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Most research on the effects of exposure to stressful stimuli during embryonic development has focused on

post-embryonic behaviour that appears to be abnormal or maladaptive. Here, we tested whether exposure

to some stressful stimuli (predatory cues) can lead to post-embryonic behaviour that is adaptive. When

eggs of ringed salamanders (Ambystoma annulatum) were exposed to chemical cues from predators, post-

hatching larvae showed reduced activity and greater shelter-seeking behaviour; larvae that had been

exposed to control cues did not show these behaviours. In addition, wood frog (Rana sylvatica)tadpoles

learned to respond to chemical cues from unfamiliar predators with danger based on embryonic

conditioning. Therefore, if embryonic experience is a good predictor of future risk, learning associated with

exposure to negative stimuli during development may be adaptive.
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1. INTRODUCTION
Learning by embryos primarily has been associated with

maternal/auditory recognition (Hepper 1996) or attraction

to food (Hepper & Waldman 1992; Sneddon et al. 1998).

By contrast, exposure to negative or stressful stimuli during

embryological development is generally considered to result

in behaviour categorized as abnormal or deficient, includ-

ing anxiety and depression (Vallée et al. 1997; Dugovic et al.

1999; Lemaire et al. 2000). The possible evolutionary

function of embryonic learning associated with negative

stimuli has not received much attention.

One well-known mechanism of learning is classical

conditioning, where an individual is presented simul-

taneously with a familiar and unfamiliar stimulus; the

individual later responds to the unfamiliar stimulus in

the same way as it responded to the familiar stimulus.

Embryos of some primates are able to associate auditory

stimuli (tones or music) with vibration or maternal

relaxation (Hepper 1997; Kawai et al. 2004). However,

it is not known whether such prenatal learning is adaptive

or simply is a by-product of maturation of the central

nervous system (Hepper 1996).

For aquatic vertebrates, predator-related learning plays

an integral role in the success of antipredator behaviour.

Predator-related learning generally takes the following two

forms: (i) exposure to increased predation risk influences

subsequent behaviour (Lima & Bednekoff 1999) and (ii)

associative learning, whereby individuals learn to associate

novel stimuli, such as unfamiliar predators or specific

habitats, with danger (Brown 2003). For most aquatic

vertebrates, risk of predation, and thus benefits of learned

recognition of predation risk, is highest for small (i.e.

young) individuals (Stangel 1988). Therefore, selection

should favour individuals that can learn early in
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development. We tested the hypothesis that embryonic

amphibians use information about predation risk to alter

post-hatching behaviour in ways that reduce exposure to

predation. Specifically, we examined post-hatching

responses of (i) ringed salamanders (Ambystoma annulatum)

that were exposed to syntopic predators as embryos and

(ii) wood frogs (Rana sylvatica) that were exposed to an

associative learning protocol that paired stimuli from an

unfamiliar (allotropic) predator and a known fright

stimulus (wood frog tadpole alarm chemical).
2. MATERIAL AND METHODS
(a) Does embryonic exposure to predators influence

post-hatching activity and habitat choice?

We collected eggs (approx. 20 clutches and 500 eggs at

Harrison (1969) developmental stage 1) from three ponds in

Stone County, MO, USA on 11 November 2005. At the same

time, we collected free-swimming larvae of A. annulatum

(nZ15; 19–29 mm total length) to provide the predatory

stimuli (larger larvae are cannibals of small larvae (Nyman

et al. 1993)) and Rana catesbeiana (bullfrog) tadpoles (nZ15;

21–36 mm total length) to provide a non-predatory control

stimulus. Salamander larvae were fed either zooplankton or

blackworms (Lumbriculus variegatus) and tadpoles were fed

algae pellets.

Each clutch was divided into three groups, with five to

eight eggs in each group. Each group was randomly assigned

to one of three chemical treatments: water from tanks

containing either (i) predatory (cannibalistic) A. annulatum

larvae, (ii) non-predatory tadpoles or (iii) no animals (blank).

Substrates (plants versus rocks) also were randomly assigned,

but had no effect on the results; therefore, this variable will

not be discussed further. Stimulus animals were kept

individually in plastic boxes (9!9!8 cm) with 500 ml of

water. Each group of eggs was kept in a plastic box (30!15!

11 cm) for 3 days, during which time 50 ml of stimulus water
This journal is q 2008 The Royal Society
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was added twice daily. After the 3-day exposure period, each

group of eggs (now at Harrison stages 35–36) was placed in

containers (9!9!8 cm) with clean water (500 ml) until

hatching (4–13 days later; Harrison stages 39–42). There

were no statistically significant effects of treatment on the

size (FZ1.77, d.f.Z2, pZ0.17) or stage (FZ0.67, d.f.Z2,

pZ0.51) of larvae at hatching, although such an effect has

been reported for another species (Sih & Moore 1993). For

each experiment, two larvae were tested from each group and

no larva was tested more than once.

