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resumo 
 

 

O objetivo fundamental desta tese centrou-se na exploração de cenários 
ecologicamente relevantes de contaminação por fungicidas, e em particular a 
sua interação com a doença (um factor de stress natural e omnipresente), 
usando para isso um modelo experimental composto por um hospedeiro 
(Daphnia spp.) e um parasita (Metschnikowia bicuspidata). Tendo em conta o 
papel importante dos parasitas como moduladores da diversidade genética e 
dinâmica das populações, torna-se importante clarificar cenários de interação 
entre doença e factores antropogénicos (nomeadamente a poluição). Neste 
trabalho, selecionou-se o sulfato de cobre e o tebuconazole como fatores de 
stress químico, devido ao seu amplo uso como fungicidas e frequente deteção 
em sistemas aquáticos. Esta tese apresenta-se como uma sequência de 
etapas de investigação, realizadas com o intuito de avaliar os perigos 
apresentados por estes agentes químicos em cenários de stress múltiplo (i.e. 
mais próximos da realidade). 

Primeiro, a toxicidade de sulfato de cobre e tebuconazole foi determinada em 
dois hospedeiros (dois genótipos de Daphnia), considerando os seus efeitos 
interativos com o aumento de temperatura. Estes cenários permitiram-nos 
simular dois agentes importantes de mudanças ambientais. Apesar de ambos 
os fungicidas (cobre e tebuconazole) reduzirem a fecundidade e sobrevivência 
de Daphnia, a temperatura foi o factor mais preponderante no desempenho de 
Daphnia. Neste sentido, observou-se um padrão de toxicidade dependente da 
temperatura para ambos os fungicidas, apesar de altamente dependente do 
contexto. Em segundo lugar, os efeitos recíprocos destes poluentes e do 
parasitismo foram avaliados, usando o modelo experimental Daphnia-
Metschnikowia. Enquanto os poluentes diminuiram o desempenho reprodutivo 
de Daphnia, o parasita afetou principalmente a sobrevivência do hospedeiro. 
Além disso, enquanto os efeitos do sulfato de cobre e do parasita foram 
maioritariamente independentes, o tebuconazole suprimiu a infeção de M. 
bicuspidata a concentrações ambientalmente relevantes (> 6,25 µg l-1). Em 
terceiro lugar, e tendo em conta o potencial da temperatura como moduladora 
de toxicidade dos contaminantes e das relações hospedeiro-parasita, 
avaliámos o desfecho da interação parasita × contaminante quando o modelo 
experimental foi exposto a duas temperaturas distintas. De facto, a 
temperatura revelou ser capaz de aumentar a virulência do parasita e de 
modular interações existentes entre a poluição e a doença (no caso do 
tebuconazole). 

Tendo em conta as evidências recolhidas até este ponto, o foco do nosso 
trabalho foi dirigido para o efeito anti-parasitário do tebuconazole, que  

 

  



  

 

 

 

 

 

 

 

 

 

 

  

  

resumo (cont.) 
 

 

hipotetizamos ser mais disseminado do que o reportado até agora. Assim, 
numa quarta etapa investigativa, a influência de diferentes cenários de 
exposição ao tebuconazole (tempo de exposição × concentração) foi 
determinada, usando o modelo experimental Daphnia-Metschnikowia. Os 
dados de infetividade revelaram um efeito “tudo-ou-nada” causado pelo 
tebuconazole, confirmado pela supressão da infeção dentro de uma gama 
estreita de concentrações (3,65–13,5 µg l-1). Com estes resultados, foi possível 
confirmar que o tebuconazole inibiu a esporulação de Metschnikowia, e 
possivelmente o crescimento vegetativo das células desta levedura. 
Finalmente, com o intuito de determinar se M. bicuspidata conseguiria adaptar-
se a esta pressão seletiva, promovemos experimentalmente a rápida evolução 
de linhagens de Metschnikowia ao tebuconazole. A infectividade, o número 
(carga) de esporos e o tempo de sobrevivência dos hospedeiros infetados 
revelaram que as linhagens expostas ao tebuconazole tiveram um pior 
desempenho quando comparados com as linhagens não expostas ao 
tebuconazole. Ainda assim, este efeito negativo foi facilmente revertido após a 
remoção desta pressão selectiva. Estas evidências demonstram custos 
transientes associados a uma exposição prolongada ao tebuconazole, sendo 
que o microparasita M. bicuspidata não revelou potencial para uma evolução 
rápida ao tebuconazole. Em conjunto, os nossos resultados confirmam que a 
exposição prolongada a concentrações ambientalmente relevantes de 
tebuconazole é nociva para comunidades de fungos não-alvo, podendo assim 
afetar numerosos microparasitas e decompositores, assim como os processos 
onde eles intervêm (doença e decomposição). O sulfato de cobre, por outro 
lado, revelou um padrão de toxicidade menos dependente do contexto, e sem 
qualquer interação com o parasitismo. As nossas descobertas demonstraram 
potenciais efeitos ecológicos negativos de agentes anti-fúngicos (que incluem 
agroquímicos e fármacos, muitos dos quais partilham o mesmo modo de 
ação), que poderão ter sido negligenciados até agora. 
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abstract 

 
The overarching objective of this thesis was to explore ecologically relevant 
scenarios of contamination by agrochemical fungicides, in particular their 
interaction with disease (a ubiquitous and relevant natural stressor), using a 
host (Daphnia spp.) × parasite (Metschnikowia bicuspidata) system as an 
experimental model. Because parasites act as modulators of population 
dynamics and genetic diversity, interaction scenarios between disease and 
anthropogenic factors (namely pollution) are important to clarify. For this work, 
copper sulphate and tebuconazole were selected as chemical stressors, given 
their widespread use as fungicides and frequent detection in aquatic systems. 
This thesis presents a sequential series of research steps that were undertaken 
to assess the hazards posed by these chemicals under multi-stressor (i.e., 
realistic) scenarios. 

First, we assessed the toxicity of copper sulphate and tebuconazole in two host 
(Daphnia) clones, considering their joint effects with increasing temperatures. 
This allowed simulating two important agents of environmental change. 
Temperature was the most influencing factor on Daphnia fitness, although both 
copper and tebuconazole reduced the fecundity and survival of Daphnia. A 
temperature-dependent pattern was found for both fungicides, although this 
was highly context-dependent. Second, we investigated the reciprocal effects 
of these pollutants and parasite challenge, using the Daphnia-M. bicuspidata 
experimental system. The toxicants decreased Daphnia fitness, whilst the 
parasite strongly reduced host survival. Whilst copper sulphate and parasite 
effects were mostly independent, tebuconazole suppressed the M. bicuspidata 
infection at an environmentally relevant range of concentrations (> 6.25 µg l-1). 
Third, these contrasting outcomes were assessed at two distinct temperatures, 
because temperature is an important modulator of both toxicity and host-
parasite relationships. Indeed, we observed that temperature increased 
parasite virulence and acted as a modulator of existent interactions between 
pollution and disease (in the case of tebuconazole). 

Based on these evidences, we directed our focus to the observed anti-parasitic 
effect of tebuconazole, which we hypothesize that is more widespread than 
reported. In a fourth step, we evaluated the influence of different exposure 
scenarios to tebuconazole (timing × concentration) on the Daphnia-M. 
bicuspidata experimental system. Infection data revealed an “all-or-nothing” 
effect, with tebuconazole suppressing infection within a narrow range of 
tebuconazole concentrations (3.65–13.5 µg l-1). We were able to confirm that 
tebuconazole inhibited sporulation of M. bicuspidata, and possibly also the 
vegetative growth of the yeast cells. Finally, we determined if M. bicuspidata 
could adapt to this anthropogenic selective pressure, by experimentally 

 

  



 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

  

  

abstract (cont.) 

 

promoting the rapid evolution of M. bicuspidata lineages to tebuconazole. 
Infectivity, spore load and survival time of the infected hosts revealed that 
evolved parasite lineages performed worse than naive lineages, although this 
could be easily reversed after removal of the stressor. This demonstrates that 
there were transient costs of prolonged exposure to tebuconazole and that the 
microparasitic yeast M. bicuspidata did not reveal potential for rapid evolution 
to the fungicide. Altogether, our findings support the idea that long term 
exposure to tebuconazole is hazardous to non-target fungi at environmentally 
realistic concentrations, putatively affecting numerous microparasites and 
decomposers, as well as the processes were they intervene (disease and 
decomposition). Copper sulphate, on the other hand, revealed a less context-
dependent toxicity pattern, without interacting with parasitism in this case. Our 
findings with tebuconazole demonstrate negative ecological effects of 
antifungal agents (which include agrochemicals and pharmaceuticals, many 
sharing mode of action), which may have so far been overlooked. 
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Anthropogenic pressures and ecosystems 

Anthropogenic pressures upon the environment have been increasing in number and 

intensity due to the growing needs of human population. As development progresses, 

industrial and agricultural activities lead to a higher resource consumption and this 

commonly leads to degraded surrounding environments. Climate change, land-use change, 

resource overexploitation and growing energy demand are some of the most concerning 

pressures that need to be assessed and accounted for in order to avoid negative effects in 

biodiversity and associated ecosystem services (Artigas et al., 2012). Consequently, loss of 

biodiversity and related changes in ecosystem services (such as provisioning, regulating, 

supporting and cultural services provided by biodiversity) may pose serious consequences 

to the environment and human well-being (Bommarco et al., 2013; Tscharntke et al., 2012). 

Furthermore, the drivers of these changes are still showing no evidence of declining, being 

steady or with a tendency to increase (Cardinale et al., 2012; Millenium Ecosystem 

Assessment, 2005). 

Within these worldwide changing scenarios, the most important drivers of 

biodiversity loss and changes in ecosystem services are anthropogenic factors, namely 

human-induced habitat change or destruction, introduction of invasive species, over-

exploitation of resources (e.g., overfishing), global climate change and pollution (Millenium 

Ecosystem Assessment, 2005). Among other activities, agriculture and industrial exploitation 

are major threats to ecosystems, particularly taking into account their intensification over 

the last century. Agriculture and industry cause soil, water and air degradation by fertilizers, 

pesticides and industrial spillage, which may extend to surrounding terrestrial and aquatic 

systems nearby (Stoate et al., 2009). Particularly due to agricultural exploitation, 

contaminants, such as fertilizers and pesticides, can reach the surrounding ground and 

surface waters, through leaching, runoff events and spray-drift (Arias-Estévez et al., 2008; 

Hildebrandt et al., 2008; McKnight et al., 2015). Once in the aquatic system, contaminants 

cause several negative impacts (if so, contaminants can then be considered pollutants) on 

natural communities and compromise the ecosystem functions of agricultural systems 

(Stoate et al., 2009). 
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With the aim of promoting a better understanding of these negative effects, 

interactive scenarios between contamination and other stress factors, such as climate 

change events, fluctuating environmental conditions (e.g. resource availability) and biotic 

agents (e.g. parasites or predators) are becoming more important to address, since natural 

populations are commonly exposed to more than one of these stress factors. Although each 

of them can cause negative effects on natural populations per si, scenarios involving 

exposure to multiple stress factors often complicate the final outcome (Fischer et al., 2013; 

Heugens et al., 2001; Scherer et al., 2013). Thus, understanding how different stress factors 

can interact with each other (biotic and abiotic) under a multiple stress scenario framework 

is therefore more ecologically relevant, and it should be a requirement when evaluating the 

impacts posed by agriculture and industrial activities. 

 

Agroecosystems and agrochemicals 

Historically, human settlements and agriculture in particular are strongly dependent 

on freshwater ecosystems, which provide vital resources for human needs. Hence, the use 

of freshwaters and their surroundings areas was, and still is, extensively explored for drinking 

and irrigation purposes, electric power production, crop production, fishing, among others 

(Strayer and Dudgeon, 2010). This inevitably leads to overexploitation of these resources, 

with major consequences like pollution, habitat destruction and loss of biodiversity (Strayer 

and Dudgeon, 2010). Pollution associated with agriculture exploitation is one of the most 

common and important stress factor for natural populations in the surrounding 

environments, and the use of chemicals (agrochemicals) to improve yield (e.g., fertilizers) 

and to control pests (e.g., pesticides) is a major concern (Liu et al., 2015). 

Due to the continuous and extensive application of pesticides, diffuse contamination 

scenarios can exert severe impacts on water quality status, with pesticide residues being 

found in ground and surface water (Berenzen et al., 2005; Bereswill et al., 2012; Hildebrandt 

et al., 2008). Pesticides are chemical compounds designed to prevent, destroy, repel or 

mitigate any kind of pest, and can be catalogued according to their target organism (Arias-

Estévez et al., 2008). Thus, pesticides allow a series of benefits, such as increased crop and 

livestock yield, improved food safety, human health, quality of life and longevity, and 
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reduced energy needs (Cooper and Dobson, 2007; Relyea and Hoverman, 2006). However, 

these compounds can persist in the environment and be toxic to non-target organisms 

leading to negative effects, such as drastic reductions in reproductive performance of 

organisms or even their death (Hanazato, 2001), changing the fitness of natural populations 

(Hoffmann and Hercus, 2000; McMahon et al., 2012; Zubrod et al., 2011). The potential for 

toxicity of such chemicals to non-target organisms, even at very low levels, led to the 

necessity of strictly regulating pesticide application (see e.g., Directive 91/414/CEE and 

REACH). 

Despite the attempt to regulate pesticide application, the continuous need for 

enhanced crop production leads to the extensive use of chemical compounds in 

agroecosystems. Although there was a decrease in pesticide sales in some European 

countries from 2011 to 2014, the total amount of pesticide sales in the EU 28 countries in 

2014 was close to 400 000 tonnes (Eurostat, 2016). Within these, fungicides and bactericides 

were amongst the most sold in European Union (about 44% of the total share), followed by 

herbicides, haulm destructors and moss killers (about 33% of the total share), with the 

remaining percentage being distributed between insecticides, acaracides, molluscicides and 

other products. For half of the Member States, fungicides and bactericides made up for 

more than one third of the sales of pesticides (in tonnes of active substances). Portugal was 

one of the countries with total pesticide sales dominated by fungicides (64%), followed by 

herbicides (19%), and insecticides and acaricides (6%) (INE, 2016). Of the total amount of 

12889.2 tonnes of total pesticide sales in Portugal, 8244.4 tonnes were fungicides (Eurostat, 

2016; INE, 2015). 

 

Fungicides and their environmental risks 

The use of organic and inorganic pesticides to fight common pests/diseases in 

intensive agriculture is crucial to ensure consistent crop yields (Strange and Scott, 2005). 

Fungal diseases, in particular, have been increasingly recognized as major threats for crop 

production, such as rice, wheat, maize or soybean crops (Fisher et al., 2012). As such, 

fungicides are frequently applied (see sale estimates above) and detected in agroecosystems 

(Bereswill et al., 2012; Kahle et al., 2008; Zubrod et al., 2014) and are used for three main 
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reasons: 1) to control diseases during the establishment and development of crops; 2) to 

increase the productivity of crops and; 3) to improve the storage life and quality of harvested 

plants and produces, such as fruits, vegetables and seeds (McGrath, 2004). These 

compounds are designed to control diseases caused by fungi and fungi-like organisms (e.g., 

oomycetes, which used to be considered fungi), such as rusts, mildews, molds and blights, 

which affect a variety of crops caused by common pathogens. Among others, Magnaporthe 

oryzae (in rice crops), Botrytis cinerea (in vineyards) or Puccinia spp. (in cereal crops) (Dean 

et al., 2012; Fisher et al., 2012) have been placed in the top 10 fungal threats to plants (Dean 

et al., 2012). 

Fungicides act by attacking the fungus causing the disease, inhibiting its development 

or causing its death (McGrath, 2004). However, the mode of action of fungicides can be 

diverse: they can act by inhibiting sterol biosynthesis, energy production, amino acids 

synthesis, cell division or work within multiple sites of action (Maltby et al., 2009). As such, 

their wide range of modes of action has the potential to affect non-target organisms in soils 

and nearby aquatic systems, strongly reducing the quality of these compartments and 

imposing environmental and toxicological threats to non-target organisms (Komárek et al., 

2010). Recent studies have demonstrated that aquatic non-target fungi are vulnerable to 

fungicide contamination scenarios (Dijksterhuis et al., 2011; Zubrod et al., 2015), which may 

alter population dynamics, community composition and ecosystem functioning (Boxall et al., 

2013; Stampfli et al., 2011; Zubrod et al., 2011). The potential effects of antifungal 

formulations on fungi-mediated processes is becoming a growing concern; for example, 

Zubrod et al. (2015) considered that the current risk assessment scheme may not adequately 

protect fungal communities that play a key role in decomposition in freshwaters. Thus, with 

anthropogenic pressures increasing in intensity, an adequate assessment of the negative 

impacts of fungicides is needed. 

For the purpose of the research studies developed in the present thesis, we selected 

two fungicides widely used and regularly recorded in aquatic systems surrounding vineyards, 

tebuconazole and copper sulphate (Berenzen et al., 2005; Bereswill et al., 2012; Komárek et 

al., 2010; Moreira, 2013). Copper-based fungicides, such as the Bordeaux mixture (CuSO4 + 

Ca(OH)2), are extensively used to control fungal diseases, like downy mildew caused by 
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Plasmopara viticola. These Cu-based fungicides have also been used in other crops, such as 

coffee, apple, avocado orchards and several vegetables, such as tomatoes and potatoes 

(reviewed by Komárek et al., 2010). Their long term application leads to Cu accumulation in 

vineyards soils, and consequently to runoff events leading to aquatic contamination 

(Bereswill et al., 2012; Komárek et al., 2010). Copper is a multi-site action fungicide that can 

cause growth inhibition and interfere with several cellular processes of organisms, including 

photosynthesis, respiration, enzyme activity, pigment and protein synthesis and cell division 

(Devez et al., 2005). Environmental concentrations of copper have been detected at levels 

up to 263 µg l-1 (Bereswill et al., 2012; Zubrod et al., 2014), with potential negative effects 

on aquatic species such as in Gammarus fossarum, a key leaf-shredding invertebrate 

(Zubrod et al., 2014). With a more specific mode of action, azole fungicides (such as 

tebuconazole) are also extensively used to fight common fungal pests in vineyards (Komárek 

et al., 2010) and have shown activity against a broad spectrum of fungi by inhibition of fungal 

lanosterol-14α-demethylase (a cytochrome P450 enzyme, encoded by the CYP51 gene) 

(Kahle et al., 2008; Stensvold et al., 2012). This enzyme is responsible for transforming 

lanosterol to ergosterol, which is an essential constituent of the fungal cytoplasmic 

membrane (Hof, 2001); hence, the inhibition of ergosterol formation would result in the 

accumulation of 14α-methyl sterols and consequent fungal cell wall disorganization, 

impairing cell membrane permeability and fluidity and impeding fungal growth (Hof, 2001; 

Pesce et al., 2016; Stensvold et al., 2012). In this way, azoles are considered fungistatic 

agents rather than fungicidal (Hof, 2001). Within azole fungicides, tebuconazole is a systemic 

fungicide highly effective against soil borne and foliar fungal pathogens. Frequent detections 

of this compound have been recorded in aquatic systems, with observable negative effects 

in aquatic communities such as algae and daphnids (Ochoa-Acuña et al., 2009), in a leaf-

shredding invertebrate, Gammarus fossarum (Zubrod et al., 2011), and in the community 

structure of non-target heterotrophic microbes (bacteria and fungi) (Dijksterhuis et al., 

2011; Dimitrov et al., 2014). With such negative consequences of common fungicide 

application leading to negative consequences in non-target fungi communities, there is a 

need to further study these scenarios and how this will affect important fungi-mediated 

processes, such as disease (many fungi are pathogens or microparasites) or decomposition 
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(see examples above). Meanwhile, the sensitivity of aquatic fungi to fungicides is still poorly 

studied, despite recommendations that fungi communities should be included in ecological 

risk assessment as a protective strategy to maintain the integrity of aquatic systems (Zubrod 

et al., 2015). 

 

Ecotoxicological assessment: towards a multiple-stress framework 

When it comes to the regulatory risk assessment of toxic chemicals (such as 

fungicides) on biota, risk assessment procedures rely on ecotoxicity studies to predict the 

negative impacts of such stressors. The use of standard ecotoxicology tests to predict effects 

of contaminants on natural populations was originally developed as a way to generate data 

used for environmental regulation, compelled mostly by management and legislative needs 

(Maltby, 2006; Segner, 2007; Van Straalen, 2003). However, analysing the dose-effect 

relationship between a single substance and their effects on a small number of standardized 

species may underestimate the real risk, given that different organisms live in a specific 

environmental context subjected to a variety of other factors in the environment (Folt et al., 

1999; Heugens et al., 2001; Segner et al., 2014). Indeed, natural populations are commonly 

exposed to a large number of stress factors, such as abiotic factors (e.g. temperature, oxygen 

content) and biotic factors (e.g. predation, competition and parasitism) (Scherer et al., 

2013). Nowadays, there is a growing trend on conducting ecotoxicological research towards 

a multiple stress framework, as a way to provide a more accurate prediction of negative 

environmental effects of anthropogenic chemical substances (Fischer et al., 2013; Maltby, 

2006). 

Environmental context assumes a big role in the outcome of sensitivity or toxicity 

studies. Pesticide toxicity, for example, can be altered by a variety of abiotic factors, such as 

changes in pH, temperature or ultraviolet radiation (Moe et al., 2013; Noyes et al., 2009; 

Schiedek et al., 2007). Climate change scenarios may then aggravate such risks to the 

environment, as the more likely scenarios foreseen by IPCC (2014) include increasing 

temperatures and changes on flow regimes and water quality. Particularly regarding 

freshwater ecosystems, extreme events like severe droughts or precipitation events are 

expected to lead to pernicious consequences to aquatic organisms (Stampfli et al., 2013). 
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Both terrestrial and freshwater species may face extinction risks due to these projected 

climate change events, not only due to the isolated effects but also because they can interact 

with other stressors (Landis et al., 2014), including pollution (Balbus et al., 2013; Moe et al., 

2013; Noyes et al., 2009).  

Besides interacting with the abiotic environment, contamination may also affect 

existent interactions between species (Hanlon et al., 2015; Scherer et al., 2013). When 

different species are involved, contaminant-induced changes in the density or trait of one 

species can lead to direct changes on the other species or, if more than two species are 

involved, both direct and indirect effects can occur, affecting the abundance of one of the 

species via a third one (Johnson et al., 2007; Koprivnikar et al., 2007). The magnitude of the 

effects of contaminants on aquatic communities may depend on how these compounds can 

affect existent interactions through direct and indirect effects in top-down or bottom-up 

trophic cascades or via interference with important biotic factors, such as predation and 

competition (Brockhurst and Koskella, 2013; Coors and De Meester, 2008; Knillmann et al., 

2012; Relyea and Hoverman, 2006). Also, and because organisms are nodes in intricate food 

webs, pollutant effects on inter- or intra-specific interactions may ultimately affect 

ecological processes. In the case of fungicides (see above), vital ecological processes such as 

decomposition or disease could be affected. Although numerous studies have focused on 

pollution effects upon decomposer fungal communities and nutrient cycling (Fernández et 

al., 2015; McMahon et al., 2012; Pascoal and Cássio, 2004; Zubrod et al., 2015, 2011), 

comparatively less have looked at microparasitic or pathogenic fungi and the spread of the 

diseases that they cause (Civitello et al., 2012; Hanlon et al., 2012; Hanlon and Parris, 2014). 

This pollution × disease interaction should be the focus of more research, bearing in mind 

projections of increasing disease outbreaks and growing use of pesticides within the scope 

of climate change. 

 

Pollution and disease 

Among biotic interactions that can be affected by pollution, parasitism and disease 

have been studied at the light of a three-variate framework (disease triangle), which explains 

the role of the environmental context in the outcome of host-parasite relationships (Sures, 
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2008; Wolinska and King, 2009). Disease 1 is an important ubiquitous natural factor because 

parasites/pathogens can regulate the genetic diversity and dynamics of the host population 

via parasite-induced host mortality and reduced fecundity, as well as negative frequency-

dependent selection (Wolinska et al., 2008). 

Parasites can be transmitted vertically (from parent to offspring) or horizontally 

(from one host to another, directly or via transmission vectors), and several parasites have 

transmission stages that work as dispersal units, such as spores, cysts or swimming stages 

(Ebert, 2005). The ability of a parasite/pathogen to establish infection is called infectivity, 

although often it is not easily quantifiable. On the contrary, prevalence quantifies the 

proportion of host individuals infected with a certain parasite; and it is a measure of how 

widespread or frequent the disease is. The strength or intensity of the infection may lead to 

sudden bursts (epidemics) in disease prevalence. This may result from an increase in the 

intensity of the infection, which is usually measured as the number of parasites or 

transmission stages in infected hosts (Carius et al., 2001; Laine, 2007). Infection intensity 

may be linked to virulence, which is the fitness component of the parasite that is associated 

with the harm done to the host (i.e., the degree of harm caused by the parasite in terms of 

host morbidity and mortality). In the framework of the disease triangle, all of these 

components are modulated by the environmental context, as explored in the next 

paragraphs. 

Parasites can act as a strong selective pressure (Decaestecker et al., 2005; Johnson 

et al., 2008; Wolinska et al., 2007), with host and parasite engaging in an “arms race” causing 

co-evolutionary changes (Red Queen dynamics). Although there is a notion that parasites 

have detrimental effects in their hosts, the truth is that almost all organisms may be hosts 

to a variety of parasites, thus making parasites present in most ecosystems (Hudson et al., 

2006). Parasites can impact their hosts in multiple ways, by affecting host biology, 

physiology, behavior, reproductive output or survival (Ebert, 2005; Marcogliese, 2005). Also, 

                                                 
1By definition, disease is caused by pathogens. However, the distinction between parasite and pathogen is not 

clear, especially for microscopic endoparasites. In the scope of this thesis, the terms parasite and pathogen 
will be used as conceptually similar, following Ebert (2005). Parasite is a broader concept than pathogen, since 
the former includes organisms that somehow depend on and explore another organism (host) whilst the latter 
refers to agents that cause disease (which do so by exploring the host, by the way); in this sense, the term 
parasite will be the most frequent form used throughout this thesis. 
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because parasites occur in all trophic levels and food webs, they may also have the potential 

to alter food web stability and energy flow as consumers (Lafferty et al., 2008) or as prey 

(Thieltges et al., 2013). Resultant changes in the outcome of host-parasite relationships may 

extend from individual to populations level effects, leading to changes in ecological 

communities (Buser et al., 2012b; Dallas and Drake, 2014). 

Host-parasite relationships are strongly dependent on environmental context, as 

reviewed by Wolinska and King (2009). According to the “disease triangle” framework, the 

establishment of a disease depends on the existence of an interaction between the host, 

the pathogen and a favourable environment for its development (Francl, 2001). In this way, 

other stressors may turn the environment more favourable or less favourable to the 

occurrence of disease, but this depends on the particular parasite and the particular stressor 

(Lafferty and Kuris, 1999). For example, eutrophication increased disease risk in amphibians 

by altering the structure of the aquatic community (Buck et al., 2016) or by promoting the 

increase of intermediate hosts (Johnson et al., 2007). Predation can also increase disease 

risk, via predator-induced changes in host susceptibility to the parasite and increased 

virulence (Duffy et al., 2011). Paradoxically, predation can also decrease disease risk by 

reducing the amount of parasite transmission stages due to filtration by freshwater grazers 

(Searle et al., 2013); selective predation of infected hosts can also reduce disease prevalence 

(Duffy and Hall, 2008).  

Both parasites and contaminants are widespread, so combined effects of these two 

stress factors are very likely to occur in the environment (Marcogliese and Pietrock, 2011), 

and recent literature has explored the interaction between some types of pollutants and the 

outcome of host-parasite relationships (Coors and De Meester, 2008; Hanlon et al., 2015; 

Kelly et al., 2010; Minguez et al., 2012). Given that anthropogenic activity can be one of the 

major causes of disease emergence (Fisher et al., 2012), a better understanding on how 

natural and anthropogenic stressors interact is important (Marcogliese and Pietrock, 2011). 

