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Abstract

Context While remote sensing imagery is effective

for quantifying land cover changes across large areas,

its utility for directly assessing the response of animals

to disturbance is limited. Soundscapes approaches—

the recording and analysis of sounds in a landscape—

could address this shortcoming.

Objectives In 2011, a massive wildfire named ‘‘the

Horseshoe 2 Burn’’ occurred in the Chiricahua

National Monument, Arizona, USA. We evaluated

the impact of this wildfire on acoustic activity of

animal communities.

Methods In 2013, soundscape recordings were col-

lected over 9 months in 12 burned and 12 non-burned

sites in four ecological systems. The seasonal and diel

biological acoustic activity were described using the

‘‘Bioacoustic Index’’, a detailed aural analysis of

sound sources, and a new tool called ‘‘Sonic Time-

lapse Builder’’ (STLB).

Results Seasonal biophony phenology showed a

diurnal peak in June and a nocturnal peak in October

in all ecological systems. On June mornings, acoustic

activity was lower at burned than at non-burned sites in

three of four ecological systems, due to a decreased
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abundance of cicadas directly impacted by the death of

trees. Aural analyses revealed that 55% of recordings

from non-burned sites contained insect sounds com-

pared to 18% from burned sites. On October nights,

orthopteran activity was more prevalent at some burned

sites, possibly due to post-fire emergence of

herbaceous.

Conclusions Soundscape approaches can help

address long-term conservation issues involving the

responses of animal communities to wildfire. Acoustic

methods can serve as a valuable complement to remote

sensing for disturbance-based landscape management.

Keywords Soundscape � Disturbance � Wildfire �
Conservation biology � Remote sensing � Sonic

timelapse

Introduction

A disturbance is defined as, ‘‘any relatively discrete

event that disrupts the structure of an ecosystem,

community, or population, and changes resource avail-

ability or the physical environment’’ (White and Pickett

1985). While in some cases disturbances can negatively

affect the functioning of ecosystems and their resilience,

many disturbances such as wildfire have beneficial

effects on ecosystem dynamics (Turner et al. 1993;

Turner 2010). Despite its destructive potential, wildfire

plays essential roles in many ecosystems; it shapes

forest structure (Heinselman 1981) and maintains

grassland areas (Bond et al. 2005). Beginning in the

1960s after a half-century of wildfire suppression in the

United States, fire has come to be recognized as an

important tool for managing various ecosystems

(Vankat 1977; Swetnam 1993; Duncan and Schmalzer

2004). The determination of appropriate fire manage-

ment policy remains an active area of research, espe-

cially in a changing global environment where human

activity and population growth are modifying climate

conditions, fuel resources, and ignition frequency—the

three primary drivers of wildfire (Dale et al. 2001;

Guyette et al. 2002; Syphard et al. 2007; Turner 2010;

Stephens et al. 2013). These changing conditions have

heightened concerns regarding fire management strate-

gies for natural areas (Halpin 1997; Hannah et al. 2007).

To evaluate the effectiveness of a fire management

approach, researchers must monitor and analyze post-

fire response in a given ecological system (Crotteau

et al. 2013). To date, areas subject to such consider-

ation are mainly monitored and managed at large

spatial scales (km2). Methods based on remote sensing

imagery are extremely useful to survey wildfire

impacts and ecosystem responses on such scales

(Turner et al. 1994; Viedma et al. 1997; Röder et al.

2008). While these methods produce excellent results

when assessing vegetation, they are limited in their

ability to investigate animal dynamics. A review of

fire impacts in the Mediterranean Basin explains why

most post-wildfire monitoring surveys focus on veg-

etation, and why data on vegetation and animal

communities rarely get integrated in a single large-

scale study: ‘‘Fauna changes due to fire are also

omitted as they may require a very different approach’’

(Pausas et al. 2008). Indeed, large-scale disturbances

currently require manual field collection as the

primary method to directly assess the response and

recovery of animal taxa, which cannot be imple-

mented at the same resolution as remote sensing.

To complement satellite and aerial-based remote

sensing methodologies, we demonstrate here that the

use of soundscape analysis as a remote sensing method

of high temporal resolution is able to detect changes in

the composition and dynamics of animal communities

following a wildfire disturbance. Soundscapes—de-

fined here as the collections of sounds detected at

given locations and time periods—are now considered

a resource, a medium through which animals can

communicate and extract information about their

biotic and abiotic surroundings (Dumyahn and

Pijanowski 2011; Pijanowski et al. 2011a, b; Schafer

1977). An entire research domain is growing around

the idea that soundscape characteristics can reflect the

ecological status and changes of a given location.

