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Carryover effects of phenotypic plasticity: Embryonic environment and larval response to 18 

predation risk in wood (Lithobates sylvaticus) and Northern leopard (Lithobates pipiens) frogs 19 

A. M. Bennett and D. L. Murray 20 

 21 

Abstract 22 

Limitations of phenotypic plasticity affect the success of individuals and populations in changing 23 

environments. We assessed the plasticity-history limitation on predator-induced defenses in 24 

anurans (wood frogs: Lithobates sylvaticus (LeConte, 1825); Northern leopard frogs: L. pipiens 25 

(Schreber, 1782)), predicting that plastic responses to predation risk by dragonfly larvae (Aeshna 26 

spp.) in the embryonic environment would limit the defensive response to predators in the larval 27 

environment. Predator-conditioned wood frog embryos increased relative tail depth in response 28 

to those same cues as larvae, whereas predator-naive tadpoles did not. However, no carryover 29 

effect was noted in the behavioural response of wood frog tadpoles to predation risk. Predator-30 

naive Northern leopard frog tadpoles increased relative tail depth in response to predation risk in 31 

the larval environment. Predator-conditioned leopard frog embryos hatched with, and 32 

maintained, a marginal increase in tail depth as larvae in the absence of predation risk. Predator-33 

conditioned leopard frog embryos exposed to predation risk as larvae showed no morphological 34 

response. While we find no strong support for the plasticity-history limitation per se, carryover 35 

effects across embryonic and larval life-history stages were noted in both wood and leopard 36 

frogs, suggesting that predation risk early in ontogeny can influence the outcome of future 37 

interactions with predators.  38 

 39 

Key words: Trade-off, wood frog, Northern leopard frog, Lithobates pipiens, L. sylvaticus 40 
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Introduction 41 

 Plasticity, the capacity of a phenotypic trait to be modified in response to environmental 42 

cues within the lifespan of an individual, is adaptive, and the ability to be plastic is itself a 43 

heritable trait favoured by selection when environmental conditions are variable but constrained 44 

to a predictable gradient (Scheiner 1993; Via et al. 1995).  Plasticity in behaviour, morphology, 45 

and life history can have direct influences on population-level processes under different 46 

environmental conditions (Kishida et al. 2010; Reed et al. 2010). More specifically, plasticity in 47 

response to predation risk can alter food web dynamics (Beckermann et al. 1997; Van Buskirk 48 

and Schmidt 2000), and influence antagonistic and mutualistic interactions between species 49 

(Agrawal 2001), thereby driving evolutionary divergence in novel habitats (Prokopy et al. 1982; 50 

Pigliucci et al. 2006). Understanding the limitations acting on plasticity is therefore fundamental 51 

both to our knowledge of the current ecology and evolutionary history of species, and to our 52 

ability to predict the capacity of those species to respond to novel environmental changes. 53 

 Plastic responses early in ontogeny may negatively affect an organism's ability to respond 54 

to those same environmental cues later in ontogeny; this is called a plasticity-history limitation 55 

(Weinig and Delph 2001; Van Kleunen and Fischer 2005; Auld et al. 2010). Plasticity-history 56 

limits are expressed when the magnitude of plastic response by an organism to particular 57 

environmental cues is constrained by a previous (i.e., earlier in ontogeny) trait change (Auld et 58 

al. 2010). For example, Weinig and Delph (2001) describe how morphological responses (stem 59 

elongation) to a reduction in the ratio of red:far red wavelengths of light caused seedlings of 60 

Abutilon theophrasti Medic. to become less responsive to a second reduction in the red:far red 61 

ratio later in development. In this case, the competitive advantage of elongated stems in the 62 

environment was constrained by limitations on the structural integrity of the plant (Weinig and 63 

Page 3 of 34

https://mc06.manuscriptcentral.com/cjz-pubs

Canadian Journal of Zoology



Draft

4 

Delph 2001). However, this plasticity-history limit could be compensated for in a high density 64 

environment where neighbouring plants can increase stability for long-stemmed individuals, 65 

suggesting plasticity-history limitations can reflect both developmental and environmental 66 

constraints (Weinig and Delph 2001). 67 

 A similar plasticity-history limitation could be manifested in organisms displaying 68 

inducible defenses in response to predation risk. For example, plasticity-history limits on 69 

defensive traits expressed early in development, such as a decrease in foraging activity, should 70 

be costly to manifest repeatedly over time, as a reduction in resource acquisition would constrain 71 

growth and development. To compensate for such a limitation, we would predict high 72 

reversibility of the behavioural response and a decrease in responsiveness, as the energetic 73 

demands for other processes grow. Both of these compensatory mechanisms have been 74 

documented, to some extent, in the behavioural defenses of amphibian larvae (Relyea 2003; 75 

