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Abstract 

Enduring Attack: Defensive Posture in Terrestrial Salamanders (Genus: Ambystoma) and Their 

Predator-Prey Interactions on Pelee Island, Canada 

Alexander L. Myette 

 Numerous prey taxa employ defensive postures for protection against attack by predators. 

Defensive postures mitigate predation risk at various stages of the predator-prey sequence, including 

through crypsis, mimicry, thanatosis, aposematism, and deflection. In terrestrial salamanders, defensive 

postures may be aposematic, or deflect attacks away from vital body parts and towards the tail, 

however the extent to which these strategies act exclusively or synergistically remains poorly 

understood. Herein I demonstrate a novel approach to study the function of salamander defensive 

postures through experimental manipulation of predator response to antipredator behaviour in a 

natural field setting. I deployed 1600 clay salamander prey on Pelee Island, Ontario, manipulating prey 

size (small, large) and posture (resting, defensive) and documented attack rates across three predator 

types to further assess the effect of prey body size and predator type on antipredator efficacy. My 

research suggests that irrespective of prey body size, defensive posture does not function through 

aposematism, but rather acts to deflect predator attacks to the tail, which is commonly noxious and 

expendable in terrestrial salamanders. An intriguing possibility is that this behaviour facilitates taste-

rejection by predators. Overall, my research should further contribute to our understanding of the 

importance and potential evolutionary significance of defensive posturing in Ambystoma salamanders, 

and more broadly, on the determinants of prey vulnerability to predation. I also briefly discuss the 

implications of my results to the conservation of Ambystoma populations on Pelee Island. 

Key words: Small-mouthed salamander (Ambystoma texanum); aposematism; attack deflection; anti-

predator behaviour; prey selection; predator avoidance; taste-rejection.  
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CHAPTER 1: GENERAL INTRODUCTION 

Predation pressure is a pervasive selective force leading to the evolution of various behavioural 

and morphological adaptations that mitigate both encounter and attack by predators (Ruxton et al. 

2004). Highly-conspicuous antipredator displays or behaviours present an intriguing evolutionary 

paradox for ecologists, specifically concerning how such traits have arisen through intimate, co-

evolutionary relationships between predators and prey. Indeed, this field has been the subject of 

investigation for nearly 150 years (e.g., Wallace 1877, Cott 1940, Ruxton et al. 2004, Aluthwattha et al. 

2017), presenting compelling evidence for multiple defensive functions of conspicuous antipredator 

displays. In many prey taxa, conspicuous warning signals are accompanied by secondary defensive 

chemicals, which are either sequestered by prey through their diet or synthesized internally in 

specialized skin glands. Aposematic prey possess honest warning signals (e.g., colour, noise) and 

secondary defences (i.e., toxins) that alert predators via digestive malaise or other injury once prey are 

consumed, and such responses can be instigated either innately or through predator learning (e.g., 

Mappes et al. 2005). Additionally, some prey possess distasteful secondary defensive chemicals that 

result in prey rejection or attack abandonment, thereby possibly allowing prey to escape. Further, 

manipulation of the location of the predator’s attack (i.e., deflection; see Humphreys & Ruxton 2018) is 

presented as an explanation for several cases of prey anti-predator morphology and behaviour, 

including among insects (e.g., Hossie & Sherratt 2012, Prudic et al. 2015), fish (e.g., Kjernsmo & Merilaita 

2013), and lizards (e.g., Hawlena et al. 2006, Fresnillo et al. 2015). Mole salamanders from the genus 

Ambystoma possess a variety of behavioural defense postures which may be aposematic or deflective. 

However, previous studies of such questions, mostly involving staged laboratory interactions between 

salamanders and predators, may not be fully representative of the dynamics of natural interactions 

since responses to prey defences may vary according to a variety of extrinsic factors. For example, 

predator body condition (e.g., Skelhorn & Rowe 2007), availability of alternative prey items (e.g., Halpin 
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et al. 2013), and prey profitability (e.g., Halpin et al. 2014, Smith et al. 2016) each can have an effect on 

the responses of predators to defended prey. More generally, laboratory-based assessment of 

interactions between predators and prey across a range of taxa has been challenged because artificial 

laboratory conditions are not generally effective for understanding processes underlying prey selection 

and the survival advantage of prey defences (Reznick & Ghalambor 2005). Thus, the role of defensive 

posture in salamander antipredator behaviour would be best resolved by studying interactions in 

controlled field experiments, including through prey exposure to the free-ranging predator community. 

Previous research suggests that defensive posturing acts to orient predator attacks to body 

sections with the highest concentration of secretory glands (i.e., the paratoid region or tail) (e.g., Brodie 

& Gibson 1969, Brodie 1977). An additional possibility is that the tail is offered to distract the predator, 

as it is least vital to salamanders and can regenerate following injury, especially in the case of 

salamanders that are capable of tail autotomy. Experimental evidence from feeding trials using domestic 

chickens as predators on the dusky salamander Desmognathus ochrophaeus (Labanick 1984), which is 

considered to be palatable to predators, suggests that predator-induced tail autotomy directed the 

attention of chickens to autotomized tails during attacks, and that chickens frequently attacked and ate 

the autotomized tail before pursuing the body of salamanders. Attack duration by chickens was longer 

when salamander tails were autotomized, suggesting that this affords the salamander additional time to 

escape from a predator. Lizards similarly use tail waving and autotomy to ‘distract’ predators from 

attacking the rest of the body (e.g., Hawlena et al. 2006, Fresnillo et al. 2015), however, mole 

salamanders are not specialized for tail autotomy (Brodie 1977) so it is unlikely that defensive postures 

operate to facilitate predator escape. Rather, due to the concentration of secretory glands along the tail 

ridge, directing attacks here might increase the likelihood of a predator consuming defensive chemicals 

and possibly rejecting the salamander due to distastefulness (e.g., Brodie & Gibson 1969, Humphreys & 

Ruxton 2018). 



 

3 
 

Brodie et al (1974) studied immobility as a defensive strategy in multiple salamander taxa (e.g., 

Salamandridae, Ambystomatidae, Plethodontidae) and demonstrated that immobility was always 

employed with an additional defense strategy, commonly involving noxious skin secretions or tail 

autotomy. Indeed, while in the defensive posture, some Ambystoma salamanders (e.g., the small-

mouthed salamander, A. texanum) restrict movement to lashing or undulation of the tail, but maintain 

an immobile body posture, probably to further direct the predators’ attention to the tail and draw little 

attention to the rest of the body. Indeed, skin secretions and antipredator postures in Ambystoma 

salamanders can be effective against multiple predator types (e.g., Brodie & Gibson 1969, Brodie et al. 

1979, Hopkins & Migabo 2010). Feeding trial experiments using mammalian predators reveal adverse 

reactions to salamander skin secretions. For example, Brodie et al. (1979) found that short-tailed shrews 

(Blarina brevicauda) react adversely to salamanders and exhibit mouth pawing and avoidance following 

attacks. Additionally, the effectiveness of salamander chemical defences against predators can be 

realized through increased time to kill noxious salamander species compared to those considered to be 

palatable (e.g., Brodie et al. 1979), which may award the opportunity for salamanders to escape from 

predators during natural encounters. 

Predator attack rate can be influenced by a variety of additional attributes of prey, including 

body size. Prey body size can affect the rate at which predators are willing to attack defended prey (e.g., 

Smith et al. 2016), since size can be an indicator of both nutrient and toxin load (e.g., Smith et al. 2014, 

Jeckel et al. 2015). Salamanders synthesize skin secretions in cutaneous glands (i.e., paratoid or granular 

glands; Brodie & Gibson 1969, Von Byern et al 2015), so larger bodied individuals should possess a 

higher capacity for defence chemical production, or a greater absolute volume of noxious chemicals, 

and thus predators may adjust attack rate on noxious salamanders according to body size. Since 

defensive behaviour is coupled with noxious skin secretions in many salamanders, we propose that body 

size may also affect the efficacy of the salamander defensive posture. Specifically, the antipredator 
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display may not be as salient to predators in smaller individuals, due to the low chemical burden of 

ingesting small defended prey. Previous studies using amphibian and insect prey revealed that body size 

has a direct effect on the protective value of warning signals (e.g., Remmel & Tammarub 2011, Flores et 

al 2015), and in some taxa conspicuous coloration and large body size apparently have coevolved (e.g., 

Hagman & Forsman 2003). In fact, such coevolution may be related to selection imposed by visual 

predators promoting the evolution of larger body size in prey with conspicuous coloration. Thus, it is 

plausible that body size may affect the efficacy of salamander defensive posture in reducing predation 

risk (i.e., due to a more salient defensive display), or the rates at which predators are willing to attack 

defended prey due to strategic trade-offs between nutrient and toxin intake, though the direction of this 

interaction is not yet clear. 

I sought to address how the function and efficacy of antipredator behaviour and defensive 

displays (i.e., defensive posture) are influenced by various extrinsic factors including prey body size, 

predator type (i.e., visual vs. non-visual predators), environmental effects (e.g., structural cover), and 

spatiotemporal effects, and further, how such defenses operate at distinct stages of the predator-prey 

sequence. To test these questions, I deployed clay model salamanders on Pelee Island, Ontario, where 3 

ambystomatid salamander species occur in sympatry (i.e., small-mouthed salamander A. texanum; 

small-mouthed – dependent unisexual Ambystoma; blue-spotted salamander A. laterale).  Predation has 

been identified as an important potential constraint on the growth of Ambystoma populations on Pelee 

Island, and the recently–introduced wild turkey Meleagris gallopavo may be a particularly important 

predator (e.g., Hamill 2015, COSEWIC 2014, COSEWIC 2016), though direct assessment of turkey 

predation on salamanders is lacking. Terrestrial salamanders are known to possess a wide range of 

predators (e.g., Petranka 1998), and other potential salamander predators on Pelee Island include ring-

necked pheasant (Phasianus colchicus), coyote (Canis latrans), fox (Vulpes vulpes, Urocyon 

cinereoargenteus), raccoon (Procyon lotor), and passerine birds (e.g., blue jay Cyanocitta cristata, 
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common grackle Quiscalus quiscula). The occurrence of salamander populations as well as a diverse 

predator community render sites on Pelee Island highly suitable for conducting a robust assessment of 

salamander predator-prey interactions, and for studying the dynamics of prey selection and avoidance 

under natural field settings. 

