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Many animals survive wildfires; however, the mechanisms used to detect and respond to fire have been
poorly studied. Sensory cues like sight and sound are used to recognize threats (e.g. predators) and elicit
escape responses in prey. Similarly, these cues might be used to detect an approaching wildfire. We
tested whether the western fence lizard, Sceloporus occidentalis, responds to the sound of fire as a threat.
We predicted that lizards living in burned areas would be more sensitive to the sound of fire than lizards
in adjacent and urban areas, where fire suppression could have induced relaxed selection on fire
responsiveness. We compared the behaviours of lizards following an experimental playback where we
broadcast the sound of fire along with other control sounds (a predator, a common nonpredatory bird
and a novel nonpredatory bird). We conducted our playbacks in 2019 in recently burned areas (using the
survivors from the 2018 Woolsey Fire, southern California, U.S.A.), unburned adjacent areas and urban
areas. We found that in burned areas, lizards responded more to the sound of fire than all three controls,
but in urban areas, they responded more to both the sound of a predator and the sound of fire. Our
results suggest that lizard responses to fire sounds are greater in an area that has recently experienced a
wildfire than in an unburned area, and that urban areas create a complex evolutionary landscape that
also increased antipredator behaviour for other biologically relevant stimuli.

© 2022 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Fire is a natural process in many ecosystems around the world,
and the need to incorporate its role into the understanding of fire-
prone ecosystems' ecology has been increasingly recognized
(Keeley et al., 2012; Pausas & Keeley, 2009). Much is known about
the role of fire in plant ecology and evolution (Keeley & Pausas,
2022), yet fire is also a threat faced by animals. Although knowl-
edge about the effects of fire on animals is quickly growing (Nimmo
et al., 2019, 2021; Pausas & Parr, 2018), only a few studies have
provided evidence of adaptive behavioural responses that animals
have acquired to detect and survive fires. In fact, such effects vary
across taxa (Legge et al., 2022). For instance, in relation to fire
avoidance, mammals seek refuge in underground burrows and flee
into adjacent unburned areas (Garvey et al., 2010; Geluso et al.,
1986), some lizards shelter in crevices or under rocks (Smith
et al., 2012) and nonflying invertebrates have been observed dig-
ging into the soil or climbing to the tops of trees when a fire is
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approaching (Dell et al., 2017; Sensenig et al., 2017). However, the
sensory cues that trigger such behavioural responses are generally
unknown. There is evidence that some lizards, bats and possums
can detect smoke, eliciting movement to a safe site (�Alvarez-Ruiz
et al., 2021; Doty et al., 2018; Nowack et al., 2016; Stawski et al.,
2015), and at least one species of frog flees to less flammable
sites in response to the sound of fire (Grafe et al., 2002).

Fires are likely to be an important selective pressure on animal
behaviour since only individuals with detection and escape traits
would potentially survive (Nimmo et al., 2022; Pausas& Parr, 2018).
Thus, those individuals or populations with ‘fire-savvy’ traits are
likely to respond to cues associated with fire (Nimmo et al., 2021);
in fact, there is evidence that animals from areas with eco-
evolutionary histories with wildfire are more fire-savvy than
those from habitats that lack a history with fire (�Alvarez-Ruiz et al.,
2021).

Urbanization is also quickly spreading worldwide. Species vary
in their degree of urban tolerance (Sol et al., 2013), and this human-
driven disturbance may tame animals, making them less respon-
sive to threats (Geffroy et al., 2020; Thompson et al., 2022). Given
that urban areas usually do not burn or are actively protected from
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Delta:1_given name
https://orcid.org/0000-0001-6228-3454
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0002-1079-5519
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lolaalvarez.r@gmail.com
mailto:juli.g.pausas@ext.uv.es
mailto:juli.g.pausas@ext.uv.es
http://crossmark.crossref.org/dialog/?doi=10.1016/j.anbehav.2022.12.002&domain=pdf
www.sciencedirect.com/science/journal/00033472
http://www.elsevier.com/locate/anbehav
https://doi.org/10.1016/j.anbehav.2022.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.anbehav.2022.12.002
https://doi.org/10.1016/j.anbehav.2022.12.002


L. �Alvarez-Ruiz et al. / Animal Behaviour 196 (2023) 91e10292
wildfires, urbanization could be expected to induce relaxed selec-
tion on fire responsiveness in animals. Yet, fire risk is increasing as
the urbanewildland interface grows in many areas globally
(Modugno et al., 2016; Radeloff et al., 2018), creating a complex
interplay between urbanization, fire suppression and anthropo-
genic fire ignitions. Few studies have explored how fire interacts
with habitat loss and fragmentation (Driscoll et al., 2021; Jennings
et al., 2016; Ramalho et al., 2018) and none have examined how
urbanization-driven behavioural changes might affect animal re-
sponses to fires and fire-related cues.

Lizards as a study group are ideal for testing animal responses to
fire sensory cues because they occur across various habitats, are
generally abundant in the habitats in which they occur, are easy to
observe and catch in thewild, and use visual, auditory and olfactory
cues to detect and respond to threats. In fact, lizards have a highly
directional well-developed auditory system (Brittan-Powell et al.,
2010; Christensen-Dalsgaard & Manley, 2005). For instance, adult
male brown anoles, Anolis sagrei, use the sounds of specific bird
calls as indicators of predation risk from birds (Cantwell & Forrest,
2013; Huang et al., 2011).

