Table 3.4). 

Then again, median time until oviposition was prolonged in pyrimethanil-treated animals of the F3 

generation under WY and WYF scenarios (+1.1 day). Female midges produced in average more egg 

ropes in the simulated CY (Table 3.4). Per female, 0.8 ± 0.3/ 0.8 ± 0.6 egg ropes (control/ pyrimethanil) 

were deposited in CY, 0.6 ± 0.2/ 0.7 ± 0.2 egg ropes (control/ pyrimethanil) in WY and 0.6 ± 0.2/ 0.7 ± 

0.3 egg ropes (control/ pyrimethanil) in WYF. Production of egg ropes by pyrimethanil-treated midges 

was advanced in F3 generation of the CY scenario and in F0 generation of the WY and WYF scenarios. 

Mean size of egg ropes was largest in the CY scenario with 744 eggs (control) or 794 eggs 

(pyrimethanil) per rope in the F0 generation (Table 3.4). Egg ropes produced in the F0 generation of WY 

contained on average only 618 eggs (control) or 711 eggs (pyrimethanil), while egg ropes of WYF 

comprised only 682 eggs (control) or 610 eggs (pyrimethanil). Over the experimental period, mean size of 

egg ropes generally decreased to 38%/ 40% (control/ pyrimethanil) in CY, 59%/ 60% (control/ 

pyrimethanil) in WY and 61%/ 71% (control/ pyrimethanil) in WYF scenario. 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 – MULTIGENERATION EXPERIMENT WITH CHIRONOMUS RIPARIUS 

61 

Table 3.4: Life cycle parameters of Chironomus riparius during multigeneration study. Life cycle parameter of 

controls or pyrimethanil-treated C. riparius at three dynamic temperature regimes CY, WY and WYF examined 

during consecutive generations (F0-F5). CY = simulation of a cold growing season in 1990-2005, WY = simulation 

of a warm season in 1990-2005, WYF = simulation of a projected warm season in 2050-2080, C = control, PYR = 

pyrimethanil. 

 

  CY  WY  WYF 

  C PYR  C PYR  C PYR 
                

Development 

rate 
F0 0.030 ± 0.001 0.030 ± 0.002  0.036 ± 0.001 0.036 ± 0.001  0.042 ± 0.002 0.043 ± 0.001 

F1 0.043 ± 0.002 0.043 ± 0.002  0.047 ± 0.001 0.046 ± 0.002  0.053 ± 0.001 0.052 ± 0.001 

F2 0.054 ± 0.002 0.055 ± 0.001  0.053 ± 0.002 0.055 ± 0.001  0.054 ± 0.001 0.054 ± 0.000 

F3 0.052 ± 0.002 0.050 ± 0.002  0.059 ± 0.002 0.053 ± 0.002  0.061 ± 0.002 0.061 ± 0.001 

F4 0.049 ± 0.002 0.050 ± 0.002  0.054 ± 0.001 0.049 ± 0.002  x  x  
                 
Female 

fraction 
F0 0.51 ± 0.07 0.49 ± 0.03  0.51 ± 0.06 0.59 ± 0.07  0.49 ± 0.05 0.44 ± 0.06 

F1 0.57 ± 0.03 0.53 ± 0.05  0.49 ± 0.09 0.53 ± 0.08  0.48 ± 0.08 0.53 ± 0.01 

F2 0.46 ± 0.06 0.39 ± 0.13  0.52 ± 0.10 0.48 ± 0.09  0.51 ± 0.11 0.49 ± 0.05 

F3 0.55 ± 0.07 0.53 ± 0.09  0.57 ± 0.08 0.48 ± 0.07  0.40 ± 0.07 0.46 ± 0.08 

F4 0.54 ± 0.06 0.53 ± 0.04  0.50 ± 0.06 0.52 ± 0.08  x  x  
                
EmT50  

of females 
F0 34.18 ± 1.67 33.55 ± 1.67  28.14 ± 1.02 27.94 ± 0.93  24.57 ± 1.05 23.87 ± 0.42 

F1 23.63 ± 0.90 24.03 ± 0.90  21.55 ± 0.67 22.47 ± 0.82  19.17 ± 0.56 19.53 ± 0.72 

F2 19.26 ± 0.66 18.81 ± 0.28  19.39 ± 0.55 18.70 ± 0.37  18.90 ± 0.49 18.93 ± 0.30 

F3 19.90 ± 0.76 21.01 ± 0.64  17.97 ± 0.52 17.56 ± 1.08  17.63 ± 0.95 16.82 ± 0.93 

F4 21.55 ± 1.23 22.68 ± 1.09  19.17 ± 0.24 20.70 ± 1.02  x  x  
                
EmT50  

of males 

  

F0 32.25 ± 1.76 31.86 ± 2.20  27.39 ± 1.25 27.19 ± 0.89  23.46 ± 1.17 22.75 ± 0.48 

F1 22.70 ± 0.87 23.39 ± 1.14  20.91 ± 0.55 21.68 ± 0.94  18.41 ± 0.12 18.43 ± 0.04 

F2 17.80 ± 0.63 17.72 ± 0.44  18.11 ± 0.85 17.80 ± 0.26  18.32 ± 0.12 18.26 ± 0.15 

F3 18.01 ± 0.51 19.71 ± 1.11  15.88 ± 0.43 15.95 ± 1.03  15.74 ± 0.46 15.46 ± 0.12 

F4 18.85 ± 0.73 19.85 ± 0.53  17.14 ± 0.37 18.75 ± 1.58  x  x  
                
Mean time  

until  

oviposition 

  

F0 5.62 ± 1.95 4.45 ± 1.26  4.86 ± 0.73 3.56 ± 0.80  3.83 ± 1.31 3.53 ± 1.12 

F1 2.97 ± 0.61 3.07 ± 1.27  2.65 ± 0.77 2.93 ± 1.48  2.33 ± 0.78 2.47 ± 0.88 

F2 2.94 ± 0.78 2.29 ± 0.58  3.51 ± 0.54 2.60 ± 0.17  2.80 ± 0.56 1.77 ± 0.84 

F3 2.60 ± 1.21 2.09 ± 1.02  2.73 ± 1.08 3.84 ± 0.97  1.27 ± 1.52 2.38 ± 0.63 

F4 2.75 ± 0.47 2.32 ± 1.15  2.98 ± 0.97 3.33 ± 1.16  x  x  
                
Mean size  

of egg ropes 
F0 744.3 ± 109.3 794.3 ± 67.2  618.0 ± 153.2 711.1 ± 78.3  682.2 ± 91.3 609.7 ± 39.3 

F1 669.3 ± 37.0 695.1 ± 50.0  666.0 ± 23.7 662.6 ± 56.2  594.2 ± 122.8 589.2 ± 41.3 

F2 533.6 ± 23.8 608.4 ± 36.2  566.4 ± 64.3 675.9 ± 52.9  673.1 ± 56.9 663.2 ± 43.6 

F3 489.2 ± 17.5 501.1 ± 68.9  379.5 ± 115.1 392.6 ± 86.2  244.6 ± 148.5 174.9 ± 163.9 

F4 463.1 ± 33.1 473.9 ± 98.2  255.0 ± 107.3 282.2 ± 115.9  x  x  
                
Sum of 

fertile eggs 
F0 3518 ± 1385 4833 ± 4242  1469 ± 2272 6354 ± 4451  4976 ± 4515 9438 ± 3554 

F1 10258 ± 3363 9237 ± 5332  9706 ± 5057 4633 ± 3243  5290 ± 3296 7414 ± 5681 

F2 5661 ± 2991 6228 ± 1511  2947 ± 1882 5205 ± 1669  902 ± 1295 1672 ± 1410 

F3 5468 ± 2418 2499 ± 596  3747 ± 1249 2676 ± 978  610 ± 510 528 ± 463 

F4 443 ± 33 452 ± 99.1  237 ± 107 263 ± 115  x  x  
                
Standard  

growth 

rate* 

 

F0 1.12 ± 0.01 0.91 ± 0.51  0.67 ± 0.61 0.96 ± 0.54  0.96 ± 0.54 1.24 ± 0.02 

F1 1.25 ± 0.02 0.99 ± 0.56  1.26 ± 0.05 1.20 ± 0.04  1.24 ± 0.08 1.25 ± 0.08 

F2 1.25 ± 0.05 1.28 ± 0.02  1.22 ± 0.04 1.27 ± 0.02  0.70 ± 0.64 0.95 ± 0.53 

F3 1.25 ± 0.03 1.19 ± 0.01  1.25 ± 0.05 1.23 ± 0.04  0.89 ± 0.50 0.86 ± 0.49 

F4 1.23 ± 0.04 1.21 ± 0.04  0.92 ± 0.52 1.15 ± 0.05  x  x  

* Standard population growth rate (pgr), based on mortality, offspring per emerged female, proportion of emerged 

females and EmT50 of females was computed for each replicate according to a simplified Euler-Lotka model as 

described in Vogt et al. (2007 a). 
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4. Interactive Effects of Xenobiotic, Abiotic and Biotic Stressors on 

Daphnia pulex – Results from a Multiple Stressor Experiment 

with a Fractional Multifactorial Design 

 

Abstract 

Pollutant effects on aquatic key species are confounded by multiple abiotic and biotic stressors. To better 

discriminate and understand the intrinsic and environmental correlates of changing aquatic ecosystems, 

we untangle in present study how the effects of a low-dosed fungicide on daphnids (via different exposure 

routes) becomes modified by increasing temperature and the presence of a predator. 

Using a fractional multifactorial test design, the individual growth, reproduction and population growth 

rate of Daphnia pulex were investigated under exposure to the fungicide pyrimethanil at an environmental 

relevant concentration - either directly (via the water phase), indirectly (via food), dually (via water and 

food) or for multiple generations (fungicide treated source population) - at three temperatures and in 

presence/ absence of the predator kairomones of Chaoborus flavicans.  

Our results clearly illustrate that multiple stress factors can modify the response of an aquatic key species 

to pollutants. The exposure route of the contaminant is of minor importance, while temperature and the 

presence of a predator are the dominant factors controlling the reproduction of D. pulex. We conclude that 

sublethal pyrimethanil pollution can disturb the zooplankton community at suboptimal temperature 

conditions, but the effects will become masked if chaoborid larvae are present. 

4.1 Introduction 

Aquatic ecosystems and their biocenoses are influenced by countless parameters. Besides abiotic factors, 

e.g. temperature, oxygen content or luminous intensity (Lampert and Sommer, 1999), biotic factors, e.g. 

predator-prey-relationship and inter- and intraspecific competition play an essential role (Holomuzki et 

al., 2010). If the strength of some of these factors is altered they may act as stressors on single organisms, 

populations or aquatic biocenoses. Such stress factors may also be of anthropogenic origin, for example, 

if pesticides enter the environment. Pesticides are used worldwide for agricultural reasons to increase 

yields by minimizing phytopathogen caused crop failures (Ribeiro et al., 2000). Protective acting 

fungicides like pyrimethanil are applied on the surface of crops, where they should avoid the germination 

of pathogenic fungal spores. Via spray-drift and run-off events, parts of the fungicides may reach soil and 

surface waters after application (Anfossi et al., 2006). Additionally, these substances are introduced into 

freshwaters via waste-water treatment plants, which verifiably have poor retention capacities for many 

plant protection agents (Blarr, 2008). For instance values up to 6.8 µg pyrimethanil L
-1

 could be measured 

at the discharge of a treatment plant (Schlichtig et al., 2001). Further the predicted environmental 

concentration of pyrimethanil in surface waters can be a lot higher with values up to 27-90 μg L
–1

 for 

vineyards and apple orchards, respectively (EFSA, 2006). Further, the fungicide has frequently been 

detected in European surface waters with values up to 6.8-70 μg pyrimethanil L
-1

 or 
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272 μg pyrimethanil kg
-1

 within sediments (Schlichtig et al., 2001; Verdisson et al., 2001; Kreuger et al., 

2010; Schäfer et al. 2011). 

The effects of contaminants for aquatic organisms are usually determined by means of 

ecotoxicological standard test systems. In general, model organisms are exposed via the water phase 

towards different test concentrations of the specific substance. However, in ecosystems organisms are 

exposed towards pollutants via different routes, including food. Persistent substances can accumulate in 

organisms and be transferred to higher trophic levels through the food web (Rashleigh et al., 2009). 

Another aspect which is usually not considered in standard tests is the chronic impact of pesticide 

exposure over several generations. Although sublethal effects are identified with the help of chronic tests, 

they often last for a time period of one generation. So called ‘maternal effects’ as sufficiently described 

for the genus Daphnia may lead to sensitizing or adaptation of the following generation towards the 

pollutant (Bernardo, 1996; Frost et al., 2010; Fernández-Gonzáles et al., 2011).  

Aquatic organisms are further stressed by biotic interactions, for example by the predator-prey 

interaction. A typical predator on daphnids is the aquatic larvae of Chaoborus flavicans (Lampert and 

Sommer, 1999). The population structure of daphnids is influenced both by eating habits of the predatory 

larvae and the answer of the daphnids on the predation pressure. Federonko (1975) and Lewis (1977) 

showed that a mean abundance of C. flavicans can reduce specific constituents of the zooplankton by 

40%. The detection of a predator like C. flavicans by a potential prey is enabled by specific chemical 

substances, the kairomones (Brown et al., 1970). The release of kairomones by C. flavicans can cause an 

increased growth, a delayed reproduction and morphological changes in daphnids (Tollrian, 1995). 

Amongst others D. pulex forms neck tooth if Chaoborus is present (Havel and Dodson, 1984; Imai et al., 

2009). To what extent the presence of kairomones may influence the effects of pollutants on daphnids is 

to our knowledge so far not exactly known. Studies conducted by Hanazato and Dodson (1995), Coors et 

al. (2004) and Coors and DeMeester (2008) indicate a substance- and species-specific impact of both 

stressors. 

Besides the consideration of several routes of exposure and the presence/ absence of kairomones 

for the evaluation of the toxicity of substances in aquatic ecosystems it is appropriate to include 

temperature as abiotic factor. Moreover, the ecological risk assessment (ERA) faces new challenges under 

altered environmental conditions such as climate change (Segner, 2007; Wenning et al. 2010). It is known 

that temperature may impact the influence of a substance or alter the uptake of it by the organisms due to 

changes in the metabolic rate (Abele et al., 1998, Gagné et al., 2007; Greco et al., 2011). However, the 

seasonal variability of temperatures in an ecosystem and the increasing temperatures are not considered 

yet in ERA. Suboptimal temperature changes affect not only single species but may cause compositional 

alterations of zooplankton communities and even effects on whole limnic ecosystems are forecasted for 

the next decades (Moore et al., 1996; Heino et al., 2009). At the same time, an increased entry of nutrients 

into water bodies may cause considerable damage in aquatic ecosystems due to eutrophication and lack of 

oxygen (Reinecke and Reinecke, 2007).  

Notably with regard to climate change and the associated temperature increase, it should be 
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investigated how several stress factors influence the transfer of pollutants and biotic interactions. We 

postulate that (i) an exposure to a model contaminant, the broad-spectrum fungicide pyrimethanil directly 

via the medium affects reproduction of daphnids stronger than an indirect and inherently low exposure via 

food. Furthermore, (ii) a dual exposure via medium and food is postulated to lead to amplified inhibiting 

effects on aquatic key species. Furthermore we hypothesize, that (iii) temperature and kairomones may 

influence the effects after direct, indirect and dual pesticide exposure, while (iv) a pre-exposure of the 

parental generation to pyrimethanil modifies the sensitivity of daphnids towards a direct and dual 

pesticide exposure under additional biotic and abiotic stress (kairomones and temperature). 

To test the four hypotheses, the present study adopts a fractional multifactorial test design, which may 

help to provide insights into the simultaneous effects of contaminated test medium and food, pre-

generational pesticide exposure, temperature, and predator presence to uncover possible combination 

effects, which may regularly and sustainably impact aquatic ecosystem. In detail, the model organism 

Daphnia pulex is exposed towards the fungicide pyrimethanil in multiple exposure scenarios (direct, 

indirect, dual, pre-generational) at three temperatures (15°C, 20°C, 25°C) under the presence and absence 

of a predator (larvae of C. flavicans). 

4.2 Material and Methods 

4.2.1 Test Substance  

Pyrimethanil (Cas No: 53112-28-0), PESTANAL, analytical standard (99.9% purity), which is physico-

chemically characterized by the reports of DAR (2005) and EFSA (2006), was obtained from Sigma-

Aldrich (Steinheim, Germany). The tested fungicide has a water solubility of 121 mg L
-1

. It is a broad-

spectrum fungicide which belongs to the anilinopyrimidines and inhibits the methionine biosynthesis of 

fungi (Garau et al., 2002; Anfossi et al., 2006). Further, there are some studies that provide some 

observed significant effects like a decrease in neonates or higher mortality rates on aquatic non-target 

species (Müller et al., 2012; Seeland et al., 2012 b).  

 

4.2.2 Test Organisms 

To estimate the ecotoxicity of pyrimethanil on Daphnia pulex (waterflea) in a multi-stressor environment, 

following biological material was used. 

The populations of Scenedesmus obliquus (green algae) and D. pulex originated from in-house cultures of 

the Goethe University Frankfurt am Main. The algae were cultivated in 1 L glass beakers at 20° ± 1°C 

and a light duration of 24 h (6,000-10,000 lux). The daphnids were cultured in Elendt M4 medium 

according to OECD guideline 211 (OECD, 2008) at a light:dark cycle of 16:8 h and 20° ± 1°C. In 

addition, pyrimethanil-exposed cultures of algae (as contaminated food for indirect and dual treatments) 

and daphnids (for pre-exposed treatments) were established (for further information see below). The 

pyrimethanil concentration that caused no decrease in cell growth or did not inhibit reproduction was 

ascertained by means of single species tests with S. obliquus and D. pulex (Fig. 4.6 A, B). 
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As deduced from the concentration-response-relationships, the food alga S. obliquus was constantly 

cultivated for several months at a pyrimethanil concentration of 10 mg L
-1

 and 20°C to ensure that the cell 

growth is not affected, but the fungicide concentration is high enough for pyrimethanil uptake and 

adsorption to the cell surface, respectively (Figure 4.1, 4.6 A). The M4 culture medium for the daphnids 

was spiked with 0.05 mg L
-1

, which is by factor 10 below the EC50 and at the same time a sublethal 

concentration to avoid mortality in the pre-exposed breeding stock (test procedure and results see 4.6. 

Appendix, Fig. 4.6 A).  

The predatory L4-larvae of the midge Chaoborus flavicans (phantom gnat) were collected from the 

mesocosms of the Botanical Garden, Frankfurt am Main one week prior experimental use and cultured in 

M4 medium at 5°C and a light:dark cycle of 16:8 h.  

 

 

Figure 4.1: Distribution of pyrimethanil in the algae suspension. Distribution of pyrimethanil [% + SD] present in 

the algal medium, bound to the cell-surface of the food algae Scenedesmus obliquus and in its cellular interior after 

algal cultivation at 10 mg L
-1

 pyrimethanil over several weeks.  

 

 

4.2.3 Multi-stressor Experiment 

Treatments 

To test for the impact of multiple pyrimethanil exposure routes on the individual performance and 

reproductive capacity of Daphnia pulex under additional abiotic and biotic stress, a fractional 

multifactorial test design was chosen (Figure 4.2). At first, the effects of a direct (via water phase), 

indirect (via food) and dual pyrimethanil exposure were determined in D. pulex from the untreated 

breeding stock at different temperatures and the absence/ presence of a predator. At second, the direct and 

dual treatment groups of daphnids from untreated and pyrimethanil pre-exposed (PX) breeding stocks 

were compared to investigate to what extent the daphnids are negatively influenced if they are exposed 

over a long lasting period towards pyrimethanil.  

For the direct pyrimethanil exposure route via the water phase, D. pulex was exposed to a 

sublethal nominal pyrimethanil concentration of 50 µg L
-1

. Alternatively, D. pulex was indirectly exposed 

to pyrimethanil via food.  
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Figure 4.2: Experimental set-up of the fractional multiple stressor experiment. The food algae Scenedesmus obliquus 

and the focused test organism Daphnia pulex were partly cultured with a species-specific low pyrimethanil 

concentration. A) Afterwards the daphnids were exposed to pyrimethanil either directly, indirectly or dually in 

absence or presence of the predator Chaoborus flavicans at three temperatures (15°C, 20°C, 25°C). B) Additionally, 

pre-exposed daphnids (PX) were exposed directly and dually towards pyrimethanil at three temperatures (15°C, 

20°C, 25°C). 

 

The daily portion of the pyrimethanil treated algal suspension contained approximately 8.9 µg 

pyrimethanil L
-1

 and therefore, the dually exposed daphnids encounter maximal 58.9 µg pyrimethanil L
-1

. 

In order to avoid diluting or summation effects in the various treatments by adding the algal cells, the 

algal suspensions of the pre-exposed and untreated Scenedesmus cultures were filtered (Whatman 595½, 

4 µm mesh size, 100 mbar) and subsequently resuspended in (pyrimethanil-contaminated) M4 medium. 

Prior feeding to daphnids, the optical density of the algal suspensions was measured with a spectrometer 

(Hach Lange DR 3800) at 800 nm to quantify the food and to guarantee a regular offer of 0.2 mg carbon 

daphnid
-1

 d
-1

. Therefore, the extinction of the algal suspensions was converted to the carbon content using 

a calibration line (y = 278.6 x + 0.38; R² = 0.99). 

For both fractions of the experiment, the larvae of Chaoborus flavicans being a typical 

representative of an aquatic predator for the zooplankton were introduced to induce a supplement biotic 

stress for D. pulex. Therefore, each treatment (control, direct, indirect, dual, direct + PX and dual + PX) 

of the experiment was conducted with the presence/ absence of C. flavicans larvae. To ensure that 

daphnids were not eaten by the predator, but nevertheless kairomones are recognized, the species were 

spatially separated by small cages (Ø: 4 cm, h: 5 cm) made of stainless steel gauze with a mesh size of 0.5 

mm. At the top of the cages a tooth pick was horizontally attached so that the cages were hinged into the 

test vessels. In each cage of the predator-treatments, one L4-larva of C. flavicans was introduced. The test 

vessels were daily scanned for larvae, pupates or dead individuals and when necessary, C. flavicans 

larvae were replaced by new ones. The groups without biotic stress treatment contained an empty cage in 

order to ensure an identical test design. 

The whole experimental setup was arranged at 15°C, 20°C and 25°C by placing the experimental 

units in climate controlled chambers (MKKL 600, Flohr Instruments) keeping constant temperatures 

(± 1°C). 

0 µg L-1 50 µg L-1 0 µg L-1 50 µg L-1

0 µg L-1 0 µg L-1 8.9 µg L-1 8.9 µg L-1

control direct indirect dual

direct + PX dual + PX

medium:

food:

A

B
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Test implementation and data collection 

For the multi-stressor experiment, the juvenile daphnids (not older than 24 h) of the third brood 

obtained from either the untreated (control) or from the pre-exposed (PX) synchronized cultures were 

applied. For each treatment, ten juvenile daphnids were kept in 1 L test vessels equipped with a cage 

during the first four days of the experiment. Shortly prior to the release of the first brood at the fifth day, 

the daphnids were isolated and transferred to 250 mL glass beakers, which were filled with 225 mL 

medium and also equipped with a cage. Every exposure group consisted of five replicates containing one 

daphnid. Two times a week, the water was renewed and at the same time the daphnids and Chaoborus 

larvae were fed. In accordance to the experimental treatment, treated or untreated algal cells were added 

to the medium (0.2 mg C
-2

 d
-1

) and three juvenile daphnids in each cage with C. flavicans. 

As endpoints for the individual and reproductive performance of the daphnids, the number of 

neonates, the size of the adults at the end of the test, and the time at and brood size of the first release of 

juveniles were examined. Furthermore, the population growth rate was calculated according to Coors and 

De Meester (2008), Hammers-Wirtz and Ratte (2000) and Muyssen and Janssen (2004). Additionally, the 

neonates were microscopically observed for morphological characteristics (size at 45 x magnification 

with an Olympus binocular) and abnormalities (deformations, neckteeths or helmets). 