Interactive scenarios between pesticides and parasites have been a concern for ecologists 

in recent years, and have been described as synergistic through an increased susceptibility 

of the host to the contaminant (Buser et al., 2012a; Kelly et al., 2010) or to the parasite 

(Coors et al., 2008; Jansen et al., 2011). However, these synergistic effects can derive from 
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complex net effects, other than direct effects, if disease risk depends on intermediate hosts 

– see examples in Johnson et al. (2007) and Rohr et al. (2008). On the contrary, antagonism 

between contaminants and parasitism can occur, when parasites are more susceptible to 

the contaminants than the host (Blanar et al., 2010; Civitello et al., 2012). 

Evidences that parasites can be bioindicators of environmental contamination exist, 

given the strong interactions between parasite and numerous environmental stressors. 

However, the variability of stress factors and inherent variability of parasite responses turn 

these interactions highly context-dependent, which brings uncertainty and increases the 

necessity of more studies with host-parasite systems, conjugating bioassays and field 

surveys (reviewed by Lafferty, 1997; MacKenzie, 1999; Vidal-Martínez et al., 2010). As 

reviewed by Blanar et al. (2009), monitoring changes in parasite populations should be 

added to the risk assessment framework of aquatic ecosystems, as a way to provide a better 

understanding of ecosystem health. 

A large number of diseases caused by fungi and fungi-like organisms are among some 

of the most drastic threats in animal, plant and ecosystem health (Fisher et al., 2012). As 

discussed above, parasites assume a preponderant role in natural populations, and fungal 

microparasites are no exception. Fungi, in their role as parasites, are responsible for the 

control of natural populations across a range of taxonomic groups, such as cyanobacteria 

(Agha et al., 2016), plants (Dean et al., 2012), invertebrates (Hall et al., 2011), fishes (Gozlan 

et al., 2014) or amphibians (Hanlon et al., 2015). Despite the common occurrence and 

importance of fungi at the ecosystem level (Dighton, 2016), not only as parasites, research 

on the effects of aquatic pollution on non-target native fungal communities is still scarce. 

This thesis aimed to fill this gap and to contribute to the assessment of the effects of 

fungicide contamination on key elements of aquatic food webs, by looking at a 

microcrustacean-microparasitic yeast experimental model. 

 

Experimental model: Daphnia spp. × Metschnikowia bicuspidata 

Daphnia (Crustacea, Cladocera) are aquatic microcrustaceans (water fleas) that 

represent an important component of zooplankton in lakes and ponds, in which species 

present a wide geographic distribution. The genus includes various species (see Benzie, 
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2005), including typical pond forms (such as the large-bodied D. magna) and lake 

morphotypes (such as D. pulex or D. pulicaria, and the D. longispina species complex). The 

D. longispina complex contains some of the most common water flea species in the northern 

hemisphere, and is a model organism for many ecological and evolutionary studies. Species 

from this complex are common inhabitants of European lakes and reservoirs and include D. 

longispina (= D. hyalina, D. rosea and D. zschokkei; Petrusek et al., 2008), D. galeata and D. 

cucullata (Seda et al., 2007), as well as other related taxa in Scandinavia and North America 

(Petrusek et al., 2008). These species frequently hybridise, with both parental species and 

their hybrids populating European water bodies (Gießler et al., 1999; Seda et al., 2007). 

Daphnia species stand in a central position in aquatic food webs (Lampert, 2006; 

Miner et al., 2012). As filter feeders, they feed on small particles in the water like 

phytoplankton and bacterioplankton, contributing significantly to the regulation of water 

transparency and preventing nuisance algal blooms (Benzie, 2005; Castro and Gonçalves, 

2007; Ebert, 2005). In return, Daphnia are predated by small fishes, fish larvae and 

invertebrates (Aalto et al., 2012; Lampert, 2006), thus contributing to energy and nutrient 

transference across trophic levels (Aalto et al., 2012; Lampert, 2006; Miner et al., 2012) 

(Figure 0.1). 

 

Figure 0.1 Central position of Daphnia in a lake trophic web. Solid and dashed lines represent direct and indirect 

interactions, respectively (adapted from Miner et al., 2012). 
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Additionally to their key role in pelagic ecosystems, Daphnia is also a model organism 

in aquatic ecology, ecotoxicology and evolution, due to some simple and advantageous 

characteristics (Lampert, 2006). Particularly, these organisms reproduce by cyclic 

parthenogenesis, where organisms may alternate between sexual and asexual reproduction 

(Figure 0.2). Under favourable conditions, female Daphnia produce genetically identical 

offspring comprising only females (Miner et al., 2012; Schön et al., 2009). If reared in such 

conditions, the same clonal lineages can be maintained during several generations, allowing 

experimental control of their genetic variability. With short life cycles and high numbers of 

offspring per brood, numerous individuals can be obtained to conduct experimental assays 

in the laboratory (Lampert, 2006). Under unfavourable conditions, such as food shortage, 

overcrowding or presence of predators, Daphnia can switch to sexual reproduction. The 

alternation between sexual and asexual reproduction determines the genetic structure of 

Daphnia populations: while Daphnia populations are clonal, hatching of the sexually 

produced eggs introduces genetic variation in the populations, by inducting new gene 

combinations, spreading advantageous mutations and removing deleterious genes, 

promoting higher levels of adaptation (Miner et al., 2012; Schön et al., 2009). Additionally, 

Daphnia has the ability to respond quickly to environmental changes, which is advantageous 

in experiments assessing ecosystem health (Lampert, 2006).  

 

Figure 0.2 Life cycle of a cyclic parthenogenetic (asexual and sexual cycle) Daphnia sp. (Ebert, 2005). 
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The behaviour and morphology of daphnids can be affected by their natural enemies, 

such as predators (e.g. fish and phantom midges) (Cousyn et al., 2001; Stollewerk, 2010; 

Weber and Declerck, 1997). However, predators are not the only natural enemy of Daphnia: 

microparasites (ecto- and endoparasites) are also common and they play an important role 

in shaping population dynamics and community structure (Decaestecker et al., 2002; Hesse 

et al., 2012). Daphnia species are parasitized by bacteria, fungi and microsporidians (Ebert, 

2005), which can produce large epidemics in field populations (Caceres et al., 2006; Hall et 

al., 2011; Wolinska et al., 2011). Most endoparasites have significant costs to the host, such 

as reduced fecundity or total castration, short lifespan through direct or indirect parasite-

induced mortality (Decaestecker et al., 2005; Ebert, 2005). Indirect effects include turning 

the hosts more susceptible to predation, for example by changing Daphnia color to white 

(“White fat cell disease”) or red (infection by Spirobacillus cienkowskii). The occurrence, 

severity and duration of parasite epidemics in Daphnia populations are important features 

in the host-parasite relationship, as they modulate host population dynamics and genetic 

diversity. As a consequence, parasites exert a strong selective pressure on the host (Duncan 

and Little, 2007; Hall et al., 2011; Mitchell et al., 2004), often leading to evolution of both 

host and parasite (Schoebel et al., 2010). Ecological context strongly influences parasite 

epidemics and host-parasite dynamics; specialised literature points out the influence of 

changes in productivity, temperature or predation level (Civitello et al., 2015; Dallas and 

Drake, 2014; Duffy et al., 2012; Hall et al., 2006), as well as environmental characteristics of 

the lakes, such as basin shape (Caceres et al., 2006). As stated previously, pollution can also 

unbalance host-parasite dynamics, and Daphnia-microparasite systems are no exception 

(see e.g. Buser et al., 2012b; Civitello et al., 2012). 

Among Daphnia parasites, Metschnikowia bicuspidata is an endoparasitic 

Ascomycete (Endomycetales) and was originally described by Metcnhikoff (1884). M. 

bicuspidata is a virulent parasite, causing negative effects on host populations depending on 

the timing and size of epidemics (Hall et al., 2011): this parasite kills the host within 2 to 3 

weeks and, while the hosts are still able to reproduce, their fecundity is reduced particularly 

in the late stage of the infection (Duffy and Hall, 2008; Ebert, 2005; Hall et al., 2006). 

Transmission happens horizontally through the filtration of needle-like ascospores, which 
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penetrate the gut walls of the hosts and germinate and grow in the haemolymph (Green, 

1974). After a vegetative growth period of the yeast cells, sporulation takes place (Figure 

0.3), filling the body cavity of the host with a new generation of ascospores. Like other fungi, 

reproduction mode appears to be parasexual (Naumov, 2011), involving both meiotic and 

non-meiotic (mitotic) haploidization (Figure 0.3). By the time of the host death, these 

transmission stages (spores) are released to the environment, infecting new filter-feeding 

hosts. These particular characteristics allow manipulation of infected hosts and control of 

transmission efficiency and dose, which is important while testing other variables (Ebert et 

al., 2000). 

 

Figure 0.3 The parasexual life cycle of yeasts (Ascomycota). General parasexual cycle 

(https://microbewiki.kenyon.edu/index.php/File:Life1.jpg#filehistory) (left); life cycle of Metschnikowia (right) 

modified by Naumov (2011) showing mitotic (I) and meiotic (II) haploidization. 

 

M. bicuspidata epidemics can frequently occur in lakes from Europe and United 

States, and they are mostly detected in Autumn (Caceres et al., 2006; Hall et al., 2009; 

Wolinska et al., 2011). Prevalence of infection across lakes is mostly less than 10%, but 

higher prevalence of about 40% can occur (Caceres et al., 2006; Duffy et al., 2009; Hall et 

al., 2011; Wolinska et al., 2011). Epidemics of M. bicuspidata are responsible for shaping the 

genetic composition of host populations when epidemics are large enough (Hall et al., 2011); 

thus, the occurrence of such epidemics are important in the ecological dynamics of Daphnia 

natural populations (Duffy et al., 2009; Duffy and Sivars-Becker, 2007; Hall et al., 2011). 
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Objectives and thesis outline 

Due to increased human demands for food, modern agriculture is highly dependent 

on the use of pesticides, resulting in concerning pollution scenarios with detrimental effects 

on important key species. However, it is important to recognize that in natural ecosystems 

populations are not affected by a single factor, but often face multiple threats from human 

and natural origin, originating complex stress scenarios. Therefore, the assessment of 

negative effects on natural populations exposed to pesticides should be addressed under a 

multiple stressor framework, taking into account the modulating role of the environment, 

namely abiotic conditions (e.g. temperature) and biotic interactions (e.g., parasitism).  

Bearing this in mind, the main goal of the present thesis was to assess the interactive 

effects of pollution on host-parasite relationships and understand how environmental 

context can affect either the host or the parasite, and how this could reflect in disease 

prevalence and spread in natural populations. For that, we explored ecologically relevant 

scenarios of contamination by fungicides and how these could interact with a natural stress 

factor (parasitism), using a host-parasite (Daphnia spp. - M. bicuspidata) experimental 

model. Additionally, and because temperature is a modulator of contaminant toxicity and 

host-parasite relationships, interactive scenarios within a temperature rise scenario (based 

on climate change projections) were also studied. Such complex interactive scenarios 

(pollution × disease and temperature × pollution × disease) are still poorly explored in the 

specialised literature and go beyond the current ecotoxicological toolbox for assessing the 

environmental effects of chemical substances.  

Within our main goal, specific goals have been defined and organized into five 

distinct chapters of the thesis: 

Chapter 1. According to IPCC, temperatures are expected to increase, which can lead 

to interactive scenarios with contamination originating from agroecosystems; thus, our goal 

in this chapter was to assess the effects of contaminants (tebuconazole and copper 

sulphate) from agroecosystems under a climate change scenario. To accomplish this, we 

determined the toxicity profiles of two Daphnia cf. longispina genotypes to two 

contaminants (copper sulphate and tebuconazole) at increasing temperatures (17, 20 and 

23°C), allowing prior acclimation of the organisms to the different temperatures. 
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Chapter 2. Because parasites are ubiquitous and have an important role in host 

population dynamics and genetic diversity, we used a host-parasite experimental model 

composed by two Daphnia cf. longispina genotypes and the microparasitic yeast M. 

bicuspidata. Our goal was to assess the reciprocal effects of contamination by common 

agrochemical fungicides (copper sulphate and tebuconazole) and parasite challenge, 

exploring how these interactions can influence natural populations.  

Chapter 3. After exploring the interaction of climate change × contamination 

(Chapter 1) and contamination × parasitism (Chapter 2), the next step was to assess the 

interactive effects of fungicide contamination and parasite challenge (disease), considering 

the influence of temperature. We exposed the host-parasite experimental model (Daphnia-

M. bicuspidata) to multiple stressor scenarios comprising increasing temperatures and 

increasing contamination by fungicides (tebuconazole and copper sulphate). 

Chapter 4. Considering the observed interaction between parasite challenge and 

tebuconazole exposure (Chapters 2 and 3), we specifically focused on the ecological effects 

of tebuconazole. Our goal in this chapter was to assess the influence of different exposure 

scenarios to this azole fungicide (concentration and timing of application) on the Daphnia 

spp.-M. bicuspidata experimental system, at environmentally relevant concentrations. 

Particularly, we aimed to understand how timing and concentration of tebuconazole 

exposure influences the outcome of this host-parasite relationship (disease) and which stage 

of the parasite development is more susceptible to the fungicide, towards a mechanistic 

understanding of the previously observed effect of tebuconazole in parasite infectivity. 

Chapter 5. In this chapter, our goal was to assess if M. bicuspidata could rapidly adapt 

or develop resistance to tebuconazole exposure, at environmentally relevant 

concentrations. To accomplish this, we performed a simple multigenerational evolution 

experiment in order to check whether tebuconazole exposure worked as a selective 

pressure (confirmation of evolution) or as a transgenerational depressant of the 

microparasitic yeast. Also, by allowing a recovery period (removal of the chemical stressor 

for one generation), we confirmed if the observed effects were transient or constitutive. 

The present thesis comprises the described five chapters written as individual 

research papers. For this reason, each chapter has its own Introduction, Methods, Results, 
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Discussion and References sections. Chapters are preceded by the present section (General 

Introduction), where the general framework and objectives of the thesis are presented. The 

last section (Final Considerations) integrates the obtained results and implications in a global 

perspective and discusses the relevancy of the developed research work. 
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Toxicity of two fungicides in Daphnia: is it always temperature-dependent? 

 

Abstract 

The joint effect of increasing temperature and pollution on aquatic organisms is 

important to understand and predict, as a combination of stressors might be more noxious 

when compared to their individual effects. Our goal was to determine the sensitivity of a 

model organism (Daphnia spp.) to contaminants at increasing temperatures, allowing prior 

acclimation of the organisms to the different temperatures. Prior to exposure, two Daphnia 

genotypes (Daphnia longispina species complex) were acclimated to three temperatures 

(17, 20, and 23°C). Afterwards, a crossed design was established using different exposure 

temperatures and a range of concentrations of two common fungicides (tebuconazole and 

copper). Daphnia life history parameters were analysed in each temperature × toxicant 

combination for 21 days. Temperature was the most influencing factor: Daphnia reproduced 

later and had lower fecundity at 17°C than at 20 and 23°C. Both copper and tebuconazole 

also significantly reduced the fecundity and survival of Daphnia at environmentally-relevant 

concentrations. Temperature-dependence was found for both toxicants, but the response 

pattern was endpoint- and genotype-specific. The combination of contaminant and high 

temperature often had severe effects on survival. However, unlike some literature on the 

subject, our results do not support the theory that increasing temperatures consistently 

foment increasing reproductive toxicity. The absence of a clear temperature-dependent 

toxicity pattern may result from the previous acclimation to the temperature regime. 

However, a proper framework is lacking to compare such studies and to avoid misleading 

conclusions for climate change scenarios. 

 

 

 

 

 

Keywords: acclimation; copper sulphate; Daphnia; tebuconazole; temperature rise  
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Introduction 

According to the Fifth Assessment Report of the IPCC (2014a, b) the foreseen impacts 

of climate change on freshwater systems and their management are mainly due to increased 

temperatures and also to changes of stream flow regimes and water quality. Changes in 

components of hydrological cycle and hydrological systems, like precipitation patterns and 

intensity or occurrence of extreme events, are expected to affect aquatic systems (Bates et 

al. 2008; IPCC 2014a, b; Nielsen and Brock 2009; Stampfli et al. 2013). Ultimately, warming 

of aquatic systems will affect aquatic communities (Brucet et al. 2010; Jansen et al. 2011a; 

Luoto and Nevalainen 2013; Seeland et al. 2012; Winder and Schindler 2004). 

Notwithstanding the effort to understand the implications of climate change on 

environmental processes, there is a lack of fundamental understanding about how climate 

change can interact with other stressors and exacerbate their impacts (Heugens et al. 2006; 

Seeland et al. 2012). 

A central issue regards the implications of climate change—and particularly 

increasing temperatures—on agricultural diffuse pollution and its impacts on water quality 

status. In multiple stressor scenarios, such as the ones elicited by agricultural activities, 

environmental conditions strongly affect contaminant behavior and dispersal (Bloomfield et 

al. 2006; Hanazato 2001; Noyes et al. 2009). Vineyards, where fungicides are extensively 

used, have been identified as very sensitive to changes in traditional patterns of climate 

(temperature change or precipitation regime) and also to extreme events (e.g. heat waves 

or extreme precipitation) (Bates et al. 2008; Gouveia et al. 2011; IPCC 2014a, b). This may 

result in pernicious consequences for the nearby aquatic systems, which work as sinks of all 

sorts of environmental contaminants. Increased pesticide runoff due to extreme 

precipitation events (Bates et al. 2008; Knillmann et al. 2013; Stampfli et al. 2013) may 

exacerbate this contamination. Also, under climate change predictions, aquatic biota is 

predicted to face contaminant challenge concomitantly with increased temperature (Balbus 

et al. 2013; Noyes et al. 2009). 

Contamination in aquatic systems may alter population dynamics, community 

composition and ecosystem functioning (e.g. Knillmann et al. 2013). Along with the 

increasing amount of necessary pesticide application (Gouveia et al. 2011), interaction with 
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other factors, abiotic or biotic, is of extreme importance since combined effects have 

different consequences compared to individual effects (Jansen et al. 2011a). Temperature 

rise, for instance, increases the organisms’ metabolic rate, affecting physiological processes 

such as growth or feeding activity (Heugens et al. 2006; Tassou and Schulz 2012). Additive 

or synergistic effects may occur between temperature and other factors (contamination, 

predation and parasitism), which in turn may increase sensitivity of organisms to these 

stressors (Coors and De Meester 2008; Fischer et al. 2013; Holmstrup et al. 2010; Scherer et 

al. 2013; Seeland et al. 2012). Interactions between stress factors are therefore expected to 

enhance or decrease chemical toxicity to target organisms, through different routes and at 

different biological levels (Scherer et al. 2013; Tassou and Schulz 2012). Results of laboratory 

tests conducted under controlled and individualized stress factors may not be relevant 

under multiple stress scenarios (Messiaen et al. 2010). For that reason, the study of multiple 

stress scenarios is important, as the potential toxicity of the contaminant may change with 

exposure to different environmental conditions (Antunes et al. 2004; Loureiro et al. 2015), 

particularly temperature (Fischer et al. 2013; Holmstrup et al. 2010; Messiaen et al. 2010; 

Seeland et al. 2012). 

Although exposure to adverse environmental conditions in freshwater populations is 

pernicious for the biota, this may also induce phenotypic changes and microevolutionary 

processes that allow the organisms to adjust/adapt to the new conditions (Boersma et al. 

1999; Castro et al. 2007; Loureiro et al. 2013; Van Doorslaer et al. 2009a, 2010). When this 

aspect of physiological adjustment (acclimatization or acclimation) or adaptation 

(microevolution) is ignored or not accounted for, predictions about the impact of global 

warming on the survival of populations might be not accurate, as they would provide a worse 

scenario than what will eventually happen (De Meester et al. 2011; Loureiro et al. 2015). To 

overcome this aspect, it is important to consider acclimation of organisms to a determined 

factor (e.g. temperature) and to assess if the adjustment of their physiological traits in 

response to this factor influences their overall response to the stress scenario (Loureiro et 

al. 2015; Van Doorslaer et al. 2010; Wilson and Franklin 2002). Cladocerans of the genus 

Daphnia are excellent model organisms to study these interactions, because their 

reproductive strategy (alternating asexual with sexual reproduction) allows control over 
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genetic and environmental factors. Daphnia are capable of developmental and metabolic 

adjustments to changing environmental conditions (Castro et al. 2007; Neves et al. 2015), 

which may also occur in response to thermal fluctuations (Chopelet et al. 2008; Van 

Doorslaer et al. 2007, 2009a). Daphnia are key organisms in the aquatic food web, given 

their important role in primary productivity control (as filter-feeders) and their position as 

important food items for fish (Lampert 2006). Consequently, their responses to climate-

driven changes may have an impact on ecosystem processes, which additionally strengthens 

their use as a model for studying effects caused by environmental change (Antunes et al. 

2004; De Meester et al. 2011; Fischer et al. 2013; Sancho et al. 2009). 

Focusing on the need to assess climate-driven effects and consequent multiple 

stressor scenarios, our main goal was to evaluate the effects of contaminants from 

agroecosystems in a temperature rise scenario (projected increase in maximum and 

minimum temperatures, increase in the number of hot days and heat waves, and overall 

warming; IPCC 2014a, b), using Daphnia as test organisms. Particularly, we intended to 

evaluate if temperature affects contaminant sensitivity of two Daphnia genotypes in chronic 

exposures. We hypothesize that higher temperatures will generally lead to higher toxicity, 

but we also expect that clone- and toxicant-specific responses may complicate this general 

pattern. To test this, we carried out 21-day exposure assays to assess reproductive and 

populational effects caused by selected contaminants (tebuconazole and copper sulphate) 

at different temperatures (17, 20, and 23°C). Organisms were a priori acclimated to the 

exposure temperatures, simulating a progressive climate change scenario. This allows a 

clearer appraisal of the effect of rising temperatures as modulators of toxicity of the 

compounds, removing the confounding influence of the initial (transient) stress response 

caused by an immediate transfer to a higher or lower temperature. For this work, 

tebuconazole and copper sulphate were chosen as two examples of persistent fungicidal 

compounds applied in vineyards that commonly appear in aquatic systems (as detected by 

Berenzen et al. 2005; Rabiet et al. 2010) through different routes like spray drift, runoff, 

drainage and leaching (Cerejeira et al. 2003; Seeland et al. 2012). 
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Methods 

Test organisms 

Two genotypes from the Daphnia longispina species complex were used in this 

experiment: clone AMM_12 (Daphnia galeata × longispina hybrid) and clone AMM_47 (D. 

galeata), from now on designated as Clone 12 and Clone 47, respectively. These clones were 

randomly chosen for this study and are part of a collection of Daphnia clones isolated from 

Lake Ammersee (Germany), which have been used in other studies (see Buser et al. 2012; 

Yin et al. 2011). Given the very good water quality of this lake, both clones are expected to 

have no or very low historical exposure to the toxicants tested in this study. The use of more 

than one genotype/taxon increases ecological relevance and indicates whether the 

observed patterns are consistent or not. For logistical reasons, the use of numerous clones 

is not feasible, especially in an experiment that includes various levels of the tested factors 

in its experimental design (in this case, temperature and toxicant concentrations). The use 

of two clones represents a compromise between ecological relevance and feasibility. 

Cultures were reared in moderately hard reconstituted water (123 mg l-1 

MgSO4·7H2O, 96 mg l-1 NaHCO3, 60 mg l-1 CaSO4·2H2O, 4 mg l-1 KCl; pH 7.5–8.0; dissolved 

oxygen = 80–90% saturation) supplemented with a standard organic additive (algal extract) 

and vitamins— for further details on rearing procedures, see Antunes et al. (2004) and 

Loureiro et al. (2011, 2013). Cultures were maintained with a 16hL:8hD photoperiod and 

medium was renewed three times a week. Along with medium renewal, daphniids were fed 

with Raphidocelis subcapitata (= Pseudokirchneriella subcapitata, see Krienitz et al. 2011) at 

a concentration of 1.5 × 105 cells ml-1. Single-cohort group cultures were established, in the 

conditions described above, at three different temperatures (17, 20, and 23°C). This was 

done in a controlled room temperature (at 20 ± 1°C) equipped with two water baths, one 

with a thermostatic heater (23 ± 1°C) and another with a water chiller (17 ± 1°C). 

Temperature was regularly checked with a temperature probe. Organisms were acclimated 

at least for five generations at the designated temperature before they were used in the 

experiments. 
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Test chemicals and solvent  

Tebuconazole (Tebuconazol PESTANAL®) [(RS)-1-pchlorophenyl)-4,4-dimethyl-3-

(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol; CAS nr. 107534-96-3] and copper sulphate 

pentahydrate (CAS nr. 7758-99-8) were obtained from Sigma Aldrich (Munich, Germany) 

and Merck (Darmstadt, Germany), respectively. Tebuconazole has a half-life of 28–43 days 

whilst copper is stable in aqueous solution; the former is more mobile (Koc = 1000) than 

copper sulphate (Koc = 9500), and both are classified as having low accumulation potential 

(Kegley et al. 2014; Lewis et al. 2016). Concentrated stock solutions were prepared and then 

diluted in test medium to obtain final test solutions. Stock solutions were either prepared 

with ethanol (for dissolving tebuconazole) or distilled water (copper sulphate). The final 

range of concentrations was defined according to preliminary assessments based on range-

finding tests measuring survival and juvenile growth; our goal was to set a range of 

concentrations causing reproductive impairment in Daphnia spp. The following nominal 

concentrations were used for tebuconazole: 0.00, 154, 192, 240 and 300 µg l-1, 

corresponding to 0.00, 0.50, 0.62, 0.78, and 0.97 µM; ethanol was also added in the negative 

control (0.00 µg l-1) at an equal volume to the one used in the highest concentration (0.1 ml 

l-1). Previous experience assured us that this amount of ethanol was harmless to daphniids, 

and a simulation study showed that the use of a solvent control alone is the best statistical 

option in most cases (Green 2014). Although the use of solvents should be avoided, this is a 

calculated risk to allow proper dissolution of the toxicant. In a worst case scenario, the 

presence of the solvent could interact and confound the effects of the toxicant, although 

this has been seldom demonstrated (Zhang et al. 2003; Green and Wheeler 2013). For 

copper sulphate, final test concentrations were expressed as free (Cu) ion: 0.00, 25.0, 28.8, 

33.1 and 38.0 µg l-1, corresponding to 0.00, 0.39, 0.45, 0.52, and 0.60 µM. From this point 

forward, final test concentrations are expressed in µg l-1 of tebuconazole or copper (Cu). 

Toxicants did not change the properties of the medium, namely its pH and dissolved oxygen. 

In order to check the validity of the nominal concentrations tested, random aliquots 

of test solutions 154 and 240 µg l-1 (for tebuconazole) and 25.0 and 33.1 µg l-1 (for Cu) were 

collected at two distinct timings and sent to an independent analytical laboratory (certified 

according to ISO/IEC 17025:2005). Quantification of tebuconazole was performed by liquid 
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chromatography mass spectrometry (LC–MS/MS) after solid phase extraction, according to 

an internal method adapted from ISO 11369:1997. Copper (Cu) was analysed by inductively 

coupled plasma mass spectrometry (ICP-MS) after digestion with HNO3, according to ISO 

17294-2:2003. 

 

Experimental design 

Assays were initiated with neonates (< 24 h old, born between the 3rd and the 5th 

broods) from group cultures of each clone (Clone 12 and 47) and from each acclimation 

temperature (17, 20, and 23°C). Organisms were individually exposed to three temperatures 

(17, 20, and 23°C) as well as to a selected range of tebuconazole or copper sulphate 

concentrations (see above), for 21 days. For logistical reasons, experiments with 

tebuconazole and copper were carried out separately. Thus, each of the two experiments 

consisted of 2 Daphnia clones × 3 temperatures × 5 contaminant concentrations × 10 

replicates (i.e. 300 experimental units). Each experimental unit corresponded to one 

organism per vessel (10 cm × ø 2 cm glass test tube) with 25 ml of test solution. Daphnia 

were fed daily (1.5 × 105 cells ml-1) and transferred to fresh media every third day. Both 

chemicals are sufficiently persistent (see above) to allow a 3-day medium renewal period. 

With necessary adaptations, test procedures followed OECD (2012) recommendations. 