Yet, mechanisms behind observed patterns of reptile responses
to fire remain unclear, making generalizations difficult (Driscoll
et al., 2010). After a wildfire, little mortality is observed in bur-
rowing lizards (Rochester et al., 2010; Smith et al., 2012) and their
persistence indicates that their populations are resilient towildfires
(Santos et al., 2022). One of the proposed mechanisms is that rep-
tilesmaydetect the smoke offire in advance and thenmove to a safe
site. Populations of the Algerian sand racer, Psammodromus algirus,
living in fire-prone areas reacted more to smoke than conspecifics
from areas that rarely burned, suggesting that fire is likely to be an
evolutionary driver for animals that shapes adaptions to fire cues in
fire-prone ecosystems (�Alvarez-Ruiz et al., 2021).

Here we asked to what extent lizards can also use sound for
detecting the threat of an oncoming wildfire. We hypothesized that
lizards that survived a major wildfire would have enhanced fire
detection abilities. To test this hypothesis, we studied western
fence lizards, Sceloporus occidentalis (suborder Iguania, family
Phrynosomatidae). Sceloporus auditory nerve fibres are connected
to hair-cells that respond to frequencies from 2.5 to 43 kHz. They
lack hair-cells for 1 kHz, which defines a low- and high-frequency
hair-cells area (K€oppl & Manley, 1992; Manley, 2000; Turner,
1987). Thus, fence lizards are capable of responding to acoustic
stimuli, which makes them a suitable species to study the use of
acoustic cues as a mechanism to detect threats.

We studied lizards' responses to acoustic stimuli in three
different habitat types: recently burned areas (which putatively
contained individuals that survived the fire), those living in the
adjacent unburned areas and urban areas. Our experimental play-
back treatments included fire and different controls (a sympatric
predator, a nonsympatric predator and a nonsympatric bird). If
lizards have the ability to respond to fire (e.g. because of a strong
evolutionary history with this threat), we would expect to find
significant high-level responses to the sound of fire in all three
habitats. However, if a large and high-intensity fire selected sur-
vivors that had heightened responses to fires, or fire survivors
learnt from the experience, we would then expect the highest level
of response within recently burned sites compared to unburned
and urban sites.

METHODS

Species and Study Sites

Western fence lizards are native to and widely distributed in
southern California where they are found in a variety of habitats
including recently burned areas (indicating some ability to survive
wildfires; Rochester et al., 2010) and urban areas (commonly found
in home yards and gardens, showing urban tolerance; Putman
et al., 2019).

Between April and July 2019, we studied the response of fence
lizards to auditory playbacks in three habitat types with contrasting
levels of disturbance: recently burned wildlands, unburned wild-
lands and unburned urban environments. For each habitat we
sampled three plots (replicates; Appendix Table A1). Wildland sites
were located in the Santa Monica Mountain Range, in southern
California. This ecosystem, in a warm and dry Mediterranean
climate, is subject to frequent high-intensity fire (Keeley &
Fotheringham, 2001). In November 2018, the Woolsey Fire
burned ca. 39 200 ha in Los Angeles and Ventura Counties. Our
burned study plots were selected in three different valleys within
the Woolsey Fire boundaries (see coordinates in Appendix
Table A1). Unburned plots were located in the surrounding areas
of the fire and lizardswere studied at least 500 m from the fire edge
to ensure that the lizard's home range (rarely exceeding 100 m;
Davis & Ford, 1983; Massot et al., 2003) was fully inside or outside
the fire perimeter. Urban plots were selected within urbanized
areas in Los Angeles where lizards must cope with other threats
and stimuli (e.g. different suites of predators and human distur-
bances). All plots (except for urban plots) were selected in areas
with similar vegetation before the fire. The lizard's abundance,
measured as the number of individuals per sampling day, was
similar in the three habitats (F2 ¼ 2.148, P ¼ 0.132; Table A2).

Behavioural Observations

One observer (always the same person) conducted the behav-
ioural assays in the field from 1 April to 1 July 2019. Experiments
were conducted between 1030 and 1830 hours, in temperatures of
19e35 �C, and only during periods of limited wind (0e8 km/h, < 3
on the Beaufort scale).

We examined the response of wild lizards to four playback
treatments: a fire stimulus and three controls that allowed us to
interpret possible reactions to stimuli. All presented sound stimuli
were within the hearing range of the lizards (Fig. 1). The fire
stimulus treatment consisted of a recorded sound of a wildfire. To
be able to infer whether fires were perceived as a threat, we
broadcast the calls of a predatory threat, the sympatric American
kestrel, Falco sparverius. To test whether lizards responded to any
sounds, we broadcast a familiar sound for the lizards, the song of a
nonpredatory bird that coexists with them, the house finch, Hae-
morhous mexicanus. To determine whether lizards responded to
novel sounds, we broadcast the sounds of a nonthreatening, non-
sympatric bird, the bananaquit, Coereba flaveola, a bird that the
lizards had no ecological or evolutionary experience with and
whose call does not resemble those of local birds. Each lizard
received only one of the four treatments and, to avoid any possible
carryover effects, each time we applied a different stimulus in a
predetermined order.