Here I investigate the function and efficacy of defensive posture in model Ambystoma 

salamander prey by conducting a field experiment directly assessing: i) how defensive posture affects 

survival during predation events (i.e., aposematism vs. deflection); ii) whether body size affects function 

and efficacy of defensive posture; and iii) how responses to defensive posture vary across predator 

types. Prior to this experiment, I frequently observed Ambystoma spp. salamanders on Pelee Island that 

were engaging in defensive posturing and production of noxious skin secretions when they were 

uncovered or captured, which is consistent with responses described previously in the literature (e.g., 

Brodie 1977, 1983). If defensive posture is an aposematic signal, then salamander-like model prey in the 

defensive posture should be attacked by predators less compared to resting posture models. If 

defensive posture serves a deflective function, then defensive model prey should receive a greater 

proportion of attacks on the tail compared to resting posture models. Further, I predicted that model 

prey size would affect the efficacy of the defensive posture, particularly in attack deflection, as a larger 

tail may be better at luring predatory strikes. Overall, this research contributes significantly to the field 

of predator-prey ecology because it is a rare example of experimental manipulation of predator 

response to antipredator behaviour in a natural field setting. Indeed, the use of model salamanders in a 

robustly-designed experiment involving a natural predator community can provide important insights 

into the mechanisms underlying prey selection by predators and avoidance behaviour by prospective 

prey. Therefore, my research should further contribute to our understanding of the importance and 

potential evolutionary significance of defensive posturing in Ambystoma salamanders, and more 

broadly, on the determinants of prey vulnerability to predation.  
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Abstract 

Prey from a variety of taxa use defensive postures as a means of protection from predators. 

Many salamanders engage in broadly similar defensive postures, which may function as a warning signal 

and reduce the probability of attack, or may deflect predator attacks away from vital body parts. The 

extent to which these strategies (i.e. aposematism and deflection) act exclusively or synergistically, 

however, remains poorly understood. We deployed clay salamanders in the field, manipulating size 

(small, large) and posture (resting, defensive), and documented attack rates across three predator types. 

Competing risks analysis revealed that model size, deployment period, and leaf litter depth at the site of 

model deployment each affected attack rates, with increased attack rate on large-sized prey. In contrast, 

the effect of model posture was not significant. Model size and posture did not interact, indicating that 

the defensive posture was ineffective in deterring attack, irrespective of prey size. Models in the 

defensive posture received significantly more attacks on the tail, irrespective of prey size, and the 

defensive posture appeared to be more effective at deflecting attacks by avian predators compared to 

mammals. We conclude that defensive posture increases tail conspicuousness without increasing 

predation risk, and primarily functions to deflect attacks away from vital body parts. Our results provide 

important support for the deflection hypothesis in explaining antipredator behaviour, and thereby set 

the stage for additional research targeting the functionality of predator deflection in natural predator-

prey encounters. 

Key words: Warning signal; anti-predator behaviour; prey selection; predator avoidance; taste-rejection  
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Introduction 

Predation is an important selective force leading to the evolution of various behavioural and 

morphological adaptations that mitigate both encounter and attack by predators (e.g., Garcia & Sih 

2003, Ruxton et al 2004, Barnett et al. 2016). Many prey rely on adaptations to minimize their encounter 

rate with predators or reduce their detectability to predators (e.g., Garcia & Sih 2003, McElroy 2015). 

Animals with secondary chemical defenses (herein ‘defended prey’) often possess conspicuous 

aposematic patterns, colors, postures, or displays that warn predators of their toxicity and dissuade 

them from attack (Mappes et al. 2005). Prey may also possess defences that increase their chance of 

surviving a predatory attack. For example, some animals lure predator strikes away from vulnerable 

body parts towards less vital parts (i.e., deflection), which either deters subsequent attack or facilitates 

their escape (e.g., Cooper & Vitt 1985, Van Buskirk et al. 2004, Barber et al. 2015). Having detected a 

predator, prey can behaviourally reduce their chance of being attacked or increase likelihood of 

surviving an attack by adopting defensive postures. Indeed, prey defensive postures serve a variety of 

functions including crypsis (Zhang et al. 2015), masquerade (Preston-Mafham & Preston-Mafham 1993), 

mimicry (Hossie & Sherratt 2014), thanatosis (Gregory et al. 2007), intimidation (Peckarsky 1980), 

aposematism (Johnson & Brodie 1975), and deflection (Telemeco et al. 2011). However, the extent to 

which the efficacy of defensive posture is influenced by prey body size remains to be fully understood. 

While many defended prey possess static (i.e., permanently visible) aposematic displays, others 

only reveal their warning signal once detected or attacked by a predator. This strategy may mitigate high 

detectability of prey having conspicuous warning signals, while still deterring attack upon detection and 

thereby allowing prey to be both functionally cryptic and aversive (e.g., Johnson & Brodie 1975, Barnett 

et al. 2016). Additionally, facultative (i.e., post-attack) display may facilitate avoidance of defended prey 

in their cryptic form through predator learning (Kang et al. 2016), thus deterring future attacks. Adult 

and juvenile salamanders employ a range of anti-predator defences, including defensive posture (Brodie 



 

13 
 

et al. 1974, Brodie 1977, Brodie et al. 1979). Within Ambystomatidae, these postures typically include 

tail raising or coiling, body erection, and limb stiffening (Brodie 1977). This posture is qualitatively 

similar to the ‘Unken reflex’ (Hinsche 1926), except that it also can involve tail undulation and does not 

reveal bright ventral colouration (Brodie 1983). Many salamander species that engage in defense 

posturing also possess toxins or skin secretions, which have been shown to be noxious or poisonous to 

predators (e.g., Brodie et al. 1979, Hopkins & Migabo 2010) and are released from the tail either during 

the defensive display or when the salamander is grasped. Preliminary investigation suggests at least two 

functions for this behaviour: aposematism (e.g., Johnson & Brodie 1975) and deflection (e.g., Brodie & 

Gibson 1969, Brodie 1977). For example, in Pacific newts (Taricha granulosa), defensive posture is 

aposematic (e.g., Johnson & Brodie 1975), yet newts expose bright ventral coloration while posturing, 

which may benefit attack deterrence. In some lizards, behavioural tail displays are hypothesized to 

deflect predatory attacks away from the head and body (e.g., Hawlena et al. 2006), although 

conspicuous tail coloration is probably important to the effectiveness of this behaviour (e.g., Watson et 

al. 2012, Fresnillo et al. 2015). Interestingly, salamanders from the genus Ambystoma do not possess 

conspicuously-colored tails yet they still perform defensive postures, and the extent to which these 

postures serve as an aposematic or deflective defense strategy has not been resolved. 

In defended prey, body size can act as a cue for predators when making decisions on whether an 

attack would be profitable or not, because prey defensive chemical quantity is typically higher in larger 

individuals (e.g., Jeckel et al. 2015, Regueira et al. 2017). Experienced predators often trade-off nutrient 

and toxin intake when attacking defended prey depending on a variety of factors (e.g., Smith et al. 

2016), including body condition (Barnett et al. 2012), current toxin load (Skelhorn & Rowe 2007), and 

availability of alternative prey (Carle & Rowe 2014). Large size may augment predation risk through 

increased prey conspicuousness (e.g., Whitman & Vincent 2008, Remmel et al. 2011, Smith et al. 2014), 

or because it indicates a larger meal to predators. In contrast, larger warning signal size may be more 
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salient to predators and accelerate avoidance learning. Thus, body size may influence predation risk 

through conflicting processes. The direction of this interaction varies among prey (e.g., Whitman & 

Vincent 2008, Remmel & Tammarub 2011, Flores et al. 2015), probably due to the multiplicity of factors 

involved, including predator type, environment, and prey life history (Endler & Mappes 2004). Indeed, 

although defensive display and crypsis seem to contrast, they may operate at different stages of the 

predator-prey interaction, with the former functioning to protect prey after detection by a predator 

(e.g., Umbers & Mappes 2015). The extent to which crypsis and aposematism act synergistically to affect 

predation risk in defended prey has recently received theoretical and empirical attention (e.g., Tullberg 

et al. 2005, Barnett & Cuthill 2014, Barnett et al. 2016), but remains poorly understood especially in the 

context of defensive postures (but see Umbers & Mappes 2015). 

Here we use artificial salamander models to test two non-mutually exclusive hypotheses to 

explain the adaptive value of defensive posturing behaviour in salamanders: aposematism and 

deflection hypotheses. If defensive posture acts as an aposematic warning signal that deters attack by 

predators, then defensively–postured models should be attacked less than those in a resting posture by 

appropriate predators. In contrast, if defensive posture functions to deflect attacks away from the head 

and torso, then defensive models should receive a greater proportion of attacks on the tail compared to 

the head and body relative to models in a resting posture. Since predators should select larger, more 

profitable prey and larger prey are inherently more conspicuous, we predicted that models with a large 

body size would be attacked at a higher rate. We predicted that body size and defensive posture would 

interact to protect large prey from attack more because they possess a greater volume of defensive 

chemicals compared to small prey, and that defensive posture would be more effective for large prey at 

deflecting attack since a larger tail may be a better lure. To test these predictions we conducted a field 

experiment where we deployed clay salamander models that varied in body posture (resting vs. 

defensive) and size (small vs. large), and then recorded attack rates by free-roaming predators as well as 
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the location of these attacks on the salamander models. We also sought to relate our work on models to 

wild salamanders by subjecting wild caught salamanders to different levels of tactile stimulation and 

recording antipredator responses.  
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Methods 

Study Area 

Our experiment was conducted on Pelee Island, Ontario, Canada (Lat. 41.77, Long. -82.65), 

which is the largest island (42 km2) in the Lake Erie archipelago spanning from Ontario, Canada, to Ohio, 

USA. Pelee Island is located within Carolinian forest and contains predominantly deciduous forest. Three 

ambystomatid salamanders are present on the island; small-mouthed salamanders (A. texanum), blue-

spotted salamanders (A. laterale), and unisexual polyploids (A. laterale - texanum); the three groups are 

morphologically similar. Pelee Island has a diverse community of potential salamander predators, 

including wild turkey (Meleagris gallopavo), coyote (Canis latrans), raccoon (Procyon lotor), fox (Urocyon 

cinereoargenteus; Vulpes vulpes), and several potentially predatory passerine bird species (e.g., common 

grackle Quiscalus quiscula, blue-jay Cyanocitta cristata). 

