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 ”There is a useless discussion: making a difference between fundamental science and applied 

science. In my eyes there is good science and bad science. … We have to do good research and 

innovative research. Whether it is a bit more applied or less, it doesn’t matter. Somewhere down 

the road something will come out which is usable for whatever: social, commercial or 

something else.” 

 

Prof. em. Dr. Alexander J. B. Zehnder 

Department of Environmental Systems Science, ETH Zürich 

 

HUN-REN’s 1st workshop, 22 September 2023, Budapest, Hungary 

  

               hettyey.attila_297_24



 

2 

Table of contents 
 

1. General introduction ………………………………………………………………………. 3 

1.1. Phenotypic plasticity and inducible defences ..……………………………………….. 3 

1.2. Predator recognition and the underlying sources of information ...…………………… 5 

1.3. Inducibility of chemical defence ...……………………………………………………. 7 

2. Aims and structure of the thesis …………………………………………………………… 9 

2.1. Predator recognition and the underlying sources of information ……………………... 9 

2.2. Inducibility of chemical defence ……………………………………………………... 10 

3. Papers …………………………………………………………………………………….. 13 

Paper 1: Costs and benefits of defences induced by predators differing in 

dangerousness …………………………………………………………………... 14 

Paper 2: Interactions between the information content of different chemical cues affect 

induced defences in tadpoles …………………………………………………..... 27 

Paper 3: Visual cues contribute to predator detection in anuran larvae …………………... 35 

Paper 4: The relative importance of prey‑borne and predator‑borne chemical cues for 

inducible antipredator responses in tadpoles …………………………………..... 43 

Paper 5: Naive tadpoles do not recognize recent invasive predatory fishes as dangerous .. 55 

Paper 6: Inducible chemical defences in animals ………………………………………… 66 

Paper 7: Predator‐induced changes in the chemical defence of a vertebrate ……………... 70 

Paper 8: Competition induces increased toxin production in toad larvae without 

allelopathic effects on heterospecific tadpoles ………………………………….. 81 

Paper 9: Chemical defence effective against multiple enemies: Does the response to 

conspecifics alleviate the response to predators? ................................................... 90 

Paper 10: Exposure to Batrachochytrium dendrobatidis affects chemical defences in 

two anuran amphibians, Rana dalmatina and Bufo bufo ……………………... 101 

4. General discussion ……………………………………………………………………… 115 

4.1. Summary of results …………………………………………………………………. 115 

4.2. Comprehensive discussion …………………………………………………………. 118 

5. Acknowledgements ……………………………………………………………………… 123 

6. References cited in the general parts …………………………………………………….. 124 

7. Papers forming the core of the thesis in their order of appearance ………………………. 135 

8. Further publications related to the thesis ………………………………………………... 136 

  

               hettyey.attila_297_24



 

3 

1. General introduction 
 

1.1. Phenotypic plasticity and inducible defences 

 

Phenotypic plasticity is the ability of a given phenotype to produce alternative phenotypes 

depending on the environment (Bradshaw 1965; Stearns 1989). Some consider phenotypic 

changes as plasticity only if developmental trajectory shifts are involved, while others accept a 

much wider definition where plasticity includes also changes in much more labile traits, such 

as short-term alterations in behaviour or physiology, or even gene regulatory processes which 

do not necessarily manifest in measurable phenotypic changes (DeWitt and Scheiner 2004). 

The phenotypic patterns arising from plasticity can be continuous or discontinuous, and the 

changes can be reversible or irreversible (Piersma and Drent 2003; David et al. 2004). Another 

important distinction between various forms of plasticity is whether they result from active or 

passive processes (Smith-Gill 1983; Doughty and Reznick 2004). In the former case, which is 

usually referred to as adaptive plasticity, individuals are genetically programmed to use (or are 

able to learn using) environmental cues which trigger alternative responses (e.g., choice of 

temperature-dependent foraging strategies). In the latter case, phenotypic variation is merely a 

reflection of environmental variation in the phenotype (e.g., temperature-dependent rate of 

food-intake). Both types of plasticity have a genetic basis and can therefore evolve as any other 

trait (Bradshaw 1965; Pigliucci 2001; Sommer 2020). 

Adaptive plasticity is a result of selection where the induced phenotype usually delivers 

a fitness advantage in the presence of the ecological agent inducing the response, while in its 

absence the costs of expressing the response prevent genetic fixation (Stearns 1989; Harvell 

1990). At the same time, the evolution of adaptive plasticity is promoted by high dispersal 

(Hollander 2008) and by high temporal and spatial variation (Hendry 2016). Once the 

circumstances are right, and there is sufficient genetic variation for selection to act upon (Via 

and Lande 1985), another basic prerequisite for the evolution of phenotypic plasticity is that 

reliable information about the environment has to be accessible and readable by the given 

individuals (Moran 1992; Getty 1996). However, even if the above criteria are met, costs of 

producing the induced phenotype, costs of plasticity itself, as well as limits to plasticity can 

prevent the evolution of plasticity or result in non-adaptive and even maladaptive phenotypic 

responses (DeWitt et al. 1998; Callahan et al. 2008; Murren et al. 2015). 

The importance of phenotypic plasticity lies with its immense effects on ecological and 

evolutionary processes (Tollrian and Harvell 1999a; Pigliucci 2001; DeWitt and Scheiner 

2004). Plastic responses to the environment include changes in physiology, behaviour, 

morphology, growth and life history. Phenotypic plasticity can manifest during the lifetime of 

responding individuals (e.g., Van Buskirk and McCollum 2000; Young et al. 2003; Tollrian et 

al. 2015) or it can become expressed in subsequent generations (Agrawal et al. 1999). Through 

these multifarious changes, phenotypic plasticity can affect direct and indirect interactions 

among individuals and their environments and, ultimately, it can influence population dynamics 

and ecosystem functioning (Lima and Dill 1990; Miner et al. 2005; Fischer et al. 2014; Hendry 

2016). By altering ecological interactions and enabling populations to persist under suboptimal 

or changing conditions, phenotypic plasticity is of fundamental importance for the maintenance 

of high biodiversity (Schmitz 2003; Kovach-Orr and Fussmann 2013; Hendry 2016) and can 

provide the basis for adaptive evolution and speciation (West-Eberhard 1989, 2003; Ghalambor 

et al. 2007; Pfennig et al. 2010). However, it remains debated when phenotypic plasticity 

hinders evolution by masking genetic variation (‘Bogert-effect’) and when it facilitates adaptive 

evolution by allowing populations to persist in widely differing conditions, thereby exposing 

them to different selection regimes (‘Baldwin-effect’), where plastic changes are followed by 

genetic changes in the same direction (via ‘genetic accommodation’ and ‘genetic assimilation’; 

               hettyey.attila_297_24



 

4 

Hendry 2016; Levis and Pfennig 2016; Vinton et al. 2022). The contribution of phenotypic 

plasticity towards genetic evolution is perhaps most plausible if we consider that the ability of 

individuals to cope with their environment depends on many traits, some of which are plastic, 

while others are canalized (Carroll et al. 1997; Parsons and Robinson 2006). When exposed to 

a drastically altered environment (as in case of invasions), adaptive plasticity in some traits will 

enhance population persistence and will thereby allow selection to act on other traits that deliver 

maladaptive responses or are canalized (Reznick and Ghalambor 2001; Ghalambor et al. 2007; 

Losos et al. 2004). Although relevant evidence is scarce, evolutionary transitions between 

constitutive and induced defences have been observed in both directions (Thaler and Karban 

1997; Heil et al. 2004; Campbell and Kessler 2013). 

One type of phenotypic plasticity is when individuals adjust their phenotype to counter 

threats posed by natural enemies. These phenotypic changes are generally called inducible 

defences and have evolved to diminish the malign effects of predators, competitors and 

parasites (Tollrian and Harvell 1999a). Inducible defences have been documented in bacteria 

(e.g., Rong et al. 2019) and in unicellular eukaryotes (Kuhlmann et al. 1999), and are known to 

be widespread in multicellular organisms, including plants, fungi, and animals (Doughty and 

Reznick 2004; Künzler 2018; Wilkinson et al. 2019). The most obvious manifestations of 

inducible defences are the production of morphological defences, such as spines, thickened 

shells or altered coloration, the expression of altered behaviour, such as lowered activity or 

spatial avoidance of threats, or changes in life history, such as shifts in rates of growth or 

development (Tollrian and Harvell 1999a). Just as in case of phenotypically plastic changes in 

general, induced defences are expected to be carefully adjusted, so that the benefits are 

maximized and costs are minimized (Harvell 1990; Houston et al. 1993). The adaptive value of 

these adjustments critically depends on the availability of reliable and specific cues indicating 

the type and acute dangerousness of enemies present in the environment (Moran 1992). It is 

worth noting that the expression of inducible defences can have multifarious consequences, 

reaching way beyond the interaction between predators and prey, as it can also influence sexual 

ornamentation and mate choice, and, hence, the process and outcome of sexual selection (Price 

2006; Cornwallis and Uller 2010; Ingleby et al. 2010; Frommen et al. 2022), thereby potentially 

promoting speciation (West-Eberhard 2003). 

Larval anuran amphibians and their predators form a relatively well-studied system of 

enemy recognition and resulting phenotypic adjustments. Tadpoles are known to be able to 

adjust their defences to the type, density and recent feeding history of predators that are present 

in their environment (Laurila et al. 1998; Relyea 2001a; Van Buskirk and Arioli 2002; 

Schoeppner and Relyea 2005). The strength of induced defences has also been related to the 

dangerousness of predators (e.g., Kusch 1995; Peckarsky 1996; Teplitsky et al. 2004), but this 

relationship usually remained speculative. The induced defences can deliver survival benefits, 

irrespective of their generalized (McCollum and Van Buskirk 1996; Laurila et al. 2006) or 

predator-specific nature (Kishida and Nishimura 2005). At the same time, however, the 

expression of inducible defences can also incur costs in the form of decreased growth, 

development rate or fecundity (Van Buskirk 2000; Hoverman et al. 2005; Steiner 2007). 

Because costs tend to be weak (Steiner 2007) and do not necessarily manifest in all 

environments, in all (measured) traits, and simultaneously with the induced defence (Van 

Buskirk and Saxer 2001), they are difficult to detect and often remain elusive (Tollrian and 

Harvell 1999b). Another factor complicating the study of inducible defences and their 

consequences is that antipredator-responses of tadpoles can be influenced by several biotic and 

abiotic environmental factors, including conspecific density, pH or anthropogenic pollution 

(Bridges 1999; Teplitsky et al. 2007; Van Buskirk et al. 2011; Mikó et al. 2017). Finally, the 

expression of inducible defences and, thereby, also their detectability, can depend on the 
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intrinsic state of individuals, such as body size, development state, infection status or hunger 

level (Lefcort and Eiger 1993; Hoverman et al. 2005; Fraker 2008; Kurali et al. 2018).  

 

 

1.2. Predator recognition and the underlying sources of information 

 

Responding appropriately to the threat posed by predators is of fundamental importance for 

individual fitness because failing to do so likely results in death (Sih 1980; Lima and Dill 1990). 

Knowing what cues prey animals use to detect predators and to adjust the expression of their 

inducible defences can bring us closer to understanding the underlying mechanisms and the 

quality, magnitude and, ultimately, the adaptive value of induced responses. For example, in 

the case of chemical cues the traditional classification lists (1) damage-released cues (cues 

released passively from injured prey tissue; Chivers and Smith 1998), (2) no-cost disturbance 

signals (general prey metabolites released at an increased rate in response to predators; 

Kiesecker et al. 1999), (3) alarm pheromones (special disturbance cues that are costly to 

produce and are released by prey upon predator attack; Fraker et al. 2009), (4) digestion-

released cues (constituents of prey tissue that are released via digestion by the predator; 

LaFiandra and Babbitt 2004), and (5) kairomones (cues released by the predator unrelated to 

its recent feeding history; Petranka and Hayes 1998). Kairomones are often referred to as direct 

cues, whereas cues originating from disturbed, attacked or digested prey are often referred to 

as indirect cues. 

Prey often rely on predator-borne cues to modulate the type of their response, while they 

take advantage of prey-borne cues to adjust its intensity (Kishida and Nishimura 2005; 

Teplitsky et al. 2005; Wilson et al. 2005; Schoeppner and Relyea 2008). The use of predator-

borne cues when adjusting the type of responses is likely adaptive because predators can vary 

widely in their activity profile, microhabitat preferences, attack modes or capture mechanisms, 

consequently, different types of responses may be effective against different predators. 

Adjusting the intensity of responses to prey-borne cues also makes evolutionary sense because 

in most cases the concentration / frequency of alarm signals should reliably indicate predation 

risk. Similarly, digestion-released cues may inform prey about the feeding history of predators, 

while pre-consumption prey-borne cues could provide information about the current feeding 

activity of predators. It is important to note that different types of cues in isolation can induce 

antipredator responses (Petranka and Hayes 1998; Fraker et al. 2009), but usually the 

simultaneous presence of various cues is necessary to trigger the development of the full suite 

and magnitude of induced defences (Van Buskirk and Arioli 2002; Schoeppner and Relyea 

2005, 2009; Richardson 2006). This is plausible considering the examples that prey individuals 

focussing only on prey-borne pre-consumption cues (‘alarm pheromones’) would not detect 

predators that have not fed recently, or, in the other extreme, prey making use of only predator-

borne cues may pay unnecessarily high costs of mounting a full-intensity response when the 

predator feeds on alternative prey. A few studies also established a relationship between the 

magnitude of phenotypic responses and the dangerousness of predators (e.g., Relyea 2001b; 

Paper 1), which is most likely detected using a combination of cues of different origins. Finally, 

the information conveyed by different types of cues can interact in synergistic, complementary 

or conflicting ways (see Paper 2). For example, a given concentration of damage-released cues 

may indicate highly differing risks of predation in the presence of predators that chew their prey 

or swallow it whole. Also, although a high concentration of prey-borne cues normally induces 

lowered activity, it may pay to increase activity and thereby enhance growth when exposed to 

gape-limited predators (Urban 2007a,b). However, how important such interactions are 

between the information delivered by different types of cues is very little known. 
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Knowing which sensory modalities may be involved in predator recognition can also 

contribute to our understanding of inducible defences. Relevant cues can be of visual, 

mechanical, chemical, thermal, electric or acoustic nature, where the relative importance of 

different sensory modes used is mainly determined by the interplay between the physical 

characteristics of the environment, the reliability and propagation speed of cues, the ecological 

traits of the interacting organisms themselves and by the distance between actors (Tollrian and 

Harvell 1999b; Weissburg et al. 2014). For example, aquatic animals inhabiting turbid 

ephemeral waters mainly rely on chemical cues to adjust their defences to predators, especially 

if these adopt sit-and-wait foraging strategies (Kats and Dill 1998; Tollrian and Harvell 1999b; 

Brönmark and Hansson 2000; see Paper 3). On the other hand, highly mobile prey animals 

facing fast-moving predators primarily use visual or acoustic cues to detect their enemies, where 

the primary sensory modality depends on the visual and acoustic transmittance and noise 

characterizing their environment (Endler 1993; Carr and Lima 2010; Fleishman and Pallus 

2010). However, animals relying primarily on chemical cues for predator detection may also 

heavily rely on visual, acoustic or mechanic cues to avoid actual attacks by predators, and, vice 

versa, animals that mainly identify predators visually may sense the approach of enemies via 

olfaction long before the predator becomes visible, if the conditions are right. It also has to be 

noted that predator recognition may rely on learning (Gonzalo et al. 2007; Fraker 2009; Chivers 

and Ferrari 2013), but it may also have an innate basis (Petranka and Hayes 1998; Schoeppner 

and Relyea 2005). 