 

4.2.4 HPLC Analysis 

The pyrimethanil in the fungicide-treated algal culture - in detail the pyrimethanil amount in the medium, 

attached to the algae or taken up by the algae - was quantified. Therefore, 1 mL algal suspension was 

centrifuged for 30 min at 4,400 rpm. The supernatant was stored for later analysis of the pyrimethanil 

content in the algal medium. To analyze if pyrimethanil is able to adsorb on the cell surface, the 

remaining cell pellet was resuspended in 1.5 mL ethylacetate and subsequently centrifuged for 30 min at 

4,400 rpm. The supernatant was transferred into glass vials and mixed with 500 µL dimethylsulfoxid 

(DMSO). To analyze the cell content for pyrimethanil, the cells had to be destroyed by adding 500 µL 

lysis buffer (30 mM TRIS-HCl, pH 7) and glass beads and agitating the tubes at 50 Hz for ten minutes 

(TissueLyser
®
). Afterwards, the samples were filled up with 1.5 mL ethylacetate followed by an intense 

dispersion. After ten minutes of incubation at room temperature, the upper liquid layer was transferred to 

a tube and centrifuged for 45 min at 4,400 rpm to isolate bigger cell fragments as well as macromolecules 

at the bottom of the vessel. The supernatant was removed and transferred into a vial with 500 µL DMSO. 

Finally, the vials containing the adsorptive and incorporated fractions of pyrimethanil were aerated with 

nitrogen to remove the ethylacetate. For quantitative analysis of pyrimethanil in the test media between 

two water renewals, the test media were sampled approximately 1 h after application and three days after 

application, and stored in 2 mL Eppendorf vessels at -22°C.  

Prior the HPLC analysis, all prepared samples were centrifuged for 45 min at 9,000 rpm and 

filtered into glass vials (CZT, Cellulose or PTFE-filter, 0.2 µm). For pyrimethanil quantitation, an HPLC 

equipped with a P680 pump, the autosampler ASI-100 (Dionex Corporation), a C18 column (column 4.3 

x 150 mm, 5 μm particle size, 120 Å pore size, Acclaim 120, Dionex, Germany) and an HPLC-UV 
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system (software Chromeleon Version 6.60 SP2 build 1472, Dionex, Germany) was used. The detailed 

HPLC protocol refers to Müller et al. (2012). The limit of detection (LOD) for pyrimethanil was 34 ng L
–1

 

(3.3-fold residual SD from linear regression) and the limit of quantification (LOD) was 3.3 µg L
–1

.  

 

4.2.5 Data Analysis 

For data analyses, the software programs Microsoft
®
 Excel

®
,
 
GraphPad Prism

®
 (version 5.03), Statistica

®
 

and StatSoft
® 

were used. If not stated differently, data are reported as mean [± standard deviation]. The 

statistical analysis of the standard is given in the appendix. Prior the run of a multi-factorial ANOVA, the 

variance homogeneity was tested with Cochran’s test. If the variances differed significantly, the dataset 

had to be sinus transformed. For the multiple comparison of means, the univariate significance test was 

followed by the Tukey post hoc test. Time-weighted mean of pyrimethanil concentrations (= average 

actual concentration, AAC) in the daphnid test media was calculated as described by the OECD guideline 

211 (OECD, 2008). 

4.3 Results 

4.3.1 Pyrimethanil Concentrations in the Contaminated Algal Culture and the Daphnid 

Medium 

After a couple of weeks, 77.3% of the applied pyrimethanil concentration is dissolved in the medium 

(7.73 mg L
-1

), 12.8% binds to algal cell-surface (1.25 mg L
-1

) and 9.5% is localized in the cell (0.95 mg L
-

1
, Fig. 4.1). In total, 8.9 µg L

-1 
was available as source of pollution for the daphnids via feeding. The 

pyrimethanil concentration (weighted mean of two measured replicates) of the daphnid media is given in 

Table 4.1.The technical error amounts to ±14 % SD, caused by the daphnid medium. There are no 

measureable differences between the concentration at the beginning and the end of the test period. Thus a 

constant exposure is given. 

 

Table 4.1: Pyrimethanil analytic. Pyrimethanil in the daphnid media [µg L
-1

] within the exposure groups control, 

direct, indirect, dual, direct + pre-exposure (PX) and dual + PX. LOD = Limit of detection; LOQ = Limit of 

quantification.  

 Temp Chao Control direct indirect dual direct+PX dual+PX 

P
y

ri
m

et
h

a
n

il
 15°C 

- < LOD 23.2 < LOQ 23.4 22.9 21.5 

+ < LOD 21.4 < LOQ 20.3 23.0 24.5 

20°C 
- < LOD 20.9 < LOQ 21.8 22.9 23.5 

+ < LOD 20.2 < LOQ 24.9 21.8 22.5 

25°C 
- < LOD 21.9 < LOQ 23.0 23.2 20.5 

+ < LOD 23.4 < LOQ 22.6 22.1 22.1 
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4.3.2 Influence of Multiple Stressors on Daphnia pulex 

Temperature-dependent effects of a direct, indirect or dual pyrimethanil exposure  

The single stressors medium, food and temperature caused no significant effect on the level of 

reproduction of daphnids from the untreated breeding stock, but the combination of the three 

stressors affected the number of released neonates significantly (Table 4.2). The mean number of 

neonates in the control treatment amounted to 38.4 ± 3.85 at 15°C, to 92.2 ± 5.68 at 20°C and to 

97.0 ± 7.75 at 25°C (Figure 4.3 A). True for all three temperatures, directly, indirectly and dually 

exposed daphnids produced fewer offspring (1-36%) than the control group. Among the direct, 

indirect and dual exposure scenarios, however, no remarkable differences existed. The only 

exceptions were the dually exposed daphnids, which had been placed at 25°C (20-23% increased 

reproduction). In contrast, the clutch size of the first brood was exclusively influenced by 

temperature (Tables 4.2, 4.3).  

 

Table 4.2: Life-cycle parameters of Daphnia pulex. Analysis of variances (ANOVA´s) observed in the variables 

reproduction, period of time till first reproduction, size of mother daphnids and size of the first brood of (pre-exposed) 

D. pulex for their dependence on four independent variables and their interactions. Following statistical parameters are 

given: degrees of freedom (df), MS, F- and p-values (bold numbers indicate significance at the 5%-level). Only 

interactions where significant results were observed are shown. Temp.= temperature; Pre-exp.= pre-exposure. 

 Reproduction 
Time till first 

reproduction 

Size of mother 

daphnids 

Clutch size of first 

brood 

 df MS F p MS F p MS F p MS F p 

Non-pre-exposed daphnids 

Constant 1 0.50 1.10 0.296 9948 10218 0.000 627 42982 0.000 1.32 3.45 0.067 

Medium (M) 1 0.00 0.00 0.993 7.59 7.79 0.005 0.17 12.6 0.001 0.82 2.15 0.145 

Food (F) 1 0.20 0.44 0.501 2.30 2.37 0.127 0.00 0.05 0.825 0.28 0.76 0.385 

Temp. (T) 2 0.09 0.19 0.826 421 433 0.000 1.01 68.9 0.000 1.81 4.69 0.012 

Predator (P) 1 2.95 6.35 0.014 0.13 0.14 0.704 0.20 13.63 0.000 0.49 1.25 0.265 

M x T 2 0.10 0.22 0.097 3.10 3.18 0.045 0.00 0.32 0.727 1.18 3.08 0.050 

M x F x T 2 2.18 4.73 0.011 0.08 0.08 0.920 0.00 0.48 0.620 0.39 1.04 0.359 

F x T x P 2 0.17 0.38 0.676 0.50 0.51 0.601 0.06 3.86 0.025 0.27 0.73 0.485 

Error 89 0.45   0.96   0.00   0.39   

Pre-exposed daphnids 

Constant 1 0.54 1.05 0.306 0.55 1.17 0.280 590 32826 0.000 0.40 0.92 0.340 

Food (F) 1 0.01 0.01 0.918 0.18 0.40 0.521 0.10 6.16 0.014 0.13 0.29 0.592 

Temp. (T) 2 0.18 0.35 0.709 1.96 4.20 0.017 0.66 36.4 0.000 1.58 3.67 0.029 

Predator (P) 1 1.98 3.83 0.051 0.08 0.21 0.651 0.32 17.62 0.000 0.06 0.13 0.707 

Pre-exp. (PX) 1 0.00 0.02 0.961 0.26 0.55 0.461 0.01 0.67 0.415 0.10 0.26 0.613 

F x PX 1 2.25 4.34 0.040 0.13 0.28 0.599 0.07 4.50 0.037 0.10 0.26 0.611 

F x T x PX 2 0.07 0.13 0.879 0.35 0.78 0.462 0.05 3.58 0.031 0.30 0.72 0.489 

Error 86 0.52   0.45   0.02   0.42   
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The time till first reproduction of daphnids was significantly influenced by medium, temperature, 

and their interaction (Table 4.2). At 25°C, daphnids of the control treatment released their first 

brood after 6.4 ± 0.55 days and at 15°C after 12.4 ± 0.55 days which differed significantly (p < 

0.001) from daphnids exposed at 20°C (8.0 days) (Figure 4.3 C). All, either controls or directly, 

indirectly or dually pyrimethanil-exposed daphnids needed a shorter time till first reproduction 

with increasing temperature. Among the pyrimethanil treatments, daphnids of the dual 

pyrimethanil treatment at 25°C showed the shortest time till first reproduction (difference 3.6-

13.2 hours), whilst the directly exposed daphnids showed at 15°C the longest time till first 

reproduction (difference 16.8-45.6 hours).  

 

 
Figure 4.3 (A-D): Impact of abiotic and biotic stress factors on Daphnia pulex. Effects of a direct, indirect and dual 

pyrimethanil exposure route on Daphnia pulex at three temperatures and biotic stress. A, B) Offspring per female 

produced during 21 days and C, D) time till first reproduction (days, mean + SD) with (A, C) and without (B, D) the 

presence of the predator Chaoborus flavicans at 15°C, 20°C and 25°C. The mean of the control treatment for each 

temperature is depicted as black line. Direct exposure = non-treated algal food (Scenedesmus obliquus) and D. pulex 

exposed to 0.05 mg pyrimethanil L
-1

; indirect exposure = contaminated algal food and D. pulex in M4; dual 

exposure = contaminated algal food and D. pulex exposed to 0.05 mg pyrimethanil L
-1

. Statistical significant 

differences to 20°C:  = p < 0.05,  = p < 0.01,  = p < 0.001.  

 

 

The body size of the mother daphnids after 21 days exposure was significantly influenced (p < 

0.001) by a direct pyrimethanil exposure and temperature (Table 4.1). Indirectly exposed 

daphnids and the control reached a comparable temperature-dependent size (difference 0.01-
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0.02 mm), whereas directly and dually exposed daphnids were smaller than the control 

(difference 0.04-0.12 mm). 

The population growth rate (pgr) of the direct, indirect and dual treatment groups 

revealed only minor differences at 20 and 25°C, although pyrimethanil treatments and the 

control reached an identical level at 25°C, but not at 20°C (Figure 4.4). However, at 15°C, a 

gradient decrease of the pgr from the control to the dual scenario became apparent. Here, the 

combined exposure scenario ‘dual’clearly reduced the population growth if compared to the 

single exposure scenarios ‘direct’ and ‘indirect’. That means that the combination of temperature 

and pyrimethanil exposure route influenced the reproduction significantly (Table 4.1). 

 

 
Figure 4.4: Population growth rate of Daphnia pulex. Population growth rate in response to different pyrimethanil 

exposure routes, the predator Chaoborus flavicans and three temperatures. control = uncontaminated algae 

(Scenedesmus obliquus) and D. pulex in M4; direct exposure= uncontaminated algae and D. pulex exposed to 

0.05 mg pyrimethanil L
-1

 in M4; indirect exposure = contaminated algae (10 mg L
-1

) and D. pulex in M4; dual 

exposure= contaminated algae (10 mg L
-1

) and D. pulex exposed to 0.05 mg pyrimethanil L
-1

; direct exposure + PX 

= algae and pre-treated D. pulex exposed to 0.05 mg pyrimethanil L
-1

; dual exposure + PX = contaminated algae and 

pre-treated D. pulex exposed to 0.05 mg pyrimethanil L
-1

; PX = pre-exposed daphnids; n = 5. 

 

Pyrimethanil and temperature effects on pre-exposed daphnids 

Neither the pyrimethanil exposure route, the temperature nor the PX of the daphnids had a 

significant influence on daphnid reproduction if acting as single factors, but the combination of 

dual pyrimethanil exposure x PX significantly influenced the reproduction of D. pulex (Table 

4.1). On average, PX daphnids produced fewer neonates in response to the direct pyrimethanil 

exposure than the respective daphnids from the pyrimethanil-free breeding stock (0.67-12.3%; 

Figure 4.5 A). The reproduction of dual+PX daphnids was higher (10-27%) than the 

reproduction of their non-pre-exposed counterparts (dual) at 15°C and 20°C. In contrast, at 25°C 

co
nt

ro
l

di
re

ct

in
di

re
ct

du
al

di
re

ct
+PX

du
al

+PX

0.2

0.3

0.4

15°C with predator

15°C without predator

20°C with predator

20°C without predator

25°C with predator

25°C without predator

P
G

R
 (

in
cr

ea
se

 d
-1

)



CHAPTER 4 – INTERACTIVE EFFECTS OF MULTIPLE STRESSORS ON DAPHNIA PULEX 

73 

the reproduction of dual+PX daphnids was lower (25.7%) than the comparable treatment with 

non-pre-exposed daphnids (dual). Independent of temperature, the additional offer of 

contaminated food to PX daphnids (dual+PX) led to an increased reproduction (2-13% higher 

number of neonates than in the direct+PX treatment).  

 

 
Figure 4.5 (A-D): Impact of abiotic and biotic stress factors on Daphnia pulex. Effects of a direct and dual 

pyrimethanil exposure route on chronically pyrimethanil-exposed D. pulex (PX) at three temperatures and biotic 

stress. A, B) Offspring per female produced during 21 days and C, D) duration till first reproduction (days, mean + 

SD) with (A, C) and without (B, D) the presence of the predator Chaoborus flavicans at 15°C, 20°C and 25°C. The 

mean of the control treatment (ad/M4) for each temperature is depicted as black line. Direct exposure = non-treated 

algal food (Scenedesmus obliquus) and D. pulex exposed to 0.05 mg pyrimethanil L
-1

; dual exposure = contaminated 

algal food (S. obliquus) and D. pulex exposed to 0.05 mg pyrimethanil L
-1

; direct exposure + PX = non-treated algal 

food (S. obliquus) and pre-exposed D. pulex exposed to 0.05 mg pyrimethanil L
-1

; dual exposure + PX = contamina- 

ted algae (S. obliquus) and pre-exposed D. pulex exposed to 0.05 mg pyrimethanil L
-1

; PX = pre-exposed daphnids. 

 

The time till first reproduction of PX daphnids was only significantly influenced by temperature (Table 

4.1). The time till first reproduction of direct+PX and dual+PX daphnids decreased with increasing 

temperature. Any differences between the direct treatments from the pre-exposed and non-pre-exposed 

breeding stock became apparent (direct+PX versus direct). Other than the dual+PX daphnids which 

released their first brood at 15°C 26.4 hours earlier, at 20°C 9.6 hours earlier, but at 25°C 25.9 hours later 

than the daphnids of the non-pre-exposed dual treatments (dual). 

Whilst the single factor PX caused no significant effect on the size of the mother daphnids, the 

combination of PX x contaminated food as well as the combination temperature x contaminated food x 

PX did. The direct+PX daphnids showed a temperature-dependent length growth comparable to the non-
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pre-exposed daphnids (direct), whereas no difference was observed between the sizes of the dual+PX 

mother daphnids at the three temperatures. The highest mortality was found in the dual+PX treatment at 

25°C (Table 4.3). Hence PX amplified the effects of suboptimal temperature in combination with 

contaminated food.  

 

Table 4.3: Life history data of Daphnia pulex. Mortality [%], development of ephippia (), size of mother daphnids 

at the end of the test [mm, mean ± SD] and the clutch size at the first brood [number, mean ± SD] within the 

exposure groups control, direct, indirect, dual, direct + pre-exposure (PX) and dual + PX. Bold values present 

significant differences compared to the results of 20°C at the 5%-level. + = with Chaobours flavicans (Chao); - = 

without C. flavicans.  

 Temp Chao control direct indirect dual direct+PX dual+PX 

M
o

rt
a

li
ty

/ 
E

p
h

ip
p

ia
 

15°C 
- 0   0 20 20   0   0 

+ 0 20   0   0   0   0 

20°C 
- 0   0   0   0   0           0 

+ 0 20   0   0         20           0          

25°C 
- 0   0   0 20   0 40 

+ 0   0 20 20 20 20 

S
iz

e 
o

f 
m

o
th

er
 

d
a

p
h

n
id

s 
 

15°C 
- 2.15 [± 0.19] 2.03 [± 0.08] 2.17 [± 0.09] 2.11 [± 0.15] 2.08 [± 0.06] 2.29 [± 0.34] 

+ 2.37 [± 0.07] 2.29 [± 0.06] 2.19 [± 0.14] 2.18 [± 0.16] 2.23 [± 0.12] 2.43 [± 0.12] 

20°C 
- 2.51 [± 0.20] 2.43 [± 0.07] 2.50 [± 0.12] 2.43 [± 0.13] 2.41 [± 0.17] 2.35 [± 0.12] 

+ 2.52 [± 0.10] 2.42 [± 0.13] 2.63 [± 0.09] 2.56 [± 0.11] 2.54 [± 0.11] 2.55 [± 0.10] 

25°C 
- 2.43 [± 0.14] 2.33 [± 0.12] 2.45 [± 0.11] 2.33 [± 0.06] 2.19 [± 0.14] 2.36 [± 0.08] 

+ 2.50 [± 0.10] 2.38 [± 0.06] 2.45 [± 0.05] 2.35 [± 0.05] 2.23 [± 0.12] 2.44 [± 0.08] 

C
lu

tc
h

 s
iz

e
 o

f 
fi

rs
t 

b
ro

o
d

 

 

15°C 
- 5.8 [± 2.67] 7.8 [± 4.15] 4.0 [± 0.85] 5.8 [± 2.74] 6.2 [± 2.95] 6.0 [± 2.00] 

+ 5.6 [± 3.05] 8.0 [± 0.82] 5.0 [± 2.55] 4.6 [± 2.74] 7.2 [± 1.30] 5.6 [± 1.95] 

20°C 
- 5.2 [± 1.62] 6.8 [± 1.30] 7.0 [± 2.00] 7.6 [± 1.82] 6.8 [± 1.79] 6.2 [± 1.30] 

+ 5.8 [± 2.76] 6.0 [± 0.82] 6.2 [± 0.84] 6.4 [± 2.97] 5.5 [± 0.58] 4.2 [± 1.63] 

25°C 
- 4.8 [± 0.84] 4.4 [± 1.52] 5.0 [± 1.57] 4.8 [± 1.71] 4.2 [± 1.91] 5.7 [± 3.06] 

+ 4.4 [± 0.55] 6.6 [± 4.38] 4.5 [± 1.28] 3.5 [± 1.28] 3.5 [± 1.28] 4.5 [± 0.58] 

 

Effects of pyrimethanil exposure scenarios and temperature at presence of kairomones 

Compared to the predator-free control, the control daphnids exposed to kairomones produced fewer 

neonates at 15°C (-7.8 daphnids), 20°C (-25.8 daphnids) and 25°C (-25.4 daphnids) (Fig. 4.3 B). The 

reproduction of the control and the direct, indirect and dual treatments was on the same level if 

Chaoborus flavicans was present (cp. Fig. 4.3 A, B). Thus the presence of a predator masked the earlier 

observed effects of the fungicide due to altered control response.  

The factor predator had the main influence on the reproduction of non-pre-exposed daphnids (Table 4.1), 

but no significant influence on PX daphnids. The presence of the predator had no significant influence on 

the time till first reproduction of PX and non-pre-exposed daphnids (Table 4.1, Figs. 4.3 D, 4.5 D). Still 

in predator-containing treatments, the time till first reproduction decreased with increasing temperature 

(pre- and non-pre-exposed daphnids). However, C. flavicans treatments showed an alteration concerning 
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the significant differs between several exposure scenarios (Fig. 4.3). In most cases, mother daphnids were 

larger after 21 days exposure (up to 0.22 mm) in presence of C. flavicans compared to the predator-free 

scenarios (including PX daphnids, Table 4.3). Regarding this, the results of the ANOVA reveal the 

significant influence (p < 0.001) of the predator on the size of the mother daphnids being obtained from 

the control and PX culture. Furthermore, kairomone-exposed daphnids were found more often within the 

upper part of the beakers (qualitative observation). 

4.4 Discussion 

Within the ecotoxicological risk assessment (ERA) for the aquatic environment, standardized tests are 

applied where organisms are exposed to the chemical via the water phase for one generation. This 

procedure may simplify the toxic effects which pollutants cause in aquatic organisms living in a 

multifactorial world. Albeit scarcely explored, the release of pesticides can lead to an accumulation of 

contaminants in higher trophic levels via the food web and have significant influences on the zooplankton 

community. In our study, the importance for daphnids of an indirect fungicide exposure via food becomes 

evident seeing that only an exposure of pyrimethanil being adsorptive to and absorptive in the algal cells 

led to a reduced daphnid reproduction (Figures 4.1, 4.3 A, B). Besides the indirect exposure pathway, a 

long-lasting xenobiotic exposure can sensitize aquatic invertebrates, but also may origin their adaptation 

(Sánchez et al., 2004). In our study, the pre-exposure of the daphnid F0 generation toward pyrimethanil - 

being not important as single factor - increased the sensitivity of Daphnia pulex towards multiple 

stressors. Beyond this, the toxic impact of xenobiotics on organisms connected via complex food webs in 

aquatic biocenosis can be modulated by the combination with other stressors of physical and biological 

nature (Platt et al., 2003; Sommer et al., 1986). At least temperature and the presence of kairomones 

strongly influenced the direct and indirect pyrimethanil effects on D. pulex.  

An indirect fungicide exposure via food negatively impacts the reproduction of D. pulex at a 

similar level like the direct fungicide exposure via medium (Table 4.2). The direct exposure of D. pulex 

towards a sublethal concentration of pyrimethanil via the water phase caused a delayed release of the first 

brood, a significant minor size of the mother daphnids at the end of the test and a reduction in the amount 

of neonates compared to the control treatment (Table 4.2; Figures 4.3 A-D). Although the observed 

effects of a direct exposure caused no significant loss in reproduction it is evident that pyrimethanil is 

more or less toxic due to the high significant influence of the contaminated medium (Table 4.1). This is in 

accordance with the standard reproduction test. Similarly in Daphnia magna, the number of neonates is 

reduced by pyrimethanil although significant effects (≥ 46% inhibition) were not earlier observed than at 

1 mg L
-1

 (Seeland et al., 2012 b).  

Certain pollutants can accumulate in primary producers (e.g. Cain et al., 2011). From here, the 

pollutants can be passed to primary consumers, being in turn an important food source for secondary 

consumers. This transfer via the food web may lead to an accumulation of contaminants in higher trophic 

levels. To give an example, a limited nutrient source and a low-grade quality of the food for primary 

producers (Rhodomonas salina) was transferred to primary consumers (Acartia tonsa) and finally 
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secondary consumers (Clupea harengus) resulting in a reduced fitness of the zooplanktivory fish larvae 

(Malzahn et al., 2007). The indirect exposure of pyrimethanil via the food (8.9 µg L
-1

) caused indeed 

reductions in the amount of D. pulex neonates and prolongs the time till first release of juveniles on a 

comparable level like the direct exposure via medium (50 µg L
-1

, Figure 4.3 A-D). One possible reason 

might be that the amount of pyrimethanil within the food was lower than in the medium suggesting, that 

the exposure route via food is of high relevance for daphnids (Fliedner, 1997). Nevertheless, deviant from 

the direct exposure treatment was the final size of the maternal daphnids which were only exposed to 

pyrimethanil contaminated food. At this indirect treatment, only minor difference of growth to the control 

group could have been determined (Table 4.2). 

