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component of the mimetic strategy (Page et al., 2024; 
Srygley, 1999; Tan et al., 2024). In both aposematic and 
mimetic species, bold behaviour, such as slow and predict-
able movements, may be selected for if it can itself act as 
a signal to predators or draw attention to morphological 
signals like colour (Dowdy & Conner, 2019; Klank et al., 
2024; Page et al., 2024). Conversely, escape behaviour may 
be lost if it is no longer necessary for survival or would 
impart opportunity or energetic costs (Dowdy & Conner, 
2019; Higginson & Ruxton, 2010; Klank et al., 2024; 
Speed et al., 2010).

The risk posed by predators may, however, differ between 
models and mimics at different stages throughout the predation 
sequence. Mimicry can reduce the likelihood of pursuit, but 
during close-range interactions, predators may test the honesty 
of aposematic signals (Gamberale-Stille & Guilford, 2004; 
Skelhorn & Rowe, 2006b). Here, through “taste-rejection”  
or “go slow” behaviours, predators cautiously handle seem-
ingly defended prey in order to assess toxin levels before 
selectively consuming those found to be palatable (Barnett et 
al., 2007; Guilford, 1994; Holen, 2013; Skelhorn & Rowe, 
2006a2006c). Consequently, unlike their defended models, 
Batesian mimics cannot rely on deterring predators via sec-
ondary defences, and therefore their risk of consumption will 
increase greatly where visual signals are ignored (Gamberale-
Stille & Guilford, 2004; He et al., 2022). As such, mimics may 
benefit from reducing the likelihood of predator encounters, 
either prior to detection through incorporating camouflage 
into their signals or during pursuit with (non-mimetic) escape 
behaviours that reduce the likelihood of capture (Kikuchi & 
Pfennig, 2013; Kikuchi et al., 2023; McEwen et al., 2024; 
Stevens, 2007). However, many questions remain in our 
understanding of how mimic behaviour may change through-
out the predation sequence, or where on the predation 

sequence Batesian mimics may be expected to replicate or to 
deviate from the behaviour of their defended models.

Poison frogs (Dendrobatidae) are a classic example of 
aposematism with conspicuous colours, slow and bold move-
ments, and reduced escape behaviour evolving alongside the 
sequestration of potent alkaloid toxins (Cooper Jr et al., 
2009b; Klank et al., 2024; Maan & Cummings, 2012; Pröhl 
& Ostrowski, 2011; Santos et al., 2003). Aposematic dendro-
batids are both more likely to be active prior to disturbance 
and less likely to quickly flee when approached by a predator 
than sympatric species, which are non-toxic and cryptically 
coloured (e.g., Craugastor spp. Craugastoridae) (Blanchette 
et al., 2017; Cooper Jr et al., 2009a, 2009b; Gray et al., 2023; 
Ozel & Stynoski, 2011). Indeed, these bold movements may 
themselves also act to enhance the warning signal and reduce 
predation rates beyond that conveyed by the same colours on 
static frogs (Paluh et al., 2014; Saporito et al., 2007).

Allobates zaparo (Aromobatidae) is a non-toxic frog that 
is a Batesian mimic of the chemically defended poison frog 
Ameerega bilinguis (Dendrobatidae) (Darst & Cummings, 
2006; Darst et al., 2005, 2006; McEwen et al., 2024). The 
two species are similar in appearance, with both exhibit-
ing a dark red dorsum and yellow spots at the base of the 
limbs (Figure 1A–C) (Darst & Cummings, 2006; Darst et 
al., 2006; McEwen et al., 2024). As such, avian predators 
experienced with the colours and toxins of Am. bilinguis 
avoid attacking both species (Darst & Cummings, 2006). 
However, as a Batesian mimic, Al. zaparo is still at risk 
from predators which ignore the signal (Barnett et al., 
2007; Sherratt et al., 2004). To avoid these encounters, Al. 
zaparo may benefit from reducing the likelihood of detec-
tion or capture through morphological or behavioural 
strategies that deviate from perfect mimicry (Kikuchi & 
Pfennig, 2013; McEwen et al., 2024). In a previous study, 

Figure 1. The study system and experimental setup. Top: The three species from left to right: (A) Ameerega bilinguis (toxic model), (B) Allobates zaparo 
(non-toxic Batesian mimic), and (C) Adenomera hylaedactyla (cryptic). Bottom: (D) The experimental arena (dimensions in mm) showing frog placement 
at the beginning of each trial. Frog illustrations were drawn to scale from top to bottom: Am. bilinguis (mean SVL = 22.51 mm), Al. zaparo (mean 
SVL = 26.92 mm), and Ad. hylaedactyla (mean SVL = 23.34 mm).
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Figure 2. Escape behaviour results. Species codes: Am. bilinguis (ABI, red—toxic model), Al. zaparo (AZA, blue—Batesian mimic), and Ad. hylaedactyla 
(AHY, green—cryptic). Top: Means ± 95% CI from generalized linear mixed effect models for (A) the number of jumps (total jumps), (B) the distance 
travelled (escape distance, mm), (C) the time spent moving (escape time, s), and (D) the proportion of “predator” approaches that resulted in a pre-
emptive jump (pre-emptive jumps, the grey line indicates a 50:50 threshold). Middle: Raw circular data for jump angle (0°–180°: (E) Am. bilinguis, (F) 
Al. zaparo, and (G) Ad. hylaedactyla) and escape trajectory (−180° to 180°: (H) Am. bilinguis, (I) Al. zaparo, and (J) Ad. hylaedactyla). Circular histograms 
show the raw data and the shaded arrows show the circular means ± 95% CI from the Bayesian circular mixed effects models. Bottom: Means ± 95% 
CI from Bayesian circular mixed effects models (replotted from (E)–(J)) for (K) jump angle and (L) the overall escape trajectory (the grey line indicates a 
forward trajectory of 0°).

Table 2. Circular mean, mode, and 95% credible intervals for absolute jump angle (0°–180°) and escape trajectory (−180° to 180°) in degrees extracted 
from the Bayesian circular mixed effects models.

Jump angle (0°–180°) Escape trajectory (−180° to 180°)

Mean Mode Lower CI Upper CI Mean Mode Lower CI Upper CI

Am. bilinguis 29.27 29.18 26.23 32.57 −3.91 −3.70 −7.39 −0.66

Al. zaparo 38.65 37.97 33.78 44.01 −0.18 0.76 −5.10 4.86

Ad. hylaedactyla 50.89 50.70 44.24 57.72 −0.83 −1.16 −7.66 5.85

Relationship between species ABI < AZA < AHY ABI = AZA = AHY

Model fit DIC DIC.alt WAIC1 WAIC2 DIC DIC.alt WAIC1 WAIC2

Null model 6,188 6,218 6,225 6,230 7,683 7,721 7,696 7,698

Full model 6,180 6,231 6,214 6,217 7,672 7,739 7,685 7,687

Note. Model fit metrics: lower values (bold) indicate a better fit to the data. Species codes: Am. bilinguis (ABI—toxic model), Al. zaparo (AZA—Batesian 
mimic), and Ad. hylaedactyla (AHY—cryptic).
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