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1. Introduction 

 

In the research of alternative forms of a species –i.e. phenotypes- there is a growing evidence 

that a wide range of organisms are able to alter their life-history or other phenotypic traits 

according to the actual environmental conditions (Pigliucci 2005, Ghalambor et al. 2007). The 

chemical defence against predators, competitors and pathogens is a common phenomenon in 

nature, as well as the plasticity in chemical defence (Licht 1967; Crossland and Shine 2012; 

Hettyey et al. 2014). However, we still know relatively little about how various environmental 

factors shape the costs and benefits of chemical defence and ultimately its evolution, especially 

in vertebrates (Hettyey et al. 2014), a taxa that displays a complex and well known array of 

defences in terms of behaviour, morphology, and life history (Hettyey et al. 2014), but also 

striking examples of toxicity (eg.: Daly 1995).  

Amphibian larvae are excellent subjects of studies examining the adaptive plasticity of 

chemical defences; they develop in different environments during their ontogeny and use a wide 

range of water bodies as a reproduction site. Due to the high environmental variability of these 

aquatic habitats, offspring may be exposed to widely varying abundances of predators, 

competitors and pathogens during larval ontogeny (Relyea 2002, Van Buskirk and Arioli 2005). 

Many amphibians produce toxin sin the skin, as an important part of evolutionary response to 

predatory presence. But still very little is known about the time and energy demand of toxin 

production; research on the replenishing-capacity of the poison gland in amphibian skin is still 

scarce and contradictory (Toledo et al. 1992, Jared et al. 2014), and no information available 

for tadpoles. This is surprising as the time required to become protected against re-occurring 

predator attacks can substantially influence the efficiency of inducible chemical defence and its 

trade-off with other risk-induced phenotypic responses. 

In chemically defended animals, depletion of toxins may affect other predator-induced 

responses; on the one hand, the energy costs of replenishment, and on the other hand, without 

the protection being unpalatable, individuals have to rely on other defences. Amphibians are 

known to exhibit plastic responses during larval development in morphology, behaviour and/or 

developmental rate in the presence of predators (Skelly and Werner 1990, Lardner 2000, Relyea 

2004), and in some cases, costs of induced defences, such as reduced survival and growth rate, 

have also been identified (Van Buskirk 2000, Relyea 2002, Hettyey et al. 2011). If the cost of 

a single antipredator response could be experimentally manipulated, then one would be able to 

examine how increased investment into one trait modifies the expression of other, inducible 

life-history traits and affects fitness trade-offs associated with these traits.   



The extent to which a given defence mechanism is profitable is influenced by the actual 

environmental conditions. On the one hand, predictable environmental differences are expected 

to select for different levels of constitutive defences, such that individuals exposed to more 

frequent interactions with enemies should be more toxic. On the other hand, in less predictable 

environments, the combination of costliness with unpredictably varying need for investment 

creates favorable conditions for the evolution of inducible chemical defences (Hettyey et al. 

2014), especially if gene flow among populations hinders local genetic adaptation of toxicity 

(Sultan and Spencer 2002), even if local adaptation may evolve in the degree of plasticity 

(Kishida et al. 2007, Van Buskirk 2014, Hettyey et al. 2016). Apart from the presence and 

abundance of potential predators, further stress factors, such as resource availability (Alford és 

Harris 1988, Newman 1994, 1998, Laurila et al. 1998, Winkler and Van Buskirk 2012), the risk 

of early drying-up of the aquatic habitat (Richter-Boix et al. 2011), the geographical distance 

(Daly 1995, Hanifin et al. 2003), or the presence of competitors (Crossland and Shine 2012, 

Hettyey 2014, Licht 1967) may also regulate the expression of different forms of inducible 

defences. 

Searching for food while avoiding predators is one of the crucial balancing acts in the 

life of a prey animal, since their activity is governed by a trade-off between foraging and 

predator avoidance (Milinski and Heller 1978, Lima and Dill 1990, Anholt and Werner 1995). 

The behavioural phenotype of tadpoles can be further affected by ontogeny (Werner and Anholt 

1993). A large body of empirical work shows that the duration and timing of exposure to 

predation threat and of behavioural observations have crucial importance for experiments 

investigating tadpole behaviour (Eklöv and Werner 2000, Wilson and Krause 2012, Touchon 

et al. 2013). However, whether predation risk and resource availability mediate tadpoles’ 

behaviour interactively, but variably during ontogeny, has rarely been investigated (but see: 

Laurila et al. 1998, Bennett et al. 2013).  

 

  



2. Aims 

 

Our aim was to investigate the inducible defences of common toad tadpoles, primarily the 

factors influencing its behaviour and toxin production, and the extent of plastic responses with 

the associated costs and constraints. 