Salamander Predation Experiment 

Clay model prey are increasingly used to test otherwise intractable questions related to 

predation risk, prey selection, and anti-predator strategies (e.g., Brodie 1993, Kuchta 2005, Bateman et 

al. 2016). Our clay salamander models were produced following Yeager et al. (2011) and resembled 

Ambystoma spp. salamanders on Pelee Island. Models were constructed by pouring melted plasticine 

modelling clay into custom silicon molds and further shaping models by hand once removed from molds. 

Salamander shape and size conformed to our four treatments (large-resting, large-defensive, small-

resting, small-defensive; see Figure 1). Large (12 cm total length) and small (6 cm TL) models were 

consistent in size with adult and juvenile Ambystoma salamanders observed on Pelee Island (adult: 13.3 

cm mean TL, juvenile: 8.1 cm mean TL; A. Myette, unpubl.). 

Models were deployed at four sites on Pelee Island (separated by 0.82 – 8.4 km, average = 5.5 

km) to test how size and posture affected predation risk. Salamander presence was confirmed at each 
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deployment site, and trail camera footage from the previous year established presence of potential 

predators (A. Myette, unpubl.). We deployed models along transects rather than in a grid formation 

owing to low model recovery rates from grid deployments in a pilot study (A. Myette, unpubl.). At each 

site, two 45 m transects were established, with 3 m long perpendicular lines temporarily placed at 5 m 

intervals. Along each perpendicular line, one salamander model from each treatment group was placed 

on top of leaf litter at 1 m intervals, providing 40 salamander models per transect. A random order of 

the four model treatment groups was generated at each 5 m deployment interval. Our decision to 

deploy models on top of leaf litter was based on a pilot study from the previous year, which 

demonstrated comparable predation rates between models deployed under or on top of light structural 

cover (see supplement). Models were checked for injury then removed after 27-31 days of deployment. 

Fresh models were then deployed along new transects, no closer than 50 m from the previous transect. 

Concurrent with both model deployment and recovery, two individual observers quantified leaf litter 

depth (i.e., number of stacked leaves before contacting the substrate) and visually estimated canopy 

cover (see Thornton et al. 2012) at each 5 m intersect. At one end of each transect we deployed a single 

trail camera (Bushnell® Trophy Cam™, Bushnell, Overland Park, KS, U.S.A or Reconyx® RapidFire™ RC55, 

Reconyx, Holmen, WI, U.S.A) by fastening the camera to a tree at a height of approximately 1 m. 

Cameras were armed during the entire deployment period. This process was replicated each month 

from March to July, for a total of 1600 individual clay models deployed. 

When we recovered models, we found that a small percentage were missing (3%) or were 

chewed to the point that the treatment could not be identified (2%). In such cases we used deployment 

order and position of the unidentified model to infer treatment group. Clay models were inspected for 

attack impressions and all attack marks were photographed. Based on impressions left on attacked 

models, we recorded suspected predator type as either wild turkey, mammal, or passerine bird. Turkey 

predation was classified as a separate fate from other birds since: i) turkey are large-bodied 
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opportunistic predators which spend most of their time on the ground and often scratch at cover; and ii) 

turkey were introduced to Pelee Island in 2002 and they are distinctly important from the perspective of 

predation on endangered salamanders on the island (Hamill 2015). Turkey and passerine attacks were 

differentiated by size and shape of beak impressions (e.g., Figure S1). To test for attack deflection, attack 

location (head, body, tail) on the model was recorded. Overall, we recorded 712 attack occurrences, 

however, during model recovery the attack impression could not be immediately identified in some 

cases (n = 155, 22%) so the predator identity was temporarily classified as ‘unknown’. Several of these (n 

= 60, 8%) were censored after photo interpretation indicated that these impressions were left by 

gastropods or arthropods (e.g., Low et al. 2014). Further inspection of attack photos enabled us to 

assign 26 additional unknown attacks to one of the three predator types, ultimately leaving only 69 

models (10%) classified as unknown. 

Model Detection 

We considered that size and posture of our models may affect their detectability to predators, 

potentially altering attack rates differently depending on treatment. To quantify model salamander 

detectability, we used human participants (n = 22) to search a 20 x 20m grid (10 min) for our models; 

linear mixed-effects regression analysis showed that defensive posture marginally increased 

detectability of models to human participants (4% increase, p = 0.059), but that there was no effect of 

model size (p > 0.20) or the size-posture interaction (p > 0.21) (Table S1, Figure S2). Accordingly, we 

were confident that model detection by predators did not reflect differential detectability owing simply 

to larger size. 

Salamander Behaviour 

We sought to relate our work on models to wild salamanders by subjecting wild caught 

salamanders (n = 75) to different levels of tactile stimulation. We used stimulus to elicit defense posture 
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and recorded responses as: i) defensive response (i.e., stiff posture, raised tail), and ii) response 

intensity. Body size (i.e., mass) was measured for each animal. Simulated threat was applied as: i) initial 

flipping of cover object; ii) prodding once at the base of the tail; and iii) prodding multiple times. Tactile 

disturbance was based on previous methods (Brodie 1977). Salamander response intensity was 

recorded as: i) none; ii) tail raised moderately; iii) tail at 45°; and iv) tail held vertically. Higher stimulus 

was not applied after animals had responded. 

Statistical Analyses 

We used competing risks survival analysis (Heisey & Patterson 2006) to examine how body size, 

defensive posture, and the size × posture interaction affected salamander predation risk. The competing 

risks approach assumes that subjects can only succumb to a single fate, so we excluded models that had 

been attacked by >1 predator type (n = 24), restricting our analysis to 1576 clay models. Hazard rates 

were analyzed using a discrete-time framework in R (R Core Team 2015) using the package discSurv 

(Welchowski & Schmid 2016). We ran exploratory analyses in an attempt to properly classify remaining 

unknown attacks (n = 69), however unknown attacks could not be reliably attributed to a particular 

known fate category (see supplement). Therefore, the competing risks analysis was conducted using 

Q=3 (i.e., turkey, mammal, passerine), with unknown attacks being censored. A series of candidate 

models (n = 26; Table S2) were compared using ΔAICc scores to determine the relative importance of 

predictor variables for salamander predation risk. Month of deployment, leaf litter depth, and canopy 

cover were included in candidate models to account for spatiotemporal and environmental effects, and 

the top model was used to extract hazard coefficient estimates. 

Multinomial logistic regression served to determine how body size, posture, and predator type 

affected model body section attacked. Location of injury was recorded for each attacked salamander 

model. When clay models were attacked in multiple body locations (48%, n = 277), it was impossible to 
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infer which order the attacks occurred, or if multiple attacks were by a single versus multiple predator 

individuals (see Saporito et al. 2007). Moreover, multiple attacks may not be independent of each other, 

even if assumed to be by a single predator. Therefore, we contend that the primary position of attack is 

most appropriate for understanding the role of deflection, so we restricted our analysis to 52% (n = 306) 

of injured clay models that were attacked in a single body section (see also Watson et al. 2012, Fresnillo 

et al. 2015). Exploratory analyses indicated that model size and posture did not predict the occurrence 

of multiple attacks, indicating that multiple attack prevalence was equal among treatment groups (see 

supplement). Supplementary analyses using full and reduced (i.e., single attack location only) data sets 

produced comparable results for body section attacked (Figure S3, Table S4-S5). 

We analyzed wild salamander behavioural responses using regular and ordinal logistic 

regression to understand what factors predicted defensive response and response intensity, with 

stimulus level included as a covariate to account for potential variation in salamander risk perceptions. 

Body size was included in analysis of defensive behaviour; ambient temperature was also included as a 

predictor because of known effects on defensive behaviour in ectotherms (e.g., Mori & Burghardt 2001, 

Herrel et al. 2007, Careau et al. 2014).  
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Results 

We deployed 1600 salamander models through March-July and overall, 18% (n = 279) were 

attacked by wild turkey, 10% (n = 160) by mammals, and 9% (n = 144) by passerines (see Table S3 for full 

summary). 

Cause of Attack 

Of the models that were attacked, 28% were large-resting, 27% were large-defensive, 23% were 

small-defensive, and 22% were small-resting. Competing risks analysis revealed that the best-fit 

candidate model included body size, month, and leaf litter depth predictors (Table 1; second best model 

ΔAICc = 5.1, ω = 0.07). Posture and the size × posture interaction did not influence cause-specific hazard 

rates, as indicated by the relatively low importance of these predictors (Table 1). Thus, defensive 

posture did not increase or decrease the attack rate on salamander models. 

Large body size increased risk of attack by mammals (Hazard Ratio = 2.12, SE = 0.17, p < 0.001), 

and while size also appeared to increase risk of attack by turkeys, the increase was not significant (HR = 

1.27, SE = 0.14, p = 0.08) (Table 2, Figure 2a). Body size did not influence risk of attack by passerines (HR 

= 0.96, SE = 0.18, p = 0.81). Deeper leaf litter reduced the estimated hazard ratio for attacks by turkey 

(HR = 0.86, SE = 0.068, p = 0.023) and mammals (HR = 0.63, SE = 0.082, p < 0.001), but not passerines 

(HR = 0.97, SE = 0.082, p = 0.71). 

The month of deployment influenced hazard rates for all causes of mortality, though this effect 

varied depending on predator type (Table 2). Model salamander predation risk was highest for all 

predator types during the May-June deployment; risk of attack was lowest during the March-April 

deployment for turkeys, and during the June-July deployment for mammals and passerines (Table 2). 

Attack Location 
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Of the 306 clay models attacked in a single body section, 45% were turkey attacks; 20% were 

mammal attacks; and 35% were passerine attacks. Models were attacked on the tail (54%) more often 

than on the head (23%) or body (23%). We found that model posture, but not size or the size × posture 

interaction, affected attack location, with additional differences evident across predator types (Table S6, 

Figure 3-4). For example, all predators preferred the tail, but turkey and mammals attacked the head 

more often than the body, whereas passerines attacked the body more than the head. Multinomial 

regression indicated that mammals more frequently attacked the head compared to passerines (OR = 

3.13, SE = 0.48, p = 0.017), whereas turkeys and mammals tended to attack the tail rather than the body 

(Turkeys: OR = 3.19, SE = 0.32, p < 0.001; mammals: OR = 3.46, SE = 0.44, p = 0.005). Defensive posture 

significantly increased the frequency of tail attacks (OR = 1.95, SE = 0.30, p = 0.023); head and body 

attack frequency was only qualitatively reduced by defensive posture (Figure 3b, Table S4). Leaf litter 

depth and the leaf litter × posture interaction were not influential on attack location (Table S6), 

suggesting that attack location was influenced primarily by model posture rather than cover. 