Technical advances in automatic acoustic sensors

(Acevedo and Villanueva-Rivera 2006), along with

the development of acoustic diversity indices (Sueur

et al. 2014), long-term soundscape visualization (Gage

and Axel 2014; Towsey et al. 2014a), and acoustic

event detection (Farina et al. 2018) have provided

scientists with a new perspective for monitoring

ecosystems at high resolution and large extent in both

temporal and spatial domains. While numerous studies

suggest that soundscape features can be used as

indicators of biodiversity (Sueur et al. 2008b; Pieretti

et al. 2011; Gasc et al. 2013a, b, 2015; Towsey et al.

2014b), only a few investigate the use of soundscape
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dynamics to evaluate the response of animal commu-

nities to disturbances (e.g. Joo et al. 2011; Deichmann

et al. 2017; Lee et al. 2017).

The Chiricahua National Monument (CNM) is

situated in southern Arizona at the eastern edge of the

Sonoran Desert, where wildfire is a common distur-

bance. The CNM is part of the Madrean Archipelago, a

series of ‘‘sky islands’’, or mountains that are isolated

from one another by expanses of hot desert, driving

microevolution and speciation on these mountains

(Warshall 1995). The CNM alone is a site of

remarkable biodiversity, harboring over 1200 species

of plants and animals. Among these species, 1187 are

documented as present, 25 others are listed as potential

inhabitants, and 1117 are considered native (Powell

et al. 2009). A dendrochronology study conducted in

the CNM by Swetnam et al. (1992) concluded that

mean fire intervals (MFI) between 1620 and 1890

varied between 3.9 years for fire scarring on any tree

and 13.2 years for scarring on[ 25% of trees, with

fires occurring primarily in early summer. In May

2011, a campfire accident ignited the 5th largest fire in

Arizona history. ‘‘The Horseshoe 2 Burn’’, as it was

named, passed through the park in June of that year

and burned approximately 82% of the CNM (U.S.

Geological Survey and the U.S. Forest Service 2013).

The aims of this paper are to (1) describe the

acoustic dynamics associated with different ecological

systems of the CNM and (2) evaluate the differences

between animal acoustic communities (i.e. the sonif-

erous portion of the animal community; see Gasc et al.

2013b; Lellouch et al. 2014; Farina and James 2016) in

burned and non-burned sites 2 years after this wildfire.

To accomplish our objectives, we collected sound-

scape recordings between March and November 2014

in 24 different locations in the CNM. We analyzed

these recordings by measuring the acoustic diversity

of biophony (the portion of soundscapes produced by

the acoustic community) and by using a new descrip-

tive approach called ‘‘Sonic Timelapse’’ (STL), which

allows for aural and visual exploration of long-term

recording collections. The results presented in this

paper describe Sonoran Desert soundscapes and

illustrate the impact of wildfire on an ecosystem using

soundscape analyses. Part of the discussion will focus

on the possibilities of using soundscape recordings to

monitor disturbance response processes and investi-

gate the success of policies and management practices.

Methods

Site selection process

As suggested by Peters et al. (2011), the system

properties for initial and response states of areas

disturbed by wildfire need to be defined. The initial

state, defined as the system state before the distur-

bance event, is here represented by the non-burned

sites. The response state, defined as the system state

after the disturbance event, is here represented by the

burned sites. A comparison between the soundscapes

of the initial state of different ecological systems and

the soundscapes of the corresponding response state

would reveal the effects of the fire on the soundscapes

of that area. Following definitions in USGS GAP land

cover data (U.S. Geological Survey 2011) that classify

land cover based on the categories of Comer et al.

(2003) at a 30 m resolution over the entire continental

US, four main ecological systems of the CNM were

considered: (1) ‘‘Madrean encinal’’ (997 hectares or

21% of the CNM) is dominated by several species of

oaks (Quercus spp.) and graminoids (including

Bouteloua spp., Eragrostis intermedia, and Muhlen-

bergia emersleyi); (2) ‘‘Madrean pine-oak forest’’

(611 hectares or 13% of the CNM) is composed of a

pine (Pinus spp.) and oak (Quercus spp.) mosaic; (3)

‘‘Madrean pinyon-juniper woodland’’ (1902 hectares

or 39% of the CNM) is dominated by pinyons (Pinus

spp. and usually P. discolor) and is typically mono-

specific or mixed with junipers (Juniperus spp.) and

manzanitas (Arctostaphylos spp.); (4) ‘‘Mogollon

chaparral’’ (845 hectares or 17% of the CNM) is

characterized by short oaks (Quercus spp.) and fire-

adapted evergreen shrubs, typically with small leaves.