This result implies that the pyrimethanil contaminated food does probably not influence the food 

uptake. However, the reproduction became reduced by the indirect pyrimethanil exposure. It has been 

similarly shown in several other studies that contaminated food has a toxic impact on the organisms 

(Weltens et al., 2000; De Schamphelaere et al., 2007; Evens et al., 2009). For example, after exposure of 

D. magna towards hexachlorbenzene contaminated algae, the number of neonates became reduced by 

49% (Muñoz et al., 1996). Moreover, cadmium and zinc were found in the intestinal tract of D. magna 

after being treated with such contaminated algae resulting in a higher mortality (Weltens et al., 2000). 

These results demonstrate the importance of the general food quality and the avoidance of pollutant 

transfer within the food web. 

 If D. pulex is dually exposed towards pyrimethanil (directly via medium and indirectly via food) 

one may expect additive or synergistic toxic effects. In fact the reproduction became reduced, the time of 

first release of juveniles was delayed and the final size of D. pulex was extenuated in response to a dual 

pyrimethanil exposure if compared to the control. However, the comparison to the single exposure 

pathways revealed no greater variations concerning number of neonates and time till first release. 

Therefore an additive or synergistic impact can be excluded. Since the final size of the dually exposed 

daphnids is more comparable to the directly exposed daphnids and therefore smaller than the size of the 

indirectly exposed ones, the direct pyrimethanil exposure pathway has a greater influence on D. pulex. 

This leads to the conclusion, that the examination of pyrimethanil via medium might be sufficient for its 

aquatic ERA. 

However, it has to be kept in mind that there are substance and species related differences and 

that some contaminants might occur for several times in the environment. Thus, aquatic organisms can be 

exposed to contaminants over a long period and even for several generations (Vogt et al., 2007 a, b; 

Nowak et al., 2009; Salice et al., 2010; Seeland et al., 2012 b). One would expect that organisms develop 

higher tolerance levels, increasing sensitivities or that the effects stay the same. In order to increase the 

knowledge about chronic effects of chemicals on the aquatic environment, it is useful to expose key 

organisms for some generations towards pollutants and monitor for their adaptive or sensitized responses 

(Bossuyt et al., 2005; Massarin et al., 2010; Salice et al., 2010; Staples et al., 2011; Müller et al., 2012). 

Almost all multigenerational studies conclude that the pre-exposure and capability to adapt on external 

circumstances of the parental generation influences the sensitivity of following generations towards 



CHAPTER 4 – INTERACTIVE EFFECTS OF MULTIPLE STRESSORS ON DAPHNIA PULEX 

77 

xenobiotics.  

Vandegehuchte and Janssen (2011) point out that an exposure towards pollutants may induce 

epigenetic modification which can be passed on to the next generations causing phenotypically changes. 

Such changes could not have been observed in the current study. Furthermore, the pre-exposure of the 

parents towards sublethal concentration could lead to an accumulation in the organisms and a transfer of 

the contaminant to eggs or offspring, respectively (Villarroel et al., 2000). This implicates that the 

juveniles of pre-exposed daphnids have to invest energy reserves for the detoxification of self-reliant in 

taken substances as well as of those maternal transferred contaminant amounts. These increased 

requirements of detoxification processes might be accompanied by higher mortality levels, a reduced 

reproduction or decreased sensitivity. This fact is enforced by temperature and therefore it might be 

temperature-dependent that higher amounts of the fungicide were in taken out of the medium and 

contaminated food. This could lead to high accumulation rates in the organism followed by high mortality 

rates and reduced reproduction levels compared to non-pre-exposed daphnids. These considerations 

implicate that temperature impacts pre-exposed daphnids.  

 In general, standardized test procedures disregard the interaction between the biotic and abiotic 

environment (Antunes et al., 2004). The experiments are conducted at 20°C and therefore the annual 

variability of temperature is not considered, although it is one of the most important abiotic factors 

influencing an ecosystem (Dallas, 2008; Webb et al., 2008; Dallas and Rivers-Moore, 2012). Temperature 

regulates biological processes significantly, like development, reproduction and behavior of organisms 

(Gillooly, 2000). In accordance, the temperature significantly influences the development of D. pulex 

(Tables 4.1, 4.2; Figures 4.4, 4.5) most likely due to a strongly temperature-dependent metabolism and 

filtration rate (Gama-Flores et al., 2011). At 15°C, the metabolism and filtration rates might certainly be 

reduced compared to 20 and 25°C. Hence, fewer algae may have been consumed and consequently 

growth and reproduction are reduced resulting in lowered population growth rates as observed at 15°C 

(Figure 4.4). The most obvious aspects with regard to the population growth are mainly caused by 

temperature and predator stress (Figure 4.4). The pgr of daphnids exposed via medium, food and the 

combination of both is almost identical at 20°C and 25°C. At 15°C it becomes, however, obvious that the 

dual exposure scenario cause a clear reduction in population growth compared to the single exposure 

scenarios. That means that the combination of temperature, medium and food as well as the interaction of 

these stressors influenced the reproduction significantly. However, not only the number of neonates is 

influenced by different temperatures.  

The adult size after 21 d is higher at 20°C and not at 25°C as it can be confirmed by Gama-Flores 

et al. (2011). This is contrary to the assumption that metabolism and filtration rates are enhanced the 

higher the temperature is. Indeed, Burns (1996) demonstrated that with increasing temperature the 

metabolism is enhanced by D. pulex, but the filtration rate remained static at 25°C. This can be a reason 

for the lower size of the daphnids at 25°C. The metabolism is enhanced but due to the steady food uptake 

the daphnids are not able to consume the amount of energy which is needed for development and 

reproduction. That means that 25°C is above the physiological optimum of daphnids and therefore acts as 
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a stressor. The observed mortality during the experiments at this temperature supports this assumption. 

However, temperature does not only react as a single factor. In combination with the factor contaminated 

medium it affects the time of first release and in combination with predator and food it impacts the size 

after 21d. Therefore the assumption that temperature influences the direct and indirect contaminant 

exposure can be confirmed. 

The interactive impact of temperature and fungicide transfer on D. pulex is evident seeing the 

different reproduction rates of the direct, indirect and dual exposure pathways and the control groups in 

dependence on temperature. Notably, the differences between the control and pyrimethanil transfer 

treatments at 15°C are relatively minor if contrasting the differences at 20 and 25°C. According to Haeba 

et al. (2008) the combination of several factors like temperature, pollutant uptake, metabolism and 

available energy resources might be the trigger for the results. At high temperatures, a rapid and increased 

uptake of pyrimethanil may occur, which moreover could be faster metabolized by the daphnids due to 

higher metabolic rates at higher temperatures. Admittedly, such processes happen at costs of the energy 

budget, since resources that could be invested in the reproduction under normal circumstances are now 

necessary for detoxification processes. In the dual exposure at 15°C and 20°C, obviously more neonates 

are produced in contrast to the single scenarios. This enhanced reproduction could be a stress answer 

towards multiple stressors (contaminated medium and food, suboptimal temperature) exposed daphnids. 

The consequences for the following generations can hardly be appreciated. Some studies with 

invertebrates demonstrated that mothers pass the current environmental situation towards their offspring 

resulting in phenotypic or genotypic changes such as a reduced fecundity (Mousseau and Fox, 1998; 

LaMontagne and McCauley, 2001).  

The results depict that temperature relevantly influences the behavior of D. pulex. Increasing 

temperature followed by warmer water bodies lead to an earlier development in the year of the 

zooplankton and a faster reproduction (Giebelhausen and Lampert, 2001). Besides an increase of 

daphnids, higher temperature causes an algal bloom in freshwaters as well (Bornett and Puijalon, 2011). 

An enhanced algal growth would suffer the raised food requirements of the increasing daphnid 

population. Coincidentally with the algal bloom, however, an increased abundance of diatoms and 

cyanobacteria may occur, which are inadequate food sources for daphnids and which replace the edible 

algae by time (DeSenerpont Domis et al., 2007). Moreover, a higher food intake of pesticide 

contaminated algae may lead to stronger toxic effects. These events lead to a breakdown of the 

zooplankton community (Mooij et al., 2005). Furthermore, it has to be considered that temperature not 

only influences the direct and indirect contaminant transfer interactively, but also with regard to climate 

change the amount of applied pesticides in the agriculture (Boxall et al., 2009). Considering, that 

protective acting fungicides such as pyrimethanil are often applied during the whole growing season, the 

toxic impact of sublethal concentrations in combination with temperature stress over a longer period of 

growth could favor the breakdown of daphnid populations followed by unpredictable changes within the 

zooplankton community. Certainly, a breakdown of the daphnid community could decisively impact the 
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ecosystem, because zooplankton is the main food source for lager aquatic invertebrates and fish with an 

eminent impact on the regulation of the phytoplankton. 

Biotic stress as caused by the presence of predators can additionally impact the energy balance of 

daphnids (Harvell, 1990; Loose, 1993; Tollrian, 1995; Beckermann et al., 2010). Energy which is needed 

for reproduction in a predator free habitat is used for the formation of morphological differences and 

adaptive behavior if the predator is present. Although morphological changes were not observed in the 

present study, the daphnids of the control treatment produced obviously more neonates and were finally 

smaller if compared to the animals being exposed to kairomones (Tables 4.1, 4.2). Therefore it can be 

suggested that the kairomone-exposed organisms primarily invested available energy resources into their 

size. This could be a predator induced adaptation of the prey with regard to the size limited feeding 

behavior of the predator. For C. flavicans, organisms being smaller than 0.9 mm have the optimal prey 

size. A fast growth would therefore reduce the duration where daphnids are suitable as prey (Pastorock, 

1981). It has been shown that daphnids react not only with morphological, but also behavioral changes if 

C. flavicans kairomones are present (Harvell, 1990; Loose, 1993; Tollrian, 1995; Beckermann et al., 

2010). In this study, the behavior of daphnids was likewise influenced by the presence of chaoborid 

larvae. Kairomone-exposed daphnids were found on average more often within the upper part of the test 

vessels compared to daphnids without kairomone exposure (not quantified). 

It is described for daphnids that their vertical migration within the water body is altered if 

Chaoboridae are present (Lampert, 2006; Knudsen and Larsson, 2009; Wojtal-Frankiewicz et al., 2010). 

Certainly the test vessels consisted only of a 12 cm water column and therefore it was difficult for the 

daphnids to avoid the predator stress. This might lead to an enhanced movement level followed by a 

decreased food uptake. In accordance to Tollrian (1995), the exposure of D. pulex towards Chaoborus 

kairomones caused an increased growth and a longer time till maturity, for both pre-exposed and non-pre-

exposed daphnids (Table 4.2; Figures 4.3 B, D, 4.5 B, D). Furthermore, the reproductive output is 

affected if Chaoborus is present (Table 4.1) but the pgr is mainly influenced by the predator if the 

daphnids are exposed towards sub-optimal temperatures (25°C) as well (Figure 4.4). One possible reason 

for the difference is the observed mortality and the reduced number of neonates within the treatment. 

Indeed the results vary within the standard deviation for both of the other temperature scenarios. 

Therefore it cannot be falsified or verified if a supplement predator stress has an additive or synergistic 

impact.  

As a matter of fact, it seems like as if the presence of the chaoborids masked the effects of the 

fungicide on the daphnids (Figures 4.3, 4.5) regardless of the pyrimethanil exposure scenario (direct, 

indirect, dual, pre-exposure) seeing the minor differences of the reproductive output among pyrimethanil 

exposed treatments and the control group in the presence of a predator. With regard to an ecosystem these 

effects of contaminants can be concealed at the population level, even though the toxic impact of 

sublethal concentrations strongly impacts the fitness of the zooplankton community. Qin et al. (2011) 

showed that predator stress influenced the sensitivity of Ceriodaphnia dubia towards several pesticides. 

Fish kairomones increased the ecotoxicity of fipronil, malathion and tribufos, but decreased the toxicity 
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of bifenthrin and thiacloprid on C. dubia. Thus, an additive or antagonistic impact of the biotic stressor 

‘predator’ highly depends on the investigated substance. Moreover, Hanazato and Dodson (1995) 

observed a synergistic impact between carbaryl and Chaoborus americanus on the time till release of first 

brood of D. pulex, whereas Coors and De Meester (2008) did not find any combined effect between 

carbaryl and Chaoborus spec. on D. magna regarding the same endpoint. This illustrates that an 

interaction between predator stress and contaminant depends not only on the substance, but is also 

species-specific. 

4.5 Conclusion 

The basic concepts for the risk assessment of xenobiotics are single species/ stressor tests. However, with 

regard to the environment the organisms are exposed towards multiple stress factors which is sometimes 

investigated in mesocosm studies at the community level. Nevertheless, to untangle the effects of multiple 

stressors on single species, multifactorial laboratory tests have to be preferred. We could exemplarily 

show, that the exposure towards single factors like contaminated medium or food caused no effect on 

reproduction, but an effect became visible when several stress factors where combined. Thus multiple 

stress factors may affect aquatic organisms integratively. 

That way sublethal, environmentally relevant concentrations, which did not show a significant effect in 

single stress factor tests, may impact population dynamics, when combined with suboptimal temperature 

what cannot be deduced from standard tests. This result implies the need of adaptation of safety factors 

used for ERA. On the other hand there is no need for safety factor adaptation considering the neglecting 

effects of a predator presence or different exposure pathways. Indeed, the identification of interactive 

ecological and ecotoxicological aspects can be more precisely assessed by the usage of micro- or 

mesocosms studies in ERA. However, in present study we could untangle sublethal and lethal effects of a 

concentration of a low-dosed fungicide on daphnids (via different exposure routes) and their 

modifications by increasing temperature and the presence of a predator. These results may help to better 

discriminate and understand the intrinsic and environmental correlates of changing aquatic ecosystems. 

4.6 Appendix 

4.6.1 Experimental Set Up of the Single Species Tests 

The impact of pyrimethanil on the growth of S. obliquus was tested with a standardized growth inhibition 

test according to OECD guideline 201 (OECD, 2002). Contrary to the guideline test tubes were used 

instead of Erlenmeyer flasks. The test substance pyrimethanil was diluted in algae growth medium with 

nominal concentrations of 0; 3.12; 6.25; 12.5; 20; and 25 mg L
-1

. Each group consisted of five replicates. 

15 mL of the pyrimethanil treated medium containing the appropriate concentration were filled into the 

test tubes and 5x10
4
 algal cells were initially pipetted into the samples. The test tubes were randomly 

allocated in climatic chambers under continuous ventilation and constant lighting (6,400 lux) at a 

temperature of 23°C. The relative humidity was 85% to prevent strong evaporation. After 24, 48 and 

72 h, the chlorophyll α content was photometrically measured at 414 nm. For each replicate, eight 
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aliquots were transferred to a 96 multiwell plate and the extinction was measured using a photometer 

(MultiskanAscent, Thermo Labsysteme).  

The effect of pyrimethanil on the reproductive performance of Daphnia pulex was investigated 

following the OECD guideline 211 for Daphnia magna (OECD 2008). The nominal test concentrations 

were 0; 0.015; 0.03; 0.06; 0.125; 0.25; 0.5; 1.0 and 2.0 mg L
-1

. Cetyl alcohol pellets were used to reduce 

surface tension where the juvenile daphnids could otherwise get caught and consequently perish. The 

cetyl alcohol did not influence the vitality of the daphnids. Additionally, the chronic exposure of 

pyrimethanil towards Chaoborus flavicans was determined. Therefore the midges were priory cultured in 

natural pond water (sieved through a 63 µm, conductivity: 225-306 µS cm
-1

, pH: 7.82-8.27) at 20°C ± 

1°C and were fed once a week with 5 mL of a protozoan/ rotifera suspension (mainly Oxytrichia, 

Taphrocampa and Trichocerca) and with 50 µL of a concentrated Scenedesmus subspicatus solution. The 

nominal concentrations within the experiment were 0; 0.125; 0.25; 0.5; 1.0; 2.0 and 4.0 mg L
-1

. Every 

group consisted of 15 replicates each containing two L1-larvae. After test duration of three weeks, the 

mortality of larvae was recorded.  

 

4.6.2 Results of the Single Species Tests 

Figure 4.6 A displays the increasing inhibition of the cell growth of S. obliquus as assessed after 72 h in 

response to the rising pyrimethanil concentration. Within the control group, the total cell amount is 

14.9x10
5
 (± 2.84) cells. The growth is highly significant inhibited at a concentration of 25 mg L

-1
 with 

3.37x10
5
 (± 2.78) cells. The ecotoxicological specific values were calculated as following: the NOEC is 

12.5 mg L
-1

 and the LOEC is 20 mg L
-1

. In addition, the calculated EC10 value is 14.9 mg L
-1

 with a 

confidence interval (CI) of 11.4-19.4 mg L
-1

 and the EC50 value is 20.9 with a CI of 19.2-22.7 mg L
-1

. 

The reproduction of D. pulex was inhibited in response of rising pyrimethanil concentration as 

indicated by the reduced number of neonates (Figure 4.6 B). The mean number of neonates was 78.2 in 

the control group. First significant difference from the control level was observed at a concentration of 

0.03 mg L
-1

 (21.7 % inhibition). The LOEC was 0.03 mg L
-1

, the NOEC 0.015 mg L
-1

, the EC10 0.016 

mg L
-1

 [CI: 0.008-0.03 mg L
-1

] and the EC50 of 0.69 mg L
-1 

[CI 0.5-0.97 mg L
-1

]. The chronic exposure of 

C. flavicans towards pyrimethanil resulted in an EC10 of 0.06 mg L
-1

 [CI 0.02-0.234] mg L
-1

 and an EC50 

of 1.78 [CI 1.06-2.98] mg L
-1 

(Figure 4.6 C).  
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Figure 4.6 (A-C): Ecotoxicity tests with 

pyrimethanil. A) Scenedesmus obliquus: Inhibition 

of cell growth after 72 h of exposure towards 3.12-

25 mg L
-1

 of pyrimethanil and a control treatment 

[%; mean + SEM]. n = 5. B) Daphnia pulex: 

Inhibition of neonates [%, mean + SEM] after 21 d 

of exposure towards 0.015-2.0 mg L
-1

 of 

pyrimethanil and a control treatment. n = 10. C) 

Mortality of Chaoborus flavicans larvae [%, mean] 

after 21 d of exposure towards 0.125-4.0 mg L
-1

 of 

pyrimethanil and a control treatment. n = 12. 

Dotted lines present the EC10 and EC50 values. 
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5. Life Stage-specific Effects of the Fungicide Pyrimethanil and 

Temperature on the Snail Physella acuta (DRAPARNAUD, 

1805) Disclose the Pitfalls for the Aquatic Risk Assessment 

under Global Climate Change 

 

Abstract 

It can be suggested that the combined stress of pesticide pollution and suboptimal temperature influences 

the sensitivity of life stages of aquatic invertebrates differently.  

The embryo, juvenile, half- and full-life-cycle toxicity tests performed with the snail Physella acuta at 

different concentrations (0.06 - 0.5 or 1.0 mg L
-1

) of the model fungicide pyrimethanil at 15, 20 and 25°C 

revealed, that pyrimethanil caused concentration-dependent effects at all test temperatures. Interestingly, 

the ecotoxicity of pyrimethanil was higher at lower (suboptimal) temperature for embryo hatching and F1 

reproduction, but its ecotoxicity for juvenile growth and F0 reproduction increased with increasing 

temperature. 

The life-stage specific temperature-dependent ecotoxicity of pyrimethanil and the high fungicide 

susceptibility of the invasive snail clearly demonstrate the complexity of pesticide-temperature 

interactions and the challenge to draw conclusions for the risk of pesticides under the impact of global 

climate change. 

5.1 Introduction 

Increased temperature and dryness during summer months as predicted under global climate change 

(GCC) may induce land use changes (Bloomfield et al., 2006). An intensified use of agro-chemicals is 

expected and additionally, predicted extreme weather events and thereby increased run-off may lead to an 

enhanced entry of pesticides into surface waters (Bloomfield et al., 2006; Schroll et al. 2006; Müller et 

al., 2010). 

Fungicides represent a major class of pesticides used in agriculture (Berenzen et al., 2005). One 

of these fungicides is pyrimethanil which is currently used in apple orchards (application rate: 600 g ha
-1

) 

and vineyards (application rate: 1 kg ha
-1

) to combat mildew and gray mold. The current predicted 

environmental concentration of pyrimethanil in surface waters accounts to approximately 90 µg L
-1

 in 

apple orchards and 27 µg L
-1

 for vine cultures (EFSA, 2006). Further, the fungicide has frequently been 

detected in European surface waters with values up to 6.8-70 µg pyrimethanil L
-1

 or 272 µg kg 
-1

 within 

sediments (Schlichtig et al., 2001; Verdisson et al., 2001; Kreuger et al., 2010; Schäfer et al. 2011). 

The response of aquatic communities to the combined impact of agrochemicals and GCC will strongly 

depend on the reaction of aquatic key species (Heugens et al., 2001; Vinebrooke et al., 2004; Thuiller, 

2007; Ferreira et al., 2010; Vandenbrouck et al., 2011). Knowledge on biological reactions and adaption 

potential of species and communities toward stressor combinations is however insufficient (Kwok and 

Leung, 2005; Lannig et al., 2006; Oetken et al., 2009). The few available studies demonstrated that the 
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toxicity of xenobiotics most often increases under the impact of higher temperature (Cairns et al., 1975; 

Gagné et al., 2007). A study conducted by Schäfer et al. (2007) showed that macroinvertebrate 

communities can be affected at low pesticide levels due to a combined synergistic impact of multiple 

natural stressors and pollution in the field. Further cumulative additive effects and non-additive 

interactions of natural antagonists and pollutants can result in remarkable impacts on ecologically relevant 

parameters (Coors and De Meester, 2005). Therefore to advance the knowledge about chronic impacts of 

chemicals on the aquatic environment, it is useful to expose key organisms for a longer time towards 

pollutants and monitor for their adaptive or sensitized responses (Bossuyt et al., 2005, Massarin et al., 

2010, Staples et al., 2011, Salice et al., 2010, Müller et al., 2012). Our recent research on pyrimethanil 

supports a positive toxicity-temperature relationship. For example, Daphnia magna (Straus, 1820) and 

Chironomus riparius (Meigen, 1804) being generally adapted to temperatures around 20°C reacted more 

sensitive to low doses of the fungicide under increased temperature (Müller et al., 2012; Seeland et al., 

2012 b). Conversely, other studies reported a negative correlation between temperature and toxicity. For 

example, pesticides like DDT and pyrethroids caused a higher ecotoxicity under lower temperatures 

(Gordon, 2005). To further increase the complexity, the reaction to multiple stressors is often species-

specific (Gordon, 2005; Deschaseaux et al., 2010).  

Besides, not only the pesticide or species under investigation is of decisive importance, even the 

investigated developmental stage may influence the outcome of ecotoxicological temperature 

experiments. Sawasdee and Köhler (2009, 2010) showed that it is of utmost importance to understand the 

sublethal effects of toxicants on various developmental stages. This finding contrasts the majority of 

multiple stressor research on fish and aquatic invertebrates (Hamilton, 1995; Clearwater et al., 2002; 

Grosell et al., 2006; Osman et al., 2007; Vieira et al., 2009; Yadav and Trivedi, 2009), where the toxicity 

of pesticides is mainly examined in mature aquatic stages considering mortality (Sawasdee and Köhler, 

2010). To predict the impact of temperature and xenobiotics on the development of highly sensitive 

growth stages, it might be useful to examine eggs (Luckenbach et al., 2001; Osterauer et al., 2009). 

Particularly the often pellucid eggs of snails are promising to monitor stress effects on the development of 

embryos (Schirling et al., 2006; Sawasdee and Köhler, 2009). Gastropods are moreover highly relevant in 

freshwater ecosystems and fulfill all requirements of good bio-indicators (Melo et al., 2000; Oehlmann et 

al., 2007; Das and Khangarot, 2011). 

