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Summary((((((1!

1. Using!arrays!of!microphones,!biologists!can!monitor!the!position!of!freeRliving!animals!based!on!the!2!

sounds!they!produce.!Microphone!array!technology!exploits!differences!in!sound!arrival!times!at!3!

each!microphone!to!calculate!an!animal’s!position.!This!technology!provides!new!opportunities!for!4!

studying!animal!ecology!and!behaviour!and!has!many!advantages!over!tracking!technologies!that!5!

require!capturing!animals!and!fitting!them!with!external!devices,!or!technologies!that!focus!on!one!6!

individual!in!isolation!of!the!activities!of!nearby!animals.!!7!

2. The!efficacy!of!microphone!arrays!for!triangulating!the!position!of!wild!animals!has!been!established!8!

through!previous!studies.!Yet!widespread!use!of!microphone!array!technology!has!been!limited!by!9!

many!factors:!arrays!are!expensive,!customRmanufactured,!and!cumbersome.!Consequently,!10!

microphone!arrays!are!used!infrequently,!in!spite!of!their!transformative!potential!for!studying!11!

animal!ecology!and!behaviour.!12!

3. !We!conducted!a!field!test!of!a!new!wireless!microphone!array!system!that!has!multiple!advantages!13!

over!previous!systems:!it!is!relatively!inexpensive,!commercially!available,!includes!an!integrated!14!

globalRpositioning!system!(GPS)!for!timeRsynchronizing!microphones,!and!it!is!small!enough!to!fit!in!a!15!

backpack.!We!set!up!an!array!of!four!stereo!recorders!(each!with!a!pair!of!stereo!microphones)!at!12!16!

sites!and!tested!the!system’s!accuracy!for!estimating!the!location!of!loudspeakers!broadcasting!25!17!

types!of!bird,!mammal,!and!frog!sounds.!!18!

4. We!found!that!this!system!produced!accurate!location!estimates!based!on!multiRchannel!recordings!19!

of!many!types!of!acoustic!signals.!The!average!location!accuracy!was!1.8±0.1!m,!on!par!with!cableR20!

based!microphone!array!systems.!Location!accuracy!was!significantly!higher!when!the!recorders!21!

were!closer!together!and!when!sounds!were!broadcast!inside!the!area!bounded!by!the!microphones.!22!

Accuracy!tended!to!be!higher!in!field!versus!forest!habitats.!!23!
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5. We!discuss!how!this!system!may!be!used!to!enhance!studies!of!animal!ecology!and!behaviour!across!24!

a!wide!range!of!contexts.!As!with!previous!arrays,!this!system!will!allow!researchers!to!monitor!25!

animals!that!produce!distinctive!acoustic!signals.!In!contrast!to!previous!microphone!arrays,!this!26!

system!is!affordable,!portable,!and!commercially!available.!!Consequently!this!system!stands!to!27!

dramatically!enhance!research!on!wild,!freeRliving!animals.!28!

KeyNwords!!Acoustic!monitoring!b!bioacoustics!b!field!research!b!localization!b!microphone!array!b!position!29!

estimation!30!

31!
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Introduction(32!

Many!animals!are!difficult!to!observe.!Researchers!have!struggled!to!monitor!the!ecology!and!behaviour!33!

of!animals!that!live!in!thick!vegetation,!animals!that!are!active!nocturnally,!animals!that!travel!over!large!34!

distances,!and!animals!that!change!their!behaviour!in!the!presence!of!human!observers.!Arrays!of!35!

simultaneouslyRrecording!microphones!provide!a!tool!for!passively!monitoring!such!animals,!using!36!

subtle!delays!in!sound!arrival!time!to!estimate!the!position!of!animals!based!on!the!sounds!they!produce!37!

(Blumstein!et!al.!2011).!Microphone!array!technology!can!be!used!to!study!any!animal!that!makes!38!

distinctive!sounds!and!it!presents!an!important!tool!for!ecologists,!behavioural!biologists,!and!39!

conservation!biologists.!40!

The!advantages!of!using!microphone!arrays!to!study!animals!are!plentiful.!(1)!Array!recordings!41!

allow!biologists!to!estimate!the!position!of!animals!in!their!natural!environment,!providing!a!spatial!42!

context!for!monitoring!and!measuring!animal!movement.!(2)!Animals!can!be!studied!with!minimal!43!

invasiveness,!where!animals!need!not!be!captured,!constrained,!or!fitted!with!tracking!devices.!(3)!44!