For each of the four ecological systems, we

acoustically monitored sites in each of two extreme

burn states that we refer to as ‘‘burned sites’’ and ‘‘non-

burned sites’’. Burn states were classified using data

produced by the U.S. Forest Service’s Burned Area

Reflectance Classification (BARC) system (U.S. Geo-

logical Survey and the U.S. Forest Service 2013). This

system categorizes sites in four categories from ‘‘non-

burned’’ to different burn severity levels: ‘‘low’’,

‘‘medium’’, and ‘‘high’’. For all ecological systems,

the ‘‘burned’’ sites selected were all in areas where

burn severity was classified as ‘‘high’’ except for

Mongollon chaparral, for which we selected sites

where burn was classified as ‘‘medium’’ because high
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burn severity sites were exceedingly difficult to access

because of the rock formations of the CNM.

To ensure that the soundscape differences between

states were mainly due to the disturbance effect and

not additional sources of variability, we selected 3

replicate sites for each of the 2 burn states and each of

the 4 ecological systems, and we selected sites within

each system that were as similar as possible (see

Online Resource 1 for more details), leading to a total

of 24 sites (Fig. 1; Online Resource 2).

Collecting acoustic recordings

Stereo recordings were collected using 24 digital field

recorders (Song Meter SM2?; Wildlife Acoustics

2014), each outfitted with two omnidirectional micro-

phones with flat frequency responses from 20 Hz to

20 kHz (SMX-II; Wildlife Acoustics 2014). These

programmable and weatherproof recorders were ori-

ented horizontally at a height of 1.5 m. A 10-min

recording was made at the beginning of each hour. The

sampling rate was 44.1 kHz, the gain was 36 dB, and

the bit depth was 16 bits. Recordings were collected

from March to November in 2014 at each of the 24

sites mentioned, producing a total of 49,981 record-

ings that were collected and deposited in the sound

library of the Center for Global Soundscapes (Purdue

University, Indiana, USA).

Subsampling using meteorological data

Acoustic events that are not linked to biological

activity can complicate acoustic analysis. To avoid

misinterpretation of results, we excluded files con-

taining these events from the analyses. Meteorological

data were collected at the CNM station maintained by

the Western Regional Climate Center of the Desert

Research Institute (Nevada, USA). Hourly averaged

wind speed and hourly precipitation were calculated

from the raw data available at www.raws.dri.edu/cgi-

bin/rawMAIN.pl?azACHR. These meteorological

data were used to limit the following acoustic analyses

to a subsample of the collected recordings excluding

rare files containing rain noise and files from time

periods with a wind speed above 3 m s-1. Given the

low human activity in the park, we operated under the

Other

Madrean pinyon-juniper woodland
Madrean encinal

Mogollon chaparral
Madrean pine-oak forest and woodland

No information

Preserved
Low severity

Medium severity
High severity

setatsnruBsepyttatibaH
4 kilometers

Acoustic monitoring site Acoustic monitoring site

Arizona

Chiricahua
National

Monument

United States

Arizona

Fig. 1 Maps of the Chiricahua National Monument. a Land

cover of the four most abundant ecological systems: Madrean

pinyon-juniper, Madrean encinal, Mogollon chaparral, and

Madrean pine-oak forest. These data were collected before the

wildfire of 2011 by USGS GAP. b Map of the Horseshoe 2 burn

impact. On both maps, the dots represent the locations of the 24

acoustic monitoring sites
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assumption that the acoustic activity in these retained

recordings was predominantly of non-human, biolog-

ical origin. A total of 15,741 files (31%) coincided

with wind speeds above 3 m s-1, and 526 files (1%)

coincided with periods of rainfall, mostly during the

monsoon period.

Acoustic analysis

We used three distinct and complementary tech-

niques to analyze the acoustic data. Automatic

calculation of an acoustic diversity index allowed

for the consideration of a vast number of sound

files, while detailed aural analysis enabled us to

describe the contents of a subset of files in detail.

Additionally, a new method, Sonic Timelapse,

allowed for rapid aural appraisal of long-duration

temporal dynamics. The synthesis of these three

methods promoted a more complete understanding

of these Sonoran Desert soundscapes.

Acoustic diversity index

Of the many acoustic diversity indices that were

referenced in Sueur et al. (2014), we selected the

Bioacoustic Index as appropriate for analysis of desert

soundscapes. The Bioacoustic Index is defined by

Boelman et al. (2007) as ‘‘a function of both the sound

level and the number of frequency bands used by the

avifauna’’, and by biological organisms more gener-

ally. Sound files were loaded into R (Rx64 3.0.2; R

Core Team, 2014) using ‘‘readWave’’ from the

package {tuneR} (Ligges et al. 2013). The index was

then calculated using the function ‘‘bioacoustic_in-

dex’’ from the package {soundecology} (Villanueva-

Rivera and Pijanowski 2015). The index was only

calculated on the left channel to reduce computation

time. The ‘‘bioacoustic_index’’ function consists of

five major steps. First, it performs a Fast Fourier

Transform with a Hanning window set at 512 samples

to obtain a spectrogram in three dimensions: time,

frequency, and amplitude. The dB amplitude values of

the spectrograms are relative values with a per-file

maximum set to 0. Second, it averages the spectro-

gram values over the temporal dimension (using the

‘‘meandB’’ function from the package {seewave};

Sueur et al. 2008a) to obtain a frequency spectrum of

two-dimensions: frequency and amplitude. Third, it

selects a user-specified portion of the averaged

frequency spectrum (between 2 and 22 kHz for this

study). Fourth, it subtracts the minimum amplitude

value from all the amplitude values. This step reduces

the influence of background noise in the spectrum.