One omnipresent, dominant and invasive mollusc is the freshwater snail Physella acuta 

(Draparnaud, 1805) (Basommatophora, Physidae) living in streams, lakes and ponds (Bacchetta et al., 

2001). P. acuta has a holarctic origin but meanwhile it is distributed worldwide, except of the Antarctic 

and Artic regions. The success of the snail in conquering new habitats is based on its high reproduction 

rates, high passive dispersal capacities and an advanced tolerance against disturbed environments, 

pollution and high temperature (Brackenburry and Appleton, 1993; Albrecht et al., 2009). P. acuta is 

hermaphroditic and can reproduce uni- and biparentally (Sánchez-Argüello et al., 2009).  

With regard to the uncomplicated monitoring of its life-stages, P. acuta is a very useful test 

organism to test the hypothesis if single and potential interactive effects of pyrimethanil and temperature 
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differ between life stages. The hypothesis was tested by means of an embryo toxicity test, a juvenile 

growth test, a half- and full-life-cycle test (F0 and F1), which were conducted at a broad concentration 

range and three constant test temperatures. 

5.2 Material and Methods 

5.2.1 Test Organisms and Test Substance  

Physella acuta originated from our in-house culture (Institute for Ecology, Evolution and Diversity, 

Goethe University Frankfurt am Main). The snails were cultured in ISO medium according to the OECD 

guideline 211 (OECD, 2008) at a light:dark cycle of 16:8 h and 20° ± 1°C. The water was renewed once a 

week and snails were fed with Tetra Min
®
 ad libitum. 

The test substance pyrimethanil (CAS-No: 53112-28-0, PESTANAL
®
, analytical standard 

(99.9%)) was obtained from Sigma-Aldrich (Steinheim, Germany). The chemical behavior of 

pyrimethanil at three test temperatures was exemplarily measured in the concentration range of 0.15 to 

2.5 mg L
-1

 during six days in accordance to the HPLC protocol for water samples published by Müller et 

al. (2012). The nominal pyrimethanil concentrations used for ecotoxicological bioassays ranged from 0.06 

to 0.5 or 1.0 mg L
-1

 plus control and were received from effect concentrations determined in preliminary 

tests (for more information see Appendix).  

 

5.2.2 Ecotoxicological Bioassays 

Embryo toxicity test at three temperatures 

For the embryo test, eggs were isolated from 24 h-old egg masses by removing its surrounding gelatinous 

mass and separated into cavities of a 24-well plate. Each cavity was filled with 2 mL of either pure or 

pyrimethanil-spiked ISO medium. For each treatment, twelve replicates with one egg each were exposed 

to 15°C, 20°C and 25°C in climate chambers (MKKL 1200, Flohrs Instruments GmbH, Netherlands). 

Once in a week the water was renewed. The experiment lasted for two weeks in minimum and for 

four weeks in maximum, depending on the temperature-dependent full hatching success of controls. The 

development of the embryos was daily documented with an inverse microscope (Axiovert 40c, Zeiss, 

Oberkochen) by means of the following endpoints: embryonic development stage (Figure 5.1), day of 

hatching, hatching success, mortality, and anomalies. Hatching was defined as an embryo had left the egg 

integument, while morphologic alterations compared to the control group (malformation, cessation of 

development, deformation/ loss of the shell) were summarized as anomalies. In addition the heartbeat rate 

(beats per minute, bpm) was determined after the heart had developed.  
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Figure 5.1: Embryonic development of Physella acuta. Four embryonic developmental stages and deformation after 

exposure to pyrimethanil of P. acuta. A = morula/ gastrula (1
st
 day), B = trochophora (4

th
 day), C = veliger (6

th
 day), 

D = hippo (8
th

 day), E/ F = edema and deformation of shell (0.25 mg L
-1

). 

 

Juvenile growth test at three temperatures 

For the assessment of the juvenile growth test freshly hatched juveniles were used. The juveniles were 

placed into 12-well-plates (equates twelve replicates), where each cavity contained 5 mL of the control or 

respective pyrimethanil solution. At the beginning of the six weeks experiment the shell length of the 

juveniles was measured (0.808 ± 0.004 mm) using a microscope and an image analysis system (Diskus 

version 4.50, Hilgers, Königswinter, Germany) and afterwards they were transferred to climatic chambers 

with temperatures of 15°C, 20°C and 25°C. Once a week, the shell length of juveniles was measured and 

documented. Likewise once a week, the water was renewed and snails were fed with Tetra Min
®
. 

Incipient with a size of approximately 1.5 mm (after three weeks of the beginning of the test), the snails 

were all transferred to 100 mL glass beakers which contained 50 mL of the respective 

control/ pyrimethanil solutions and were covered with small glass lids. This was necessary to avoid that 

larger snails drop out. 

 

Half- and full-life cycle tests at three temperatures 

For the half-life cycle test fertile adult snails (F0 generation) were exposed to 15°C, 20°C or 25°C. The 

snails were acclimated to the respective test temperatures for 14 d and exposed in five replicates with 

three snails per replicate for 28 d. Thereby, 250 mL glass beakers closed with a lid were used as test 

vessels, while the test medium was aerated via Pasteur pipettes. Once a week, the renewal of medium was 

followed by a new application of pyrimethanil. Twice a week, the snails were fed with 5 mg Tetra Min
®
 

per snail
 
and day and in parallel, egg masses, detritus and dead snails were removed from the vessels. For 

further experiments the egg masses were transferred to 1 L glass beakers filled with the respective 

control/ pyrimethanil solutions. The 1 L containers were again incubated at 15°C, 20°C or 25°C.  

For the full-life-cycle-test, the resultant embryos (F1 generation) were transferred to 10 L aquaria filled 

with the respective control/ pyrimethanil solutions and exposed at 15°C, 20°C and 25°C. The medium 

500 µm 

A B C 

D E F 
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was renewed and again spiked with pyrimethanil once a week and the snails were fed with Tetra Min
® 

ad 

libitum. Once the F1 snails were sexually mature again, the second full-life cycle test (F1) was 

implemented as described above. Thereby, the egg masses produced by F1 individuals were retained in 

24-well-plates for monitoring the fertility. 

 

5.2.3 Data Analysis 

Data were analyzed using the software programs Microsoft
®
 Excel

®
 and GraphPad Prism


 (version 5.03) 

and Statistica


 (version 7.1). If not stated differently, data is reported as mean [± standard deviation]. The 

10% and 50% effect concentrations (EC10, EC50) for the toxicity tests were derived using a non-linear 

regression curve fit model. To calculate the no observed effect concentration (NOEC) and the lowest 

observed effect concentration (LOEC), all data sets were first checked for normal distribution with the 

D‘Agostino- and Pearson test (n  8) or the Kolmogorov-Smirnov test (n = 5 to 7). In addition, 

percentage data were arcsine transformed and the homogeneity of variances was testes with Cochran’s or 

Levine’s test (p < 0.01). If both criteria for the application of parametric tests were fulfilled, the 

ecotoxicity of pyrimethanil under different temperatures was analyzed using a two-factorial ANOVA 

followed by Tukey post-tests (p ≤ 0.05). 

5.3 Results 

5.3.1 Combined Effects of Pyrimethanil and Temperature on Embryonic Development 

The hatching time of the controls decreased (Figure 5.2 A) and the heartbeat increased significantly with 

increasing temperature. While the average heart rate was 67 bpm in the 15°C control, it increased to 90 

bpm at 20°C and to 112 bpm at 25°C. An additional exposure to pyrimethanil led to a delayed hatching 

and a faster heartbeat of the embryos (Figure 5.6). But not only the individual stressors temperature and 

pyrimethanil, also their combination influenced the hatching time and the embryonic heartbeat 

significantly (Table 5.1). Similarly, temperature, pyrimethanil as well as their interaction highly 

influenced the degree of embryonic deformation and mortality (Figure 5.1, Table 5.1).  
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Figure 5.2: Thermal response of developmental stages of Physella acuta. A) embryo development expressed as 

hatching day [d, mean + SD]; B) juvenile growth expressed as shell height [mm, mean + SD]; C) egg masses per 

snail produced by the F0 generation [mean + SD]; D) egg masses per snail produced by the F1 generation [mean + 

SD]. Significant differences: = p < 0.05;  = p < 0.001. 

 

Table 5.1: Life stage dependent impact of abiotic stress factors on Physella acuta. Individual and interactive 

effects of temperature (T) and pyrimethanil (Pyr) on the performance of embryos, juveniles, and adults of 

P. acuta tested with a two-way ANOVA. The degrees of freedom, F- and p-values are shown. Significant 

differences:  = p < 0.05,  = p < 0.001. 

 
Dependent variable Factor df F-value p-value  

Embryo toxicity test T 2 45.531 < 0.001  

 Hatching Pyr 5 131.76 < 0.001  

 T x Pyr 10 12.650 < 0.001  

 T 4 2.5964  0.036  

 Deformation and mortality Pyr 10 38.706 < 0.001  

 T x Pyr 20 2.6542 < 0.001  

 

 
T 4 7.0793  < 0.01  

 Heartbeat Pyr 10 5.6894 < 0.001  

 T x Pyr 20 9.5717 < 0.001  

Juvenile growth test T 2 48.050 < 0.001  

 Final size Pyr 4 67.778 < 0.001  

 T x Pyr 8 12.611 < 0.001  

Half life cycle test T 2 28.021 < 0.001  

 Egg masses per F0 snail Pyr 5 50.618 < 0.001  

 T x Pyr 10 2.2840  0.022  

Full life cycle test T 2 123.14 < 0.001  

 Egg masses per F1 snail Pyr 5 208.53 < 0.001  

 T x Pyr 10 20.065 < 0.001  
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No mortality or embryonic deformations could be detected in the controls and in the lowest 

pyrimethanil treatments (60 µg L
-1

) at all test temperatures (Figure 5.3). But the higher the pyrimethanil 

concentration was, the higher the number of deformed or deceased embryos was regardless of the test 

temperature (Figure 5.3). The number of embryos showing abnormalities (maximum = 53.8% at 

0.25 mg L
-1

 and 15°C) decreased at higher pyrimethanil concentrations while the mortality 

simultaneously increased. In the highest pyrimethanil test concentration (1.0 mg L
-1

), the embryo 

mortality reached 91.7% at 15°C, 83.3% at 20°C and 100% at 25°C indicating a trend for an increased 

ecotoxicity of pyrimethanil at higher temperatures. In contrast, the EC10/50-values point to a decreasing 

toxicity of the fungicide with increasing temperature, although the confidence limits overlap strongly 

(Table 5.2). 

 

 

Figure 5.3: Embryo toxicity test with Physella acuta. Deformation [%, mean + SEM] and mortality [%, mean + 

SEM] of embryonic snails after exposure to 0.06-1.0 mg L
-1

 of pyrimethanil and a control treatment at three 

temperatures (15°C, 20°C, 25°C). Significant differences to control (n = 12):  = p < 0.01,  = p < 0.001 for 

deformation;  = p < 0.01;  = p < 0.001 for mortality. C = control. 

 

5.3.2 Combined Effects of Pyrimethanil and Temperature on Juvenile Growth 

After six weeks, the final size of the juveniles was highly influenced by the single and combined impact 

of temperature and the fungicide (Table 5.1). The juvenile snails reached a size of 3.76 ± 0.69 mm at 

15°C if they were exposed to ISO medium only. At 20°C the control snails grew to a size of 4.40 ± 1.13 

mm, while the significantly strongest juvenile growth was observed in the controls at 25°C (7.20 ± 0.91 

mm) (Figure 5.2 B). Compared to the respective control treatments, the size of the juveniles significantly 

increased after exposure to pyrimethanil at 0.06 to 0.12 mg L
-1

 at 20°C (47.2 and 43.8%), whereas no 

significant effects were observed in the range of 0.06 to 0.25 mg L
-1 

at 15°C, and adverse effects on 

juvenile growth appeared after exposure to 0.06 and 0.25 mg L
-1 

at 25°C (reduction by 35.2 and 34.8%) 

(Figure 5.4). 

At 0.5 mg L
-1

, the growth was significantly reduced compared to the control treatments at 15°C 

(0.85 ± 0.22 mm, reduction by 83.4%) and 20°C (1.35 ± 0.32 mm, reduction by 69.4%) and led to 100% 
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mortality at 25°C. This pattern clearly shows that the ecotoxicity of pyrimethanil on juvenile growth 

increased with increasing temperature, although the results of the ECx calculations point to the opposite 

direction (Table 5.2).  

 

 
Figure 5.4: Juvenile growth test with Physella acuta. Size of juvenile snails [mm, mean + SD] after six weeks of 

exposure towards 0.06-0.5 mg L
-1

 of pyrimethanil and a control treatment at three temperatures (15°C, 20°C, 25°C). 

Significant differences to control (n = 12):  = p < 0.01;  = p < 0.001.  = 100% lethality.  
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Table 5.2: Ecotoxicity values of Physella acuta. NOEC, LOEC and EC10/50 values [mg L
-1

], and the percentage 

variance of the confidence interval derived from ecotoxicological test performed with different life stages of 

Physella acuta at three test temperatures (15°C, 20°C, 25°C). Arrows point to an increased (↑) or decreased (↓) 

pyrimethanil toxicity or variance of the response in dependence on temperature, while the equal sign (=) indicates 

no temperature dependent ecotoxicity. 

Test 

(endpoint) 
NOEC 

[mg L
-1

] 
LOEC 

[mg L
-1

] 
EC10 ± CI [mg L

-1
] EC50 ± CI [mg L

-1
] 

CI [%) 

EC10  EC50 

Embryo toxicity test (mortality) 

 = = ↓ ↓ ↑ ↑↓ 

15°C 0.25 0.5 0.218 ± [0.166-0.285] 0.355 ± [0.303-0.415] 54.6 31.5 

20°C 0.25 0.5 0.244 ± [0.169-0.353] 0.402 ± [0.339-0.475] 75.4 33.8 

25°C 0.25 0.5 0.346 ± [0.238-0.503] 0.529 ± [0.471-0.594] 76.6 23.3 

Juvenile growth test (final size)  

 ↑ ↑ (↓) (=) (↑) (↑) 

15°C 0.25 0.5 0.033 ± [0.016-0.067] 0.213 ± [0.160-0.283] 15.5 57.7 

20°C < 0.06 0.06 n.d. n.d. n.d. n.d. 

25°C < 0.06 0.06 0.185 ± [0.022-0.123] 0.224 ± [0.162-0.309] 54.6 65.6 

Half life cycle test (egg masses per F0 snail)  

 = = ↓ (=) ↑↓ (↓) 

15°C 0.25 0.5 0.115 ± [0.060-0.212] 0.403 ± [0.305-0.533] 132.2 56.6 

20°C 0.25 0.5 0.200 ± [0.133-0.302] 0.395 ± [0.327-0.477] 84.5 38.0 

25°C 0.25 0.5 0.292 ± [0.159-0.534] n.d. 128.4 n.d. 

Full life cycle test (egg masses per F1 snail)  

 ↑ ↑ (=) ↓ ↑ ↑↓ 

15°C 0.06 0.12 0.078 ± [0.065-0.092] 0.112 ± [0.109-0.116] 34.6 6.3 

20°C 0.12 0.25 0.102 ± [0.064-0.116] 0.204 ± [0.167-0.248] 51.0 39.7 

25°C < 0.06 0.06 0.090 ± [0.017-0.465] 2.371 ± [0.009-593.4] 497.8 24.7 



CHAPTER 5 - LIFE STAGE-SPECIFIC EFFECTS OF PYRIMETHANIL ON PHYSELLA ACUTA  

92 

5.3.3 Combined Effects of Pyrimethanil and Temperature on F0 Survival and Reproduction  

The mortality of controls and pyrimethanil treatments in the F0 snails tended to increase with increasing 

temperature, while the mortality within a certain temperature treatment (25°C) achieved its maximum 

(59.6%) at the highest pyrimethanil concentration (Table 5.3). The reproduction of the F0 survivors was 

likewise highly dependent on the temperature (Table 5.1; Figure 5.2 C). The amount of egg masses snail
-1

 

under control conditions significantly increased in response to rising temperature (6.74 ± 1.62 egg masses 

snail
-1

 at 15°C, 10.1 ± 1.79 egg masses snail
-1

 at 20°C, 10.1 ± 2.12 egg masses snail
-1

 at 25°C; Figure 

5.5 A).  

 

Table 5.3: Mortality and fertility during reproduction tests. Mortality of adult organisms and the fertility of 

produced egg masses [%]. + = poor reproduction reproduction (= too few egg masses available to asses a second 

generation); x = no data available. 

 F0 F1 

 15°C 20°C 25°C 15°C 20°C 25°C 

Mortality       

Control 0 6.6 26.4 0 0 0 

0.06 mg L
-1

 6.6 13.2 26.4 0 0 0 

0.12 mg L
-1

 6.6 6.6 39.6 0 0 0 

0.25 mg L
-1

 6.6 6.6 39.6 0 0 0 

0.5 mg L
-1

 6.6 19.8 46.4 x x x 

1.0 mg L
-1

 13.2 46.4 59.6 x x x 

Fertility       

Control 

continuation to F1 

(therefore no calculation of fertility) 

92.0 87.3 82.8 

0.06 mg L
-1

 81.5 85.8 86.5 

0.12 mg L
-1

 76.9 78.4 76.9 

0.25 mg L
-1

 0 67.8 78.2 

0.5 mg L
-1

 + + + x x x 

1.0 mg L
-1

 + + + x x x 

 

Pyrimethanil in the test media degraded slightly within six days, but similarly at all test temperatures 

(22.1 ± 8.9% at 15°C, 14.8 ± 15.1% at 20°C, 20.1 ± 13.0% at 25°C). Hence the time weighted average 

pyrimethanil exposure for P. acuta was comparable at all temperatures (Table 5.4) during the regular 

interval of medium renewal in the test vessels.  

 

Table 5.4: Time weighted average pyrimethanil concentration during six days. Time weighted average pyrimethanil 

concentration [mean ± SD] in the test medium after six days of exposure to 15°C, 20°C or 25°C. n = 3. 

 0.15 mg L
-1

 0.3 mg L
-1

 0.6 mg L
-1

 1.25 mg L
-1

 2.5 mg L
-1

 

15°C 0.14 ± 0.01 0.27 ± 0.04  0.56 ± 0.09  1.17 ± 0.16  2.63 ± 0.16 

20°C 0.15 ± 0.02  0.33 ± 0.05  0.63 ± 0.06  1.27 ± 0.14  2.48 ± 0.22 

25°C 0.15 ± 0.01  0.30 ± 0.03  0.64 ± 0.08  1.24 ± 0.16  2.52 ± 0.12 

  

True for every temperature, egg mass production decreased in dependence on pyrimethanil concentration. 

In particular at concentrations higher than 0.25 mg L
-1

, the egg mass production was strongly reduced 

(~factor 2 to 4). The ecotoxicological effect patterns were very similar between temperature regimes as 
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indicated by the identical NOEC/ LOEC values calculated for every temperature treatment. Although the 

impact of the two single stressors seems to be dominant, temperature and the fungicide acted interactively 

(Table 5.1). Indeed the percentage of inhibition at the highest test concentration differed between 

temperature treatments with 72.7% at 15°C, 80.9% at 20°C and 80.6% at 25°C. In opposite, the EC10 

values of the F0 with 0.115 mg L
-1

 (15°C), 0.200 mg L
-1 

(20°C) and 0.292 mg L
-1

 (25°C) implied a 

decreased pyrimethanil toxicity at rising temperature.  

 

5.3.4 Combined Effects of Pyrimethanil and Temperature on F1 Survival and Reproduction 

First it should be noted that as a result of the poor reproduction of F0 adults at 0.5 and 1.0 mg L
-1

, a F1 

could not be established for these pyrimethanil treatments. Furthermore, large differences between the F0 

and F1 life cycle tests became obvious. In contrast to the F0, all adult snails of the F1 survived the 

temperature and pyrimethanil exposure (Table 5.4). Moreover, if comparing the egg mass production 

between the two full-life cycle tests, the F1 adults in the controls and lower pyrimethanil treatments 

doubled at 15°C (12.4 ± 1.86 egg masses snail
-1

) and 25°C (17.9 ± 1.56 egg masses snail
-1

) (Figures. 

5.2 C, D, 5.5). On the other hand, the reproductive power of the controls did not differ among the two life 

cycle tests at 20°C (F0: 10.1 ± 1.79 egg masses snail
-1

, F1: 9.66 ± 1.13 egg masses snail
-1

).  

The response of F1 snails to pyrimethanil differed strongly from the F0 at all test temperatures. At 

20°C, first significant effects were detected at 0.25 mg L
-1

, which means at one concentration step lower 

than the LOEC assessed in F0. The alteration of pyrimethanil ecotoxicity became more evident at 15°C 

seeing that the snails died at 0.25 mg L
-1

 which was a pyrimethanil concentration without effects for the 

F0. Moreover, at a concentration of 0.125 mg L
-1

, the reproduction was severely inhibited if compared to 

the control (59.9%). Even at the optimal temperature of 25°C (Figure 2D), significant adverse 

pyrimethanil effects became apparent at low concentrations although the general high production level 

put the adverse effects at 25°C into perspective. Nevertheless, the EC10 values for the F1 are in the same 

range for the three temperatures with 0.078 mg L
-1 

(15°C), 0.102 mg L
-1

 (20°C) and 0.090 mg L
-1

 (25°C) 

which may be again reasoned by the overlapping confidence intervals. 

The endpoint fertility of eggs generally mirrored the temperature and pyrimethanil effects 

observed for the endpoint egg mass snail
-1

 (Figure 5.5 B). In brief, the highest fertility rate was detected 

in the control treatment at 15°C, whereas the lowest fertility was observed at 0.25 mg L
-1

 and 20°C (Table 

5.3) 

.  



CHAPTER 5 - LIFE STAGE-SPECIFIC EFFECTS OF PYRIMETHANIL ON PHYSELLA ACUTA  

94 

 
Figure 5.5: Reproduction test with Physella acuta. Produced egg masses of each adult [mean + SD] after 28 days of 

exposure towards 0.06-1.0 mg L
-1

 (F0) and 0.06-0.25 mg L
-1

 (F1) of pyrimethanil and a control treatment at three 

temperatures (15°C, 20°C and 25°C). A) Reproduction of the F0 generation, where only adults incurred fungicide 

exposure; B) reproduction of the F1 generation, which parents were already exposed to the fungicide. Significant 

differences to control (n = 5):  = p < 0.01; = p < 0.001. C = control;  = 100% lethality. n.a. = not 

available for the F1. n = 5. 

 

5.4 Discussion 

The thermal optimum of Physella acuta was reported to be between 20-30°C (Thomas and McClintock, 

1990; Brackenbury and Appleton 1991; Albrecht et al., 2009). In accordance, the highest test temperature 

of 25°C advanced the development of P. acuta with regard to the hatching of embryos, the juvenile 

growth and the reproduction of adult snails, while 20°C was less beneficial for the species (Fig. 5.2). 

Nevertheless, the broad thermal tolerance of P. acuta reflects the good adaptation of the species to the 

thermal environment in small, shallow and even marginal water bodies with a low velocity which are all 

characterized by daily and seasonally strong temperature fluctuations (Thomas and McClintock, 1990). 

Moreover, the adaptation of P. acuta to high water temperatures might be of great advantage for its 

population dynamics under GCC. 

However, notwithstanding is the finding, that the F0 adult snails in the control treatments revealed 

a considerably increased mortality at 25°C, although no mortality could be observed in the F1 adults at all 
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temperatures (Table 4). The increased mortality of P. acuta adults in the F0 may owe to the fact that the 

adult snails were taken from the breeding stock cultured at 20°C for several generations and acclimated to 

the particular test temperatures for only 14 days. In contrast, the F1 snails were exposed to the test 

temperatures from the very beginning of their embryonic life and might therefore be excellently thermally 

adapted. The differing thermal responses of two following generations denote the very slow-acting 

thermal acclimation of P. acuta - at least true for their adults - and should be considered in future 

temperature experiments. 