In summary, cues of various origins and modalities may be sensed by prey 

simultaneously, and the information conveyed by these cues may interactively determine the 

quality and intensity of plastic antipredator responses. Ambiguities in terminology and 

differences in its use have hampered advance in this extensively studied field so that more exact 

and more uniformly used definitions would be needed (see Paper 4). It also has to be recognized 

that predators and prey are in most cases in a highly dynamic evolutionary arms race (Dawkins 

and Krebs 1979), where one or the other may temporarily or locally gain the upper hand. For 

example, prey evolving to become toxic may be safe and do not need to respond to predators, 

but only until these overcome prey toxicity either via behavioural or physiological adaptations 

(Holding et al. 2016; Bucciarelli et al. 2022). Similarly, when prey face novel predators, such 

as in case of biological invasions, prey may not be able to recognize predators or the responses 

they give may not be effective (Cox and Lima 2006; Banks and Dickman 2007; see Paper 5), 

which can result in drastic prey vulnerability to predation (Cruz et al. 2006; Arribas et al. 2014). 

Anyhow, if there is sufficient genetic variation underlying the prey animals’ ability to sense the 

predator, predator recognition will evolve and the advantage of the predator will diminish over 

time. 

Anuran larvae mostly rely on chemical cues for predator detection (e.g., Kiesecker et al. 

1996; Laurila 2000; Benard 2006), partly because their habitat is often characterized by turbid 

water and dense vegetation (Stauffer and Semlitsch 1993; Kiesecker et al. 1996; Jowers et al. 

2006; Parris et al. 2006; Saidapur et al. 2009), partly because tadpoles are near-sighted (Hoff et 

al. 1999). Nonetheless, vision does play a role in intraspecific interactions among tadpoles (Rot-

Nikcevic et al. 2005; Gouchie et al. 2008) and there is some evidence that they also use visual 

cues in predator detection (Jowers et al. 2006; Parris et al., 2006). Anuran larvae respond to 

direct mechanical stimulation (e.g., Rot-Nikcevic et al. 2005), and a functional lateral line 

system enables them to sense water movements (Lannoo 1999; Simmons et al. 2004; Schmidt 

et al. 2011), so that they may use hydraulic cues to detect predators, but relevant studies are 

scarce (Stauffer and Semlitsch 1993). Tadpoles exhibit a functional inner ear (Lannoo 1999) 

and some species exhibit intraspecific acoustic communication (Natale et al. 2011; Reeve et al. 

2011), but if they use acoustic cues in predator detection is unknown. Anurans lack 

electroreceptors and are therefore unable to sense electric cues (Lannoo 1999). Despite a large 
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body of relevant research, it has remained largely unknown to what extent tadpoles use the 

different sensory modalities, what sources of cues they rely on within sensory modalities, and 

how they integrate the wealth of acquired information to adjust their induced defences. 

From a methodological point of view, there are two conceptually differing experimental 

approaches to studying predator recognition and the resulting induced defences. Many studies 

expose prey to cues indicating the presence of predators, while predators are prevented from 

harming focal prey individuals (i.e., often by constraining predators in some sort of cage). This 

setup is most suitable for determining whether prey recognize predators, for examining various 

responses of prey and for assessing associated costs, but does not allow for concluding on 

survival benefits of induced defences. The other approach is to expose prey to free-ranging 

predators, where phenotypic changes, survival and costs of expressing defences can be assessed 

under more natural conditions, but such studies do not allow for discerning between induced 

responses, thinning and selection by predators (Van Buskirk and Yurewicz 1998; Relyea 2002). 

To scrutinize the entire series of predator recognition, induced defences, survival benefits and 

costs, the ideal solution is to combine these two approaches, while measuring several 

characteristics of larvae and metamorphs to increase the probability of including the most 

important traits (Relyea 2003). 

 

 

1.3. Inducibility of chemical defence 

 

Phenotypic plasticity is ubiquitous in living organisms and there is a large body of evidence for 

its manifestation in various life history traits, including morphology, behaviour and physiology 

(Tollrian and Harvell 1999a), while phenotypic plasticity in chemical defences has remained 

severely understudied in many taxa. Plant chemical defences are among the best developed 

examples. It has long been known that individuals of many species can produce toxic substances 

in response to herbivores, these chemicals are costly to synthesize, and, therefore, plants only 

produce them when they are attacked (Cipollini et al. 2003; Heil 2010). Such induced defences 

are even exploited in agriculture to “immunize” plants against pests (e.g., Karban et al. 1997; 

Kessler and Baldwin 2004). However, biologists have largely overlooked animals in this 

respect, even though plenty of species use chemical defences and there is no reason why animals 

should not be able to produce toxic substances facultatively (see Paper 6). 

In animals, toxin production can vary between life stages and among populations, but this 

has been tentatively attributed to genetically fixed adaptations to predictable temporal and 

spatial differences in predation pressure rather than to phenotypic plasticity (Kubanek et al. 

2002; Fordyce et al. 2006; Hayes et al. 2009). Before we embarked on studying inducibility of 

chemical defence in animals, plastic responses in toxin production to predators have only been 

demonstrated in a few taxa of lower animals (for a review see Pohnert 2004), whereas in 

vertebrates, only two studies had provided suggestive evidence for its presence (Benard and 

Fordyce 2003; Hagman et al. 2009). 

Toxins can not only be produced against predators, but also against competitors. This 

phenomenon has been intensely studied in algae (Sieg et al. 2011) and in plants (Metlen et al. 

2009) and is called allelopathy (Whittaker and Feeny 1971; Rice 1974; Reigosa et al. 2006). 

Some lower animals and even some vertebrates are also known to contain or release chemicals 

that can negatively affect growth and survival of competitors (Jackson and Buss 1975; Petranka 

1995; Kubanek et al. 2002; Crossland and Shine 2012). However, whether the production of 

these allelopathic chemicals is plastically adjusted to the abundance of competitors also in 

animals is little known. 

Induced defence against pathogens is perhaps the most intensely studied area within the 

field of phenotypic plasticity due to its immediate relevance for human medicine. The immune 
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system responds to pathogens in a plastic and inducible manner (Frost 1999). In some taxa 

toxins produced by skin glands can contribute to the immune system (Nicolas and Mor 1995; 

Zasloff 2002; Rinaldi 2002). Nonetheless, few studies have tested whether the production of 

these toxins are modulated according to the presence, diversity or quantity of pathogens (Miele 

et al. 1998; Simmaco et al. 1998; Mangoni et al. 2001; Woodhams et al. 2012). 

In anuran tadpoles, phenotypic plasticity is a widely studied and well established 

phenomenon, but despite the presumable importance of poison gland secretions for survival, 

demography and evolutionary processes, and the general assumption that skin toxins are costly 

to synthesise (Daly et al. 1997a,b; Wells 2007), there is only very limited information in 

amphibians on plasticity in this trait. It is known that several peptide, amine and steroid 

compounds of skin secretions can be toxic and, thus, may constitute effective defences against 

predators (for a review see Toledo and Jared 1995). In some species already tadpoles produce 

these toxins (Whittaker and Feeny 1971; Toledo and Jared 1995; Mebs et al. 2007; Hayes et al. 

2009; Üveges et al. 2017) and tadpoles of these species are indeed avoided by some predators 

(Kruse and Stone 1984; Reading 1990; Peterson and Blaustein 1992; Üveges et al. 2019). 

Nonetheless, before our seminal paper (see Paper 7), there had been only a few published 

attempts at testing for the existence of adaptive predator-induced changes in the chemical 

defences of amphibians, and the results these delivered were equivocal (Benard and Fordyce 

2003; Hagman et al. 2009; Bucciarelli et al. 2017; Üveges et al. 2017, 2019). Besides predators, 

inter- and intraspecific competition can also induce a wide range of life-history changes in 

amphibians (reviewed in Alford 1999), but reliable evidence that chemicals produced by 

tadpoles play a role in interference competition is scarce (Wells 2007; but see Crossland and 

Shine 2012), and no study had documented altered toxin production as a response to 

competition before us (see Papers 8 & 9). Some of the substances produced by poison glands 

located in the skin of amphibians exhibit activity towards bacteria, fungi, and viruses (Erspamer 

1994; Rollins-Smith et al. 2005; Mangoni et al. 2008), and thereby contribute to the defences 

against pathogens (Nicolas and Mor 1995; Zasloff 2002; Rinaldi 2002). Only four studies 

(Miele et al. 1998; Simmaco et al. 1998; Mangoni et al. 2001; Woodhams et al. 2012) had 

investigated induced chemical defences as a response to pathogens in amphibians before us (see 

Paper 10), and these delivered evidence for an increased synthesis of chemical defences upon 

exposure to pathogens. However, these studies used adult frogs and nothing was known about 

similar responses in larvae. All in all, evidence for inducible responses in chemical defences of 

anuran amphibians was extremely scarce when we embarked on studying this phenomenon. 
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2. Aims and structure of the thesis 
 

The dissertation contains two large parts, both are based on five papers. The first part 

concentrates on the sources of information used by anuran larvae to adjust their fine-tuned 

defensive responses to predators. The second part investigates the inducibility of chemical 

defences which presumably evolved to attenuate malign effects of environmental threats. 

 

2.1. Predator recognition and the underlying sources of information 

 

Paper 1—We investigated how the dangerousness of predators affected the strength of 

phenotypic responses and how these translated into benefits and costs of induced defences. We 

performed an outdoor mesocosm-based study where we raised R. dalmatina tadpoles in the 

presence of free-ranging predators or in the presence of caged predators followed by exposure 

of predator-naive and predator-experienced tadpoles to free-ranging predators. We used four 

predators: a leech (Haemopis sanguisuga), a water scorpion (Nepa sp.), larvae of a dragonfly 

(A. cyanea) and a newt (L. vulgaris), assessed their dangerousness and evaluated costs and 

benefits of responses they induced in R. dalmatina tadpoles in terms of survival and several life 

history traits. 

Bibliographic data of the underlying publication: 

Hettyey A, Vincze K, Zsarnóczai S, Hoi H, Laurila A (2011): Costs and benefits of defences 

induced by predators differing in dangerousness. Journal of Evolutionary Biology, 24: 1007–

1019. (JIF2011 = 3.28, D1, N of citations / independent citations: 40 / 28) 

 

Paper 2—We tested how predator species, acute predation risk, the types of chemical cues 

available as well as their interactions influenced the extent and quality of induced defences. We 

performed an outdoor experiment where we reared agile frog (Rana dalmatina) tadpoles in the 

presence of caged predators, a newt (Lissotriton vulgaris, formerly Triturus vulgaris) or larvae 

of a dragonfly (Aeshna cyanea). To manipulate acute predation risk we fed predators one or 

three tadpoles every other day. To provide different types of prey-borne cues to focal tadpoles, 

we fed predators outside rearing tanks and placed back predators into the tanks either after 

washing (to allow only for the presence of digestion-released cues) or along with the water 

containing remnants of the prey (to allow for the presence of all types of prey-borne cues).  

Bibliographic data of the underlying publication: 

Hettyey A, Zsarnóczai S, Vincze K, Hoi H, Laurila A (2010): Interactions between the 

information content of different chemical cues affect induced defences in tadpoles. Oikos, 119: 

1814–1822. (JIF2010 = 3.39, D1, N of citations / independent citations: 34 / 26) 

 

Paper 3—We examined what sources of information anuran larvae use for predator detection 

besides chemical cues. In a laboratory-based study we assessed behavioural responses of 

common frog (Rana temporaria) tadpoles to chemical, visual, acoustic, and hydraulic cues 

originating from a dragonfly larva (A. cyanea) and a fish (Gasterosteus aculeatus). We 

presented predators to tadpoles in small experimental containers divided by a net (assumed to 

transmit all cues to focal tadpoles), transparent Plexiglas (assumed to transmit visual cues but 

blocking chemical, hydraulic, and possibly acoustic cues), or an opaque and thin, freely 

vibrating polyethylene foil (assumed to transmit acoustic and hydraulic cues, but blocking 

chemical and visual cues).  

Bibliographic data of the underlying publication: 

Hettyey A, Rölli F, Thürlimann N, Zürcher A-C, Van Buskirk J (2012) Visual cues contribute 

to predator detection in anuran larvae. Biological Journal of the Linnean Society, 106: 820–

827. (JIF2012 = 2.41, Q1, N of citations / independent citations: 48 / 45) 
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Paper 4—We scrutinized how important chemical cues of various origins are for the adjustment 

of anti-predator defences. In an outdoor mesocosm-based experiment we reared tadpoles of the 

common frog (R. temporaria) in the presence of caged dragonfly larvae (A. cyanea). We fed 

dragonflies outside of tadpole rearing containers with different types and quantities of prey and 

placed back predators either after washing or along with the water containing remnants of the 

prey. Predator food contained Chironomus midge larvae, Bufo bufo tadpoles, Rana arvalis 

tadpoles, or R. temporaria tadpoles. We also used starved predators and exposed focal tadpoles 

to homogenized conspecifics. 

Bibliographic data of the underlying publication: 

Hettyey A, Tóth Z, Thonhauser KE, Frommen JG, Penn DJ, Van Buskirk J (2015): The relative 

importance of prey‑borne and predator‑borne chemical cues for inducible antipredator 

responses in tadpoles. Oecologia, 179: 699–710. (JIF2015 = 2.9, D1, N of citations / independent 

citations: 80 / 65) 

 

Paper 5—We assessed to what extent the previously investigated mechanisms of predator 

recognition allow prey to detect invasive alien predators despite the lack of a shared 

evolutionary history. In a laboratory-based experiment we tested whether predator-naive 

tadpoles of the agile frog (R. dalmatina) displayed antipredator behaviour when exposed to 

chemical cues produced by native, invasive (established or recent) or allopatric fishes (four 

predatory perciforms, four predatory siluriforms, and two herbivorous cypriniforms). We 

further investigated whether the tadpoles’ population origin influenced their predator-detection 

ability by using tadpoles from both fishless hill-ponds and from fish-infested floodplain 

populations. We also aimed to evaluate to what extent the ability of tadpoles to recognize 

potential predators depended on the recent feeding history by feeding predators either with 

bloodworms (larval Chironomus sp.) or with R. dalmatina tadpoles. We reared focal tadpoles 

in outdoor mesocosms, exposed them to stimulus water collected from fish tanks in small plastic 

dishpans individually and compared their behaviour before and after stimulus addition. 