Finally, it calculates the area under the curve of the

frequency spectrum (the sum of the relative ampli-

tudes for each frequency band). Because the Bioa-

coustic Index reduces the influence of background

noise it allowed us to easily distinguish between

recordings containing mostly background noise and

those containing biological sounds (Boelman et al.

2007; Sueur et al. 2014; Gasc et al. 2015).

We then described the baseline non-burned bio-

phonic patterns by examining the annual variation in

the Bioacoustic Index for each of the four ecological

systems at non-burned sites. Index values were

averaged within each month and within daytime

(0500–1800) and nighttime (1800–0500) periods.

Based on this first analysis, we identified two peaks

of biological activity: one in June during the daytime

and a second in October during the nighttime. Further

analyses focused on these peaks.

In order to evaluate the amount of between-site

biophonic variability that could be explained by the

burn state of sites, we computed Linear Mixed Models

(LMMs) (Militino 2010). By focusing independently

on the two periods of biophonic peak activity (June

during daytime: 0500–1800 and October during

nighttime: 1800–0500), we discarded seasonal varia-

tion from the subsequent analyses. We avoided

temporal autocorrelation by calculating separate mod-

els for each hour independently (p values were

corrected following the Bonferroni method; Holm

1979). In these models, the index value was consid-

ered as the dependent variable and was Box–Cox

transformed to satisfy the normality assumption

required for the model (Box and Cox 1964; Venables

and Ripley 2002) using a lambda coefficient calcu-

lated with the function ‘‘boxcox’’ from the R package

{MASS} (Venables and Ripley 2002). The burn state

with two levels, ‘‘burned’’ and ‘‘non-burned’’, and the

ecological system with four levels, ‘‘Madrean pinyon-

juniper’’, ‘‘Madrean encinal’’, ‘‘Mogollon chapparal’’,

and ‘‘Madrean pine-oak’’, were considered as inde-

pendent categorical variables with fixed effects. Day

of collection and site were added to the model as

random effects (random intercept). We computed

these models using the function ‘‘lmer’’ from the R

package {lme4} (Bates et al. 2015). For each model,
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we tested for deviation of the residuals from linearity,

homoscedasticity, and normality by visual inspection

of the residuals, and we tested for collinearity between

the fixed effects by calculating the Generalized

Variation Inflation Factor using the function ‘‘vif’’

from the R package {car} (Fox and Weisberg 2011).

The effect of burn state was evaluated using likelihood

ratio tests that compared the full model against the

model without the fixed effect of burn state (Bolker

et al. 2009; type I error rate at 1%).

Aural descriptions

To aid in our interpretation of significant differences in

acoustic diversity index values observed between

burned and non-burned areas, we developed a protocol

for aural description of soundscape recordings.

Amandine Gasc (AG) listened to the first min of each

file and noted the percentage of time occupied by each

of three sound categories (biophony, geophony, and

anthrophony; Pijanowski et al. 2011b). Furthermore,

within each category, AG made a more detailed

subclassification (outlined in Table 1). This protocol

was used to describe the soundscape recordings

collected throughout the CNM (n = 114 recordings

for each burn state) in June at 0900, as that period of

time was shown to be significant in the previously

described statistical tests.

Sonic Timelapse

Recordings collected for the months of June and

October were also analyzed using ‘‘Sonic Timelapse

Builder’’ (STLB). Benjamin Gottesman and Mark

Durham developed this program as a method for rapid

evaluation of large soundscape collections using

humans’ aural senses. The audio files produced by

this method, called ‘‘Sonic Timelapses’’ (STLs), are

sonic summaries of vaster acoustic data that are brief

but information rich. While STLs are usually produced

using recordings from a single site, they can also

incorporate recordings from multiple sites through a

pre-processing averaging step (detailed below). For

the present study, a total of 16 STLs were produced,

Table 1 Manual annotation after listening to each recording

Category Rating

Geophony Total occurrence duration: 0, 1–25, 26–50, 51–75, or 76–100%

Wind 0 = absence, 1 = light wind, 2 = strong wind with movement of leaves, or 3 = strong wind with clipping

Rain 0 = absence, 1 = light rain with differentiable drops or 2 = strong rain with non-differentiable drops