Survival and reproductive parameters were recorded daily. This included age at first 

reproduction (AFR), fecundity (cumulative number of living offspring released per surviving 

female) and reproductive output (cumulative number of living offspring released per initial 

female). According to OECD (2012), the latter parameter provides an ecologically relevant 

estimate of reproduction when a concentration-dependent pattern in mortality exists, as it 

considers the combined effects of the toxicants on both the survivorship and fecundity of 

the test organisms. For the calculation of this endpoint, we excluded replicates in which test 

organisms died before day 4, as this could be the result of accidental or natural early-age 

mortality (typically, between 0 and 2 individuals were excluded per treatment, except in one 

case for clone 47 at 17°C, where four individuals died before day 4). Besides reproductive 

parameters, neonates from the first brood (N1) were measured from the basis of the tail 

spine to the top of the head (body size averaged per female) and their sex was determined 
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(to check if males were produced). Survival and reproduction data were used to determine 

the per capita intrinsic rate of population increase (r) from the Euler-Lotka equation:  

1 =∑𝑒−𝑟𝑥𝑙𝑥𝑚𝑥

𝑛

𝑥=0

, 

where r is the rate of population increase (day-1), x is the age class in days, lx is the 

probability of surviving to age x, and mx is the fecundity at age x (McCallum 1999; Meyer et 

al. 1986). Replicate pseudo values for r were generated using the jack-knifing technique 

described by Meyer et al. (1986), thus enabling the use of statistical tests for analysing 

differences in the rate of population increase between experimental treatments (Antunes 

et al. 2003; Castro et al. 2007). 

 

Statistical analysis 

Mortality data at day 21 was compared between control and contaminant 

treatments with Fisher’s exact test. Because no mortality was observed in the control 

treatments (0 dead animals out of 10), in practice significant differences (P ≤ 0.05) between 

control and contaminant concentrations were found for mortalities above 40% (5 or more 

dead animals). Three-way analysis of variance (ANOVA) was used to test the effects of clone, 

temperature and contaminant concentration (as fixed factors) on Daphnia life history 

parameters, using a significance level (α) of 0.05. Plots of residuals were analyzed to assess 

departures from normality and homogeneity of variances (Quinn and Keough 2002), which 

were found on a few occasions. However, we assumed ANOVA to be sufficiently robust to 

deal with such deviations (Quinn and Keough 2002). Nevertheless, AFR was ln-transformed 

to comply with more pronounced heterogeneous variances. Subsequently, one way ANOVAs 

followed by Dunnett’s test were used for each clone × temperature scenario (2 × 3 = 6 

ANOVA tests) to test for statistically significant differences between control and 

contaminant treatments, for each life history parameter. Because six non-independent tests 

were conducted for each parameter, we adjusted the significance level (α = 0.0085) using 

the Dunn-Sidak procedure (Quinn and Keough, 2002). ANOVAs were carried out with the 

General Linear Model procedure in Minitab 16 (Minitab Inc., USA).  
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Reproductive EC50 values and confidence intervals were determined by fitting a non-

linear concentration–response toxicity model to the reproductive output data, using the drc 

package (Ritz and Streibig 2005) for R software, version 3.1.2 (R Core Team 2014) The best 

fit to the data was obtained using a three-parameter logistic model (equivalent to Hill 

equation; Garric et al. 1990) for count (Poisson) data, following Ritz (2010). For copper, the 

reproductive EC50 was above the last tested concentration, therefore we reported the EC20. 

EC20 or EC50 values across temperatures were compared for each clone using the SI 

(selectivity index) function in the drc package (tests the ratio between two ECx values). 

Because this required three non-independent comparisons for two clones, significance level 

was adjusted for six (3 × 2) non-independent tests (α = 0.0085), using the Dunn-Sidak 

procedure (Quinn and Keough, 2002). 

 

Results 

Chemical analyses confirmed the validity of the nominal concentrations, although 

analytical data slightly overestimated nominal concentrations. Nominal copper 

concentrations of 25 and 33.1 µg l-1 were estimated to be 28.7 ± 3.2 and 38.5 ± 0.7 µg l-1 (n 

= 2), i.e. 115 and 116% of nominal concentration, respectively. As for tebuconazole, 

expected concentrations of 154 and 240 µg l-1 turned out to be 155 ± 7.1 and 255 ± 7.1 µg 

l-1 (n = 2), i.e. 101 and 106% of nominal concentration. With respect to test organisms, 

control performance was similar across experiments, considering each temperature × clone 

combination (see Figures 1.1, 1.2 and 1.3). All controls had low variation (coefficient of 

variation ≤ 25 %) in reproductive output and fecundity estimates, except for clone 47 at 17°C 

in the tebuconazole experiment (37.6%). 

Overall, exposure to contaminants tebuconazole or copper caused negative effects 

on Daphnia life history parameters in all temperatures, namely increased mortality, delayed 

age at first reproduction (AFR), and decrease in fecundity and reproductive output (Table 

1.1; Figures 1.1 and 1.2). In most cases, fecundity and reproductive output provided a similar 

response pattern, although the higher mortalities observed for copper produced an 

aggravated response in terms of reproductive output. No males were observed throughout 

the experiment. With a few exceptions, temperature was the main factor affecting organism 
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performance (see F-ratios in Table 1.1). Organisms exposed to 17°C consistently experienced 

lower contaminant-induced mortality, delayed AFR, reduced fecundity and reproductive 

output, as well as a decrease in the per capita rate of increase, relative to 20 and 23°C (which 

were roughly comparable; Figures 1.1, 1.2 and 1.3). Despite these absolute patterns across 

temperatures, some life history responses were dependent on genotype and, more 

importantly, temperature interacted with contaminant effects (Table 1.1). 
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Figure 1.1 Life history parameters (mean ± SE, except mortality) of two Daphnia genotypes (Clone 12 and Clone 

47) when exposed to increasing tebuconazole concentrations at three temperatures (17, 20, 23°C, represented 

by different symbols, as seen in legend). Lines between data points are used to facilitate visualization of the 

response pattern across different temperatures. Statistically significant differences between control and 

contaminant treatments are represented by asterisks for each clone × temperature scenario, for mortality 

(Fisher´s exact test) and for the remaining parameters (one-way ANOVA followed by Dunnett´s test). 
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Figure 1.2 Life history parameters (mean ± SE, except mortality) of two Daphnia genotypes (Clone 12 and Clone 

47) when exposed to increasing copper concentrations at three temperatures (17, 20, 23°C, represented by 

different symbols, as seen in legend). Lines between data points are used to facilitate visualization of the 

response pattern across different temperatures. Statistically significant differences between control and 

contaminant treatments are represented by asterisks for each clone × temperature scenario, for mortality 

(Fisher´s exact test) and for the remaining parameters (one-way ANOVA followed by Dunnett´s test). 
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Figure 1.3 Per capita intrinsic rate of increase (mean ± SE) of two Daphnia clones (Clone 12 and Clone 47) 

exposed to increasing tebuconazole (top) and copper (bottom) concentrations at different temperatures (17, 

20 and 23⁰C, represented by different symbols, as seen in legend). Lines between data points are used to 

facilitate visualization of the response pattern across different temperatures. Statistically significant 

differences between control and contaminant treatments are represented by asterisks for each clone x 

temperature scenario (one-way ANOVA followed by Dunnett´s test). 

 

Tebuconazole × temperature interaction 

Increasing concentrations of tebuconazole caused increasing mortality levels, which 

were particularly high (> 40%) for clone 47 at 23°C (compared to ≤ 30% for clone 12), thus 

demonstrating differential susceptibility of clones to the combination of contaminant and 

high temperature. A significant delay in AFR and a significant decrease in fecundity and 

reproductive output were observed from 150 µg l-1 onwards, compared to control values. 

These responses were temperature-dependent (significant temperature × concentration 

interaction—Table 1.1), with a slightly more pronounced effect of tebuconazole on AFR at 
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interactions—Table 1.1), despite the highest susceptibility of clone 47 at 23°C (Table 1.1; 

Figure 1.1).  

The per capita rate of increase (r) was also negatively affected by temperature and 

contaminant concentration (Figure 1.3), but this was irrespective of temperature (no 

significant temperature × concentration interaction—Table 1.1), contrarily to the 

reproductive parameters (see above). Both clones responded identically to tebuconazole in 

terms of r, but a more evident temperature segregation (17 vs. 20 and 23°C) was observed 

in clone 12 (temperature × clone interaction—Table 1.1). EC50 values (Figure 1.4) showed an 

overall overlap, with the noticeable exception of clone 47 at 23°C, with an evidently lower 

EC50 value. 

 

Figure 1.4 Reproduction ECx values (derived from reproductive output), and respective 95% confidence 

intervals (error bars), for two Daphnia genotypes (Clone 12 and Clone 47) exposed to increasing tebuconazole 

(left, showing EC50) and copper (right, showing EC20) concentrations at different temperatures (17, 20 and 

23⁰C). Different letters represent significant differences in ECx values across temperatures. The interval defined 

by the vertical dotted lines represents the tested range of concentrations. 

 

Table 1.1 Three-way ANOVA summary table of the effects of clone, temperature and concentration and their 

interactions on different life history parameters of two Daphnia clones exposed to tebuconazole and copper. 

Significant effects are highlighted in bold. 
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  Tebuconazole  Copper 

 Source d.f. F P  d.f. F P 
ln

 A
FR

 

Clone 1, 244 0.10 0.755  1, 204 0.01 0.924 

Temp. 2, 244 549.41 <0.001  2, 204 384.77 <0.001 

Conc. 4, 244 25.57 <0.001  3, 204 12.29 <0.001 

Clone x Temp. 2, 244 13.87 <0.001  2, 204 2.71 0.069 

Clone x Conc. 4, 244 0.48 0.750  3, 204 4.07 0.008 

Temp. x Conc. 8, 244 3.71 <0.001  6, 204 0.57 0.754 

Clone x Temp x Conc. 8, 244 1.46 0.174  6, 204 2.90 0.010 

N
1

 n
eo

n
at

e 
si

ze
 

Clone 1, 199 26.43 <0.001  1, 154 16.88 <0.001 

Temp. 2, 199 55.50 <0.001  2, 154 17.32 <0.001 

Conc. 4, 199 5.26 <0.001  3, 154 6.04 0.001 

Clone x Temp. 2, 199 0.55 0.578  2, 154 1.56 0.213 

Clone x Conc. 4, 199 0.73 0.572  3, 154 11.44 <0.001 

Temp. x Conc. 8, 199 1.41 0.196  6, 154 1.77 0.109 

Clone x Temp x Conc. 8, 199 0.80 0.601  6, 154 3.08 0.007 

Fe
cu

n
d

it
y 

Clone 1, 215 13.40 <0.001  1, 167 0.22 0.642 

Temp. 2, 215 358.58 <0.001  2, 167 129.09 <0.001 

Conc. 4, 215 97.32 <0.001  3, 167 15.17 <0.001 

Clone x Temp. 2, 215 15.52 <0.001  2, 167 9.65 <0.001 

Clone x Conc. 4, 215 1.27 0.284  3, 167 0.63 0.598 

Temp. x Conc. 8, 215 5.57 <0.001  6, 167 2.06 0.060 

Clone x Temp x Conc. 8, 215 0.98 0.455  6, 167 1.00 0.430 

R
ep

ro
d

u
ct

iv
e 

o
u

tp
u

t 

Clone 1, 255 18.55 <0.001  1, 256 6.61 0.011 

Temp. 2, 255 162.19 <0.001  2, 256 30.63 <0.001 

Conc. 4, 255 90.62 <0.001  4, 256 60.93 <0.001 

Clone x Temp. 2, 255 16.22 <0.001  2, 256 9.83 <0.001 

Clone x Conc. 4, 255 1.31 0.266  4, 256 3.20 0.014 

Temp. x Conc. 8, 255 7.33 <0.001  8, 256 4.58 <0.001 

Clone x Temp x Conc. 8, 255 0.99 0.442  8, 256 0.84 0.565 

P
er

 c
ap

it
a 

ra
te

 o
f 

in
cr

ea
se

 

Clone 1, 270 2.52 0.113  1, 216 3.39 0.067 

Temp. 2, 270  186.75 <0.001  2, 216 175.42 <0.001 

Conc. 4, 270 45.83 <0.001  3, 216 24.62 <0.001 

Clone x Temp. 2, 270 7.71 0.001  2, 216 2.78 0.064 

Clone x Conc. 4, 270 0.95 0.436  3, 216 10.21 <0.001 

Temp. x Conc. 8, 270 0.96 0.466  6, 216 1.39 0.220 

Clone x Temp x Conc. 8, 270 1.27 0.258  6, 216 0.50 0.812 

 



Chapter 1 

46 
 

Copper × temperature interaction 

Similarly to tebuconazole, copper toxicity was temperature dependent (Table 1.1), 

but this was inconsistent between clones and depended on the life history parameter. 

Copper caused high levels of mortality, with both clones reaching 100% of mortality in the 

last tested concentration (38.0 µg l-1) at 23°C (Figure 1.2), demonstrating that the 

combination of contaminant and high temperature had severe effects on mortality. A 

significant delay in AFR was also observed (more pronounced in clone 47), along with a 

significant reduction in neonate size (only in clone 12), and a significant decrease in fecundity 

and reproductive output, compared to control values. With the exception of fecundity, these 

responses were temperature- and clone-dependent (Table 1.1; Figure 1.2). This was 

reflected in a slightly more pronounced effect of copper on AFR at 17°C (only for clone 47) 

and, conversely, on fecundity and reproductive output at 20 and 23°C. As a consequence, 

EC20 values were consistently higher (i.e., lower toxicity) at 17°C (Figure 1.4), although only 

slightly. 

The temperature dependent toxicity pattern observed for some reproductive 

endpoints did not translate into temperature dependency in the per capita rate of increase 

(Figure 1.3). This parameter was negatively affected by copper and positively influenced by 

temperature, but the effect of each factor was independent. Unlike tebuconazole, 

differential susceptibility to copper was found among clones (significant clone × 

concentration; Table 1.1). This was due to the more pronounced decrease in r for clone 47. 

 

Discussion 

With the purpose of assessing the effect of contaminants from agro-ecosystems in a 

temperature rise scenario, we exposed two Daphnia genotypes to two fungicides, 

tebuconazole and copper sulphate, at different temperatures, for 21 days. These two 

contaminants are regularly recorded in aquatic systems surrounding vineyards (Bereswill et 

al. 2012; Komárek et al. 2010). Environmental concentrations reported for both 

contaminants are usually below 10 µg l-1 (Berenzen et al. 2005; Bereswill et al. 2012; Rabiet 

et al. 2010), but higher levels have been recorded in extreme runoff events (up to 263 µg l-

1 for Cu and up to 200 µg l-1 for tebuconazole), as reviewed by Zubrod et al. (2010, 2014). In 
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Bairrada region (Portugal), an important viniculture area, these two fungicides were the 

most important and frequent contaminants recorded in surface runoff as well as in 

superficial stream waters, with maximum concentrations of 3.20 µg l-1 for tebuconazole and 

1.79 mg l-1 for copper (Moreira 2013). Viticulture, and particularly viniculture, is a very 

important economic sector in many countries (Komárek et al. 2010) and requires the use of 

high amounts of pesticides—especially fungicides (Bereswill et al. 2012; Komárek et al. 

2010). Hence, assessing the effects of these contaminants in a climate change scenario, 

involving increasing temperatures, becomes environmentally relevant and demanding. 

Contaminant exposure, either by tebuconazole or copper, caused negative effects 

on Daphnia life history parameters in all exposure temperatures, namely increased 

mortality, delayed age at first reproduction (AFR) and decrease in fecundity and 

reproductive output. These effects were expected to happen, since tebuconazole and 

copper have been shown to induce negative effects to various organisms, including 

cladocerans (Komárek et al. 2010; Ochoa-Acuña et al. 2009; Sancho et al. 2009; Zubrod et 

al. 2010). However, though toxicity of contaminants was expected to be temperature-

dependent (Holmstrup et al. 2010), our data were not consistent with this scenario. Instead, 

we demonstrated that temperature-dependent patterns of toxicity varied with genotype, 

toxicant and measured endpoint. 

Temperature variation is an important factor affecting every organism, changing 

growth and metabolic rates (Brown et al. 2004; Chopelet et al. 2008), as well as development 

rate and survival (Paul et al. 2012; Wojtal- Frankiewicz 2011), which in turn may lead to 

changes in composition and abundance of species and community dynamics (Dang et al. 

2009; Luoto and Nevalainen 2013; Noyes et al. 2009; Wojtal-Frankiewicz 2011). Aquatic 

cladocerans have various strategies to cope with temperature change, including behavioural 

thermoregulation, adoption of dormant stages and thermal acclimation capacity (Lagerspetz 

and Vainio, 2006). In our study, both Daphnia clones responded to the lower exposure 

temperature (17°C) with overall lower mortality, delayed AFR, reduced fecundity and 

reproductive output in comparison to the other tested temperatures: 20 and 23°C. The 

response to temperature may also be clone-specific, since genetic variability gives organisms 

the possibility of non-sensitive genotypes to resist better than sensitive ones (reviewed in 
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Wojtal-Frankiewicz 2011). Even though we only used two genotypes, we were able to see 

that some endpoints demonstrated a clone-dependent pattern to contaminant or 

temperature, revealing a different sensitivity of clones to both stressors. 

Besides having a direct impact on organisms by affecting physiological processes, 

temperature variation can also influence the uptake and bioavailability of contaminants, 

resulting in a more complex scenario where interactions are difficult to predict (Heugens et 

al. 2003), such as in our study. Most studies on the subject have found synergistic effects 

between temperature and contaminant toxicity. Although comparability between studies is 

difficult, the most frequent scenario is the increase in toxicity with rising temperature 

(Holmstrup et al. 2010; Knillmann et al. 2013; Stampfli et al. 2011; Tassou and Schulz 2012). 

In Daphnia, simultaneous exposure to suboptimal temperature and contaminants, such as 

pyrimethanil and cadmium, results in increased stress and toxicity (Heugens et al. 2006; 

Scherer et al. 2013; Seeland et al. 2012). However, a proper framework and testing 

procedures (e.g., using previous acclimation or not) are lacking, that would allow a full 

comprehension of temperature-dependent relationships. 

In our study, a positive relationship between temperature and sensitivity to 

contaminant was only partially true. Specifically, organisms exposed to contaminants had 

higher mortalities with increasing temperatures. At 23°C, tebuconazole caused high levels 

of mortality, although this was clone specific; for copper this was more severe, causing 100% 

of mortality in both clones at 23°C (Figures 1.1 and 1.2). Some reproductive endpoints were 

also demonstrated to be more sensitive at higher temperatures, in a clone- and toxicant-

specific fashion. However, the overall fitness (per capita rate of increase) and reproductive 

ECx values did not show a consistent temperature-dependent pattern of toxicity. 

Nonetheless, it is important to stress that this dependence on temperature may have been 

dampened due to previous acclimation of organisms to exposure temperature (see below). 

A noticeable example of a temperature-dependent toxicity pattern was observed in clone 

47, which showed higher mortalities and a steeper decrease in fecundity and reproductive 

output (with a lower ECx value) when exposed to tebuconazole at 23°C. This may be 

explained by the fact that, at 23°C, clone 47 may be close to its thermal limit, becoming more 
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vulnerable to contaminant effects (Noyes et al. 2009). Indeed, the underperformance of this 

clone at 23°C was already apparent in preliminary experiments. 

Similar results were observed for another cladoceran, Moina macropoda, under 

combined exposure to increasing temperatures and humic substances (Engert et al. 2013). 

At temperatures slightly above the optimum (20°C), organisms affected by both stressors 

had reduced lifespan but increased neonate production and, on the contrary, increased 

lifespan and reduced neonate production at lower temperatures, maintaining population 

increase in both cases. However, if temperature was much higher (30°C), M. macropoda not 

only experienced reduced lifespan but also reduced neonate production. Under the context 

of climate change, Noyes et al. (2009) had already forewarned that the effects of 

contamination may be more pronounced when organisms are at the edge of their thermal 

tolerance, since they are already subjected to intense stress. 

Our results demonstrated that most endpoints responded to contaminant exposure 

in all temperatures. However, differences in the sensitivity of the various endpoints were 

observed, and this resulted in temperature-dependent toxicity profiles in some parameters 

(e.g. reproductive output) whilst for others (e.g. r) no temperature-dependent relationships 

were found. With our study we also verified that, even if at first sight individual parameters 

are a good estimate of contaminant effects, they may not reflect a population or community 

response (see Moe et al. 2013). The case of the per capita rate of increase (r) is particularly 

interesting. This parameter is considered a good indicator of overall fitness, as it combines 

survival and reproduction data of exposed organisms, thus integrating possible interaction 

scenarios among various life history parameters in response to contaminant exposure 

(Forbes and Calow 1999). These integrative measures are more ecologically relevant than 

single parameters (Forbes and Calow 1999; Meyer et al. 1987). Although the per capita rate 

of increase (r) is a more integrative endpoint, it is also less sensitive (because of scale effects) 

than individual endpoints and, therefore, more conservative. For example, an observed 

effect of 50% reduction in individual fecundity only leads to a ~20% reduction of r, 

potentially causing a loss of significance in contaminant effect in the latter parameter. 

Therefore, r may also be less sensitive to the temperature-dependent effect of the toxicant. 

Interestingly, ECx data confirm the lack of a temperature dependency in organisms’ response 
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to contaminants (with the exception of clone 47 at 23°C—see above—and the slightly 

reduced toxicity of copper at 17°C). Thus, in a risk assessment framework, both ECx data and 

per capita rate of increase do not consistently support a temperature-dependent toxicity 

profile of either copper sulphate or tebuconazole. 

As previously mentioned, acclimation of organisms must be taken into account when 

one wishes to evaluate if temperature affects contaminant sensitivity. In the present study, 

organisms were previously acclimated (for several generations) to each tested temperature, 

because transferring them from 20 to either 17 or 23°C would cause an immediate thermal 

stress, otherwise unlikely to occur under a global warming scenario (i.e. temperature 

increase of about 4°C in the next 100 years; IPCC 2014a, b). Some studies with Daphnia 

comprising different temperatures did not include acclimation periods (e.g. Heugens et al. 

2006; Ferreira et al. 2010; Kim et al. 2010), thus overlooking the possibility of organisms to 

adapt to temperature, as would be expected in a more realistic scenario. Conversely, many 

studies do assess the effect of acclimation to toxicants (e.g. Jansen et al. 2011a; Scherer et 

al. 2013), but not necessarily within a temperature-dependent scenario (as done by Seeland 

et al. 2012, and ourselves in Loureiro et al. 2015). Indeed, past environmentally-stressful 

conditions might produce carry-over effects across generations, thus complicating the 

prediction of the future risk of such stressors for the environment (e.g. Jansen et al. 2011b; 

Seeland et al. 2012). The studies by Loureiro et al. (2015) and Muyssen et al. (2010) already 

demonstrated that previous acclimation of Daphnia to stressors may eliminate an existent 

temperature dependency pattern. However, these studies suggest that this may occur only 

when organisms are previously acclimated to both contaminant (NaCl and Cd, respectively) 

and temperature. After exposure of D. magna to different temperatures, Zeis et al. (2004) 

observed that swimming activity always reached a maximum in the corresponding 

acclimation temperature, suggesting that organisms acclimate to the background 

temperature conditions. Thus, the ability of organisms to acclimate to different 

temperatures and/or contaminants can change their response to the contaminant (Heugens 

et al. 2003), changing toxicity. Our results suggest that acclimation to different exposure 

temperatures diluted, at least partially, the temperature-dependent pattern of toxicity, 

contrarily to most cases of temperature versus contaminant scenarios with various test 
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organisms (Fischer et al. 2013; Heugens et al. 2001; Holmstrup et al. 2010). This enhances 

the need to recognize the complexity of organisms’ reactions to multiple stressors (biotic 

and abiotic), and the necessity of taking into account the possibility of acclimation. 

 

Conclusion 

As temperature is expected to increase (IPCC 2014a, b), temperature-dependent 

patterns are very important to identify because organisms may have different responses 

than expected (see e.g. Jansen et al. 2011b; Seeland et al. 2012, 2013). Multiple stress 

scenarios must therefore be included in studies under a climate change framework, and the 

risk associated to contaminants should be assessed taking into account the influence of 

important abiotic factors (namely temperature) but also the possibility of organisms to 

adjust or adapt to such stressors (Fischer et al. 2011; Loureiro et al. 2015; Scherer et al. 

2013). Our study demonstrates that increasing temperatures do not always result in 

increased toxicity, as observations of temperature × contaminant interaction phenomena 

were dependent on the studied parameter and on its scale (individual vs. population). Also, 

one should not undervalue the organisms’ abilities and strategies to cope with 

environmental fluctuations, especially acclimation (which was taken into consideration in 

our study for temperature) and adaptation to stress (see e.g. Jansen et al. 2011b; Van 

Doorslaer et al. 2009b). Therefore, we should take this framework into account when 

predicting multiple stress scenarios, since risks may be overestimated or underestimated if 

toxicity estimates do not consider important factors that may mask or exacerbate the 

organisms’ response. 
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Interplay between fungicides and parasites: tebuconazole, but not copper, 

suppresses infection in a Daphnia-Metschnikowia experimental model 

 

Abstract 

Natural populations are commonly exposed to complex stress scenarios, including 

anthropogenic contamination and their biological enemies (e.g., parasites). The study of the 

pollutant-parasite interplay is especially important, given the need for adequate regulations 

to promote improved ecosystem protection. In this study, a host-parasite model system 

(Daphnia spp. and the microparasitic yeast Metschnikowia bicuspidata) was used to explore 

the reciprocal effects of contamination by common agrochemical fungicides (copper 

sulphate and tebuconazole) and parasite challenge. We conducted 21-day life history 

experiments with two host clones exposed to copper (0.00, 25.0, 28.8 and 33.1 µg l-1) or 

tebuconazole (0.00, 154, 192 and 240 µg l-1), in the absence or presence of the parasite. For 

each contaminant, the experimental design consisted of 2 Daphnia clones × 4 contaminant 

concentrations × 2 parasite treatments × 20 replicates = 320 experimental units.  Copper 

and tebuconazole decreased Daphnia survival or reproduction, respectively, whilst the 

parasite strongly reduced host survival. Most importantly, while copper and parasite effects 

were mostly independent, tebuconazole suppressed infection. In a follow-up experiment, 

we tested the effect of a lower range of tebuconazole concentrations (0.00, 6.25, 12.5, 25.0, 

50.0 and 100 µg l-1) crossed with two intensities of parasite challenge (2 Daphnia clones × 6 

contaminant concentrations × 2 parasite levels × 20 replicates = 480 experimental units). 

Suppression of infection was confirmed at environmentally relevant concentrations (> 6.25 

µg l-1), irrespective of the intensity of parasite challenge. The ecological consequences of 

such a suppression of infection include interferences in host population dynamics and 

diversity, as well as community structure and energy flow across the food web, which could 

upscale to ecosystem level given the important role of parasites. 

 

Keywords: Anti-fungal agents; copper sulphate; environmental contamination; fungicides; 

host-parasite relationship; multiple stressors; pollution × disease interaction; tebuconazole; 

toxicity 
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Introduction 

A multiple stressor framework is required to understand the effects of environmental 

change under an ecologically relevant perspective (Chapter 1; Coors and De Meester, 2008; 

Holmstrup et al., 2010). Given the need for adequate regulations for ecosystem protection, 

it is especially important to consider interaction scenarios involving anthropogenic 

contaminants. However, standard ecotoxicity tests determine the effects of single 

contaminants only, and may thus under- or overestimate hazards if interactive scenarios 

with other stress factors are not considered (Heugens et al., 2001; Holmstrup et al., 2010). 

Contaminants that have no impact on organisms individually may be harmful when other 

stressors are present (Buser et al., 2012a; Heugens et al., 2001). For instance, the sensitivity 

of organisms may be altered when they are simultaneously exposed to environmental 

changes (Holmstrup et al., 2010), such as temperature increase (Chapter 1; Heugens et al., 

2003; Loureiro et al., 2015) or reduced food availability (Pereira and Gonçalves, 2007; 

Stampfli et al., 2011). Sensitivity to contaminants may also be altered by specific biotic 

agents, such as parasites or predators (Hanazato, 2001; Holmstrup et al., 2010). Within a 

risk assessment framework, it is therefore desirable to focus on multiple stress scenarios, 

because they can provide a more accurate and realistic prediction than individual stressor 

effects (Heugens et al., 2001; Stampfli et al., 2011). 