Laurila et al. 2004, respectively). Under natural conditions, the direct effects of predators (i.e., 76 

decreased conspecific density due to removal of individuals from the population) can act as 77 

environmental compensation by lowering competition for resources in later life-history stages 78 

(Vonesh 2005). There is also the potential for developmental compensation if other defensive 79 

traits (such as morphological plasticity) are traded-off with behavioural responses during 80 

ontogeny (Relyea 2003). The manifestation of any of these compensatory mechanisms would 81 

provide empirical evidence of limitations acting on the inducible defenses of prey. 82 

 An explicit test of the plasticity-history limitation on inducible defenses would examine 83 

how plasticity in response to predation risk during an early life-history stage affects the 84 

magnitude and/or type of response to predation risk later in development. Studies that examined 85 

carryover effects of predation risk across life-history stages have been largely focused on 86 
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transitions that are accompanied by dramatic changes in environment, notably an air-water 87 

transition (Van Buskirk and Saxer 2001; Vonesh 2005; Nicieza et al. 2006; Capellàn and Nicieza 88 

2007; Gomez-Mestre et al. 2010). In these studies, both abiotic and biotic conditions are vastly 89 

different between early and later life-history stages, however, the plasticity-history limitation is 90 

predicated on the limitation imposed by sequential responses to the same environmental cues. 91 

Therefore, in our study we examine limitations imposed by plastic responses to predation risk 92 

cues in an aquatic environment alone.  93 

 Many amphibian species are known to detect and respond to predation risk at both the 94 

embryonic and larval stages (Chivers et al. 2001; Laurila et al. 2002; Ireland et al. 2007; 95 

Mandrillon and Saglio 2007). Embryos can learn to associate risk with novel predators when 96 

exposed to chemical cues from both the predator and injured conspecifics (Ferrari and Chivers 97 

2009, 2011). Embryos may delay hatching in response to larval predators, so that hatchlings are 98 

larger and more developmentally advanced (Sih and Moore 1993; Ireland et al. 2007). Tadpoles 99 

exposed to odonate predation risk typically reduce their activity and develop deeper tails relative 100 

to body size (Relyea and Werner 2000; Relyea 2001). Lower activity levels decrease encounter 101 

rates with ambush predators and therefore increase survival (Anholt and Werner 1995; Van 102 

Buskirk and McCollum 2000). Similarly, deeper tails can increase survivorship by acting as lures 103 

to draw dragonfly strikes away from the vulnerable head and body (Van Buskirk et al. 2003). 104 

Tadpoles lacking these inducible defenses suffer greater mortality rates in high predation risk 105 

environments (Van Buskirk and McCollum 2000; Van Buskirk et al. 2003). If larval plasticity is 106 

limited by plasticity in early ontogeny, an embryonic response to predation risk should constrain 107 

the magnitude of potential responses during larval development. Therefore, a plasticity-history 108 

limitation would be manifest if tadpoles hatched from predator-exposed eggs did not, in turn, 109 
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demonstrate an induced defense in response to larval predation risk. Alternatively, in the absence 110 

of a plasticity-history limitation, a carryover effect would be evident if the induced defense is 111 

maintained in the larval stage in the absence of larval predators.  112 

 The purpose of our experiment was to explicitly test for a plasticity-history limitation on 113 

phenotypic plasticity in a vertebrate system. We explored plasticity-history limitations in the 114 

wood frog (Lithobates sylvaticus (LeConte, 1825)) and Northern leopard frog (Lithobates pipiens 115 

(Schreber, 1782)) by examining risk-related trade-offs and carryover effects between the 116 

embryonic and larval life-history stages. Both frog species are early spring breeders and can 117 

overlap in reproductive habitat (Werner 1992; Werner and Glennemeier 1999); they have similar 118 

larval responses to predation risk from odonate predators, including reducing activity and 119 

increasing tail fin or tail muscle depth (Relyea and Werner 2000; Relyea 2001). However, wood 120 

frog spring breeding habitats are typically fish-free vernal ponds or small pools (Petranka and 121 

Thomas 1995; Baldwin et al. 2006). In contrast, Northern leopard frogs choose a wider variety of 122 

breeding habitats, including the floodplains of permanent bodies of water (Gilbert et al. 1994). 123 

Therefore, variability in plasticity is also expected between species, given the variability in 124 

selection pressures such as hydroperiod, interspecific competition, and predation risk among 125 

populations. We hypothesize that if plasticity-history limitation exists, it will be manifest 126 

between embryonic and larval responses to predation risk as a trade-off in which eggs exposed to 127 

larval predation risk will alter hatching phenology and/or embryonic morphology, and that those 128 

previously exposed embryos will develop into tadpoles showing reduced predator-induced 129 

phenotypes in the presence of larval predator cues.  130 

 131 

Materials and Methods 132 
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Egg collection and rearing 133 