In the first experiment, we hypothesized that larvae

exposed to the high-risk treatment as embryos would show

lower post-hatching activity than those in the low-risk

treatments; low activity is an antipredatory response for this

species (Mathis et al. 2003). We quantified activity of free-

swimming larvae as soon as larval yolk sacs were depleted

(12.0–17.5 mm total length; post-hatching stages 4–8

(Watson & Russell 2000)). Test chambers were modified

12 ml test tubes that were oriented horizontally with the open

end blocked and lines marked every 12 mm. A 4 mm

diameter hole was drilled in the top left end of the tube for

introduction of the test larva. Immediately after introduction

(which constituted a mild disturbance), we quantified activity

as number of lines crossed in 5 min. Statistical analysis was an

ANOVA followed by Tukey’s post hoc comparisons.

In a second experiment, we hypothesized that larvae

exposed to the high-risk treatment as embryos would have a

stronger tendency to occupy habitats containing plants than

larvae in the low-risk treatment. In their natural habitat, larval

A. annulatum often are found in vegetation around the edges

of the pond (A. Mathis & N. Windel 2005, personal

observations) probably because it provides refuge from

predators (e.g. Brodman & Jaskula 2002). Aquatic vegetation

is the most abundant shelter available in the ponds. To

distinguish between a specific choice for plants versus a

choice for any available shelter, we included an alternative

shelter choice of rocks; rocks are rare in the ponds where the

eggs were collected. We divided a plastic container (30!15!

11 cm) into three equal sections: one randomly chosen end

had rocks; the opposite end had vegetation (Polygonum sp.);

and a neutral area (no added substrate) was in the centre.

Larvae (12–17 mm; post-hatching stages 5–7) were intro-

duced into an open-ended vertical tube in the centre of the

neutral zone. After 10 min, the tube was removed and the

position of the larvae was noted after 1 and 5 hours. Most

larvae were still in the neutral zone after 1 hour, and so

data for latency to move to cover and initial time in cover

were not analysed statistically. For 1 and 5 hour choice data,

we compared post-hatching habitat choice (rock versus

vegetation) to a random distribution using the Fisher’s

exact probability test for each treatment.

(b) Can embryos learn to recognize unfamiliar

predators using classical conditioning?

Two weeks prior to collection of eggs, we filled a 1900 l tub

with well water to serve as a holding tank for wood frog

eggs and left it outdoors. The tub was seeded with aquatic

plants, zooplankton and phytoplankton from a local pond

using a fine mesh dip net, ensuring that the holding and

testing water contained a full array of algae and plank-

ton. The predators, fire-belly newts (Cynops pyrrhogaster),

obtained from a commercial supplier, were kept in a 7 l tub

containing mosquito larvae (Culex restuans) and fairy shrimp

(Streptocephalus spp.).
Proc. R. Soc. B (2008)
All eggs and tadpoles used in this experiment were

collected from a single pond in northeastern Alberta in

April 2006. Egg laying occurred 16–27 April. Four egg

clutches laid early in the season were transferred into a pool

containing pond water and aquatic plants, and were left to

develop until hatching. These tadpoles were used for

preparation of the alarm stimulus. The alarm stimulus was

prepared immediately prior to being used, by crushing 20

tadpoles (approx. 8–12 mm in length) in 50 ml of well water

using a mortar and pestle and then dividing the stimulus

solution into five aliquots of 10 ml each.

For the embryo-training portion of the study, the con-

ditioned stimulus (water from tanks with allopatric predators,

fire-belly newts) was obtained by putting four newts into

375 ml of conditioned well water for 24 h; the water was

changed daily. For the test of post-hatching behaviour, the

newt odour was obtained by putting nine newts into a tub

containing 3 l of conditioned well water for 24 h.

To serve as test embryos, we collected five clutches of

wood frog eggs and divided each clutch into three groups of

approximately 50 eggs. The 15 groups were then individually

transferred into 3.5 l buckets containing 3 l of conditioned

well water. The 50 eggs consisted of a single mass with the egg

jelly intact. The buckets were then placed on trays, partially

filled with pond water, floating on the pond to equalize the

temperature of the egg buckets with that of the pond.

Random temperature checks revealed only a 0.18C difference

between the 15 buckets. Embryos were at Gosner (1960)

developmental stages 12–15 (the neural fold stage), and

training began immediately.