In the context of GCC, aquatic species are not only affected by temperature alterations (Bicego et 

al., 2007; Schiedek et al., 2007). Although Bicego et al. (2007) mentioned that only few environmental 

factors have a comparable or even larger impact on animal energetics than temperature, the impact of 

pollutants as significant stressors for the aquatic fauna should be considered as well. Several studies 

showed that the ecotoxicity of xenobiotics frequently alter in dependence on the temperature (Brecken-

Folse et al., 1994; Holmstrup et al., 2010; Müller et al., 2012). In accordance, temperature and 

pyrimethanil influenced the developmental stages of P. acuta interactively, but unexpected strongly and 

differently. The increased ecotoxicity of pyrimethanil on embryonic development and F1 reproduction of 

P. acuta at 15°C supports the hypothesis that the ecotoxicity of pollutants is most pronounced at species-

specific suboptimal temperatures. Nevertheless, juvenile growth and F0 survival and reproduction were 

most affected by the fungicide at 25°C, although the increased F0 reproductive inhibition owed obviously 

to the high control reproduction and the high F0 mortality accounted most probably to an acclimation 

effect. However, if regarding only the embryo toxicity test, the juvenile growth test and the F1-full-life-

cycle test, the results clearly show, that a temperature-ecotoxicity relationship depends not only on the 

focused chemical or species as earlier reviewed by Cairns et al. (1975) and Heugens et al. (2001), but also 

differs among life-stages. 

Pyrimethanil strongly inhibited the embryonic development, while the ecotoxicity increased with 

decreasing temperature (Fig. 5.3). True for all temperatures, first embryonic malformations emerged at 

120 µg L
-1

 and were stepwise replaced by mortality at higher fungicide concentrations. Embryonic 

deformations are not a pyrimethanil-specific phenomenon since many environmental pollutants (e.g. 

endocrine disruptors, heavy metals, pesticides) can initiate malformations or other developmental changes 

in snail embryos (Hutchinson, 2002; Sawasdee and Köhler 2009; Osterauer et al., 2011). The stronger 

pyrimethanil effect on the embryonic development at 15°C (Fig. 5.3) might be well explained by a 

generally low metabolism and therefore very slow-running cell repair mechanisms at this suboptimal 

temperature. The assumption of low metabolic activity becomes strongly supported by the twofold 

prolonged developmental time observed at 15°C (Fig. 5.2) and a slowed heartbeat. Alternatively, the 

stronger pyrimethanil effects at 15°C could be reasoned by the prolonged exposure of the embryos. 

However, the susceptibility of P. acuta-embryos towards pesticides will decrease under GCC conditions 

and thereby may support the invasive potential of the species. On the other hand in a hypothetic GCC 

scenario population size would be severely affected seeing that the juveniles responded more sensitive 

towards pyrimethanil than the embryos (Table 5.2).  
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This result contradicts the statement that early developmental stages of aquatic invertebrates are 

more sensitive than older ones (Gomot, 1998; Aguirre-Sierra et al., 2011). For instance all juveniles of P. 

acuta ceased at 500 µg L
-1

 at 25°C, while the deformation and mortality of embryos in this treatment 

counted altogether only ~45%. One possible reason for the reduced pyrimethanil susceptibility of 

embryos might be the egg integument. The integument protects the egg against harmful environmental 

influences, whilst the replacement of inorganic ions and water via the membrane can proceed (Beadle, 

1969). Probably therefore and due to the fact that the whole body of juveniles is exposed towards the 

toxicant, effect concentrations calculated for juveniles by Oliveira-Filho et al. (2005) and in the present 

study were lower than those for eggs. Besides, the fungicide-temperature effect pattern of juvenile snails 

is more complex than that of the embryos, in particular at lower pyrimethanil concentrations (Fig. 5.4). 

Due to temperature impairing metabolism, movement and food intake of the juvenile snails (Smit and 

Van Gestel 1997; Donker et al., 1998), it might be that an enhancement in growth coupled with an 

increasing pyrimethanil uptake leads to a higher mortality. Additionally, this effect might be enforced by 

their higher surface area to volume ratio which leads to a greater potential for agitation of water and ions 

across their surface (Kefford et al., 2004).  

As earlier mentioned it is recognized that early developmental stages of most organisms are 

generally more sensitive to pollutants than older stages (Kefford et al., 2004). This is true for a part of our 

experiments, namely if the results of the juvenile growth test are compared with the F0 of the full-life-

cycle test. The exposed adult snails do not react as sensitively to pyrimethanil as the juveniles with EC10-

values of 0.115, 0.200 and 0.292 mg L
-1

. However, the adult snails are more sensitive to pyrimethanil 

under the 15°C treatment which is similar to the results of the embryo and juvenile tests. It is conceivable 

that the snails did not ingest as much food like those snails being exposed to 20°C and 25°C because their 

metabolic rate is reduced due to the low temperature being confirmed by food remains in the vessels. A 

lower food intake is followed by a low energy budget; energy which is needed to compensate the 

disturbance of the homeostasis which is caused by insufficient temperature and pollutants might become 

reduced and energy reserves may corrode (Calow and Silby, 1990). 

Energy consuming processes like repair and detoxifying mechanisms may have demanded for 

energy that otherwise could be used for offspring production. The egg mass production increased at 20°C 

and 25°C compared to 15°C and independent of the pyrimethanil concentration, the production of egg 

masses was also enhanced if compared to the control. The stimulating effects of temperature are likewise 

illustrated by the study of Van der Schalie and Berry (1973). Their experiments with Physa gyrina (Say, 

1821) showed that the amount of egg masses increased between 10°C and 30°C, with an optimum at 

24°C. In relation to the egg masses the optimal temperature is between 20 and 25°C for P. acuta as well. 

That the energy reserves increases cannot only be seen for snails but for daphnids as well. Bergman Filho 

et al. (2011) showed that natural stressors, like increasing temperatures, can cause alterations in the 

energy budget, in particular on protein and sugar contents. At the end these changes may result in 

modifications in individual growth or reproduction, changing at the end the whole population structure. 
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Most probably, the low fungicide concentration cannot retort the positive influence of the 

increasing temperatures. It has been shown for aquatic invertebrates that low NaCl concentrations in 

connection with high temperatures caused highest developmental rates in juveniles (Hall & Burns, 2002). 

Indeed, if certain concentrations of pollutants are exceeded the detoxification processes and retention of 

homeostasis consumes for a higher energy budget (Coutellec and Lagadic, 2006) more than available and 

therefore less egg masses are produced the higher the temperature and pyrimethanil levels are. This effect 

is enhanced by low oxygen concentrations at higher temperatures in the water bodies. Moreover, the 

positive correlation between toxicity and increasing temperatures might be accompanied by an increased 

uptake of the chemicals and sensitivity due to an enhanced metabolism rate (Gagné et al., 2007; Oetken et 

al., 2009; Holmstrup et al., 2010) followed in this case by high mortality rates of the adults (59.6%) in the 

F0 at 1.0 mg pyrimethanil L
-1

 and 25°C.  

Numerous studies report a decrease in the fertility of snails due to xenobiotics (e.g. Coutellec and 

Lagadic 2006; Oliveira-Filho et al., 2009; Das and Khangarot 2011). Indeed the egg masses produced by 

the F0 were not fertilized at 0.5 and 1.0 mg L
-1

 at all test temperatures, but not any fertilized egg masses 

were observed in F1 adults at one concentration step lower (0.25 mg L
-1

) at 15°C. The suboptimal low 

temperature may have induced stress reactions like the damage of subcellular structures or the disturbance 

of the homeostasis (Halliwell and Gutteridge, 1999). This may have resulted in severe and long-lasting 

cellular damages and consequently led to unfertile egg masses after chronic exposure to the combined 

thermal and chemical stressors. All these mentioned factors may lead to sensitive responses during 

neonate and juvenile growth or a decrease in fecundity due to an intoxication from adults to progeny 

(Salice et al., 2009) as observed for the F1 adults (Fig. 5.5). Similarly, a decline in the population level 

over several generations has been shown for heavy metals (Ducrot et al., 2007; Salice et al., 2009) and 

toxic microcystins produced by cyanobacteria (Lance et al., 2011).  

Apart from the life-stage, the duration of exposure and/ or the thermal acclimation status of the 

adult snail had apparently a strong effect on the pyrimethanil sensitivity and the fungicide-temperature-

effect pattern concerning the reproduction of P. acuta. The general sensitivity for F0 reproduction was at 

least doubled after a pyrimethanil-exposure of F1 over several weeks as indicated by the NOEC/ LOEC-

values which decreased with decreasing temperature (Table 5.2). Oliveira-Filho et al. (2009) 

demonstrated likewise an increasing sensitivity of the F1 of Biomphalaria tenagophila (Preston, 1910) 

after being exposed towards endosulfan or ethanol within a two-generation study. Moreover, the 

temperature-pyrimethanil relationship was not very conspicuous when considering the F0 reproduction, 

while the ecotoxicity of pyrimethanil on the F1 reproductive capacity was stressed at 15°C (Table 5.1, Fig. 

5.5). The different reserve capacities of adults may give the explanation for the lower sensitivity of the F0 

reproduction at 15°C in the half-life-cycle test. The F0 individuals could most probably resort to larger 

energy reserves to produce egg masses than the chronically stressed F1 individuals. Other observations by 

Zalizniak and Nugegoda (2006) with Daphnia carinata (King, 1852) depict that the sensitivity of the 

parent generation can be in turn higher than the sensitivity being observed for the second generation.  
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In overall comparison, P. acuta considered to be tolerant against a broad range of stressors 

responded surprisingly sensitive towards pyrimethanil (Table 5.1) at an environmentally relevant 

concentration corresponding to the PEC. The chronic EC10 for the water flea Daphnia magna being the 

most sensitive ecotoxicological model organism was 0.94 mg L
-1

 (Seeland et al., 2012 b) within the 21 d 

reproduction test according to OECD 211 (OECD, 2008). Although that is in contrast to Von der Ohe and 

Liess (2004) who found snails not to be less sensitive as daphnids or several insects this concentration 

caused severe effects of pyrimethanil in P. acuta (Figs. 5.3-5.5). Similarly, P. acuta reacted significantly 

more sensitive than the model insect Chironomus riparius towards fluoxetine in a two-species water 

sediment test (Sánchez-Argüello et al., 2009). As a further example, long-term experiments with diquat 

unveiled the higher sensitivity of snails compared to ecotoxicological standard organisms (Ducrot et al., 

2010). These studies may strongly support the inclusion of gastropods as well as full life cycle test into 

the ecotoxicological test battery used in the aquatic pesticide risk assessment to better protect the aquatic 

environment from agrochemical pollution as it is suggested by OECD (2010) and Sieratowicz et al. 

(2011). 

In addition, the future risk of pesticides for the aquatic community cannot be assessed by the 

recently available tools used for the regular risk assessment of agrochemicals as the impact of increasing 

temperature is not considered. In conclusion, the life-stage-specific ecotoxicity-temperature-relationship 

and the surprisingly high fungicide susceptibility of an invading, as euryoecious classified gastropod 

complicates the agrochemical risk assessment for the aquatic environment in particular under GCC. 

 

5.5 Appendix 

5.5.1 Material and Methods 

Reproduction test at 20°C  

In the reproduction test at 20°C the nominal concentration ranged from 0.06 to 10 mg L
-1

. Three fertile 

adult snails were exposed in five replicates for 28 days. Thereby, 250 mL glass beakers closed with a lid 

were used as test vessels, while the test medium was aerated via Pasteur pipettes. Once a week, the 

renewal of medium was followed by a new application of pyrimethanil. Twice a week, the snails were fed 

with 5 mg Tetra Min
®
 per snail and day and in parallel, egg masses, detritus and dead snails were 

removed from the vessels. All egg masses were transferred to individual cavities (24-multi-well plates) 

filled with 1.5 mL of ISO medium. The egg masses were checked for fertility after ten days. The 

experimental temperature was 20° ± 1°C with a light:dark cycle of 16:8 h. Finally, the number of 

produced egg masses per snail, the fertility of egg masses and the mortality of adult snails were calculated 

and pyrimethanil effects estimated. 
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Heartbeat of Physella acuta embryos at three different temperatures 

Additionally to the endpoints given in the description of the embryo toxicity test the heartbeat was 

measured after it has developed.  

 

5.5.2 Results 

Ecotoxicity of pyrimethanil at 20°C 

Figure 5.6 shows the produced egg masses per snail after 28 days as assessed in the reproduction test at 

20°C using a wide concentration range. In the control group, 16.0 egg masses are produced. The amount 

of egg masses started to decrease significantly at 0.25 mg L
-1

 pyrimethanil (11.3 egg masses, p = 0.05), 

while higher fungicide concentrations caused highly significant reductions of reproduction. In the 

concentration range 1.0 to 10 mg L
-1

, only less than five egg masses snail
-1

 were produced within four 

weeks.  

 
Figure 5.6: Ecotoxicity test with Physella acuta. Reproduction test with P. acuta at 20°C after exposure of adult 

snails to 0.06-10 mg pyrimethanil L
-1

. Total number of produced egg masses [mean + SD]. Significant difference 

compared to control (n = 5):  = p < 0.05;  = p < 0.01. C = control. 

 

The ecotoxicological values NOEC, LOEC and EC10/50 for the endpoints egg mass per snail, mortality and 

fertility of produced egg masses in response to pyrimethanil are summarized in Table 5.6. The lowest 

NOEC and LOEC are related to the endpoints egg mass production and fertility (0.125 mg L
-1

), while the 

lowest EC10/50 value was observed by means of the endpoint fertility of egg masses although the 

regression confidence limits cutting across.  

 

Table 5.5: Ecotoxicity data for Physella acuta. NOEC, LOEC and EC10/50 values [mg L
-1

] derived from a 

reproduction test with P. acuta (28 d) at 20°C after exposure of adult snails to 0.06-10 mg L
-1

. 

Test/ Endpoint NOEC [mg L
-1

] LOEC [mg L
-1

] EC10 ± CI [mg L
-1

] EC50 ± CI [mg L
-1

] 

 Egg masses  0.125 0.25 0.102 ± [0.063-0.165] 0.284 ± [0.225-0.358] 

 Mortality 0.5 1.0 0.033 ± [0.005-0.124] 0.351 ± [0.205-0.605] 

 Fertility of egg masses 0.125 0.25 0.087 ± [0.063-0.132] 0.262 ± [0.220-0.312] 
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Heartbeat of Physella acuta embryos 

In figure A2 the heartbeat rate (bpm) of the embryos of Physella acuta is given at different temperatures 

(15°C, 20°C und 25°C ) and pyrimethanil concentrations (0-0.25 mg L
-1

). The results show that both 

temperature and pyrimethanil and the combination of both stress factors caused significant differences 

with regard to the heartbeat (Table 1). The comparison of the controls depicts clearly that the higher the 

temperature is the faster is the heartbeat. The mean heartbeat is 67 bpm at 15°C, 91 bpm at 20°C and 112 

bpm at 25°C. Within the temperature treatment of 15°C the heartbeat increased compared to the control 

significantly at 0.125 und 0.25 mg L
-1

 with values of 81.3 und 86 bpm. At 20°C and 0.06 mg 

pyrimethanil L
-1

 the heartbeat decreased about 14.4 bpm compared to the control. The heartbeat did not 

follow a precise picture as the values increased to 138.4 bpm at 0.015 mg L
-1

 and decreased to 80.5 bpm 

at 0.06 mg L
-1.  

 

 
Figure 5.7: Heartbeat rate of Physella acuta embryos. Heartbeat [bpm, mean + SD] of P. acuta embryos at 15°C, 

20°C and 25°C under exposure to different concentrations of pyrimethanil (0.015-0.25 mg L
-1

). Significant 

differences compared to control (n = 12):  = p < 0.05;  = p < 0.001. C = control. 
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6. General Discussion  

There is no doubt that inland waters and freshwater biodiversity constitute a valuable natural resource, in 

economic, cultural, aesthetic, scientific and educational terms (Dudgeon et al., 2006). However, 

freshwater ecosystems may well be the most endangered ecosystems in the world as they are affected by 

all classes of chemical stressors, including changes in water chemistry (acidification, eutrophication, 

metal contaminants, decline in calcium), changes in physical environment (changes in land use, climate 

change, increase in UV radiation), over-harvesting and introduction of invasive species (Durance and 

Omerod, 2007; Altshuler et al., 2011). It has to be kept in mind that toxicity in natural ecosystems 

typically does not result from a single toxicant exposure, but is rather the result of an exposure to a 

mixture of toxicants and several stress factors (Alternburger et al., 1997; Gardner et al., 1998). For 

assessing the combined effects of all these stress factors only insufficient risk assessment analyses are 

available (Schindler, 2001; Vinebrooke et al., 2004; Coors and DeMeester, 2008). Therefore, the overall 

impact of these factors can hardly be determined as many studies only provide information on how 

specific and individual stressors affect natural systems (Altshuler et al., 2011). The current study 

highlights that effects on the single stressor and species level are not sufficient for the evaluation of the 

outcome for aquatic ecosystems as there are serious species-specific differences, especially for non-target 

organisms.  

6.1 General Toxicity of Pyrimethanil in Single and Multiple Stressor 

Experiments and Species-specific Differences 

First of all, the tested aquatic primary producers like Desmodesmus subspicatus, Gomphonema parvulum 

and Lemna minor reacted within a wide concentration range of pyrimethanil. D. subspicatus or L. minor 

showed first significant effects at 10 or 5 mg L
-1

, respectively, whereas the diatoms were a lot more 

sensitive with a LOEC of 0.12 mg L
-1

. Entirely contrary is the sensitivity of some primary consumer like 

Daphnia magna and D. pulex. Both daphnid species showed different sensitivities towards a chronic 

exposure of pyrimethanil when the ECx values are observed. Similar patterns can be seen for the midges 

Chironomus riparius and Chaoborus flavicans and the pulmonate snails Radix balthica and Physella 

acuta (Chapter 2: Table 2.2). If the sensitivity of different organismic levels of a food web is considered 

invertebrates were already impacted at concentrations around 0.5-1 mg L
-1

. In contrast, it could have been 

shown that organisms of a higher level, for example fish are less sensitive than daphnids or midges with 

an EC50 of 10.6 mg L
-1

 (Chapter 2: Table 2.2; FOOTPRINT, 2011). Besides the determination of the 

general toxicity of pyrimethanil specific emphasis is given on the combined impact of contaminant load 

and climate in the present study. In the last decades multiple stress approaches have received increasing 

interest but they are still scarce (Wenning et al., 2010). The frequency with which interactions between 

natural and chemical (anthropogenic) stressors occur; predominance of synergistic (combined effects are 

greater than expected) and antagonistic (combined effects are smaller than expected) interactions and 

finally the identification of chemicals and natural stressors with high and low likelihoods of interactions 

reveals the necessity of those studies (Holmstrup et al., 2010). Most experimental investigations of 
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multiple stressors on lake organisms have examined the impact of temperature and natural toxins (Gilbert 

et al., 1996), the interaction among two natural stressors like the effects of predation and nutrients 

(Carpenter et al., 1987; Vanni, 1987) or multiple anthropogenic stressors, like the consequences of 

different pesticides entries (Lichtenstein et al., 1973; Hoagland et al., 1993). Evaluating systems - which 

are impacted by humans - is particularly challenging, because there are many possible stressors eliciting a 

variety of potential effects (Folt et al., 1999). Interactions between natural stressors and toxic chemicals 

can occur on different levels of the organisms and ecosystems (Holmstrup et al., 2010). Physico-chemical 

properties of soil, water and air may influence the bioavailability of toxicants, meaning the same total 

environmental concentration of a toxicant could cause different effects in different exposure scenarios 

(Newman and Unger, 2003).  

Even more important is to understand the impact of multiple stressors since individual stressors 

commonly co-occur and provoke unexpected and complex interactions (Christensen et al., 2006). 

Combined with ecological stressors, the man-made climate change is projected to weaken the resilience 

of many ecosystems, leading to sudden re-organizations of communities and drastic alterations to 

ecosystem structure and function (Scheffer and Carpenter, 2003). The present study showed that minor 

concentrations of the fungicide under different thermal conditions caused alterations in the reproductive 

output of D. magna (Chapter 2: Table 2.3; Table 6.1).  

 

Table 6.1: Synergistic and independent effects. Impact of temperature and pyrimethanil on different behavioral 

traits in dependence of exposure time. Pyr = pyrimethanil; Syn = synergistic effect; Ind = independent effect. 

Species Life stage Pyr exposure Syn Ind Chapter 

Daphnia magna* adult chronic (140 d) x  2 

Chironomus riparius* 

larvae acute (48 h) x  2 

adult chronic (28 d) x  3 

Daphnia pulex° adult chronic (21 d)  x 4 

Physa acuta* 

embryo chronic (28 d)  x 5 

juvenile chronic (6 weeks) x  5 

adult 
F0 

chronic (28 d - 3 month) 
 x 

5 
F1 x  

Physa fontinalis* juvenile chronic (6 weeks) x  6 

* increasing temperatures and pyrimethanil-exposure; ° increasing temperatures, pyrimethanil-exposure and 

additional predator stress by Chaoborus flavicans larvae kairomones 

 

Those changes could not be detected by the results of the 21 d standard reproduction test where 

effects occurred at concentrations that were twice as high (Chapter 2: Table 2.2; Figure 2.5 D). The 

results of the standard tests may confirm the assumption that the examined contaminant poses no risk to 

the environment although effects become obvious when several stressors are present and when it remains 

in the environment for a long time. The population response of zooplankton may be useful for detecting 

low-level or episodic environmental stress. The juvenile growth rate or the size at maturation can be 

reduced by contaminants causing smaller clutch and neonate sizes (Chapter 2: Figure 2.5 D; Chapter 4: 
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Figure 4.3 A-D, 4.5 A-D, 4.6 B; Lürling et al., 2003; Haeba et al., 2008; Cerbin et al., 2010; Seeland et 

al., 2012 a). These observations depict that one factor alone may reduce the tolerance to other factors and 

this underlies the importance of assessing the joint effects of multiple stressors, which cannot be predicted 

by simple summing up effects (Sih et al., 1998; Vinebrooke et al., 2004; Cerbin et al., 2010).  

Besides the current study several studies demonstrated how a combination of natural stressors 

influences aquatic organisms, populations, and communities (Hanazato and Dodson, 1995; Vogt et al., 

2007 a, 2010; Oliveira-Filho et al., 2009). Most of the results showed that the effects of multiple stressors 

interact synergistically (Hanazato and Dodson 1995, Vinebrooke et al., 2004; Coors and DeMeester, 

2008; Vogt et al., 2010). The analysis of the impact of temperature, pyrimethanil or the interaction of both 

caused likewise significant effects on most of the observed organisms (Table 6.1). For example, a single 

exposure of C. riparius to pyrimethanil at different temperature scenarios significantly influenced the 

results of the observed endpoints. Firstly, the impact of the fungicide and temperature on C. riparius is 

synergistic. Under normal environmental conditions a very low concentration of pyrimethanil derived by 

standard testing, causes only slight to moderate or adverse effects on the individual and population level. 

Experiments with larvae of the midge C. riparius being exposed to four temperatures and several 

pyrimethanil concentrations reacted more sensitive towards the fungicide with increasing temperatures 

(Chapter 2: Figure 2.3) as it can be read from the EC10/50 values being lower at 26°C (3.06/ 6.78 mg L
-1

) 

compared to 14°C (4.69/ 13.1 mg L
-1

), respectively. Moreover, a long lasting experiment with C. riparius 

showed that the mortality increases over time according to higher temperatures and the consistent 

influence of a low pyrimethanil concentration (Chapter 3: Figure 3.3). Additionally, a synergistic effect 

could be observed for further parameters like the mean time till oviposition and the growth rate in general 

(Chapter 3: Table 3.2; Table 6.1).  