The impacts of agricultural activity are particularly relevant to the need for a multiple 

stressor framework to adequately assess the risks to non-target organisms and to protect 

ecosystem services. Extensive agricultural exploitation poses major environmental concerns 

due to the release of organic and inorganic contaminants into the environment (Bereswill et 

al., 2012; Hildebrandt et al., 2008). Fungicides, which often account for the majority of 

pesticide application, are extensively used to fight fungal parasites, particularly in vineyards 

(Bereswill et al., 2012; Zubrod et al., 2014). Copper-based and azole fungicides are some of 

the most commonly used compounds (Komárek et al., 2010); copper is a general biocide 

that can cause growth inhibition and interfere with several cellular processes (Devez et al., 

2005), and azoles are a family of highly effective systemic fungicides that act by inhibiting 

ergosterol biosynthesis (Komárek et al., 2010; Zubrod et al., 2010). Their broad use and 

persistence results in their frequent detection in aquatic systems (Bereswill et al., 2012; 



Chapter 2 

63 
 

Kahle et al., 2008; Komárek et al., 2010). Fungicides reach superficial waters via runoff 

events, leaching or spray-drift, and may cause negative effects in natural populations and 

ecosystem processes, such as leaf litter breakdown (Zubrod et al., 2014). The ecological 

effects of copper and azole compounds must therefore be assessed when monitoring 

surface and groundwater quality of aquatic systems near agriculture activity (Hildebrandt et 

al., 2008). 

Pesticides – and fungicides in particular – are designed to eliminate nuisance species 

(including parasites) that compromise agricultural yield. However, disease is an important 

natural stressor, and it is omnipresent in all types of ecosystems (Lafferty et al., 2008). 

Parasitism has an important role in modulating host population dynamics and community 

structure, via parasite-induced host mortality or reduced fecundity, as well as frequency-

dependent selection (Wolinska et al., 2008). Furthermore, parasites are important drivers 

of genetic diversity in host populations, as demonstrated in experimental and field studies 

(Jokela et al., 2009; Wolinska and Spaak, 2009). Host-parasite relationships are strongly 

dependent on environmental context (Wolinska and King, 2009), and their outcome can be 

altered by the presence of natural and anthropogenic stressors, including pesticides (Buser 

et al., 2012b; Holmstrup et al., 2010). Interactive scenarios between parasites and pesticide 

exposure have been shown to be mostly synergistic, causing exacerbated impacts on the 

hosts sensitivity to the pollutant (Buser et al., 2012a; Kelly et al., 2010) or on their 

susceptibility to infection (Coors et al., 2008; Jansen et al., 2011). However, this may not 

always be the case (Blanar et al., 2010; Civitello et al., 2012). Contaminants may either 

increase or decrease parasite fitness and transmission rates, the latter happening if parasites 

are more susceptible to pollutants than their hosts, or if pollutants negatively affect 

intermediate hosts or vectors (see rationale and examples in Lafferty & Kuris, 1999). 

Bearing in mind the putative reciprocal effect of disease and pollution, we 

investigated the interaction between parasitism and fungicides using a host (Daphnia spp.) 

× parasite (Metschnikowia bicuspidata) model system. Life history assays with this model 

system allow us to discriminate the relative contribution of contaminant exposure and 

parasite challenge to the outcome of the host-parasite relationship. Tebuconazole and 

copper sulphate were selected as contaminants due to their common use as fungicides in 
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agriculture and frequent presence in superficial and runoff waters (Berenzen et al., 2005; 

Bereswill et al., 2012; Cerejeira et al., 2003). We performed two experiments: first, we tested 

the effect of each contaminant in the presence or absence of the parasite; second, we tested 

the effect of parasite challenge intensity (less- vs. more-intense challenge) on the response 

of the host-parasite system to the contaminant. Our null hypothesis (H0) assumed no 

contaminant × parasite interaction (i.e., independent effects). However, we predict the 

existence of interactive effects, via (H1) contaminant-induced reduction of host fitness or 

immunity, leading to increased parasite infectivity or virulence (we foresee this scenario for 

copper, given its generalist mode of action and high toxicity to Daphnia); or (H2) 

contaminant-induced reduction of parasite fitness leading to decreased parasite infectivity 

or virulence (we foresee this for tebuconazole, given its specific antifungal mode of action). 

In the presence of such interactions, we expect that a more intense parasite challenge, as 

applied in the second (follow-up) experiment, would exacerbate the parasite effects (if H1 

true) or offset the anti-parasitic effect of the contaminants (if H2 true).  

 

Methods 

Host-parasite system: origin and maintenance 

The water flea Daphnia spp. is a model organism in aquatic ecology, ecotoxicology 

and evolution, because of its life cycle characteristics convenient for experimental testing 

(short life cycle and cyclic parthenogenetic reproduction) and central position in aquatic 

food webs (Ebert, 2005; Loureiro et al., 2011). Two genotypes belonging to the Daphnia 

longispina species complex (clone AMM_12 - D. galeata x longispina hybrid and clone 

AMM_47 - D. galeata; hereafter designated as clone 12 and clone 47, respectively) were 

selected as model hosts, and maintained as single-cohort group cultures in the laboratory. 

These Daphnia genotypes were isolated from Lake Ammersee (Germany), and they are part 

of a collection of Daphnia clones that have been used in other studies (Buser et al., 2012b; 

Yin et al., 2011). The use of more than one genotype/taxon increases ecological relevance, 

but the use of numerous clones is often not logistically feasible. The use of two distinct 

taxonomical entities (clones 12 and 47) represents a compromise that allows a more robust 

assessment of the observed patterns. Daphnia cultures were reared in moderately hard 
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reconstituted water (123 mg l-1 MgSO4·7H2O, 96 mg l-1 NaHCO3, 60 mg l-1 CaSO4·2H2O, 4 mg 

l-1 KCl) supplemented with a standard organic additive (algal extract) and vitamins (for a 

more detailed description, see Pereira & Gonçalves, 2007 and Loureiro et al., 2011). Group 

cultures consisted of 30-40 individuals in 800 ml of culture medium, which were kept in a 

controlled temperature room (at 20 ± 1ºC) with a 16hL:8hD photoperiod. Medium was 

renewed three times per week and, at each medium renewal, daphniids were fed with 

Raphidocelis subcapitata at a ration of 1.5 x 105 cells ml-1. Several synchronized group 

cultures per clone were used to warrant a sufficient number of juveniles for the experiments. 

To assure homogeneous quality and standardization, neonates (less than 24 h old) born 

between the 3rd and 5th broods were used to renew the cultures or to carry out the 

experiments.  

The microparasite M. bicuspidata is a yeast that grows inside Daphnia´s body cavity 

and produces needle-like ascospores (Supplementary Figure S2.1) that are released from 

dead infected hosts, and then grazed upon by healthy Daphnia (horizontal transmission); in 

this process, the parasite reduces the host’s fecundity and lifespan (Ebert, 2005). A logistical 

advantage of this model is that M. bicuspidata can be cultured inside its host, and spore 

suspensions can be obtained from infected Daphnia, allowing control of parasite 

transmission and spore load in infection experiments (Hall et al., 2007; Lohr et al., 2010; Yin 

et al., 2011). The endoparasitic yeast M. bicuspidata was also isolated from Lake Ammersee 

and was maintained in an infected Daphnia magna culture. Uninfected D. magna were 

added to infected cultures every other week to guarantee a continuous supply of hosts and 

to ensure parasite transmission. 

 

Test chemicals 

Tebuconazole (Tebuconazol PESTANAL®, CAS nr. 107534-96-3) [(RS)-1-p-

chlorophenyl)-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol] and copper 

sulphate pentahydrate (CuSO4·5H2O, CAS nr. 7758-99-8) were obtained from Sigma Aldrich 

(Munich, Germany) and Merck (Darmstadt, Germany), respectively. Concentrated stock 

solutions were prepared in distilled water (for copper sulphate) or ethanol (for dissolving 

tebuconazole) and then diluted in reconstituted water to obtain final test solutions: 0.00, 
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154, 192 and 240 µg l-1 for tebuconazole and 0.00, 25.0, 28.8 and 33.1 µg l-1 for copper 

sulphate (expressed as µg of free Cu2+ ion per litre). Aqueous solutions of tebuconazole and 

copper are not easily degraded; tebuconazole has a half-life of 28–43 days whilst copper is 

considered a stable aqueous solution (Kegley et al., 2014; Lewis et al., 2016). Our goal was 

to set a geometric series of non-lethal concentrations causing reproductive impairment in 

Daphnia spp., based on a previous study (Chapter 1). For tebuconazole exposure, ethanol 

was also added in control replicates (0.00 µg l-1) at an equal volume to the one used in the 

tebuconazole concentrations (0.1 ml l-1). 

In order to check the validity of the nominal concentrations tested, aliquots of the 

lowest and the highest tested concentrations of all experiments were collected at two 

random timings and sent to an independent analytical laboratory (certified according to 

ISO/IEC 17025:2005). Quantification of tebuconazole was performed by liquid 

chromatography mass spectrometry (LC-MS/MS), according to an internal method adapted 

from ISO 11369:1997. Copper (Cu) was analysed by inductively coupled plasma mass 

spectrometry (ICP-MS) after digestion with HNO3, according to ISO 17294-2:2003. Analytical 

data confirmed the validity of nominal concentrations in all experiments (see Experimental 

design and Follow-up experiment). Measured concentrations slightly overestimated 

nominal concentrations: 10–16% for copper and 1–18% for tebuconazole (Supplementary 

Table S2.1). Given this data, we assumed a good correspondence between nominal and 

measured concentrations. 

 

Experimental design 

Life history assays were conducted for 21 d with both Daphnia clones exposed to a 

range of tebuconazole or copper sulphate concentrations (see above) and the presence 

(“parasite”) or absence (“no-parasite”) of the parasite M. bicuspidata, in a fully crossed 

design. For logistical reasons, experiments were carried out separately for each 

contaminant. Thus, experimental design for each contaminant consisted of 2 Daphnia clones 

x 4 contaminant concentrations x 2 parasite treatments  x 20 replicates = 320 experimental 

units. Each experiment was initiated by individually placing neonates in glass vessels with 50 

ml of corresponding test solution. Assays were carried out under the same light and 
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temperature conditions as the cultures. The medium was renewed every three days and 

daphniids were fed daily (with a R. subcapitata ration of 1.5 x 105 cells ml-1). With the 

necessary adaptations, test procedures followed OECD (2012) recommendations. Individual 

Daphnia were infected on day 5 with an M. bicuspidata spore suspension (parasite 

treatment) or a placebo (no-parasite treatment), following the methodology described 

below. 

Survival and reproductive parameters were recorded daily for each individual. 

Reproductive parameters included age at first reproduction (AFR), fecundity at day 14 

(cumulative number of living offspring released per surviving female at day 14) and 

reproductive output at day 21 (cumulative number of living offspring released per female). 

Fecundity was estimated at day 14, because its calculation at day 21 was impacted by 

parasite-mediated mortality, which was not yet the case on day 14. Reproductive output 

(measured at day 21) considers the combined effects of stressors on both survivorship and 

fecundity (Chapter 1; OECD, 2012). For the calculation of reproductive output, we excluded 

replicates in which test organisms died before day 4, as this could be the result of accidental 

or natural early-age mortality. Individuals were visually inspected, under an Olympus CKX41 

inverted microscope, for confirmation of infection (presence of spores inside body cavity – 

Supplementary Figure S2.1) at time of death or at the end of the assay (day 21). Infection 

percentages were calculated in each treatment. Survival and reproduction data at the end 

of the experiment (day 21) were used to determine the per capita intrinsic rate of population 

increase (r) from the Euler-Lotka equation: 

1 =∑𝑒−𝑟𝑥𝑙𝑥𝑚𝑥

𝑛

𝑥=0

, 

where r is the rate of population increase (day-1), x is the age class in days, lx is the 

probability of surviving to age x, and mx is the fecundity at age x. Replicate pseudo values for 

r were generated using the jack-knifing technique described by Meyer et al. (Meyer et al., 

1986). 

 

Infection procedure 
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Infected D. magna were crushed in distilled water to obtain a homogenized M. 

bicuspidata spore suspension, and spore concentration was determined using a Neubauer 

improved counting chamber. A placebo was obtained by crushing the same number of 

uninfected D. magna in distilled water; this allows the possible effects of bacteria or alarm 

cues from the crushed conspecifics to be controlled (Lohr et al., 2010). 

Parasite challenge was carried out between the 5th and 7th day of the experiments. 

On the first day of infection (day 5), test solution volume from all experimental units was 

reduced from 50 ml to 15 ml and organisms were not fed to ensure higher filtration rates 

and, thus, a higher spore encounter rate (Hall et al., 2007). Experimental units from parasite 

treatment were inoculated with a spore suspension aliquot (to obtain a final spore density 

of 700 spores ml-1 (Lohr et al., 2010)) while experimental units from no-parasite treatment 

were given an equivalent placebo aliquot. On the following days, test solution volume was 

progressively increased to 30 ml (day 6) and 45 ml (day 7), by adding fresh medium. On day 

6, daily feeding was resumed (1.5 x 105 algal cells ml-1) and, from day 8 onwards, the initial 

conditions were restored (50 ml of test solution, daily feeding, and medium renewal every 

three days). 

 

Follow-up experiment 

An additional life history assay was carried out in order to further explore the effects 

of tebuconazole on the Daphnia-M. bicuspidata model system. This experiment was not 

carried out for copper, because no toxicant × parasite interaction was observed (see 

Results). Here, we tested the effect of lower tebuconazole concentrations (0.00, 6.25, 12.5, 

25.0, 50.0 and 100.0 µg l-1) and two intensities of parasite challenge (“single challenge” 

versus “double challenge”). In the single challenge treatment, experimental units were 

inoculated as previously; in the double challenge treatment, inoculation was performed 

twice – at day 3 and 5 – thus simulating a higher spore load in total (Yin et al., 2011). The 

experiment was conducted in a fully crossed design consisting of 2 Daphnia clones x 6 

tebuconazole concentrations x 2 parasite levels x 20 replicates = 480 experimental units. All 

experimental procedures were similar to the previous assay, except for the parasite 

infection procedure. Also, we reduced the volume of test solutions, relative to the previous 
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experiments, as a refinement step to minimize the amount of tebuconazole and spores 

required, as well as producing less toxicant waste. Test vessels were filled with 10 ml of 

corresponding test solution on day 0, and test solution volumes were progressively 

increased to 15 ml (day 6) and 25 ml (day 7). The experiment was terminated on day 21. 

 

Statistical analysis 

Two-way analyses of variance (ANOVA) were performed separately for each 

contaminant to assess the effects of parasite presence or intensity (first and second 

experiment, respectively) and contaminant concentration (fixed factors) on life history 

parameters of Daphnia. Because we were expecting differences in the sensitivity of the 

tested clones to parasite and contaminant (see Chapter 1), tests were conducted separately 

per clone. Hence, a necessary adjustment in the significance level was performed (α = 0.025) 

using the Dunn-Sidak procedure. Prior to analyses, plots of residuals were analysed to assess 

deviations from normality and homogeneity of variances; although minor deviations were 

sometimes found, we assumed ANOVA to be sufficiently robust to deal with them. However, 

AFR was ln-transformed to comply with more pronounced heterogeneous variances. All 

statistical analyses were conducted using R software, version 3.1.2 (R Core Team, 2016). 

 

Results 

Infection rates in the controls (i.e. no contaminant) were 85-100% for both clones, 

demonstrating a successful infection procedure; no individuals became infected in the no-

parasite treatment. High mortality levels were observed in parasite treatment, from day 14 

onwards, concordant with high levels of infection (Figures 2.1 and 2.2). Infection with M. 

bicuspidata was mostly independent of copper exposure and infection rates were 

consistently high in all concentrations (> 89.5%), for both clones (Figure 2.1). Conversely, 

infection was suppressed by tebuconazole exposure from 153.6 µg l-1 upwards (Figure 2.2). 
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Figure 2.1 Life history parameters of Daphnia clones exposed to copper and parasite challenge. Two Daphnia 

clones (Clone 12 and Clone 47) were exposed to increasing copper concentrations in the absence (”no-

parasite”) and presence (”parasite”) of spores of the microparasitic yeast M. bicuspidata. Host mortality and 

parasite infectivity are shown as the proportion of dead or infected hosts, respectively, at the end of the 

experiment (day 21). Fecundity (at day 14), reproductive output (at day 21), age at first reproduction and 

intrinsic rate of increase are shown as mean (circle) and respective 95% confidence intervals (error bars), based 

on 20 experimental units per treatment. Dotted lines between data points are used to facilitate visualization 

of the concentration-dependent response across parasite treatments. 

 



Chapter 2 

71 
 

 

 

 

 

Figure 2.2 Life history parameters of Daphnia clones exposed to tebuconazole and parasite challenge. Two 

Daphnia clones (Clone 12 and Clone 47) were exposed to increasing tebuconazole concentrations in the 

absence (”no-parasite”) and presence (”parasite”) of spores of the microparasitic yeast M. bicuspidata. Host 

mortality and parasite infectivity are shown as the proportion of dead or infected hosts, respectively, at the 

end of the experiment (day 21). Fecundity (at day 14), reproductive output (at day 21), age at first reproduction 

and intrinsic rate of increase are shown as mean (circle) and respective 95% confidence intervals (error bars), 

based on 20 experimental units per treatment. Dotted lines between data points are used to facilitate 

visualization of the concentration-dependent response across parasite treatments. 
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Copper x parasite 

Parasite presence caused ca. 100% host mortality irrespective of copper 

concentration. In the absence of the parasite, copper caused slight mortality in the highest 

concentration (Figure 2.1). The effects of copper and parasite presence were mostly 

independent (see non-significant interaction terms in Table 2.1). 

Neither copper nor parasite treatment had an influence on age of first reproduction 

(AFR), although the highest tested concentration of copper resulted in a slight delay, but 

only in clone 47 (Figure 2.1 and Table 2.1). Overall, copper exposure caused a slight 

stimulation in host reproduction (see increased fecundity and reproductive output at 

intermediate concentrations – Figure 2.1). However, the most substantial effect on Daphnia 

reproduction was caused by the parasite, which strongly reduced the host’s reproductive 

output in both tested clones (Figure 2.1 and Table 2.1). This effect was mainly due to 

parasite-induced mortality of hosts from day 14 onwards, because Daphnia fecundity was 

much less affected (compare the gap between parasite and no-parasite treatments in terms 

of fecundity and reproductive output – Figure 2.1). The per capita rate of increase confirmed 

the higher fitness of Daphnia in the no-parasite treatment. Although the effects of copper 

and parasite were mostly independent, a significant interaction between copper and 

parasite presence was found in clone 47, in terms of its reproductive output and rate of 

increase (Table 2.1). This was mostly due to a stronger decrease of these parameters in the 

no-parasite treatment in the highest copper concentration (see Figure 2.1). 
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Table 2.1 Two-way ANOVA summary table of the effects of contaminant concentration and parasite challenge. 

For each variable, the effect of contaminant concentration, parasite treatment and their interaction (Conc. × 

Parasite) was evaluated. The analyses were conducted separately for each experiment (copper or 

tebuconazole) and for each Daphnia clone. Significant effects are highlighted in bold (P ≤ 0.025). 

  Copper Tebuconazole 

 Source Clone 12 Clone 47 Clone 12 Clone 47 

ln
 A

FR
 

Concentration F(3, 146) = 3.2; P = 0.003 F(3, 145) = 10; P < 0.001 F(3, 147) = 4.1; P = 0.008 F(3, 152) = 40; P < 0.001 

Parasite presence F(1, 146) = 0.47; P = 0.494 F(1, 145) = 0.52; P = 0.472 F(1, 147) = 0.66; P = 0.419 F(1, 152) = 1.6; P = 0.203 

Conc. x Parasite F(3, 146) = 0.57; P = 0.634 F(3, 145) = 0.78; P = 0.505 F(3, 147) = 0.33; P = 0.800 F(3, 152) = 0.56; P = 0.641 

Fe
cu

n
d

it
y 

at
 d

ay
 1

4
 Concentration F(3, 147) = 3.2; P = 0.026 F(3, 142) = 6.7; P < 0.001 F(3, 148) = 166; P < 0.001 F(3, 149) = 197; P < 0.001 

Parasite presence F(1, 147) = 21; P < 0.001 F(1, 142) = 0.085; P = 0.711 F(1, 148) = 3.5; P = 0.062 F(1, 149) = 0.72; P = 0.397 

Conc. x Parasite F(3, 147) = 0.46; P = 0.711 F(3, 142) = 2.2; P = 0.089 F(3, 148) = 0.54; P = 0.655 F(3, 149) = 1.6; P = 0.188 

R
ep

ro
d

u
ct

i

ve
 o

u
tp

u
t Concentration F(3, 153) = 1.9; P = 0.136 F(3, 154) = 8.4; P < 0.001 F(3, 151) = 50; P < 0.001 F(3, 154) = 6.5; P < 0.001 

Parasite presence F(1, 153) = 354; P < 0.001 F(1, 154) = 159; P < 0.001 F(1, 151) = 33; P < 0.001 F(1, 154) = 23; P < 0.001 

Conc. x Parasite F(3, 153) = 0.51; P = 0.673 F(3, 154) = 5.9; P < 0.001 F(3, 151) = 3.6; P = 0.014 F(3, 154) = 3.4; P = 0.020 

R
at

e 
o

f 

in
cr

e
as

e 

Concentration F(3, 155) = 3.1; P = 0.028 F(3, 154) = 11; P < 0.001 F(3, 152) = 50; P < 0.001 F(3, 154) = 27; P < 0.001 

Parasite presence F(1, 155) =58; P < 0.001 F(1, 154) = 2.7; P = 0.101 F(1, 152) = 8.6; P = 0.004 F(1, 154) = 5.7; P = 0.018 

Conc. x Parasite F(3, 155) =2.2; P = 0.091 F(3, 154) = 3.7; P = 0.012 F(3, 152) = 0.42; P = 0.742 F(3, 154) = 1.2; P = 0.326 

 

Tebuconazole x parasite 

Parasite presence caused ca. 80% host mortality in the negative control (0 µg l-1 

tebuconazole) but tebuconazole completely suppressed infection, irrespective of the 

nominal concentration (Figure 2.2). As a consequence, the main effect observed in the life 

history parameters was caused by contaminant concentration alone. 

Tebuconazole significantly delayed AFR and decreased fecundity, reproductive 

output, and rate of increase, demonstrating a clear dose-response relationship independent 

of parasite absence/presence (Figure 2.2 and Table 2.1). The differential infection success 

between negative control and tebuconazole concentrations in the parasite treatment lead 

to a significant concentration x parasite presence interaction in Daphnia reproductive 

output (Figure 2.2 and Table 2.1). This difference was not observed for fecundity, confirming 

that the main effect of the parasite is on host mortality. Per capita rate of increase and 

reproductive output were slightly lower in the parasite treatment, compared to no-parasite 

treatment (Figure 2.2 and Table 2.1). 
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Follow-up experiment 

In the follow-up experiment, the infection procedure was also successful, although 

infection rates in controls (i.e. no tebuconazole) varied according to clones and levels of 

parasite intensity: 85-95% for clone 12 and 55-60% for clone 47 (Figure 2.3). This experiment 

demonstrated an antiparasitic effect of tebuconazole at lower concentrations than the 

previous ones. At 6.25 µg l-1 (the lowest tested concentration), tebuconazole reduced 

infection rates in clone 12 to 20% and 30%, and in clone 47 to 0% and 20%, for single 

challenge and double challenge treatments, respectively. From 12.5 µg l-1 onwards, 

tebuconazole completely suppressed infection. Overall, while the increase in parasite 

intensity caused a slightly higher parasite success (at 0 µg l-1 and 6.25 µg l-1), this higher 

spore load was unable to compensate the anti-M. bicuspidata effect of tebuconazole above 

12.5 µg l-1. 
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Figure 2.3 Life history parameters of Daphnia clones exposed to tebuconazole and parasite challenge (follow-up 

experiment). Two Daphnia clones (Clone 12 and Clone 47) were exposed to increasing tebuconazole 

concentrations and two levels of parasite challenge (“single challenge” vs. “double challenge”) with spores of 

the microparasitic yeast M. bicuspidata. Host mortality and parasite infectivity are shown as the proportion of 

dead or infected hosts, respectively, at the end of the experiment (day 21). Fecundity (at day 14), reproductive 

output (at day 21), age at first reproduction and intrinsic rate of increase are shown as mean (circle) and 

respective 95% confidence intervals (error bars), based on 20 experimental units per treatment. Dotted lines 

between data points are used to facilitate visualization of the concentration-dependent response across 

parasite treatments. 
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Fecundity and reproductive output were significantly affected by tebuconazole 

exposure but also by the intensity of parasite challenge (Figure 2.3 and Table 2.2). Increasing 

concentrations of tebuconazole significantly reduced host fecundity. However, hosts from 

control treatments showed reduced reproductive output and per capita rate of increase, 

when compared to hosts from tebuconazole treatments, due to parasite-induced mortality. 

This was also the pattern for per capita rate of increase (Figure 2.3 and Table 2.2). Survival, 

fecundity and reproductive output were consistently lower in the double challenge 

treatment, which was more pronounced in Clone 12. This latter finding is paradoxical, given 

that there is no difference in the infection success between single challenge and double 

challenge treatments from 12.5 µg l-1 onwards.  

 

Table 2.2 Two-way ANOVA summary table of the effects of tebuconazole concentration and level of parasite 

challenge (follow-up experiment). For each variable, the effect of tebuconazole concentration, parasite 

challenge and their interaction (Conc. × Parasite) was evaluated. The analyses were conducted separately for 

each Daphnia clone. Significant effects are highlighted in bold (P ≤ 0.025). 

 Source Clone 12 Clone 47 

Fe
cu

n
d

it
y 

at
 d

ay
 1

4
 Concentration F(5, 221) = 2.8; P = 0.018 F(5, 233) = 7.0; P < 0.001 

Parasite intensity F(1, 221) = 24; P < 0.001 F(5, 233) = 17; P < 0.001 

Conc. x Parasite F(5, 221) = 1.1; P = 0.347 F(5, 233) = 2.2; P = 0.058 

R
ep

ro
d

u
ct

i

ve
 o

u
tp

u
t 

Concentration F(5, 238) = 18; P < 0.001 F(5, 239) = 9.0; P < 0.001 

Parasite intensity F(1, 238) = 54; P < 0.001 F(1, 239) = 9.8; P = 0.002 

Conc. x Parasite F(5, 238) = 0.56; P = 0.727 F(5, 239) = 1.5; P = 0.189 

R
at

e 
o

f 

in
cr

e
as

e 

Concentration F(5, 239) = 14; P < 0.001 F(5, 238) = 5.6; P < 0.001 

Parasite intensity F(5, 239) = 62; P < 0.001 F(1, 238) = 11; P < 0.001 

Conc. x Parasite F(5, 239) = 3.3; P = 0.007 F(5, 238) = 0.96; P = 0.446 

 

Discussion 
Disease and pollution are two important stressors affecting natural populations. 

Interaction between these stressors can exacerbate or mitigate their otherwise independent 

effects (Lafferty and Kuris, 1999). This study was motivated by the need for a clarification on 

how pesticide pollution affects the eventual spread of diseases (Buser et al., 2012b; 

Marcogliese and Pietrock, 2011). Our major finding was that two common agrochemicals 
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(fungicides) cause different outcomes in a host-parasite (Daphnia-M. bicuspidata) 

relationship, confirming that effects of pollution on host-parasite relationships depend on 

the particular stressor (Lafferty and Kuris, 1999; Wolinska and King, 2009). Particularly, 

infection by M. bicuspidata was independent of copper exposure, but was suppressed in the 

presence of the fungicide tebuconazole. 

Tebuconazole and copper are commonly used in agriculture to fight fungal pests, 

particularly in vineyards, and are frequently detected in superficial and runoff waters 

(Berenzen et al., 2005; Bereswill et al., 2012). Despite the fact that detected concentrations 

for both agricultural fungicides are usually low (below 10 µg l-1), higher levels have been 

recorded in extreme runoff events (up to 263 µg l-1 for copper and up to 200 µg l-1 for 

tebuconazole) (Zubrod et al., 2014, 2010). At these concentrations, tebuconazole and 

copper were overall noxious to Daphnia, decreasing survival (especially copper), 

reproductive output and per capita rate of increase (Chapter 1 and this study). Regarding 

copper, Daphnia reproduction was only affected at the highest tested concentration (33.06 

µg l-1) where organisms also started to show increasing mortality. This may be due to the 

fact that copper, unlike tebuconazole, is an essential element for physiological processes in 

low doses, above which it becomes toxic (Devez et al., 2005).  