Multiple!animals!can!be!studied!simultaneously,!and!their!interactions!can!be!studied!in!the!natural!45!

context!of!a!communication!network!(McGregor!2005).!(4)!Animals!can!be!monitored!while!human!46!

observers!are!absent!from!the!area,!so!that!animal!movement!patterns!are!not!influenced!by!the!47!

presence!of!observers.!(5)!Monitoring!can!be!conducted!over!very!long!time!periods,!exceeding!the!48!

logistic!possibilities!of!direct!observation.!(6)!Animals!can!be!monitored!at!night,!or!in!thick!vegetation,!49!

or!in!other!situations!where!visual!tracking!would!be!difficult!or!impossible.!The!primary!disadvantage!of!50!

microphone!array!technology!is!that!it!focuses!on!acoustic!behaviours;!microphone!arrays!cannot!be!51!

used!to!study!silent!animals.!!52!

Terrestrial!microphone!arrays!pose!logistical!challenges!because!sound!attenuates!rapidly!in!air,!53!

requiring!that!microphones!be!positioned!around!the!study!animals,!and!in!close!proximity!to!the!study!54!
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animals,!to!collect!suitable!recordings!(Bradbury!and!Vehrencamp!2011).!Furthermore,!spatial!55!

monitoring!requires!precise!coordination!of!the!recordings!from!each!microphone,!which!is!difficult!to!56!

accomplish!for!microphones!that!are!separated!spatially.!To!ensure!precise!coordination!of!all!57!

microphones!in!terrestrial!arrays,!some!researchers!have!relied!on!kilometres!of!microphone!cable!to!58!

connect!microphones!to!a!central,!multiRchannel!recorder!(e.g.!Fitzsimmons!et!al.!2008a;!Mennill!and!59!

Vehrencamp!2008;!Patricelli!and!Krakauer!2010;!Lapierre!et!al.!2011).!Others!have!used!radioR60!

transmission!to!relay!sounds!from!distant!microphones!to!a!central,!multiRchannel!recorder!(Burt!and!61!

Vehrencamp!2005).!The!amount!of!effort!to!set!up!cableRbased!arrays,!and!challenges!with!radioR62!

transmission!through!thick!vegetation,!have!limited!the!proliferation!of!microphone!array!technology.!63!

An!ideal!microphone!array!would!consist!of!independent!recorders!that!aren’t!constrained!by!kilometres!64!

of!cable!or!complex!radioRtransmission!devices.!But!the!clocks!of!independent!recording!devices!drift!65!

apart!over!time!(Schmid!et!al.!2010),!producing!timing!errors!that!diminish!or!eliminate!the!ability!to!66!

accurately!estimate!the!position!of!the!sound!source!(Blumstein!et!al.!2011).!One!solution!to!this!67!

problem!is!to!integrate!a!globalRpositioning!system!(GPS)!into!the!recording!devices!to!synchronize!their!68!

clocks!relative!to!an!external!time!signal.!!69!

Autonomous!recorders!with!integrated!GPS!time!coordination!have!recently!become!available!70!

commercially,!making!microphone!arrays!accessible!to!a!broad!user!group!for!the!first!time.!We!tested!71!

the!accuracy!of!an!array!of!GPSRsynchronized!digital!recorders!for!estimating!the!location!of!animal!72!

sounds.!These!recording!devices!have!numerous!advantages!over!previouslyRavailable!microphone!array!73!

systems.!Whereas!previous!systems!were!very!costly,!this!system!is!relatively!inexpensive!(thousands!of!74!

dollars!instead!of!tens!of!thousands!of!dollars).!Whereas!previous!systems!were!customRmanufactured,!75!

this!system!is!available!“off!the!shelf”.!Whereas!most!previous!systems!were!cumbersome,!either!due!to!76!

long!stretches!of!cable!or!radioRtransmission!devices,!this!system!is!compact;!the!equipment!we!tested!77!

in!this!study!fits!in!a!small!backpack.!Whereas!most!previous!systems!required!that!microphones!be!78!
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placed!close!together,!limited!by!cable!lengths!or!radioRtransmission!capabilities,!this!system!is!79!

unlimited;!the!wireless,!modular!recording!units!can!record!with!any!distance!of!separation,!and!this!can!80!

be!adjusted!based!on!the!active!space!of!the!signals!of!the!animal!of!interest.!81!