Water flow 0 = absence, 1 = stream, or 2 = rushing stream

Waves 0 = absence or 1 = presence

Thunder 0 = absence or 1 = presence

Biophony total occurrence duration: 0, 1–25, 26–50, 51–75, or 76–100%

Bird range of sound type numbers: 0, 1–3, 4–6, 7–9, or[ 9

Insect range of sound type numbers: 0, 1–3, 4–6, 7–9, or[ 9

Mammal range of sound type numbers: 0, 1–3, 4–6, 7–9, or[ 9

Amphibian range of sound type numbers: 0, 1–3, 4–6, 7–9, or[ 9

Reptile range of sound type numbers: 0, 1–3, 4–6, 7–9, or[ 9

Anthrophony total occurrence duration: 0, 1–25, 26–50, 51–75, or 76–100%

Talking 0 = absence or 1 = presence

Walking 0 = absence or 1 = presence

Plane 0 = absence or 1 = presence

Car 0 = absence or 1 = presence

Boat 0 = absence or 1 = presence

Other motors 0 = absence or 1 = presence

Gunshot 0 = absence or 1 = presence

Alarm 0 = absence or 1 = presence
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with 1 for each ecological system (n = 4), burn state

(n = 2), and month of interest (n = 2).

Data were first prepared by randomly selecting 5

recordings per hour for each site and each month,

leading to a total of 5760 sound files (Fig. 2, Step A).

Then, all recordings from the same hour, month,

ecological system, and burn state were averaged

(Fig. 2, Step B), reducing the number of files to 384

(see the two R scripts used for data preparation,

‘‘SLTDataPrep.r’’ and ‘‘STLDataPrepAverage.r’’, at

https://github.com/agasc/Soundscape-analysis-with-

R; these R scripts can be used on any Pumilio system

libraries described by Villanueva-Rivera and Pija-

nowski (2012)). Averages were the means of wave-

forms (i.e. averages of vectors of the same length).

Finally, STLs were produced from these recordings

using STLB with a slice length of 2000 ms for each

file and a file overlap setting of 2, which cross-fades

between two files by delaying the start of the following

file by 25% of the slice length (Fig. 2, Steps C and D).

With this setting, four consecutive files play simulta-

neously, which reduces listening time by approxi-

mately 75%. A 2 kHz high pass filter was applied.

This program was written in Max/MSP (code available

at https://github.rcac.purdue.edu/PijanowskiGroup/

Sonic-Time-lapse-Builder; see Online Resource 3 for

more details about the program). STLs were examined

aurally and visually through their corresponding

spectrograms. The STL files used in the presented

analyses and figures are presented in Online Resources

01:00 02:00 03:0000:00 23:00

Day 1

Day 2

Day 5

Step B: Averaging for each hour 

Step A: Random selection of 2-minute recordings from the collection

Step C: Random extraction of 2-second sections

Step D: Cross-fade of the 2-second sections with 75% overlap 
resulting in one STL file of 13.7s

13.7 s

2 min

Day 1

Day 2

Day 5

S
ite

 1
S

ite
 2

...

...

...

...

...

...

...
...

............

............

...

...

...

Fig. 2 Diagram of Sonic

Timelapse computation.

Grey rectangles, arrows, and

sentences represent acoustic

recordings, directions of

transformation or

computation, and

descriptions of each

computational step,

respectively. The STL

length is 13.7 s instead of

13.5 s due to Max/MSP

program settings
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6–22 in .mp2 format (this file format was necessary

for inclusion as Online Resources; it imposes low-pass

filtering around 15 kHz, but most content above that

frequency was negligible in the context of this study).

The amplitude of these original files is low, and we

recommend some amplification when listening to

them.

Results

Soundscape activity at the Chiricahua National

Monument

Numerous geophonic events were recorded at the

CNM, particularly during the annual monsoon period

from July to September that brings wind, thunder, and

heavy rain to the area (Fig. 3a). As for biophony, it

exhibited a strong seasonality that peaked during short

periods of time across the four ecological systems

considered in this study (Fig. 3b). In daytime record-

ings, the Bioacoustic Index peaked in June, while in

nighttime recordings it peaked in October.

Daily patterns in different non-burned systems

As expected, within June and October, daily biophonic

patterns varied between non-burned ecological sys-

tems (unbroken line in Fig. 4a for June and Figure S1A

in Online Resource 4 for October). In June, all four

systems exhibited varying increases in acoustic activ-

ity between 0700 and 1000. A second activity peak at

1600 was only observed for Madrean pinyon-juniper

and Madrean pine-oak systems. Based on aural

evaluation of the STLs, we suspect that these activity

peaks could be associated with insect and especially

cicada sounds that cover a wide band of frequencies

during those time periods in non-burned sites. In

October, index values were higher at night with a peak

between 1900 and 2100.