Fire sound was obtained from the General 6000 sound effects
library (Sound Ideas, Ontario, Canada, http://www.sound-ideas.
com). The original sound was a stereo recording stored as a digi-
tal audio track. We randomly selected five fragments, each 30 s in
duration, with a linear ramp of 10 ms at the beginning and the end
of the sound. We obtained five bird vocalizations of each control
from theMacaulay Library at the Cornell Lab of Ornithology and the
Xeno-Canto repository (five exemplars per treatment; Fig. 1,
Appendix Table A3). We used Audacity 2.3.1 (Audacity Team, 2013)
to adjust the amplitude of each sound, which was calibrated for the
Bluetooth loudspeaker Ultimate Ears Boom 2 (Ultimate Ears, Irvine/
Newark, CA, U.S.A.) and Apple iPhone 7 (Apple Inc., Cupertino, CA,

http://www.sound-ideas.com
http://www.sound-ideas.com
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Figure 1. Representative spectrograms and waveforms of acoustic stimuli used to study lizards' reaction to the sound of fire and controls. Sampling rate 44.1 kHz, 1024-point FFT. (a)
The spectrogram shows the energy levels of the sound at a particular frequency at a particular time. Warmer colours represent higher energy levels. (b) The waveform displays
amplitude on a linear scale. The dark blue part of the waveform displays the tallest peak in the area represented. The light blue part of the waveform displays the average root mean
square value for the same group of samples. Note that it does not represent how loudness is actually perceived, which is best represented on a logarithmic scale, measured in
decibels. All sounds were calibrated to be broadcast at 85 dB.
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U.S.A.) using a sound level meter (Sper Scientific digital sound
meter model number 840029, Sper Scientific, Scottsdale, AZ,
U.S.A.). All sounds were calibrated to be broadcast at 85 dB (±1 dB
SPL measured 1 m from speaker, peak response, weighting A),
which is the approximate sound level of natural calls.

To find focal lizards, we slowly walked around each site looking
for adult lizards, scanning at all heights. We moved through a given
spot only once to prevent resampling the same individuals. Once a
lizard was located, we carefully approached it to avoid disturbance,
set up the portable loudspeaker 3e5 m from the lizard, and then
moved about 10 m away to quietly observe the subject using bin-
oculars. If the lizard retreated into its burrow, we waited for it to
emerge. Before starting the trials, we noted the initial angle be-
tween the loudspeaker and the lizard's snout.

After an initial 2 min acclimation period, we proceeded to
quantify each subject's behaviour quietly dictating behavioural
transitions into a voice recorder (Apple iPhone 7). Focal observa-
tions lasted 2 min: we started each playback with a baseline period
of silence (30 s pretreatment) followed by a treatment or control
sound broadcast (30 s) and another period of silence (60 s post-
treatment). After each trial, we measured the soil temperature
using a noncontact infrared thermometer (model eT650D, enno-
Logic, Eugene, OR, U.S.A.), and the air temperature, humidity and
wind speed using a pocket weather meter (model 5000, Kestrel,
Boothwyn, PA, U.S.A.).

Flight Initiation Distance Measurement

Fence lizards also use visual cues to identify potential predators
(Fine, 1999; Fitch, 1940) and then respond to danger by moving to a
refuge (Greene, 1988). Once each behavioural assay was concluded,
we measured the flight initiation distance (FID), the distance at
which an animal flees from an approaching threat. FID is a risk
assessment measurement such that longer FIDs correspond to an
increased perception of risk in animals (Cooper, 2015; Cooper &
Blumstein, 2015; Stankowich & Blumstein, 2005). We quantified
FID because it provides another way to study the response to a
stimulus because exposure to threatening stimuli can affect later
risk assessments. Therefore, if lizards fled during the sound
experiment, we waited until they emerged to measure FID. Once
the lizard was relaxed and not moving (i.e. foraging, basking, or
perched and looking around), the observer (dressed all in black,
hair up) walked at a fixed velocity (0.5 m/s) directly towards it. The
observer noted the starting distance (the total distance between
the lizard and the observer when the trial was started) and the FID
(the distance from the observer at which it began to move away
from its initial location). Distances were measured using a transect
tape after the trial.

Lizards run to refuge or cover to escape their predators; thus,
risk increases with the distance to refuge. After each FID trial, we
measured the height at which the lizardwas found and the distance
each lizard was from the closest refuge (±5 cm; independently of
whether the lizard fled or not) as it can influence lizards' risk
perception and FID (Samia et al., 2015).

Morphological Measurements

Once the FID trials were concluded, we captured (when
possible) the lizards using a lasso tied to the end of a fishing pole
and measured the lizard's body temperature using a noncontact
infrared thermometer (model eT650D, ennoLogic). We also
measured the body length (snoutevent length, SVL ±0.01 cm) and
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weight (±0.1 g; see Appendix Table A1); adults were sexed by the
presence (male) or absence (female) of femoral pores and enlarged
postanal scales. We calculated body condition as the residuals of
the regression of body mass on SVL (Green, 2001; Warner et al.,
2016). All lizards were released at the location of capture after
the measurements were taken.

Data Processing

We developed an ethogram to analyse the behaviour of each
lizard during the playback trials. Our ethogram followed Yan et al.
(2019) and included stand and look, walk, run, forage, push-ups,
other and out of sight (see Appendix Table A4 for a detailed
description of the behaviours). Focal samples were scored and
analysed using JWatcher (version 1.0; Blumstein & Daniel, 2007).
We summarized responses of lizards to the playbacks into two
behavioural indicators: (1) sign of threat detection and (2) activity.
In lizards, eavesdropping on heterospecific alarm calls is a common
phenomenon to identify nearby threats and reduce the cost and
risk of predation (Fuong et al., 2014; Vitousek et al., 2007). Looking
behaviour is associated with antipredator and vigilance behaviour
(McElroy, 2019). Therefore, we calculated the change in rates of
looking as a sign of threat detection to test our hypotheses about
risk perception. To analyse lizards' activity, we calculated the rates
of the other behaviours scored (foraging, push-ups and locomotion,
i.e. walk and run).