That the toxicity of pesticides might be increased above the optimal temperature for the particular 

observed organism has been investigated in many further studies (Oetken et al., 2009; Holmstrup et al., 

2010; Greco et al., 2011; Müller et al., 2012; Seeland et al., 2012 b). Jacobson et al. (2008) investigated 

and found combined effects of temperature and the fungicide fenarimol on the Baltic amphipod 

Monoporeia affinis. The elevated temperatures and fenarimol interacted synergistically and increased the 

number of females with dead eggs, impaired sexual maturation in males and females, lowered the number 

of fertilized females, reduced fecundity, and altered embryogenesis. Osterauer and Köhler (2009) 

investigated hatching rate of zebrafish embryos and found that the combination of high temperatures and 

diazinon interacted synergistically as well. Furthermore, a study by Brecken-Folse et al. (1994) conducted 

with grass shrimp (Palaemonetes spp.) and sheepshead minnow (Cyprinodon variegatus) demonstrated 

that the toxicity of two insecticides (terbufos and trichlorfon) increased with elevated temperatures, which 

might be due to an increased uptake of chemicals accompanying increasing temperatures (Lydy et al., 

1999) 

Further experiments of the present study with the second examined daphnid species, D. pulex, 

reveal that the observed behavioral traits (e.g. reproductive output) are also negatively impacted by a 

combination of different temperatures and an exposure to pyrimethanil via contaminated medium 
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(Chapter 4: Table 4.1). In accordance, Hanazato and Dodson (1995) observed a synergistic interaction of 

carbaryl and low oxygen levels in D. pulex. An increased toxicity of carbaryl could be monitored by 

means of the endpoints which were related to growth, juvenile development, and reproduction. When the 

daphnids were additionally exposed to kairomones, further synergistic effects were observed.  

As another example, natural toxins like microcystins of cyanobacteria can likewise interact with 

pesticides and affect the zooplankton community (Sondergaard and Jeppesen, 2007). Cyanobacteria 

dominate many eutrophic aquatic ecosystems due to high nutrient load, high water temperature, 

prolonged duration of summer stratification, increased water residence time, and high salinization rates 

(Paerl and Huisman, 2008). Microcystins can cause a dramatic reduction in growth and in the worst case 

resulting in the death of the animals (Lürling and Van der Grinten, 2003). These microcystins alone may 

cause dramatic effects on the zooplankton community as they are an inadequate food source (Carmichael, 

1994; Haeba et al., 2008). High pesticide loads are in the same manner harmful for daphnids (Helgen et 

al., 1988; Guilhermino et al., 1999; Palma et al., 2009).  

However, it should be noted that the combination of effects over a longer time period cannot 

replace single species standard test. Moreover, there is an ongoing progress to include non-standard 

organisms within the evaluation of several impacts on the ecosystem (Sieratowicz et al., 2011). For 

example, gastropods, which are common inhabitants of shallow-water habitats (e.g. lake littoral zones; 

Brown, 2001), have seldom been adopted within multigenerational ecotoxicological experiments 

(Oliveira-Filho et al., 2009). It could be confirmed that amongst others, pulmonates (P. acuta and Physa 

fontinalis) turned out to be very sensitive towards pesticides and temperature changes. Concerning the 

impact of several stress factors, the gastropods in the present study show some similar effects compared 

to the standard organisms. All considered endpoints independent from the developmental stage are 

partially highly significantly influenced by temperature and the fungicide (Chapter 5: Table 5.1). Further, 

the comparison of the effect concentration between several taxa depicts that P. acuta is one of the most 

sensitive organisms with an EC10 value of 0.087 mg L
-1

 which is in accordance with observed literature 

data (Chapter 2: Table 2.2).  

These results confirm that it might be necessary to integrate non-model species to assess the 

impact of global climate change as they might be a lot more sensitive. Besides the zooplankton and insect 

communities, freshwater gastropods are key species in many freshwater food webs, due to their very 

sensitive reaction to alteration or modifications of freshwater ecosystems (Dillon, 2000; Brown, 2001). In 

particular, pulmonates are suitable model organisms when the population dynamics of an ecosystem 

should be investigated (Turner et al., 2007), as snails count for a large part of the macroinvertebrates 

within freshwater habitats (Brown, 2001). There are several studies which have already conducted 

experiments with snails, providing evidence that gastropods are also suitable for ecotoxicological and 

ecological experiments (Kosanke et al., 1988; Brackenbury and Appleton, 1991; Bernot et al., 2005; 

Kefford and Nugegoda, 2005; Oehlmann et al., 2007; Oliveira-Filho et al., 2009; Sieratowicz et al., 

2011). Up to now, less data are available on the impact of pesticides on snails. Due to the aquatic 

distribution of pesticides they may affect a wide range of non-target organisms, inter alia gastropods 
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(Adamus et al., 2001). An experiment conducted with endosulfan and the great ramshorn snail 

Planorbarius corneus) showed that the contaminant caused destructive effects in the body tissue (Otludil 

et al., 2004). In a broader sense some similar results are detected for P. acuta as the fungicides caused a 

negative impact on the snails. For each pyrimethanil concentration it can be seen that the mortality 

increases and the fertility of egg masses decreases (Chapter 5: Table 5.3). This effect might be even more 

drastic if the oxygen concentration in the water is reduced due to elevated temperatures, like it can occur 

during summer months (Holmstrup et al., 2010). Therefore, exposure scenarios under heat stress are a 

realistic scenario for the investigation of the future temperature impacts combined with the effect of 

pesticides, whose application rates during summer month are still high (Liess and Von der Ohe, 2005) 

and will further increase under the predicted global climate change conditions (Bloomfield et al., 2006; 

Kattwinkel et al., 2011). In conclusion, it can be said that the combined effects of multiple stressors 

cannot be predicted with confidence by simply looking at the effect of single stressors (Christensen et al., 

2006). The investigation of additive, synergistic or antagonistic effects can be more specifically assessed 

with multiple stressor studies (Cerbin et al., 2010). One of the most influencing combinations leading to 

mainly synergistic effects is the impact of temperature and chemical contaminants, especially pesticides. 

Therefore, the present study may help to understand more broadly how aquatic species cope with low 

doses of agrochemicals at near natural temperature regimes in general and at global climate change 

conditions in particular. Furthermore, some studies have been conducted where novel experimental test 

designs have been developed in order to assess long-term effects of a pesticide in a long-lived species 

under a realistic scenario. The influences of feeding rates and genetic characteristics on the biological 

response are often evaluated in current experiments because genetic and environmental factors may have 

joint effects on fitness-related traits, thus determining individual performances in polluted environments 

(Ducrot et al., 2011). 

6.2 Pyrimethanil and Temperature-dependent Alteration of Population 

Dynamics and Genetic Diversity 

Warming during the year will extend the length of the potential growing season of plants resulting in a 

prolonged application time of pesticides (Olesen and Bindi, 2002). So far there are only a few studies 

investigating the relationship between pesticides and climate change (Liess and Von der Ohe, 2005; 

Bloomfield et al., 2006). However, the effects of environmental stressors are usually tested individually 

(Vouk et al., 1987), although in nature, organisms often are exposed to several stressors simultaneously 

(Schindler et al., 1996; Yan et al., 1996). Since individual stressors now commonly co-occur, with 

unexpected and complex interactions (Christensen et al., 2006), multiple stressor or multigeneration 

experiments including endpoints at the population level can be regarded as a decisive point in the 

assessment of long-term effects of pollutants in the aquatic environment (Muyssen and Janssen, 2004). 

For example, in the present study low concentrations effects of the used fungicide were only observed 

after exposure of several generations of daphnids and midges (Chaper 2 and 3). Multigeneration studies 

under near-natural (climatic) conditions may further allow for more realistic assessments and reveal, in 
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combination with extensive life history assessments and measures of genetic diversity, otherwise 

concealed effects. 

Besides several stressors, the exposure time might be further important. Normally, 

ecotoxicological experiments start with neonates from previously unexposed parentals and ignoring 

thereby the exposure during oogenesis and embryogenesis and toxicant transfer from mother to offspring 

(Sánchez, 2004). That means those tests do not really reflect the chronic impact of toxicants, especially on 

very sensitive developmental stages. Therefore the exposure of a single generation cannot offer accurate 

predicitions of the effects of chemicals on populations or even for several generations (Vogt et al., 2007 a, 

2010). A more realistic figure of chronic exposure could result from experiments that last to the second or 

further generation investigating their reproduction level (Van Leeuwen et al., 1985). Meanwhile, there is 

a growing interest in incorporating population-level approaches into eco(toxico)logical risk assessment 

(Barnthouse et al., 2008). Experiments considering responses to contaminants on the population level 

reflect the integration of toxicant induced effects on individual vital rates that may directly relate to 

population dynamics (Salice et al., 2009). The quantification of individual changes of vital parameters 

may offer a little insight into the fitness of a population, as changes in one vital rate may be counteracted 

or ameliorated by changes in another (Forbes and Calow, 1999).  

Within the present study it could be demonstrated that the 21 d reproduction test with D. magna 

caused a decrease by fifty per cent in the number of offspring resulting in an EC10 of 0.95 mg L
-1

 (Chapter 

2: Table 2.2; Figure 2.5 D). An additional exposure to 1 mg L
-1

 until generation F1 resulted in 100% 

mortality of the parentals and independent of the assessed temperature scenario. Therefore, such a decline 

in reproduction, which would not have been obvious under standard test procedures, might lead to a lack 

of proximate generations. That means, an exposure over a longer time period to toxic contaminants may 

cause a decrease of the whole population or rather parts of the zooplankton community.  

Apart from a possible decrease of populations due to contaminant loads, temperature as a second 

stress factor might lead to increased growth rates. As shown by the present study a strong temperature 

impact could be observed for all conducted investigations. For example, the development of daphnids is 

enhanced with increasing temperatures. Within the same test period daphnids achieved nine generations 

under the temperature scenario for a ‘warm future, 2080‘ year in contrast to only six generation for a 

‘cold year, today‘. Overall more neonates were produced the higher the temperature was (Chapter 2: 

Table 2.3). But as a consequence for ecosystems the population might also decline because the fitness of a 

predator depends on its temporal and spatial synchrony with the production of its prey (Winder and 

Schindler, 2004 a). The growth of phytoplankton in the spring is strongly controlled by temperature, 

turbulence and the strength of thermal stratification in the water column. The inability of zooplankton to 

track the change in spring warming has produced a growing mismatch with their food resources that is 

decoupling this critical trophic linkage in this ecosystem.  

The ongoing climate change which is already obvious over the latter part of the 20
th
 century has 

produced a mismatch in the timing of favorable environmental conditions in an algal-herbivore 

interaction. Such a mismatch may have critical consequences for all ecosystems, especially if keystone 
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species are affected. As spring and summer events generally occur earlier as temperature has risen 

(Thackeray et al., 2010) further ecosystem-level responses to climate change including shifts in the 

seasonal timing of recurring processes will still be fortified (Winder and Schindler, 2004 b). The earlier 

seasonal development of zooplankton or its grazing later in the year may no longer match the timing of 

phytoplankton blooms (Wiltshire, 2004). In pelagic ecosystem, algae zooplankton interactions form the 

basis for energy flux to higher trophic levels (Platt et al., 2003). A decoupling of this predator-prey 

relationship may be transmitted to all trophic levels, causing drastic ecological and economic 

consequences since invertebrates are one of the main food sources for many vertebrates (e.g. fish) 

(Sandström et al., 1995). Whether or not the life history strategy of Daphnia can adapt to continuing 

climate change will have crucial effects on the future trajectory of this predator prey interaction, and the 

ecosystem it is embedded within (Winder and Schindler, 2004 b). 

Another frequently used organism for ecotoxicological, population dynamic and genotoxicity 

experiments is C. riparius. It is a highly mobile and frequent species which occurs in large population 

sizes with presumably high gene flow between adjacent habitats (Gillis et al., 2002; Lee et al. 2006; 

Nowak et al., 2007 b; Vogt 2007 a, 2010). Alterations in the population structure or dynamics as observed 

for the daphnids have been likewise examined for C. riparius in the present study. Under normal 

environmental conditions a very low concentration of pyrimethanil, derived by standard tests, causes only 

slight to moderate adverse effects. Under the temperature scenario for a future warm year adverse effects 

on mortality and the population growth have been uncovered as it can be seen inter alia by a reduced 

number of generations the higher the temperature was. But, the genetic diversity was clearly reduced by 

pyrimethanil, particularly under the ‘warm year, 2080’ scenario (Chapter 3: Table 3.3). This is a result 

which would not have been obvious under current temperature conditions. Although the impact of 

pyrimethanil on life history traits was rather weak over several generations, the genetic diversity was 

strongly degraded under thermal and fungicidal stress compared to the heterozygosis of the correlated 

controls (Chapter 3: Table 3.3). Such a decrease may cause a reduction in the resilience of C. riparius 

against impending stressful environmental conditions and proves that a loss of the genetic diversity can 

occur within a few generations as it has been shown by other studies as well (Vogt et al., 2010). As it can 

be seen in Figure 3.5 of chapter 3 the population declines within four generations, mainly depending on a 

loss of heterozygosis of more than 40% due to increasing temperatures and the impact of pyrimethanil. 

Under chemical stress, complex alterations of gene expression take place that allow for differential stress 

response and therefore it might be a useful tool to investigate genetic modification caused by thermal or 

chemical alterations. However, it has to be considered that some studies showed that there are sometimes 

just weak correlations between fitness and stress level as well as the observation of ambiguous patterns 

(Cheptou et al., 2000). Furthermore, different mechanisms for example on the cellular level, may account 

for the observed differences in stress tolerance.  

 Besides modifications and alterations on the cellular energy production, temperature as a major 

environmental factor may affect further biological processes (Péry and Garric, 2006). Increasing 

temperatures as part of the global environmental change is, together with the exposure of organisms to 
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several other factors like man-made chemicals, a relatively new pressure and a source of strong selection, 

in particular for aquatic organisms (Brown et al., 2012). Organisms may be exposed to multiple chemicals 

with the potential to cause acute as well as long-term chronic toxicity via various physiological routes 

(Escher and Hermens, 2002). An understanding of the degree to which and how quickly organisms are 

able to adapt, either by thermal plasticity or microevolution, to rising temperatures is important in 

predicting local persistence of populations under global warming scenarios (Parmesan, 2006; Skelly et al., 

2007). A rapid evolutionary response to increasing temperature could have been demonstrated by Van 

Doorslaer et al. (2009) regarding both, life history traits and their plasticity. Palumbi (2001) as wells as 

Roush and McKenzie (1987) give some further examples of rapid adaptation processes for organisms 

with the evolution of pesticides and antibiotic resistance.  

For C. riparius reduced genetic variation and strong inbreeding is not expected to occur 

frequently in natural populations. In contrast to that several life cycle experiments show that life history 

traits of C. riparius populations were affected by both, the amount of cadmium in the sediment and the 

level of inbreeding within the populations and individual genome-wide homozygosis as verified by the 

microsatellite analysis (Nowak et al., 2007 b). It has been shown that although larval developmental time 

was not affected by inbreeding in control treatments, the emergence time was extremely delayed in the 

presence of cadmium in the highly inbred strains. Kristensen et al. (2008) concluded that an inbreeding 

depression can be more severe in stressful environments than under benign conditions. It is known that 

inbreeding often increases under environmental stress conditions, like heavy metal exposure or 

temperature stress (Armbruster and Reed, 2005). 

Those genotype-environment interactions have long been considered to be important for 

agriculture and in general for animal breeding (Mulder and Bijma, 2005) or in evolutionary ecology 

because the genetic architecture for traits, and thus evolutionary dynamics, vary with environmental 

conditions (Gutteling et al., 2007; Ouborg et al., 2010). Furthermore, these interactions are also important 

for their potential to maintain genetic diversity (Charlesworth and Hughes, 2000). Inbreeding-

environment interactions have been suggested to be crucial for understanding the risk (Liao and Reed, 

2009), the evolution of inbreeding avoidance (Szulkin and Sheldon, 2007) and the ability of populations 

to purge their genetic load when the environment is changing or highly variable (Fox et al., 2008). 

Thereby inbreeding-environment interactions in which inbreeding depression increases are of special 

conservation importance. The generality of inbreeding-stress interactions has important implications for 

evolutionary and conservation biology, impacting the behavior of organisms (e.g. dispersal tendencies or 

self-fertilization), the maintenance of genetic variation, and the genetic structure of populations, as well as 

population dynamics and viability (Fox and Reed, 2010). Over the past few centuries, populations of 

many species of plants and animals have declined and/ or become highly fragmented, leading to 

potentially high levels of inbreeding (Sambatti et al., 2008). One of the key results of these observations 

was that the magnitude of inbreeding depression was positively correlated with the stressfulness of the 

environment.  

When a population decreases in size, the genetic drift can lead to a reduced level of genetic 
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variations (Nowak et al., 2007 b). Frankham et al. (2004) depicted that a loss of variations enhanced the 

extinction risk of populations in the long term due to a loss of their evolutionary potential which enables 

populations to adapt to changing environmental conditions. If species are threatened with extinction they 

tend to have a lower level of genetic variation than related to non-threatened, widely distributed and more 

abundant species (Spielman et al., 2004) and may be more susceptible for inbreeding depression. This is a 

phenomenon which is mainly known for small and endangered populations, where it is more or less 

unavoidable (Bijlsma et al., 2000; Frankham et al., 2004). However, the role of inbreeding for the 

extinction of rare populations and species has been debated controversially (Brook et al., 2002). Recent 

studies assign genetic effects like inbreeding to have at least reinforcing function in extinction processes 

(Brook et al., 2002). 

Small populations may suffer from inbreeding due to an increased level of homozygosis of 

deleterious alleles, which frequently result in the loss of fitness (Charlesworth and Charlesworth, 1987). 

This inbreeding depression has been documented to affect both natural and caged organisms which are 

subjected to severe population bottlenecks (Armbruster et al., 2000). Small and endangered populations 

will be more susceptible to chemical pollution than large and genetically divers ones. Already in low 

concentrations, chemical pollution could thus contribute to local extinction of small and isolated 

populations which are the main target for species conservation efforts. However, empirical studies 

showed that expression and magnitude of inbreeding depression can be reinforced and highly sensitive to 

the environmental conditions under which inbreeding is being measured, because gene expression 

changes with environmental conditions (Armbruster and Reed, 2005). Therefore, it is of high 

ecotoxicological importance to investigate interactions between inbreeding and chemical stress. 

Experiments concerning inbreeding stress may help to assess consequences of environmental stress on the 

fitness of natural populations. A good fitness of the individuals together with a high level of genetic 

variation within populations provides the opportunity to negotiate environmental alterations or inevitable 

changes due to an enhanced potential of adaptation and to ensure thereby population existence (Frankham 

et al., 2005; Müller et al., 2012). 

 Implicit in studies on multigenerational toxicant exposure is the potential for acclimation or 

selection induced adaptation changes in population level responses. In order to distinguish between 

different adaptation processes (e.g. physical or genetic adaptation), experiments concerning heritability of 

stress tolerance have to be performed. The results show that even moderate levels of chemical stress 

which can be hardly documented in single-generation exposure can affect exposed populations and might 

change both, genetic structure and certain fitness components. The integration of genetic differences 

observations (genotype-specific) would contribute to a better generalized understanding of population 

level responses to long-term multigenerational exposure and may provide additional insights into 

contaminant tolerance. Concluding, combined effects of multiple stressors cannot be predicted by simply 

looking at the effect of single stressors (Christensen et al., 2006). Therefore, the effects must be 

specifically assessed with appropriate test designs. 

 Other suitable organisms for the investigation of population dynamics or alterations in the 
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genetic diversity are fast growing snails, like P. acuta. As these snails are able to reproduce within six 

weeks after hatching they can be used for population growth experiments. Furthermore, Ducrot et al. 

(2010) mentioned that the long-term exposure of snails with the observation of different life stages might 

above all result in a higher sensitivity of the snails compared to standard species for toxicological tests. 

This can be confirmed by the present results if the effect concentrations of the half- and full-life cycle test 

are compared (Chapter 5: Table 5.2). At all three observed temperatures the effect concentrations are 

reduced by factor 2 if the endpoint ‘egg masses per snail’ is considered. That means that a steady 

exposure from the F0 to the F1 generation gives a closer look on the results as it can be expected for the 

development of a population in the environment. In conclusion, interactions between temperature, 

contaminants, and their chronic impact should be taken into account when assessing long-term responses 

to contaminants (Coutellec and Lagadic, 2006). Results of partial- or full-life cycle tests with gastropods 

depict direct consequences of contaminants on the population of freshwater snails and indirect 

consequences on the proliferation of periphytic algae on which the snails feed. From these experiments 

assumptions on the decline in numbers of fish and crayfish that feed in turn on the snails can be made 

(Turner and Chislock, 2007).  

6.3 Pyrimethanil and Temperature-dependent Alteration of Biotic 

Interactions and Life Stage-dependent Development 

The fitness of a population, its reproductive output and its larithmics are highly dependent on the food 

availability and quantity, which vary considerably, both spatially and temporally, in lakes (Moss, 1998). 

Daphnids as an important part of the food web are a preferred prey for both invertebrate and vertebrate 

predators. Therefore, they act as an important link between the higher and lower trophic levels of the 

aquatic food web (Lampert, 1987). The lakes and wetlands where daphnids occur are often in areas of 

intense agricultural activity and therefore the zooplankton populations are exposed to a wide range of 

natural and anthropogenic stressors and experience a combination of these environmental stressors 

(Beklioglu et al., 2010). In general, these natural and anthropogenic structuring pressure acting 

simultaneously as it has been shown, e.g. for fish predation and pesticide exposure (Hanazato, 2001).  

For a more realistic idea about the effects of toxic chemicals and additional biotic stressors, their 

impact should be examined under more complex interactions. The conditions of the ecosystem in which 

organisms live should be simulated more accurately (Beklioglu et al., 2010), because the responses to 

natural and anthropogenic stresses are intimately linked with the biotic (food, predator) and abiotic 

(nutrients, temperature) conditions of the aquatic environment. Up to now there are only few studies with 

single, double or triple stressors on survival and reproduction of zooplankton (Folt et al., 1999). 

Admittedly, within aquatic ecosystems the interaction between anthropogenic used chemical substances 

and natural stressors, such as food shortage or the presence of predation pressure, is receiving growing 

attention in recent years (Hanazato and Dodson, 1992). One study by Hanazato and Dodson (1992) 

showed that low oxygen concentrations, a predator kairomone and an insecticide (carbaryl) being 

examined in combination resulted in synergistically reduced daphnid population fitness.  
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In agreement with these findings it has been shown that the impact of single stressors to D. pulex 

became not that visible until they were combined (Chapter 4: Tables 4.1, 4.2). Beyond, the behavior of 

the daphnids was further impacted under the influence of kairomones being released by the predator C. 

flavicans. The presence of the predator affected, for example, the size of the parent daphnids. Altogether 

these daphnids were larger than the non-exposed test animals and they needed a longer time till maturity. 

These facts lead to increased neonate size preventing them for being caught by the predator because they 

are too huge to be caught or eaten (Pastorock, 1981).  

In accordance, Preissner et al. (2005) could observe that predators directly affect their prey 

population by reducing their density and by inducing energetically costly defense traits. Further studies 

confirm that daphnids in response to the presence of fish predators show changes in behavioral and life 

history traits (Boersma et al., 1998; Lass and Spaak, 2003) due to a reduced food intake (Rose et al., 

2003; Beckermann et al., 2007). Additionally, increased oxygen consumptions (Beckermann et al., 2007; 

Pestana et al., 2010) and an induction of molecular mechanisms to cope with this predatory pressure 

(Pauwels et al., 2005) could be observed. 

In response to the presence of predation pressure they may perform a variety of adaptations 

(Larsson and Dodson, 1993, De Meester and Weider, 1999; Tollrian and Dodson, 1999). These adaptation 

processes range from behavioral to physiological and morphological to avoid predation (Harvell, 1990; 

Boersma et al., 1999; Doksæter and Vijverberg, 2001; Beklioglu et al., 2010). Furthermore, it has been 

shown that pesticides cause changes in the behavioral (Dodson et al., 1995) and life history (Hanazato 

and Dodson, 1992; Barry and Meehan, 2000) responses of daphnids to their predator. Combined exposure 

revealed that pesticide contamination increases cost of behavioral anti-predator defenses of daphnids by 

further reducing energy intake and increasing energy expenditure of daphnids under fish predation 

pressure. Several scientists could prove that pollutants can mimic the effects of predatory chemical cues 

or inhibit the induction of defense and therefore the potential to disturb predator-prey interactions 

(Dodson et al., 1995; Hanazato, 1999; Hunter and Pyle, 2004).  