Bibliographic data of the underlying publication: 

Hettyey A, Thonhauser KE, Bókony V, Penn DJ, Hoi H, Griggio M (2016): Naive tadpoles do 

not recognize recent invasive predatory fishes as dangerous. Ecology, 97: 2975–2985. (JIF2016 

= 4.81, D1, N of citations / independent citations: 21 / 18) 

 

 

2.2. Inducibility of chemical defence 

 

Paper 6—We summarized what was documented in the literature about inducible chemical 

defences in animals. We concentrated on responses to predators, parasites, and competitors, and 

pointed out large gaps of knowledge in the field. 

Bibliographic data of the underlying publication: 

Hettyey A, Tóth Z, Van Buskirk J (2014): Inducible chemical defences in animals. Oikos, 123: 

1025–1028. (JIF2014 = 3.44, D1, N of citations / independent citations: 19 / 8) 

 

Paper 7—We tested for inducible changes in the chemical defence of a vertebrate upon 

exposure to predators. In a laboratory-based experiment we reared larval common toads (B. 

bufo) originating from three permanent and three temporary ponds. We simulated the presence 

of one of three predators by adding to tadpole rearing containers stimulus water collected from 

tanks holding dragonfly larvae (Anax imperator), newts (L. vulgaris) or fish (Perca fluviatilis). 

We fed predators with a mixture of Tubifex worms and R. dalmatina tadpoles and exposed focal 

tadpoles also to a homogenate of conspecifics. Controls received clear water. In a previous 
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experiment we had shown that already young B. bufo larvae are capable of producing 

bufadienolide toxins. We preserved focal tadpoles 20 days after start of the experiment and 

identified and quantified bufadienolide compounds using high‐performance liquid 

chromatography with diode‐array detection and mass spectrometry (HPLC‐DAD‐MS). 

Bibliographic data of the underlying publication: 

Hettyey A, Üveges B, Móricz ÁM, Drahos L, Capon RJ, Van Buskirk J, Tóth Z, Bókony V 

(2019): Predator‐induced changes in the chemical defence of a vertebrate. Journal of Animal 

Ecology, 88: 1925–1935. (JIF2019 = 4.55, D1, N of citations / independent citations: 14 / 8) 

We published five closely related papers which are not detailed in the dissertation: Kurali 

et al. 2016 Biological Journal of the Linnean Society; Üveges et al. 2017 BMC Evolutionary 

Biology; Tóth et al. 2019 Journal of Chemical Ecology; Üveges et al. 2019 Ecology and 

Evolution; Üveges et al. 2023 Integrative Organismal Biology. 

 

Paper 8—We examined the possibility that competitors may also induce changes in the 

chemical defence of vertebrates and that these alterations in toxin production may have negative 

consequences on competitors via allelopathy. In a previous survey performed on natural 

populations we found a positive correlation between competitor density and toxin content of B. 

bufo tadpoles. We therefore performed a field based experiment in microcosms where we kept 

B. bufo tadpoles at four different densities with or without admixing various numbers of  R. 

dalmatina tadpoles. After three weeks of treatment we preserved B. bufo tadpoles for the 

analysis of bufadienolide content using HPLC-DAD-MS and assessed mortality, growth and 

development of R. dalmatina tadpoles to test for signs of allelopathy. 

Bibliographic data of the underlying publication: 

Bókony V, Üveges B, Móricz ÁM, Hettyey A (2018): Competition induces increased toxin 

production in toad larvae without allelopathic effects on heterospecific tadpoles. Functional 

Ecology, 32: 667–675. (JIF2018  = 5.04, D1, N of citations / independent citations: 20 / 10) 

We published one closely related paper which is not detailed in the dissertation: Bókony 

et al. 2016 Journal of Chemical Ecology. 

 

Paper 9—We investigated how inducible chemical defences are adjusted to the simultaneous 

presence of predators and high competitor densities. Predator-induced defences are generally 

predicted to be weaker at high conspecific densities due to risk-dilution and the costs of 

producing and maintaining defences, but in the special case when chemical defences are also 

increasingly produced in response to high competitor densities, it was difficult to predict the 

joint effects of predator presence and varying conspecific densities. We performed an 

experiment in outdoor microcosms where we raised B. bufo tadpoles at three densities in the 

presence or absence of chemical cues on predation risk. We simulated predation risk by 

transferring water from tanks holding predatory fish (P. fluviatilis) into microcosms holding 

focal tadpoles and also added a homogenate of conspecifics. Predators were fed with a mixture 

of R. dalmatina and B. bufo tadpoles. After two weeks of treatment we preserved focal tadpoles 

and analysed their bufadienolide content using HPLC-DAD-MS.  

Bibliographic data of the underlying publication: 

Üveges B, Basson AC, Móricz ÁM, Bókony V, Hettyey A (2021): Chemical defence effective 

against multiple enemies: Does the response to conspecifics alleviate the response to predators? 

Functional Ecology, 35: 2294–2304. (JIF2021 = 5.84, D1, N of citations / independent citations: 

5 / 3) 

 

Paper 10—We assessed whether the synthesis of defensive chemicals in the skin is enhanced 

or suppressed upon exposure to obligate pathogens. In a previous correlative study of natural 

populations we found a relationship between toxin production in B. bufo tadpoles and the 
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bacterial community structure of their aquatic habitat while in an experimental study we found 

no effect of antibacterial treatment of the rearing water on toxin production. Here we exposed 

tadpoles of B. bufo and R. dalmatina throughout their larval development to an obligate 

pathogen, the chytrid Batrachochytrium dendrobatidis, a fungus causing severe amphibian 

population declines worldwide. We sampled individuals for their chemical defences in a late 

larval stage and two weeks after metamorphosis. The bufadienolides synthesized by B. bufo 

tadpoles and the Brevinins produced by R. dalmatina tadpoles both have antifungal properties. 

We measured bufadienolide content using HPLC-DAD-MS, Brevinin-1 DA quantities using 

nano-UHPLC-MS/MS and infection status and intensity using qPCR. 

Bibliographic data of the underlying publication: 

Ujszegi J, Ludányi K, Móricz ÁM, Krüzselyi D, Drahos L, Drexler T, Németh MZ, Vörös J, 

Garner TWJ, Hettyey A (2021): Exposure to Batrachochytrium dendrobatidis affects chemical 

defences in two anuran amphibians, Rana dalmatina and Bufo bufo. BMC Ecology and 

Evolution, 21: 135. (JIF2021  = 3.44, Q1, N of citations / independent citations: 14 / 5) 

We published three closely related papers which are not detailed in the dissertation: 

Ujszegi et al. 2017 Evolutionary Ecology; Ujszegi et al. 2020 Journal of Chemical Ecology; 

Kásler et al. 2022 Journal of Zoology. 

 

 

Technical note: The thesis is based on the above ten papers, several of which are supplemented 

by online appendices. Because these appendices are rather long and do not contain details of 

central importance regarding the topic of the dissertation, I only included the published main 

texts here. Supplementary materials are available electronically on the publishers’ websites. 
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3. Papers 

 

               hettyey.attila_297_24



 

14 

               hettyey.attila_297_24



 

15 

               hettyey.attila_297_24



 

16 

               hettyey.attila_297_24



 

17 

               hettyey.attila_297_24



 

18 

               hettyey.attila_297_24



 

19 

               hettyey.attila_297_24



 

20 

               hettyey.attila_297_24



 

21 

               hettyey.attila_297_24



 

22 

               hettyey.attila_297_24



 

23 

               hettyey.attila_297_24



 

24 

               hettyey.attila_297_24



 

25 

               hettyey.attila_297_24



 

26 
 

               hettyey.attila_297_24



 

27 

               hettyey.attila_297_24



 

28 

               hettyey.attila_297_24



 

29 

               hettyey.attila_297_24



 

30 

               hettyey.attila_297_24



 

31 

               hettyey.attila_297_24



 

32 

               hettyey.attila_297_24



 

33 

               hettyey.attila_297_24



 

34 
 

               hettyey.attila_297_24



 

35 

               hettyey.attila_297_24



 

36 

               hettyey.attila_297_24



 

37 

               hettyey.attila_297_24



 

38 

               hettyey.attila_297_24



 

39 

               hettyey.attila_297_24



 

40 

               hettyey.attila_297_24



 

41 

               hettyey.attila_297_24



 

42 
 

               hettyey.attila_297_24



 

43 

               hettyey.attila_297_24



 

44 

               hettyey.attila_297_24



 

45 

               hettyey.attila_297_24



 

46 

               hettyey.attila_297_24



 

47 

               hettyey.attila_297_24



 

48 

               hettyey.attila_297_24



 

49 

               hettyey.attila_297_24



 

50 

               hettyey.attila_297_24



 

51 

               hettyey.attila_297_24



 

52 

               hettyey.attila_297_24



 

53 

               hettyey.attila_297_24



 

54 
  

               hettyey.attila_297_24



 

55 

               hettyey.attila_297_24



 

56 

               hettyey.attila_297_24



 

57 

               hettyey.attila_297_24



 

58 

               hettyey.attila_297_24



 

59 

               hettyey.attila_297_24



 

60 

               hettyey.attila_297_24



 

61 

               hettyey.attila_297_24



 

62 

               hettyey.attila_297_24



 

63 

               hettyey.attila_297_24



 

64 

               hettyey.attila_297_24



 

65 
 

               hettyey.attila_297_24



 

66 

               hettyey.attila_297_24



 

67 

               hettyey.attila_297_24



 

68 

               hettyey.attila_297_24



 

69 
 

               hettyey.attila_297_24



 

70 

               hettyey.attila_297_24



 

71 

               hettyey.attila_297_24



 

72 

               hettyey.attila_297_24



 

73 

               hettyey.attila_297_24



 

74 

               hettyey.attila_297_24



 

75 

               hettyey.attila_297_24



 

76 

               hettyey.attila_297_24



 

77 

               hettyey.attila_297_24



 

78 

               hettyey.attila_297_24



 

79 

               hettyey.attila_297_24



 

80 
 

               hettyey.attila_297_24



 

81 

               hettyey.attila_297_24



 

82 

               hettyey.attila_297_24



 

83 

               hettyey.attila_297_24



 

84 

               hettyey.attila_297_24



 

85 

               hettyey.attila_297_24



 

86 

               hettyey.attila_297_24



 

87 

               hettyey.attila_297_24



 

88 

               hettyey.attila_297_24



 

89 
 

               hettyey.attila_297_24



 

90 

               hettyey.attila_297_24



 

91 

               hettyey.attila_297_24



 

92 

               hettyey.attila_297_24



 

93 

               hettyey.attila_297_24



 

94 

               hettyey.attila_297_24



 

95 

               hettyey.attila_297_24



 

96 

               hettyey.attila_297_24



 

97 

               hettyey.attila_297_24



 

98 

               hettyey.attila_297_24



 

99 

               hettyey.attila_297_24



 

100 
 

               hettyey.attila_297_24



 

101 

               hettyey.attila_297_24



 

102 

               hettyey.attila_297_24



 

103 

               hettyey.attila_297_24



 

104 

               hettyey.attila_297_24



 

105 

               hettyey.attila_297_24



 

106 

               hettyey.attila_297_24



 

107 

               hettyey.attila_297_24



 

108 

               hettyey.attila_297_24



 

109 

               hettyey.attila_297_24



 

110 

               hettyey.attila_297_24



 

111 

               hettyey.attila_297_24



 

112 

               hettyey.attila_297_24



 

113 

               hettyey.attila_297_24



 

114 
  

               hettyey.attila_297_24



 

115 

4. General discussion 
 

4.1. Summary of results 
 

Phenotypic plasticity is a central concept in evolutionary ecology due to the diversity and 

importance of the roles it plays in shaping ecological patterns and processes. Here I aimed to 

compile studies in which we investigated two aspects of inducible defences. First, we wanted 

to deliver insights about the origin of cues used by anuran larvae to assess predation risk and 

the information these may convey to tadpoles when adjusting their phenotypic responses to 

predators. Second, we were looking for evidence supporting the hypothesis that chemical 

defences can be inducible in vertebrates, just as in plants and lower animals. The conclusions 

that may be drawn from the results of the research presented in this dissertation may be 

summarized as follows: 

 

(1) When investigating how the dangerousness of predators affected the strength of 

phenotypic responses and how these translated into benefits and costs of induced 

defences, the intensities of induced behavioural and morphological defences of 

tadpoles clearly mirrored predator dangerousness. Tadpole survival was lower and 

larval development took longer in the nonlethal presence of the most dangerous 

predator than in all other treatments, but we did not find further costs of induced 

defences at or after metamorphosis. Tadpoles exhibiting an induced phenotype 

enjoyed elevated survival in the presence of free-ranging predators, but individuals 

exhibiting more extreme phenotypes were not better defended, and survival was not 

higher in the presence of the type of predator tadpoles had been raised with. The 

beneficial effect of an induced phenotype was not apparent in large tadpoles. In 

summary, we found that the intensity of predator-induced defences in tadpoles 

can mirror differences in the dangerousness of predators, but the arising costs 

and benefits are only loosely related to the magnitude of the induced plastic 

responses. 

 

(2) When testing how predator species, acute predation risk, the types of chemical cues 

available as well as their interactions influenced induced defences, we showed that 

the presence of predator kairomones together with digestion-released cues were 

sufficient to result in strong antipredator responses in R. dalmatina larvae. Further, it 

seemed that tadpoles used predator kairomones and predator-specific digestion-

released cues to adjust the type of responses and prey-borne cues to adjust the 

intensity of responses according to the actual predation risk. Small tadpoles reacted 

more intensely to dragonfly larvae than to newts irrespective of their acute 

dangerousness, probably because the former is inherently a more voracious predator 

of anuran larvae. Further, large tadpoles only responded to the gape-limited newts 

when these appeared to be feeding heavily on tadpoles. We also observed stronger 

responses in small tadpoles than in large ones, which was most likely due to size-

dependent vulnerability to predators. In summary, these results support the 

hypothesis that tadpoles integrate multiple cues about the risk of predation to 

fine-tune their induced defences while also taking into account their internal 

state and the resulting vulnerability to the predators in their environment. 
 

(3) When examining what sources of information anuran larvae use for predator 

detection besides chemical cues, we observed the largest reduction in Rana 

temporaria tadpole activity when all cues were available. Tadpoles did not respond 
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to the combination of acoustic and hydraulic cues, but they clearly reduced their 

activity when only visual cues were available. We did not observe spatial avoidance 

of predators, but this was presumably due to the small size of experimental 

containers. Our results provide support for the hypothesis that besides chemical 

cues, visual cues can also elicit antipredator behaviour in tadpoles, at least when 

the predator is up-close, while acoustic and hydraulic cues may be of little 

importance for predator detection. 