Not all trials were of equal length (because lizards sometimes
ran out of sight), so rates were calculated as the number of times
that the behaviour occurred divided by the total time the lizardwas
in sight. We subtracted the calculated rate from the rate of each
baseline behaviour (preplayback) to obtain a sensitive measure of
responses to the playback. From this, a positive change value re-
flected an increase in the rate, while a negative change value re-
flected a decrease in the rate compared to baseline.

Statistical Analyses

All statistical analyses were performed using the R software
version 4.0.3 (R Core Team, 2020). To examine whether changes in
lizards' rates of looking varied between habitat and playback
treatments, we fitted a linear mixed-effects model (LMM) using the
package lme4 (Bates et al., 2014). We included fixed effects of
playback treatment (fire, predatory bird, nonpredatory bird and
novel bird), habitat (burned, unburned and urban), an interaction
between treatment and habitat, and a random effect of sampling
location. We used ‘anova’ type III with the Satterthwaite approxi-
mation of degrees of freedom to obtain F values and P values of
fixed factors and the interaction term. Normality of model residuals
was checked using the DHARMa package v. 0.2.4 (Hartig, 2019). We
also used the ‘difflsmeans’ function of the lmerTest package
(Kuznetsova et al., 2017) to conduct comparative post hoc tests for
treatment and habitats. The Benjamini and Hochberg correction
procedure was applied to control the false discovery rate
(Benjamini & Hochberg, 1995; Ferreira, 2007).

Lizards' responses to stimuli may be influenced by other factors;
thus, we first demonstrated that lizards’ rates of looking were in-
dependent of their sex, body size, body temperature, wind speed,
speaker distance, initial head orientation, distance to the closest
refuge and tail autotomy (Appendix Table A5); thus, these variables
were not included in the final models.

Other behaviours such as foraging, push-ups, walking and
running occurred at low frequencies (see Appendix Fig. A1);
because of their rarity (i.e. the analyses were zero-inflated), we
represented these behaviours as binary variables (yes/no). To
analyse the effect of habitat and treatment on whether lizards
exhibited these behaviours (foraging, push-ups, walking and
running) or not, we fitted generalized linear mixed-effect models
(GLMER) with a binomial error structure using the lme4 package.
We included fixed effects of playback treatment, habitat, its inter-
action and sampling location as random effects. Normality of model
residuals was checked using the DHARMa package v. 0.2.4 (Hartig,
2019).

To study variation in FID, we fitted a LMM as a function of
starting distance, habitat, treatment, lizard attributes (sex, body
size, body condition index, tail autotomy), climatic variables (soil
and air temperature, humidity, wind speed) and distance to the
closest refuge. A similar model was fitted to study variation in the
distance to the closest refuge. For both analyses, sampling location
was included as a random factor; we added variables sequentially
in order of their contribution to the remaining explained variance
and kept the most parsimonious final model (see Appendix
Table A5). Again, residual distributional assumptions of these
models were checked using the DHARMa package v. 0.2.4 (Hartig,
2019).

Ethical Note

The project adhered to the ASAB/ABS guidelines for the treat-
ment of animals in research. All methods were approved by the
UCLA Animal Research Committee (ARC-2016e051-03C).

RESULTS

We successfully performed 199 playback trials and captured 152
of the subjects (86 females, 71 males; Appendix Table A1).

When faced with the treatments, the most typical lizard's
response was ‘looking’. Overall, lizards modified their rates of
looking across habitats and treatments, with a significant treat-
ment*habitat interaction (Fig. 2, Appendix Table A6).

In unburned areas, lizards did not vary their rate of looking as a
function of playback type (Fig. 2, Table 1). In burned areas, lizards
looked more in response to the sound of fire compared to the three
control treatments (Fig. 2, Table 1). In urban areas, lizards' reaction
to the predator playback was higher than the reaction to the non-
predatory bird playback (Fig. 2, Table 1).

Post hoc tests revealed looking rate in response to the fire
playback was higher in burned areas than in unburned areas (Fig. 2,



Table 1
Post hoc tests for effects of habitat and sound treatment on lizards' rate of looks/min

Habitat*Treatment Estimate SE df t Lower CI Upper CI P

Burned*Fire eBurned*Predator 2.655 0.733 187 3.622 1.209 4.101 0.006
Burned*Fire e Burned*Nonpredatory bird 1.860 0.745 187 2.495 0.390 3.331 0.046
Burned*Fire e Burned*Novel bird 2.233 0.733 187 3.047 0.787 3.679 0.015
Burned*Fire e Unburned*Fire 2.312 0.712 187 3.249 0.908 3.716 0.01
Burned*Fire eUnburned*Predator 1.979 0.712 187 2.780 0.575 3.383 0.028
Burned*Fire e Unburned*Nonpredatory bird 2.807 0.722 187 3.888 1.382 4.231 0.004
Burned*Fire e Unburned*Novel bird 3.378 0.745 187 4.531 1.907 4.848 0.001
Burned*Fire e Urban*Nonpredatory bird 2.457 0.712 187 3.453 1.053 3.861 0.006
Burned*Fire e Urban*Novel bird 1.874 0.733 187 2.557 0.428 3.320 0.045
Burned*Predator e Urban*Predator �2.358 0.733 187 �3.217 �3.804 �0.912 0.01
Unburned*Fire e Urban*Predator �2.015 0.712 187 �2.832 �3.419 �0.611 0.026
Urban*Fire e Burned*Predator 1.869 0.744 187 2.513 0.402 3.337 0.046
Urban*Fire e Unburned*Nonpredatory bird 2.021 0.733 187 2.758 0.575 3.467 0.028
Urban*Fire e Unburned*Novel bird 2.592 0.756 187 3.428 1.100 4.084 0.006
Urban*Predator e Unburned*Nonpredatory bird 2.510 0.722 187 3.477 1.086 3.934 0.006
Urban*Predator e Urban*Nonpredatory bird 2.161 0.712 187 3.036 0.757 3.565 0.015
Urban*Predator e Burned*Novel bird 1.936 0.733 187 2.642 0.490 3.382 0.037
Urban*Predator e Unburned*Novel bird 3.081 0.745 187 4.133 1.610 4.551 0.002