Salamander Behaviour 

Our behavioural test elicited antipredator postures in 77% (58/75) of wild salamanders tested 

(e.g., Figure 1a). Many salamanders undulated their tails (47%), but very few released secretions (4%), 

while performing defensive postures. Body size did not influence defensive behaviour, although 

temperature provided a degree of explanatory power in salamander responses to simulated threat 

(Table S7-S8). At higher temperatures, both the occurrence of the defensive posturing response in 

salamanders (OR = 0.90, SE = 0.046, p = 0.023) and response intensity (OR = 0.93, SE = 0.030, p = 0.023) 

decreased.  
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Discussion 

We tested two hypotheses to explain the function of defensive posturing behaviour in 

salamanders: aposematism and deflection. Our analysis of predation rates on model salamander prey 

found no difference in attack rate on models in the resting vs. defensive posture, which is not supportive 

of the aposematism hypothesis. Body size affected survival, with mammals preferentially attacking large 

prey, but did not have an interactive effect with posture. Importantly, models in the defensive posture 

received more attacks on the tail and fewer on the head and body compared to models in the resting 

posture, supporting a deflection function. Body size did not influence the body section that was 

attacked, and the extent to which defensive posture effectively directed strikes to the tail and away 

from the head or body differed among predator types. Overall, our results suggest that salamander 

defensive posture acts to direct predator attacks to body regions that are non-vital and/or noxious, but 

does not deter attack through aposematism. Our research extends previous tests of the aposematism 

and deflection hypotheses (e.g., Johnson & Brodie 1975, Watson et al. 2012, Fresnillo et al. 2015, 

Barnett et al. 2016) by identifying the latter as being strongly supported in this system under realistic 

field conditions. Specifically, we suggest that defensive posture in at least some salamanders facilitates 

taste-rejection by directing strikes to a noxious organ (tail) which is resistant to attack because it can 

regenerate quickly and is non-vital. 

Our predation experiment did not find evidence of an aposematic function for salamander 

defensive posture. Defensive posture did not reduce predation rates, and body size influenced 

predation risk independently from posture, suggesting that defensive posture was ineffective in 

deterring attacks, irrespective of prey size. That body size was not used as an aposematic cue is 

consistent with previous work indicating that predators associate colour signals with prey toxicity more 

rapidly than signals related to prey body size (e.g., Halpin et al. 2013). Increased attack rates on large 

prey may suggest that predators selected larger prey items, since they are more profitable (e.g., 
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Stephens and Krebs 1986, Manicom & Schwarzkopf 2010). Indeed, even when prey are chemically 

defended, predators may still preferentially attack and consume prey items that are large (e.g., Halpin et 

al. 2013) or nutritionally rich (e.g., Cruz-Rivera & Hay 2003, Halpin et al. 2014). While greater attack 

rates on large prey could also have resulted from easier detection of large models (e.g., Karpestam et al. 

2014), our companion trial using human subjects failed to detect size-specific differences in detectability 

(see Table S1). Similar defensive postures likely serve an aposematic function in other salamanders (e.g., 

Hinsche 1926, Johnson & Brodie 1975), however, these examples tend to be associated with bright 

coloration exposed upon posturing, which may intensify the signal and/or independently act as a 

deterrent. In contrast, most Ambystoma spp. salamanders (as well as our models) lack conspicuous 

ventral markings and tend to be only mildly noxious to predators (Brodie 1977). Failure to detect a 

difference in the attack rate on resting vs. defensive models therefore suggests that defensive posture 

serves an alternative function in this group. 

Our analysis of body section injury revealed an increase in tail attacks among defensively-

postured models concurrently with a qualitative reduction in head and body attacks, thereby supporting 

the deflection hypothesis. Specifically, defensive posture appears to effectively re-direct predator 

attacks toward the tail, which should increase survival during predation encounters. Attack deflection 

must increase the likelihood of surviving a predation attempt to be an effective defense strategy 

favoured by natural selection (Humphreys & Ruxton 2018). Some lizards and salamanders use 

behaviours that attract predator strikes to the tail (e.g., Brodie 1977, Hawlena et al. 2006), and are then 

able to autotomize their tail, thereby allowing for rapid escape (e.g., Vitt & Cooper 1986). We propose 

that the defensive posture provides a survival advantage, even in salamanders that are not highly toxic 

and lack the capacity for tail autotomy, via two complimentary mechanisms: 1) deflecting attacks 

towards the tail, which is less vital and can regenerate following injury (e.g., Young et al. 1983, Voss et 

al. 2013), thereby reducing potentially lethal attacks to the head or body; and 2) directing strikes toward 
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the tail, where noxious defensive secretions are concentrated (Brodie & Gibson 1969), thereby reducing 

predator motivation to continue the attack. Thus, in our system defensive posture probably serves as a 

generalist defense that facilitates taste-rejection by drawing strikes to the tail, which is resistant to 

attacks. Such a strategy should be effective against a wide range of predator taxa, and unlike 

aposematism, does not require predator learning to confer a survival benefit. Moreover, adopting a 

deflection strategy that facilitates taste-rejection would be an effective strategy when prey (e.g., 

Ambystoma salamanders) cannot outrun their predators (e.g., turkeys, raccoons). Interestingly, the 

eyespots of some caterpillars (genus Papilio) may similarly direct predator strikes towards a noxious 

organ (i.e., the osmeterium), possibly to deter predators post-attack through taste-rejection (e.g., Blest 

1957, Hossie & Sherratt 2013). We note that the efficacy of deflection and/or taste-rejection in reducing 

subsequent predation is likely to vary among predator types (e.g., Ratcliffe et al. 2003), and with an 

individual predator’s current energetic needs (e.g., Barnett et al. 2007, Barnett et al. 2012) or toxin 

burden (e.g., Skelhorn and Rowe 2007). 

Responses to model salamander size and posture varied between predator types, with 

predators also varying in terms of their relative frequency of attacks on each body section. Defensive 

posture appeared to be most effective against wild turkeys, but was less effective against mammals. 

Pelee Island has been separated from the mainland for approximately 4000 years (Calkin and Feenstra 

1985), and mammals and passerines are native to the island, whereas wild turkeys, while native to 

North America and sympatric with Ambystoma salamanders, were first introduced to the island < 15 

years prior to our study (Hamill 2015). Despite this gap in co-occurrence, Ambystoma salamanders on 

Pelee Island retain a generalized behavioural defence that appears to be strongly effective against 

turkeys, but only moderately effective against other predator types. Interestingly, this is consistent with 

the ‘multipredator hypothesis’ which predicts that antipredator behaviour for missing predators can be 

maintained by the presence of any predators (Blumstein 2006), however this defensive behaviour could 
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also have been maintained by a modest selective advantage or the absence of selection against the 

behaviour. Humphreys & Ruxton (2018) suggest that predators may vary in their response to deflection 

defences according to experience level (over ecological or evolutionary timescales), and that attack 

deflection may be more effective against naïve individuals or novel predators due to the lack of 

behavioural counter-adaptations. Evidence from other systems also suggests that some predators may 

avoid the tail when this body part is particularly noxious, or in prey that employ tail autotomy, since this 

renders tail-directed attacks less profitable (e.g., Dodd & Brodie 1976, Vervust et al. 2011). While it is 

tempting to ascribe differences in the efficacy of deflection against mammals vs. turkeys to predator 

experience, key differences in predator ecology (e.g., nocturnal vs diurnal foraging) could also account 

for these differences. For example, a raised tail may be more conspicuous during the daylight hours, 

rendering the defensive posture more effective in deflecting strikes of diurnal predators. Birds are 

known to be capable of taste-rejecting prey using strategic decisions based on their own energetic state 

and the individual prey’s level of chemical investment (Skelhorn & Rowe 2006a, Skelhorn & Rowe 

2006b). Thus, an intriguing possibility is that attacks to the salamander’s tail enable turkeys and 

passerines to evaluate profitability of the prey item prior to consumption. 

These findings contribute to our understanding of defensive postures by demonstrating that 

prey may use specialized defensive behaviours to draw predatory strikes away from the head and body 

and towards a non-vital and noxious body part. Although defensive posture has been proposed as an 

aposematic signal (Johnson & Brodie 1975), we found no evidence supporting this hypothesis in our 

system. Following Skelhorn & Rowe (2006a), we suggest instead that the salamanders in our system 

remain cryptic to avoid predation encounters, but combine noxiousness with specialized postures to 

facilitate taste-rejection following predator detection. Given that some salamanders clearly use 

defensive postures as part of an aposematic signal (e.g., ‘Unken reflex’ in Taricha granulosa, Johnson & 

Brodie 1975), our research illustrates that natural selection via predation can produce similar defensive 
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behaviours that serve distinct anti-predator functions in both toxic prey with conspicuous visual signals 

and prey that are merely distasteful and cryptic. The lack of tail autotomy in salamanders that use 

defensive behaviours to deflect or direct predator strikes (Brodie 1977) further suggests that the 

adaptive value of deflection can be realized in a variety of ways that remain to be fully understood.  
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Figures and Tables 

Table 1. AICc, ΔAICc, and model weights for a set of candidate models with Q = 3 fates. The top model 

was used for hazard coefficient estimation. For simplicity, only the top 5 models are shown (see 

supplement for full candidate set). timeInt = discrete deployment interval (number of days), AvCC = 

canopy cover (%), AvLL = leaf litter depth (number of leaves). 

Model AICc ΔAICc ω 

timeInt + Size + Month + AvLL 
timeInt + Size + AvCC + AvLL + Month 
timeInt + Size × Posture + AvLL + Month 
timeInt + Size + Posture + AvCC + AvLL + Month 
timeInt + Size × Posture + AvCC + AvLL + Month 

3799.1 
3804.2 
3806.7 
3810.0 
3811.8 

0 
5.11 
7.61 

10.96 
12.73 

0.904 
0.0702 
0.0201 

0.00378 
0.00156 
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Table 2. Hazard ratios with 95% confidence intervals for the three fate classes analyzed using the best-fit 

model from a discrete-time competing risks analysis. Significant (p < 0.05) effects are shown in bold; 

effects that approached significance (0.05 < p < 0.10) denoted with an asterisk. Reference level for 

month is March-April. 