 The experiment was conducted using frog eggs collected near Peterborough, ON 134 

(44
o
20'N 78

o
11'W) over two summers: six wood frog (WF) egg masses were collected in May 135 

2011, and six Northern leopard frog (LF) egg masses were collected from captive-bred wild 136 

frogs in May 2013. Predators (late-instar dragonfly nymphs, Aeshnidae) were collected from 137 

nearby ponds in both years. Six wood frog clutches were split into strands of 10-15 eggs each, 138 

and then mixed into groups of approximately 100 eggs, which were placed in plastic tanks filled 139 

with 10 L of aged tap water. Each tank contained a plastic floating breeding cage with a short 140 

piece of rubber tubing to act as a dragonfly perch, and half of the cages contained a late-instar 141 

dragonfly nymph (predator treatment, n = 6 replicates) while the other half remained empty 142 

(control treatment, n = 6 replicates). Hatching was defined as the timing of embryo emergence 143 

from their jelly coats, and tanks were checked every two (during the day) to six (overnight) hours 144 

for hatching success. Within 24 hours of complete hatching, five embryos were haphazardly 145 

chosen from each tank and photographed laterally against a scale bar. Embryo total length (mm) 146 

and tail depth (mm) were then measured from photographs using the program ImageJ (Rasband 147 

2012). After all eggs had hatched, discarded jelly coats were removed and half of the tadpoles (n 148 

≈ 45) were placed in a new plastic tank filled with 10 L aged tap water, where they were exposed 149 

to presence/absence of the caged dragonfly nymph predator (n = 6 replicates per treatment). The 150 

other half of the tadpoles remained in the same tank (after a full water change) with the same 151 

treatment as their embryonic exposure. Our experiment was thus a 2x2 factorial design: i) no 152 

predator in either environment (control) ii) predator present during embryonic development only; 153 

iii) predator present during larval development only; and iv) predator present during both 154 

embryonic and larval development. Tadpoles were fed ground algae discs (Wardley Algae 155 
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Discs™ or Omega One Veggie Rounds™) ad libitum, and half water changes were done twice a 156 

week. Tanks were placed in an outdoor enclosure and thereby subject to natural light cycles and 157 

temperatures. Dragonfly nymphs were maintained on three conspecific tadpoles, fed twice 158 

weekly. The above experiment was duplicated in 2013 using Northern leopard frogs from five 159 

clutches (the sixth clutch collected was not viable). 160 

 Once tadpoles had reached Gosner stage 25 (Gosner 1960), we conducted behavioural 161 

assays four days per week, between 0800 and 1000 hrs, by counting the number of tadpoles that 162 

were active (showed any movement) within 30 seconds. Tadpole morphology was recorded 163 

every week for six weeks by haphazardly removing and photographing five tadpoles from each 164 

tank using a Nikon D70 digital SLR camera equipped with a Tamron 90 mm macro lens against 165 

a scale bar. Tadpoles were blotted dry, weighed on a microbalance, then staged (according to 166 

Gosner 1960) by viewing under a dissecting microscope, before being returned to the treatment 167 

tank. Experiments ended on 5-July-2011 for wood frogs and 2-July-2013 for leopard frogs, at 168 

which point tadpoles were euthanized with an overdose of tricaine methanosulfonate (MS-222). 169 

All experiments were carried out according to the guidelines of the Canadian Council on Animal 170 

Care, under Trent University Animal Use Protocols 12022 and 13002, and complied with 171 

Canadian law. 172 

Statistical Analyses 173 

 Hatching: 174 

 Hatching timing was analyzed for each species using time to 50% hatching (hrs) and total 175 

hatching time (from onset to 100% hatched; hrs) and hatchling relative tail depth was calculated 176 

as the residuals of an ordinary least-squares regression of tail depth (mm) on total length (mm) 177 

for each species (WF: R
2
 = 0.66, P < 0.001; LF: R

2
 = 0.30, P < 0.001). Tanks were arranged in 178 
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rows (three rows in 2011 and two rows in 2013) against a concrete wall in such a way that rows 179 

farther from the wall were exposed to sunlight for longer periods of time, effectively increasing 180 

the temperature in these tanks on sunny days. We therefore analyzed dependent variables using a 181 

nested design with treatment as a fixed factor nested within row. Tank temperatures were 182 

measured daily as part of our water quality monitoring and we noted that the temperature 183 

difference among rows was lost as vegetation leafed out over the fenced roof of the enclosure 184 

after hatching, effectively shading all tanks. To account for potential carryover effects of 185 

embryonic temperature on larval traits, we originally included row as an additional factor in all 186 

larval analyses. However, we found no significant main or interactive effects of row on larval 187 

traits for either species, therefore, we excluded row as a factor in the larval trait analyses and 188 

results reported below. 189 

 Behaviour: 190 

 We used a repeated-measures ANOVA, with embryonic and larval environment as fixed 191 

factors, to assess differences in the proportion (arcsin squareroot transformed) of active tadpoles 192 

per tank, over 14 days from 30-May to 28-Jun for L. sylvaticus (2011) and L. pipiens (2013). 193 