 

My main questions were as follows: 

1. What are the limitations of plasticity in toxin production (the speed and effectiveness of 

replenishment)? 

2. If toxin production is inducible, what costs may arise related to it and how does it influence 

the trade-off between other anti-predator defences? 

3. Is there a significant difference in toxicity of populations in nature? Which environmental 

factors can stand in the background of diversity? 

4. Does the behavioural response of the tadpoles to predator presence change during ontogeny? 

How do the various environmental factors (predator presence, food availability) influence 

the behaviour at different ages?  

 

3. Materials and methods 

 

To answer these questions, we conducted laboratory experiments and a field survey on common 

toad (Bufo bufo) tadpoles. This species is one of the most widespread anuran species in Europe 

(Gasc et al. 1997), which produces toxin de novo in the skin from early life stages (eg,: Benard 

and Fordyce, 2003). Individuals for the laboratory experiments were collected from populations 

which are exposed to high predation pressure. The field survey data was collected by sampling 

16 small water bodies in the Pilis-hills, Hungary and 3 in Wienerwald, Austria. The laboratory 

experiments were carried out at the Evolutionary Ecology Lab of the Experimental Field Station 

of MTA ATK NÖVI. Individuals hatched from the collected egg strings were raised according 

to "common garden" experimental setup int he laboratory (i.e. standardized raising conditions, 

where difference was only the specific treatments). Tadpoles were raised in the presence or 

absence of chemical cues from predators, with a limited amount or ad libitum food. During the 

experiments, behavioural and/or life-history characteristics of the tadpoles were observed and 

measured. In an experiment, tadpoles were used for later toxin analysis. The collected data was 

evaluated using general or generalized linear mixed models, depending on the nature of the 



response variable. 

 We tested a semi-invasive method, which allows further examination of the animals 

after toxin-depletion thereby to estimate plasticity and costs related to toxin production. To 

induce the depletion of toxin stores in the tadpole’s skin, we applied in vivo stimulation via 

hormonal treatment (administration of norepinephrine). In our study, we investigated the effects 

of this treatmet on the body mass and behaviour of the tadpoles. Related to this experiment, we 

also investigated how fast animals can replenish their toxin reserves over time. The experiment 

consisted of 10 eggs from 10 common toad egg strings, tadpoles were individually placed after 

hatching, fed ad libitum, and we changed water in their rearing containers twice a week. On the 

14th day of the experiment, individuals were exposed to one of four different treatment types: 

administration of norepinephrine, stressing, only handling and no disturbance. For the 

determination of initial toxin amounts in tadpoles, one tadpole from each family was fixed in 

70% methanol prior to the treatments. 0, 12, 24, 48, 72, 96, and 120 hours after the applied 

treatments, one tadpole from each family in each treatment (40 tadpoles/ sampling occasion) 

were haphazardly selected and fixed in 70% methanol. The quantitative analysis of the collected 

toxin was done by HPLC-DAD-MS method.  

 To investigate the potential costs of toxin production in interaction with other anti-

predator defences, we applied the same in vivo stimulation via hormonal treatment 

(administration of norepinephrine) a sin the other experiments. Eggs were collected from 8 egg 

stings and hatched tadpoles were raised until metamorphosis according to their treatments. 

There were 3 main factors in our experiment; presence / absence of simulated predator risk; low 

/ ad libitum food level; and 4 treatments: control or administration of norepinephrine, with two 

different frequencies (every 5 days / every 15 days). We measured the length of larval 

development, body mass at metamorphosis and larval survival, which are life-history traits 

known to correlate with individual fitness in amphibians, in order to estimate how the protection 

by skin toxins or its lack influences the expression of other defensive responses. 

In our field study, we sampled 13 Hungarian and 6 Austrian ponds in order to assume 

how predatory, competition pressure and nutrition availability influence the chemical defence 

of common toad tadpoles in natural conditions. During the aquatic developmental period of the 

offsprings, we assessed the density of aquatic predators, competitors and the planktonic algae 

(food supply) in each pond with quadrate and standard plankton net filtration method. To 

estimate periphyton biomass, 20-20 tiles were placed in each pond, then we calculated total 

mass for each pond as the average ash-free dry mass of the tile samples. We measured the 

physical and chemical properties of the lakes: 1) size of the water surface 2) water depth 3) 



canopy cover 4) submerged vegetation cover 5) the water temperature 5) the water temperature 

6) oxygen content 7) conductivity. On average, 10 common toad tadpoles in similar 

developmental stage were collected from each lake. After weighing, we fixed them in methanol 

and later determined their exact developmental and the toxin content via HPLC-DAD-MS 

analysis.  