The response of daphnids in the presence of a predator could reduce the tolerance of daphnids to 

other environmental stressors (e.g. temperature, insufficient food, UV radiation) and in turn affect their 

sensitivity to toxic substances (Hanazato, 2001; Kieu et al., 2001; Rose et al., 2001). The exposure of 

daphnids to both stressors (toxic substance and predator kairomone) showed that the effects of predatory 

chemical cues were stronger in the absence of pesticides, showing that daphnids exposed to sub-lethal 

concentrations of imidacloprid are unable to recognize or respond to predatory chemical cues (Pestana et 

al., 2010). These two stressors caused contrasting effects in daphnids revealing that imidacloprid can 

inhibit life history responses induced by the risk of fish predation in daphnids. These results demonstrated 

that imidacloprid and predatory chemical cues yielded contrasting reproduction responses, but consistent 

feeding or respiration responses. Stibor and Navarra (2000) showed that the effects of imidacloprid were 

stronger under perceived predation risk because daphnids under fish predation allocate a greater 

proportion of their energy to reproduction. Additonally, the reduced feeding rates and experienced higher 

metabolic costs (Beckermann et al., 2007), thus having less available energy for detoxification and repair 
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processes. Due to these energy constraints it can be assumed that pesticide exposure appears to increase 

the costs of Daphnia phenotypic plasticity, and reducing or inhibiting its expression (Barry and Meehan, 

2000; Hanazato, 2001). 

For instance, daphnids have developed several strategies (e.g. behavioral, morphological or 

reproductive adaptations) to avoid the desperate costs of natural stressors (Tollrian and Dodson, 1999; 

Ferrao-Filho and Azevedo, 2003; Lass and Spaak, 2003). Since an exposure to contaminants prolonged 

the age at first reproduction of daphnids and the fish predation pressure significantly reduced their size at 

first reproduction, the daphnids exposed to both became reproductively active at an older age and smaller 

size. The delayed first reproduction along with a smaller size at maturity might result in fewer offspring 

and thus weaken the robustness of daphnid populations in future generations. In contrast to these findings 

we could not confirm that an exposure towards kairomones of chaoborid larvae reduced the size at first 

reproduction. However, a minor lag of time till maturity could have been observed as well (Chapter 4; 

Figure 4.3; 4.5). Again, it might be possible, that species-specific differences will yield these results as 

fish kairomones leading to smaller daphnids and invertebrate larvae kairomones causing larger daphnids 

as both groups are optical predators preferring larger prey or respectively smaller ones (Lass and Spaak, 

2003). 

However, effects caused by biotic and abiotic stressors on the zooplankton community are 

difficult to predict, especially because numerous confounding variables, as well as complex food web 

interactions, make the integration of multiple levels of organization (from molecule to populations to 

communities) very difficult (Antunes et al., 2004). For example, Fliedner (1997) showed that the acute 

toxicity of lindane was much higher in the presence of contaminated algae, suggesting that the exposure 

via food is of high relevance for daphnids. This can be proven by our findings as the indirect exposure via 

food caused a decrease in neonates of D. pulex and prolonged the time till maturity on a comparable level 

like the direct exposure via medium (Chapter 4: Figure 4.3 A-D).  

Besides alteration in the food availability zooplankton might be affected by incorporated 

contaminants within the algal cells. For example, Dosnon-Olette et al. (2009, 2010) could show that 

pyrimethanil and two other fungicides are accumulated by algae and water plants. With regard to the 

intensified usage of pesticides in particular fungicides in the near future, the propagation of contaminants 

within the food web might increase and impact several organisms along the food web. The present study 

confirmed that pyrimethanil is detectable within cells of the green alga S. obliquus (Chapter 4: Figure 4.1) 

or the diatom Gomphonema parvulum (Figure 6.1). Depending on the amount of pyrimethanil in the 

medium, the pyrimethanil content in the algal cells increases as well.  

The benthic diatom G. parvulum lives on the substrate of lentic or slow-flowing waters. As 

contaminants can sorb to the cells or be taken up by algal cells it might be very likely that they are 

transferred via the food web since many invertebrates feed on algae or detritus. For example, Lumbriculus 

variegatus is a detritus feeder who might directly be exposed via medium and indirectly by the ingestated 

contaminated food towards contaminants. This assumption is supported by Verrengia Guerrero et al. 

(2002) who detected the fungicide fenpropidin in tissue extracts of the detritus feeder C. riparius and 
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L. variegatus and the filter feeder Sphaerium corneum. Furthermore, the present experiments 

demonstrated that daphnids are harmed by feeding on algae which have been contaminated with 

pyrimethanil (Chapter 4: Figure 4.3, 4.5). Some similar experiments with P. acuta and G. parvulum as 

food source showed that the snails are likewise impacted by the contaminated algae (Albrand, 2012). 

G. parvulum as part of the periphyton is an important food source for grazers (Hayakawa et al., 2010). 

 

 

 

Figure 6.1: Accumulation of pyrimethanil in algae cells. Pyrimethanil (mean ± 95% CI) [µg L
-1

] in algal cells of 

Gomphonema parvulum with ascending nominal concentration within the exposure medium (according to Albrand, 

2012). 

 

 Most of the freshwater gastropods are herbivores, feeding on periphyton, epiphyton or 

microphytes, detritus of plant origin, and occasionally on living macrophyte tissue and decaying 

fragments of dead invertebrates (Brown, 2001; Lombardo and Cooke, 2002). Snails are effective grazers, 

continuously cleaning the substratum with their radula (Muñoz et al., 2000). López-Doval et al. (2010) 

described that the periphyton community is changed by selective grazing through snails. Additionally, the 

periphyton can be changed in its composition in dependence of sensitive species by chemical 

components, like pesticides, or alteration in temperature, which may lead to a decline of the periphyton 

(Bester et al., 1995; Kishi et al., 2005). This in turn may cause changes for higher trophic levels and 

therefore affecting the whole food web, if they are no longer available as food source. As pesticides can 

bind on algae or be incorporated by them they might be transferred along the food web and may therefore 

indirectly impact snails which feed on the periphyton.  

Albrand (2012) showed in a simulated food web experiment with P. acuta and G. parvulum being 

exposed to pyrimethanil and different temperature that the multiple stressors influence the reproduction of 

the snails interactively. As already described in chapter 5 the reproduction of adult snails is affected due 

to the pyrimethanil containing medium. Further effects became apparent if contaminants were exposed 

via different pathways. Thereby the pesticide was provided via several exposure pathways, e.g. via 

medium, food (pyrimethanil bind on the cells) or as concomitant double exposure tending to result in an 

inhibition of the reproduction (Figure 6.2). The production of eggs per snail is reduced by 10-20 eggs in 

the treatment group B (indirect exposure via food) and C (direct exposure via medium) compared to the 
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controls. When the snails are exposed simultaneously (treatment D) the effect is further strengthened with 

a reduction of the amount of eggs about one third. These results reveal that an exposure via contaminated 

food may lead to similar effects, like an exposure via medium or a double exposure, respectively.   

However, the double exposure which could be expected for the aquatic ecosystem might even 

become worse. For a more realistic outcome of laboratory studies it might be indispensable to future 

studies to include multiple stressors within one system if applicable synergistic effects shall be observed. 

For example, a study conducted with copper and cadmium concluded that the uptake via food for grazers 

is more important than an exposure via the water phase (Cain et al., 2011). Again, species-specific 

differences became obvious because the exposure of P. acuta towards pyrimethanil via food or medium 

(Figure 6.2; treatment B and C) procure some similar results. In addition to an exposure via food, the 

sensitivity of aquatic organisms is influenced by many other factors like temperature. For example the 

thermophilic P. acuta reacted with a reduction in the egg mass production if exposed towards suboptimal 

temperatures like 15°C compared to 20°C or 25°C (Figure 6.2). However, the inhibitory effects of a 

pyrimethanil double exposure were most pronounced at 25°C. 

 

 

Figure 6.2: Food-web exposure of pyrimethanil towards Physella acuta. Eggs per snail [mean + SEM] as a result of 

the reproduction test with P. acuta in dependence of different temperatures (15°C, 20°C, 25°C) and several exposure 

pathways of pyrimethanil (treatments A = control; B = with pyrimethanil contaminated algae (indirect exposure); C 

= with pyrimethanil contaminated medium (direct exposure); D = with pyrimethanil contaminated algae and 

medium (double exposure)); (according to Albrand, 2012).  

 

In addition to reproduction tests the effects of pollutants on the fate of animal populations in the 

ecosystem should be studied during more sensitive developmental stages as well, as there is the 

embryonic development or the juvenile growth. These stages are known to be the most sensitive to toxic 

and teratogenic agents and they are essential for the conservation biology of species and the biodiversity 

of ecosystems. Already the results of an acute test conducted with cadmium depict that young pond snails 

(Lymnaea stagnalis) were twice as sensitive as adults. It could be observed that cadmium delays embryo 

development and causes anomalies in embryogenesis (Gomot, 1998). These observations can be more or 

less verified by the present study. The embryos of P. acuta reacted with high deformation and mortality 
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rates the higher the pyrimethanil concentration was (Chapter 5: Figure 5.3). Furthermore, the hatching 

rate and the heartbeat were affected both by pyrimethanil and temperature in an interactive manner 

(Chapter 5: Table 5.1). However, EC10 and EC50 values were similar to those calculated for the results of 

the half-life cycle test with adult snails (Chapter 5: Table 5.2). One explanation might be the protective 

egg integument around the embryo where xenobiotics cannot easily pass through (Beadle, 1969).  

Similar patterns can be observed for the hatching time of embryonic snails. When the embryos of 

P. acuta were exposed towards 25°C they hatched after eight days in the control treatment and only after 

20 days at 15°C. Furthermore, the growth development of juvenile snails was enhanced at 25°C. After six 

weeks juvenile snails revealed a size of approximately 7 mm, but only 4 mm at 15°C (Chapter 5: Figure 

5.2 A, B). Besides the enhancement of developmental parameters (e.g. growth, hatching or reproduction), 

high temperatures may intensify the impact of toxic substances. 

Besides the embryos, juvenile snails are similarly more sensitive towards xenobiotics than adult 

snails. Ducrot et al. (2010) observed that juveniles exposed to high concentrations of diquat died before 

they could reproduce. Experiments with juvenile snails of P. acuta and pyrimethanil showed likewise that 

the growth development was negatively influenced by the fungicide. In the worst case it resulted in high 

mortality rates between 50%-100% after six weeks of exposure depending on the concentration of 

pyrimethanil and the temperature. However, the mortality rates were higher at 15°C compared to 20°C 

and 25°C (Figure 6.3, 6.4). Again, this could be due to the preference of P. acuta towards warmer 

temperatures between 20°C and 30°C (Thomas and McClintock, 1990; Brackenbury and Appleton, 1991; 

Albrecht et al., 2009). The observation of the final size of P. acuta after six weeks showed similar results. 

The growth development is highly affected by temperature and pyrimethanil, but with increasing 

temperatures the influence of pyrimethanil decreased as indicated by the EC10/50 values. Moreover, the 

ECx values calculated for the juvenile growth test are very low compared to the results for the half- and 

full-life cycle test with adult snails (Chapter 5: Table 5.2). This accounts for the fact that early 

developmental stages are more sensitive than older ones.  
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Figure 6.3: Growth of juvenile snails. Increase in size [mm] over six weeks of juvenile Physa fontinalis (A-C) and 

Physella acuta (D-F) in dependence of different temperatures (15-20°C) and pyrimethanil concentrations (0.06-0.5 

mg L
-1

) and a control. n = 12; (according to Albrand, 2012).  

 

6.4 Competition between Invasive and Indigenous Species 

One important group of snails of the macroinvertebrate community are the Physidae (Lombardo, 2005). 

For example, P. acuta has an exceptionally broad habitat distribution and sometimes occupies more than 

three quarters of the ponds studied and is found in shallowest, temporary ponds as well as the deepest 

largest lakes (Turner and Montgomery, 2009). P. acuta has been found in streams and rivers (Jokinen, 

1992) and as well in in the benthos of Laurentian Great Lakes (Stewart et al., 1998). Considering the 

staggering breadth of its geographic distribution and the high densities typically achieved by P. acuta 

populations, this species is certainly among the most successful of invasive freshwater animals. As 

physids are herbivorous snails they may account for a reduction of biomass and production of edible 

primary producers, with consequent effects on composition and abundance of all biota, water chemistry 

and water clarity (Strayer, 2010). Physids are capable of exerting top-down control of epi-/ periphyton 

even in the presence of strong bottom-up forces like high nutrient concentrations (Jones et al.,1999; 

Lombardo, 2001).  
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P. acuta may be the most opportunistic species being capable of quickly exploiting food sources 

with high effectiveness as periphyton grazers and highly active feeding (Lombardo et al., 2010). The 

observed activity patterns may reflect broader species-specific ecological characteristics which, in turn, 

may be related to community-level features such as interspecific competitive ability despite its high 

grazing effectiveness (Lombardo, 2001; Wojdak and Mittelbach, 2007) and success in productive habitats 

at both local/ regional and global scale (Dillon et al., 2002; Lombardo et al., 2010). The high activity and 

quick response of P. acuta to food may translate into a high potential to exploit food, which may be 

exacerbated by its fast way of moving around. The high individual variability and daily activity peak 

significantly later than all other species may alleviate some of the competitive pressure by reducing 

interference-based interactions with co-occurring snail species. 

 

Table 6.2: ECx values for Physella acuta and Physa fontinalis. Calculated EC10/50/90 ± [CI] 

values derived from the mortality of juvenile physids within six weeks of exposure 

towards pyrimethanil at 20°C (according to Albrand, 2012). 

EC-values  Physella acuta Physa fontinalis 

EC10 0.121 ± [0.021-0.815] 0.167 ± [0.088-0.318] 

EC50 0.446 ± [0.192-1.035] 0.260 ± [0.216-0.325] 

EC90 1.515 ± [0.119-19.24] 0.418 ± [0.195-0.894] 

 

Beyond that, the temperature mainly influenced the behavior of the two species as both of them 

are adapted to colder (P. fontinalis) or warmer (P. acuta) temperatures. For example no increase in size 

was measurable for P. fontinalis at 25°C as most of the juveniles died within the experiment. Contrary, 

the mortality rates for P. acuta were below 20% in the control and below 50% in the highest treatment. 

All in all the increase in size was lower for P. fontinalis than for P. acuta causing as well effects for the 

timing when maturity is achieved or for the reproductive output. 

For example, a study by Núñez (2010) comparing P. acuta and Stenophysa marmorata showed 

that P. acuta had a more lingering reproductive period (twice as much) and consequently laid more eggs 

than S. marmorata. The growth rate and pre-reproductive period of many freshwater gastropods is related 

with the temperature and feeding rate. Furthermore, temperature is an indirect factor of the oviposition 

because growth rate and the development to reach sexual maturity depend on it (Turner and McClintock, 

1990). S. marmorata was born with a bigger size to the one observed in P. acuta and invested more 

energy on growth delaying its sexual maturity. This resulted in a fecundity and survival disadvantage 

compared to P. acuta which presented a lesser growth rate but it matured earlier and survived longer. 

Additionally, growth of P. acuta was not affected by reproduction as it was observed for S. marmorata 

(Núñez, 2010).  

As mentioned before, P. acuta is a super-generalist lowering diversity in freshwater ecosystems 

and therefore tending to be an invasive species (Turner and Montgomery, 2009). It combines all 

characteristics which are necessary for a highly successful invasive species, like a rapid growth rate, early 

sexual maturity, effective reproduction, high fecundity, low susceptibility to natural enemies and the 

ability to tolerate wide range of abiotic conditions (Alonso and Castro-Diez, 2008). Albrecht et al. (2009) 
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pointed out that invasive species can have great impacts on endemic taxa and may even lead to 

competitive exclusion of native species. Considerable amounts of ecological changes are already evident 

in most ancient lakes (Coulter et al., 2006) and given the vast increase in global trade and tourism, one 

might expect an increasing arrival of invasive molluscs, even in remote areas. P. acuta is already a 

serious threat both to economic plants in green houses (Godan, 1983) and to filtering plants in sewage 

treatment plants (Adytia and Raut, 2002). To fully assess the ecological role of P. acuta and other 

freshwater snails in natural communities, we advocate more studies addressing the potential influence of 

temporal aspects on snail behavior and ecological characteristics. Furthermore, the invasiveness varies 

widely between molluscs and depends on their biology, vectory, availability of ecological niches, 

compatibility with new habitats, and habitat integrity. Therefore several studies are needed to assess the 

impact of those invasive species because it is almost impossible to eradicate invasive species once they 

have successfully colonized a new environment. Indeed with regard to the established efforts to preserve 

highly diverse environments it is essential to obtain as much information as possible on the behavior of 

those species.  

A study conducted by Rosset et al. (2010) showed that four exotic species of gastropods 

(accounting for 9% of the species pool) could successfully establish in Switzerland. This is also obvious 

for several other countries. For example, Falkner et al. (2001) and Girardi (2003) observed that in Austria, 

France, Germany, Hungary, Italy, Malta, Netherlands, Poland, Slovak Republic and Spain meanwhile a 

gastropod species (Melanoides tuberculata) occurs, which is rather endemic to south-east Asia and Africa 

(Ben-Ami and Hodgson, 2005). M. tuberculata is a large prosobranch snail being mainly introduced by 

the popularity of aquaria (Studemund and Rosenberg, 1994). It was firstly found in Italy 1984 (southern 

Tuscany). Its high population density derives mainly from its parthenogenetic mode of reproduction 

(Cianfanelli et al., 2005), causing high population density within short time periods. Rader et al. (2003) 

report that M. tuberculata reached population densities of up to 10,000 individuals m
-2

 in the St. Johns 

river (Florida, USA) after seven years of introduction. Another example of the high dispersal capacity of 

M. tuberculata is obvious in the Springs National Park (USA) where it is meanwhile one of the dominant 

species regarding its quantity and biomass. Live-bearing species and those that reproduce through self-

fertilization can disperse widely and displace other species, as it has been observed for the endemic 

Melanopsis etrusca being meanwhile displaced by M. tuberculata (Pointier et al., 1991; Covich, 2006). 

It is expected that P. acuta has likewise the potential to displace indigenous species and therefore 

disturbing the ecological structure of aquatic ecosystems. Based on the results of the present thesis P. 

acuta might have a considerable potential to suppress P. fontinalis, because it has a higher tolerance level 

towards pollution and may be better adapted to high temperatures (Bernot et al., 2005; Kefford et al., 

2007; Albrecht et al., 2009), like they are expected for the future. There are several assumptions that the 

population of P. fontinalis will spread father north and into defined water bodies like it is already 

observed for Radix balthica (Cordellier and Pfenninger, 2009). Climate models forecast a northwards 

dislocation of the current distribution areas. For example, habitats in northern Great Britain or North 

Scandinavia will be more suitable bioclimatic areas whereas regions like France or the south of Germany 
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will not be sufficient anymore for this hermaphroditic snail. In the following free niches will develop as 

the habitat for R. balthica will be degraded about 30-60% till 2080. This might become true for 

P. fontinalis as well. Especially, in consequence of extreme weather events like hot spells, when water 

body temperatures might increase for a longer time period. When temperatures increase up to 25°C high 

mortality rates can be expected for P. fontinalis causing eventually the decline of the whole population 

(Mouthon and Daufresne, 2006). The results of the juvenile growth test showed that within a few weeks 

all snails died as P. fontinalis is not very well adapted on warm temperatures (Figure 6.3, 6.4).  

 

 

Figure 6.4: Mortality of juvenile snails. Mortality after six weeks of A) Physa fontinalis and B) Physella acuta after 

exposure to different temperatures (15°C, 20°C, 25°C) and pyrimethanil concentrations (0.06-0.12 mg L
-1

); 

(according to Albrand, 2012). 

 

But even at an optimal temperature of 20°C response-surface design studies, conducted by Jilani 

(2012), showed very clearly that P. fontinalis will lose in case of competition with P. acuta. The 

intraspecific and interspecific competition between juveniles of P. acuta and P. fontinalis has been 

observed by means of growth, significantly less invasive snails died compared to the mortality rates of the 

indigenous ones (Figure 6.5). Further the intraspecific mortality among P. fontinalis is lower compared to 

the interspecific competition. Within the intraspecific competition the mortality is below 30% in the lower 

density and reaches 40% in the mean densities. The mortality rate reaches 60% under interspecific 
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competition the more individuals are in one test vessel and equals 100% in the highest density with ten 

individuals of each species. P. acuta is a lot more insensitive according to the intra- and interspecific 

competition. When solely P. acuta is exposed no mortality occurs no matter how many individuals are 

within one test vessel. With increasing densities of P. fontinalis the mortality rate increases up to 30% and 

reaches 60% under the highest density treatment but is still lower compared to P. fontinalis. Concluding it 

can be said that the more invasive species occur in the habitat the more indigenous species might become 

displaced. 

 

 

 

Figure 6.5: Intra- and interspecific competition between Physa fontinalis and Physella acuta. Mortality rate [%] of 

A) P. fontinalis and B) P. acuta under the influence of intra- and interspecific competition under different density 

ratios (number of adults in the test vessel) at 20°C; (according to Jilani, 2012).  

  

The afterwards occurring free niches facilitate the expansion of invasive species like P. acuta, as 

they occupy these free habitats more or less without competitors. But also if an intraspecific competition 

occurs in the habitats it seems as if P. acuta will have an advantage due to its fast development (Figure 

6.2, 6.3), high reproduction and proliferation rates. There are further factors which determine the 

intraspecific concurrence and leading to a minor growth and lower abundance in the presence of other 

snails (Turner et al., 2007; Johnson et al., 2009; Zukowski and Walker, 2009). For example, P. acuta 

shows a faster development in the presence of Glyptophysa gibbosa, whereas the growth of G. gibbosa is 

inhibited and followed by higher mortality rates (Zukowski and Walker, 2009). Further, Turner et al. 

(2007) described that the embryo mortality might be enhanced due to the presence of competitors or that 

they feed on the egg masses of the indigenous species. Some similar observations have been made for P. 

acuta and P. fontinalis by Jilani (2012). Within one week 8.3 % of the egg ropes being produced by P. 

fontinalis were preyed by the invasive species P. acuta. 

Furthermore, it has been shown that P. fontinalis reacts more sensitive towards the contaminant 

than the sister species (Table 6.2). Hence, other pollutants might cause severe effects on the indigenous 

snail as well. When all these factors are combined there is a high probability that P. fontinalis might 

solely occur in clearly defined water bodies in the future (Whitehead et al., 2009). Due to the 
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environmentally influenced selection pressure, it is probable that the newly vacated niches will be 

assigned by P. acuta.  

This will not only be related to physids but also to other gastropods groups which inhabit similar 

areas (Cook et al., 2004; Waltari et al., 2007). A comparison between the sensitivity of R. balthica and 

M. tuberculata towards the impact of pyrimethanil at different temperatures by Ruppert (2011) is a 

further proof that indigenous species react more sensitive towards pollutants than invasive species. 

Moreover, clear temperature effects could have been observed for both species concerning development 

and reproduction. The most suitable temperature for M. tuberculata was 25°C, a temperature which 

caused some stress induced changes on the reproductive system leading to self-fertilization, which may 

cause inbreeding depressions for populations (Coutellec and Lagadic, 2006). In contrast to the widespread 

distribution of P. acuta it is yet not clear if M. tuberculata may likewise establish in middle European 

water bodies. M. tuberculata owns some strategies against several stressors, like burrowing in the 

sediment, an operculum or the parthenogenetic reproduction leading to resilience against certain stress 

factors (Livshits and Fishelson, 1983). This may alleviate the immigration in local ecosystems and 

facilitate the establishment of large populations. First of all stable warm water fed water bodies provide 

optimal conditions for the establishment of exotic species (Karatayev et al., 2009). 

6.5 Ecotoxicological Implications 

The assessment of experiments where near natural conditions like dynamic temperatures, the impact of 

multiple stressors or food web interactions are adjusted, provides a closer look on the outcome of global 

climate change for the various ecosystems. Relying on simple laboratory experiments to assess the impact 

of several stress factors requires some important caveats (Folt et al., 1999). Therefore it is intended to 

estimate toxic risk of contaminants more realistically by going beyond single-trophic level toxicity 

testing. The extrapolation of results based on laboratory experiments to the field is problematic, because 

often a short term exposure is considered, interspecific interactions (competition, predation) are absent 

and individuals are cultured in high quality conditions prior to exposure to the stressors (Folt et al., 1999). 