Values are least-square estimates of the fixed effects ‘habitat’ and ‘treatment’, and their interaction term in the LMM, containing location as random factor. P values were
adjusted using the Benjamini & Hochberg correction to control the false discovery rate. Only significant interactions are shown. CI: confidence interval.
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Tables 1, A7). Looking rate in response to the predatory bird play-
back was lower in burned areas than in urban areas (Fig. 2, Table 1).
Yet, looking rate to the nonpredatory bird and novel bird playbacks
across habitats did not differ significantly from each other.

We found no effect of habitat or sound treatment on the pro-
portion of lizards that exhibited foraging or locomotion behaviours
(Appendix Fig. A1, Table A8). However, lizards were more likely to
perform push-ups in the fire sound treatment than in the novel bird
sound treatment across all habitat types and in urban than in un-
burned environments (Appendix Fig. A1, Table A9). The interaction
between habitat and sound treatment was not significant and was
removed from the final model.

Smaller lizards and lizards that had suffered tail autotomy were
found closer to refuge (Appendix Table A10). Also, we found lizards
closer to refuge in urban habitats than in unburned wildland hab-
itats (Appendix Tables A10, A11). Of the 199 sound trials performed,
16 lizards fled during the playbacks and five of those resurfaced for
the FID tests. Of the 188 FID trials performed, 36 lizards fled and
could not be captured. For the FID analysis, we only used data of the
individuals that we also captured (N ¼ 152). FID was independent
of lizards' habitat (burned, unburned or urban) and the playback to
which they were exposed (fire, predatory bird, nonpredatory bird
or novel bird) prior to the FID trial. The best predictors of lizards'
FID to human approach were distance to the closest refuge and
body condition index, although the effect of these variables was
only marginally significant (Appendix Table A12).

DISCUSSION

Western fence lizards survived the Woolsey Fire, and we sought
to determine whether putative survivors had different fire-
responsive behaviours than lizards that had not experienced this
natural perturbance. Our results suggest that fence lizards that
survived the fire (in burned plots) were more responsive to the
sound of fire than those in adjacent unburned plots. Furthermore,
only lizards in urban areas exhibited significant increases in vigi-
lance (looks) during playbacks of American kestrel (a predatory
bird) calls comparedwith songs of nonpredatory species, suggesting
that lizards in wildland habitats, in both burned and unburned
areas, cannot distinguish between the calls of birds that they might
perceive as threatening and those that they perceive as nonthreat-
ening or are novel to them (control sounds).

Lizards' occurrence and relative abundance in all burned
sampled plots implies a high survival rate, suggesting a high
resilience capacity of the species after experiencing large wildfires.
Given the small home range and the limited dispersal ability of the
species relative to the scale of the wildfire, this resilience is likely
caused by postfire survival and local population persistence from
refugia and not by colonization from unburnt areas, as suggested
for other lizards (Santos et al., 2022).

The enhanced response to the fire stimulus of lizards in burned
areas could be the result of a selection event, whereby only lizards
with developed fire detection traits survived, or it may be the result
of learning from fire experience or both. The fact that the population
density was not substantially different in the different habitats im-
plies a high survival rate, which is consistent with the response to
fire sounds being learned. However, results from our current study
cannot distinguish between mechanisms underlying behavioural
differences between sites. Further research employing common
garden experiments that test laboratory-reared offspring under
controlled environmental conditions and/or transcriptomic work
that associates differentially expressed genes with population level
differences in behaviour would improve our understanding of this.

A high survival rate suggests that this species is likely to be
adapted to recognize fires as a threat and respond with evasive
behaviours. Our results suggest that the sound of fire triggers an
alert response in those lizards that have experienced a wildfire, as
we observed increased rates of looking or vigilance when lizards in
burned plots heard the sound of wildfire. This suggests that the fire
cue provoking a locomotive escape response could be another
stimulus, such as the sight or smell of smoke. An oncoming fire can
be detected by scent, sound and visible cues. Lizards could use one
or several of these cues, depending on the main sense they rely on
to detect threats, and the decision to escape could be a trade-off
between the risk of mortality for not evacuating early and missed
opportunity costs if the fire fails to arrive (Nimmo et al., 2021). For
instance, other species of lizards that occur in fire-prone habitats
attempt to physically escape the area after smelling smoke
(�Alvarez-Ruiz et al., 2021; Mendyk et al., 2020), as expected from
their chemoreception abilities (Baeckens et al., 2017). Additionally,
at least one frog species is able to recognize and flee from the sound
of fire, as expected from anurans that use hearing to communicate
(Grafe et al., 2002). Furthermore, multisensory integration between
odour and sound modulates the way in which some animals
perceive their environment (Halene et al., 2009). Although the
sound of fire triggers alertness in lizards, this sensory information
alone might not be enough to elicit an escape response in an
incongruous sensory context (Cohen et al., 2011; Seo & Hummel,
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2011). Alternatively, the intensity of the sound stimulus presented
during our playback experiment might not have been representa-
tive of a life-threatening wildfire and, therefore, lizards had sub-
dued responses.