Risk Factor Turkey Hazard 
Ratio (95% C.I.) 

Mammal Hazard 
Ratio (95% CI) 

Passerine Hazard 
Ratio (95% CI) 

Size 1.27 (0.97, 1.65)* 2.12 (1.51, 2.98) 0.96 (0.67, 1.36) 
Leaf Litter Depth 0.86 (0.75, 0.98) 0.63 (0.53, 0.74) 0.97 (0.83, 1.14) 
Month (April-May) 44.7 (15.3, 131) 0.33 (0.19, 0.59) 6.02 (2.91, 12.5) 
Month (May-June) 56 387 (8280, 382 965) 3.49 (1.72, 7.09) 397 (97.3, 1623) 
Month (June-July) 4.65 (2.11, 10.2) 0.22 (0.13, 0.36) 0.29 (0.12, 0.70) 
Month (July-August) 1429 (304, 6718) 1.20 (0.64, 2.25) 28.2 (8.42, 94.2) 
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Figure 1. Salamander defensive posture (tail secretion indicated with an arrow) (a), and clay salamander 

treatments (b), with treatment type shown in the top left of each image: SR, small-resting; LR, large-

resting; SD, small-defensive; and LD, large-defensive. 
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Figure 2. Effect of size (a) and posture (b) on cause-specific predation rates, expressed as mean (± SE) 

proportion of clay models attacked (significant pairwise comparisons denoted with an asterisk; 

*p<0.05). 
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Figure 3. Effect of size (a) and posture (b) on the rates of attack on each body section of clay 

salamanders attacked in one body section. Values expressed as mean (± SE) proportion of attacks that 

were directed to each body section (significant pairwise comparisons denoted with an asterisk; ** 

p<0.01). 
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Figure 4. The difference in frequency of attacks in each body section between resting and defensive 

posture models for each predator type (Δ Frequency = number of defensive models attacked - number 

of resting models attacked). Data shown are restricted to models attacked only in a single body section. 

  

-15

-10

-5

0

5

10

15

20

25

30

Head Body Tail

Δ
Fr

eq
u

en
cy

Turkey

Mammal

Passerine



 

42 
 

Supplementary Material 

Attack Identification 

 

Figure S1. Attacks on clay salamander models made by wild turkey (A-C), mammals (D-F), and passerines 

(G-I).  
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Model Salamander Detection 

Methods 

To test whether model salamander treatments differed in detectability, potentially resulting in 

uneven attack rates, we conducted a field experiment using 22 human participants representing ‘visual 

predators’ foraging for clay salamander models. Specifically, we marked a 20 x 20 m area and divided it 

into 1 x 1 m cells each denoted by an alphanumeric code (e.g., A-1). A total of 20 models (i.e., five from 

each treatment) were deployed randomly in the grid at 20 different grid cell locations. Individual 

participants were instructed to walk the grid and search for model salamanders. Searches were 

terminated when participants recovered 10 model salamanders, or after 10 minutes of searching, 

whichever occurred first. The number of clay models from each treatment recovered by each participant 

was recorded in order to determine treatment-specific detection rates. All experiments were conducted 

under approval from the Trent University Research Ethics Committee for studies involving human 

participants (Protocol #24471). 

Results 

Most participants (77%) found 10 model salamanders within the given time limit, with fewer (n 

= 5) requiring the entire time available to retrieve <10 models. Mean (SD) proportion detected was LD: 

0.30 (0.10); SD: 0.24 (0.12); LR: 0.23 (0.08); and SR: 0.23 (0.09). Two-way ANOVA revealed a marginal 

effect of posture on detection rates (p = 0.059), but not of size or the size x posture interaction (Table 

S1, Figure S2). These results demonstrate that the shape of defensive posture models made them more 

detectable to human participants, and presumably, to predators as well. 
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Table S1. Summary statistics from two-way ANOVA on linear mixed effects model for the proportion of 

clay models detected (Proportion Detected = Size*Posture + 1|Participant). 

 DF F p 

(Intercept) 
Size 
Posture 
Size × Posture 

1 
1 
1 
1 

590.99 
1.67 
3.69 
1.58 

<.0001 
0.20 

0.059 
0.21 

 

 

Figure S2. Mean (± SE) proportion of clay model treatments detected in our model detection validation 

experiment.  
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Survival and Cause of Death 

Classifying Unknown Attacks 

In an attempt to properly classify unknown attacks (n = 69), we ran exploratory competing risks 

analyses with unknown attacks in a fourth fate class (Q=4); coefficient values for the unknown fate did 

not overlap with any other fates (A. Myette, unpubl.). Additionally, to assess whether unknown fates 

could reliably be attributed to a particular known fate category, models were fit to three separate data 

sets where unknown attacks were pooled sequentially into each known fate category (see Murray et al. 

2010). Model fit improved in all pooling schemes, but we interpreted this result as owing to the lower 

number of fate categories rather than from more robust explanation of biological relationships. For 

example, pooled datasets resulted in some coefficients changing direction and magnitude, highlighting 

inconsistencies between unknown attacks and known predator types. Unknown attacks could not be 

reliably attributed to a particular known fate category, so ultimately the competing risks analysis was 

conducted using Q=3 (turkey, mammal, passerine), with unknown attacks being censored. 
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Tables 

Table S2. AICc scores for the full set of competing risks candidate models with the ‘Q = 3 censored’ 

scheme. AvCC = canopy cover (%), AvLL = leaf litter depth (number of leaves). 

Model AICc ΔAICc ω 
(e0, e1, e2, e3) ~ timeInt + Size + Month + AvLL 
(e0, e1, e2, e3) ~ timeInt + Size + AvCC + AvLL + Month 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvLL + Month 
(e0, e1, e2, e3) ~ timeInt + Size + Posture + AvCC + AvLL + Month 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvCC + AvLL + Month 
(e0, e1, e2, e3) ~ timeInt + Month + AvLL + AvCC 
(e0, e1, e2, e3) ~ timeInt + Posture + AvCC + AvLL + Month 
(e0, e1, e2, e3) ~ timeInt + Size + Month 
(e0, e1, e2, e3) ~ timeInt + Size + Month + AvCC 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + Month 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvCC + Month 
(e0, e1, e2, e3) ~ timeInt + Month 
(e0, e1, e2, e3) ~ timeInt + Size + AvLL + AvCC 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvCC + AvLL 
(e0, e1, e2, e3) ~ timeInt + Size + AvLL 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvLL 
(e0, e1, e2, e3) ~ timeInt + AvLL 
(e0, e1, e2, e3) ~ timeInt + Size + AvCC 
(e0, e1, e2, e3) ~ timeInt + Size × Posture + AvCC 
(e0, e1, e2, e3) ~ timeInt + AvCC 
(e0, e1, e2, e3) ~ timeInt + Size 
(e0, e1, e2, e3) ~ timeInt + Size + Posture 
(e0, e1, e2, e3) ~ timeInt + Size × Posture 
(e0, e1, e2, e3) ~ timeInt 
(e0, e1, e2, e3) ~ timeInt + Posture 
(e0, e1, e2, e3) ~ 1 

3799.077 
3804.190 
3806.686 
3810.032 
3811.808 
3820.193 
3826.064 
3833.724 
3839.020 
3841.254 
3846.551 
3849.046 
4453.203 
4460.903 
4488.642 
4496.326 
4504.281 
4509.062 
4516.710 
4524.051 
4567.814 
4573.684 
4575.483 
4582.780 
4588.676 
7463.571 

0 
5.113 
7.609 

10.955 
12.731 
21.116 
26.987 
34.647 
39.943 
42.177 
47.474 
49.969 

654.126 
661.826 
689.565 
697.249 
705.204 
709.985 
717.633 
724.974 
768.737 
774.607 
776.406 
783.703 
789.599 

3664.494 

0.904344616 
0.07015524 

0.020140053 
0.003779949 
0.001555365 
2.34992E-05 
1.2479E-06 

2.70915E-08 
1.91788E-09 
6.27646E-10 
4.44105E-11 
1.27557E-11 
8.2163E-143 
1.7484E-144 
1.6565E-150 
3.5533E-152 
6.6563E-154 
6.0961E-155 
1.3314E-156 
3.3902E-158 
1.0647E-167 
5.6567E-169 
2.301E-169 

5.9895E-171 
3.1412E-172 

0 

 

Table S3. Fate of 1576 clay salamanders deployed on Pelee Island. The remaining n = 24 models were 

attacked by multiple predator types and excluded from our analyses. 

 Turkey Mammal Avian Missing Unknown 

March-April 12 (4%) 56 (18%) 31 (10%) 10 (3%) 9 (3%) 
April-May 43 (14%) 20 (6%) 54 (17%) 6 (2%) 1 (<1%) 
May-June 72 (23%) 24 (8%) 35 (11%) 14 (4%) 28 (9%) 
June-July 84 (27%) 35 (11%) 8 (3%) 11 (4%) 23 (7%) 
July-August 68 (21%) 25 (8%) 16 (5%) 1 (<1%) 8 (3%) 
Total (1576) 279 (18%) 160 (10%) 144 (9%) 42 (3%) 69 (4%) 
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Body Section Attacked 

Methods 

 In the main text we present an analysis of the body section attacks using only data from models 

that were attacked in a single body section. To illustrate that this did not bias our conclusions, we 

conducted additional analyses to assess possible differences between models attacked on a single vs. 

multiple body sections. We used logistic regression to examine how predator type, size, and posture 

affected occurrence of multiple attacks on salamander models. To determine if excluding models 

attacked in multiple body sections qualitatively influenced our conclusions, we conducted 

supplementary analysis (GLMM) on all attacked models (n = 583) to determine how predator type and 

posture influenced attack location, with individual model as a random effect to account for attacks on 

multiple body sections of the same model. 