Successful infection by M. bicuspidata depends on needle-like ascospores entering 

the host (via filtration) and piercing the gut wall (Ebert, 2005); thus, the more spores enter 

the host, the more likely they will germinate in the host´s haemolymph and develop 

infection. In our study, the infection procedure was successful, given that infection was 

always high in the negative controls (i.e. without fungicide). Infected Daphnia were killed 

within 14 to 17 days, which agrees with the described timing for development of M. 

bicuspidata infection (Ebert, 2005). Before being killed by the parasite, the fecundity of 

infected Daphnia was only slightly reduced, also in agreement with previous studies (Auld 

et al., 2012). For this reason, reproductive output was more informative than fecundity, 

reflecting the integration of reproduction and parasite-induced mortality. 

Levels of parasite challenge were determinants of host fitness: the more intense 

exposure (double challenge) generally led to higher infection rates than single challenge 

exposure, confirming the findings of Ebert et al. (2000). Also, Daphnia from the double 



Chapter 2 

78 
 

challenge treatment suffered an overall stronger reduction in reproductive parameters and 

higher levels of mortality (Figure 3). This cannot simply be explained by a direct relationship 

between spore load and the strength of infection (Dallas and Drake, 2014; Ebert et al., 2000), 

because no visible symptoms of infection were observed under tebuconazole exposure. 

Possibly, mechanical damage caused by M. bicuspidata ascospores piercing the host´s gut 

wall (Ebert, 2005) could explain the difference between the two levels of parasite challenge 

(Ebert et al., 2000), even if infection was not successful. 

When Daphnia were simultaneously exposed to copper and M. bicuspidata spores, 

infection was the major cause of negative effects on host reproduction due to early host 

death; this pattern was visible at all copper concentrations and in the negative control, 

confirming the independent action of both stressors. This means that copper is not toxic to 

the yeast; however, higher copper concentrations kill the host (Chapter 1). Unlike 

tebuconazole (see below), copper does not have a specific cellular target in fungal cells, 

which may explain its higher toxicity to the host, since Daphnia are particularly sensitive to 

metals (Loureiro et al., 2011). Our results seem to contradict those of Civitello et al. (2012), 

who demonstrated that sublethal levels of copper increased filtration rates in Daphnia 

dentifera, hence boosting M. bicuspidata spore consumption and, thus, parasite 

transmission. However, increased filtration rates may be less important for parasite 

transmission under high parasite load, such as in our case – 700 spores ml-1 in our study vs. 

25-75 spores ml-1 in Civitello et al. (2012). Also, in this previous study higher copper 

concentrations were tested (i.e. 50-200 µg l-1 in contrast to 25-33 µg l-1 in the present 

experiment), which could be partially explained by their choice of a synthetic medium with 

chelating properties (see Loureiro et al., 2011). This stimulatory effect of copper that 

indirectly benefited the parasite (Civitello et al., 2012) was not observed in our study. 

Under tebuconazole exposure, M. bicuspidata infection was completely suppressed 

above 12.5 µg l-1. Unlike copper, the parasite was more sensitive to tebuconazole than the 

host. Tebuconazole, along with other azoles, is considered a fungistatic agent capable of 

impairing growth and preventing sporulation, particularly in yeast (Manavathu et al., 1998); 

including species from the genus Metschnikowia (Álvarez-Pérez et al., 2015). Agricultural 

azole fungicides (e.g., propiconazole and tebuconazole), along with common 
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pharmaceuticals to treat yeast infections (e.g., clotrimazole and fluconazole), have been 

detected in the environment, raising concerns about putative negative effects on non-target 

organisms (Fick et al., 2010; Kahle et al., 2008) and in important microbe-mediated 

ecological processes (Álvarez-Pérez et al., 2015; Zubrod et al., 2014). In our case, increasing 

concentrations of tebuconazole significantly affected reproductive and demographic 

parameters in Daphnia, but the most striking result was that infection signs were suppressed 

at environmentally relevant concentrations (i.e. from 6.25 µg l-1 up). In fact, although 

tebuconazole concentrations up to 200 µg l-1 have been detected in the field (reviewed by 

Zubrod et al., 2014, 2010), typical concentrations in the aquatic environment are below 10 

µg l-1 (Berenzen et al., 2005; Bereswill et al., 2012; Herrero-Hernández et al., 2013). Thus, 

even low, environmentally-relevant concentrations of tebuconazole can cause the 

termination of parasite epidemics, with unknown ecological consequences. 

Although there were no signs of infection in organisms exposed to tebuconazole, 

daphniids displayed slightly lower fitness under parasite challenge (see reproductive output 

data – Figure 2). It might be that M. bicuspidata growing inside the host’s body cavity could 

be causing injury or using Daphnia’s vital resources. Further research is needed to clarify 

whether this reduction in host fitness results from mechanical injury by spores piercing the 

gut wall (discussed above) or from the yeast’s parasitic action. Azole fungicides lead to a 

depletion in ergosterol necessary to membrane functioning, thus inhibiting fungal growth 

and eventually causing their death (Dijksterhuis et al., 2011; Ochoa-Acuña et al., 2009). 

Possible fungicidal or fungistatic effects of tebuconazole could occur at multiple stages: a) 

suppression of initial spore germination (after being filtered by Daphnia); b) growth 

inhibition due to depletion of ergosterol; c) death of yeast cells that were able to germinate 

from initial spores; d) reproduction (i.e., sporulation) impairment. It is not clear whether 

these effects are reversible or not, as M. bicuspidata may have remained latent in the 

Daphnia body cavity during tebuconazole exposure, thus delaying the infection instead of 

suppressing it. This delay scenario could not be confirmed in our study due to the short 

duration of the assay, and further experiments need to be conducted to address that issue.  

Antagonistic effects between fungicides and parasitism have been reported 

previously. Blanar et al. (2010) showed that exposure to zinc and copper reduced survival 
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and fecundity of a juvenile Atlantic salmon ectoparasite without affecting the host; Hanlon 

et al. (2012) demonstrated that exposure of frog tadpoles to the fungicide thiophanate-

methyl and a chytrid fungus resulted in a clear suppression of the infection. Such 

phenomena may be widespread, and should not be underestimated. Many antifungal 

formulations present in agrochemicals, pharmaceuticals and personal care products may 

affect non-target fungal parasites, which otherwise control natural populations of a variety 

of hosts, including cyanobacteria (Agha et al., 2016; Gleason et al., 2015), protists (Gleason 

et al., 2015; Jephcott et al., 2016), plants (Dean et al., 2012), invertebrates (Hall et al., 2011), 

fishes (Gozlan et al., 2014) and amphibians (Hanlon et al., 2015, 2012). Also, parasites in 

general interfere with energy flow and are important drivers of genetic diversity (Lafferty et 

al., 2008). Thus, changes in the outcome of host-parasite relationships may upscale to 

population, community and ecosystem level (Buser et al., 2012b; Dallas and Drake, 2014; 

Johnson et al., 2007). While the suppression of infection (as detected in the tebuconazole 

treatment) may seem positive from the host´s point of view, the exact consequences of an 

antagonism between pollution and disease, as shown here, are still poorly understood. The 

growing needs of the human population and the challenges of climate change will increase 

the use of pesticides (including fungicides), which will likely cause deleterious effects in non-

target fungi and bacteria, such as microparasites and decomposers. It is of primordial 

importance that such phenomena are not overlooked, and that protective measures are 

implemented to preserve important and diverse ecological processes that are mediated by 

these microbial communities. 
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Supplementary material 

 

Table S2.1 Nominal and analytical concentrations (mean ± SD, n=2) for copper (free ion, Cu2+) and 

tebuconazole. 

 
Nominal concentrations 

(µg l-1) 

Measured concentrations 

(µg l-1) 

% deviation from 

nominal concentrations 

Copper experiment 25.0 27.5 ± 3.5 10% 

 33.1 38.5 ± 0.7 16% 

Tebuconazole experiment 153.6 155.0 ± 7.1 0.9% 

 240.0 255.0 ± 7.1 6.3% 

Follow-up experiment  6.25 7.35 ± 0.21 17.6% 

(tebuconazole) 100 110 ± 0.0 10% 
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Fig S2.1 Stages of Metschnikowia bicuspidata infection in Daphnia galeata × longispina. (A) 

healthy, uninfected female; (B) early development of infection signs – body becomes more opaque 

with the presence of ascospores (not all of them mature yet); (C) late development of infection 

signs – body cavity is filled with needle-like ascospores; (D) detail of ascospores released by dead 

hosts.  
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Temperature modulates the interaction between fungicide pollution and 

disease: evidence from a Daphnia-microparasitic yeast model 

 

Abstract 

Temperature is expected to modulate the responses of organisms to stress. Here, we 

aimed to assess the influence of temperature on the interaction between parasitism and 

fungicide contamination. Specifically, using the cladoceran Daphnia as a model system, we 

explored the isolated and interactive effects of parasite challenge (yeast Metschnikowia 

bicuspidata) and exposure to fungicides (copper sulphate and tebuconazole) at two 

temperatures (17 and 20°C), in a fully factorial design. Confirming a previous study, M. 

bicuspidata infection and copper exposure caused independent effects on Daphnia life 

history, whereas infection was permanently suppressed with tebuconazole exposure. 

Additionally, higher temperature generally increased the virulence of the parasite, with the 

hosts developing signs of infection earlier, reproducing less and dying at an earlier age. 

These effects were consistent across copper concentrations, whereas the joint effects of 

temperature (which enhanced the difference between non-infected and infected hosts) and 

the anti-parasitic action of tebuconazole resulted in a more pronounced parasite × 

tebuconazole interaction at the higher temperature. Thus, besides independently 

influencing parasite and contaminant effects, temperature can act as a modulator of 

interactions between pollution and disease. 

 

 

 

 

 

 

 

 

 

Keywords: copper; Metschnikowia bicuspidata; multiple stressors; parasitism; tebuconazole  
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Introduction 

Agricultural exploitation is responsible for the extensive use of pesticides, as a 

response to growing human demands for food supplies. There is a need to predict, mitigate 

and adapt to the consequences of increased pesticide use to protect supporting ecosystem 

services and minimize economic losses. Rising temperatures and heavy rainfall, as predicted 

by the IPCC (2014) in the context of climate change, can lead to important alterations in the 

fate, behavior and use of pesticides (Delcour et al., 2014; Noyes et al., 2009). As wet and 

warm conditions are propitious for the development of plant diseases, namely those 

promoted by fungi, climate change may increase the amount or frequency of pesticide 

application (Boxall et al., 2009; Delcour et al., 2014). Fungicides, in particular, have been 

used extensively to fight fungal pests and improve crop production, particularly in vineyards 

(Bereswill et al., 2012; Komárek et al., 2010). Increased use of fungicides, coupled with 

increased runoff (as a consequence of heavy rainfall; Rabiet et al., 2010), leads to high 

concentrations of these contaminants in aquatic systems, which can negatively impact local 

biota (Stampfli et al., 2013; Stoate et al., 2009). Within the scope of global warming, 

predicting the outcome of the interplay between biotic (disease outbreaks) and abiotic 

factors (increased release of contaminants) is challenging. Nonetheless, there is a need to 

consider multiple stress scenarios in ecotoxicological studies (Coors and De Meester, 2008; 

Dietrich et al., 2014; Heugens et al., 2001; Scherer et al., 2013) with the purpose of 

decreasing uncertainty in the environmental impact assessment of pollutants. 

Agents of disease (parasites and pathogens) are important and ubiquitous biotic 

factors, playing an important role in natural populations by regulating host population 

dynamics, maintaining host genetic diversity and modulating other trophic interactions 

(Agha et al., 2016; Hall et al., 2011; Jokela et al., 2009). Parasites can affect their host directly 

– for example through reduced fecundity, increased mortality and/or altered behavior (Hall 

et al., 2011; Kekäläinen et al., 2014) – and indirectly – by inducing changes in the host’s 

response to other stress factors, such as contaminants (Buser et al., 2012a; Hanlon et al., 

2015; e.g. Kelly et al., 2010). Research on the interactive effects of parasitism and 

contamination (reviewed by Marcogliese and Pietrock, 2011) has produced contrasting 

evidence, with the outcome of the interaction being favorable either to the host (Blanar et 
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al., 2010; Hanlon et al., 2012) or to the parasite (Coors et al., 2008; Johnson et al., 2007). 

Indeed, a previous experimental study by our team (Chapter 2) demonstrated that 

simultaneous exposure of Daphnia to a microparasitic yeast (Metschnikowia bicuspidata) 

and fungicides resulted in independent effects from contaminant and parasite (for copper 

sulphate), whereas contaminant-driven parasite suppression was found for another 

fungicide, tebuconazole. Such contrasting results emphasize the need for more research on 

this subject. 

Increasing temperature is expected to change contaminant properties (degradation 

rates, environmental mobility, bioavailability; Delcour et al., 2014; Noyes et al., 2009) as well 

as the susceptibility of organisms to contaminants (Chapter 1; Seeland et al., 2012). 

Simultaneously, temperature plays a pivotal role in the outcome of host-parasite 

relationships (Gallana et al., 2013; Schoebel et al., 2011; Wolinska and King, 2009), by 

influencing parasite infectivity and spore production (Mitchell et al., 2005; Vale et al., 2008), 

and by modulating the host´s susceptibility to infection (Garbutt et al., 2014). Research on 

interaction scenarios between parasitism and contamination should consider temperature 

as an important modulator of both phenomena. This is particularly important in the light of 

climate change predictions (namely warming), as temperature effects on pollution × disease 

interactions are still unresolved (Delcour et al., 2014; Marcogliese, 2008; Noyes et al., 2009). 

The aim of this study was to assess the interactive effects of fungicide contamination 

and parasitism, considering the influence of temperature. Copper sulphate and 

tebuconazole were selected based on their contrasting effects on disease in our model host-

parasite system (i.e. Daphnia infected with M. bicuspidata, Chapter 2). The crustacean 

Daphnia plays a central role in aquatic food webs by consuming primary producers and 

serving as food for predators, and is also frequently parasitized by numerous 

microorganisms (leading to epidemics in the field; Duffy and Sivars-Becker, 2007; Duncan 

and Little, 2007; Lass and Ebert, 2006). These parasites play a pivotal role in Daphnia 

population dynamics (Hall et al., 2011), diversity (Duncan and Little, 2007; Wolinska and 

Spaak, 2009) and community structure (Buser et al., 2012b; Hall et al., 2009). We 

hypothesize that temperature will affect the outcome of the contaminant × disease 

interaction in the case of tebuconazole (which causes a suppression of infection), but this 
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may be less important in the case of copper sulphate because of the lack of interaction 

between the parasite and this toxicant (Chapter 2). 

 

Methods 

Host-parasite system: origin and maintenance 

Two host genotypes were tested, belonging to the Daphnia longispina species 

complex (D. galeata x longispina clone AMM_12 and D. galeata clone AMM_47, from now 

on designated as Clone 12 and Clone 47, respectively). The studied parasite was a single 

isolate of the endoparasitic yeast M. bicuspidata. Host genotypes and parasite strain were 

isolated from Lake Ammersee (Germany) and have been used in other studies (Chapter 2; 

Buser et al., 2012b; Yin et al., 2011). The microparasitic yeast M. bicuspidata grows inside 

the host´s body cavity and produces needle-like ascospores that are horizontally transmitted 

(Ebert, 2005). This host-parasite model allows experimental manipulation of spore load and 

parasite transmission (Lohr et al., 2010; Yin et al., 2011), and the discrimination of the effects 

of parasite and other stressors, as well as their interactions (Chapter 2; Civitello et al., 2012; 

Duffy et al., 2011). 

Daphnia genotypes (Clone 12 and Clone 47) were reared as parthenogenetic lineages 

in moderately hard reconstituted water (123 mg l-1 MgSO4·7H2O, 96 mg l-1 NaHCO3, 60 mg l-

1 CaSO4·2H2O, 4 mg l-1 KCl) supplemented with a standard organic additive (algal extract) and 

vitamins (Antunes et al., 2004). Cultures were maintained with a 16hL:8hD photoperiod, and 

medium was renewed three times a week. Along with medium renewal, daphnids were fed 

with a Raphidocelis subcapitata suspension (1.5 x 105 cells ml-1). Daphnia were reared in a 

controlled temperature room (at 20 ± 1°C) and in a water bath equipped with a water chiller 

(17 ± 1°C). Temperature was regularly checked with a temperature probe. Before the 

experiment, Daphnia were acclimated for at least five generations at the two tested 

temperatures, in order to remove potentially confounding effects of transient thermal stress 

(Chapter 1). 

The parasite strain was maintained in a Daphnia magna clone, reared under the 

conditions described above, at 20°C. Uninfected Daphnia juveniles were added to infected 
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cultures every other week, guaranteeing a continuous supply of hosts and production of 

spores (Chapter 2; Hesse et al., 2012). 

 

Test chemicals 

Tebuconazole and copper sulphate concentrations were defined according to Cuco 

et al. (Chapter 1), which estimated reproductive ECx values that were then used to define a 

low dose (roughly corresponding to EC10 for both contaminants) and a high dose 

(corresponding to EC50 for tebuconazole and EC20 for copper). A lower ECx value was used 

for copper because it causes substantial mortality along with reproductive impairment that 

could result in a highly unbalanced design (loss of experimental units due to high mortality). 

Concentrated stock solutions were prepared with ethanol (for dissolving tebuconazole) or 

distilled water (copper sulphate) and then diluted in reconstituted water (see Host-parasite 

system: origin and maintenance). Final test solutions were: 0.00, 100 and 250 µg l-1 for 

tebuconazole, and 0.00, 30.0 and 40.0 µg l-1 for copper sulphate (expressed as free Cu2+ ion). 

For tebuconazole exposure, ethanol was also added in the negative control (0.00 µg l-1) at 

an equal volume to the one used in the tebuconazole concentrations (0.1 ml l-1). 

Analytical quantification of tested substances confirmed the validity of nominal 

concentrations within the range of 25.0–43.7 µg l-1 (for copper) and 100–240 µg l-1 (for 

tebuconazole), although measured concentrations slightly overestimated nominal 

concentrations: 6–16% for copper and 1–10% for tebuconazole. Detailed analyses from 

measured copper and tebuconazole concentrations are presented in Supplementary Table 

S3.1. These analyses were performed by an independent analytical laboratory (certified 

according to ISO/IEC 17025:2005), which analyzed random samples by ICP-MS (for copper, 

according to ISO 17294-2:2003) and LC-MS/MS (for tebuconazole, according to an internal 

method adapted from ISO 11369:1997). We assumed that good correspondence between 

nominal and measured concentrations was also valid for the experiments shown here (the 

same procedures were used and the range of concentrations is comparable). 
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Experimental design 

Life history assays were initiated with neonates (< 24 h old, born between the 3rd and 

the 5th broods) from the two Daphnia genotypes reared at each acclimation temperature 

(17°C and 20°C). Daphnia were individually exposed to a range of contaminant 

concentrations (see Test chemicals), at the two selected temperatures (17°C and 20°C), in 

the presence (“parasite”) or absence (“no-parasite”) of the parasite M. bicuspidata, in a fully 

crossed design. For logistical reasons, experiments with tebuconazole and copper were 

carried out separately. Therefore, the experimental design for each contaminant consisted 

of 2 Daphnia clones x 3 contaminant concentrations (see Test chemicals) x 2 parasite 

treatments x 2 exposure temperatures x 13 replicates = 312 experimental units. Because 

infection is not always 100% successful, the parasite treatment was initiated with 20 

replicates, and individual Daphnia that did not become infected were then excluded. In the 

case of tebuconazole, only 13 replicates were set up in the parasite treatment, as we 

anticipated a suppression of infection (Chapter 2). Each replicate corresponded to one 

Daphnia individually placed in a glass vessel containing 25 ml of the respective test solution, 

prepared by adding the proper amount of contaminant stock solution to the culture medium 

(see Test chemicals). Assays were carried out under the same conditions as described for 

maintenance, except that Daphnia were fed daily with an algal ration of 1.5 x 105 cells ml-1 

and test medium was renewed every three days. In the parasite treatment, individual 

Daphnia were infected on day 5 with an M. bicuspidata spore suspension, following the 

methodology described below (see Infection procedure). Test procedures followed OECD 

(2012) recommendations.  

 

Infection procedure 

At experimental day 5 (first day of infection), test solution volume from all 

experimental units was reduced from 25 ml to 10 ml and Daphnia were not fed; this ensured 

higher spore encounter and filtration rates (Yin et al., 2011). Infected D. magna from the 

host-parasite culture were crushed in distilled water to obtain a homogenized spore 

suspension, and spore concentration was determined using a Neubauer improved counting 

chamber. A placebo suspension was also obtained by crushing the same number of 
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uninfected D. magna in distilled water. Experimental units of the parasite treatment were 

inoculated with an M. bicuspidata spore suspension aliquot (700 spores ml-1) while 

experimental units of the no-parasite treatment were given an equivalent placebo aliquot. 

The use of a placebo was important to rule out potential confounding effects of bacteria or 

alarm cue effects from the Daphnia homogenates. On day 6, test solution volume was 

increased to 15 ml and, on day 7, to 25 ml. Daily food ration (1.5 x 105 cells ml-1) was restored 

on day 6. Between day 5 and day 7, vessels were slightly shaken once per day, to promote 

spore resuspension and subsequent filtration by the host. From day 8 onwards, initial 

conditions (25 ml of test solution with renewal every three days) were restored, as described 

above. 

 

Data collection 

Survival and reproduction data were recorded daily for each Daphnia. Reproductive 

parameters included fecundity (cumulative number of living offspring released per surviving 

female) and reproductive output (total number of living offspring released per initial female, 

including females which died during the course of the experiment). Fecundity was estimated 

at day 15, before females started dying due to parasite action. For the calculation of 

reproductive output (measured at day 21), we excluded replicates in which Daphnia died 

before day 4, as this could be the result of accidental or natural early-age mortality. The 

experiment ended at day 21 for copper, later for tebuconazole (see below). At time of death 

or at the end of the assay, daphnids were visually inspected for signs of infection (presence 

of spores inside the host´s body cavity) under an Olympus CKX41 inverted microscope, and 

prevalence of infection was calculated per treatment. For the calculation of all parameters, 

we excluded experimental units where Daphnia died before infection could be confirmed. 

Survival and reproduction data were used to determine the per capita intrinsic rate of 

population increase (r) from the Euler-Lotka equation: 

1 =∑𝑒−𝑟𝑥𝑙𝑥𝑚𝑥

𝑛

𝑥=0

, 

where r is the rate of population increase (day-1), x is the age class in days, lx is the 

probability of surviving to age x, and mx is the fecundity at age x (McCallum, 2000; Meyer et 
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al., 1986). Replicate pseudo values for r were generated using the jackknifing technique 

described by Meyer et al. (1986), thus enabling the use of statistical tests for analyzing 

differences in the rate of increase between experimental treatments. 

Previous data (Chapter 2) showed that tebuconazole suppresses M. bicuspidata 

infection, unlike copper. Therefore, with the purpose of assessing if parasite infection is 

delayed or definitely suppressed by this fungicide, we continued to monitor Daphnia 

exposed to tebuconazole (and respective negative controls) throughout their lifespan (i.e., 

beyond the 21-d period). During this period, we monitored survival and the presence of 

infection. 

 

Statistical analysis 

Three-way analyses of variance (ANOVA) were performed separately for each 

experiment (copper and tebuconazole) to assess the effects of temperature, parasite 

challenge and contaminant concentration (as fixed factors) on Daphnia life history 

parameters. Because we expected differences in the sensitivity of the tested clones to the 

stress factors (Chapter 1), analyses were conducted separately per clone, with a necessary 

adjustment in the significance level (α = 0.025). Plots of residuals were analyzed to assess 

departures from normality and homogeneity of variances, which were found on a few 

occasions; however, we assumed ANOVA to be sufficiently robust to deal with such 

deviations. ANOVAs were carried out with the General Linear Model procedure in Minitab 

16 (Minitab Inc., USA). 

 

Results 

Infection data 

The infection procedure was successful in both experiments and for both clones; 55-

100% of exposed Daphnia became infected. No infections were detected in the no-parasite 

treatment. Almost all infected hosts died within the 21-d period, confirming that M. 

bicuspidata considerably reduces Daphnia life span. Specifically, longevity was reduced from 

six to two weeks at 20°C and from nine to three weeks at 17°C (see data from negative 

controls in Figure 3.3). 
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Prevalence of infection was fairly consistent for both Daphnia clones across all 

copper concentrations, despite an overall lower proportion of infection for Clone 47 at 17°C 

(Figure 3.1). By contrast, infection was suppressed in the presence of tebuconazole (only 

control animals became infected), which was consistent for both clones and under both 

temperatures (Figure 3.2). 

 

 

Figure 3.1 Life history parameters (mean and respective 95% confidence intervals, except for infection) of two 

Daphnia genotypes (Clone 12 and 47) when exposed to increasing copper concentrations in the presence 

(“parasite”) or absence (“no-parasite”) of spores from the microparasitic yeast M. bicuspidata, at two 

temperatures (17°C and 20°C). For the calculation of the reproductive and demographic endpoints in the 

parasite treatment, only infected hosts were considered (see Methods). 
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Figure 3.2 Life history parameters (mean and respective 95% confidence intervals, except for infection) of two 

Daphnia genotypes (Clone 12 and 47) when exposed to increasing tebuconazole concentrations in the 

presence (“parasite”) or absence (“no-parasite”) of spores from the microparasitic yeast M. bicuspidata, at two 

temperatures (17°C and 20°C). Because of the antiparasitic nature of tebuconazole, no infected hosts were 

present in the parasite treatment, except for the negative control; in the latter case, only infected hosts were 

considered for the calculation of the reproductive and demographic endpoints (see Methods). 

 

Temperature × Parasite × Copper interaction 

The tested copper concentrations did not elicit a pronounced effect on Daphnia 

reproductive parameters, although statistically significant effects (including a slight 

stimulation of reproduction) were observed under some circumstances (Table 3.1). These 
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subtle effects were sometimes temperature-dependent (significant temperature × 

concentration interaction – Table 3.1). Temperature and the parasite caused major effects 

on Daphnia reproductive performance. The parasite-induced reduction in reproductive 

output was stronger at 20°C (significant temperature × parasite interaction – Table 3.1 and 

Figure 3.1). However, fecundity (calculated prior to the hosts´ death) was only reduced by 

the parasite in Clone 12, independently of temperature. The same was true for the rate of 

increase (Table 3.1 and Figure 3.1). This means that the reproductive underperformance of 

infected Daphnia was mostly due to parasite-induced mortality rather than reproductive 

impairment, especially in Clone 47 (no differences in fecundity between parasite and no-

parasite treatments). No significant interactions were detected for parasite × concentration 

or temperature × parasite × concentration (Table 3.1), demonstrating independent effects 

of parasite and contaminant action for both temperatures. 
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Table 3.1 Three-way ANOVA summary table of the effects of temperature, parasite challenge, concentration 

and their interactions on different life history parameters of two Daphnia genotypes (Clone 12 and 47) exposed 

to copper. Analyses were conducted separately per Daphnia clone. Significant effects are highlighted in bold 

(P ≤ 0.025). 