 Morphology: 194 

 A variety of methods are used to describe size-independent shape changes in response to 195 

predation risk in tadpoles, ranging from geometric morphometics (Dayton et al. 2005; Johnson et 196 

al. 2008) to linear measurements (Van Buskirk and McCollum 2000; Relyea 2001; Van Buskirk 197 

and Arioli 2002); however, morphological responses are consistently related to changes in the 198 

tail fin depth relative to body size. As such, we decided to use mass-corrected tail depth as our 199 

response variable of morphological plasticity. To calculate mass-independent tail depth, we first 200 

conducted ANCOVAs of raw tail depth (mm) by treatment (categorical factor with four levels: 201 
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predator always present, predators never present, predators in the embryonic environment, 202 

predators in the larval environment) with tadpole mass (g) as the covariate for each week. We 203 

used data from weeks 3 to 6 only, as tadpole mass interacted significantly with treatment during 204 

weeks 1 and 2, thus violating the requirement that regression lines be parallel between treatments 205 

in our size correction (Schoeppner and Relyea 2009). Mass-independent estimates of tail depth 206 

were then calculated for every tadpole by adding the residuals from the ANCOVAs to the 207 

estimated marginal means of each treatment (McCoy et al. 2006; Schoeppner and Relyea 2008, 208 

2009). We then used the tank means of mass-corrected tail depths in a repeated-measures 209 

ANOVA, with larval and embryonic environment as fixed factors and week as the repeated 210 

measure.  211 

 Growth and Development:  212 

 To analyze the effect of predation risk in the larval and embryonic environments on 213 

growth and development, we used a repeated-measures ANOVA with tank means of mass (g) or 214 

developmental stage from weeks three through six as the response variables and embryonic and 215 

larval environments as fixed factors. As developmental stage was the tank mean, it was treated as 216 

a continuous variable (Laurila et al. 2002; Ireland et al. 2007). 217 

 All statistical analyses were performed (and graphs were created) using Statistica 10 218 

(StatSoft 2011). Assumptions of statistical analyses were tested and met, following 219 

transformations as noted above. Significance was set at α < 0.05. Carryover effects are predicted 220 

to be manifest through significant interactions between embryonic and larval environment on 221 

dependent variables. 222 

 223 

Results 224 
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 Wood frogs (L. sylvaticus) 225 

Hatching:   226 

 We found no effect of predation risk on hatching timing (time to 50% hatch: F[3,6] = 0.51, 227 

P = 0.69; total hatching time: F[3,6] = 0.56, P = 0.66), however, we do note a non-significant 228 

trend towards an increase in relative tail depth in wood frog hatchlings exposed to predation risk 229 

(F[3,6] = 3.77, P = 0.08; Fig. 1A). Row did not affect hatching timing (time to 50% hatch: F[3,6] = 230 

0.72, P = 0.53; total hatching time: F[3,6] = 0.79, P = 0.50), nor did row significantly affect 231 

hatchling morphology in wood frog tadpoles (F[3,6] = 2.62, P = 0.15).  232 

Behaviour:  233 

 Wood frog tadpoles showed a significant decline in activity when exposed to predation 234 

risk in the larval environment alone (F[1,20] = 7.67, P = 0.01; Fig. 2A). Exposure to predation risk 235 

in the embryonic environment had no effect on tadpole behaviour (F[1,20] = 0.60, P = 0.45), nor 236 

was there an interaction between embyronic and larval treatment on tadpole activity (F[1,20] = 237 

1.18, P = 0.29).  Activity varied by day (F[13,260] = 25.54, P < 0.001) and we also noted a 238 

significant two-way interaction between day and larval environment (F[13,260] = 1.80, P = 0.04).  239 

There was no interaction, however, between day and embryonic environment (F[13,260] = 0.93, P 240 