Urban lizards reacted to the sound of fire in a similar way as
lizards inhabiting both unburned and burned areas (the mean
response lies between these two habitats; Fig. 1). They were also
more alert to predatory sounds than lizards from burned environ-
ments. Moreover, urban lizards were more likely to be seen doing
push-ups than lizards in unburned environments. Push-ups are used
for species recognition, mate choice and defence of territories
(Martins, 1991; Sheldahl & Martins, 2000), and might serve as a
pursuit deterrent signal (antipredator function; Leal & Rodríguez-
Robles, 1997). All this suggests that urban lizards are more sensi-
tive to threatening sounds, which does not support the hypothesis
that relaxed selection in urban habitats would decrease respon-
siveness to fire stimuli (Geffroy et al., 2020). This may be because
urban lizards are exposed tomore risks (e.g. from domestic pets and/
or human activities) than lizards in nonurban habitats, and only the
most alert ones could survive. Cats, Felis catus, and other domesti-
cated animals have higher population densities in urban areas and
they exert a higher predation pressure on lizards, mammals and
birds (Koenig et al., 2002; Loyd et al., 2013). Indeed, indicators of
predation increase with urbanization in southern alligator lizards,
Elgaria multicarinata, in southern California, suggesting that preda-
tion pressure is higher in these urban areas (Putman et al., 2021). The
presence of additional stimuli in urban environments, such as hu-
man foot traffic, bicycles and motor vehicles might also make lizards
more vigilant and sensitive to potential threats, such as fire. In this
sense, the enhanced response to fire cues in urban environments
might be a general response to a potentially threatening stimulus,
rather than a specific response to fire per se.

Our FID results suggest that the lizards did not modify their
evasion response following exposure to the sounds of predators or
fire (there was no difference across habitats). However, urban liz-
ards stayed closer to the refuge than nonurban lizards suggesting
this might be an adaptive response in urban habitats (Batabyal
et al., 2017; Putman et al., 2020), again, perhaps as a response to
increased risks found in such habitats.

Overall, our study shows that both natural and human-driven
disturbances such as fire and urbanization can shape the behav-
iour of animals. Lizards were more alert in these habitats compared
to unburned wildland habitats. The ability to recognize and detect
potential new threats is a life-saving trait in disturbed environ-
ments. Our results suggest that wildfires shape lizards' behaviour in
a way that results in survivors being more aware of the sound of
fire. The mechanism behind these behavioural differences is un-
known; fire-responsive behaviours could be acquired during the
life of the animal (through learning) or through differential survival
of individuals during the fire (those with fire-savvy traits survive).
However, antipredator and surveillance responses come at a cost
and can affect individual fitness. In other words, lizards in recently
burned habitats might forego foraging and/or reproductive op-
portunities if they are over-responding to potential risks. Further
research is needed to understand the mechanism behind the
observed behavioural responses.

Species vary in the degree to which they have been exposed to
fires and we observed within-species variation in the response to
fire cues. Similarly, species vary in their degree of urban tolerance
which also conditions their fire response. Behavioural studies like
this one provide a better understanding of the joint effects of fire
and urbanization in an increasingly urban ‘Pyrocene’. Such studies
are needed for a wide range of species to identify vulnerable spe-
cies, predict potential effects, and guide management and conser-
vation of affected environments and species.
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Table A3
Source of acoustic stimuli and samples

Treatment Sample no. Type Link

House finch (nonpredatory bird) 1 Song https://macaulaylibrary.org
2 Song https://macaulaylibrary.org
3 Song https://macaulaylibrary.org
4 Song https://www.xeno-canto.or
5 Song https://www.xeno-canto.or
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3 Call https://www.xeno-canto.or
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4 Song https://macaulaylibrary.org
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Table A1
Location of the nine study sites (in southern California, U.S.A.) in the three environments
experimental playbacks, number of sampling days, sampled lizards per day and number

Ecosystem type Location name Coordinates Minimum distanc
fire edge (km)1

Burned wildland Backbone 34�04028.40N;
118�48047.10W

5.8

Backbone West 34�05023.00N;
118�52010.10W

1.5

Chesebro 34�10038.00N;
118�43041.90W

1.7

Unburned wildland Marvin 34�07032.90N;
118�33007.00W

11.9

Satwiwa 34�08047.00N;
118�57051.50W

2.5

Stunt 34�05039.40N;
118�38052.60W

5.4

Urban Sage Hill 34�04027.30N;
118�27016.90W

23.4

Griffith Park 34�07008.80N;
118�18038.80W

34.1

Gottlieb Garden Beverly Hills,
LA

26.8

Total

1 This is the distance from the centre of the studied population to the edge and it was
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Appendix
ay

t P

54 3.668 0.019
04 0.916 0.405
41 �0.247 0.818

.05) difference is highlighted in bold.