  Copper 

 

Source Clone 12 Clone 47 

Fe
cu

n
d

it
y 

 

Temperature F(1, 136) = 184.71; P < 0.001 F(1, 127) = 203.72; P < 0.001 

Parasite F(1, 136) = 9.43; P = 0.003 F(1, 127) = 0.22; P = 0.641 

Concentration  F(2, 136) = 7.07; P = 0.001 F(2, 127) = 2.18; P = 0.117 

Temperature x Parasite F(1, 136) = 0.49; P = 0.485 F(1, 127) = 0.39; P = 0.532 

Temperature x Concentration F(2, 136) = 2.60; P = 0.078 F(2, 127) = 1.79; P = 0.172 

Parasite x Concentration F(2, 136) = 0.41; P = 0.664 F(2, 127) = 0.56; P = 0.575 

Temperature x Parasite x Concentration F(2, 136) = 1.36; P = 0.260 F(2, 127) = 0.49; P = 0.614 

R
ep

ro
d

u
ct

iv
e 

o
u

tp
u

t 

Temperature F(1, 139) = 79.94; P < 0.001 F(1, 128) = 78.06; P < 0.001 

Parasite F(1, 139) = 259.38; P < 0.001 F(1, 128) = 81.99; P < 0.001 

Concentration  F(2, 139) = 2.75; P = 0.067 F(2, 128) = 3.52; P = 0.032 

Temperature x Parasite F(1, 139) = 67.58; P < 0.001 F(1, 128) = 49.82; P < 0.001 

Temperature x Concentration F(2, 139) = 4.98; P = 0.008 F(2, 128) = 5.24; P = 0.007 

Parasite x Concentration F(2, 139) = 1.88; P = 0.156 F(2, 128) = 1.47; P = 0.233 

Temperature x Parasite x Concentration F(2, 139) = 0.93; P = 0.398 F(2, 128) = 0.93; P = 0.399 

R
at

e 
o

f 
in

cr
ea

se
 

Temperature F(1, 139) = 216.46; P < 0.001 F(1, 128) = 179.29; P < 0.001 

Parasite F(1, 139) = 55.69; P < 0.001 F(1, 128) = 4.04; P = 0.047 

Concentration  F(2, 139) = 6.32; P = 0.002 F(2, 128) = 6.37; P = 0.002 

Temperature x Parasite F(1, 139) = 3.39; P = 0.068 F(1, 128) = 4.89; P = 0.029 

Temperature x Concentration F(2, 139) = 3.00; P = 0.053 F(2, 128) = 2.66; P = 0.073 

Parasite x Concentration F(2, 139) = 2.31; P = 0.103 F(2, 128) = 1.92; P = 0.151 

Temperature x Parasite x Concentration F(2, 139) = 1.38; P = 0.256 F(2, 128) = 0.73; P = 0.485 
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Temperature × Parasite × Tebuconazole interaction 

Tebuconazole significantly decreased the reproductive performance of both Daphnia 

clones (Figure 3.2 and Table 3.2). In some cases, these effects were temperature-dependent 

(significant temperature × concentration interactions, Table 3.2). Lower temperature 

significantly decreased the measured life history parameters of Daphnia, and exposure to 

the parasite also compromised the hosts’ fecundity (only in clone 47), reproductive output 

and per capita rate of increase (both clones, Figure 3.2 and Table 3.2). However, because 

infection only occurred in the absence of tebuconazole (see above), parasite effects were 

generally dependent on tebuconazole concentration (see significant interactions between 

parasite × concentration or temperature × parasite × concentration in Table 3.2). For 

example, the parasite caused a significant reduction in reproductive output and rate of 

increase, but only without tebuconazole (which suppressed infection), this effect being 

more pronounced at 20°C (Figure 3.2). Thus, unlike for copper, there is interdependence 

between tebuconazole contamination and parasitism, which is further modulated by 

temperature. 
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Table 3.2 Three-way ANOVA summary table of the effects of temperature, parasite challenge, concentration 

and their interactions on different life history parameters of two Daphnia genotypes (Clone 12 and 47) exposed 

to tebuconazole. Analyses were conducted separately for each Daphnia clone. Significant effects are 

highlighted in bold (P ≤ 0.025). 

  Tebuconazole 

 

Source Clone 12 Clone 47 

Fe
cu

n
d

it
y 

 

Temperature F(1, 138) = 206.70; P < 0.001 F(1, 131) = 50.10; P < 0.001 

Parasite F(1, 138) = 0.00; P = 0.975 F(1, 131) = 11.55; P = 0.001 

Concentration  F(2, 138) = 26.55; P < 0.001 F(2, 131) = 18.69; P < 0.001 

Temperature x Parasite F(1, 138) = 0.00; P = 0.975 F(1, 131) = 0.63; P = 0.427 

Temperature x Concentration F(2, 138) = 15.90; P < 0.001 F(2, 131) = 3.51; P = 0.033 

Parasite x Concentration F(2, 138) = 0.55; P = 0.577 F(2, 131) = 1.10; P = 0.335 

Temperature x Parasite x Concentration F(2, 138) = 0.86; P = 0.424 F(2, 131) = 2.23; P = 0.112 

R
ep

ro
d

u
ct

iv
e 

o
u

tp
u

t 

Temperature F(1, 135) = 116.84; P < 0.001 F(1, 138) = 4.59; P = 0.034 

Parasite F(1, 135) = 34.36; P < 0.001 F(1, 138) = 18.25; P < 0.001 

Concentration  F(2, 135) = 15.66; P < 0.001 F(2, 138) = 27.67; P < 0.001 

Temperature x Parasite F(1, 135) = 7.70; P = 0.006 F(1, 138) = 0.04; P = 0.834 

Temperature x Concentration F(2, 135) = 4.10; P = 0.019 F(2, 138) = 3.88; P = 0.023 

Parasite x Concentration F(2, 135) = 14.28; P < 0.001 F(2, 138) = 13.02; P < 0.001 

Temperature x Parasite x Concentration F(2, 135) = 5.57; P = 0.005 F(2, 138) = 7.59; P = 0.001 

R
at

e 
o

f 
in

cr
ea

se
 

Temperature F(1, 135) = 196.39; P < 0.001 F(1, 138) = 42.08; P < 0.001 

Parasite F(1, 135) = 7.17; P = 0.008 F(1, 138) = 15.52; P < 0.001 

Concentration  F(2, 135) = 28.41; P < 0.001 F(2, 138) = 25.96; P < 0.001 

Temperature x Parasite F(1, 135) = 0.12; P = 0.726 F(1, 138) = 2.71; P = 0.102 

Temperature x Concentration F(2, 135) = 0.29; P = 0.749 F(2, 138) = 5.76; P = 0.004 

Parasite x Concentration F(2, 135) = 1.06; P = 0.350 F(2, 138) = 4.97; P = 0.008 

Temperature x Parasite x Concentration F(2, 135) = 0.68; P = 0.510 F(2, 138) = 2.15; P = 0.120 
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The extended observations (> 21 days) confirmed that infection was definitely 

suppressed in the presence of tebuconazole, at all tested concentrations. Consequently, 

longevity was significantly reduced by the parasite, but only in the absence of tebuconazole 

(see significant parasite × concentration interaction: Table 3.3, Figure 3.3). This pattern was 

similar for both clones, irrespective of exposure temperature. 

 

 

Figure 3.3 Longevity (mean and respective 95% confidence intervals) of two Daphnia genotypes (Clone 12 and 

47) when exposed to increasing tebuconazole concentrations in the presence (“parasite”) or absence (“no-

parasite”) of spores from the microparasitic yeast M. bicuspidata, at two temperatures (17°C and 20°C). 

Because of the antiparasitic nature of tebuconazole, only control animals in the parasite treatment represent 

infected hosts. 
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Table 3.3 Three-way ANOVA summary table of the effects of temperature, parasite challenge, concentration 

and their interactions on the longevity of two Daphnia genotypes (Clone 12 and 47) exposed to tebuconazole. 

Analyses were conducted separately for each Daphnia clone. Significant effects are highlighted in bold (P ≤ 

0.025). 

  Tebuconazole 

 

Source Clone 12 Clone 47 

Lo
n

ge
vi

ty
 

Temperature F(1, 135) = 54.19; P < 0.001 F(1, 138) = 50.79; P < 0.001 

Parasite F(1, 135) = 44.06; P < 0.001 F(1, 138) = 8.12; P = 0.001 

Concentration  F(2, 135) = 45.28; P < 0.001 F(2, 138) = 20.15; P < 0.001 

Temperature x Parasite F(1, 135) = 3.12; P = 0.080 F(1, 138) = 9.09; P = 0.018 

Temperature x Concentration F(2, 135) = 0.26; P = 0.771 F(2, 138) = 2.08; P = 0.117 

Parasite x Concentration F(2, 135) = 32.17; P < 0.001 F(2, 138) = 16.62; P < 0.001 

Temperature x Parasite x Concentration F(2, 135) = 2.82; P = 0.063 F(2, 138) = 0.15; P = 0.766 

 

Discussion 

We explored how temperature modifies the outcome of interaction between 

pollution and parasitism. We tested environmentally relevant scenarios, both in terms of 

applied pollutant concentrations (Bereswill et al., 2012; Kahle et al., 2008) and experienced 

temperatures. Confirming our expectations, elevated temperature exacerbated overall 

parasite effects and their interaction with tebuconazole (but not with copper sulphate). 

These results highlight the context-dependent nature of interactions between stress and 

parasitism, which might obscure the pollution × disease debate as pointed out by Hall et al. 

(2013). 

The most striking influence of temperature was the increased effect of the parasite 

on hosts’ reproductive output, indicating that M. bicuspidata is more virulent at higher 

temperatures. At 17°C Daphnia still produced several broods before dying from infection, in 

contrast to females at 20°C. For one of the two tested clones, higher infection was observed 

at 20°C (clone 47 in the copper experiment). This may have resulted from increased filtration 

rates at 20°C (Burns, 1969), leading to increased consumption of parasite ascospores (Vale 

et al., 2008). Increased infection at higher temperatures has been observed in other host-

microparasite systems (Dietrich et al., 2014; Frenken et al., 2016; Vale et al., 2008). Thus, 

climate change scenarios involving rising temperatures might exacerbate the negative 
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effects of parasites in some systems (Marcogliese, 2008). However, the relationship 

between temperature and disease may not always be straightforward, because it depends 

on host physiology and interactions with other factors, such as predation (Hall et al., 2006). 

Furthermore, the degree of temperature variability has also been shown to be important in 

host-parasite interactions (Dallas and Drake, 2016). 

Tested copper concentrations were mostly not toxic to Daphnia, but they also did 

not alter parasite effects on the host, confirming the independent effect of copper and 

parasitism, as observed by Cuco et al. (Chapter 2). Although temperature interacted with 

copper concentration and parasite challenge (see previous paragraph), it did not interfere 

with the inexistent copper × disease interaction. With respect to tebuconazole, applied 

concentrations caused a significant reduction in the reproduction of Daphnia, but the 

toxicant’s most notable effect was the suppression of infection. Unlike for copper, 

temperature clearly interfered in the interaction between tebuconazole and the parasite. 

The largest difference between infected and non-infected Daphnia was observed in the 

reproductive output in the control treatment (no tebuconazole) at 20°C, when compared to 

the controls at 17°C. The temperature-dependent effect via parasite action was no longer 

perceptible in the presence of ecologically-relevant tebuconazole concentrations.  

Few studies have addressed interactions between temperature, pollution and 

disease. For example, Dietrich et al. (2014) demonstrated increased susceptibility of chinook 

salmon to the microparasite Aeromonas salmonicida when exposed to a common 

organophosphate insecticide (malathion) at elevated temperatures. In that study, however, 

the applied elevated temperature (19°C) was above the fish optimal temperature (11°C), 

which probably resulted in thermal stress. This was not the case for our Daphnia clones 

(Chapter 1), and prior acclimation to each exposure temperature allowed potential effects 

of transient thermal shock or maladjustment to be discarded. Interactions between 

temperature, pollutants and biotic factors other than parasites have also been 

demonstrated. For example, Scherer et al. (2013) found that suboptimal temperature 

influences the toxicity of the fungicide pyrimethanil in Daphnia, but this effect is masked 

under the presence of predator chemical cues. Despite the numerous appeals to consider 

such multi stressor scenarios (Fischer et al., 2013; Heugens et al., 2001; Holmstrup et al., 
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2010; Noyes et al., 2009), a consolidated body of knowledge on contaminant effects in 

environmentally-realistic scenarios is still missing.  

According to IPCC (2014) predictions for climate change, temperatures are expected 

to rise ca. 4°C by the end of the 21st century. In the tested scenarios, an increase of 3°C was 

enough to intensify the effects of the parasite and its interaction with contaminant challenge 

(in the case of tebuconazole). This result is relevant not only because of the projected 

increase in mean temperatures, but also in the face of projected increases in maximum 

temperatures, number of hot days and heat waves (IPCC, 2014), which may lead to transient 

periods of higher temperatures that could coincide with parasite epidemics. Thus, this is a 

clear indication that such an increase in temperature could lead to aggravated effects of 

parasitism and its interaction with anti-parasitic agents (such as tebuconazole) in natural 

populations. 

Our extended observations (> 21 days) confirmed that tebuconazole completely 

suppressed M. biscuspidata infection, which may have important ecological consequences. 

It is still not clear which stages of development (spore germination, growth, sporulation) are 

affected by tebuconazole exposure. Azole fungicides are considered fungistatic agents, 

preventing growth and sporulation of fungi (Kahle et al., 2008), including yeasts (Álvarez-

Pérez et al., 2015; Manavathu et al., 1998). The anti-parasitic effect of tebuconazole here 

observed may compromise the occurrence of parasite epidemics in the field. Such an event 

could affect host-parasite coevolution and endanger the ecological role of the parasite 

(Duffy and Sivars-Becker, 2007; Hall et al., 2011). The widespread use of azole fungicides (as 

agrochemicals, but also as pharmaceuticals) and their environmental persistence in aquatic 

systems (Kahle et al., 2008) could ultimately result in a weakening of the reciprocal selection 

of hosts and azole-sensitive microparasites (such as M. bicuspidata). Indeed, fungi are 

ubiquitous in aquatic systems (Dighton, 2016; Grossart et al., 2016; Marcogliese, 2008), 

being common parasites to a variety of organisms, such as cyanobacteria (Agha et al., 2016; 

Gleason et al., 2015), protists (Gleason et al., 2015; Jephcott et al., 2016), plants (Dean et 

al., 2012), invertebrates (Hall et al., 2011), fish (Gozlan et al., 2014) and amphibians (Hanlon 

et al., 2015, 2012). Besides playing important roles in energy transfer and in the regulation 

of host diversity, they also act as biological controllers of economically- and ecologically-
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important aquatic hosts, such as toxin-producing dinoflagellates or cyanobacteria (Gleason 

et al., 2015; Jephcott et al., 2016). Given the common occurrence and importance of fungi 

at the ecosystem level (Dighton, 2016), studies such as this one are necessary to understand 

the potential effects of climate change and aquatic pollution on fungi-mediated processes 

(e.g., disease) and their consequences on ecosystem functioning. 
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Supplementary material 

 

Table S3.1 Nominal and analytical concentrations (mean ± SD, n=2) for copper (free ion, Cu2+) and 

tebuconazole, partially reported in Cuco et al. (Chapter 1). 

 
Nominal concentrations 

(µg l-1) 

Measured 

concentrations (µg l-1) 

% deviation from nominal 

concentrations 

Copper 25.0 27.5 ± 3.5 10% 

 33.1 38.5 ± 0.7 16% 

 43.7 46.5 ± 4.9 6% 

Tebuconazole 100 110 ± 0.0 10% 

 153.6 155.0 ± 7.1 0.9% 

 240.0 255.0 ± 7.1 6.3% 
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Concentration and timing of application reveal fungistatic effect of tebuconazole 

in a Daphnia-microparasitic yeast model 

 

Abstract 

Considering the importance of pollutant effects on host-parasite relationships (and 

disease), our main goal in this study was to assess the influence of different exposure 

scenarios to tebuconazole (concentration × timing of application) on a Daphnia-

microparasitic yeast experimental system. Previous results had demonstrated that 

tebuconazole is able to suppress Metschnikowia bicuspidata infection at ecologically-

relevant concentrations. We exposed this host-parasite system to four tebuconazole 

concentrations at four timings of application (according to predicted stage of the parasite 

development), in a fully factorial experimental design. In a first experiment, an “all-or-

nothing” effect was observed, with tebuconazole completely suppressing infection from 

13.5 µg l-1 upwards. A follow-up experiment confirmed that the suppression of infection 

occurred within a narrow range of tebuconazole concentrations (3.65–13.5 µg l-1), although 

a later application of the fungicide had to be compensated by a slight increase in 

concentration to elicit the same anti-parasitic effect. The mechanism behind this anti-

parasitic effect seems to be the inhibition of sporulation of M. bicuspidata; indeed, 

tebuconazole was effective in preventing infection signs (presence of spores in the host) 

even when applied at a later timing. However, this fungicide also seemed to affect the 

vegetative growth of the yeast, as demonstrated by negative effects of the parasite 

(increasing mortalities in one of the host genotypes) at a later timing of application of 

tebuconazole, when no signs of infection were observed. Thus, fungicide contamination 

could affect the severity and spread of disease in natural populations, as well as the inherent 

co-evolutionary dynamics in host-parasite systems, at environmentally relevant 

concentrations. 

 

 

Keywords: Daphnia spp.; fungicide contamination; microparasitic yeast; pollution × disease 

interaction; timing of application 
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Introduction 

Occurrence of disease outbreaks is common in the natural world, and 

parasites/pathogens can strongly influence host populations (Buck et al., 2016; Duffy et al., 

2012; Marcogliese, 2005). Parasites are important controllers of various host populations 

(Hall et al., 2011; Wolinska et al., 2008) and drivers of host genetic diversity (Jokela et al., 

2009; Wolinska and Spaak, 2009); parasite effects can upscale to ecosystem processes, by 

altering host community structure and energy flow (Buck et al., 2016; Wood and Johnson, 

2015). However, ecological context can influence the size and duration of epidemics, due to 

various biotic and abiotic factors (Civitello et al., 2015; Duffy et al., 2012; Hall et al., 2013, 

2009b), as well as anthropogenic factors like pollution by pesticides or metals (reviewed by 

Blanar et al., 2009). Because parasites act as modulators of population dynamics and genetic 

diversity (Lafferty et al., 2008; Wolinska and Spaak, 2009), interaction scenarios between 

disease and pollution need to be clarified. Such interactions can result in synergistic or 

antagonistic relationships (Blanar et al., 2009), but this has seldom been demonstrated 

under ecologically relevant scenarios (see Hanlon et al., 2015; Kelly et al., 2010). 

Fungicides are a class of pesticides widely used to eliminate/control fungal pathogens 

(Bereswill et al., 2012; Komárek et al., 2010). Along with target fungi, fungicides may impact 

non-target fungal communities, such as common microparasites and decomposers (Scherer 

et al., 2013; Zubrod et al., 2015, 2014). Zubrod et al. (2015) expressed concern that the 

current environmental risk assessment scheme for fungicides may not be sufficiently 

protective to aquatic fungi and the ecosystem functions where they intervene. Recent 

studies from our team (Chapters 2 and 3) demonstrated contrasting outcomes of two 

contaminants in an experimental model comprising the zooplankter Daphnia and the 

microparasitic yeast Metschnikowia bicuspidata. Whilst infection with M. bicuspidata was 

mostly independent of exposure to copper sulphate (a common inorganic antifungal agent), 

exposure to tebuconazole (an azole fungicide) led to suppression of infection (defined as the 

presence of spores in the host body cavity) at environmentally realistic concentrations (> 

6.25 µg l-1). In fact, we observed that infection was completely suppressed for the entire life 

span of the host, under a continuous exposure scenario to tebuconazole. However, the exact 
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mode of action of this anti-parasitical effect is not known, nor it is clear whether the 

suppression of infection will occur under discontinuous exposure scenarios. 

In the Daphnia-M. bicuspidata host-parasite system, the success of the infection 

depends on the development of spores after entering the host by filtration, vegetative 

growth of yeast cells in the host haemolymph, and production of ascospores (Ebert, 2005). 

Infection normally takes about 10 days to develop (Chapter 2; Lohr et al., 2010) and becomes 

visible when a new generation of needle-like ascospores fills the body cavity of Daphnia. It 

is unclear which stage of the infection (spore germination, vegetative growth and 

sporulation) is affected by tebuconazole. The observed suppression of infection could 

require a cumulative effect of tebuconazole in all stages of the infection; alternatively, some 

specific stage(s) could be more susceptible. Azole compounds, such as tebuconazole, act by 

inhibiting ergosterol biosynthesis (Komárek et al., 2010; Zubrod et al., 2010) and are active 

ingredients of many agrochemical and pharmaceutical formulations. There is evidence that 

tebuconazole acts as a fungistatic agent, impairing growth and preventing sporulation 

(Brenneman and Murphy, 1991), particularly in yeast (Manavathu et al., 1998) – including 

species from the genus Metschnikowia (Álvarez-Pérez et al., 2015). Research on fungicide 

susceptibility usually follows in vitro standardized approaches (e.g. Balouiri et al., 2016) with 

continuous exposure of fungal cells or spores to the contaminant. However, in host-parasite 

systems, such as the Daphnia-M. bicuspidata experimental model, an in vivo approach 

(growing the fungi with its host) allows a more ecologically-relevant assessment of the risks 

posed by anthropogenic antifungals. 

Due to their widespread use and moderate persistence, azole fungicides are 

frequently detected in aquatic systems nearby agriculture exploitations (Bereswill et al., 

2012; Kahle et al., 2008). Like other pesticides, they are normally applied seasonally and 

sometimes repeatedly (see Brenneman and Murphy, 1991), therefore entering the aquatic 

system at different timings and concentrations (Boxall et al., 2013; Reinert et al., 2002). 

Thus, hosts and parasites may encounter them at different stages of their life cycle (Hanlon 

and Parris, 2014), which may have a substantially large influence on the outcome of the 

host-parasite relationship, given the potential differences in susceptibility at distinct phases 

of infection (e.g., Brenneman and Murphy, 1991). Therefore, by exposing the Daphnia-M. 
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bicuspidata system to tebuconazole at distinct timings and concentrations, not only we 

simulate likely environmental scenarios but also we may obtain some insight on how 

tebuconazole affects the chain of events that leads to infection (see previous paragraph). 

Our goal was to assess the influence of different exposure scenarios to tebuconazole 

(concentration × timing) on the Daphnia-M. bicuspidata experimental system. This objective 

served two purposes: (i) to understand how tebuconazole concentration and timing of 

application influence the outcome of the host-parasite relationship (disease); (ii) to 

investigate which stage of development of the parasite is more susceptible to the fungicide. 

A priori, we expect that an earlier application of tebuconazole will be the worst case scenario 

for the parasite (and the best-case scenario for stopping infection), assuming a cumulative 

effect of the toxicant on M. bicuspidata growth and sporulation; consequently, we also 

expect that a later application of the fungicide may have to be compensated by an increase 

in concentration to elicit the same antiparasitic effect. By looking at the responses of both 

the host (ex.: reproductive performance) and the parasite (ex.: infectivity), we expect to 

obtain some mechanistic understanding on the anti-parasitic (fungicidal or fungistatic) 

action of tebuconazole. 

 

Methods 

Host-parasite system: origin and maintenance 

Two genotypes belonging to the Daphnia longispina species complex (D. galeata × 

longispina hybrid, Clone 12 and D. galeata, Clone 47) were selected as host models (see 

Chapter 1). These genotypes were isolated from Lake Ammersee (Germany) and have been 

used in previous studies (Chapter 1). Populations of the D. longispina species complex are 

common in European and North American lakes and reservoirs, and these filter-feeding 

zooplankters play a key role in the regulation of water transparency and in energy transfer 

throughout the food web (Benzie, 2005; Castro et al., 2007). Daphnia cultures were 

parthenogenetically reared in moderately hard reconstituted water (123 mg l-1 MgSO4·7H2O, 

96 mg l-1 NaHCO3, 60 mg l-1 CaSO4·2H2O, 4 mg l-1 KCl) supplemented with a standard organic 

additive (algal extract) and vitamins (Loureiro et al., 2012, see 2011). Cultures were kept in 

a controlled temperature room (at 20± 1ºC) with a 16hL:8hD photoperiod, and medium was 
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renewed three times per week. At each medium renewal, Daphnia were fed with 

Raphidocelis subcapitata (see Krienitz et al., 2011) at a ration of 1.5 x 105 cells ml-1.  

The selected parasite was the endoparasitic yeast M. bicuspidata, also isolated from 

Lake Ammersee. This yeast is a common and virulent parasite of various Daphnia species, 

and large epidemics (prevalence > 40%) can occur in the field (Caceres et al., 2006; Hall et 

al., 2011, 2009a; Wolinska et al., 2011). It undergoes vegetative growth inside the host’s 

body cavity and produces needle-like ascospores that are released when the hosts die; 

spores are then grazed by healthy Daphnia (horizontal transmission) and puncture the gut 

wall, germinating in the haemolymph of the new hosts (Ebert, 2005). During the infection 

process, M. bicuspidata reduces Daphnia fecundity and drastically shortens the lifespan of 

its host (Chapters 2 and 3). The M. bicuspidata strain isolated from Ammersee was 

maintained in an infected D. magna culture, under the above conditions, by cyclically adding 

uninfected hosts to infected cultures every other week (Chapters 2 and 3). Spore 

suspensions can be easily obtained from infected hosts (see Experimental design, infection 

procedure and data collection). 

The advantages of this host-parasite experimental system include the ease of 

maintenance and the strict control of parasite transmission and spore load in infection 

experiments (Chapter 2; Hall et al., 2007; Yin et al., 2011). The key features and advantages 

of this host-parasite model, in the scope of ecological and evolutionary studies, have been 

reviewed by Penczykowski et al. (2016). 

 

Stress factors: test chemical and parasite challenge 

Tebuconazole (Tebuconazol PESTANAL®, CAS nr. 107534-96-3) [(RS)-1-p-

chlorophenyl)-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol] was purchased 

from Sigma Aldrich (Munich, Germany). Concentrated stock solutions were prepared in 

ethanol, which was used as a carrier into aqueous test solutions. Final test solutions were 

obtained by dissolving the proper amount of the concentrated stock solution in 

reconstituted water. Ethanol final concentration was equal in all treatments (0.1 ml l-1), 

including the control. In order to check the validity of the nominal concentrations tested, 

two random aliquots of test solutions 3.65 µg l-1 and 13.5 µg l-1 were collected and sent to 
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an independent analytical laboratory (certified according to ISO/IEC 17025:2005). 

Quantification of tebuconazole was performed by liquid chromatography mass 

spectrometry (LC-MS/MS) after solid phase extraction (SPE), according to an internal 

method adapted from ISO 11369:1997. Analytical data confirmed the validity of the nominal 

concentrations, despite some variation in the samples: nominal tebuconazole 

concentrations of 3.65 µg l-1 and 13.5 µg l-1 were estimated to be 4.05 ± 0.35 µg l-1 and 12.0 

± 1.41 µg l-1 (n=2), i.e. 111% and 89% of nominal concentration, respectively. 

Parasite challenge was achieved by exposing Daphnia spp. juveniles to M. bicuspidata 

spore suspensions at a density of 700 spores ml-1, following a normalized procedure 

(Chapter 2; Lohr et al., 2010; Yin et al., 2011). Infected D. magna were crushed in distilled 

water to obtain a homogenized spore suspension. Spore concentration was determined with 

a Neubauer improved counting chamber and a spore suspension aliquot was used to 

inoculate each experimental unit (see Experimental design, infection procedure and data 

collection).  

 

Experimental design, infection procedure and data collection 

The Daphnia spp. × M. bicuspidata experimental system was exposed to four 

tebuconazole concentrations at four timings of application (coupled with the parasite life 

cycle), in a fully factorial design. Tebuconazole concentrations ranged from no-effect 

toxicant levels to levels that completely suppress infection: 0.987, 3.65, 13.5 and 50.0 µg l-1 

(suppression of infection was shown to be achieved above 6.25 µg L-1, Chapter 2). The timing 

of tebuconazole application was defined according to the predicted (=approximate) stage of 

parasite development, with hosts (female Daphnia) being exposed to tebuconazole from the 

beginning of the experiment (day 0), later at the time of parasite challenge (day 4), after 

spore germination (day 7) or just before sporulation (day 10) (Figure 4.1). From these time 

points onwards, tebuconazole concentrations were kept constant until the end of the 

experiment. Experimental design consisted of 2 Daphnia clones × 4 tebuconazole 

concentrations × 4 timings of application × 5 replicates = 160 experimental units. As controls, 

five additional replicates per host clone were raised without tebuconazole, resulting in a 

total of 170 experimental units. Each experimental unit consisted of a glass vessel with 10 
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Daphnia in 100 ml of the correspondent test solution. The experiment was started (day 0) 

with Daphnia neonates (< 24 h old, born between the 3rd and 5th clutch). Test solutions were 

renewed every three days and Daphnia were fed daily (with an R. subcapitata ration of 1.5 

x 105 cells ml-1). 

 

 

Figure 4.1 Conceptual framework of the tebuconazole application timings used and linkage to predicted stage 

of parasite/disease development. The experimental design included four application timing (days 0, 4, 7 and 

10; arrows above the timeline), crossed with four tebuconazole concentrations (0.987, 3.65, 13.5 and 50.0 µg 

l-1) – see Experimental design, infection procedure and data collection. From each timing of application forward, 

tebuconazole concentrations were kept constant.  