 

(4) When scrutinizing how important chemical cues of various origins are for the 

adjustment of anti-predator defences, we first proposed a precise and consistent 

binomial nomenclature indicating both the timing/mechanism of cue release (stress-

, attack-, capture-, digestion- or continually released cues) and the origin of cues 

(prey-borne or predator-borne cues) to lessen the confusion stemming from 

inconsistently used terminology. The results of our study conducted on R. temporaria 

tadpoles supported previous observations that the phylogenetic relatedness between 

prey falling victim to predators and the prey sensing the predation event has a strong 

influence on antipredator responses. Most importantly, however, our study delivered 

the most compelling and detailed empirical evidence that continually released 

predator-borne cues and digestion-released prey-borne cues are used by larvae 

of anuran amphibians to fine-tune their induced defences. 

 

(5) When assessing to what extent prey are capable of detecting invasive alien predators, 

our results indicated that R. dalmatina larvae responded to the simulated presence of 

a native and a long-established invasive perciform, but not to a recently arrived 

invader or individuals of an allopatric species. Interestingly, stimulus water 

transferred from any of the siluriforms did not induce behavioural responses in 

tadpoles, even not when predators were previously fed with conspecifics. Also, 

tadpoles did not respond to the simulated appearance of non-dangerous cypriniforms. 

Finally, tadpoles originating from fish-infested floodplain populations exhibited 

lower baseline activity and responded more intensely than their conspecifics 

originating from isolated hill-ponds. We concluded that anuran larvae may be 

highly vulnerable to recently arrived invasive predatory fishes because of their 

inability to recognize them as dangerous, but, presumably due to intense 

selection and the existence of sufficient genetic variability, the ability to 

recognize these predators can evolve in less than 30 generations. 

 

(6) When summarizing what was documented in the literature about inducible chemical 

defences in animals, we proposed that when inducible chemical defences are 

detected, their study would provide unique opportunities for scrutinizing life-history 

trade-offs, especially if toxin synthesis of animals proves accessible to direct 

biochemical manipulation. We put forward the hypothesis that research on the 

inducibility of chemical defence would deliver a deeper understanding of 

interspecific interactions and life-histories of toxin-producing animals, and, 

ultimately, such studies would help uncover the evolutionary processes leading to the 

appearance and maintenance of plasticity in natural populations. Most importantly, 

we concluded that phenotypic plasticity in chemical defences is very likely to 

occur much more frequently in many taxa of the animal kingdom than it is 

generally thought. 
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(7) When testing for inducible changes in the chemical defence of larval B. bufo upon 

exposure to predators, our results provided clear evidence that tadpoles responded to 

chemical cues of predation risk by producing more bufadienolide compounds and 

larger total quantities of bufadienolides as compared to predator‐naive conspecifics. 

Further, the intensities of induced responses mirrored predator dangerousness 

because they were strongest in the fish treatment, weakest in the newt treatment and 

intermediate in the dragonfly treatment. We did not perform predation trials to assess 

the survival benefits delivered by the observed changes in toxin content, and also did 

not scrutinize fitness costs of increased toxin production, so that we cannot conclude 

on the adaptive value of the observed antipredator responses. Nonetheless, this study 

provided the first clear evidence for predator‐induced changes in the chemical 

defence of a vertebrate. 

 

(8) When examining the possibility that competitors may also induce changes in the 

chemical defence of larval B. bufo, we showed that tadpoles contained larger 

quantities of bufadienolides at higher tadpole densities, where the density of 

heterospecifics was not more important than that of conspecifics. Also, mortality, 

growth and development rate of R. dalmatina tadpoles did not vary according to the 

density of B. bufo tadpoles. This negative result regarding allelopathy indicated that 

the observed changes in toxin synthesis may not serve to enhance the relative 

competitive ability of B. bufo tadpoles, but rather to lower risks arising from high 

densities of competitors: increased risks of cannibalism and of disease transmission. 

This study, therefore, delivered the first proof that free-moving animals can adjust 

their toxin production also to the presence and density of competitors.  

 

(9) When investigating how inducible chemical defences are adjusted to the 

simultaneous presence of predators and high competitor densities, our results 

repeated the previous main findings that perceived predation risk and high 

conspecific density can both induce an increase in the toxin production of B. bufo 

tadpoles, at least when differences in body size are accounted for. However, at high 

conspecific densities the effect of predation risk was not significant, while the anti-

predator response did not differ significantly between low and high tadpole densities. 

It, thus, appears that tadpoles can adjust their toxin production to predation risk 

and conspecific density simultaneously, where at high tadpole densities the 

presence of predators does not induce an additional enhancement of chemical 

defences. 

 

(10) When assessing whether the synthesis of defensive chemicals in the skin is enhanced 

or suppressed upon exposure to obligate pathogens, the genetic analyses showed that 

the prevalence of the pathogenic fungus Batrachochytrium dendrobatidis and the 

infection intensities were very low in R. dalmatina tadpoles and froglets, whereas 

prevalence was high in B. bufo tadpoles and froglets, accompanied by high infection 

intensities, especially after metamorphosis. Exposure to the chytrid fungus did not 

induce an increase in the production of chemical defences in tadpoles of either 

species. However, metamorphosed individuals of both species that had been exposed 

to the fungus during the larval life-stage contained lower amounts of defensive 

chemicals as compared to non-exposed control individuals. Thus, we found no 

evidence for pathogen-induced enhancement of chemical defences, but rather 

detected long-term negative effects of pathogen exposure, which may 

compromise defences against microbes, predators and competitors.  
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4.2. Comprehensive discussion 
 

The papers presented here provided novel insights on several aspects of predator detection and 

the subsequent appearance of induced defences in anuran larvae. We delivered clear evidence 

for the importance of continually released predator-borne cues and digestion-released prey-

borne cues in shaping tadpoles' antipredator responses (Hettyey et al. 2015). We also showed 

that tadpoles integrate the information content delivered by various types of chemical cues 

while also taking into account their own body size to adjust their inducible defences (Hettyey 

et al. 2010). In addition to chemical cues, we documented that visual signals can also play a 

crucial role in eliciting antipredator behaviour, especially when predators are in close proximity 

to tadpoles, while acoustic and hydraulic cues appeared to have little impact on the tadpoles' 

defensive behaviour (Hettyey et al. 2012; also see Szabo et al. 2021; Fouilloux et al. 2023; 

Gazzola et al. 2022). The fine-tuning of antipredator responses based on external cues of various 

origins and types, as well as on the tadpoles' internal state draws attention to the complexity of 

the decision-tree underlying the phenotypic materialization of inducible defences. This 

complexity necessitates a precise and well-defined terminology if we are to avoid confusion. 

We therefore proposed a clear binomial nomenclature for categorizing chemical cues used in 

predator detection (Hettyey et al. 2015). This terminology states the timing of cue release 

(stress-, attack-, capture-, digestion- or continually-released cues) as well as the origin of cues 

(prey-borne vs. predator-borne cues). By facilitating the avoidance of ambiguities, this 

terminology also improves the among-study comparability of results. 

Our results also supported some general concepts about how prey adjust their induced 

defenses to the presence of predators. Chemical cues again proved to be of fundamental 

importance to anuran larvae when it comes to predator recognition (all papers involving 

predators, but especially Hettyey et al. 2012, 2015). Also, prey appeared to use predator-borne 

cues to adjust the type of their antipredator response, and prey-borne cues to modulate its 

intensity (Hettyey et al. 2010). Different types of cues in isolation were capable of inducing 

responses in tadpoles, but only the simultaneous presence of various cues triggered the full 

magnitude of induced defences (Hettyey et al. 2015). Finally, the phylogenetic distance 

between the prey attacked by predators and the individuals eavesdropping on the predation 

event appeared to be decisively important for the strength of inducible defences (Hettyey et al. 

2015; also see Ramamonjisoa and Mori 2019; Gazzola et al. 2025). These observations further 

strengthen the view that tadpoles evolved to be able to sense and use various types of 

information on the dangers present in their environment and to very carefully adjust their 

antipredatory responses. 

One general observation recurring in several papers was that the strength and type of 

defensive responses can closely mirror the level of threat posed by predators. For example, 

tadpoles exposed to predators that are more dangerous exhibited stronger morphological, 

behavioural, and chemical defences (Hettyey et al. 2010, 2011, 2019). Also, large tadpoles that 

were less vulnerable to predation showed weaker behavioural responses to predators (Hettyey 

et al. 2010). More intense antipredator responses appeared to have some immediate costs in 

terms of lowered survival rates and slowed development in the presence of high-risk predators, 

but we did not observe clear long-term costs reaching beyond metamorphosis (Hettyey et al. 

2011). Interestingly, while induced phenotypes provided a survival advantage, more extreme 

phenotypes did not necessarily offer additional protection, and the advantage of these 

phenotypes diminished as tadpoles grew larger (Hettyey et al. 2011). 

One of the most striking results we obtained regards the tadpoles' difficulty in detecting 

newly introduced invasive predators. While tadpoles responded well to native and long-

established invasive percids, they failed to recognize more recently arrived invaders as a threat 

(Hettyey et al. 2016; also see Méndez-Méndez et al. 2023;Wang et al. 2024). This inability to 
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detect new invasive species suggests a high vulnerability to these predators. However, based 

on our results and on those of the few existing similar studies we hypothesize that with intense 

natural selection and sufficient genetic variability, tadpoles could evolve the ability to recognize 

these invasive predators within as few as 30 generations (also see Nunes et al. 2013, 2014a, b). 

This highlights not only the potential risks posed by biological invasions but also the capacity 

for rapid evolutionary adaptation in response to new environmental challenges. 

In order to maximize our ability to tell if tadpoles were capable of detecting the simulated 

threat posed by predators, in the first five papers we measured traits as our response variables 

that were well-known to be phenotypically plastic and to form parts of inducible defences. Our 

results on such induced changes in behaviour and morphology mostly aligned to our predictions 

and to what can be found in the relevant literature. However, beyond assessing antipredator 

responses in these ecologically important characteristics serving as gold standards when it 

comes to the study of inducible defences, in the second half of the presented studies we explored 

phenotypic plasticity in chemical defences of anuran larvae, a phenomenon that had previously 

remained practically unstudied. 

In a review, we summarized what was known about inducible chemical defences in 

animals (Hettyey et al. 2014). We identified three contexts in which inducible chemical 

defences may play a crucial role: against predators, against parasites and pathogens, and in 

competitive interactions. In vertebrates, we found no study providing clear evidence of induced 

changes in toxin production in response to predators or competitors, and only a very few had 

reported it in response to pathogens. We suggested that by expanding research into different 

taxa and testing the fitness benefits of these defences, we could refine our understanding of the 

evolutionary trade-offs associated with plasticity. Such research would also have the potential 

to provide insights into broader ecological and evolutionary processes and may ultimately have 

applications in medicine, pharmacology, and agriculture. We concluded that inducible chemical 

defences represented a critical, yet underappreciated, component of phenotypic plasticity that 

deserved greater attention in research. 

In the experimental studies, we provided the first compelling evidence of predator-

induced changes in chemical defences of a vertebrate by showing that Bufo bufo tadpoles 

increased the production and diversity of bufadienolide compounds when exposed to chemical 

cues from multiple predator species (Hettyey et al. 2019). Notably, the predators that pose the 

highest risk and are also most sensitive to bufadienolides triggered the strongest responses. In 

subsequent studies, we expanded the focus to include the effect of competition in addition to 

predation and found that B. bufo tadpoles also exhibited competition-induced plasticity in 

chemical defences, with higher densities of conspecifics leading to increased bufadienolide 

production (Bókony et al. 2018; Üveges et al. 2021). This suggests that competition itself acts 

as a trigger for chemical defence enhancement, potentially as a response to the elevated risk of 

cannibalism or of increased disease transmission at high densities. However, we found no 

evidence that bufadienolides function as allelochemicals, as the presence of ranid tadpoles did 

not induce higher bufadienolide production in B. bufo, and the presence of B. bufo tadpoles did 

not inhibit the growth of heterospecific larvae. This indicates that bufadienolides are more likely 

to play a role in intraspecific rather than interspecific competitive interactions. When exploring 

pathogen-induced effects on chemical defences, we revealed that exposure to an obligate 

amphibian pathogen (B. dendrobatidis) did not result in significantly increased toxin production 

in tadpoles, but rather resulted in suppressed chemical defences in metamorphosed individuals 

(Ujszegi et al. 2017, 2021; Kásler et al. 2022; also see Le Sage et al. 2024). This suggests that 

infection during the larval stage results in immunosuppression or incurs a cost that manifests in 

reduced bufadienolide production after metamorphosis, which in turn has the potential to 

compromise the animals' long-term survival prospects. 
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It is worth mentioning that, beyond the ones described here, we performed several further 

studies on the plasticity of chemical defences in B. bufo tadpoles. We started off with two 

correlative investigations (Bókony et al. 2016; Ujszegi et al. 2020), both of which found 

considerable among-population variation in the toxin content of B. bufo tadpoles (for similar 

studies see Cao et al. 2019; De Meester et al. 2021; Hudson et al. 2021) and a positive 

correlation with tadpole density, but neither one found a relationship between bufadienolide 

quantities and predation risk. We also performed two experimental investigations where we 

tested for predator-induced changes in toxin synthesis, but we observed no effect of simulated 

predator presence (Üveges et al. 2017, 2019). The question arises, what may have caused these 

negative results regarding antipredator responses in toxin synthesis, and why one should believe 

the outcomes of the studies presented here in detail (Papers 7 & 9), which happen to support its 

existence? It is important to point out that in the first two experimental studies focal animals 

originated from permanent, fish-inhabited ponds and tadpoles were raised at rather high 

densities, whereas in the latter experiments we (also) used animals originating from temporary 

ponds lacking fish and tadpoles were raised alone or (also) at low densities. Consequently, one 

possible explanation for why tadpoles did not respond to predator exposure with altered toxin 

synthesis in the two previous experiments (Üveges et al. 2017, 2019) may be that they were 

locally adapted to permanently high predation risk with toxin production genetically fixed at a 

high level, leaving little space for plasticity to manifest. However, in Paper 7 we showed that 

tadpoles from both permanent and temporary ponds did not differ in their toxin production in 

the absence of predators and showed similar responses to predator cues, refuting the explanation 

relying on local adaptation to high predation pressure. Another possibility is that in earlier 

studies we may have sampled populations, which, just by chance, exhibited little plasticity in 

chemical defence, while in Papers 7 & 9 we happened to use specimens of populations with 

high plasticity. We cannot refute this hypothesis, as among-population variation in the level of 

phenotypic plasticity is a well-known phenomenon. However, we think that the best 

explanation for the discrepancy between the outcomes of the previous experiments and Papers 

7 & 9 was delivered by Papers 8 and 9. In Paper 8 we showed that, in alignment to results of 

the correlative studies (Bókony et al. 2016; Ujszegi et al. 2020), B. bufo tadpoles adjusted their 

toxin synthesis to conspecific density, while in Paper 9 we found that tadpoles developing at 

high densities do not further increase their toxin production upon sensing the presence of 

predators. The possible explanations of decreasing antipredator responses with increasing 

conspecific densities include lower per capita predation risk at high densities, increasing costs 

of toxin production due to intensifying competition for resources, and the existence of an upper 

limit to defence expression as shown for behavioural and morphological antipredator responses. 