The impact of wildfire on biophony

We first considered the impact of wildfire on biophony

through graphical observation of the value of the

Bioacoustic Index in both burned and non-burned

areas. These initial observations were supplemented

by listening to STLs and observing their correspond-

ing spectrograms (Fig. 4b). We then ran statistical

tests and conducted detailed aural analyses on a

subsample of files corresponding to significant test

results.

For June, the daily variation of the Bioacoustic

Index in non-burned areas was clearly different from

its variation (or lack thereof) in corresponding burned

areas for Madrean pinyon-juniper, Madrean encinal,

and Mogollon chaparral, especially during the daytime

in June (Fig. 4). In parallel, the STLs showed an

absence of cicadas for Madrean pinyon-juniper and

Mogollon chaparral and reduced cicada activity in

Madrean encinal and Madrean pine-oak areas sug-

gesting that (1) the Bioacoustic Index was influenced

by the cicada sounds, and (2) the difference observed

between burned and non-burned sites might be

explained by the absence or reduced abundance of

cicadas in burned sites. The difference between non-

burned and burned curves for Madrean pine-oak sites

did not allow for visual interpretation.

A difference between values of the Bioacoustic

Index in non-burned and burned sites considering all

ecological systems was confirmed with a significant

difference at 0900 (v2 (1) = 37.917, P\ 0.001). For

other times of day there were no significant differ-

ences, or the assumption of normality of the residual

distribution was not satisfied and the results could not

be used (see Online Resource 5 for detailed results of

the likelihood tests and validation of assumptions).

The detailed aural sound descriptions performed at

0900 indicated that more files contained biological

sounds and fewer files contained no audible sounds

(i.e. recordings without geophony, biophony, or

anthrophony) at non-burned sites compared to burned

sites (Fig. 5). Focusing on biophony, the results of this

aural description confirmed the following: (1) a higher

proportion of recordings from non-burned sites con-

tained insect sounds (55%) than recordings from

burned sites (18%; Fig. 6b); (2) insect sounds occu-

pied a greater percentage of time in recordings in

which insect sounds were heard than bird sounds

occupied in recordings in which bird sounds were

heard (Fig. 6a). Aural detection of cicada sounds

revealed that 26.4% of recordings from non-burned

sites contained cicada sounds, while only 7.2% of the

recordings from burned sites contained cicada sounds.

Other insect sounds include those of Orthoptera.

For the month of October, the daily variations of the

Bioacoustic Index were generally similar between

burned and non-burned sites (see Online Resource 4).
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The associated statistical tests were not able to show

any significant differences between Bioacoustic Index

values from burned and non-burned sites (see Online

Resource 5 for details concerning model results and

the validation of statistical assumptions). However,

some differences in the Bioacoustic Index were visible
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for Madrean encinal and Mogollon chaparral sites at

night. Statistical tests were not possible for these

specific sites because of a lack of replicates due to a

large amount of missing data resulting from recorder

failure due to rechargeable batteries that did not last as

long as expected (see Online Resource 4), but aural

evaluation of STLs revealed that in both Madrean

encinal and Mogollon chaparral, the burned sites

exhibited a more intense and diverse night-time

soundscape than the non-burned sites, though differ-

ences in the Madrean encinal were more pronounced.

Nighttime soundscapes in these two ecological sys-

tems contained two main frequency bands of cricket

(Grillidae spp.) activity, from 2 to 3 and 3.5 to

4.5 kHz. The burned areas in Madrean encinal had

large amounts of these two sounds, while the non-

burned area only had a faint presence of cricket sound

from 3.5 to 4.5 kHz. In the Mogollon chaparral, both

sound types were present, but the band from 2 to 3 kHz

was more intense in the burned area.

Discussion

Long-term desert soundscape recordings along with a

new analytical methodology (STL) were used to

determine how animals responded to wildfire in

different ecological systems of the Madrean Archipe-

lago sky islands in the Sonoran Desert. Two years after

the Horseshoe 2 Burn the soundscape phenologies that
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we documented allowed us to highlight higher num-

bers of biophonic events at non-burned sites mainly

related to the higher number of insect sounds, lower

acoustic activity from cicadas (in the morning in June)

at burned sites, and also higher acoustic activity from

crickets at the burned sites of Mogollon chaparral and
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Madrean encinal (at night in October). These findings

must be considered as a snapshot of the response

processes following the disturbance. However, sound-

scape approaches can certainly be implemented

immediately after a disturbance (or even before

anticipated disturbances) and applied over longer

periods of time. Below, we discuss the implication

of these results for both soundscape and fire/distur-

bance ecology.

