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Larval amphibians learn to match antipredator response intensity to temporal patterns of risk Maud C.O. Ferrari, Franc xois Messier, and Douglas P. Chivers Department of Biology, University of Saskatchewan, Saskatoon, Saskatchewan S7N 5E2, Canada The importance of temporal variability in risk has recently come to the forefront of research examining the behavioral ecology of predator–prey relationships. Temporal variability has been known to drive patterns of behavioral responses associated with foraging, reproduction, and territorial defense of prey animals. However, it is unknown if such behavioral responses are a result of selective depredation, which leads to innate temporal patterns of behavior, or, alternatively, are a result of learning by the prey. Here, we investigated whether larval wood frog (Rana sylvatica) tadpoles can learn to adjust the intensity of their antipredator responses to match the temporal patterns of risk they experience. Tadpoles were exposed to the odor of a predatory salamander paired with injured conspecific cues (salamander present and feeding) during the morning and received the salamander odor alone in the evening (salamander present but not feeding—morning risk treatment), whereas another group received the opposite treatments (evening risk treatment). The 2 groups were treated for 9 days. When subsequently exposed to salamander alone in the evenings, the tadpoles from the evening risk treatment responded with greater antipredator response intensity than the tadpoles from the morning risk treatment. This indicates that tadpoles have the ability to learn the change in predation risk they experience throughout the day and respond to such threats with an intensity reflecting their vulnerability to the predators. Key words: learned predator recognition, risk assessment, temporal learning. [Behav Ecol 19:980–983 (2008)]



he importance of spatial variability in predation pressure in driving the behavior of animals has been a cornerstone of much of the past research in ecology and behavioral ecology (Lima and Dill 1990). Variation in risk among different habitats drives many of the decisions animals make including where they forage and reproduce (Werner et al. 1983; Magnhagen 1988), what food items they eat (Lima and Valone 1986), and which mate they select (Kelly et al. 1999). In contrast, the importance of temporal variability of predation risk in decision making by animals has been receiving surprisingly little attention and has only recently come to the forefront of behavioral ecology. In one influential paper, Lima and Bednekoff (1999) provided a theoretical model, the risk allocation hypothesis, which forced behavioral ecologists to move away from their view that predator–prey interactions were static and consider how the frequency of risk over ecological timescales influences behavioral decision making. Intuitively, ecologists know that predation risk can vary from moment to moment and over daily and seasonal cycles. However, the degree of predictability in risk that predators pose to prey is not well studied. We know that some predators feed at night, others are active at dawn and dusk, and others are diurnal. Can prey learn to recognize the temporal frequency of risk to which they are exposed and respond to reduce their risk of predation? There are some great examples of the importance of temporal variability of risk in driving behavioral patterns. For example, the change in luminosity associated with lunar cycles affects the foraging and activity patterns of many rodents (Clarke 1983; Bowers 1988; Wolfe and Summerlin 1989). Rodents often avoid foraging during periods of full moon light, presumably to avoid nocturnal predators. Little blue herons (Egretta caerulea) are known to switch their foraging
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to safer times, such as rainfalls or dusk, when under intense hawk predation (Caldwell 1986). As well, copepods exhibit diel vertical migration as an antipredator response to escape from predators (Neill 1990). Whereas these behavioral responses might be a result of selective removal through natural selection, that is, the individuals failing to exhibit this behavioral pattern become depredated, an alternative explanation is that prey learn to respond to predation risk in a temporal threat-sensitive manner. Many prey species have been shown to respond to predators in a threat-sensitive manner, that is, with an intensity that matches the level of threat they are exposed to (Helfman 1989). For example, Pacific tree frog (Hyla regilla) tadpoles increased the intensity of their antipredator response to cues from caged Northwestern salamander (Ambystoma gracile) larvae when their vulnerability to the predators increased (Puttlitz et al. 1999). Similarly, Mathis and Vincent (2000) showed that larval Central newts (Notophthalmus viridescens) responded less to tiger salamander larvae (Ambystoma tigrinum) as the newt size increased. Moreover, Sullivan et al. (2005) demonstrated that red-backed salamanders (Plethodon cinereus) respond stronger to the odor of gartersnakes (Thamnophis sirtalis) early at night than late night, likely because thermal constraints restrict the activity of predatory snakes later at night, making them less of a threat for the salamanders. Recent work on a prey fish, the fathead minnow (Pimephales promelas), has shown that minnows adjust the intensity of their antipredator response to predatory pike (Esox lucius) odor on the basis of the pike size (Kusch et al. 2004), pike density, and proximity (Ferrari et al. 2006). The level of sophistication exhibited in response to predator cues reflects highly developed predator learning abilities, as minnows are known to lack a response to pike without prior experience with them (e.g., Chivers and Smith 1994; Ferrari et al. 2005). Given the sophistication of predator learning abilities of certain prey species and the widespread occurrence of threat-sensitive predator avoidance, it would be surprising if natural selection does not favor individuals that have the ability to learn to respond appropriately to predator cues on