Not knowing this yet, we raised tadpoles in the two previous experiments (Üveges et al. 2017, 

2019) at high densities (three tadpoles in 1.5 litres and 60 tadpoles in 130 litres, respectively), 

and observed no predator-induced changes in tadpole toxin content. In contrast, we did 

document inducible changes in toxin content in Paper 7, where we reared tadpoles individually, 

and in Paper 9, where we raised 6 or 12 (but not when raising 24!) tadpoles in 40 litres of water. 

It, thus, appears that the contradiction between the outcomes of our studies was shaped perhaps 

by chance effects and definitely by differences in tadpole densities. 

It is important to note that in the presented studies on plasticity in chemical defences we 

did not demonstrate fitness benefits of increased toxin production in terms of elevated survival 

when exposed to free-ranging predators, although this would also be necessary for concluding 

on the adaptive value of the detected responses (DeWitt and Scheiner 2004). This is all the more 

an issue because we also demonstrated increased toxin production in toad tadpoles upon 

exposure to a pesticide (Bókony et al. 2017), raising the possibility that the upregulation of 

bufadienolide synthesis is a general, undirected stress response. We later refuted the hypothesis 

that increased toxin production was proximately driven directly by elevated stress hormone 
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levels (Üveges et al. 2023), but the exact regulatory pathway remains unknown. In a study not 

detailed here (Üveges et al. 2019) we did attempt to capture survival benefits of elevated 

bufadienolide synthesis when facing predators. We reared toad tadpoles in the presence of four 

types of caged predators and subsequently exposed predator-experienced and predator-naïve 

tadpoles to free-ranging predators. We observed that the two tested vertebrate predators avoided 

preying on toad tadpoles all together, while at least one of the invertebrate predators consumed 

more naïve than experienced tadpoles. However, there was no significant difference in the toxin 

content between predator-experienced and predator-naïve tadpoles, so that the elevated survival 

of experienced tadpoles could not be attributed to a protective effect of enhanced chemical 

defences. A truly elegant and convincing approach would be to manipulate the toxin production 

of tadpoles via biochemical manipulation while not inducing changes in other traits, but this 

requires the uncovering of expression pathways which remains to be done. Nonetheless, future 

studies comparing fitness of induced and non-induced phenotypes in different environments 

will likely prove fruitful and would largely enhance our understanding of the evolutionary 

emergence and maintenance of inducible chemical defences. 

Besides describing changes in toxin production induced by the presence of predators, 

competitors and pathogens, we also assessed fitness correlates in induced phenotypes outside 

the inducing environment, thereby fulfilling an important requirement posed by theoretical 

considerations for a documentation of adaptive plasticity (DeWitt and Scheiner 2004). We 

could not conclude on the costs of plasticity itself, but, as opposed to results on Rhinella marina 

toads (Blennerhassett et al. 2019), the costs of producing elevated quantities of toxins were non-

detectable or weak (Kurali et al. 2016; Üveges et al. 2017; Tóth et al. 2019). Costs of plasticity 

are generally found to be weak and to surface only under extreme conditions and depending on 

the context (Steiner 2007; Van Buskirk and Steiner 2009; Auld et al. 2010; Murren et al. 2015). 

Costs of expressing the induced phenotype, on the other hand, do not necessarily appear in the 

measured traits, in all environments and simultaneously with the induced defence (Scheiner and 

Berrigan 1998; Agrawal et al. 1999; Van Buskirk and Saxer 2001). Finally, costs would need 

to be assessed in terms of net fitness change, which is notoriously difficult to measure, and the 

surrogate measures taken may or may not provide reliable estimates of fitness-consequences. 

Consequently, the costs of induced defences have often remained elusive, and detecting them 

can turn out to be a difficult task (Tollrian and Harvell 1999b; Murren et al. 2015). However, it 

is important to note that costs may also disappear over evolutionary time, so that not finding a 

cost does not necessarily mean a contradiction between theory and empirical data (DeWitt et 

al. 1998). 

From a methodological and conceptual point of view, it is interesting to re-visit how well 

our initial correlative studies on among-population variation in chemical defences (Bókony et 

al. 2016; Ujszegi et al. 2020) managed to detect relationships between environmental factors 

and toxin content of tadpoles, which were later demonstrated or refuted to be cause-and-effect 

relations by the relevant experimental studies (Papers 6-10). The correlative studies indicated a 

potential importance of tadpole density for toxin production, which we later confirmed in the 

experimental studies. However, the correlative studies failed to reveal the relationship between 

predator densities and tadpole toxin content, which was most likely due to relatively high 

tadpole densities in the sampled ponds. Finally, the correlative studies indicated a relationship 

between microbiota composition and toxin synthesis, but this was presumably not the result of 

a cause-and-effect relationship, but was likely caused by a third, non-measured factor 

influencing both (e.g., permanence of water body). Our studies altogether deliver a beautiful 

example that the correlative approach is vitally important for uncovering natural patterns and 

for obtaining a first impression on what may have shaped them, but the scrutiny of experimental 

studies is clearly necessary for an unambiguous determination of the underlying processes. 
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Overall, we demonstrated that tadpoles exhibit highly plastic responses to several threats, 

modulating behavior, morphology, and toxin production. This adaptability likely provides a 

survival advantage in dynamic and unpredictable natural environments, where tadpoles fine-

tune their responses to maximize their chances of evading external threats while navigating the 

trade-offs between immediate and long-term fitness benefits and costs. Moreover, our findings 

stress that if we want to understand inducible defences, we cannot be content with studying the 

effect of just one environmental factor, but rather have to simultaneously consider multiple 

potentially important ones. Finding costs and demonstrating benefits of predator-induced 

changes in morphological, behavioural, and especially chemical defences remains a promising 

avenue that will shed light on the evolutionary appearance and maintenance of inducible 

defences. Such studies on adaptive plasticity continue to have important repercussions for 

evolutionary biology, chemical ecology, behavioural ecology and conservation biology, but, 

especially those on inducible chemical defences of animals, may also provide new impulses to 

agriculture, medicine, and pharmacology. Most importantly, however, expanding the 

knowledge regarding inducible defences contributes to our basic understanding of how animals 

cope with their environment – a question that has fascinated mankind for thousands of years, 

and which has been a real privilege to study. 

 

 

  

               hettyey.attila_297_24



 

123 

5. Acknowledgements 
 

First and foremost, I would like to thank my PhD supervisor, János Török (Department of 

Systematic Zoology and Ecology, ELTE, Budapest). He was the one who introduced me to 

ecology and behavioural studies. He allowed me to choose amphibians over his beloved birds 

and granted me total freedom in what I did, when, and where. At the same time, whenever I 

asked for it, he always gave me scientific advice I could completely rely on. 

When I was new to herpetology, Tibor Kovács took me on exciting and enjoyable field 

trips. He showed me how to approach frogs and study their ecology in the wild, which was a 

great start. 

I am grateful to my mentors Heinz-Ulrich Reyer and Josh van Buskirk (University of 

Zurich, Switzerland), J. Dale Roberts (University of Western Australia, Perth), Anssi Laurila 

(Uppsala University, Sweden), Herbert Hoi and Dustin J. Penn (Konrad Lorenz Institute of 

Ethology, Vienna, Austria). They welcomed me into their incredible research groups without 

previously knowing me. Their friendliness helped me settle in and feel at home during my stays. 

Most importantly, they were the ones who taught me the methodologies and the dos and don’ts 

of experimental research, both in general and specifically on amphibians. It was an honour to 

be part of their outstanding labs. 

I am deeply indebted to my former colleagues with whom I had the pleasure of 

collaborating. Some earlier colleagues, who also became good friends, include Gábor Herczeg, 

Peter B. Pearman, Martin A. Dziminski, Danielle Edwards, Germán Orizaola, Emma Dahl, 

Björn Rogell, María Quintela, Fredrik Söderman, Matteo Griggio, Joachim G. Frommen, 

Kerstin E. Thonhauser, Sophie Hutter, Kerstin Musolf, Shirley Raveh, Franziska C. Schädelin, 

and Sarah M. Zala. I learned a great deal from them and am grateful to have met them. 

I also thank all current and former members of the Lendület Research Group (HUN-REN 

ATK NÖVI, Budapest). Most of my best research was done in collaboration with them, and we 

had a lot of fun along the way. I have to thank especially Veronika Bókony and Zoltán Tóth 

who decisively shaped the group and largely contributed to its success. 

I would like to express my gratitude to my family. My parents wholeheartedly supported 

me throughout my studies and early career, and they encouraged me to undertake research visits 

abroad - a wise decision on their part. I am also grateful to my first wife, Natália Horváth, who 

was always ready to move to whichever country we needed to be in and endured the field 

seasons when I was of little help at home. She kept the children and the family going so I could 

focus on science. I also thank my second wife, Magdolna Szelényi, who inspires me with her 

attitude toward work and lifelong learning. She has also been great in raising our children -

especially during the busy experimental seasons. 

Finally, I would like to thank my high school teachers, József Rékási, József Szabolcs, 

and Tamás Horváth-Dori OSB. They awakened my interest in the natural sciences, inspired me 

to become a biologist, and, fortunately, were unsuccessful in diverting me from that path. 

 

  

               hettyey.attila_297_24



 

124 

6. References cited in the general parts 
 

Agrawal AA, Laforsch C, Tollrian R (1999): Transgenerational induction of defences in 

animals and plants. Nature, 401: 60–63. 

Alford RA (1999): Ecology – Resource use, competition, and predation. In: Tadpoles. The 

biology of anuran larvae. (McDiarmid RW, Altig R. eds.) pp. 240–278, University of 

Chicago Press, Chicago, USA. 

Arribas R, Díaz-Paniagua C, Gomez-Mestre I (2014): Ecological consequences of amphibian 

larvae and their native and alien predators on the community structure of temporary 

ponds. Freshwater Biology, 59: 1996–2008. 

Auld JR, Agrawal AA, Relyea RA (2010): Re-evaluating the costs and limits of adaptive 

phenotypic plasticity. Proceedings of the Royal Society B – Biological Sciences, 277: 

503–511. 

Banks PB, Dickman CR (2007): Alien predation and the effects of multiple levels of prey 

naïveté. Trends in Ecology & Evolution, 22: 229–230. 

Benard MF, Fordyce JA (2003): Are induced defenses coslty? Consequences of predator-

induced defenses in western toads, Bufo boreas. Ecology, 84: 68–78. 

Benard MF (2006): Survival trade-offs between two predatorinduced phenotypes in Pacific 

treefrogs (Pseudacris regilla). Ecology, 87: 340–346. 

Blennerhassett RA, Bell-Anderson K, Shine R, Brown GP (2019): The cost of chemical 

defence: the impact of toxin depletion on growth and behaviour of cane toads (Rhinella 

marina). Proceedings of the Royal Society B – Biological Sciences, 286: 20190867. 

Bókony V, Móricz ÁM, Tóth Zs, Gál Z, Kurali A, Mikó Zs, Pásztor K, Szederkényi M, Tóth 

Z, Ujszegi J, Üveges B, Krüzselyi D, Hoi H, Hettyey A (2016): Variation in chemical 

defense among natural populations of common toad, Bufo bufo, tadpoles: the role of 

environmental factors. Journal of Chemical Ecology, 42: 329–338. 

Bókony V, Mikó Zs, Móricz ÁM, Krüzselyi D, Hettyey A (2017): Chronic exposure to a 

glyphosate-based herbicide makes toad larvae more toxic. Proceedings of the Royal 

Society B – Biological Sciences, 284: 20170493. 

Bókony V, Üveges B, Móricz ÁM, Hettyey A (2018): Competition induces increased toxin 

production in toad larvae without allelopathic effects on heterospecific tadpoles. 

Functional Ecology, 32: 667–675. 

Bradshaw AD (1965): Evolutionary significance of phenotypic plasticity in plants. Advances 

in Genetics, 13: 115–155. 

Bridges CM (1999): Effects of a pesticide on tadpole activity and predator avoidance behavior. 

Journal of Herpetology, 33: 303–306. 

Brönmark C, Hansson L-A (2000): Chemical communication in aquatic systems. Oikos, 88: 

103–109. 

Bucciarelli GM, Shaffer HB, Green DB, Kats LB (2017): An amphibian chemical defense 

phenotype is inducible across life history stages. Scientific Reports, 7: 8185. 

Bucciarelli GM, Alsalek F, Kats LB, Green DB, Shaffer HB (2022): Toxic relationships and 

arms-race coevolution revisited. Annual Review of Animal Biosciences, 10: 63–80. 

Callahan HS, Maughan H, Steiner UK (2008): Phenotypic plasticity, costs of phenotypes, and 

costs of plasticity. Annals of the New York Academy of Sciences, 1133: 44–66. 

               hettyey.attila_297_24



 

125 

Campbell SA, Kessler A (2013): Plant mating system transitions drive macroevolution of 

defense strategies. Proceedings of the National Academy of Sciences of the United States 

of America, 110: 3973–3978. 

Cao Y, Cui K, Pan H, Wu J, Wang L (2019): The impact of multiple climatic and geographic 

factors on the chemical defences of Asian toads (Bufo gargarizans Cantor). Scientific 

Reports, 9: 17236. 

Carr JM, Lima SL (2010): High wind speeds decrease the responsiveness of birds to potentially 

threatening moving stimuli. Animal Behaviour, 80: 215–220. 

Carroll SP, Dingle H, Klassen SP (1997): Genetic differentiation of fitness-associated traits 

among rapidly evolving populations of the soapberry bug. Evolution, 51: 1182–1188. 

Chivers DP, Smith RJF (1998): Chemical alarm signalling in aquatic predator-prey systems: a 

review and prospectus. Ecoscience, 5: 338–352. 

Chivers DP, Ferrari MCO (2013): Tadpole antipredator responses change over time: what is 

the role of learning and generalization? Behavioral Ecology, 24: 1114–1121. 

Cipollini D, Purrington CB, Bergelson J (2003): Costs of induced responses in plants. Basic 

and Applied Ecology, 4: 79–89. 

Cornwallis CK, Uller T (2010): Towards an evolutionary ecology of sexual traits. Trends in 

Ecology & Evolution, 25: 145–152. 