Natural soundscape phenologies

The Sonoran Desert is far from silent (cf. Lomolino

et al. 2015); rather, its soundscape is composed of

sparse but diverse biological sounds along with

geophonic events stemming from frequent wind and

periodic monsoon rain. Inventories directed by the

CNM have described numerous species producing

sound: 91 species of mammals (about half of which are

bats), 4 species of frogs and toads, 221 species of birds,

and many species of insects (CNM Inventories

accessed on 2015/08/09). From our aural observations

of July and October recordings, bird and insect sounds

are predominant in CNM soundscapes.

Beyond the richness of sounds, we would like to

emphasize the importance of describing diel and

seasonal acoustic phenologies in soundscape analysis.

Diel and seasonal phenologies are important descrip-

tors of soundscapes, reflecting ecological patterns.

This standard measure of soundscapes can be applied

in all ecosystems, both terrestrial and aquatic, and it is

relevant across disturbance gradients (Gasc et al.

2016). Diel patterns of acoustic communities have

been described by aurally detailing the acoustic

activity of the species composing the community

(Drewry and Rand 1983; Diwakar and Balakrishnan

2007; Luczkovich et al. 2008). Additionally, the

scientific community has recently adopted more

holistic description of diel soundscape variation

(Pekin et al. 2012; Kuehne et al. 2013; Gage and Axel

2014; Fuller et al. 2015; Mullet et al. 2016; Farina et al.

2018) and seasonal soundscape variation (Krause et al.

2011; Pijanowski et al. 2011b; Farina and Pieretti

2014; Gage and Axel 2014) in different ecosystems.

To complement these existing phenologies, the

present study of desert soundscapes shows clear diel

and seasonal patterns with low acoustic activity for

much of the year except for two high-activity periods

attributed to bird and insect activity. In comparison

with previous soundscape phenology descriptions, this

phenology is similar to those of temperate terrestrial

systems (Depraetere et al. 2012; Gage and Axel 2014),

but it exhibits a higher amplitude difference between

periods of low and high acoustic activity. The Sonoran

Desert has extreme fluctuations of temperature and

precipitation that have led to adaptive biological

strategies, and biophonic patterns could simply reflect

those strategies. The peaks in the phenology of the

Sonoran Desert biophony, as measured by the Bioa-

coustic Index, are likely associated with insect emer-

gence. Cicadas in this study area are likely responsible

for the June daytime peak in biophonic activity, as

they tend to emerge in early summer and are

acoustically active during the daytime (Ellwood

et al. 2012). In October, the ecological explanation

of the biophony peak is less clear, but it may be a result

of nighttime insects (e.g., Orthoptera) that are exploit-

ing the food and shelter afforded by increased

vegetation following the monsoon season rainfall

(Watts et al. 2007; Méndez-Barroso et al. 2009).

Monitoring disturbance impacts and responses

Cicadas were likely the primary drivers of the June

difference in soniferous animal activity between

burned and non-burned sites. Forty-seven species of

cicadas have been identified in Arizona (Sanborn and

Phillips 2013), of which at least Oncometopia spp. and

Neotibicen canicularis are present in the CNM

(unpublished inventories conducted by the CNM; Hill

et al. 2015). In addition, the primary soniferous cicada

species on our recordings has been identified as Hadoa

duryi, an annual cicada common in deciduous wood-

lands of the American Southwest. There are three

hypotheses as to how wildfire might impact the

presence and abundance of cicadas. First, it may

deplete food resources for cicadas by degrading the

quality of belowground root tissue and aboveground

vegetation that are consumed by larvae and adults,

respectively (Callaham et al. 2000). More specifically,

the absence or reduced abundance of living trees in

severely burned areas could explain the decreased

abundance of soniferous adult male cicadas (Chi-

avacci et al. 2014; Fonseca 2014). Second, wildfire

may limit the availability of oviposition sites above-

ground for certain species of cicadas (Yeates and Lee

1997; Callaham et al. 2003). Finally, predation
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pressure from birds might increase due to the reduc-

tion in protective vegetation (Williams et al. 1993).

In October nighttime soundscapes of two ecolog-

ical systems (Madrean encinal and Mogollon cha-

parral), burned sites had higher and more diverse

biophonic activity than non-burned sites, due to

crickets and other orthoptera. This difference could

be explained by the increased availability of food and

shelter for orthoptera linked to the increase of low

vegetation (grasses and herbaceous plants) during the

initial post-fire response phase (Engle et al. 2008;

Röder et al. 2008).

Different animal taxa obviously respond differently

to the environmental changes occurring after a fire. In

burned sites 2 years after the Horseshoe 2 Burn,

acoustic activity of orthoptera was higher and acoustic

activity of cicadas was lower, corresponding to the

early stage of vegetational succession in which low

vegetation is present, but trees have not yet recovered

(personal observation). Tracking changes in animal

community diversity can enhance monitoring of the

overall ecosystem disturbance response process.