For each clutch, the three groups of eggs were randomly

assigned to a training treatment with (i) 10 ml of injured

tadpoles cues paired with 20 ml of newt odour, (ii) 10 ml of

conditioned well water paired with 20 ml of newt odour

or (iii) 30 ml of conditioned well water. Eggs were treated

every day for 6 days at 16.00 hours; the stimuli were slowly

injected on the side of the buckets to minimize disturbance to

the eggs. At 19.00, a 100 per cent water change was

performed, with the experimenter wearing latex gloves to

avoid contamination of the water. Daily treatments continued

for 6 days until the embryos within the eggs appeared fully

formed (approx. Gosner stage 22/24) but had not hatched; all

eggs hatched within 24 h. We verified that the embryos had

not hatched as they were curled up inside their egg shell;

tadpoles straighten out immediately upon hatching. Tadpoles

were provided with rabbit food and the water was partially

changed every second day.

The number of individuals tested per treatment was

unbalanced due to differential mortality of the clutches.

Mortality included individuals in all clutches, one entire clutch

and two subgroups of 50 eggs from other clutches. Mortality

was primarily due to infection by pathogenic water moulds

(Saprolegnia spp.) that were common in amphibian clutches at

our field site. Hence, we tested tadpoles from three different

clutches in the first treatment (crushed tadpoles paired with

newt odour—sample size of 17, 14 and 13), four clutches in the

second treatment (water paired with newt odour—sample size

of 17, 16, 16 and 7) and three clutches in the last treatment

(water only—sample size of 18, 11 and 16). There were many

surviving tadpoles in some buckets that were not tested.

Two weeks after hatching (stage 25), tadpoles from all

three treatments were tested for a response to newt odour.

Individual tadpoles were transferred into plastic cups con-

taining 0.5 l of conditioned well water and left to acclimatize
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for 45 min. The trials consisted of a 4 min prestimulus

period, a 30 s injection period and a 4 min post-stimulus

period. Behaviour (activity) of the tadpoles was recorded, and

a decrease in activity was considered a fright response

(Petranka & Hayes 1998). To measure activity, we drew a

line across the centre of the cup and counted the number of

line crosses during the two observation periods. We

considered that a tadpole crossed a line when its entire

body was on the other side of the line. During the injection

period, the 5 ml of the newt stimulus solution was emptied

slowly on the side of the cup to minimize disturbance. The

trials were performed outdoors, and all trials were performed

on the same day to avoid day/temperature effects.

We calculated the change in line crosses from the

prestimulus baseline. We compared treatments using a one-

way nested ANOVA, in which the responses of tadpoles were

nested within clutch and the clutches were nested within

treatments; data were normal and homoscedastic. Post hoc

Bonferroni comparisons were performed after a significant

treatment effect to compare among treatments.
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Figure 1. Post-hatching behaviour of Ambystoma annulatum
larvae that had been exposed as embryos to chemical stimuli
from predators (cannibalistic conspecifics), non-predators
(tadpoles of R. catesbeiana) or to a blank control. (a) Activity
measured as total number of lines crossed in 5 min (meanG1
s.e.). Statistical analysis was an ANOVA followed by Tukey’s
post hoc comparisons; different letters indicate significant
differences. (b) Habitat choice measured as proportion of
larvae found in the plants after 5 hours. Statistical analysis was
the Fisher’s exact probability test; �pZ0.011; n.s., pO0.15.
3. RESULTS AND DISCUSSION
(a) Does embryonic exposure to predators influ-

ence post-hatching activity and habitat choice?

In the first experiment, there was a significant effect of

treatment on post-hatching activity (FZ5.53; d.f.Z2; n:

predatorZ76, non-predatorZ65, blankZ74; pZ0.005).

Larvae that had been exposed to chemical cues from

predators as embryos were significantly less active than

those exposed to the blank treatment (Tukey’s test:

pZ0.004). There was no significant difference between

the tadpole and blank ( pO0.05) or tadpole and predator

treatment groups ( pO0.50; figure 1a).

In the second experiment, larvae had been exposed to

predator cues as embryos occupied the vegetation habitat

significantly more often than the rock habitat after 5 hours

(nZ20; pZ0.022; figure 1b). For larvae exposed to blank

(nZ31; pZ0.664) and non-predator cues (nZ32;

pZ0.50), there was no significant difference between the

proportion of individuals choosing the rock side and those

choosing the vegetation side (figure 1b).