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a temporal basis, at least in response to predators with predictable diel cycles. Here, we investigated whether a larval anuran amphibian, the wood frog (Rana sylvatica), has the ability to learn to respond to novel predation cues in a temporally threat-sensitive manner. We tested whether tadpoles could associate a new threat with the time of day they encounter it, hence responding more during the periods of day when the predator was more likely to be present and feeding than during periods of day when the predator was nonthreatening. The ability of prey to exhibit more intense antipredator responses to periods of the day when they are more vulnerable should allow the prey to maximize trade-offs between predator avoidance and other activities such as foraging. In addition, if prey can learn the periods of days when they are most vulnerable and combine this with information about location of danger, then prey may be able to exhibit time/place learning of predation risk (Reebs 2002). Amphibian tadpoles, like many species of aquatic organisms, have been shown to acquire predator recognition through the pairing of alarm cues with novel predator cues (Chivers and Smith 1998; Woody and Mathis 1998; Mirza et al. 2006). Thus, we used this mechanism to teach naive wood frog tadpoles to learn to recognize the odor of tiger salamanders as a threat. For several days, we exposed groups of tadpoles to alarm cues paired with salamander cues in the morning and salamander cues alone in the evening, thus indicating to them that the salamander was feeding and hence dangerous in the morning while present but not feeding in the evening. Another group was given opposite treatments, for which the salamander was more dangerous in the evening than in the morning. After the treatment period, we planned to test both groups of tadpoles for their response to salamander cues in the morning and the evening. Several predictions can be made. First, tadpoles might respond equally to salamander cues in the morning and in the evening regardless of treatments, as the treatment period might not be long enough for the tadpoles to learn the predator foraging cycle. Moreover, exposing the tadpoles to salamander odor alone still indicates the presence of the predator in the vicinity, and prey might not take a chance of getting eaten by lowering their intensity of response. Alternatively, tadpoles might show a different intensity of antipredator response according to the threat posed by the salamander. Prey should be at a selective advantage if they adjust their antipredator response to match their vulnerability. In this way, they have the opportunity to maximize foraging while not overresponding to predators. Predators feeding on larval amphibians include many ectotherms that have thermal constraints that limit their effectiveness as predators at specific times (Sullivan et al. 2005). Gartersnakes, for example, are less active at night than during the day and consequently a lower threat to salamanders during the day than the night. The tiger salamanders that we used for our experiment are known to exhibit diel patterns of activity and movement (Holomuzki and Collins 1983). Consequently, they should be a predator that tadpoles could learn represents different levels of risk during different periods of the day. Wood frog tadpoles provide a great study model to address the temporal aspect of predator recognition. MATERIALS AND METHODS Water, predators, and test species Four weeks prior to starting the experiment, a 1900-L tub was filled with well water and inoculated with zooplankton, phytoplankton, and aquatic plants using a fine mesh dip net. This was done to ensure that our holding and test water did not
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contain any cues from salamanders. Tiger salamanders occur in the region of our field site, but our research from the past 3 years indicates that no salamanders inhabit our study pond and that wood frog tadpoles do not show any innate recognition of salamander cues (Ferrari et al. 2007; Ferrari and Chivers forthcoming). This water is hereafter referred to as well water. Two tiger salamanders (snout-vent length: ;18 cm) were caught from a pond in Saskatoon, Saskatchewan, in April 2007 using Gee’s improved minnow traps. The 2 salamanders were kept in a plastic tub containing 30 L of well water and fed earthworms. Wood frog egg clutches were collected in late April 2007 from a pond in Central Alberta. Four clutches were transferred into a plastic pool filled with pond water and left floating on the pond to equalize the temperature of the pool water with the temperature of the pond water. After hatching, the tadpoles were provided with rabbit chow to supplement the algae already present in the pool. The tadpoles were raised for 2 weeks before being used in our experiments. Experimental protocol The goal of our experiment was to test whether tadpoles could learn to recognize a novel predator and subsequently respond to it with an intensity that reflects the risk posed by the predator at different periods of the day. The experiment was performed outdoors. Our conditioning protocol consisted of exposing a group of tadpoles to alarm cues paired with salamander odor in