Soundscape approaches allow for the necessary long

temporal extent and high temporal resolution to

consider various taxa that exhibit distinct seasonal

and diel dynamics. The present study should be

replicated at the same sites in the future to determine

the extent to which acoustic activity correlates with

further phases of post-fire responses.

The conclusions reached in this study were limited

by a paucity of replicates and frequent battery failure,

which meant that most small differences in Bioacous-

tic Index values between burned and non-burned sites

that were seemingly consistent across ecological

systems did not yield statistically significant results.

For future research projects using soundscape analyses

to assess the impacts of fire or other disturbances in the

landscape, we highly recommend using more repli-

cates per treatment (more sites) to detect significant

statistical results with smaller effect sizes. We also

recommend the use of solar panels to improve recorder

longevity, especially in remote sites with abundant

sunlight. Additionally, the long-duration, broadband

sounds of cicadas likely influenced the Bioacoustic

Index towards very high values for recordings in

which cicada sounds were present (as might be

expected with other acoustic indices). The extreme

difference in index values between recordings with

and without cicada sounds may have masked subtler

differences resulting from varying abundances or

acoustic activity of other insects or birds, which is

why we employed two additional complimentary

techniques (STL and detailed aural analysis). We also

recommend working with taxonomists who could help

in the aural identification of other taxonomic groups

(e.g., crickets and birds), and exploring the use of

automated detection algorithms to seek targeted

sounds (Ruse et al. 2016; Zhao et al. 2017).

Implications for soundscape and fire/disturbance

ecology

Managers strive to control fire intensity and propaga-

tion speed to prevent uncontrollable burns and to

promote fire regimes that support ecosystem resi-

lience. In this regard, soundscape approaches are

poised to offer valuable information at high spatial and

temporal resolution concerning the responses of

animal communities to fire disturbances. Thus, they

complement extant remote sensing imagery that is

used to monitor vegetation responses. Inspired by the

development of remote sensing imagery, soundscape

approaches are still being advanced through (1)

remote data collection and measurement, (2) mea-

surement calibration, and (3) automation of collection,

measurement, and analysis. However, current sound-

scape analysis methods are already able to highlight

differences in acoustic animal community composi-

tion between burned and non-burned sites, supporting

the application of soundscape ecology approaches to

fire ecology and the evaluation of fire management

practices. Studies that begin soundscape recording

before fires and extend many years beyond the fire date

would provide even better reference data against

which to compare future fire impact studies.

Soundscape analyses can be applied over large

spatial and temporal extents, but such application

generates big data issues. While manual analysis may

be able to identify soundscape components with

greater accuracy and nuance, it is almost impossible

to implement on such scales due to the ‘‘1:1 relation-

ship between the data and its analysis’’ (Truskinger

et al. 2013). This bottleneck has deterred scientists

from listening to their acoustic data. Instead, the

automatic calculation of acoustic diversity indices is

the primary method of acoustically assessing biodi-

versity and ecosystem health (Sueur et al. 2014;

Towsey et al. 2014b). While reliance on these metrics
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is desirable for large-scale implementation of sound-

scape approaches, the interpretation of these metrics

has been challenging for ecologists and can be biased

by sounds that are not of interest (Fairbrass et al.

2017). In this context, aural analysis remains a

valuable and sometimes necessary tool to link biolog-

ical processes with the output of automated analyses.

To describe soundscape composition and dynamics,

we adopted a tripartite methodology that employed

acoustic diversity indices, STLs, and detailed aural

description. This mixed-method approach improved

our interpretation of acoustic index results, and

therefore, we recommend such approaches for analy-

sis of long-term recordings.

While ‘‘long-term spectrograms’’—spectra sequen-

tially combined into one long image—have been used,

they only create a visual representation of recordings

(Sankupellay et al. 2015). STLs offer a means to

comprehensively screen large audio time series using

aural and visual senses. STLs can aid in identifying

acoustic events linked to anthropic activity, weather,

and/or equipment failure that can bias automated

analysis (Digby et al. 2013) and reveal long-term

phenological trends. Considering the results of acous-

tic indices while listening to the corresponding STLs

can contribute to an understanding of the drivers of

soundscape patterns, and it can aid in the selection of

subsamples for more detailed aural description of

soundscape components. As more automated tools

become incorporated into land management practices

and conservation efforts, developing efficient systems

to ground-truth automated analyses will be important

to ensure proper interpretation of results.

Soundscape analysis presents an opportunity for

more complete monitoring of response processes

following disturbance events and for evaluating the

impact of post-disturbance landscape management

strategies. Coupled with remote sensing imagery and

knowledge of species’ life history, behavior, and

sound production, soundscape ecology represents a

powerful analytical approach to enhance our under-

standing of disturbance responses and facilitate adap-

tive landscape management.
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