Understanding the impact of multiple stressors is particularly challenging when their combined effects 

cannot be predicted based on evidence from single stressor studies, especially if there are interactions that 

cause non-additive effects (Breitburg et al., 1999; Folt et al., 1999). Toxicologists have been concerned 

with the susceptibility of aquatic organisms to several pollutants like they occur within the environment. 

There is an ongoing progress to assess the impact of pesticides in aquatic ecosystems, because they are 

among the most important stressors in freshwater systems (Hanazato, 2001). Several studies have shown 

that it is important to take into account the response of invertebrates (e.g. daphnids) to anthropogenic 

stressors, simultaneously with the impact of abiotic factors, and competitive or predator-prey interactions 

(Beklioglu et al., 2010). Therefore, the analyses of results derived from tests using current standard 

ecotoxicological methods do not allow a proper linking of variations in exposure concentration to the time 

course of effects and do not provide any mechanistic description of effects. In particular, ecophysiological 

characteristics of the various species of freshwater snails should enable a wide range of ecotoxicological 
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tests to be set up in the laboratory or in the natural environment for valuable monitoring programs in 

surveillance of freshwater ecosystems (Mazurová et al., 2008; Schmitt et al., 2011; Sieratowicz et al., 

2011). It is proposed to conduct partial- or full-life cycle tests to ensure that the sensitive window in the 

life cycle of the studied species is actually exposed to the compound (Ducrot et al., 2011). 

The observation of fitness parameters like juvenile growth, reproduction or population growth of 

organisms is not the only possibility for investigating effects of thermal or contaminant stress. Although 

the examinations of biomarkers that take account of temperature and pollutant interactions are largely 

non-existent at present, a worthwhile initiative to develop biomarkers for enhancing the understanding of 

possible cumulative effects appeared. These biomarkers may advance the risk assessment process at times 

of global climate change (Gagné et al., 2007). Thermal stress was shown to increase the oxidative stress 

such that reactive oxygen species (ROS) are released during cellular respiration (Abele et al., 1998; Heise 

et al., 2003). Within certain body tolerance boundaries elevated environmental temperatures will therefore 

stimulate metabolic rate increments. Higher temperatures are prone to enhance the release of ROS, and 

thereby increasing the risk of oxidative damage. The temperature induced ROS release from 

mitochondria, although a different form of disturbance apparently, produces the same physiological 

effect, including the increase of antioxidant defense. Therefore, the intracellular ROS liberation could be 

a common feature, accompanying physiological strains, owing to a wide range of different ecological 

disturbances. A prolonged exposure to unsuitable temperatures may overwhelm an organism’s defense, 

by reducing the activity of thermo-labile antioxidant enzymes and by increasing internal ROS production, 

which will entail oxidative damage of sub-cellular structures, thereby possibly affecting whole animal 

physiology on a systemic level (Abele et al., 1998). Additionally, it could have been observed that the 

mitochondrial electron transport is increased at fixed temperature when the site is polluted as it has been 

shown by DeCoen and Janssen (2003) for daphnids and by Smolders et al. (2004) for zebra mussels. The 

temperature-dependent electron transporting activity in mitochondria constitutes a critical target for the 

cumulative effects of temperature and chemical pollution. Modifications in cellular energy production as 

defined by respiration rates and energy reserves such as carbohydrates and lipids occurred during 

adaptation to various stresses like pollution or changes in habitat characteristics (Gagné et al., 2007) and 

might be a useful tool to investigate effects occurring due to climate change conditions.  

Therefore, a focused research on multiple stressors and their combined impact is needed to 

improve understanding of their interactions and to facilitate the assessment of additive or more-than-

additive effects (Relyea and Hovermann, 2006). The current risk assessment can be improved by 

incorporation of further realistic scenarios, like near natural assessments, in a systematic fashion (Van 

Straalen, 2003; Eggen et al., 2004). In addition to the near natural conditions the assessment of pesticide 

effects on predator prey interactions and the incorporation of sublethal endpoints such as behavior, 

physiology and life history would permit more precise extrapolation of their effects on natural 

populations (Hanazato, 2001; Fleeger et al., 2003; Relyea, 2005). Furthermore, it is important to consider 

that potential population level effects after long-term exposure are not necessarily (1) predicted by effects 

seen in the first generation, (2) a reflection of the effects of the toxicant on the most sensitive parameter, 
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or (3) predicted by the traits that contribute most to fitness parameters resulting in the population growth 

rate. Indeed a number of factors can play important roles in determining how populations may respond to 

toxicant induced stress (Raimondo et al., 2006). It is recognized that the integration of several generations 

and the assessment of the impact of combined stress factors approaches will overcome the low 

environmental realism of simple toxicity testing and thus predict the environmental situation under the 

impact of global climate change more accurately (Cairns, 1983).  

As an encouragement for usual ecotoxicity test, which often consider solely fitness parameters 

like growth or reproduction, it is meanwhile possible to acquire a better knowledge in the field of aquatic 

ecotoxicity by successfully applied genotoxic biomarkers (Dixon et al., 2002). The main focus of 

ecotoxicity approaches is still on the consequences of contaminant on the population level. Though, 

Diekmann et al. (2004 a, b) demonstrated that a model genotoxicant induced several endpoints of primary 

and secondary DNA damage. DNA strand damage seems likely to be linked to effects on growth, 

development and reproduction in a variety of aquatic animals, especially invertebrates (Lee et al., 2000). 

Due to the fact that DNA repair mechanisms may be more efficient in the later embryo stages than in the 

early ones it is expected that DNA damages in the early stages may severely affect the development of the 

organism. Those damages may affect the whole population. Therefore, the relevance of genotoxicity for 

aquatic populations may provide a basis for an ecotoxicological risk assessment of genotoxic substances 

in surface waters. For example, the exposure of adult Lymnaea stagnalis towards vinclozolin caused an 

increased production of egg masses but afterwards the hatching was reduced (Lagadic et al., 2007). Some 

similar observations have been made for P. acuta where the hatching success was mainly influenced by 

vinclozolin accompanied by a maximum induction of micronuclei (Sánchez-Argüello et al., 2012). 

Daphnids reacted likewise towards an exposure to vinclozolin, as the offspring sex ratio was affected by 

decreasing the number of neonate males. Therefore, Haeba et al. (2008) concluded for vinclozolin that it 

has an effect on the embryonic sex determination and changes thereby the rate of sexual reproduction and 

genetic recombination which could affect populations. That means that chemical substances are able to 

affect embryonic sex determination and changing the rate of sexual reproduction and genetic 

recombination (Haeba et al., 2008). Furthermore, a decreased fertility and embryonic mortality or 

alterations have been correlated with cytogenetic damage in invertebrates, showing that embryos may be 

more sensitive indicators of reproductive impairment than are alterations in fertility. On the one hand 

recruitment failure can affect population dynamics in embryo toxicity tests and this can be linked to 

potential long-term consequences for population success. On the other hand short term tests with early 

life stages often show comparable effect concentration than those observed with less sensitive stages after 

long-term chronic exposure (Sánchez-Argüello et al., 2012). 

Hence, these data highlight the need for both developmental and genotoxicity assays for the 

amplification of the ecotoxicological risk assessment to protect the environment with regard to the 

ongoing alterations and disruptions (Depledge, 1998). The role of xenobiotics in the environment often 

remains obscure and difficult to predict. Consequently the examination of biomarkers, which are induced 

when none of the other parameters responded, can show the specific joint action of substances. That 
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means the complex responses for mixtures of contaminants or several stressors leading to the ecotoxic 

mode of action depends on various toxic effects (Barata et al., 2006).  

6.6 Ecological Implications 

Since its beginning, the Earth has known many climatic variations from basic seasonal cycles to glacial-

interglacial transitions (Harley et al., 2006). There is abundant evidence suggesting that the world’s 

climate is changing at an unprecedented way (IPCC, 2007) and the actual fast and dramatic changes make 

the impact of global climate change even more severe for the whole ecosystems. Besides extended warm 

spells, prolonged droughts and shifts in precipitation, the predicted rise and disruption in average 

temperature pattern may cause altered patterns of primary production, perturbations in time of 

productivity, altering life history traits, changes in population dynamics (Holmgren et al., 2001) or in the 

worst case the exacerbation of environmental changes. Besides long term alteration in temperature, short 

term shifts, like extreme weather events can have major effects on seasonal dynamics of lakes. 

Additionally, prolonged periods of calm can give rise to problem accumulations of bloom forming algae. 

Sustained changes of this kind have yet to be reported in the English lakes but warm summers are known 

to encourage the growth of bloom-forming algae. Such periods of increased stability do not invariably 

lead to algal blooms but increase the risk if other conditions are favorable. These effects include changes 

in the flux of nutrients (George, 2000 b), the timing of the clear water phase (Straile, 2000) and the 

abundance of the crustacean plankton (George, 2000 a). Furthermore, species-specific variation in 

phenological responses to climate can disrupt the synchrony of ecological interactions (Harrington et al., 

1999; Visser and Both, 2005) and potentially affect community persistence. 

 Examples from aquatic communities show that the study of physiological mechanisms can help 

to elucidate these ecosystem changes and to project future ecological trends (Pörtner and Farrell, 2008). 

The direct effects of climate warming can be understood through fatal decrements in an organism’s 

performance in growth, reproduction, foraging, immune competence, behavior, and competitiveness. A 

good performance of physiological processes falls below its optimum during cooling and warming. At 

both upper and lower pejus temperatures, performance decrements result as the limiting capacity for 

oxygen supply causes hypoxemia (Pörtner, 2002; Pörtner and Knust, 2007).  

Invertebrates inhabiting highly variable intertidal environment use metabolic depression, 

anaerobic energy production and stress protection mechanisms to provide short to medium term tolerance 

of extreme temperatures. These processes are also necessary for detoxification processes if contaminants 

occur in the surrounding medium inhabited by invertebrates. Temperature fluctuations that accompany 

global climate change can occur during the critical periods in the homeostatic and reproductive activities 

of organisms. Ectothermic animals (e.g. daphnids, invertebrate larvae or snails) adjust their metabolisms 

to the temperature of their habitats in an attempt to balance the energy production, and expenditure to 

ensure their own continued survival, maintenance and reproduction. Temperature fluctuation could 

significantly change the susceptibility of aquatic organisms to the toxic effects of contaminants, perhaps 

beyond the impact of contaminant dynamics in aquatic ecosystems. Furthermore, in water bodies with a 
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fluctuating water level the organisms might be more susceptible to the cumulative effects of temperature 

and pollution. It has been observed that there is an energy cost to maintain homeostasis for survival and 

reproduction during stressful events caused by various physical and chemical agents (Gagné et al., 2007). 

For example, Smolders et al. (2004) and Viarengo et al. (1995) depicted for the zebra mussel Dreissena 

polymorpha that an increased energy requirement is necessary to maintain homeostasis at cost of growth 

and gamete development or for resistance to further stresses like anoxia or temperature.  

Species occupying altered environments are likely to experience multiple stressors of varying 

severity, frequency and duration (Meylan et al., 2012). Of particular concern is how organisms can cope 

with the anticipated changes in their environment given the associated challenges imposed by other 

anthropogenic factors, particularly because temperature and precipitation influences key life history 

parameters and population dynamics as well as selective agents. The current focus is on endothermic 

vertebrates but ectothermic organisms are more likely to be affected due to habitat fragmentation and 

degradation lowering the available resources or raises energetic costs of maintenance so as to lower 

realized recruitment (Visser, 2008). Besides anthropogenic changes like habitat fragmentation, 

degradation, and pollutants, natural toxins like cyanotoxins as a consequence of high nutrient loads in the 

waterbodies may also contribute to multiple stress. The analysis of joint effects of pesticides and 

cyanotoxins on species and communities is critical for a full understanding of the risk to the environment 

and humans (Cerbin et al., 2010). For example, short-term exposure to sub-lethal doses of pesticides can 

potentiate the effects when daphnids are exposed to toxins for a long time. Daphnids being confronted 

simultaneously appear to have a delay in reproduction, mature at smaller size and have less offspring than 

individuals treated with only one stressor. The experiment which is presented in chapter 4 indicates as 

well that multiple stressors may integratively affect organisms. Both single stressors like contaminants 

provided via medium or food and temperatures as well as the combined effect of multiple stressors like 

temperature, with pyrimethanil contaminated food or predator kairomones caused significant effects on 

the behavior of daphnids (Chapter 4: Table 4.1). It could have been shown that the size of the mother 

daphnids, the reproduction, and the population growth were affected by these stress factors (Chapter 4: 

Figures 4.3-4.5).  

The analysis of numerous data on the ecology of existing artificially heated up water bodies 

testifies that the organisms of different taxonomic groups response similarly to a temperature increase 

over a prolonged period of time. For Europe it can be said that most organisms grow and develop only 

during summer at middle and high latitudes. The increased duration of the active phase due to higher 

temperatures may, in its turn cause a complex of phenomena. For instance, increased temperature of 

freshwaters entails an extension of the period of breeding and the occurrence of additional generations in 

different groups of hydrobionts (Beznosov and Suzdaleva, 2004). This can be shown by the present data 

as well. The daphnids which were exposed towards different temperature scenarios produced more 

generations over the same experimental time the higher the temperature was. (Chapter 2: Table 2.3; 

Figure 2.4). It is expected that rising temperatures cause an extension of the vital activity phase, an 

increase in the number of alterations and a transition to acyclicity. Those shifting may lead to changes in 
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the age structure of populations, e.g. to increased shares of young specimens in populations (Beznosov 

and Suzdaleva, 2004). In contrast temperature alterations might lead to a decline of populations as it has 

been shown for C. riparius und P. fontinalis. With increasing temperatures the number of generations 

decreased (Chapter 3: Figure 3.2; 3.3) or juvenile snails did not develop compared to those grown at 

lower temperatures (Figure 6.3, 6.5). 

Furthermore, the global climate change may cause alterations according to food availability. 

There are predicted dramatic perturbations to food webs when interacting species respond differentially to 

shifting environmental conditions (Stenseth and Mysterud, 2002). These perturbations may be especially 

spectacular in seasonal environments where there are only short periods of the annual cycle suitable for 

growth and reproduction (Fretwell, 1972) or in aquatic systems where trophic interactions are typically 

strong (Sommer et al., 1986; Platt et al., 2003). One important trophic interaction is the correlation 

between predators and their prey which will mainly be affected by climate change as well. Spring 

conditions favor fast growing diatoms, with high nutrient, but low light and temperature requirements 

(Reynolds, 1984). Very often, zooplankton lags the physically driven dynamics of diatoms, which 

provide most of the high quality food for herbivore growth in the spring (Brett and Müller-Navarra, 

1997). It has been hypothesized that population growth of predators depends strongly on the ability to 

match the timing of reproduction to optimal food availability (Beaugrand et al., 2003; Platt et al., 2003). 

The photoperiod and temperature are the main cues stimulating Daphnia diapausing eggs to develop, and 

thus, emergence usually occurs only over a narrow window in spring (Caceres, 1998). It is assumed that 

the water temperature increase may have less effect on the hatching rate of resting eggs, and a 

photoperiod cue is independent of climate change. However scientists have observed that the average 

Daphnia density and egg number have shown a significant decline in the spring/ summer time over the 

past 26 years. A fortified mismatch between the timing of the diatom bloom and Daphnia peak could be 

an explanation of the high variance in Daphnia population decline during spring peak (Winder and 

Schindler, 2004 b). Independent from the food quantity or quality some similar observation have been 

made during the multigenerational experiment with D. magna, where the amount of neonates showed 

some peaks during the simulated spring time followed by a drop (Chapter 2: Table 2.3), which can only 

be explained by the behavioral traits of daphnids towards increasing temperatures. 

However, if the impacts of climate change on aquatic populations and communities are 

investigated maternal or epigenetic effects are as well a crucial factor that should not be underestimated. 

For instance, the offspring phenotype can be manipulated in response to environmental conditions 

experienced by the maternal female. Mousseau and Fox (1998) showed that the maternal environment can 

affect offspring phenotype and fitness for example through variation in investment in offspring size or 

number. Those effects are often based on hormone cascades proving that hormones are a critical link 

between genome and environment (Meylan et al., 2012). The experiences of the parental animals with 

disturbed environmental conditions may cause maternal induced effects on the offspring phenotype like 

altered population dynamics as a result of variation in offspring survivorship, growth rate, body size, and 

other life history traits (Mousseau and Fox, 1998; Weaver et al., 2004; Marquis et al., 2008). When the 
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neonates are already affected by the parental environmental experience further stress factors like 

increased competition with new species, exposure to invasive species or towards new pathogens (by 

invasive species), and changes in predatory density may cause even more severe effects for the function 

of the whole ecosystems (McEwen and Wingfield, 2003; Blaustein et al., 2012). 

In the face of rapid environmental change, populations may only persist, given sufficient time, by 

(1) dispersal and shifting distributions that track their original environment, (2) compensatory responses 

like adaptation by micro-evolution to new ecological condition (e.g. thermal adaptation; Chown et al., 

2010; Sinervo et al., 2010; Huey et al., 2012), (3) behavioral or physiological compensation (e.g. 

phenotypic plasticity; Charmantier et al., 2008; Canale and Henry, 2010; Fuller et al., 2010). The 

recovery of the daphnids within the multigeneration study (Chapter 2: Table 2.3; Figure 2.4) or the 

surveillance that adverse pyrimethanil effects on the survival of C. riparius vanished over the simulated 

summer temperatures might eventually be a hint to adaptive responses as well (Chapter 3: Figure 3.3). 

There are several studies that already show population responses to the ongoing climate change including 

poleward shifts in geographical distribution (Perry et al., 2005; Grebmeier et al., 2006; Cordellier and 

Pfenninger, 2009), population collapses or local extinction (Pörtner and Knust, 2007), failure of large 

scale animal migration (Farell et al., 2008), changes in seasonal timing of biological events (Wiltshire et 

al., 2004) and changes in food availability and food web structure (Pörtner and Farrell, 2008) as well as 

phenological changes (Meylan et al., 2012).  

Besides alterations caused by pollutants or changes in temperature, several studies point out that 

the spread of non-native species can be one of the most harmful and least reversible disturbances in 

ecosystems (Strayer, 1999; Ricciardi and MacIsaac, 2000; Rahel, 2002; Alonso and Castro-Diez, 2008). 

The invasion by non-native species may alter properties of the invaded habitat, decline biodiversity and 

induce biotic homogenization (Enserink, 1999; Kolar and Lodge, 2001; Cambray, 2003; Mills et al., 

2003). Human activities such as agriculture, aquaculture, recreation and international trade are further 

increasing the range of some invasive species (Leppäkoski and Olenin, 2000; Ricciardi and MacIsaac, 

2000; Kolar and Lodge, 2001; Darrigran, 2002; Grigorovich et al., 2003). Additionally, the global change 

may increase the chance of success of exotic species by declining the fitness of local species to the new 

environment (Dukes and Mooney, 1999) leading to dispersal of native species and having an important 

impact on species composition at the regional and local scale. As it has occurred over geological time 

scales in response to a changing climate, many taxa will shift their geographical range and move into 

regions where climate is more suitable while others will fail to do so and will suffer from extinction 

(Rosset and Oertli, 2011). This overall increase in species richness should not mask the fact that species 

extinctions will also occur, and even in smaller numbers than colonization events. This will affect the 

pool of cold thermal specialists. Cold thermal species of ponds are at risk of extinction which may cause 

seasonally stressful conditions for coldwater adapted fish species (or others, e.g. gastropods), but may 

provide suitable thermal conditions to allow non-native warm water species to thrive in these lakes 

(Sharma et al., 2007). Such species may prey on or compete for food resources, leading to declines in 
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native species and loss of populations would be the result of the synergistic effects of climate change and 

non-native species (Rahel and Olden, 2008).  

These changes may in turn alter the pool of potential colonists, influence the chance that non-

native species will establish, alter the impact of established invasive species, and require the initiation of 

expansion of prevention and control efforts (Rahel and Olden, 2008). Invasive, non-native species and 

other disturbances can potentially cause the loss of important ecosystem services such as food production 

and biological controls of species that are vectors of human and wildlife diseases (Dobson, 2004). 

Complex relationships often require more detailed ecological studies within a food-web context to 

determine the likely tradeoffs related to intentional introductions (Mkoij et al., 1999; Gashaw et al., 

2008). The knowledge remains patchy about future trends under climate change (Heino et al., 2009), thus 

enhancing the pressure on freshwater ecosystems, which have to suffer from many anthropogenic 

alterations (Rosset et al., 2010), and whose biodiversity is already highly endangered (Dudgeon et al., 

2006).  

The United Nations General Assembly proclaimed the years 2005-2015 as an international decade 

for action ‘water for life’, where they manifest that freshwater biodiversity is the over-riding conservation 

priority (Dudgeon et al., 2006). Freshwater makes up only 0.1% of the world’s surface but is inhabited by 

100.000 species and constitutes with its biodiversity as a valuable natural resource, in economic, cultural, 

aesthetic scientific and educational terms. Furthermore, biodiversity provides a broad variety of valuable 

goods and services for human societies – some of which are irreplaceable (Covich et al., 2004). Some of 

these components are the economic productivity (e.g. fishery), insurance value in light unexpected events, 

its value as a storehouse of genetic information, and the support of the provision of ecosystem services. 

The decline in freshwater biodiversity is far greater than those in the most affected terrestrial ones, and if 

trends in human demands for water remain unaltered and species loss continue at current rates, the 

opportunity to conserve much of the remaining biodiversity in freshwater will vanish before the water of 

life decades ends in 2015. Biodiversity and biological resources of inland waters are facing unprecedented 

and growing threats from human activities affecting for example invertebrates. Invertebrates have, 

however, multiple roles in the functioning of rivers (Wallace and Webster, 1996) and present key species 

(Dangles et al., 2004), as well as magnitude of species richness (Cardinale et al., 2002; Jonsson and 

Malmqvist, 2003) and other contributes which can affect rates of ecosystem processes. The preservation 

of a rich freshwater biodiversity is therefore not only important for a healthy ecosystem itself, it is also 

economically relevant. Maintenance of biodiversity is a critical test whether water use or ecosystem 

modifications are sustainable, and this assumption underlies all use of freshwater organisms as 

biomonitors or indicators of habitat conditions (Rosenberg and Resh 1993; Karr and Chu, 1999). 
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6.7 Conclusion 

 Acute and chronic pyrimethanil effects under thermal stress are not deducible from single species/ 

stressor tests. Further the aquatic ecotoxicity of pyrimethanil does not depend on trophic levels but 

it is species-specific. 

 Organisms are not only exposed to single stressors, quite the contrary multiple stressors impacting 

aquatic habitats. The identification of interactive effects between abiotic, biotic and man-made 

stresses was successfully assessed by means of longterm and multifactorial experiments. 

 Multigenerational experiments with Daphnia magna and Chironomus riparius including endpoints 

at the population level are a decisive point in the assessment of long-term effects of pollutants. 

Effects of low concentrations of pyrimethanil are only observed in the multigenerational study 

under near-natural conditions which cannot be derived from ecotoxicological standard tests. 

 The multiple stressor experiment with D. pulex depict that an exposure towards single factors 

caused no effects on reproduction. An effect became visible when several stress factors where 

combined, causing an integrative impact on the organisms.  

 Considering climate change, a rise in temperature would cause an increase in daphnid reproduction 

and shorten the time till maturity which may pose an additional crucial stress for the composition 

and biodiversity of aquatic biocenoses. 

 Physella acuta is highly susceptible to pyrimethanil and higher temperature. To the point of 

warmer temperatures it is likely that P. acuta as invasive species will become a threat for 

indigenous species and over long time periods for the whole ecosystem. 

 Certainly, the future risk of pesticides for the aquatic community cannot be assessed by the recently 

available tools used for the regular risk assessment of agrochemicals. Thus ecological aspects, like 

the impact of multiple stressors should be considered if appraising the ecotoxicity of pesticides and 

assessing their ecotoxicological risk for the aquatic environment under the impact of global climate 

change. 
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