 With the repeated observations of tadpoles, we investigated how anti-predator behaviour 

of the larvae and its resource dependence changes during the ontogeny. The common toad 

individuals were raised in the presence or absence of chemical cues from predators, and in 

nutrition-rich or poor conditions. Behaviour of the tadpoles were recorded six times (5th, 9th, 

13th, 17th, 21st and 25th) during the experiment, with a frequency of eight times a day. 

 

  



4. Results, novelty of the work 

 

 

1. The in vivo toxin-depletion induced by the administration of norepinephrine did not have a 

significant adverse effect on the animals but was also effective: as a result, the amount of 

toxin and especially its composition changed in the tadpoles immediately after the hormone 

administration and the original conditions have been restored 12 hours post-treatment. 

However, the amounts of the different components after the treatment changed very 

differently. According to molecular weight, we could divide the components into two major 

groups depending on the direction of response: the amount of more complex molecules 

decreased, while the smaller molecules’ increased.  

 

2. We found that toxin depletion in common toad tadpoles did not significantly affect any of 

the measured life-history traits, nor did it influence the effects of chemical cues on predation 

threat or of food limitation. At the same time, all responses were influenced by the 

interaction of food availability and predator presence: tadpoles in the predator treatment 

exhibited elevated development rate, but this was only apparent when food availability was 

limited. Also, accelerated development was associated with lowered body mass at 

metamorphosis 

 

3. The number of toxin components and the total amount of toxins in tadpoles significantly 

differed between the Hungarian and the Austrian lakes but were independent from spatial 

distance. Predator risk appeared a less important factor in toxin variability Surprisingly, our 

results did not support the hypothesis that predation risk enhances chemical defences, but 

tadpoles tended to contain larger concentrations of skin toxins in ponds that were less likely 

to dry out. The most consistent predictor of toxicity was the strength of competition, which 

increased both the number of compounds and, to a lesser extent, the total amount of toxins. 

 

4. We also provided clear evidence that common toad tadpoles’ responses to environmental 

factors, such as predation threat and food availability, vary with age. We found that tadpole 

behaviour changed considerably during early ontogeny and the magnitude of this change 

was strongly affected by both the predation-cue treatment and food availability. Visibility 

of tadpoles decreased with time, but to a greater extent when tadpoles were exposed to cues 

indicating predation risk compared to control groups, and this difference was more 

expressed when food was limited, supporting the simple allocation hypothesis, i.e. 



individuals in poorer condition should be more risk-prone (Werner and Anholt 1993).  

Activity of tadpoles also decreased during larval development, but to a greater extent in 

case of tadpoles raised in resource limited environment compared to the other treatments. 

 

 

5. Conclusions 

 

1. Our study emphasizes that in species that synthesize deterrent blends consisting of various 

toxic compounds, the analysis of the number and total quantity of produced chemicals, in 

itself, may lead to biased conclusions about the mode of action in the studied defence 

mechanism. Toxin components characterized by lower molecule weight are either 

precursors of the stored, more complex ones, or, more complex components are transformed 

into active but smaller ones and released to the skin’s surface to elicit a strong 

deterrent/toxic effect. This suggests that common toad tadpoles do not increase the speed 

of their toxin production after the depletion of their poisons stores, or, that the toxin 

production in this species has negligible costs. 

 

2. The rapid replenishment of toxin stores supports our other conclusion as increased toxin 

production has low fitness costs in common toad tadpoles. These results indicate, that in a 

risky environment, tadpoles are chemically well defended against re-occurring attacks of 

susceptible predators and individuals can maintain their toxicity without considerable trade-

offs with other predator-induced traits. The additional ecological costs resulting from the 

lack of toxin production are presumably more important in terms of chemical protection 

than the costs of obtaining the necessary resources. Ecological costs in this species may be 

more important in trade-offs associated with chemical defence than the costs of acquiring 

the necessary resources. 

 

3. Our results support the earlier assumptions that common toad tadpoles modify their 

chemical investment according to the densities of their competitors in their environment. 

Unlike our expectations, our results did not support the hypothesis that predation risk 

enhances chemical defences. This might be due to the fact that most of the predators present 

in our study ponds were invertebrates, which are less sensitive to toad toxins than 

vertebrates. Or, tadpoles may have to rely on prompt behavioural changes instead when 



responding to frequently varying predation risk. Finally, the relatively high importance of 

pond permanence regarding chemical defence suggests that high energy investment into 

defences can be only favoured by selection in the more relaxed conditions, when tadpoles 

do not need to drastically speed up their development investing surplus energy in 

accelerated development. 

 

4. While similar studies on tadpole behaviour rarely took into consideration the age as a factor, 

our work provides supporting evidence that resource dependence of anti-predatory 

behaviour may radically change during development. Our results also emphasize the 

importance of both external and internal factors in the study of inducible defences in 

amphibian model organisms. 
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