In!this!methodological!study,!our!goal!was!to!evaluate!whether!this!new!technology!provides!a!82!

useful!tool!for!field!research.!Previous!research!demonstrated!that!cableRbased!microphone!arrays!83!

provide!a!compelling!tool!for!spatial!monitoring!of!animals!(reviewed!in!Blumstein!et!al.!2011).!We!84!

sought!to!determine!whether!a!new,!affordable,!portable,!wireless!microphone!array!could!provide!a!85!

similarly!compelling!tool!with!a!much!greater!ease!of!operation.!We!evaluate!the!accuracy!of!a!fourR86!

recorder!array!for!localizing!preRrecorded!sounds!of!birds,!mammals,!and!frogs.!We!compare!location!87!

accuracy!in!field!versus!forest!habitats,!across!two!densities!of!microphones!(recorders!separated!by!25!88!

versus!50!m),!between!sounds!recorded!inside!versus!outside!the!area!bounded!by!the!microphones,!89!

and!across!25!different!types!of!animal!sounds.!90!

!91!

Materials(and(methods!92!

We!recorded!animal!sounds!using!an!array!made!up!of!four!stereo!recorders!arranged!in!a!square!with!93!

approximately!25!or!50!m!on!each!side.!Each!recorder!housed!a!pair!of!stereo!microphones,!so!that!the!94!

four!recording!units!collected!eight!channels!of!acoustic!information.!The!recorders!were!Wildlife!95!

Acoustics!Song!Meters!(model:!SM2RGPS;!Wildlife!Acoustics!Inc.,!Concord,!MA)!with!builtRin!96!

omnidirectional!microphones!(frequency!response:!20!–!20,000!Hz).!These!autonomous!recorders!are!97!

batteryRoperated!stereo!digital!recorders!capable!of!recording!sounds!at!a!variety!of!sampling!98!

frequencies!and!storing!them!to!flash!memory!cards.!With!an!additional!Global!Positioning!System!(GPS)!99!

option,!the!recorders!use!the!signal!from!a!GPS!unit!to!synchronize!each!recorder’s!clock.!These!units!100!

are!compact!and!portable.!Each!SM2!recorder!is!18!x!18!x!7!cm,!weighing!approximately!2!kg,!including!4!101!



Page!7!

 

DRcell!rechargeable!nickelRmetalRhydride!batteries.!Each!detachable!GPS!unit!is!9!x!9!x!4!cm,!weighing!102!

approximately!500!grams.!The!units!can!accommodate!four!flash!memory!cards!permitting!long!103!

recordings.!The!units!can!be!programmed!to!record!at!specific!times!of!day,!extending!their!serviceRfree!104!

time!in!the!field.!The!units!are!waterproof!and!capable!of!incorporating!hydrophones!(for!aquatic!105!

research)!and!ultrasoundRsensitive!microphones!(for!chiropteran!research).!To!our!knowledge,!these!are!106!

the!first!such!units!available!commercially!that!can!serve!as!a!wireless!microphone!array.!!107!

Whenever!microphone!arrays!are!used!for!estimating!the!position!of!sound!sources!based!on!108!

timeRofRarrival!differences,!the!clocks!of!each!recording!device!must!be!synchronized!on!a!scale!of!109!

milliseconds.!Recording!devices!suffer!from!clock!drift,!where!clocks!gain!or!lose!small!amounts!of!time!110!

per!minute!of!recording!(Schmid!et!al.!2010).!Although!clock!drift!is!usually!imperceptible!to!humans,!it!111!

results!in!a!lack!of!synchronization!which!prevents!sound!localization!based!on!timeRofRarrival!112!

measurements.!The!system!we!used!overcomes!this!obstacle!using!time!synchronization!from!GPS!113!

satellites.!Each!recording!unit!resamples!the!sound!file!to!ensure!that!it!maintains!synchronization!with!114!

the!satellite!time!signal.!!115!

Between!20!May!and!30!June,!2011,!we!set!up!the!microphone!array!at!12!different!locations!116!

within!the!Ojibway!Prairie!Conservation!Preserve!(42°15.848’N,!83°4.472’W)!and!the!University!of!117!

Windsor!Pelee!Environmental!Research!Centre!at!Leamington!(42°1.221’N,!82°30.778’W)!in!Essex!118!