= 0.53), nor between day, larval, and embryonic environment (F[13,260] = 1.73, P = 0.06) on wood 241 

frog tadpole activity. It is difficult to infer any particular biological meaning from the statistical 242 

interaction between day and larval treatment, though it likely reflects the naturally high variation 243 

in activity level between days coupled with variability in the concentration of predation risk cues 244 

on any given day (Fig. 2C). 245 

Morphology:  246 

 Wood frog tadpoles exposed to predation risk in both the embryonic and larval 247 
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environments had signficantly deeper tails than tadpoles exposed in either environment alone, as 248 

well as those tadpoles that had never been exposed to predator cues (embryonic*larval: F[1,20] = 249 

9.51, P = 0.01; Fig. 3A). Exposure to predator cues in either environment alone did not affect 250 

relative tail depth  in wood frog tadpoles (embryonic:  F[1,20] = 1.65, P = 0.21; larval:  F[1,20] = 251 

0.57, P = 0.48).  252 

 Relative tail depth increased significantly over four weeks (F[3,60] = 79.98, P < 0.001). 253 

Tadpoles exposed to predation risk in the embryonic environment had relatively deeper tails than 254 

controls during weeks three and four, however, this difference was lost in weeks five and six 255 

(F[3,60] = 3.84, P = 0.01; Fig. 3B). There was no interaction between larval exposure and week on 256 

relative tail depth (F[3,60] = 0.09, P = 0.97), nor was there any three-way interaction effect on tail 257 

depth (embryonic*larval*week: F[3,60] = 0.47, P = 0.71). 258 

Growth and Development:  259 

 As expected, wood frog tadpoles increased in mass (F[3,60] = 53.56, P < 0.001) and 260 

developmental stage (F[3,60] = 96.83, P <0.001) over four weeks. However, there was no effect of   261 

predation risk on either mass (embryonic: F[1,20]  = 0.70, P = 0.41; larval: F[1,20] = 0.10, P = 0.75; 262 

embryonic*larval: F[1,20] = 0.78, P = 0.39) or developmental stage (embryonic: F[1,20] = 0.26, P = 263 

0.62; larval: F[1,20] = 1.50, P = 0.23; embryonic*larval: F[1,20] = 0.00, P = 0.97). We do note a 264 

signficant three-way interaction between week, embryonic, and larval environment on tadpole 265 

development (F[3,60] = 3.46, P = 0.02). Tadpole development was slower for those individuals 266 

exposed to predators in the larval environment only, but only during weeks four and five (Fig. 4). 267 

By week six, there are no differences in developmental stage between treatment groups (Fig. 4). 268 

There were no other signficant interactions between week and environmental exposure for either 269 

mass or stage (P > 0.05, in all cases).  270 
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  271 

 Northern leopard frogs (L. pipiens) 272 

Hatching: 273 

 Northern leopard frog eggs in the sunniest row hatched more quickly than in the shaded 274 

row (time to 50% hatch: F[1.8] = 8.64, P = 0.02; total hatching time: F[1.8] = 8.63, P = 0.02), 275 

however, we found no effect of predation risk on hatching timing (time to 50% hatch: F[2,8] = 276 

0.96 P = 0.42; total hatching time: F[2,8] = 0.02, P = 0.98). Row did not affect hatchling 277 

morphology in leopard frog tadpoles (F[1,8] = 0.04, P = 0.85), though, like the wood frogs, 278 

hatchlings exposed to predation risk as eggs showed a non-significant trend towards relatively 279 

deeper tails (F[2,8] = 3.71, P = 0.07; Fig. 1B). 280 

Behaviour: 281 

  Northern leopard frog tadpoles did not respond behaviourally to predation risk in either 282 

the larval (F[1,20] = 3.00, P = 0.10) or embryonic environment (F[1,20] = 0.71, P = 0.41; Fig. 2B), 283 

nor was there an interaction between the embryonic and larval environments on activity (F[1,20] = 284 

0.25, P = 0.70).  Activity varied significantly by day (F[13,260] = 18.42, P < 0.001), though there 285 

were no signficant interactions between day and either embryonic or larval environment on 286 

activity (P > 0.10, in all cases).  287 

Morphology: 288 

 There was a significant interaction between embryonic and larval exposure on relative tail 289 

depth (embryonic*larval: F[1,20] = 39.74, P < 0.001). Tadpoles exposed to larval predator cues in 290 

the embryonic environment tended to have relatively deeper tails than predator-naive tadpoles 291 

when there was no risk of predation in the larval environment (Fig. 5A). However, this increased 292 

tail depth in predator-conditioned tadpoles was not observed if tadpoles were also exposed 293 
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predation risk during larval development (Fig. 5A). Predator-naive tadpoles exposed to predation 294 

risk cues as larvae responded by increasing relative tail depth (F[1,20] = 9.35, P < 0.001) and there 295 

was no effect of embryonic exposure alone on relative tail depth (F[1,20] = 0.41, P = 0.53).  296 