 

The infection procedure was carried out in two consecutive days, to maximize the 

likelihood of infection (Chapter 2; Engelbrecht et al., 2012; Hesse et al., 2012). On day 4, 

spores were added to all experimental units; to ensure a high encounter rate with spores 

(Hall et al., 2007), test solution volume was reduced to 50 ml and no food was added (to 

promote higher filtration rates). On day 5, feeding was resumed and a second dose of spores 

was added. Volume was progressively increased to 100 ml (day 5) and 150 ml (day 6), by 

adding the fresh test solution. From day 7 onwards, test solution volume was set as 180 ml 

and initial conditions were restored (daily feeding and medium renewal every three days). 

Assays were carried out under controlled temperature (20°C) and photoperiod (16hL:8hD). 

Until the 21st day of the experiment, vessels were daily checked for presence of 

Daphnia newborns, and fecundity (number of offspring per surviving female) was estimated 

for each experimental unit; offspring were discarded after counting. Hosts were inspected 
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under an Olympus CKX41 inverted microscope for visual confirmation of infection (presence 

of spores inside body cavity) at the time of their death or at day 21. The experiment was 

extended until all infected hosts died (day 28); surviving Daphnia were checked for absence 

of signs of infection. The proportion of infected (infection) or dead Daphnia (mortality) at 

the end of the experiment (day 28) was calculated for each experimental unit; in a few rare 

cases, individuals died before infection could be visually diagnosed, so they were excluded 

from the calculations of the proportion of infected hosts. Survival and fecundity estimates 

at day 21 were used to determine the per capita intrinsic rate of population increase (r) from 

the Euler-Lotka equation, also for each experimental unit: 

 

1 =∑𝑒−𝑟𝑥𝑙𝑥𝑚𝑥

𝑛

𝑥=0

, 

where r is the rate of population increase (day-1), x is the age class in days, lx is the 

probability of surviving to age x, and mx is the fecundity at age x.  

 

Follow-up experiment 

An additional experiment was carried out to further explore the tebuconazole-induced 

suppression of infection. For this purpose, a narrower range of tebuconazole concentrations 

was selected (3.65, 4.40, 5.31, 6.40, 7.77, 9.30, 11.2 and 13.5 µg l-1); however, only the two 

most extreme timings of application of the toxicant (day 0 and day 10) were used. Thus, 

experimental design consisted of 2 Daphnia clones x 8 tebuconazole concentrations x 2 

timings of application x 5 replicates = 160 experimental units. The experiment followed the 

same rationale and procedures as described above, except that only infection and mortality 

were quantified. 

 

Statistical analysis 

Generalized linear models (GLMs) were used to investigate the effect of tebuconazole 

concentration and timing of application (as categorical predictors), as well as their 

interaction, on different types of response variables. Infection and mortality were analyzed 

as binomially distributed data with a logit link function (logistic regression), fecundity as 
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count data with a log link function (Poisson regression), and the rate of increase as normally 

(i.e., Gaussian) distributed data (linear model). In the case of fecundity, a quasi-Poisson error 

distribution (i.e., the dispersion parameter was estimated from the data) was specified for 

improved fit. In order to infer about the effect of concentration or timing of application, we 

used F tests for linear and quasi-Poisson models and likelihood ratio tests for binomial 

models, following Szöcs and Schäfer (2015) and references therein. Because analyses were 

run separately for each clone, we used a significance level of 0.025 in all statistical tests. All 

analyses were run in R software, version 3.3.1 (R Core Team, 2016). 

In order to identify the treatments where infection, mortality, fecundity and rate of 

increase were different to those of the control group (no tebuconazole), each combination 

of timing and concentration was tested against the control using GLMs in R v.3.3.1 (using a 

similar approach as above in terms of data distribution assumptions and test statistics). 

Because this required 128 comparisons, which constitute a case of a family of multiple 

simultaneous hypotheses (Pike, 2011), p-values were adjusted with a graphically-sharpened 

procedure based on the control of false discovery rate (Benjamini and Hochberg, 1995), 

using the spreadsheet provided by Pike (2011). 

In the follow-up experiment, infection was modeled as binomial data using a special 

case of the log-logistic dose-response model, where the asymptotes of the curve are fixed 

to be 1 (all organisms are infected) and 0 (no organisms are infected), following the rationale 

of Ritz et al. (2010). This allowed estimating and comparing IC50 values (concentration which 

causes a 50% reduction of infection) and the slope of the curve for each timing of application 

(day 0 versus day 10), using the drc package (Ritz and Streibig, 2005) for R. 

 

Results 

Tebuconazole abruptly suppressed infection by M. bicuspidata from 13.5 µg l-1 

upwards (Figure 4.2), whereas in the two lowest concentrations (≤ 3.65 µg l-1) infection was 

comparable to that of the control (i.e. no tebuconazole). This “all-or-nothing” effect was also 

observed in terms of host mortality (Figure 4.2). Overall, the effect of tebuconazole was 

independent of the timing of its application. However, a significant timing × concentration 

interaction was observed for Clone 12 (Table 4.1), due to a higher mortality at the highest 
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concentrations when tebuconazole was applied later (day 10; see Figure 4.2). No significant 

effects of tebuconazole or timing of application were observed in host reproduction (Figure 

4.2; Table 4.1). Similarly, the rate of increase was comparable across treatments, except for 

Clone 12, where hosts seemed to benefit from exposure to some tebuconazole 

concentrations, independently of the timing of application (Figure 4.2; Table 4.1).  

 

 

 

Figure 4.2 Infection and life history parameters in two Daphnia clones exposed to parasite challenge 

(microparasitic yeast M. bicuspidata) without tebuconazole or under four increasing tebuconazole 

concentrations, at four timings of application: day 0, 4, 7 and 10. Triangles show observations and bars 

represent the mean value per treatment, whilst horizontal dashed lines represent the mean for the control 

treatment (no tebuconazole). Asterisks represent statistically significant differences between control and 

contaminant treatments (generalized linear models, with adjusted P values). 
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Table 4.1 Results of generalized linear models (GLM) for the effect of tebuconazole concentration and its timing 

of application on the infection, mortality, fecundity and rate of increase in two Daphnia clones. The test 

statistics shown represent likelihood ratio or F tests, depending on the type of data (see Methods). Significant 

effects are highlighted in bold (P ≤ 0.025). 

  Clone 12  Clone 47 

 Effect test statistic d.f. P  test statistic d.f. P 

In
fe

ct
io

n
 

Timing  1.97 3 0.579  0.796 3 0.850 

Concentration 201 3 < 0.001  143 3 < 0.001 

Timing × Concentration 18.5 9 0.030  4.92 9 0.842 

M
o

rt
al

it
y 

Timing  3.54 3 0.315  0.439 3 0.932 

Concentration 192 3 < 0.001  120 3 < 0.001 

Timing × Concentration 25.5 9 0.002  8.58 9 0.477 

Fe
cu

n
d

it
y 

Timing  0.724 3 0.541  1.93 3 0.139 

Concentration 0.495 3 0.687  1.03 3 0.390 

Timing × Concentration 0.252 9 0.985  0.652 9 0.746 

R
at

e 
o

f 

in
cr

ea
se

 

Timing  2.10 3 0.109  1.13 3 0.349 

Concentration 4.56 3 0.006  1.43 3 0.247 

Timing × Concentration 1.90 9 0.068  0.576 9 0.809 

 

The follow-up experiment confirmed a steep effect of tebuconazole on the infection, 

which was suppressed within a narrow range of concentrations: 3.65–5.30 µg l-1 (day 0) and 

3.65–13.5 µg l-1 (day 10). Both the slope of the curve (Clone 12: t = 3.7, P < 0.001; Clone 47: 

t = 4.0, P < 0.001) and the IC50 (Clone 12: t = 17, P < 0.001; Clone 47: t = 6.9, P < 0.001) were 

significantly different between the two timings of application, for both clones. Specifically, 

when tebuconazole was applied later, suppression of the infection was less abrupt and a 

higher concentration of tebuconazole was required to achieve the same inhibitory effect 

(Figure 4.3 and Table 4.2). 
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Figure 4.3 Proportion of infected Daphnia as a function of tebuconazole concentration and timing of 

application (day 0 and day 10), in two host clones (Clone 12 and Clone 47). Infection inhibition curves (lines) 

and respective confidence intervals (shaded areas) represent non-linear modelled infection data. 

 

Table 4.2 IC50 values (and corresponding 95% confidence intervals, according to delta method) extracted from 

non-linear modelling of binomial infection data (see Methods), depending on tebuconazole concentration and 

its timing of application (day 0 and day 10), in two Daphnia clones. 

 Clone 12  Clone 47 

IC50 at day 0 4.3 µg l-1 (4.14–4.42)  4.3 µg l-1 (4.14–4.51) 

IC50 at day 10 6.5 µg l-1 (6.19–6.83)  5.5 µg l-1 (5.16–5.86) 

 

Discussion 

Our data confirmed the considerable influence of environmentally relevant 

concentrations of a common fungicide (tebuconazole) on a Daphnia spp.-M. bicuspidata 

experimental system, following Cuco et al. (Chapter 2 and 3). Tebuconazole caused an 

almost “all-or-nothing” suppression of M. bicuspidata infection at a very narrow range of 

concentrations (3.65-13.5 µg l-1), because it was highly effective at stopping all infection 

signs, even when applied almost a week after the initial contact of Daphnia with the parasite 
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spores. Notwithstanding this abrupt effect, a later application of the fungicide had to be 

compensated by a small increase in concentration to elicit the same anti-parasitic effect 

(only evident in the follow-up experiment). These striking results demonstrate that 

tebuconazole represents a hazard to aquatic communities that has so far been overlooked, 

given its potential to disrupt ecologically-significant host-parasite interactions. 

Some azole compounds display fungicidal and fungistatic activity against common 

pathogenic fungi, by inhibiting both vegetative growth and sporulation, although this is 

clearly species-dependent (see Manavathu et al., 1998). The same is true for non-target 

aquatic fungi, with sporulation of aquatic species being particularly sensitive to 

tebuconazole (Dimitrov et al., 2014; Zubrod et al., 2011). In our study, tebuconazole 

drastically suppressed infection signs (presence of spores in the body cavity of Daphnia) and 

displayed very steep inhibition curves (in the follow-up experiment). Even when 

tebuconazole was added in later stages of the infection (after spore germination and yeast 

vegetative growth), it was still highly effective in suppressing infection signs, which supports 

the hypothesis that the mechanism behind the observed suppression of infection is mainly 

due to inhibition of sporulation (see Figure 4.1). Indeed, it is often the case that sporulation 

of aquatic fungi is more sensitive to pollutants than other endpoints, such as fungal biomass 

or decomposition rates (Dimitrov et al., 2014; Duarte et al., 2009). 

The clear effect of tebuconazole on yeast sporulation resulted in an “all-or-nothing” 

effect regarding infection success in our host-parasite system. This drastic suppression of 

yeast sporulation was mostly determined by tebuconazole concentration rather than timing 

of application, although with differences between timings. It seems that this is a general 

pattern, as a similar range of tebuconazole concentration was needed to exert an effect on 

M. bicuspidata in a different host species (D. magna, IC50 at day 0 = 4.6 µg l-1, data not 

shown). Other studies with yeasts in vitro have demonstrated concentration and time-

dependent effects of antifungals (e.g. Manavathu et al., 2000; Sóczó et al., 2007). However, 

in vitro studies (growing the parasite outside of its host) may not entirely reflect the 

response of in vivo systems (Graybill et al., 1997; Rex et al., 1997). Because host-related 

factors can influence the susceptibility of the parasites to the antifungals, studies such as 
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our own (with in vivo exposure of the host-parasite system) produce more reliable 

predictions on the effects of contamination on disease spread. 

Increased mortality was observed in the two highest concentrations when 

tebuconazole was added later (day 10), for one of the tested clones (Clone 12). In this case, 

the parasite was still able to sporulate at 13.5 µg l-1 and cause damage to the host (although 

at a very low percentage), but not at 50 µg l-1. Parasite effects without visible signs of 

infection have already been demonstrated in a D. magna-Pasteuria ramosa system exposed 

to the pesticide diazinon (Buser et al., 2012) and in a D. longicephala-M. bicuspidata system 

exposed to an invertebrate predator (Engelbrecht et al., 2012). These subtle parasite effects 

on the host show a modulation of parasite effects by other stressors (see also Wolinska and 

King, 2009), which – in the case of pesticides – could be the result of cumulative damages of 

parasite and toxicant to the host. However, in the case of tebuconazole, a different 

explanation is needed since this fungicide is more toxic to the parasite than the host (it does 

not exert negative effects in Daphnia at the here tested concentrations; Chapter 2). Because 

increased mortality was only observed when tebuconazole was applied later, it is clear that 

earlier application of tebuconazole has a protective effect to the host that goes beyond the 

inhibition of spore production. A possible explanation is that earlier application of 

tebuconazole depresses the vegetative growth of M. bicuspidata inside its host, thus 

reducing the immune (costs of fighting the parasite) and energetic costs (use of host 

resources by the parasite) to the host (Graham et al., 2011; Little and Killick, 2007). Such a 

protective effect at the earlier stages of infection is absent when tebuconazole is applied 

later, even though it is still effective in suppressing infection (see above). However, these 

parasite effects were not negatively reflected in fecundity or rate of increase, because 

infected hosts were still able to reproduce several times before dying. Interestingly, the 

slight increase in the per capita rate of increase in Clone 12 may be due to the discussed 

protective effect of tebuconazole on the hosts. 

The use of realistic exposure scenarios is important when studying the effects of 

contaminants, and this was also a concern in our experimental design. Contaminants 

(including fungicides) often enter aquatic systems in pulses or time-varying events, resulting 

from application intervals, rainfall events followed by runoff, or intermittent discharge of 
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effluents (Reinert et al., 2002). Agrochemicals, such as tebuconazole, tend to reach aquatic 

systems via superficial runoff, coupled with precipitation intervals (Berenzen et al., 2005; 

Bereswill et al., 2012; Reinert et al., 2002); tebuconazole is highly mobile in soils (Koc = 1000; 

Kegley et al., 2014), which facilitates its transport to the aquatic system. As such, it is likely 

that aquatic organisms, such as our host-parasite experimental system, come into contact 

with tebuconazole at distinct timings. Once in the aquatic system, tebuconazole tends to 

remain there in fairly constant concentrations (Kahle et al., 2008), either because it resists 

biodegradation (half-life of 28 to 43 days; Kegley et al., 2014; Lewis et al., 2016) or because 

its degradation is compensated with regular inputs from agriculture soils (a phenomenon 

coined as pseudo-persistence by Daughton (2002)). This may justify why tebuconazole is 

frequently recorded in superficial waters (Berenzen et al., 2005; Kahle et al., 2008). These 

facts supported our decision regarding experimental design, keeping tebuconazole 

concentrations constant until the end of the assay after the correspondent application. 

Environmentally-relevant concentrations of tebuconazole have the potential to 

suppress the spread of M. bicuspidata in Daphnia populations, and possibly other parasitic 

yeast in other host-parasite models. This could prevent disease or lead to termination of 

ongoing field epidemics. Several studies have demonstrated the important ecological role 

of parasites as drivers of host genetic diversity and population dynamics (Cáceres et al., 

2014; Mitchell et al., 2004). Parasites are known to promote genetic diversity via frequency-

dependent selection of host genotypes, and host and parasites are engaged in an arms race 

that favours strong selection and rapid coevolution (Mitchell et al., 2004; Wolinska et al., 

2008; Wolinska and Spaak, 2009). These forces promote the maintenance of a cycle of host 

and parasite diversity in natural populations. However, host-parasite coevolution can also 

be mediated by other factors, such as resource availability (Buck et al., 2016; Civitello et al., 

2015; Hall et al., 2009b) or toxicants (Civitello et al., 2012; Hanlon et al., 2015). Our findings 

suggest that the selective pressure of the parasite on host populations could be diluted due 

to the observed tebuconazole-induced suppression of infection. Other authors have 

investigated this dilution effect for natural factors (Hall et al., 2009a; King et al., 2013), but 

little information concerning pollutants exists on this matter. Besides affecting coevolution 

between targeted parasite and its host, contamination with fungicides may also imply major 
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alterations in non-target fungal community structure (Zubrod et al., 2015), as well as 

associated ecosystem functions and services (McMahon et al., 2012). Hence, these complex 

and context-dependent scenarios work as additional confounding factors in the evaluation 

of pollution effects, and should therefore be considered in the environmental impact 

assessment of antifungals. 
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Can parasites adapt to anthropogenic selective pressures? An evolution 

experiment with a Daphnia magna × Metschnikowia bicuspidata model system 

 

Abstract 

The main goal of this study was to determine if Metschnikowia bicuspidata can adapt 

to long-term exposures to an anthropogenic fungicide (tebuconazole), which was shown to 

be toxic to this microparasitic yeast in in vivo exposures (i.e., parasite growing in its host, 

Daphnia spp.). Our objective was pursued in sequential experimental steps. First, a long term 

experiment with M. bicuspidata lineages was carried out, by rearing infected D. magna 

cultures under control conditions (0.00 µg l-1) and three tebuconazole concentrations (3.65, 

4.40 and 5.31 µg l-1), for four generations (evolution experiment). Infectivity, spore load and 

survival time of the infected hosts were affected with increasing tebuconazole 

concentrations. Moreover, a transgenerational effect was observed, with a decreasing trend 

in spore load and an increase in host longevity throughout the multigenerational exposure 

to tebuconazole. Second, the performance of naive (0.00 µg l-1) and evolved (3.65 µg l-1) M. 

bicuspidata lineages was assessed in a follow-up experiment, which confirmed the 

cumulative negative effect of tebuconazole, since evolved parasite lineages performed 

worse (in terms of infectivity) when compared to naive lineages. The underperformance of 

the evolved lineages indicates that the multigenerational exposure to tebuconazole resulted 

in costs to the parasite. Third, the performance of evolved and naive lineages was reassessed 

after removing the influence of the selective pressure (tebuconazole) during two growth and 

sporulation cycles of M. bicuspidata. It was found that the previously observed 

underperformance of the evolved M. bicuspidata lineages was reversed, which 

demonstrates that the costs of prolonged exposure to tebuconazole were phenotypic and 

transient. In conclusion, the microparasitic yeast M. bicuspidata did not reveal potential for 

rapid evolution to an anthropogenic selective pressure; instead, our findings support the 

idea that the long term exposure to tebuconazole is hazardous to non-target fungi. These 

findings should alert scientists and regulators to the potential environmental risks of this 

agrochemical (and other similar active ingredients), as they affect key players of important 

ecological processes (e.g., disease). 
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Introduction 

The ecological consequences of natural and anthropogenic factors in natural 

populations are difficult to predict, given the amount of interactive scenarios that can occur 

in natural systems (Heugens et al., 2001; Scherer et al., 2013). Research with host-parasite 

systems allows accounting for the effects of parasitism crossed with other stress factors. 

Because parasites are ubiquitous in natural populations and are involved in a co-

evolutionary dynamics with the host (Duffy and Sivars-Becker, 2007; Duncan and Little, 

2007), effects of other stressors in these host-parasite systems are important to understand. 

Particularly, it has been demonstrated that such interactive scenarios can affect and 

modulate disease spread, depending on the particular combination of host-parasite system 

and stressor (Duffy and Hall, 2008; Hall et al., 2009; Schoebel et al., 2011). While pollution 

can increase parasitism by increasing host susceptibility or parasite virulence (Coors et al., 

2008; Coors and De Meester, 2011; Kelly et al., 2010), it can also decrease parasitism if 

parasites are more susceptible to pollutants than hosts or if the transmission of the parasite 

is compromised (Blanar et al., 2010; Civitello et al., 2012). 

While the overall interactive scenarios between pollution and parasitism are 

synergistic (Coors and De Meester, 2008; Kelly et al., 2010; Lafferty and Kuris, 1999), recent 

studies have demonstrated anti-parasitic effects of contaminants on some host-parasite 

systems (De Coninck et al., 2013; Hall et al., 2013; Hanlon et al., 2012). Particularly, some 

fungicides demonstrated to cause complete suppression of parasite infection (Chapters 2, 3 

and 4; Hanlon et al., 2012). With increasing application of anti-fungal compounds to improve 

productivity in agricultural areas (Kahle et al., 2008; Stoate et al., 2009), this phenomenon 

may be widespread in non-target fungal communities, such as microparasites. In previous 

studies (Chapters 2, 3 and 4), we showed that the fungicide tebuconazole induces a drastic 

effect in a Daphnia spp.-Metschnikowia bicuspidata experimental system by completely 

supressing the microparasitic yeast infection, at environmentally relevant concentrations. 

Thus, termination of field epidemics is likely to occur under this scenario, compromising 

disease transmission and prevalence, with unknown consequences to host and parasite 

populations. 



Chapter 5 

146 
 

However, hosts and parasites are in a co-evolutionary arms race (Red Queen 

Dynamics), with the potential for either the host or the parasite to evolve to the conditions 

they experience. The evolutionary potential of parasites is theoretically larger than hosts, 

because parasites are normally smaller, and have shorter generations and larger populations 

sizes, when compared to the hosts (Ebert, 2000). In the case of the observed antifungal 

effect of tebuconazole (see above), there is therefore a chance for phenotypic adjustment 

or genetic adaptation of M. bicuspidata to the stressor, since tebuconazole may work as a 

selective pressure. However, another likely outcome could be a negative effect from the 

long-term exposure to the chemical. Particularly in aquatic systems, moderate persistence 

of some fungicides entering through spray-drift or runoff can lead to scenarios where 

exposure of the host and parasite to stressful conditions can persist for several generations. 

As such, it is likely that hosts and parasites respond to anthropogenic selective pressures, 

which may lead to adaptation. 

With the possibility of rapid evolution of the yeast M. bicuspidata in mind, our main 

goal was to determine if this parasite can indeed adjust or adapt to tebuconazole in a long 

term exposure, thus counteracting the anti-parasitic effect previously observed with this 

agrochemical fungicide. Experimental evolution of M. bicuspidata lineages in a Daphnia 

magna clone, exposed to control conditions and three environmentally relevant 

tebuconazole concentrations, will allow us to test if: (i) evolved M. bicuspidata lineages 

perform better than naive lineages under tebuconazole exposure (confirmation of plasticity 

adjustment or adaptation) or (ii) evolved M. bicuspidata perform worse than naive lineages 

under control (no tebuconazole) conditions (costs of prolonged exposure to tebuconazole), 

or (iii) both (costs of evolution). Additionally, we will assess whether the observed effects 

are transient (phenotypic) or permanent (genetic effects), by reassessing parasite fitness 

after the removal of selective pressure. 

 

Methods 

Host-parasite system: origin and maintenance 

The host-parasite system selected for this study included a Daphnia magna clone 

(E017:07) as the host and the microparasitic yeast Metschnikowia bicuspidata as the 
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parasite. Uninfected and infected asexual D. magna cultures were cyclically reared in 

standard laboratory conditions, maintained in moderately hard reconstituted water (123 mg 

l-1 MgSO4·7H2O, 96 mg l-1 NaHCO3, 60 mg l-1 CaSO4·2H2O, 4 mg l-1 KCl) supplemented with a 

standard organic additive (algal extract) and vitamins (see Loureiro et al., 2012, 2011). 

Medium was renewed three times per week and, at each medium renewal, cultures were 

fed with Raphidocelis subcapitata (see Krienitz et al., 2011) at a ration of 3.0 x 105 cells ml-1. 

Infected cultures were maintained by adding uninfected D. magna every other week, 

ensuring a continuous supply of hosts and promoting parasite transmission (Chapters 2 and 

3). Both cultures were kept in a controlled temperature room (at 20± 1ºC) with a 16hL:8hD 

photoperiod. More details about culture maintenance and host-parasite model system can 

be found in Cuco et al. (Chapters 2, 3 and 4). 

 

Parasite challenge and test chemical 

Parasite challenge consisted in exposing D. magna juveniles to an aliquot of a spore 

suspension of M. bicuspidata, with a final spore density of 2500 spores ml-1 (according to 

Engelbrecht et al., 2012; Hesse et al., 2012). Infected D. magna were crushed in distilled 

water to obtain the homogenized spore suspensions; spore concentration was determined 

with a Neubauer improved counting chamber. 

Tebuconazole (Tebuconazol PESTANAL®, CAS nr. 107534-96-3) [(RS)-1-p-

chlorophenyl)-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ol] was purchased 

from Sigma Aldrich (Munich, Germany). Concentrated stock solutions were prepared in 

ethanol, which was used as a carrier into aqueous test solutions; ethanol final concentration 

was equal in all treatments (0.01 ml l-1). Final test solutions were obtained by dissolving the 

proper amount of the concentrated stock solution in reconstituted water. 

In order to check the validity of the nominal concentrations tested, two random 

aliquots of test solutions 3.65, 4.40 and 5.31 µg l-1 (see Experimental evolution of M. 

bicuspidata to tebuconazole) were collected and sent to an independent analytical 

laboratory (certified according to ISO/IEC 17025:2005). Quantification of tebuconazole was 

performed by liquid chromatography mass spectrometry (LC-MS/MS), according to an 

internal method adapted from ISO 11369:1997. Analytical data confirmed the validity of the 

nominal concentrations, despite some variation in the samples: nominal tebuconazole 
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concentrations of 3.65, 4.40 and 5.31 µg l-1 were estimated to be 4.05 ± 0.35 µg l-1, 5.45 ± 

0.21 µg l-1 and 6.5 ± 0.56 µg l-1 (n=2), i.e. 111%, 124% and 122% of nominal concentrations, 

respectively. 

 

Experimental evolution of M. bicuspidata to tebuconazole 

The evolution experiment consisted in exposing the host-parasite system to an 

anthropogenic selective pressure for four generations. This lasted approximately 3.5 

months, which roughly corresponds to the maximum duration of M. bicuspidata epidemics 

in the field (Caceres et al., 2006; Duffy and Sivars-Becker, 2007). Four evolution treatments 

were used: a naive treatment (0.00 µg l-1 of tebuconazole) and three evolution treatments 

(3.65, 4.40 and 5.31 µg l-1 – coded as TEB1, TEB2, and TEB3). In the naive treatment, ethanol 

was added to a final concentration of 0.01 ml l-1, to assure comparability with the 

tebuconazole treatments (see Parasite challenge and test chemical). Tebuconazole levels for 

the evolution experiment were selected because M. bicuspidata infection was suppressed 

within this narrow range of tebuconazole concentrations (Chapter 4). Figure 5.1 shows 

infection profiles (and IC50 values) for M. bicuspidata as a function of tebuconazole 

concentration, for three distinct hosts (including D. magna E017:07) – see Chapter 4. Each 

evolution treatment consisted of five independent lineages, resulting in an experimental 

design with 20 experimental units. 
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Figure 5.1 Infection profiles (and IC50 values) for M. bicuspidata as a function of tebuconazole concentration, 

for three distinct hosts (Daphnia spp.). 

 

The evolution experiment started by placing 20 D. magna neonates (< 24 h old, born 

between the 3rd and 5th clutch) in each experimental unit, in glass vessels with 300 ml of the 

correspondent test solution. Spores from a single initial spore suspension were added to 

each experimental unit on day 4; to ensure a high encounter rate with spores, test solution 

volume was reduced from 300 to 100 ml, and no food was added to promote higher filtration 

(Hall et al., 2007). On day 5, feeding was restored and test solution volume was progressively 

increased to 200 ml (day 5) and 300 ml (day 6), by adding fresh test solutions. From day 7 

onwards, test solution volume was set as 300 ml, daily feeding was resumed, and medium 

renewal was carried out every three days. The purpose of the experiment was the serial 

passage of M. bicuspidata spores of each replicate lineage from one generation to the 

following, without ever mixing the spores from each lineage (Figure 5.2). As such, five 

infected hosts from each replicate lineage were ground up to obtain a spore suspension; we 

used infected hosts that had recently died or that were dying, to make sure that M. 

bicuspidata ascospores were fully mature (this was performed at day 28). Spore 

suspensions, with a final density of 2500 spores ml-1 (see Parasite challenge and test 



Chapter 5 

150 
 

chemical), were then used to inoculate a new generation of hosts using the above procedure 

(inoculation at day 4, along with volume reduction and starving of the host). In each replicate 

lineage, D. magna neonates from uninfected cultures were used as hosts of the new M. 

bicuspidata generation. These M. bicuspidata passages were performed three times 

(generation F0 → F1 → F2 → F3), which corresponded to a total of four growth and sporulation 

cycles of M. bicuspidata. Spores from the F3 generation (F4 spores) were used in follow-up 

experiments (see below and Figure 5.2). 