Results 

When comparing body section attack proportions between the full and condensed (i.e., single 

body section attacks) data sets, it was clear that our decision to analyze single location attacks only was 

a conservative approach for testing the deflection hypothesis (Figure S3). Logistic regression revealed 

that the three predator types were differentially responsible for attacking models in multiple body 

sections, but that model size and posture did not influence whether a model was attacked in multiple 

body sections. Models that had been attacked in multiple body sections were mostly attacked by 

mammals (OR = 4.71, SE = 0.26, p = 4.59e-09; i.e., 62% of models attacked in multiple body sections) and 

turkeys (OR = 2.97, SE = 0.24, p = 6.59e-06; 51%), compared to passerines (25%). Supplementary analysis 

of the full data set demonstrated qualitatively similar trends to multinomial regression on single attacks 

(Table S4-S5). 
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Figure S3. Difference in attack frequency between resting and defensive posture models, shown without 

(open bars) and with (closed bars) data from models attacked in multiple body sections included (Δ 

Frequency = number of defensive attacks - number of resting attacks). 
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Table S4. Results from multinomial regression on the body section that was attacked on clay salamander 

models, for models attacked on a single body section only. Reference level for the response variable is 

body (torso); reference level for the predictor variable predator type is passerine. 

  Coefficient Standard 
Error 

Odds 
Ratio 

p-value 

Head Posture -0.16 0.347 0.85 0.64 
 Mammal 1.14 0.478 3.13 0.017 
 Turkey 0.46 0.383 1.58 0.23 

Tail Posture 0.67 0.296 1.95 0.023 
 Mammal 1.24 0.440 3.46 0.005 
 Turkey 1.16 0.322 3.19 <0.001 

 

 

Table S5. GLMM analysis for body section attacked using the full data set (i.e., models attacked on a 

single and multiple body sections). Reference level for body section is torso; reference level for predator 

type is passerine. 

 Coefficient Standard 
Error 

Odds 
Ratio 

p-value 

Head × Posture -0.0424 0.241 0.96 0.86 
Head × Mammal 0.802 0.340 2.23 0.018 
Head × Turkey 0.431 0.298 1.54 0.15 

Tail × Posture 1.05 0.251 2.86 <0.001 
Tail × Mammal 0.267 0.338 1.31 0.43 
Tail × Turkey 0.993 0.303 2.70 0.0011 
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Table S6. AIC scores for multinomial regression models using the condensed data set (i.e., models 

attacked on a single body section only) (‘pred’ = predator type; ‘post’ = posture; ‘avll’ = leaf litter depth). 

Model AIC ΔAIC ω 

Pred + Post 
Pred + Size + Post 
Pred + Size + Post + Avll 
Pred 
Pred + Size + Post + Avll + Size × Avll 
Pred + Size + Post + Avll + Post × Avll + Size × Avll 
Post 
Pred + Size + Post + Avll + Size × Post + Post × Avll + Size × Avll 
1 
Pred + Size + Post + Avll + Size × Post + Post × Avll + Pred × Post + Size × Avll 
Size 

604.4 
606.0 
607.8 
610.6 
610.7 
613.4 
615.5 
617.3 
623.4 
624.1 
624.8 

0 
1.66 
3.46 
6.20 
6.27 
9.00 

11.08 
12.96 
19.06 
19.75 
20.43 

0.582 
0.254 
0.103 

0.0262 
0.0253 

0.00646 
0.00228 

0.000892 
4.23E-05 
2.99E-05 
2.13E-05 

  



 

51 
 

 

Figure S4. Mean (± SE) proportion of attacks recorded on each body section of clay models, by predator 

type. Pairwise comparisons were conducted between predator types for each body section. Significant 

comparisons denoted with an asterisk (* p<0.05, ** p<0.01, n.s. = not significant). 

 

 

Figure S5. Proportion of attacks according to body section by model treatment category, compared to 

the volumetric proportion (VP) of body sections (i.e., attacks expected by chance). Data shown are 

restricted to models attacked in a single body section.  
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Salamander Behaviour 

Table S7. AICc scores for salamander defensive response models (logistic regression) (‘temp’ = ambient 

temperature, ‘stim’ = stimulus level applied). 

 AICc ΔAICc ω 

Temp + Stim 
Temp + Stim + Size 
Stim 
Temp 
Null Model 
Size 

68.70 
70.98 
73.61 
77.17 
82.34 
83.00 

0 
2.28 
4.92 
8.47 

13.64 
14.31 

0.704 
0.225 

0.0603 
0.0102 

0.000768 
0.000550 

 

Table S8. AICc scores for salamander defensive response intensity models (ordinal regression) (‘temp’ = 

ambient temperature, ‘stim’ = stimulus level applied). 

 AICc ΔAICc ω 

Temp + Stim 
Temp 
Temp + Stim + Size 
Stim 
Null Model 
Size 

208.92 
210.06 
210.71 
211.22 
212.51 
214.74 

0 
1.13 
1.79 
2.30 
3.59 
5.82 

0.398 
0.226 
0.163 
0.126 

0.0660 
0.0217 
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Predator Detection from Trail Cameras 

Methods 

To estimate predator presence from trail camera images, we used total number of images 

captured and number of camera trap days to calculate rate of capture of each predator type during each 

deployment period. Calculations were conducted for each site-month of deployment (e.g., Site A - 

March-April). 

Results 

We observed wild turkey (Meleagris gallopavo), raccoon (Procyon lotor), coyote (Canis latrans), 

red fox (Vulpes vulpes), grey fox (Urocyon cinereoargenteus), fox squirrel (Sciurus niger), Canada goose 

(Branta canadensis), blue jay (Cyanocitta cristata), northern flicker (Colaptes auratus), red-winged 

blackbird (Agelaius phoeniceus), common grackle (Quiscalus quiscula), European starling (Sturnus 

vulgaris), and a domestic cat (Felis catus) on trail camera footage. Capture rates for mammals were 

markedly high at site B (mean 6.6 ±3.4 photos/day; Table S9). Capture rates were also markedly high for 

passerines and mammals during the March-April deployment; capture rates for wild turkey were highest 

during the March-April and April-May deployments but stabilized during subsequent months. Overall, 

capture rates were highest at Site B, followed by Site A, and were comparable between Site C and D 

(Table S9). 
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Table S9. Total number of trap days and predator capture rates (#images/day) for each model 

salamander deployment. Trail cameras were not deployed at Site A from March-April. 

  Site A Site B Site C Site D 

Trap days Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
58 
54 
60 
56 

62 
58 
54 
60 
56 

60 
58 
54 
60 
56 

54 
58 
54 
60 
56 

Turkey Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
5.4 
1.9 
1.3 
1.1 

4.1 
0.9 
0.7 
0 

0.02 

1.1 
0.6 
0 

0.2 
0.05 

1.0 
0.3 
0 
0 

0.05 
 Mean (SE) 2.4 (1.0) 1.1 (0.76) 0.4 (0.20) 0.3 (0.19) 

Mammal Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
1.7 

0.02 
0.07 
0.5 

19.2 
6.4 
6.4 
0.7 
0.2 

2.3 
1.4 
0 
0 

0.1 

2.0 
0.1 
0.2 
0.4 
0.1 

 Mean (SE) 0.6 (0.39) 6.6 (3.4) 0.8 (0.46) 0.6 (0.36) 

Passerine Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
0.5 
0 
0 
0 

10.5 
0.4 
0.4 
0 
0 

2.2 
0.3 
0 
0 
0 

0 
0.07 
0.4 
0.2 

0.02 
 Mean (SE) 0.1 (0.12) 2.3 (2.05) 0.5 (0.43) 0.2 (0.078) 
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Pilot Study and Decision to Deploy Models on Top of Leaf Litter 

A pilot study with clay salamanders in 2015 demonstrated that this method was an effective tool 

for comparing relative rates of mammalian and turkey predation (Table S10). In this 2015 pilot study, 

100 models were deployed as a 10 x 10 grid with models spaced 5 m apart. In this deployment models 

were alternately deployed on top of cover or underneath light cover (e.g., small logs, bark) resulting in 

50 models deployed under cover and 50 models deployed on top of cover. Our model design was more 

rudimentary (i.e., crude resemblance to real salamanders; Figure S6) during the pilot study, and our 

deployment pattern made subsequent recovery of the models very time-consuming. Both of these 

aspects of the experimental design were improved prior to the 2016 predation experiment. Our pilot 

study in 2015 revealed that clay salamanders deployed under light cover suffered approximately equal 

mortality from mammals and turkeys compared to models deployed in the open; in fact, turkeys 

attacked models deployed under light cover somewhat more frequently in 2015 (Table S10). 

 

 

Figure S6. Left: the salamander mould we used to manufacture artificial salamanders employed in 2015. 

Right: a collection of the salamander models that were deployed in the field on Pelee Island in 2015. 
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Figure S7. Examples of attacked models deployed on Pelee Island during the pilot study in 2015. The 

three examples on the left show models attacked by wild turkeys, and the two on the right show 

examples of models attacked by mammals. 

 
Table S10. A summary of the “predation” rates on 100 artificial salamanders deployed on Pelee Island at 

Site B over 67 days (June-August) during the summer of 2015. 

 
 Attacked models  

 Turkey Mammal Total attacked Not recovered 
Exposed 12 10 22 13 

Under cover 17 10 27 5 

Total 29 20 49 18 
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In the 2016 predation experiment clay salamanders were deployed on the surface of the leaf 

litter (i.e., visible to potential predators). While we recognize that salamanders typically hide under leaf 

litter or under cover objects, especially during daylight hours, our goal was to estimate relative rates of 

predation across our treatments and not to estimate actual rates of predation on real salamanders. We 

considered placing our models under the leaf litter, but opted not to do this because differences in leaf 

litter availability and quality across sites and over time would have confounded our ability to compare 

relative rates of “predation” on our models among sites and over time. While the defensive posture of 

real Ambystoma salamanders makes them more conspicuous, they only adopt this posture when 

uncovered or threatened by a predator. Having decided to deploy our models on top of the leaf litter, 

we then wanted to make sure that models moulded into the defensive posture did not experience and 

greater risk simply as a result of increased detectability relative to their resting posture equivalents. This 

was validated with the human experiment described in the main text and above.  
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CHAPTER 3: GENERAL DISCUSSION 

I. Defensive Posture and Deflection of Attacks in Ambystoma Salamanders 

I tested two hypotheses to explain the function of defensive posturing behaviour in 

salamanders: aposematism and deflection. Analysis of predation rates on model salamander prey 

revealed no difference in attack rate on models in the resting vs. defensive posture, which is not 

supportive of the aposematism hypothesis. Body size affected attack rate, with mammals preferentially 

attacking large prey, but size did not have an interactive effect with posture demonstrating that 

defensive posture did not deter attacks on small or large prey. Importantly, models in the defensive 

posture received a greater proportion of attacks on the tail and fewer on the head and body compared 

to models in the resting posture; this observation supports the deflection hypothesis. Prey size did not 

influence the body section that was attacked, and the extent to which defensive posture effectively 

directed strikes to the tail and away from the head or body differed among predator types. Overall, my 

research suggests that salamander defensive posture acts to direct predator attacks to a body region 

that is non-vital and/or noxious to prospective predators, but that such posture does not deter attack 

through aposematism. My research extends previous tests of the aposematism and deflection 

hypotheses (e.g., Johnson & Brodie 1975, Watson et al. 2012, Fresnillo et al. 2015, Barnett et al. 2016) 

by identifying the latter as being strongly supported in this system. Specifically, I suggest that defensive 

posture in at least some salamanders facilitates predator taste-rejection by directing strikes to a noxious 

organ (tail) which is resistant to attack because it can regenerate quickly and it is non-vital to 

salamander survival. 