 Relative tail depth increased over four weeks (F[3,60] = 144.81, P < 0.001), and we noted a 297 

signficant three-way interaction between week, embryonic, and larval exposure to predation risk 298 

(F[3,60] = 3.79, P = 0.02) in which differences in relative tail depth between treatment groups 299 

diminished by the fifth and sixth week of exposure (Fig. 5B). There were no other significant 300 

interactions between week and embryonic or larval treatment (P > 0.05, in both cases).  301 

 Growth and Development: 302 

 Northern leopard frog tadpoles increased significantly in mass and developmental stage 303 

over four weeks (mass: F[3,60] = 75.50, P < 0.001; stage: F[3,60] = 100.04, P < 0.001). There was a 304 

signifcant three-way interaction between week, embryonic exposure, and larval exposure to 305 

predation risk on tadpole mass in that tadpoles exposed to risk in either environment grew more 306 

quickly in week six than those never exposed to predation risk, and those exposed as both 307 

embryos and larvae (F[3,60] = 2.96, P = 0.04; Fig. 6).  There were no other significant effects of 308 

predation risk nor interactions on either tadpole mass or developmental stage (P > 0.05, in all 309 

cases). 310 

 311 

Discussion 312 

 Wood frogs (L. sylvaticus) 313 

 Wood frog tadpoles demonstrated a carryover effect of embryonic exposure to predation 314 

risk in morphological plasticity during larval development. Embryonic exposure to larval 315 

predator cues resulted in hatchlings with a marginally significant increase in relative tail depth; 316 
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continued exposure to larval predator cues during larval development resulted in tadpoles with 317 

significantly deeper tails in comparison to controls. A similar morphological response was not 318 

found when tadpoles were predator-naive (i.e., not exposed to larval predator cues in the 319 

embryonic environment). This lack of morphological response in predator-naive tadpoles is 320 

surprising, given the volume of literature describing an increased relative tail depth in studies of 321 

larval wood frogs (typically starting at Gosner stage 25) exposed to dragonfly predator cues (Van 322 

Buskirk and Relyea 1998; Relyea 2002; Middlemis Maher et al. 2013). However, the timing of 323 

exposure to predation-risk cues has been found to influence the induction of defensive 324 

morphologies in Northern leopard frogs (Hossie and Murray 2012) and behavioural responses in 325 

grey treefrogs (Relyea 2003). Tadpoles are more responsive (morphologically or behaviourally, 326 

respectively) to exposure to predation risk cues early in larval development (Relyea 2003; Hossie 327 

and Murray 2012). Additionally, wood frog embryos are able to associate predation risk with 328 

chemical cues from novel predators when those predator cues are paired with the alarm cues of 329 

injured, larval conspecifics (Mathis et al. 2008). It is possible that our population of wood frogs 330 

are developing associations between predation risk and predator cues early in ontogeny, and that 331 

the lack of opportunity to create these associations may limit the response to predators later in 332 

development for predator-naive tadpoles. Indeed, the marginally significant effect of embryonic 333 

exposure on relative tail depth was notable for up to three and four weeks post-hatching, 334 

regardless of the continued presence of larval predators, suggesting defensive morphology in 335 

wood frog tadpoles is influenced by embryonic exposure to cues of larval predation risk.  336 

 Unlike morphological responses, behavioural responses to predation risk cues among our 337 

wood frog tadpoles do not appear to be the result of a learned association, as tadpoles decreased 338 

activity in response to cues from conspecific-fed dragonfly larvae regardless of embryonic 339 
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experience. However, this lack of evidence of a learned association is not a general characteristic 340 

of behavioural responses in wood frog tadpoles. Mathis et al. (2008) found that wood frog 341 

tadpoles could learn as embryos to associate predation risk with unfamiliar predators through 342 

conditioning with novel predators and injured conspecific cues, as evidenced by behavioural 343 

changes when exposed to those same predator cues as tadpoles. Furthermore, learned 344 

behavioural responses are threat-sensitive, with tadpoles increasing their subsequent antipredator 345 

behavioural response to predator cues when, as embryos, they were exposed to higher 346 

concentrations of injured tadpole cues coupled those same novel predator cues (Ferrari and 347 

Chivers 2010). Thus, behavioural responses in wood frogs to predation risk can result from 348 

embryonic conditioning to predator cues.  349 

 In our study, behavioural response to predation risk in wood frog tadpoles appears to be 350 

innate, as it was dependent on the current presence or absence of larval predators and was not 351 

affected by prior exposure to larval predator cues in the embryonic environment. In a common-352 

garden experiment on wood frog tadpoles from the E.S. George Reserve in Michigan, USA, 353 