Cox JG, Lima SL (2006): Naiveté and an aquatic–terrestrial dichotomy in the effects of 

introduced predators. Trends in Ecology & Evolution, 21: 674–680. 

Crossland MR, Shine R (2012): Embryonic exposure to conspecific chemicals suppresses cane 

toad growth and survival. Biology Letters, 8: 226–229. 

Cruz MJ, Rebelo R, Crespo EG (2006): Effects of an introduced crayfish, Procambarus clarkii, 

on the distribution of south-western Iberian amphibians in their breeding habitats. 

Ecography, 29: 329–338. 

Daly JW, Garraffo HM, Myers CW (1997a): The origin of frog skin alkaloids: an enigma. 

Pharmaceutical News, 4: 9–14. 

Daly JW, Padgett WL, Saunders RL, Cover JFJr (1997b): Absence of tetrodotoxins in a captive-

raised riparian frog, Atelopus varius. Toxicon, 35: 705–709. 

David JR, Gibert P, Moreteau B (2004): Evolution of reaction norms. In: Phenotypic Plasticity: 

Functional and Conceptual Approaches. (DeWitt TJ, Scheiner SM, eds.) pp. 50–63, 

Oxford University Press, New York, USA. 

Dawkins R, Krebs JR (1979): Arms races between and within species. Proceedings of the Royal 

Society B – Biological Sciences, 205: 489–511. 

De Meester G, Šunje E, Prinsen E, Verbruggen E, Van Damme R (2021): Toxin variation 

among salamander populations: discussing potential causes and future directions. 

Integrative Zoology, 16: 336–353. 

DeWitt TJ, Sih A, Wilson DS (1998): Costs and limits of phenotypic plasticity. Trends in 

Ecology & Evolution, 13: 77–81. 

DeWitt TJ, Scheiner SM (2004): Phenotypic variation from single genotypes: A primer. In: 

Phenotypic Plasticity: Functional and Conceptual Approaches. (DeWitt TJ, Scheiner SM, 

eds.) pp. 1–9, Oxford University Press, New York, USA. 

Doughty P, Reznick DN (2004): Patterns and analysis pf adaptive phenotypic plasticity in 

animals. In: Phenotypic Plasticity: Functional and Conceptual Approaches. (DeWitt TJ, 

Scheiner SM, eds.) pp. 126–150, Oxford University Press, New York, USA. 

               hettyey.attila_297_24



 

126 

Endler JA (1993): The color of light in forests and its implications. Ecological Monographs, 

63: 1–27. 

Erspamer V (1994): Bioactive secretions of the amphibian integument. In: Amphibian biology. 

(Heatwole H, Barthalmus GT, Heatwole AY, eds.) pp. 178–350, Surrey Beatty and Sons, 

Chipping Norton, Australia. 

Fischer BB, Kwiatkowski M, Ackermann M, Krismer J, Roffler S, Suter MJF, Eggen RIL, 

Matthews B (2014): Phenotypic plasticity influences the eco-evolutionary dynamics of a 

predator–prey system. Ecology, 95: 3080–3092. 

Fleishman LJ, Pallus AC (2010): Motion perception and visual signal design in Anolis lizards. 

Proceedings of the Royal Society B – Biological Sciences, 277: 3547–3554. 

Fouilloux CA, Stynoski JL, Yovanovich CAM, Rojas B (2023): Visual environment of rearing 

sites affects larval response to perceived risk in poison frogs. Journal of Experimental 

Biology, 226: jeb245822. 

Fordyce JA, Nice CC, Shapiro AM (2006): A novel trade-off of insect diapause affecting a 

sequestered chemical defense. Oecologia, 149: 101–106. 

Fraker ME (2008): The effect of hunger on the strength and duration of the antipredator 

behavioral response of green frog (Rana clamitans) tadpoles. Behavioral Ecology and 

Sociobiology, 62: 1201–1205. 

Fraker ME (2009): Predation risk assessment through chemical cues produced by multiple prey. 

Behavioral Ecology and Sociobiology, 63: 1397–1402. 

Fraker ME, Hu F, Cuddapah V, McCollum SA, Relyea RA, Hempel J, Denver RJ (2009): 

Characterization of an alarm pheromone secreted by amphibian tadpoles that induces 

behavioral inhibition and suppression of the neuroendocrine stress axis. Hormones and 

Behavior, 55: 520–529. 

Frommen JG, Thünken T, Santostefano S, Balzarini V, Hettyey A (2022): Effects of chronic 

and acute predation risk on sexual ornamentation and mating preferences. Behavioral 

Ecology, 33: 7–16. 

Frost SDW (1999): The immune system as an inducible defense. In: The ecology and evolution 

of inducible defences. (Tollrian R, Harvell CD, eds.) pp. 104–126. Princeton University 

Press, New Jersey, USA. 

Gazzola A, Guadin B, Balestrieri A, Pellitteri-Rosa D (2022): Multimodal cues do not improve 

predator recognition in Green toad tadpoles. Animals, 12: 2603. 

Gazzola, A, Balestrieri A, Schulte LM, Lipkowski K, Pellitteri-Rosa D (2025): Variation in 

defensive strategies of brown frogs against conspecific and heterospecific alarm cues. 

Evolutionary Biology, 52: 61–70. 

Getty T (1996): The maintenance of phenotypic plasticity as a signal detection problem. 

American Naturalist, 148: 378–385. 

Ghalambor CK, McKay JK, Carroll SP, Reznick DN (2007): Adaptive versus non-adaptive 

phenotypic plasticity and the potential for contemporary adaptation in new environments. 

Functional Ecology, 21: 394–407. 

Gonzalo A, Lopez P, Martin J (2007): Iberian green frog tadpoles may learn to recognize novel 

predators from chemical alarm cues of conspecifics. Animal Behaviour, 74: 447–453. 

Gouchie GM, Roberts LF, Wassersug RJ (2008): The effect of mirrors on African clawed frog 

(Xenopus laevis) larval growth, development, and behavior. Behavioral Ecology and 

Sociobiology, 62: 1821–1829. 

               hettyey.attila_297_24



 

127 

Hagman M, Hayes R, Capon RJ, Shine R (2009): Alarm cues experienced by cane toad tadpoles 

affect post-metamorphic morphology and chemical defences. Functional Ecology, 23: 

126–132. 

Harvell CD (1990): The ecology and evolution of inducible defenses. The Quarterly Review of 

Biology, 65: 323–340. 

Hayes RA, Crossland MR, Hagman M, Capon RJ, Shine R (2009): Ontogenetic variation in the 

chemical defences of cane toads (Bufo marinus): toxin profiles and effects on predators. 

Journal of Chemical Ecology, 35: 391–399. 

Heil M, Greiner S, Meimberg H, Krüger R, Noyer J-L, Heubl G, Linsenmair KE, Boland W 

(2004): Evolutionary change from induced to constitutive expression of an indirect plant 

resistance. Nature, 430: 205–208. 

Heil M (2010): Plastic defence expression in plants. Evolutionary Ecology, 24: 555–569. 

Hendry AP (2016): Key questions on the role of phenotypic plasticity in eco-evolutionary 

dynamics. Journal of Heredity, 107: 25–41. 

Hettyey A, Zsarnóczai S, Vincze K, Hoi H, Laurila A (2010): Interactions between the 

information content of different chemical cues affect induced defences in tadpoles. Oikos, 

119: 1814–1822. 

Hettyey A, Vincze K, Zsarnóczai S, Hoi H, Laurila A (2011): Costs and benefits of defences 

induced by predators differing in dangerousness. Journal of Evolutionary Biology, 24: 

1007–1019. 

Hettyey A, Rölli F, Thürlimann N, Zürcher A-C, Van Buskirk J (2012) Visual cues contribute 

to predator detection in anuran larvae. Biological Journal of the Linnean Society, 106: 

820–827. 

Hettyey A, Tóth Z, Van Buskirk J (2014): Inducible chemical defences in animals. Oikos, 123: 

1025–1028. 

Hettyey A, Tóth Z, Thonhauser KE, Frommen JG, Penn DJ, Van Buskirk J (2015): The relative 

importance of prey‑borne and predator‑borne chemical cues for inducible antipredator 

responses in tadpoles. Oecologia, 179: 699–710. 

Hettyey A, Thonhauser KE, Bókony V, Penn DJ, Hoi H, Griggio M (2016): Naive tadpoles do 

not recognize recent invasive predatory fishes as dangerous. Ecology, 97: 2975–2985. 

Hettyey A, Üveges B, Móricz ÁM, Drahos L, Capon RJ, Van Buskirk J, Tóth Z, Bókony V 

(2019): Predator‐induced changes in the chemical defence of a vertebrate. Journal of 

Animal Ecology, 88: 1925–1935. 

Hoff KvS, Blaustein AR, McDiarmid RW, Altig R (1999): Behavior: interactions and their 

consequences. In: Tadpoles: the biology of anuran larvae. (McDiarmid RW, Altig R, eds.) 

pp. 215–239, The University of Chicago Press, Chicago, USA. 

Holding ML, Biardi JE, Gibbs HL (2016): Coevolution of venom function and venom 

resistance in a rattlesnake predator and its squirrel prey. Proceedings of the Royal Society 

B – Biological Sciences, 283: 20152841. 

Hollander J (2008): Testing the grain-size model for the evolution of phenotypic plasticity. 

Evolution, 62: 1381–1389. 

Houston AI, McNamara JM, Hutchinson JMC (1993): General results concerning the trade-off 

between gaining energy and avoiding predation. Philosophical Transactions of the Royal 

Society B – Biological Sciences, 341: 375–397. 

Hoverman JT, Auld JR, Relyea RA (2005): Putting prey back together again: integrating 

predator-induced behavior, morphology, and life history. Oecologia, 144: 481–491. 

               hettyey.attila_297_24



 

128 

Hudson CM, Brown GP, Blennerhassett RA, Shine R (2021): Variation in size and shape of 

toxin glands among cane toads from native-range and invasive populations. Scientific 

Reports, 11: 936. 

Ingleby FC, Hunt J, Hosken DJ (2010): The role of genotype-by-environment interactions in 

sexual selection. Journal of Evolutionary Biology, 23: 2031–2045. 

Jackson JBC, Buss L (1975): Allelopoathy and spatial competition among coral-reef 

invertebrates. Proceedings of the National Academy of Sciences of the United States of 

America, 72: 5160–5163. 

Jowers MJ, Campbell-Palmer R, Walsh PT, Downie JR (2006): Intraspecific variation in the 

avoidance response of stream frog (Mannophryne trinitatis) tadpoles to fish and prawn 

predators. Herpetological Journal, 16: 337–346. 

Karban R, English-Loeb G, Hougen-Eitzman D (1997): Mite vaccinations for sustainable 

management of spider mites in vineyards. Ecological Applications, 7: 183–193. 

Kásler A, Ujszegi J, Holly D, Üveges B, Móricz ÁM, Herczeg D, Hettyey A (2022): 

Metamorphic common toads keep chytrid infection under control, but at a cost. Journal 

of Zoology, 317: 159–169. 

Kats LB, Dill LM (1998): The scent of death: chemosensory assessment of predation risk by 

prey animals. Ecoscience, 5: 361–394. 

Kessler A, Baldwin IT (2004): Herbivore-induced plant vaccination. Part I. The orchestration 

of plant defenses in nature and their fitness consequences in the wild tobacco Nicotiana 

attenuata. The Plant Journal, 38: 639–649. 

Kiesecker JM, Chivers DP, Blaustein AR (1996): The use of chemical cues in predator 

recognition by western toad tadpoles. Animal Behaviour, 52: 1237–1245. 

Kiesecker JM, Chivers DP, Marco A, Quilchano C, Anderson MT, Blaustein AR (1999): 

Identification of a disturbance signal in larval red-legged frogs, Rana aurora. Animal 

Behaviour, 57: 1295–1300. 

Kishida O, Nishimura K (2005): Multiple inducible defences against multiple predators in the 

anuran tadpole, Rana pirica. Evolutionary Ecology Research, 7: 619–631. 

Kovach-Orr C, Fussmann GF (2013): Evolutionary and plastic rescue in multitrophic model 

communities. Philosophical Transactions of the Royal Society B – Biological Sciences, 

368: 20120084. 

Kruse KC, Stone BM (1984): Largemouth bass (Micropterus salmoides) learn to avoid feeding 

on toad (Bufo) tadpoles. Animal Behaviour, 32: 1035–1039. 

Kubanek J, Whalen KE, Engel S, Kelly SR, Henkel TP, Fenical W, Pawlik JR (2002): Multiple 

defensive roles for triterpene glycosides from two Caribbean sponges. Oecologia, 131: 

125–136. 

Kuhlmann H-W, Kusch J, Heckmann K (1999): Predator-induced defences in ciliated protozoa. 

In: The ecology and evolution of inducible defences. (Tollrian R, Harvell CD, eds.) pp. 

142–159, Princeton University Press, Princeton, USA. 

Kurali A, Pásztor K, Hettyey A, Tóth Z (2016): Toxin depletion has no effect on antipredator 

responses in common toad (Bufo bufo) tadpoles. Biological Journal of the Linnean 

Society, 119: 1000–1010. 

Kurali A, Pásztor K, Hettyey A, Tóth Z (2018): Resource-dependent temporal changes in anti-

predator behavior of common toad (Bufo bufo) tadpoles. Behavioral Ecology and 

Sociobiology, 72: 91. 

Kusch J (1995): Adaptation of inducible defense in Euplotes daidaleos (Ciliophora) to 

predation risks by various predators. Microbial Ecology, 30: 79–88. 

               hettyey.attila_297_24



 

129 

Künzler M (2018) How fungi defend themselves against microbial competitors and animal 

predators. PLoS Pathogens, 14: e1007184. 

LaFiandra EM, Babbitt KJ (2004): Predator induced phenotypic plasticity in the pinewoods tree 

frog, Hyla femoralis: necessary cues and the cost of development. Oecologia, 138: 350–

359. 

Lannoo MJ (1999): Integration: nervous and sensory systems. In: Tadpoles: the biology of 

anuran larvae. (McDiarmid R, Altig R, eds.) pp. 149–169, The University of Chicago 

Press, Chicago, USA. 

Laurila A, Kujasalo J, Ranta E (1998): Predator-induced changes in life history in two anuran 

tadpoles: effects of predator diet. Oikos, 83: 307–317. 

Laurila A (2000): Behavioural responses to predator chemical cues and local variation in 

antipredator performance in Rana temporaria tadpoles. Oikos, 88: 159–168. 

Laurila A, Pakkasmaa S, Merilä J (2006): Population divergence in growth rate and antipredator 

defences in Rana arvalis. Oecologia, 147: 585–595. 

Lefcort H, Eiger SM (1993): Antipredatory behaviour of feverish tadpoles: Implications for 

pathogen transmission. Behaviour, 126: 13–27. 