Experience of embryos with predatory stimuli influenced

post-hatching behaviour in ways that were consistent with

antipredator behaviour. Following embryonic exposure to

syntopic predators (potentially cannibalistic older larvae),

A. annulatum larvae showed reduced activity and a

preference for vegetated habitats. Reduced activity is a

known response to predatory stimuli for this species in both

laboratory and field experiments (Mathis et al. 2003), and

this behaviour typically results in increased survival of

amphibian larvae (Skelly 1994). A similar result was seen

in an experiment with common frogs (Rana temporaria;

Saglio & Mandrillon 2006). Attraction to vegetation by

larvae exposed to predation risk as embryos is likely an

antipredator strategy (e.g. Orizaola & Braña 2003);

vegetation is the primary refuge available in natural pond

habitats for this population. Control larvae were not

differentially attracted to plants, indicating a possible cost

to plant use, such as decreased prey availability or increased

risk of predation by some predators (dytiscid beetles:

Holomuzki 1985). Differential use of vegetation for larvae

in the predator treatment did not reflect a general preference

for structure over non-structure because the vegetation was
Proc. R. Soc. B (2008)
not used significantly more often than rocks in the non-

predator treatments. Moreover, use of the vegetated habitat

did not depend upon being exposed to vegetation during the

embryonic period (see §2). Although the proximate

mechanisms for these changes in behaviour are unknown,

embryonic learning may be hormonally mediated (Davis

et al. 2005; Uller & Olsson 2006) or related to changes in

neurological (amygdalar) biology (Salm et al. 2004).

(b) Can embryos learn to recognize

unfamiliar predators?

There was a significant effect of treatment (F2,135Z45.57,

p!0.001) on post-hatching activity, but no effect of clutch

(F3,135Z0.23, pZ0.88) and no significant interaction
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Figure 2. Activity measured as proportional change in line
crosses (meanG1 s.e.) for wood frog tadpoles that had been
exposed to tadpole alarm cues paired with newt odour (TPC
NO), well water paired with newt odour (WWCNO) or well
water only (WW) in the egg. Different shading patterns
represent the responses of tadpoles from different clutches.
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between the treatment and clutch (F6,135Z0.53, pZ0.71;

figure 2). Post hoc Bonferroni comparisons showed that

tadpoles initially exposed to crushed tadpoles paired with

newt odour during embryonic development responded

differently to newt odour than the ones initially exposed to

either water paired with newt odour (differenceZK0.56,

p!0.001) or water only (differenceZK0.50, p!0.001).

Tadpoles initially exposed to water paired with newt

odour did not respond differently to the newt odour than

the tadpoles initially exposed to water only (differenceZ
0.06, pZ1.000).

Amphibians are subject to a wide range of predators that

include aquatic insects, fishes, other amphibians, snakes,

wading birds and some mammals (Petranka 1998). The

suite of predators present in a given pond at any one time

may be unpredictable. Our data onR. sylvatica indicate that

embryos can learn to recognize unfamiliar predators by

associating the odour of the predator with a chemical alarm

cue that is released from damaged conspecific tadpoles.

Tadpoles that were exposed to predator-recognition

training as embryos exhibited decreased activity when

exposed to the novel predator as tadpoles whereas tadpoles

that were not trained with the alarm cue did not. Such

results could be explained by classical conditioning or

sensitization to the introduction to new odours. However,

we feel that classical conditioning is a more parsimonious

explanation given that there was a single conditioning trial

followed by a two-week delay between conditioning and

testing; sensitization lasting longer than a few hours

generally requires multiple conditioning events (Pinsker

et al. 1973). The responses of tadpoles trained as embryos

are similar to amphibians and other aquatic vertebrates that

are exposed to predator-recognition training post-hatching

(Woody & Mathis 1998; Brown 2003). Such learning is

adaptive because trained individuals typically experience

higher survival than individuals that are not trained

(Mirza & Chivers 2001).

Predatory cues generally indicate threat levels at a given

moment in time. Prey give immediate responses to these

cues and then their behaviour gradually returns to

pre-threat levels (Waldman 1982). When past or present

threat levels are good predicators of future threat, then

individuals that alter future behaviour based on past levels

of threat should experience higher fitness. The ‘ghost of
Proc. R. Soc. B (2008)
predation future’ (Kats & Dill 1998) may be an adaptive

explanation for anxiety-like behaviour that is present post-

hatching (or after birth) for individuals who received

stressful stimuli as embryos.

Permission to collect ringed salamander eggs was provided by
the Missouri Department of Conservation and salamander
experimental protocols were approved by the Missouri State
IACUC (no. 98H). Wood frog eggs were collected under
Alberta Research Permit no. 06-067 and Collection Permit
no. 23410, and wood frog experimental protocols were
approved under the University of Saskatchewan Animal
Care protocol no. 20060014.

We thank Missouri State University Department of Biology
and the Natural Sciences and Engineering Research Council
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