Relyea (2002) found tadpoles from eight different populations all responded to dragonfly 354 

predator cues by decreasing acitvity. While the magnitude of the behavioural response to 355 

predation risk varied by population, none of the tadpoles had prior embryonic exposure to either 356 

dragonfly cues or cues from older, injured conspecifics (Relyea 2002). Thus, the behavioural 357 

responses to predation risk by dragonfly larvae among these and our populations appear to 358 

represent a genetically-based, naturally selected response to a specific predator.  359 

 Northern leopard frogs (L. pipiens) 360 

 Northern leopard frog tadpoles showed evidence of a carryover effect in our experiment, 361 

however, the nature of this carryover effect was a trade-off between exposure in the embryonic 362 
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and exposure in the larval environment to larval predator cues. Predator-naive leopard frog 363 

tadpoles responded to dragonfly predator cues by increasing relative tail depth. Predator-364 

conditioned tadpoles showed no such morphological response, though embryos exposed to 365 

dragonfly predator cues hatched with marginally significantly deeper tails that were maintained 366 

throughout larval development in the absence of predation risk. Furthermore, tadpoles exposed in 367 

either the embryonic or larval environment showed increased growth rate at six weeks post-368 

hatching, while tadpoles exposed continuously throughout development had comparable growth 369 

rates to controls. Interestingly, Northern leopard frog tadpoles did not show any significant 370 

behavioural response to predation risk in any environment, suggesting that, as in wood frog 371 

tadpoles, morphological and behavioural responses to predation risk are functionally 372 

independent. 373 

 Tadpoles with relatively deeper tails have higher survivorship in the presence of 374 

predatory dragonfly larvae than tadpoles with shallower tail fins (Van Buskirk and Relyea 1998). 375 

In our study, Northern leopard frog embryos exposed to larval predator cues hatched with, and 376 

retained, marginally deeper tails than predator-naive tadpoles. Predator-naive tadpoles, however, 377 

increased their relative tail depth significantly in response to predation risk over three to four 378 

weeks of exposure. Interestingly, tail depth effects were lost over time as all tadpoles, regardless 379 

of predation risk exposure, had similarly deep tail fins after six weeks of development. Hossie 380 

and Murray (2012) observed a similar phenomenon in L. pipiens tadpoles after six weeks of 381 

development, and suggest that either the increased tail depth affords greater thrust to a swimming 382 

tadpole to offset the drag caused by the developing limb buds later in development (energy 383 

efficiency hypothesis), or that tadpoles become increasingly vulnerable to predators as they near 384 

metamorphosis (innate predator defense hypothesis). While our experiments cannot distinguish 385 

Page 17 of 34

https://mc06.manuscriptcentral.com/cjz-pubs

Canadian Journal of Zoology



Draft

18 

between the two hypotheses, we do provide evidence that this phenomenon is both repeatable 386 

and measureable in multiple species. Furthermore, Northern leopard frog tadpoles in our 387 

experiment showed a curious effect in which growth was accelerated at week six in those same 388 

treatment groups that had relatively deeper tails at weeks three and four. A size refugium can 389 

alter the growth-predation risk trade-off by increasing survivorship once prey reach a body size 390 

larger than a predators gape (Babbitt and Tanner 1998, Chase 1999, Bell et al. 2011). It is 391 

possible that tadpoles are switching anti-predator tactics at this time to increase body size as a 392 

response to changes in relative vulnerability as they near metamorphosis, though further research 393 

is required to test this hypothesis. 394 

 General Conclusion  395 

 The plasticity-history limitation hypothesis postulates that plastic responses are 396 

constrained by previous responses earlier in ontogeny (Auld et al. 2010). While we note 397 

significant carryover effects of exposure to larval predator cues for both wood and Northern 398 

leopard frog tadpoles, the nature of these effects does not support the predictions of the 399 

plasticity-history limitation in wood frogs and only provides weak support in Northern leopard 400 

frogs. Wood frog tadpoles increased the magnitude of morphological response later in ontogeny 401 

when conditioned to predation risk cues as embryos. Instead of a limitation, early exposure to 402 

predator cues appears to have created or strengthened the association tadpoles developed 403 

between dragonfly larvae and predation risk in wood frogs. In contrast, Northern leopard frogs 404 

did exhibit limited morphological plasticity in response to predation risk exposure during both 405 

embryonic and larval development, however, we did not find a significant morphological 406 

response to predation risk in the embryonic environment alone. Therefore, while we do not show 407 

evidence of the plasticity-history limitation per se, Northern leopard frog tadpoles appear to be 408 
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either constrained morphologically, or potentially desensitized, by the presence of larval predator 409 

cues in both the embryonic and larval environment. Taken together, our findings suggest that 410 

environmental cues experienced early in ontogeny, even in the embryonic environment, can have 411 

fitness consequences on later life-history stages.  412 
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Figure 1: Boxplot (mean ± standard error (box) ± standard deviation (whisker)) of relative tail 567 

depth (residuals of tail depth (mm) regressed against total length (mm): see text for detail) of 568 

wood frog (Lithobates sylvaticus (LeConte, 1825): A) and Northern leopard frog (L. pipiens 569 