Le Sage E, Reinert LK, Ohmer MEB, LaBumbard BC, Altman KA, Brannelly LA, Latella I, 

McDonnell NB, Saenz V, Walsman JC, Wilber MQ, Woodhams DC, Voyles J, Richards-

Zawacki CL, Rollins-Smith LA (2024): Diverse relationships between Batrachochytrium 

infections and antimicrobial peptide defenses across leopard frog populations. Integrative 

and Comparative Biology, 64: 921–931. 

Levis NA, Pfennig DW (2016): Evaluating ‘plasticity-first’ evolution in nature: key criteria and 

empirical approaches. Trends in Ecology & Evolution, 31: 563–574. 

Lima SL, Dill LM (1990): Behavioral decisions made under the risk of predation: a review and 

prospectus. Canadian Journal of Zoology, 68: 619–640. 

Losos JB, Schoener TW, Spiller DA (2004): Predator-induced behavior shifts and natural 

selection in field-experimental lizard populations. Nature, 432: 505–508. 

Mangoni ML, Miele R, Renda TG, Barra D, Simmaco M (2001): The synthesis of antimicrobial 

peptides in the skin of Rana esculenta is stimulated by microorganisms. FASEB Journal, 

15: 1431–1432. 

Mangoni ML, Maisetta G, Di Luca M, Gaddi LMH, Esin S, Florio W, Brancatisano FL, Barra 

D, Campy M, Batoni G (2008): Comparative analysis of the bactericidal activities of 

amphibian peptide analogues against multidrug-resistant nosocomial bacterial strains. 

Antimicrobial Agents and Chemotherapy, 52: 85–91. 

McCollum SA, Van Buskirk J (1996): Costs and benefits of a predator-induced polyphenism 

in the gray treefrog Hyla chrysoscelis. Evolution, 50: 583–593. 

Mebs D, Wagner MG, Pogoda W, Maneyro R, Kwet A, Kauert G (2007): Lack of 

bufadienolides in the skin secretion of red bellied toads, Melanophryniscus spp. (Anura, 

Bufonidae), from Uruguay. Comparative Biochemistry and Physiology Part C: 

Toxicology & Pharmacology, 144: 398–402. 

Méndez-Méndez O, Sánchez-Sánchez R, Hernández-Luría J, Smith G, Lemos-Espinal J (2023): 

Behavioural response of Dryophytes plicatus tadpoles to the cues of non-native rainbow 

trout and a native snake. Amphibia-Reptilia, 44: 517–523. 

Metlen KL, Aschehoug ET, Callaway RM (2009): Plant behavioural ecology: dynamic 

plasticity in secondary metabolites. Plant, Cell & Environment, 32: 641–653. 

               hettyey.attila_297_24



 

130 

Miele R, Ponti D, Boman HG, Barra D, Simmaco M (1998): Molecular cloning of a bombinin 

gene from Bombina orientalis: detection of NF-UB and NF-IL6 binding sites in its 

promoter. FEBS Letters, 431: 23–28. 

Miner BG, Sultan SE, Morgan SG, Padilla DK, Relyea RA (2005): Ecological consequences 

of phenotypic plasticity. Trends in Ecology & Evolution, 20: 685–692. 

Mikó Zs, Ujszegi J, Gál Z, Hettyey A (2017): Effects of a glyphosate-based herbicide and 

predation threat on the behaviour of agile frog tadpoles. Ecotoxicology and 

Environmental Safety, 140: 96–102. 

Moran NA (1992): The evolutionary maintenance of alternative phenotypes. American 

Naturalist, 139: 971–989. 

Murren CJ, Auld JR, Callahan H, Ghalambor CK, Handelsman CA, Heskel MA, Kingsolver 

JG, Maclean HJ, Masel J, Maughan H, Pfennig DW, Relyea RA, Seiter S, Snell-Rood E, 

Steiner UK, Schlichting CD (2015): Constraints on the evolution of phenotypic plasticity: 

limits and costs of phenotype and plasticity. Heredity, 115: 293–301. 

Natale GS, Alcalde L, Herrera R, Cajade R, Schaefer EF, Marangoni F, Trudeau VL (2011): 

Underwater acoustic communication in the macrophagic carnivorous larvae of 

Ceratophrys ornata (Anura: Ceratophryidae). Acta Zoologica, 92: 46–53. 

Nicolas P, Mor A (1995): Peptides as weapons against microorganisms in the chemical defense 

system of vertebrates. Annual Reviews in Microbiology, 49: 277–304. 

Nunes AL, Richter-Boix A, Laurila A, Rebelo R (2013): Do anuran larvae respond behaviorally 

to chemical cues from an invasive crayfish predator? A community-widestudy. 

Oecologia, 171: 115–127. 

Nunes AL, Orizaola G, Laurila A, Rebelo R (2014a): Rapid evolution of constitutive and 

inducible defenses against an invasive predator. Ecology, 95: 1520–1530. 

Nunes AL, Orizaola G, Laurila A, Rebelo R (2014b): Morphological and life-history responses 

of anurans to predation by an invasive crayfish: an integrative approach. Ecology and 

Evolution, 4: 1491–1503. 

Parris MJ, Reese E, Storfer A (2006): Antipredator behavior of chytridiomycosis-infected 

northern leopard frog (Rana pipiens) tadpoles. Canadian Journal of Zoology, 84: 58–65. 

Parsons KJ, Robinson BW (2006): Replicated evolution of integrated plastic responses during 

early adaptive divergence. Evolution, 60: 801–813. 

Peckarsky BL (1996): Alternative predator avoidance syndromes of stream-dwelling mayfly 

larvae. Ecology, 77: 1888–1905. 

Peterson JA, Blaustein AR (1992): Relative palatabilities of anuran larvae to natural aquatic 

insect predators. Copeia, 1992: 577–584. 

Petranka JW (1995): Interference competition in tadpoles: Are multiple agents involved? 

Herpetological Journal, 5: 206–207. 

Petranka J, Hayes L (1998): Chemically mediated avoidance of a predatory odonate (Anax 

junius) by American toad (Bufo americanus) and wood frog (Rana sylvatica) tadpoles. 

Behavioral Ecology and Sociobiology, 42: 263–271. 

Pfennig DW, Wund MA, Snell-Rood EC, Cruickshank T, Schlichting CD, Moczek AP (2010): 

Phenotypic plasticity’s impacts on diversification and speciation. Trends in Ecology & 

Evolution, 25: 459–467. 

Piersma T, Drent J (2003): Phenotypic flexibility and the evolution of organismal design. 

Trends in Ecology & Evolution, 18: 228–233. 

               hettyey.attila_297_24



 

131 

Pigliucci M (2001): Phenotypic plasticity: Beyond nature and nurture. Johns Hopkins 

University Press, Baltimore, USA. 

Pohnert G (2004): Chemical defense strategies of marine organisms. In: The chemistry of 

pheromones and other semiochemicals I. Topics in current chemistry, vol 239. (Schulz S, 

ed.) pp. 179–219, Springer, Berlin, Germany. 

Price TD (2006): Phenotypic plasticity, sexual selection and the evolution of colour patterns. 

Journal of Experimental Biology, 209: 2368–2376. 

Ramamonjisoa N, Mori A (2019): Temporal variation in behavioral responses to dietary cues 

from a gape-limited predator in tadpole prey: A test of the phylogenetic relatedness 

hypothesis. Ethology, 125: 628–634. 

Reading CJ (1990): Palmate newt predation on common frog, Rana temporaria, and common 

toad, Bufo bufo. Herpetological Journal, 1: 462–465. 

Reeve E, Ndriantsoa SH, Strauß A, Randrianiaina R-D, Rasolonjatovo Hiobiarilanto T, Glaw 

F, Glos J, Vences M (2011): Acoustic underwater signals with a probable function during 

competitive feeding in a tadpole. Naturwissenschaften, 98: 135–143. 

Reigosa MJ, Pedrol N, González L (2006): Allelopathy: a physiological process with ecological 

implications. Springer, Dordrecht, The Netherlands. 

Relyea RA (2001a): Morphological and behavioral plasticity of larval anurans in response to 

different predators. Ecology, 82: 523–540. 

Relyea RA (2001b): The relationship between predation risk and antipredator responses in 

larval anurans. Ecology, 82: 541–554. 

Relyea RA (2002): Local population differences in phenotypic plasticity: predator-induced 

changes in wood frog tadpoles. Ecological Monographs, 72: 77–93. 

Relyea RA (2003): How prey respond to combined predators: a review and an empirical test. 

Ecology, 84: 1827–1839. 

Reznick DN, Ghalambor CK (2001): The population ecology of contemporary adaptations: 

what empirical studies reveal about the conditions that promote adaptive evolution. 

Genetica, 112–113: 183–198. 

Rice EL (1974): Allelopathy. Academic Press, New York, USA. 

Richardson JL (2006): Novel features of an inducible defense system in larval tree frogs (Hyla 

chrysoscelis). Ecology, 87: 780–787. 

Rinaldi AC (2002): Antimicrobial peptides from amphibian skin: An expanding scenario. 

Current Opinion in Chemical Biology, 6: 799–804. 

Rollins-Smith LA, Reinert LK, O’Leary CJ, Houston LE, Woodhams DC (2005): 

Antimicrobial peptide defenses in amphibian skin. Integrative and Comparative Biology, 

45: 137–142. 

Rong M, Zheng X, Ye M, Bai J, Xie X, Jin Y, He X (2019): Phenotypic plasticity of 

Staphylococcus aureus in liquid medium containing Vancomycin. Frontiers in 

Microbiology, 10: 809. 

Rot-Nikcevic I, Denver RJ, Wassersug RJ (2005): The influence of visual and tactile 

stimulation on growth and metamorphosis in anuran larvae. Functional Ecology, 19: 

1008–1016. 

Saidapur SK, Veeranagoudar DK, Hiragond NC, Shanbhag BA (2009): Mechanism of 

predator–prey detection and behavioral responses in some anuran tadpoles. 

Chemoecology, 19: 21–28. 

               hettyey.attila_297_24



 

132 

Scheiner SM, Berrigan D (1998): The genetics of phenotypic plasticity. VIII. The cost of 

plasticity in Daphnia pulex. Evolution, 52: 368–378. 

Schmidt BP, Knowles JM, Simmons AM (2011): Movements of Rana catesbeiana tadpoles in 

weak current flows resemble a directed random walk. Journal of Experimental Biology, 

214: 2297–2307. 

Schmitz OJ (2003): Top predator control of plant biodiversity and productivity in an old-field 

ecosystem. Ecology Letters, 6: 156–163. 

Schoeppner NM, Relyea RA (2005): Damage, digestion, and defence: the roles of alarm cues 

and kairomones for inducing prey defences. Ecology Letters, 8: 505–512. 

Schoeppner NM, Relyea RA (2008): Detecting small environmental differences: risk-response 

curves for predator-induced behavior and morphology. Oecologia, 154: 743–754. 

Schoeppner NM, Relyea RA (2009): Interpreting the smells of predation: how alarm cues and 

kairomones induce different prey defences. Functional Ecology, 23: 1114–1121. 

Sieg RD, Poulson-Ellestad KL, Kubanek J (2011): Chemical ecology of the marine plankton. 

Natural Products Reports, 28: 388–399. 

Sih A (1980): Optimal behavior: can foragers balance two conflicting demands? Science, 210: 

1041–1043. 

Simmaco M, Mangoni ML, Boman A, Barra D, Boman HG (1998): Experimental infections of 

Rana esculenta with Aeromonas hydrophila: a molecular mechanism for the control of 

the normal flora. Scandinavian Journal of Immunology, 48: 357–63. 

Simmons AM, Costa LM, Gerstein H (2004): Lateral line-mediated rheotactic behavior in 

tadpoles of the African clawed frog, Xenopus laevis. Journal of Comparative Physiology 

A: Neuroethology, Sensory, Neural, and Behavioral Physiology, 190: 747–758. 

Smith-Gill SJ (1983): Developmental plasticity: developmental conversion versus phenotypic 

modulation. American Zoologist, 23: 47–55. 

Sommer RJ (2020): Phenotypic plasticity: From theory and genetics to current and future 

challenges. Genetics, 215: 1-13. 

Stauffer HP, Semlitsch RD (1993): Effects of visual, chemical and tactile cues of fish on the 

behavioral responses of tadpoles. Animal Behaviour, 46: 355–364. 

Stearns SC (1989): The evolutionary significance of phenotypic plasticity. Bioscience, 7: 436–

445. 

Steiner UK (2007): Linking antipredator behaviour, ingestion, gut evacuation and costs of 

predator-induced responses in tadpoles. Animal Behaviour, 74: 1473–1479. 

Szabo B, Mangione R, Rath M, Pašukonis A, Reber SA, Oh J, Ringler M, Ringler E (2021): 

Naive poison frog tadpoles use bi-modal cues to avoid insect predators but not 

heterospecific predatory tadpoles. Journal of Experimental Biology, 224: jeb243647. 

Teplitsky C, Plénet S, Joly P (2004): Hierarchical responses of tadpoles to multiple predators. 

Ecology, 85: 2888–2894. 

Teplitsky C, Plenet S, Léna JP, Mermet N, Malet E, Joly P (2005): Escape behaviour and 

ultimate causes of specific induced defences in an anuran tadpole. Journal of 

Evolutionary Biology, 18: 180–190. 

Teplitsky C, Räsänen K, Laurila A (2007): Adaptive plasticity in stressful environments: acidity 

constrains inducible defences in Rana arvalis. Evolutionary Ecology Research, 9: 447–

458. 

Thaler JS, Karban R (1997): A phylogenetic reconstruction of constitutive and induced 

resistance in Gossypium. American Naturalist, 149: 1139–1146. 

               hettyey.attila_297_24



 

133 

Toledo RC, Jared C (1995): Cutaneous poison glands and amphibian venoms. Comparative 

Biochemistry and Physiology Part A: Physiology, 111: 1-29. 

Tollrian R, Harvell CD (1999a): The ecology and evolution of inducible defences. Princeton 

University Press, Princeton, USA. 

Tollrian R, Harvell CD (1999b): The evolution of inducible defenses: Current ideas. In: The 

ecology and evolution of inducible defences. (Tollrian R, Harvell CD, eds.) pp. 306–321, 

Princeton University Press, Princeton, USA. 

Tollrian R, Duggen S, Weiss LC, Laforsch C, Kopp M (2015): Density-dependent adjustment 

of inducible defences. Scientific Reports, 5: 12736. 

Tóth Z, Kurali A, Móricz ÁM, Hettyey A (2019): Changes in toxin quantities following 

experimental manipulation of toxin reserves in Bufo bufo tadpoles. Journal of Chemical 

Ecology, 45: 253–263. 

Ujszegi J, Móricz ÁM, Krüzselyi D, Hettyey A (2017): Skin toxin production of toads changes 

during early ontogeny but is not adjusted to the microbiota of the aquatic environment. 