Catalogue no. Location of recording

/asset/56843 56843 Why, Arizona, U.S.A.
/asset/22938 22938 Kern, California, U.S.A.
/asset/12932 12932 Kern, California, U.S.A.
g/72282 XC72282 Milwaukee, Wisconsin, U.S.A.
g/268458 XC268458 Douglas, Arizona, U.S.A.
g/348428 XC348428 Sierra San Pedro Martir, Baja California, Mexico
/asset/107973 107973 Tompkins, New York, U.S.A.
g/297550 XC297550 Terlingua, Texas, U.S.A.
g/127418 XC127418 Chicauma, Chile
g/147272 XC147272 Otay Lakes, California
/asset/110066 110066 Mato Grosso, Brazil
/asset/67156 67156 Aragua, Venezuela
/asset/67153 67153 Aragua, Venezuela
/asset/67147 67147 Cojedes, Venezuela
/asset/67154 67154 Carabobo, Venezuela

studied (burned, unburned and urban), coordinates, distance to fire edge, number of
of lizards captured

e to No. of experimental
playbacks

No. of sampling days/sampled
lizards per day

No. of
lizards
captured

\ _

30 4/7.5 7 19

18 4/4.5 4 11

16 4/4 12 3

21 2/10.5 8 6

22 4/5.5 12 6

25 4/6.25 9 9

24 7/3.43 2 11

23 7/3.29 9 10

20 2/10 7 7

199 70 82

calculated by making a polygon with the location of each lizard.
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Table A4
Ethogram of western fence lizards' behaviour (modified from Yan et al., 2019)

Behaviour Definition

Stand and look Fixed body and head position. Scored with time head moved (interpreted as a shift in gaze)
Walk Locomotion using all four legs
Run Fast locomotion using all four legs
Forage Slow locomotion in search widely for food
Push-ups No change in position. Lizard's head and trunk are raised and lowered by extension and flexion of the front legs.
Other Other behaviours not listed
Out of sight Lizard was not in view of observer

Table A5
Results of the linear mixed model (LMM) for lizards' rate of looks/min

Model df AIC c2 P Estimates

Null 2 685.42 1.308 [Intercept]
Treatment 3 677.67 13.754 0.003 2.237 [Intercept]; �0.708 [P]; �1.519 [NP]; �1.584 [N]
þ Habitat 2 672.27 9.395 0.009 2.6 [Intercept]; �0.726 [P]; �1.54 [NP]; �1.577 [N]; �1.183 [UB]; 0.126 [U]
þ Sex 1 674.18 0.092 0.761
þ SVL 1 672.34 1.933 0.164
þ Lizard body temp 1 673.3 0.975 0.323
þ Wind speed 1 674.26 0.009 0.921
þ Speaker distance 1 674.21 0.065 0.799
þ Initial head orientation 5 673.61 0.667 0.414
þ Distance to closest refuge 6 673.04 1.231 0.267
þ Tail autotomy 1 673.97 0.3 0.584

The only variables included in the final model (treatment and habitat) were selected by the stepwise procedure (variables added sequentially in order of their contribution to
the remaining explained deviance). Note that each row is an independentmodel. Results of themodels adding the rest of the variables (sex, SVL, lizard body temperature, wind
velocity, speaker distance, initial head orientation and tail autotomy) once treatment and habitat were in the model are also shown; all are nonsignificant (note that each row
is an independent model). The estimates of the fixed effects of the corresponding model are shown in the rightmost column. N ¼ 152 subjects. SVL: snout e vent length; P:
predatory bird; NP: nonpredatory bird; N: novel bird; UB: unburned; U: urban. Statistically significant (P < 0.05) differences are highlighted in bold.

Table A6
Effect of habitat (burned, unburned, and urban), treatment (fire, predatory bird, nonpredatory bird and novel bird) and their interaction on lizards' rate of looks/min

Predictors Sum of squares Mean square Numerator df Denominator df F P

Habitat 57.791 28.895 2 187 6.525 0.002
Treatment 69.310 23.103 3 187 5.217 0.002
Habitat*Treatment 66.320 11.053 6 187 2.496 0.024

The table shows type III ANOVA (analysis of variance) results from the linear mixed-effects model with Gaussian distribution including fixed effects of playback treatment,
habitat and their interaction. N ¼ 199 subjects. Statistically significant (P < 0.05) differences are highlighted in bold.

Table A7
Variation in rate of looks/min across habitats and treatments

Habitat Treatment Mean SE df Lower CI Upper CI

Burned Fire 3.238 0.510 187 2.231 4.245
Unburned Fire 0.926 0.496 187 �0.053 1.904
Urban Fire 2.453 0.526 187 1.415 3.491
Burned Predatory bird 0.583 0.526 187 �0.455 1.621
Unburned Predatory bird 1.259 0.496 187 0.281 2.238
Urban Predatory bird 2.941 0.510 187 1.934 3.948
Burned Nonpredatory bird 1.378 0.543 187 0.306 2.450
Unburned Nonpredatory bird 0.431 0.510 187 �0.576 1.438
Urban Nonpredatory bird 0.781 0.496 187 �0.198 1.759
Burned Novel bird 1.005 0.526 187 �0.033 2.043
Unburned Novel bird �0.140 0.543 187 �1.212 0.932
Urban Novel bird 1.364 0.526 187 0.326 2.402

CI: confidence interval.

Table A8
Effect of habitat (burned, unburned and urban) and treatment (fire, predatory bird,
nonpredatory bird and novel bird) on proportion of lizards' exhibiting push-ups,
locomotion (i.e. walk and run) or foraging behaviour

df Push-ups Locomotion Foraging

c2 P c2 P c2 P

Habitat 2 6.852 0.032 3.995 0.136 3.948 0.14
Treatment 3 9.19 0.027 5.048 0.168 0.859 0.835

The table shows type III ANOVA (analysis of variance) results from the generalized
linear mixed-effects model with binomial distribution including fixed effects of
playback treatment and habitat. The interaction between factors was tested and
removed from the final model because it was not significant. N ¼ 199 subjects.
Statistically significant (P < 0.05) differences are highlighted in bold.
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Table A9
Differences in the probability of lizards doing push-ups between playback treatments and habitats.