(Schreber, 1782): B) hatchlings after exposure to predation risk (caged Aeshnidae dragonfly 570 

nymph) or an empty cage (control) during embryonic development.  571 

 572 

Figure 2: Mean (± standard error) proportion of active wood frog (Lithobates sylvaticus 573 

(LeConte, 1825): A) and Northern leopard frog (L. pipiens (Schreber, 1782): B) tadpoles over six 574 

weeks, and mean (± standard error) proportion by day of active wood frog tadpoles (C) per tank 575 

in response to predation risk (caged Aeshnidae dragonfly nymph) or control (empty cage) in the 576 

larval environment. 577 

 578 

Figure 3: Mean (± standard error) relative tail depth (residuals of tail depth (mm) regressed 579 

against body size (PC1: see text for details on how body size was calculated)) of wood frog 580 

tadpoles (Lithobates sylvaticus (LeConte, 1825)) exposed to caged dragonfly nymphs 581 

(Aeshnidae) in the embryonic and/or larval environment averaged over six weeks (A), and in the 582 

embryonic environment alone averaged by week from weeks three to six (B). 583 

 584 

Figure 4: Mean (± standard error) developmental stage (Gosner 1960) averaged by week for 585 

weeks three through six post-hatching of wood frog (Lithobates sylvaticus (LeConte, 1825)) 586 

tadpoles exposed to caged dragonfly nymphs (Aeshnidae) in the embryonic and/or larval 587 

environment. 588 

 589 
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Figure 5: Mean (± standard error) relative tail depth (residuals of tail depth (mm) regressed 590 

against body size (PC1: see text for details on how body size was calculated)) of wood frog 591 

tadpoles (Lithobates pipiens (Schreber, 1782)) exposed to caged dragonfly nymphs (Aeshnidae) 592 

in the embryonic and/or larval environment averaged over six weeks (A), and averaged by week 593 

from weeks three to six (B). 594 

 595 

Figure 6: Mean (± standard error) mass (g) averaged by week for weeks three through six post-596 

hatching of Northern leopard frog (Lithobates pipiens (Schreber, 1782)) tadpoles exposed to 597 

caged dragonfly nymphs (Aeshnidae) in the embryonic and/or larval environment. 598 
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Boxplot (mean ± standard error (box) ± standard deviation (whisker)) of relative tail depth (residuals of tail 
depth (mm) regressed against total length (mm): see text for detail) of wood frog (Lithobates sylvaticus 

(LeConte, 1825): A) and Northern leopard frog (L. pipiens (Schreber, 1782): B) hatchlings after exposure to 
predation risk (caged Aeshnidae dragonfly nymph) or an empty cage (control) during embryonic 

development.  
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Mean (± standard error) proportion of active wood frog (Lithobates sylvaticus (LeConte, 1825): A) and 
Northern leopard frog (L. pipiens (Schreber, 1782): B) tadpoles over six weeks, and mean (± standard 
error) proportion by day of active wood frog tadpoles (C) per tank in response to predation risk (caged 
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see text for details on how body size was calculated)) of wood frog tadpoles (Lithobates sylvaticus (LeConte, 

1825)) exposed to caged dragonfly nymphs (Aeshnidae) in the embryonic and/or larval environment 

averaged over six weeks (A), and in the embryonic environment alone averaged by week from weeks three 
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Mean (± standard error) developmental stage (Gosner 1960) averaged by week for weeks three through six 
post-hatching of wood frog (Lithobates sylvaticus (LeConte, 1825)) tadpoles exposed to caged dragonfly 
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Mean (± standard error) relative tail depth (residuals of tail depth (mm) regressed against body size (PC1: 
see text for details on how body size was calculated)) of wood frog tadpoles (Lithobates pipiens (Schreber, 

1782)) exposed to caged dragonfly nymphs (Aeshnidae) in the embryonic and/or larval environment 

averaged over six weeks (A), and averaged by week from weeks three to six (B).  
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Mean (± standard error) mass (g) averaged by week for weeks three through six post-hatching of Northern 
leopard frog (Lithobates pipiens (Schreber, 1782)) tadpoles exposed to caged dragonfly nymphs 

(Aeshnidae) in the embryonic and/or larval environment.  
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