the morning and water paired with salamander odor in the evening (morning risk treatment) while exposing other tadpoles to water paired with salamander odor in the morning and alarm cues paired with salamander odor in the evening (evening risk treatment). Initially, we planned to condition the 2 groups of tadpoles for 9 consecutive days and subsequently test tadpoles from each group in the morning and in the evening for response to salamander odor and well water. However, the cool temperatures of early spring nights (water temperature of 2 C or below) prevented us from testing the tadpoles in the morning, as tadpole activity was minimal under these conditions. Thus, we decided to test the tadpoles in the evening only (after the water temperature increased to 12–15 C). We treated the tadpoles for 9 days, left them untreated for 4 days (days 10–13), and tested them the following 2 evenings (days 14–15). The length of the larval period of wood frog tadpoles is temperature dependent, but rarely exceeds 2 months (Nussbaum et al. 1983). We chose a 9-day conditioning period as this represents a significant proportion of time for the tadpoles to establish predictability of the predation regime but is not overly long within the ecological timescale of their life as tadpoles. Conditioning procedure Groups of 6 tadpoles were randomly assigned to each of 48 3.7L plastic pails filled with 3 L of well water and provided with rabbit chow. Twenty-four pails were then randomly assigned to the morning risk treatment while the remainder of the pails were assigned to the evening risk treatment. The ‘‘alarm cues paired with salamander odor’’ stimulus consisted of injecting 5 mL of a solution of crushed tadpoles paired with 20 mL of salamander odor in each pail. The ‘‘water paired with salamander odor’’ stimulus consisted of injecting 5 mL of well water paired with 20 mL of salamander odor in each pail. The solution of crushed tadpoles was obtained by grinding 48 tadpoles using a mortar and pestle and suspending the cues in 120 mL of well water. A new solution was made fresh, twice a day, just prior to treating the pails. The salamander odor was obtained by soaking 2 tiger salamanders in a plastic tub
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containing 15 L of well water. We removed 3 L of soaking water (referred to as salamander odor) twice a day for treating the tadpoles and immediately added 3 L of fresh well water in the tub. The salamanders were fed 3 earthworms each, twice, during the conditioning phase of our experiment. The stimuli were gently injected on the side of the pails to minimize disturbance to the tadpoles. We treated the pails between 0800 and 1000 h each morning and 2000 and 2200 h each evening for the duration of the conditioning phase. The sun rose at approximately 0450 h and set at 2140 h at our field site during this period. After treating the tadpoles for 9 days, we performed a 100% water change on all the pails and provided the tadpoles with rabbit chow. The tadpoles were then left undisturbed for 4 days. Testing procedure As explained above, the testing procedure took place in the evening only. The tadpoles were tested between 2000 and 2145 h during 2 consecutive evenings, 24 pails tested during the first evening (12 from each treatment) and the remaining 24 tested the following evening. Two tadpoles from each pail were tested, one being exposed to salamander odor and the other one being exposed to a control of well water, and the behavior of tadpoles were recorded. Twenty minutes prior to testing, individual tadpoles were placed in 0.5-L plastic cups filled with well water. The tadpole behavior was recorded for 4 min prior to and 4 min after the injection of the stimulus in the cup. During the injection period, 5 mL of either well water or salamander odor was gently injected on the side of the cup to minimize disturbance to the tadpoles. Behavioral assay We used a well-established behavioral protocol to quantify the antipredator responses of tadpoles (Ferrari et al. 2007, 2008). The typical antipredator response of larval amphibians, including wood frog tadpoles, is to decrease activity on detection of predation cues. Thus, a line was drawn on the bottom of the testing cups, and the number of lines crossed was recorded during the pre- and poststimulus periods. We considered that a line was crossed when the entire body of the tadpole was on the other side of the line. Statistical analysis We used the difference in activity from the prestimulus baseline to analyze our results. The data followed the assumptions of normality and homoscedasticity allowing us to perform parametric analyses. The responses of the 2 tadpoles coming from the same pail were not considered independent, and thus, we tested for the effect of time of day treatment (morning vs. evening) and cue (well water vs. salamander odor) as fixed factors and pail effect as a random factor using a 2 3 2 mixed analysis of variance (ANOVA) model, followed by least significant difference pairwise comparisons. RESULTS The 2 3 2 ANOVA revealed a significant interaction between time of day treatment and cue (F1,77 ¼ 9.9, P ¼ 0.002, Figure 1). Post hoc comparisons revealed that the responses of tadpoles conditioned in the morning or in the evening to water did not differ (P ¼ 0.639). However, tadpoles exposed to salamander odor always displayed greater antipredator responses than tadpoles exposed to water only (all P , 0.001). In addition, the tadpoles conditioned in the evening responded with a greater



Figure 1 Mean (6standard error) change in line crosses for tadpoles from the morning risk or the evening risk treatments exposed to water (empty bars) or salamander odor (solid bars) in the evening.