Detectability of model salamanders did not appear to influence results of the salamander 

predation experiment. Previous work suggests that the detectability of prey under varying visual 

environments can drive rates of detection and attack by predators (e.g., Rojas et al. 2014). To determine 
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whether size and posture treatments influenced the detectability of model salamanders, I conducted a 

detectability analysis using human ‘predators’ and found that model posture, but not size, influenced 

rate of detection. While defensive posture increased the detectability of model salamanders to human 

participants, rate of attack did not differ between resting and defensive models during the field 

predation experiment. Further, overall rate of attack on defensive models was in fact qualitatively lower 

compared to resting models. Accordingly, I am confident that the increased attack rate on large-sized 

model prey was not due to higher detectability, and generally that attack rate was not biased due to 

visibility of model prey. 

Although I found no support for the aposematism hypothesis, I was unable to test the extent 

that predators on Pelee Island may associate the salamander defensive posture with secondary defense. 

The efficacy of prey chemical defense may vary according to predator type, predator experience, and 

susceptibility or resistance of predators to defensive chemicals (e.g., Barach 1951, Dodd & Brodie 1976, 

Brodie et al. 1979). Experienced predators may consume prey that are distasteful while avoiding more 

toxic prey due to known physiological effects, which can have implications for the saliency of warning 

signals in prey with varying levels of chemical defence investment. Additionally, since salamander 

models in the defensive treatment were no more noxious or distasteful than models in the resting 

treatment, it is possible that predators did not associate the defensive posture treatment with 

secondary chemical defence, and thus did not learn to avoid attacking defensive models. I was unable to 

test the extent to which predators were experienced in attacking and processing wild salamanders, 

although the fact that predators recognized the defensive posture further suggests that predators did 

not associate this posture with prey unpalatability or toxicity. In theory, attack deflection could facilitate 

predator learning to avoid noxious salamanders over the lifetime of an individual predator (e.g., Kang et 

al. 2016, Halpin & Rowe 2016), but addressing this supposition was beyond the scope of my experiment. 

However, this concept warrants additional investigation, and the use of noxious or distasteful chemical 
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agents (e.g., Bitrex; see Halpin & Rowe 2016) to treat model prey could prove useful for illustrating 

complex predator learning processes regarding the association of postures or specific prey body sections 

(e.g., the tail) with unpalatability. 

Many predators are known to select more profitable prey items (i.e., larger prey or specific prey 

taxa) to maximize energetic intake (e.g., Carle & Rowe 2014). I observed strong size-dependent 

predation by mammals on large-sized model salamanders. Qualitatively, turkeys also appeared to select 

larger sized prey, whereas passerines were non-selective. I also observed that mammals directed a 

greater proportion of attacks to the head of models compared to turkeys and passerines, and generally 

did not respond to the defensive posture (i.e., did not direct strikes to the tail of models). Previous 

studies show that some predators target the head of prey during attacks, particularly when prospective 

prey possess toxic or noxious secondary defences (e.g., Brandon & Huheey 1975, Brandon et al. 1979, 

Kuchta 2005). Therefore, one explanation for observed attack rates on salamander models is that 

mammals selected larger prey items and targeted the head to maximize profitability of predation 

attempts and the damage inflicted on prospective prey, and/or to avoid the unpalatable tail. 

Additionally, birds are known to be capable of taste-rejecting prey using strategic decisions based on 

their own energetic state and the individual prey’s level of chemical investment (e.g., Skelhorn & Rowe 

2006a, Skelhorn & Rowe 2006b). Therefore, an intriguing explanation for observed differences in 

response to the defensive posture is that turkeys and passerines directed strikes to the tail of model 

prey to assess profitability, which is also consistent with the observed lack of response by mammals. 

Model size, model posture, and structural cover (i.e., leaf litter) could have influenced 

detectability of our models to predators. Structural cover was influential on model salamander attack 

rate, with deeper cover reducing attack rate by mammals and turkeys, but not passerines. Model 

salamander size also affected attack rate, with mammals showing significant preference for large prey; 

turkey attack rate was only qualitatively influenced by prey size. These results may indicate that 
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mammals simply attacked more conspicuous prey, however, model size did not influence detection rate 

in my detectability trial experiment on humans. The effects of prey size and cover on attack rate could 

also be attributed to differential foraging strategies or visual acuity among predator types. For example, 

key differences in predator ecology (e.g., nocturnal vs diurnal foraging) may account for these variances, 

as mammals are primarily nocturnal foragers and therefore model detectability may be more influential 

on attack rate, whereas turkeys and passerines are primarily diurnal foragers and thereby may render 

model detectability (i.e., size and cover) less important. Nocturnal foragers rely primarily on scent to 

locate prey items, however it seems unlikely that prey size-selection was due to increased olfactory cues 

from large-sized models, but rather resulted from differences in visual detectability between model 

sizes. Differences in visual capacity between mammalian and avian predators (e.g., dichromatic vs 

tetrachromatic vision; Surridge et al. 2003, Osorio & Vorobyev 2005) may also explain observed 

differences in response to prey size and cover, though the effect of habitat features and predator vision 

on predation risk requires further investigation. 

Mappes et al. (2014) found that the relative benefit of prey warning signals for avian predators 

varies according to season, since predator naivety peaks during fledging season (i.e., fledglings are not 

educated predators). Specifically, prey warning signals were not as effective at deterring attack during 

the fledging period compared to early and late in the season when naïve birds are rarer. Clay 

salamander survival analysis demonstrated elevated attack risk by passerine predators during the May-

June deployment period, which corresponds approximately with the fledging season of many passerine 

birds on Pelee Island. Predation risk declined sharply during the subsequent deployment period, which 

could be explained by naïve birds becoming educated about the unpalatability of clay model 

salamanders. Passerine predation rate on all model salamander treatments was highest during the May-

June deployment, and declined during the subsequent deployment period. However, since all clay 

model treatments were equally palatable, there is no reason to believe that naïve birds would learn to 
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avoid defensive models any faster than resting models, and it is more likely that birds learned to classify 

all models as being unprofitable, and thereby reduced overall predation rates accordingly. 

I found an effect of ambient temperature on the antipredator behaviour of wild salamanders 

during behavioural assays on Pelee Island. At higher temperatures, salamanders were less likely to 

respond defensively, and exhibited a less intense response (i.e., did not raise the tail as high), but were 

more likely to respond at lower temperatures. Ambient temperature also influenced salamander tail 

undulation behaviour; salamanders were more likely to undulate the tail in lower temperatures. Dodd 

and Brodie (1976) found that when stimulated, adult and juvenile La Palma salamanders (Bolitoglossa 

subpalmata) remained immobile for a longer period of time at low temperatures compared to high 

temperatures, and temperature has previously been shown to affect antipredator behaviour in other 

ectotherms (e.g., Mori & Burghardt 2001). Although I did not record the flight behaviour of salamanders 

during behavioural tests, these results demonstrate that ambient temperature influences the 

antipredator behaviour of salamanders, and that salamanders may use defensive postures at low body 

temperatures, but flee from predators at greater body temperatures. Presumably, these differences 

relate to the increased mobility of ectothermic salamanders at higher temperatures. 

Many salamanders employ tail undulation and body immobility while adopting defensive 

postures (e.g., Brodie 1977). Although I was unable to replicate this behaviour on salamander models, 

tail undulation may be an important aspect of the antipredator display, and may increase the likelihood 

of deflecting predator attacks to the tail. Given that tail undulation behaviour should further accentuate 

the salamander tail to predators, my estimates of attack deflection from model salamander predation 

may in fact underestimate the efficacy of the defensive posture, which when combined with undulation 

could deflect a greater proportion of predator attacks. Indeed, some salamanders lash the tail at 

predators after being bitten or grasped to distribute defense chemicals, however pre-attack undulation 

probably serves to increase the conspicuousness of the tail to predators. An interesting consideration is 
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that predators may respond differentially to salamander tail undulation, and although I was not able to 

test this directly, responses of predators to the model defensive posture may have been partially 

influenced by the lack of tail undulation, or may have been different if tail undulation was incorporated 

in the experimental design. Although difficult to integrate in field tests of antipredator behaviour, future 

work should investigate the effect of tail undulation on the efficacy of the defensive posture, and 

whether the response to tail undulation differs according to predator type. 

Experienced predators make strategic decisions about attacking distasteful prey. Predators did 

not avoid attacking models in the defensive posture in this experiment, however this could be due to 

limited predator experience (i.e., interaction) with salamanders due to their cryptic life history (e.g., 

Humphreys & Ruxton 2018). Indeed, conspicuous defended prey may elicit avoidance by natural 

predators more rapidly due to frequent interaction, and it has been proposed that predators are more 

likely to repeatedly ‘fall for the trick’ of attack deflection in prey that are less common or infrequently 

encountered (Humphreys & Ruxton 2018). If salamanders are only infrequently encountered because of 

their fossorial life history, then predators may not learn or evolve counter-adaptations to deflection and 

this could explain why the defensive posture appeared to be highly effective at deflecting attacks on 

models. Indeed, previous research has shown that predators may avoid the tail of prey that possess 

glands for secreting defensive chemicals or that are capable of autotomy, since this renders tail-directed 

attacks less profitable (e.g., Dodd & Brodie 1976, Vervust et al. 2011). However, I did not observe any 

avoidance towards the defensive posture, further supporting the idea that limited interaction between 

salamanders and predators results in weak selection for predator counter-adaptations. These results 

also demonstrate generally how the efficacy of antipredator defences may vary according to the 

frequency of predator-prey encounters. 