Predictors Contrast Estimate SE df z P

Treatment Fire e Predatory bird 0.93 0.528 Infinite 1.763 0.291
Fire e Nonpredatory bird 1.121 0.551 Infinite 2.033 0.176
Fire e Novel bird 1.817 0.687 Infinite 2.647 0.04
Predatory bird e Nonpredatory bird 0.191 0.607 Infinite 0.315 0.989
Predatory bird e Novel bird 0.887 0.731 Infinite 1.213 0.618
Nonpredatory bird e Novel bird 0.697 0.747 Infinite 0.932 0.788

Habitat Unburned e Burned �0.419 0.583 Infinite �0.719 0.752
Unburned e Urban �1.288 0.53 Infinite �2.428 0.04
Burned e Urban �0.869 0.491 Infinite �1.769 0.18

The table shows the results of linear contrasts that were calculated from the binomial model presented in Table A8. N ¼ 199 subjects. Statistically significant (P < 0.05)
differences are highlighted in bold.

Table A10
Results of the linear mixed model (LMM) for lizards' distance to closest refuge (log transformed) before starting the FID trials

Model df AIC c2 P Estimate

Null 300.23 3.948 [Intercept]
SVL 1 289.12 13.111 < 0.001 1.979 [Intercept]; 0.03 [SVL]
þ Habitat 2 285.48 7.641 0.022 2.167 [Intercept]; 0.027 [SVL]; 0.189 [UB]; �0.2 [U]
þ Tail autotomy 1 282.03 5.448 0.02 2.356 [Intercept]; 0.025 [SVL]; 0.149 [UB]; �0.268 [U]; �0.252 [Tail autotomy Yes]
þ Soil temperature 1 280.71 3.324 0.068 1.916 [Intercept]; 0.025 [SVL]; 0.16 [UB]; �0.254 [U]; �0.253 [Tail autotomy Yes]; 0.013 [Soil temperature]
þ Lizard body temp 1 282.54 0.168 0.682
þ Sex 1 283.63 0.077 0.782
þ BCI 1 281.65 1.057 0.304
þ Air temperature 1 282.2 0.507 0.476
þ Humidity 1 281.92 0.785 0.376
þ Wind speed 1 280.93 1.782 0.182

The variables included in the final model (SVL, habitat, tail autotomy and soil temperature) were selected by the stepwise procedure (variables are added sequentially in order
of their contribution to the remaining explained deviance). Results of the models adding the rest of the variables once SVL, habitat, tail autotomy and soil temperature were in
the model are also shown; all are nonsignificant (note that each row is an independent model). Interactions between factors were checked and were not significant. The
estimates of the fixed effects of the corresponding model are shown in the rightmost column. N ¼ 152 subjects. SVL: snout e vent length; BCI: body condition index; UB:
unburned; U: urban. Statistically significant (P < 0.05) differences are highlighted in bold.

Table A11
Differences in lizards' distance to closest refuge between habitats

Contrast Estimate SE df t P

Burned e Unburned �0.16 0.131 5.56 �1.222 0.487
Burned e Urban 0.254 0.144 8.14 1.764 0.241
Unburned e Urban 0.414 0.136 6.62 3.038 0.047

The table shows the results of linear contrasts that were calculated from the lineal mixed model presented in Table A9. N ¼ 152 subjects. Statistically significant (P < 0.05)
difference is highlighted in bold.

Table A12
Results of the linear mixed model (LMM) for lizards' flight initiation distance

Model df AIC c2 P Estimate

Null 1675.7 77.072 [Intercept]
Distance to shelter 1 1674 3.677 0.055 62.975 [Intercept]; 0.218 [Distance to shelter]
þ BCI 1 1673.1 2.852 0.091 63.505 [Intercept]; 0.021 [Distance to shelter]; 62.088 [BCI]
þ Starting distance 1 1673.8 1.387 0.239
þ Height 1 1673.5 2.456 0.117
þ Treatment 1 1677.8 1.35 0.717
þ Habitat 1 1676.1 1.081 0.582
þ SVL 1 1674.1 1.083 0.298
þ Sex 1 1674.4 0.699 0.403
þ Lizard body temp 1 1675 0.096 0.757
þ Tail autotomy 1 1673.3 1.817 0.178
þ Air temperature 1 1673.8 1.33 0.249
þ Soil temperature 1 1675.1 0.005 0.982
þ Humidity 1 1673.4 1.784 0.182
þ Wind speed 1 1675.3 0.67 0.413

The only variables included in the final model (distance to shelter and BCI) were selected by the stepwise procedure (variables are added sequentially in order of their
contribution to the remaining explained deviance). Results of themodels adding the rest of the variables once distance to shelter and BCI were in themodel are also shown; all
are nonsignificant (note that each row is an independent model). Interactions between factors were checked and were not significant. The estimates of the fixed effects of the
corresponding model are shown in the rightmost column. N ¼ 152 subjects. SVL: snout e vent length; BCI: body condition index.
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Figure A1. Proportion of lizards (a) exhibiting push-ups, (b) foraging or (c) locomoting in the 90 s including and immediately after playback of treatments (fire, predator, non-
predatory bird and novel bird) in the three habitats (unburned, burned and urban). Points represent means and lines represent 95% confidence intervals. For statistical significance
see Table A8. N ¼ 199 subjects.
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Figure A3. Flight initiation distance in relation to (a) distance to closest refuge and (b) body condition index. For statistical significance see Table A12. N ¼ 152 subjects.
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