intensity to salamander odor than did the tadpoles conditioned in the morning (P , 0.001). DISCUSSION Our results clearly demonstrate that wood frog tadpoles have the ability to develop threat-sensitive responses to salamander odor based on the temporal pattern of risk they experience. Indeed, we found that wood frog tadpoles that were exposed to higher risk in the evening (evening risk treatment) responded with a greater intensity of response to salamander odor in the evening than did the tadpoles exposed to higher risk in the morning (morning risk treatment). Unfortunately, due to inclement weather, we could not test the tadpoles in the morning to verify that the opposite was true, that is, the tadpoles exposed to higher risk in the morning responded with a greater intensity in the morning than the tadpoles exposed to the higher risk in the evening. The marked temperature difference that tadpoles experience in early spring at northern latitudes provides a confound to the conclusion that time of day per se is driving the temporal pattern of learned response intensities. Are prey that are conditioned in the evening learning to respond with a greater intensity of response to a specific time of day or alternatively to temperature conditions during the day that match those under which they were conditioned. We know of no studies that show that learning ability is impaired by low temperature and we found evidence of learning for tadpoles conditioned in the morning and evening. Thus, it seems more likely that the cues the animals cue on are related to time as opposed to temperature. This is an important proximate distinction for future researchers to consider in other systems. However, the distinction is somewhat ecologically irrelevant in our study system. Tadpoles in early spring at our latitude undergo a regular temporal pattern that is associated with very cold overnight temperatures followed by considerable daytime warming. Temperature and time of day are intimately linked. The novelty of this research is our demonstration that tadpoles quickly develop differential responses to temporal patterns of predation risk. This learning occurs after the prey experience the predator for only 9 days. One other study has examined whether amphibians exhibit temporal variability in the intensity of their antipredator responses. Sullivan et al. (2005) demonstrated that red-backed salamanders respond stronger to the odor of gartersnakes early at night than late night. Low temperatures restrict the activity of predatory snakes later at night, making them less of a threat for salamanders. Whether
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the temporal patterns of responses of salamanders tested by Sullivan et al. (2005) are innate or results from learning are not known. In our study system, we are confident that the temporal pattern of antipredator responses are due to learning, as wood frog tadpoles from this exact pond have been shown to lack an innate recognition to salamander cues (Ferrari et al. 2007; Ferrari and Chivers, forthcoming). This is the first study providing evidence for temporal threat-sensitive learning of predators by prey animals. Our results raise several interesting proximate and ultimate questions. If prey can learn to recognize the risk associated with a predator at a specific time of day, can they also learn to recognize the risk at a specific location? Even more interesting, can they match both the time and the location and thereby exhibit time/place learning of predation risk? Such higher order learning of risk (Reebs 1999, 2002) has not been documented, but clearly deserves consideration. The importance of spatial variability in driving predator– prey interactions is well established in ecology. In contrast, temporal variability in predation pressure has received much less attention (Lima and Bednekoff 1999; Brown et al. 2006). The development of theoretical models, such as the risk allocation hypothesis, have led us to the realization that in most predator– prey systems, we know little information about the predictability of risk that prey experience throughout daily, seasonal, or yearly cycles. Theory dictates that prey have the opportunity to avoid times when predators are active; however, predators could counter by matching the activity of prey. We encourage future work to specifically address the issue of predictability. Our work suggests that future work should specifically address whether the speed to which temporal learning occurs is related to the degree to which the predators exhibit temporal variability in their foraging patterns. FUNDING Natural Sciences and Engineering Research Council of Canada to F.M. and D.P.C. We thank Jean and Glen Chivers for their help and support and for letting us once again invade their wetlands for the duration of our field season. All work reported herein was in accordance with the Guidelines to the Care and Use of Experimental Animals published by the Canadian Council on Animal Care and was conducted under the University of Saskatchewan Committee of Animal Care and Supply protocol no. 20060014.
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