Evolutionary Ecology, 31: 925–936. 

Ujszegi J, Vajna B, Móricz ÁM, Krüzselyi D, Korponai K, Krett G, Hettyey A (2020): 

Relationships between chemical defenses of common toad (Bufo bufo) tadpoles and 

bacterial community structure of their natural aquatic habitat. Journal of Chemical 

Ecology, 46: 534–543. 

Ujszegi J, Ludányi K, Móricz ÁM, Krüzselyi D, Drahos L, Drexler T, Németh MZ, Vörös J, 

Garner TWJ, Hettyey A (2021): Exposure to Batrachochytrium dendrobatidis affects 

chemical defences in two anuran amphibians, Rana dalmatina and Bufo bufo. BMC 

Ecology and Evolution, 21: 135. 

Urban MC (2007a): The growth–predation risk tradeoff under a growing gape-limited predation 

threat. Ecology, 88: 2587–2597. 

Urban MC (2007b): Risky prey behavior evolves in risky habitats. Proceedings of the National 

Academy of Sciences of the United States of America, 104: 14377–14382. 

Üveges B, Fera G, Móricz ÁM, Krüzselyi D, Bókony V, Hettyey A (2017): Age- and 

environment-dependent changes in chemical defences of larval and post-metamorphic 

toads. BMC Evolutionary Biology, 17:137. 

Üveges B, Szederkényi M, Mahr K, Móricz ÁM, Krüzselyi D, Bókony V, Hoi H, Hettyey A 

(2019): Chemical defence of toad tadpoles under risk by four predator species. Ecology 

and Evolution, 9: 6287–6299. 

Üveges B, Basson AC, Móricz ÁM, Bókony V, Hettyey A (2021): Chemical defence effective 

against multiple enemies: Does the response to conspecifics alleviate the response to 

predators? Functional Ecology, 35: 2294–2304. 

Üveges B, Kalina Cs, Szabó K, Móricz ÁM, Holly D, Gabor CR, Hettyey A, Bókony V (2023): 

Does the glucocorticoid stress response make toads more toxic? An experimental study 

on the regulation of bufadienolide toxin synthesis. Integrative Organismal Biology, 5: 

obad021. 

Van Buskirk J, Yurewicz KL (1998): Effects of predators on prey growth rate: relative 

contributions of thinning and reduced activity. Oikos, 82: 20–28. 

Van Buskirk J (2000): The costs of an inducible defense in anuran larvae. Ecology, 81: 2813–

2821. 

Van Buskirk J, McCollum SA (2000): Functional mechanisms of an inducible defence in 

tadpoles: morphology and behavior influence mortality risk from predation. Journal of 

Evolutionary Biology, 13: 336–347. 

               hettyey.attila_297_24



 

134 

Van Buskirk J, Saxer G (2001): Delayed costs of an induced defense in tadpoles? Morphology, 

hopping, and development rate at metamorphosis. Evolution, 55: 821–829. 

Van Buskirk J, Arioli M (2002): Dosage response of an induced defense: how sensitive are 

tadpoles to predation risk? Ecology, 83: 1580–1585. 

Van Buskirk J, Steiner UK (2009): The fitness costs of developmental canalization and 

plasticity. Journal of Evolutionary Biology, 22: 852–860. 

Van Buskirk J, Ferrari M, Kueng D, Näpflin K, Ritter N (2011): Prey risk assessment depends 

on conspecific density. Oikos, 120: 1235–1239. 

Via S, Lande R (1985): Genotype-environment interaction and the evolution of phenotypic 

plasticity. Evolution, 39: 505–522. 

Vinton AC, Gascoigne SJL, Sepil I, Salguero-Gómez R (2022): Plasticity’s role in adaptive 

evolution depends on environmental change components. Trends in Ecology & Evolution, 

37: 1067–1078. 

Wang Y, Zhu Y, He L, Yu H, Lin X, Ran J, Xie F (2024): Phenotypic and transcriptomic 

analysis revealed a lack of risk perception by native tadpoles toward novel non-native 

fish. Ecology and Evolution, 14: e70481. 

Weissburg M, Smee DL, Ferner MC (2014): The sensory ecology of nonconsumptive predator 

effects. American Naturalist, 184: 141–157. 

Wells KD (2007): The ecology and behaviour of amphibians. The University of Chicago Press, 

Chicago, USA. 

West-Eberhard MJ (1989): Phenotypic plasticity and the origins of diversity. Annual Review of 

Ecology and Systematics, 20: 249–278. 

West-Eberhard MJ (2003): Developmental plasticity and evolution. Oxford University Press, 

Oxford, UK. 

Whittaker RH, Feeny PP (1971): Allelochemicals: chemical interactions between species. 

Science, 171: 757–770. 

Wilkinson SW, Magerøy MH, Sánchez AL, Smith LM, Furci L, Cotton TEA, Krokene P, Ton 

J (2019): Surviving in a hostile world: plant strategies to resist pests and diseases. Annual 

Review of Phytopathology, 57: 505–529. 

Wilson RS, Kraft PG, Van Damme R (2005): Predator-specific changes in the morphology and 

swimming performance of larval Rana lessonae. Functional Ecology, 19: 238–244. 

Woodhams DC, Bigler L, Marschang R (2012): Tolerance of fungal infection in European 

water frogs exposed to Batrachochytrium dendrobatidis after experimental reduction of 

innate immune defenses. BMC Veterinary Research, 8: 197–209. 

Young TP, Stanton ML, Christian CE (2003): Effects of natural and simulated herbivory on 

spine lengths of Acacia drepanolobium in Kenya. Oikos, 101: 171–179. 

Zasloff M (2002): Antimicrobial peptides of multicellular organisms. Nature, 415: 389–395.  

               hettyey.attila_297_24



 

135 

7. Papers forming the core of the thesis in their order of appearance 
 

1) Hettyey A, Vincze K, Zsarnóczai S, Hoi H, Laurila A (2011): Costs and benefits of 

defences induced by predators differing in dangerousness. 

 Journal of Evolutionary Biology, 24: 1007–1019. DOI: 10.1111/j.1420-9101.2011.02233.x 

 JIF2011 = 3.28, D1 

2) Hettyey A, Zsarnóczai S, Vincze K, Hoi H, Laurila A (2010): Interactions between the 

information content of different chemical cues affect induced defences in tadpoles. 

 Oikos, 119: 1814–1822. DOI: 10.1111/j.1600-0706.2010.18563.x 

 JIF2010 = 3.39, D1 

3) Hettyey A, Rölli F, Thürlimann N, Zürcher A-C, Van Buskirk J (2012): Visual cues 

contribute to predator detection in anuran larvae. 

 Biological Journal of the Linnean Society, 106: 820–827. DOI: 10.1111/j.1095-

8312.2012.01923.x 

 JIF2012 = 2.41, Q1 

4) Hettyey A, Tóth Z, Thonhauser KE, Frommen JG, Penn DJ, Van Buskirk J (2015): The 

relative importance of prey‑borne and predator‑borne chemical cues for inducible 

antipredator responses in tadpoles. 

 Oecologia, 179: 699–710. DOI: 10.1007/s00442-015-3382-7 

 JIF2015 = 2.9, D1 

5) Hettyey A, Thonhauser KE, Bókony V, Penn DJ, Hoi H, Griggio M (2016): Naive tadpoles 

do not recognize recent invasive predatory fishes as dangerous. 

 Ecology, 97: 2975–2985. DOI: 10.1002/ecy.1532 

 JIF2016 = 4.81, D1 

6) Hettyey A, Tóth Z, Van Buskirk J (2014): Inducible chemical defences in animals. 

 Oikos, 123: 1025–1028. DOI: 10.1111/oik.01338 

 JIF2014 = 3.44, D1 

7) Hettyey A, Üveges B, Móricz ÁM, Drahos L, Capon RJ, Van Buskirk J, Tóth Z, Bókony 

V (2019): Predator‐induced changes in the chemical defence of a vertebrate. 

 Journal of Animal Ecology, 88: 1925–1935. DOI: 10.1111/1365-2656.13083 

 JIF2019 = 4.55, D1 

8) Bókony V, Üveges B, Móricz ÁM, Hettyey A (2018): Competition induces increased toxin 

production in toad larvae without allelopathic effects on heterospecific tadpoles. 

 Functional Ecology, 32: 667–675. DOI: 10.1111/1365-2435.12994 

 JIF2018  = 5.04, D1 

9) Üveges B, Basson AC, Móricz ÁM, Bókony V, Hettyey A (2021): Chemical defence 

effective against multiple enemies: Does the response to conspecifics alleviate the response 

to predators? 

 Functional Ecology, 35: 2294–2304. DOI: 10.1111/1365-2435.13870 

 JIF2021 = 5.84, D1 

10) Ujszegi J, Ludányi K, Móricz ÁM, Krüzselyi D, Drahos L, Drexler T, Németh MZ, Vörös 

J, Garner TWJ, Hettyey A (2021): Exposure to Batrachochytrium dendrobatidis affects 

chemical defences in two anuran amphibians, Rana dalmatina and Bufo bufo. 

 BMC Ecology and Evolution, 21: 135. DOI: 10.1186/s12862-021-01867-w 

 JIF2021  = 3.44, Q1 

  

               hettyey.attila_297_24



 

136 

8. Further publications related to the thesis 
 

Bókony V, Móricz ÁM, Tóth Zs, Gál Z, Kurali A, Mikó Zs, Pásztor K, Szederkényi M, Tóth 

Z, Ujszegi J, Üveges B, Krüzselyi D, Hoi H, Hettyey A (2016): Variation in chemical 

defense among natural populations of common toad, Bufo bufo, tadpoles: the role of 

environmental factors. Journal of Chemical Ecology, 42: 329–338. DOI: 

10.1007/s10886-016-0690-2 

Bókony V, Mikó Zs, Móricz ÁM, Krüzselyi D, Hettyey A (2017): Chronic exposure to a 

glyphosate-based herbicide makes toad larvae more toxic. Proceedings of the Royal 

Society B – Biological Sciences, 284: 20170493. DOI: 10.1098/rspb.2017.0493 

Frommen JG, Thünken T, Santostefano S, Balzarini V, Hettyey A (2022): Effects of chronic 

and acute predation risk on sexual ornamentation and mating preferences. Behavioral 

Ecology, 33: 7–16. DOI: 10.1093/beheco/arab116 

Gyuris E, Szép E, Kontschán J, Hettyey A, Tóth Z (2017): Behavioural responses of two-

spotted spider mites induced by predators and conspecifics. Behavioural Processes, 144: 

100–106. DOI: 10.1016/j.beproc.2017.09.002 

Kásler A, Ujszegi J, Holly D, Üveges B, Móricz ÁM, Herczeg D, Hettyey A (2022): 

Metamorphic common toads keep chytrid infection under control, but at a cost. Journal 

of Zoology, 317: 159–169. DOI: 10.1111/jzo.12974 

Kurali A, Pásztor K, Hettyey A, Tóth Z (2016): Toxin depletion has no effect on antipredator 

responses in common toad (Bufo bufo) tadpoles. Biological Journal of the Linnean 

Society, 119: 1000–1010. DOI: 10.1111/bij.12864 

Kurali A, Pásztor K, Hettyey A, Tóth Z (2018): Resource-dependent temporal changes in anti-

predator behavior of common toad (Bufo bufo) tadpoles. Behavioral Ecology and 

Sociobiology, 72: 91. DOI: 10.1007/s00265-018-2503-9 

Mikó Zs, Ujszegi J, Gál Z, Imrei Z, Hettyey A (2015): Choice of experimental venue matters 

in ecotoxicology studies: a comparison of an indoor and an outdoor experiment. Aquatic 

Toxicology, 167: 20–30. DOI: 10.1016/j.aquatox.2015.07.014 

Mikó Zs, Ujszegi J, Gál Z, Hettyey A (2017): Effects of a glyphosate-based herbicide and 

predation threat on the behaviour of agile frog tadpoles. Ecotoxicology and 

Environmental Safety, 140: 96–102. DOI: 10.1016/j.ecoenv.2017.02.032 

Tóth Z, Hettyey A (2018): Egg-laying environment modulates offspring responses to predation 

risk in an amphibian. Journal of Evolutionary Biology, 31: 710–721. DOI: 

10.1111/jeb.13258 

Tóth Z, Kurali A, Móricz ÁM, Hettyey A (2019): Changes in toxin quantities following 

experimental manipulation of toxin reserves in Bufo bufo tadpoles. Journal of Chemical 

Ecology, 45: 253–263. DOI: 10.1007/s10886-019-01045-9 

Ujszegi J, Móricz ÁM, Krüzselyi D, Hettyey A (2017): Skin toxin production of toads changes 

during early ontogeny but is not adjusted to the microbiota of the aquatic environment. 

Evolutionary Ecology, 31: 925–936. DOI: 10.1007/s10682-017-9920-5 

Ujszegi J, Vajna B, Móricz ÁM, Krüzselyi D, Korponai K, Krett G, Hettyey A (2020): 

Relationships between chemical defenses of common toad (Bufo bufo) tadpoles and 

bacterial community structure of their natural aquatic habitat. Journal of Chemical 

Ecology, 46: 534–543. DOI: 10.1007/s10886-020-01184-4 

Urszán TJ, Garamszegi LZ, Nagy G, Hettyey A, Török J, Herczeg G (2015): No personality 

without experience? A test on Rana dalmatina tadpoles. Ecology and Evolution, 5: 5847–

5856. DOI: 10.1002/ece3.1804 

               hettyey.attila_297_24



 

137 

Urszán TJ, Garamszegi LZ, Nagy G, Hettyey A, Török J, Herczeg G (2018): Experience during 

development triggers between-individual variation in behavioural plasticity. Journal of 

Animal Ecology, 87: 1264–1273. DOI: 10.1111/1365-2656.12847 

Üveges B, Fera G, Móricz ÁM, Krüzselyi D, Bókony V, Hettyey A (2017): Age- and 

environment-dependent changes in chemical defences of larval and post-metamorphic 

toads. BMC Evolutionary Biology, 17:137. DOI: 10.1186/s12862-017-0956-5 

Üveges B, Szederkényi M, Mahr K, Móricz ÁM, Krüzselyi D, Bókony V, Hoi H, Hettyey A 

(2019): Chemical defence of toad tadpoles under risk by four predator species. Ecology 

and Evolution, 9: 6287–6299. DOI: 10.1002/ece3.5202 

Üveges B, Kalina Cs, Szabó K, Móricz ÁM, Holly D, Gabor CR, Hettyey A, Bókony V (2023): 

Does the glucocorticoid stress response make toads more toxic? An experimental study 

on the regulation of bufadienolide toxin synthesis. Integrative Organismal Biology, 5: 

obad021. DOI: 10.1093/iob/obad021 

 

 

               hettyey.attila_297_24