Although I found strong support for a deflective role in this system, other salamanders may 

employ defensive postures and similar antipredator behaviours to serve additional defensive functions, 
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such as aposematism or predator distraction (e.g., Johnson & Brodie 1975, Labanick 1984). Defensive 

postures are typically associated with an aposematic function in prey that also possess bright ventral 

coloration that is exposed when assuming the defensive posture (e.g., Hinsche 1926, Johnson & Brodie 

1975). In addition, predator distraction is typically achieved through tail waving, tail color, or autotomy, 

or a combination of these traits, and allows prospective prey to escape from predator encounters (e.g., 

Labanick 1984, Watson et al. 2012). Ambystoma salamanders in my study system do not possess bright 

ventral coloration, tail coloration and/or tail autotomy capabilities (e.g., Brodie 1977, 1983), which are 

likely important traits for defensive posture serving aposematic or distractive roles, respectively. 

Therefore, I contend that in this system defensive postures serve a deflection function, but that in other 

salamanders and more broadly in other prey taxa, defensive postures may serve a range of different 

antipredator roles that are not yet fully understood. Further, the presence of additional morphological 

or behavioural traits (i.e., noxious or toxic secretions, autotomy, color, movement) in addition to 

defensive posture are probably crucial to the understanding of antipredator function in various prey 

taxa.  
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II. Implications for Ambystoma Salamander Populations on Pelee Island 

The recovery strategy for small-mouthed salamanders on Pelee Island identifies predation as a 

potential threat to population persistence, with additional emphasis on knowledge gaps regarding 

recently introduced wild turkey (Meleagris gallopavo) as a potential threat to salamander populations 

(Hamill 2015). Although the main goal of my thesis was to empirically test the aposematism and 

deflection hypotheses, I also sought to assess relative salamander predation risk across habitat sites on 

Pelee Island. It was not uncommon to observe flocks of turkeys exceeding ca. 100 individuals in the field 

(typically in crop fields), and trail cameras confirmed the presence of turkey flocks in active salamander 

habitat, with up to ten individuals being observed in a single frame at some sites (A. Myette, pers. obs.). 

Rate of attack by turkeys on salamander models was highest during the June-July deployment period, 

and at Sites A and D, where small-mouthed salamander presence has been confirmed (Hossie & Murray 

2017). Among all predator types, turkeys represented the greatest proportion of attacks on salamander 

models (48%). However, clay models may have overestimated predation risk by turkeys since models 

were deployed continuously during day and night hours, whereas Ambystoma salamanders are active 

nocturnally and turkeys are primarily diurnal foragers, thereby limiting the frequency of encounter 

between these animals. Although model defensive posture was not effective at deterring attacks, it 

appeared to be highly effective at deflecting strikes by turkeys, suggesting that salamanders may 

possess adequate antipredator defence against this introduced predator. However, it is still notable that 

turkey predation on models was relatively higher in July-August. During this time frame juvenile 

salamanders are dispersing from breeding ponds, and may occupy light cover during the daytime. 

Turkeys were prevalent at confirmed small-mouthed salamander habitat sites, and I often observed 

evidence of turkeys scratching or disturbing light cover in study sites. It is unclear how frequent such 

encounters could occur, but future work should address this contention in order to accurately assess the 

potential threat of turkey predation to salamanders on Pelee Island. 
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Although trail cameras were useful for confirming predator presence at model deployment sites, 

predator capture rate estimates from trail camera images did not reflect the rate of attack on clay 

models (see Table A1 - A2). Due to drastic changes in understory vegetation from initial to final clay 

model deployments, it is more likely that predator capture rates were partially influenced by changes in 

site visibility and thus were not fully reflective of predator presence at deployment sites, especially in 

later months of the experiment. Despite low rates of capture in June-July and July-August deployments 

at all sites, trail cameras indicated that Site A and Site B had higher overall predator capture rates 

compared to Sites C and D (Table A2); overall attack rate on clay salamanders was highest at Sites A and 

D (Figure A1). Trail camera capture rates were highest at Site B, although this was likely due to site 

openness and lack of understory growth, which could also explain the high capture rate of smaller 

passerine birds by trail cameras at this site. Overall, predator capture rates decreased consistently over 

the course of deployments, demonstrating the strong influence of vegetative cover on predator 

detectability. Therefore, the use of trail cameras to estimate predator species presence may be best 

suited to sites with open understory or during months when understory vegetation is minimal, however, 

clay models are probably a more effective and less costly approach to assessing predation pressure and 

relative predation risk for salamanders on Pelee Island.  
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III. Conclusions 

These findings contribute to our understanding of defensive postures by demonstrating that 

prey may use specialized defensive behaviours to draw predatory strikes away from the head and body 

and towards a non-vital and noxious body part. Following Skelhorn & Rowe (2006a), I suggest that the 

salamanders in this system remain cryptic to avoid predation encounters, but combine noxiousness with 

specialized postures to facilitate taste-rejection during predator detection. Given that some 

salamanders clearly use defensive postures as part of an aposematic signal (e.g., ‘Unken reflex’ in 

Taricha granulosa, Johnson & Brodie 1975), my research illustrates that natural selection via predation 

can produce similar defensive behaviours that serve distinct anti-predator functions in both toxic prey 

with conspicuous visual signals and prey that are merely distasteful and cryptic. The lack of tail 

autotomy in many salamanders that use defensive postures to deflect or direct predator strikes (e.g., 

Brodie 1977) further suggests that the adaptive value of the defensive posture can be realized in a 

variety of ways that remain to be fully understood. Future research questions include: Are predator 

responses to defensive posture learned or innate? Does predator learning about defensive posture vary 

between predator types? Do predators possess counter-adaptations to prey defensive postures? These 

questions present exciting and fruitful avenues of research that will increase our overall understanding 

of antipredator mechanisms, prey selection, predator behaviour towards defended prey, and more 

broadly, the determinants of prey vulnerability to predation. 

My research also highlights the utility of clay model prey in assessing predation risk, predator 

communities, and identifying previously undocumented predators. When combined with additional field 

studies, artificial prey can provide useful assessment of predation risk for imperiled species, which could 

be a useful tool for conservation practitioners. My model salamander deployments demonstrated that 

predation should be considered as a potential threat to salamander populations on Pelee Island. The 

phenology of attacks on salamander models (Table A1) suggests that: i) turkeys could impact 
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salamander recruitment through predation on dispersing juveniles, which leave breeding ponds and 

occupy light terrestrial cover following metamorphosis in June-August; ii) turkey may prey on adult 

salamanders during their fall migration to overwintering sites (i.e., August-October); and iii) spring 

predation by mammal predators may coincide with salamander migration to breeding ponds (March-

April). In the last instance, it is notable that such predation would be selective for older breeding adults 

and thus may be disproportionately important. Clay models probably overestimated predation risk in 

Ambystoma salamanders, particularly predation by wild turkey. However, even if salamanders make up 

only a small proportion of predator diets on Pelee Island, removal of breeding adult males could impact 

recruitment and population viability of the salamander complex. Because there are relatively few 

confirmed observations of male A. texanum on Pelee Island, assessing predation pressure across 

salamander habitat sites should remain a priority of conservation research, including the potential 

threat of both mammal and turkey predation. However, due to the limitations of using model prey 

experiments to extrapolate predation risk in wild animals, additional research should be conducted to 

produce a more accurate and reliable estimate of predation risk in Ambystoma salamanders on Pelee 

Island.  
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Supporting Material 

Table A1. Fate of 1576 clay salamanders deployed on Pelee Island. The remaining n = 24 models were 

attacked by multiple predator types and excluded from our analyses. 

 Turkey Mammal Avian Missing Unknown 

March-April 12 (4%) 56 (18%) 31 (10%) 10 (3%) 9 (3%) 
April-May 43 (14%) 20 (6%) 54 (17%) 6 (2%) 1 (<1%) 
May-June 72 (23%) 24 (8%) 35 (11%) 14 (4%) 28 (9%) 
June-July 84 (27%) 35 (11%) 8 (3%) 11 (4%) 23 (7%) 
July-August 68 (21%) 25 (8%) 16 (5%) 1 (<1%) 8 (3%) 
Total (1576) 279 (18%) 160 (10%) 144 (9%) 42 (3%) 69 (4%) 
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Table A2. Total number of trap days and predator capture rates (#images/day) for each model 

salamander deployment. Trail cameras were not deployed at Site A from March-April. 

  Site A Site B Site C Site D 

Trap days Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
58 
54 
60 
56 

62 
58 
54 
60 
56 

60 
58 
54 
60 
56 

54 
58 
54 
60 
56 

Turkey Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
5.4 
1.9 
1.3 
1.1 

4.1 
0.9 
0.7 
0 

0.02 

1.1 
0.6 
0 

0.2 
0.05 

1.0 
0.3 
0 
0 

0.05 
 Mean (SE) 2.4 (1.0) 1.1 (0.76) 0.4 (0.20) 0.3 (0.19) 

Mammal Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
1.7 

0.02 
0.07 
0.5 

19.2 
6.4 
6.4 
0.7 
0.2 

2.3 
1.4 
0 
0 

0.1 

2.0 
0.1 
0.2 
0.4 
0.1 

 Mean (SE) 0.6 (0.39) 6.6 (3.4) 0.8 (0.46) 0.6 (0.36) 

Passerine Mar-Apr 
Apr-May 
May-Jun 
Jun-Jul 
Jul-Aug 

- 
0.5 
0 
0 
0 

10.5 
0.4 
0.4 
0 
0 

2.2 
0.3 
0 
0 
0 

0 
0.07 
0.4 
0.2 

0.02 
 Mean (SE) 0.1 (0.12) 2.3 (2.05) 0.5 (0.43) 0.2 (0.078) 
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Figure A1. Mean (± SD) number of models attacked during each clay salamander deployment period. 
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