 

Figure 5.2 Conceptual framework of the various experimental steps undertaken in this study. Lineages of the 

microparasitic yeast Metschnikowia bicuspidata were reared along with the host (Daphnia magna) during four 

growth and sporulation cycles (evolution experiment, top), under control conditions (naive lineages, white 

boxes) or under a multigenerational tebuconazole exposure (evolved lineages, grey boxes). After the evolution 

experiment, M. bicuspidata lineages (naive and evolved) were reared for two additional growth and 

sporulation cycles under control conditions (reset experiment, bottom). Arrows represent the serial passage 

of M. bicuspidata spores of a single lineage from one generation to the following; this was independently 

replicated five times (i.e., 5 naive lineages + 5 evolved lineages). At the end of the two experimental phases 

(evolution and reset), follow-up experiments were carried out with naive and evolved spores to test parasite 

fitness. 
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Vessels were checked daily for infected or dead D. magna; at the naked eye, infected 

mothers became opaque and died within a few days. Upon their death, the presence of 

spores inside the body cavity was confirmed with an Olympus CKX41 inverted microscope. 

The time of death (in days) of all infected mothers was calculated per lineage, as well as 

infectivity (proportion of infected Daphnia). Estimates of infectivity excluded the few cases 

where Daphnia died before infection could be confirmed. The spore suspension obtained at 

each generation was homogenized and spore density was determined to determine the 

spore load per infected organism in each replicate lineage. 

 

Follow-up experiment #1: validation or rejection of rapid evolution to tebuconazole in 

M. bicuspidata 

To validate or reject the hypothesis of rapid evolution of M. bicuspidata to 

tebuconazole, we selected only two of the four evolution treatments. We therefore worked 

with a set of naive lineages (unexposed) and a set of tebuconazole-evolved lineages 

(exposed to 3.65 µg l-1 of tebuconazole for three generations). This choice was based on the 

results of the evolution experiment, as the two higher tebuconazole treatments led to the 

loss of some lineages. 

In order to test whether rapid evolution occurred, we compared the response of the 

evolved and naive M. bicuspidata lineages (Figure 5.2). To do so, for each replicate lineage 

of the two evolution treatments, we conducted life history assays with the D. magna × M. 

bicuspidata experimental model, exposing the host-parasite systems to three tebuconazole 

concentrations: 0.0, 3.65 and 4.4 µg l-1 of tebuconazole. The assays consisted in individually 

exposing D. magna neonates (< 24 h old, born between the 3rd and 5th clutch) to the three 

tebuconazole levels, and then infecting half of the hosts with the naive lineages and the 

other half with evolved lineages, in a balanced design with 300 experimental units: 2 

evolution treatments x 5 replicates lineages x 3 tebuconazole concentrations x 10 individual 

hosts. Because lineages or sublines constitute the replication unit for testing the evolution 

effect, this experiment can be seen as a partly nested (or repeated measures) design, where 

evolution treatment is the between-subjects factor, lineages are the subjects (nested within 

evolution treatment), and tebuconazole concentrations are applied within each lineage. 



Chapter 5 

152 
 

In this experiment, experimental units corresponded to a single host organism in a 

50 ml vessel. By using individual hosts, it was possible to allow full control and to evaluate in 

detail the effects due to parasite and tebuconazole challenge, without the potential 

confounding effect of grouping various hosts in the same vessel. Parasite challenge was 

carried out on day 4, similarly to the infection procedure described in the evolution 

experiment, by stopping feeding and reducing test volume to 15 ml while exposing the hosts 

to evolved or naive F4 spores (using a final spore density of 2500 spores ml-1). On the 

following days, feeding was resumed and volume was increased to 30 ml and 45 ml on days 

5 and 6, and to 50 ml on day 7. Vessels were checked daily, and we recorded the infectivity 

of the parasite (proportion of infected hosts). Estimates of infectivity excluded the few cases 

where Daphnia died before infection could be confirmed (see Experimental evolution of M. 

bicuspidata to tebuconazole). The experiment lasted until the last infected host died. 

 

Follow-up experiment #2: assessment of reversibility of tebuconazole effects in M. 

bicuspidata 

To assess the reversibility of tebuconazole effects in M. bicuspidata, an additional 

experiment was carried out in two tiers. First, a “reset” experiment was carried out, in order 

to remove the influence of the selective pressure, i.e. tebuconazole. This experiment was 

similar to the evolution experiment described above (using 20 Daphnia in 300 ml vessels), 

except that all host-parasite systems were challenged with F4 spores from naive vs. evolved 

lineages in the absence of tebuconazole. This reset experiment consisted in 2 evolution 

treatments x 5 replicate lineages x 1 tebuconazole concentration (0.0 µg l-1) = 10 

experimental units. It lasted for two generations, allowing one serial passage of M. 

bicuspidata (generation F’0 → F’1), which corresponded to a total of two growth and 

sporulation cycles in M. bicuspidata (Figure 5.2). Second, a follow-up life history experiment 

was carried out with F’2 spores, with the purpose of assessing if the reset experiment caused 

any change in the evolved and naive lineages. To do this, we used the same experimental 

design that was carried out in the follow-up experiment #1 (2 evolution treatments x 5 

replicates lineages x 3 tebuconazole concentrations x 10 individual hosts = 300 experimental 

units). All experimental procedures were performed as described previously. 
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Statistical analysis 

Generalized linear models (GLMs) were used to investigate the effect of the 

evolution treatment (categorical predictor) on parasite infectivity and spore load. For 

simplification purposes, analyses were carried out separately for each successive generation 

(in the evolution and reset experiments) or for each tebuconazole concentration (in the 

follow-up experiments). This simplification led us to conservatively set the significance level 

for each test to (Bonferroni adjustment): 0.0125, in the case of the evolution experiment (4 

tests); 0.0250, for the reset experiment (2 tests); or 0.0083, in the follow-up experiments (6 

tests, pooling both experiments). 

In all analyses, infectivity (proportion of infected Daphnia) was analyzed as binomially 

distributed data with a logit link function (logistic model) and spore load as normally (i.e., 

Gaussian) distributed data (linear model). In order to infer about the effect of the categorical 

predictor, we used F tests for linear models and likelihood ratio (LR) tests for binomial 

models, following Szöcs and Schäfer (2015) and references therein. In the case of the 

evolution experiment, we additionally tested for statistical differences between evolution 

treatments and the control (unexposed parasite) using the Dunnett test (package 

“multcomp” for R software; Hothorn et al., 2016), following the respective GLM model and 

the previously set significance level (see above). All analyses were run in R software, version 

3.3.1 (R Core Team, 2016). 

 

Results and Discussion 

Evolution experiment 

During the evolution experiment, infectivity and spore load were lower under 

tebuconazole exposure (Figure 5.3; Table 5.1). Also, a substantial delay in the time of death 

of hosts (a measure of parasite virulence) was observed with increasing tebuconazole 

concentrations (Figure 5.4). In some cases, experimental lineages were lost due to the 

absence of infection, namely at tebuconazole concentrations of 4.40 and 5.31 µg l-1. In the 

first generation (F0), the evolution treatment 5.31 µg l-1 was discontinued, because infection 

was low (approximately 20 %) and spores were immature (for this reason, results are only 

shown for the first two concentrations – TEB1 and TEB2, see Figure 5.3). Spore load data 
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suggest a temporal (transgenerational) effect of tebuconazole exposure, with a decreasing 

trend in the spore load through time in TEB1 and TEB2 (Figure 5.3). An analogous trend was 

observed in survival time data, with an increase in the longevity of infected hosts through 

time (Figure 5.4). These evidences suggest a cumulative negative effect of tebuconazole in 

M. bicuspidata.  

 

Table 5.1 Results of generalized linear models (GLM) for the effect of the evolution treatment on parasite 

infectivity and spore load at four distinct timings of the evolution experiment (F0, F1, F2, and F3 generations). 

Depending on the type of data (binomial or normal), the test statistics represent likelihood ratio (LR) or F tests 

(F), respectively. Significant effects are highlighted in bold (P ≤ 0.0125). 

  Infectivity (family=binomial)  Spore load (family=Gaussian) 

 Effect LR (χ2) d.f. P  F d.f. P 

F0 

Evolution treatment 
(evolution experiment) 

41.0 2 < 0.001  25.7 2 < 0.001 

F1 93.8 2 < 0.001  20.1 2 < 0.001 

F2 84.5 2 < 0.001  45.9 2 < 0.001 

F3 123.8 2 < 0.001  86.0 2 < 0.001 
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Figure 5.3 Infectivity (% infection) and virulence (spore load in hosts) of M. bicuspidata during the 

multigenerational exposure to tebuconazole (evolution experiment). Asterisks (*) denote significant 

differences in evolved lineages (TEB1 and TEB2) relatively to naive lineage (CTRL). 
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Figure 5.4 Survival time of infected organisms, represented as the cumulative parasite-induced mortality in 

the host (D.magna), when exposed to the multigenerational evolution treatments. 

 

Based on these results, and taking into account the loss of experimental lineages in 

the highest tebuconazole concentrations, we selected the lowest tebuconazole 

concentration (3.65 µg l-1, TEB1) as the evolution treatment for the follow-up experiments. 

From this point onwards, we will refer to experimental sublines that were unexposed to 

tebuconazole (0.0 µg l-1) as naive lineages as opposed to evolved lineages, which correspond 

to sublines that were exposed to 3.65 µg l-1 of tebuconazole (TEB1). 

 

Follow-up experiments 

In the follow-up experiment #1, evolved M. bicuspidata lineages performed worse 

than naive lineages at all tebuconazole concentrations (Figure 5.5A), including the negative 

control (0.0 µg l-1). Hence, unlike initially hypothesized, the evolved parasite was not able to 

adapt to the selective pressure exerted by tebuconazole. On the contrary, these results 

suggest costs of prolonged exposure to tebuconazole, which led to reduced infectivity of 

evolved lineages. This pattern was already observed during the evolution experiment (see 

above).  
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Figure 5.5 Infectivity of naive and evolved M. bicuspidata lineages exposed to three tebuconazole levels (0.0, 

3.65 and 4.40 µg l-1) after the multigenerational evolution treatments (evolution experiment, A) and after the 

removal of the influence of the selective pressure (reset experiment, B). Significance of likelihood ratio tests 

(LRT) across naive vs. evolved lineages is reported for each tebuconazole concentration. 

 

During the reset experiment, infectivity and virulence substantially improved in a 

single generation (Figure 5.6, Table 5.2), suggesting that the costs of prolonged exposure to 

tebuconazole were only phenotypic and transient. This was confirmed by the absence of 

differences between naive and evolved lineages in the follow-up experiment #2 (Figure 

5.5B). When the results of the two follow-up experiments are compared (Figure 5.5), it is 

clear that the underperformance of the evolved M. bicuspidata lineages was reversed after 

removal of the multigenerational stressor (i.e. tebuconazole). 

 

Table 5.2 Results of generalized linear models (GLM) for the effect of the evolution treatment on parasite 

infectivity and spore load at two distinct timings of the reset experiment (F’0 and F’1 generations). Depending 

on the type of data (binomial or normal), the test statistics represent likelihood ratio (LR) or F tests (F), 

respectively. Significant effects are highlighted in bold (P ≤ 0.025). 

  Infectivity (family=binomial)  
Spore load 

(family=Gaussian) 

 Effect LR (χ2) d.f. P  F d.f. P 

F’0 Evolution treatment 
(reset experiment) 

54.8 1 < 0.001  9.93 1 0.014 

F’1 0.264 1 0.607  0.334 1 0.579 
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Figure 5.6 Infectivity (% infection) and virulence (spore load in hosts) of Metschnikowia bicuspidata during 

the removal of the influence of the selective pressure (reset experiment). Asterisks (*) denote significant 

differences in evolved lineages (TEB1) relatively to naive lineages (CTRL). 

 

In conclusion, the microparasitic yeast M. bicuspidata did not reveal potential for 

rapid evolution to an anthropogenic selective pressure, in this case the fungicide 

tebuconazole. In part, this can be explained by the parasexual mode of reproduction of this 

yeast, which leads to very low genetic change across reproductive events (Duffy and Sivars-

Becker, 2007; Searle et al., 2015). Furthermore, our findings additionally support the idea 

that long term exposure to tebuconazole is hazardous to non-target fungi, as revealed by its 

transgenerational negative effects on the infectivity of M. bicuspidata lineages. Given the 

persistence and widespread use of this class of fungicides, long term exposure scenarios 

such as the ones used in our experiment may indeed be realistic, affecting numerous aquatic 

fungal communities (namely microparasites) and the processes were they intervene (e.g., 

control of host populations, promotion of host genetic diversity). Furthermore, azole 

fungicides are common active ingredients of agrochemicals and pharmaceuticals, all sharing 

the same mode of action, and the concentrations of tebuconazole tested are within the 

range of what is normally observed in the field. Taking into account the conjugation of 

frequent and massive use and environmental persistence of these compounds, we should 

be aware of their potential environmental risk, either in the development of fungicide 

resistance in non-target species (if evolution can be confirmed in other models) or in 
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negative transgenerational effects (as observed here) on aquatic (or terrestrial) fungi 

communities. Confirming evidence from other studies (Álvarez-Pérez et al., 2015; Dimitrov 

et al., 2014; Zubrod et al., 2015, 2011), our findings should place azole fungicides on the 

spotlight for environmental researchers and regulators. 
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Natural populations are commonly exposed to complex stress scenarios, as a result 

of dynamic environmental changes that can derive from natural (e.g., biological enemies), 

global (e.g., climate change) and local anthropogenic factors (e.g., pollution). Taking into 

account these multiple stress scenarios, an increased focus has been placed on 

determining how these different stress factors can impact natural populations (Fischer et 

al., 2013; Heugens et al., 2001; Segner et al., 2014). In fact, to accurately predict the 

effects of the countless substances that promote changes in the ecosystems, a multiple 

stressor framework is highly needed.  

The impacts of climate change on freshwater systems can result from different 

factors, namely increasing temperatures and changes in water quality (IPCC, 2014). 

Ultimately, warming of aquatic systems may lead to noxious effects upon aquatic 

communities, especially when interaction scenarios occur with other stressors, such as 

anthropogenic contamination (Heugens et al., 2001; Scherer et al., 2013). In Chapter 1, we 

demonstrated that two commonly used fungicides caused noxious effects on Daphnia spp.. 

When combined with increasing temperatures, there was a temperature-dependent 

toxicity pattern for both toxicants, despite being endpoint- and genotype-specific. 

Contrarily to other literature on this subject (Knillmann et al., 2013; Tassou and Schulz, 

2012), our results demonstrated that increasing temperatures may not always be a sign of 

increasing toxicity. Indeed, organisms may have the ability to adapt to fluctuating 

environmental changes, such as foreseen increases of temperature (IPCC, 2014) and other 

stress factors (Loureiro et al., 2015). 

Along with the abiotic framework (e.g., climate change), biotic interactions 

between organisms are also important to consider when assessing the ecological impacts 

of chemical substances. Parasites are considered a driving force of genetic diversity and 

population dynamics in natural populations (Wolinska et al., 2008). However, host-parasite 

relationships are strongly dependent on environmental context (Wolinska and King, 2009), 

and their outcome can be altered by the presence of anthropogenic stressors, such as 

pesticides (Buser et al., 2012; Holmstrup et al., 2010). In Chapter 2, our results 

demonstrated that two common fungicides, copper sulphate and tebuconazole, differently 

affected a host-parasite interaction. Exposure of a Daphnia-Metschnikowia experimental 
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system to these fungicides revealed copper and parasite effects were independent, but 

exposure to tebuconazole led to the suppression of Metschnikowia infection. This drastic 

anti-parasitic effect was confirmed at environmentally relevant concentrations, which 

raises concerns about realistic contaminant scenarios with common anti-fungals such as 

the one we tested (tebuconazole). Other fungicides already demonstrated this clearing 

effect (Hanlon et al., 2012), although the literature is still scarce on this issue. Given the 

widespread use and detection of azole anti-fungals, commonly used as agrochemicals 

(Bereswill et al., 2012; Kahle et al., 2008) and pharmaceuticals (Huang et al., 2010; Thomas 

and Hilton, 2004), non-target fungi communities may be at risk.  

In scenarios with host-parasite relationships, in which anthropogenic 

contamination can play an important role as discussed before, both parasitism and 

contamination can depend on additional stress factors, such as temperature. Chapter 3 

investigated the interactive effects of these three stress factors, simulating scenarios that 

may often occur within agricultural areas under a climate change scenario. Temperature is 

an important modulator of the toxicity of contaminants (Fischer et al., 2013) as well as of 

host-parasite relationships (Marcogliese, 2008). In our study, we showed that temperature 

could indeed modulate the effects of both parasitism and contaminant toxicity. In fact, we 

observed that a higher temperature (20°C) generally increased the virulence of the 

parasite, with the hosts developing signs of infection earlier, reproducing less and dying at 

an earlier age. Temperature effects were consistent across copper concentrations, and no 

temperature × concentration × disease interaction was observed in this case. On the 

contrary, in the case of the tebuconazole × parasite (Metschnikowia) interaction, 

temperature clearly modulated this interaction, with an enhanced differential between 

non-infected and infected hosts at the highest temperature. Thus, besides affecting 

independently the effects of parasite and contaminant, temperature can act as a 

modulator of existent interactions between pollution and disease. 

After confirming the drastic effect of tebuconazole on Metschnikowia infection, 

Chapter 4 further explored how this fungicide affected the microparasitic yeast, towards a 

mechanistic understanding of the observed anti-fungal effect. To do so, we tested how 

different exposure scenarios (timing × concentration) could affect this outcome. In this 
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chapter, we confirmed the anti-parasitic effect of tebuconazole in the Daphnia-

Metschnikowia experimental system and verified that its main effect was on the 

reproductive stage (sporulation) of the yeast, but also – to a lesser extent – on vegetative 

growth. Moreover, the antiparasitic effect of tebuconazole occurred in a very narrow 

range of concentrations, and was efficient even if tebuconazole occurs late in the infection 

stage. This striking effect can lead to the suppression of field epidemics due to the 

inhibition of the production of a new generation of ascospores, which are necessary to 

promote parasite transmission and disease spread within natural populations. 

Finally, Chapter 5 addressed this problematic by assessing if Metschnikowia 

epidemics could indeed be terminated by tebuconazole exposure or if it could adapt to this 

selective pressure. Other selective pressures such as predation (Duffy and Hall, 2008) or 

other natural factors (King and Lively, 2012) caused an effect in the termination of 

epidemics. Having this in mind, an evolution experiment with Metschnikowia lineages 

exposed (evolved) and unexposed (naive) to tebuconazole was conducted. Our results 

demonstrated a cumulative negative effect of the long-term exposure to tebuconazole in 

Metschnikowia, leading to the underperformance of the evolved lineages when compared 

to naive lineages. Despite the apparent costs to the parasite, underperformance of the 

yeast was reversed after only one generation following removal of the influence of the 

selective pressure. This confirms that long-term exposure to tebuconazole can be 

hazardous to non-target fungi, causing transient transgenerational effects. As such, it can 

affect numerous microparasites and decomposers, as well as the processes where they 

intervene (e.g., disease and decomposition) (McMahon et al., 2012; Zubrod et al., 2015). 

This study has demonstrated negative ecological effects that have – so far – been 

overlooked. Our findings have contributed to the disease × pollution debate, by showing 

that pollution may apparently be “good”, from the host’s perspective. However, taking into 

account the importance of parasites and disease as modulators of host diversity (Jokela et 

al., 2009; Wolinska and Spaak, 2009), population dynamics (Lafferty et al., 2008) and 

community structure (Buser et al., 2012), the final outcome of such antiparasitic effects 

raise important ecological questions. Furthermore, other non-target aquatic fungi may be 

affected in a similar manner, yet they play pivotal roles in ecosystems, as 
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parasites/pathogens, decomposers, nutrient recyclers, facilitators of plant growth, or even 

as feed (Dighton, 2003). Hence, further research on this subject is needed, especially 

taking into account the context-dependent nature of these interactions. Risk assessment 

strategies would only benefit from studies that incorporate different stress factors and 

their interactions, to better predict and mitigate the negative effects of contaminants in 

the environment. The approach used in this thesis emphasises that researchers and risk 

managers should focus on realistic exposure scenarios (using in vivo systems, testing 

different exposure scenarios, setting up ecologically relevant concentrations), so that 

hazard estimation effectively informs deciders, managers and legislators. 

 

References 

Bereswill, R., Golla, B., Streloke, M., Schulz, R., 2012. Entry and toxicity of organic pesticides and copper in 

vineyard streams: Erosion rills jeopardise the efficiency of riparian buffer strips. Agric. Ecosyst. Environ. 

146, 81–92. doi:10.1016/j.agee.2011.10.010 

Buser, C.C., Spaak, P., Wolinska, J., 2012. Disease and pollution alter Daphnia taxonomic and clonal structure 

in experimental assemblages. Freshw. Biol. 57, 1865–1874. doi:10.1111/j.1365-2427.2012.02846.x 

Dietrich, J.P., Van Gaest, A.L., Strickland, S. a., Arkoosh, M.R., 2014. The impact of temperature stress and 

pesticide exposure on mortality and disease susceptibility of endangered Pacific salmon. Chemosphere 

108, 353–359. doi:10.1016/j.chemosphere.2014.01.079 

Dighton, J., 2003. Fungi in Ecosystem Processes. doi:10.1201/9780203911440 

Duffy, M.A., Hall, S.R., 2008. Selective predation and rapid evolution can jointly dampen effects of virulent 

parasites on Daphnia Populations. Am. Nat. 171, 499–510. doi:10.1086/528998 

Fischer, B.B., Pomati, F., Eggen, R.I.L., 2013. The toxicity of chemical pollutants in dynamic natural systems: 

the challenge of integrating environmental factors and biological complexity. Sci. Total Environ. 449, 

253–9. doi:10.1016/j.scitotenv.2013.01.066 

Hanlon, S.M., Kerby, J.L., Parris, M.J., 2012. Unlikely remedy: Fungicide clears infection from pathogenic 

fungus in larval southern leopard frogs (Lithobates sphenocephalus). PLoS One 7, 1–8. 

doi:10.1371/journal.pone.0043573 

Heugens, E.H.W., Hendriks, A.J., Dekker, T., Straalen, N.M. van, Admiraal, W., 2001. A review of the effects of 

multiple stressors on aquatic organisms and analysis of uncertainty factors for use in risk assessment. 

Crit. Rev. Toxicol. 31, 247–284. doi:10.1080/20014091111695 

Holmstrup, M., Bindesbøl, A.-M., Oostingh, G.J., Duschl, A., Scheil, V., Köhler, H.-R., Loureiro, S., Soares, 

A.M.V.M., Ferreira, A.L.G., Kienle, C., Gerhardt, A., Laskowski, R., Kramarz, P.E., Bayley, M., Svendsen, 

C., Spurgeon, D.J., 2010. Interactions between effects of environmental chemicals and natural 



Final considerations 

169 
 

stressors: A review. Sci. Total Environ. 408, 3746–3762. doi:10.1016/j.scitotenv.2009.10.067 

Huang, Q., Yu, Y., Tang, C., Peng, X., 2010. Determination of commonly used azole antifungals in various 

waters and sewage sludge using ultra-high performance liquid chromatography-tandem mass 

spectrometry. J. Chromatogr. A 1217, 3481–3488. doi:10.1016/j.chroma.2010.03.022 

IPCC, 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral 

Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change. Cambridge University Press, Cambridge, United Kingdom and New York, NY, 

USA. 

Jokela, J., Dybdahl, M.F., Lively, C.M., 2009. The maintenance of sex, clonal dynamics, and host-parasite 

coevolution in a mixed population of sexual and asexual snails. Am. Nat. 174, S43–S53. 

doi:10.1086/599080 

Kahle, M., Buerge, I.J., Hauser, A., Müller, M.D., Poiger, T., 2008. Azole fungicides: occurrence and fate in 

wastewater and surface waters. Environ. Sci. Technol. 42, 7193–7200. doi:10.1021/es8009309 

King, K.C., Lively, C.M., 2012. Does genetic diversity limit disease spread in natural host populations? Heredity 

(Edinb). 109, 199–203. doi:10.1038/hdy.2012.33 

Knillmann, S., Stampfli, N.C., Noskov, Y.A., Beketov, M.A., Liess, M., 2013. Elevated temperature prolongs 

long-term effects of a pesticide on Daphnia spp. due to altered competition in zooplankton 

communities. Glob. Chang. Biol. 19, 1598–609. doi:10.1111/gcb.12151 

Lafferty, K.D., Allesina, S., Arim, M., Briggs, C.J., De Leo, G., Dobson, A.P., Dunne, J.A., Johnson, P.T.J., Kuris, 

A.M., Marcogliese, D.J., Martinez, N.D., Memmott, J., Marquet, P.A., McLaughlin, J.P., Mordecai, E.A., 

Pascual, M., Poulin, R., Thieltges, D.W., 2008. Parasites in food webs: the ultimate missing links. Ecol. 

Lett. 11, 533–546. doi:10.1111/j.1461-0248.2008.01174.x 

Loureiro, C., Cuco, A.P., Claro, M.T.M.T., Santos, J.I., Pedrosa, M.A.A., Gonçalves, F., Castro, B.B., 2015. 

Progressive acclimation alters interaction between salinity and temperature in experimental Daphnia 

populations. Chemosphere 139, 126–132. doi:10.1016/j.chemosphere.2015.05.081 

Marcogliese, D.J., 2008. The impact of climate change on the parasites and infectious diseases of aquatic 

animals. Rev. Sci. Tech. 27, 467–484. 

McMahon, T.A., Halstead, N.T., Johnson, S., Raffel, T.R., Romansic, J.M., Crumrine, P.W., Rohr, J.R., 2012. 

Fungicide-induced declines of freshwater biodiversity modify ecosystem functions and services. Ecol. 

Lett. 15, 714–722. doi:10.1111/j.1461-0248.2012.01790.x 

Scherer, C., Seeland, A., Oehlmann, J., Müller, R., 2013. Interactive effects of xenobiotic, abiotic and biotic 

stressors on Daphnia pulex—Results from a multiple stressor experiment with a fractional 

multifactorial design. Aquat. Toxicol. 138–139, 105–115. doi:10.1016/j.aquatox.2013.04.014 

Segner, H., Schmitt-Jansen, M., Sabater, S., 2014. Assessing the impact of multiple stressors on aquatic biota: 

the receptor’s side matters. Environ. Sci. Technol. 48, 7690–6. doi:10.1021/es405082t 

Tassou, K.T., Schulz, R., 2012. Combined effects of temperature and pyriproxyfen stress in a full life-cycle test 

with Chironomus riparius (Insecta). Environ. Toxicol. Chem. 31, 2384–90. doi:10.1002/etc.1969 



Final Considerations 

170 
 

Thomas, K. V., Hilton, M.J., 2004. The occurrence of selected human pharmaceutical compounds in UK 

estuaries. Mar. Pollut. Bull. 49, 436–444. doi:10.1016/j.marpolbul.2004.02.028 

Wolinska, J., King, K.C., 2009. Environment can alter selection in host-parasite interactions. Trends Parasitol. 

25, 236–244. doi:10.1016/j.pt.2009.02.004 

Wolinska, J., Lively, C.M., Spaak, P., 2008. Parasites in hybridizing communities: the Red Queen again? Trends 

Parasitol. 24, 121–126. doi:10.1016/j.pt.2007.11.010 

Wolinska, J., Spaak, P., 2009. The cost of being common: evidence from natural Daphnia populations. 

Evolution (N. Y). 63, 1893–1901. doi:10.1111/j.1558-5646.2009.00663.x 

Zubrod, J.P., Englert, D., Feckler, A., Koksharova, N., Konschak, M., Bundschuh, R., Schnetzer, N., Englert, K., 

Schulz, R., Bundschuh, M., 2015. Does the current fungicide risk assessment provide sufficient 

protection for key drivers in aquatic ecosystem functioning? Environ. Sci. Technol. 49, 1173–1181. 

doi:10.1021/es5050453 

 