County,!Ontario,!Canada.!Four!song!meters!were!mounted!on!poles!at!a!height!of!1.5!m!and!placed!in!a!119!

square!arrangement!at!each!site!(see!supplement!for!photographs).!We!chose!six!sites!that!were!open!120!

fields!with!no!vegetation!above!1m,!and!six!locations!that!were!mature!forested!sites!with!continuous!121!

hardwood!canopy!dominated!by!cottonwood!(Populus'deltoides),!oak!(Quercus!spp.),!and!maple!(Acer!122!

spp.).!This!allowed!us!to!compare!the!accuracy!of!location!estimates!across!both!forest!and!field!habitat!123!

types.!At!three!forest!and!three!field!sites!we!arranged!the!four!recorders!in!a!square!with!124!

approximately!25!m!edges;!at!the!other!three!forest!and!field!sites!we!set!up!the!recorders!in!a!square!125!
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with!approximately!50!m!edges.!This!allowed!us!to!compare!the!accuracy!of!location!estimates!across!126!

two!densities!of!microphone.!We!collected!recordings!only!on!days!with!little!or!no!wind!and!no!rain;!127!

the!addition!of!noise,!such!as!wind!or!rain,!is!expected!to!diminish!recording!quality!for!any!outdoor!128!

monitoring!with!this!type!of!system.!129!

At!each!of!the!12!sites,!we!broadcast!songs!at!two!locations!relative!to!the!four!recorders.!One!130!

location!was!inside!the!area!bounded!by!the!recorders;!the!other!location!was!outside!the!area!bounded!131!

by!the!recorders.!We!determined!the!specific!location!for!playback!by!generating!random!numbers!132!

(using!iPod!application!“Random!#”,!E.!van!Zenren).!For!the!loudspeaker!location!inside!the!array,!we!133!

generated!two!random!numbers!between!0!and!50!(or!0!and!25!for!the!smaller!arrays)!to!dictate!the!X!134!

and!Y!coordinates!(in!m)!of!the!loudspeaker!relative!to!the!square!created!by!the!four!recorders.!For!the!135!

loudspeaker!located!outside!the!array,!we!generated!a!random!number!between!1!and!4!to!select!one!136!

of!the!four!edges!of!the!array,!and!then!two!random!numbers!between!0!and!50!(or!0!and!25!for!the!137!

smaller!arrays)!to!dictate!the!X!and!Y!coordinates!(in!m)!of!the!loudspeaker!beyond!that!edge.!!138!

Stimuli!were!broadcast!from!an!omnidirectional!loudspeaker!(model:!Anchor!Audio!Minivox!PBR139!

25,!Torrance,!CA,!U.S.A;!output:!15W;!frequency!response:!100!R!12,000!Hz).!We!mounted!the!speaker!140!

on!a!1.5!m!pole,!facing!upwards!to!minimize!any!influence!of!speaker!directionality.!Stimuli!were!stored!141!

as!uncompressed!WAVE!files!on!a!digital!playback!device!(Apple!iPod;!Cupertino,!CA,!U.S.A.).!We!held!142!

the!volume!of!playback!constant!at!a!sound!pressure!level!of!95dB!at!a!1m!horizontal!distance!from!the!143!

upwardsRoriented!loudspeaker,!measured!with!a!digital!sound!level!meter!(model:!RadioShack!33R2055;!144!

settings:!slow!response,!CRweighting).!We!broadcast!sounds!at!a!high!amplitude!to!ensure!detection!by!145!

the!recorders.!We!used!recording!settings!on!the!SMR2!Song!Meters!of!22050!Hz!sampling!frequency,!146!

16Rbit!accuracy,!with!no!file!compression!(WAVE!format).!147!
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Playback(stimuli.'Stimuli!for!playback!were!chosen!to!represent!a!variety!of!different!types!of!148!

animal!sounds!(Table!1;!spectrograms!shown!in!the!supplement).!We!selected!sounds!from!the!group!of!149!

animals!we!have!studied!during!previous!investigations!and!additional!species!for!which!we!had!highR150!

quality!stimuli!available,!as!well!as!two!synthetic!sounds!for!comparison.!Together,!these!25!sounds!151!

represent!a!spectrum!of!types!of!sounds,!and!thereby!provide!a!robust!test!of!the!capabilities!of!this!152!

system.!The!stimuli!are!described!in!detail!in!the!supplement,!with!spectrograms!shown!in!Fig.!S1.!At!153!

each!loudspeaker!location,!we!broadcast!the!stimulus!set!three!times!to!maximize!the!opportunity!to!154!

record!each!type!of!sound!without!the!influence!of!background!noise;!each!stimulus!set!was!155!

approximately!5!minutes!in!length,!so!that!the!total!recording!time!for!the!three!repeats!of!each!internal!156!

and!external!playback!was!approximately!15!minutes.!We!generated!three!independent!stimulus!sets,!157!

each!using!a!different!recording!for!each!of!the!25!types!of!sound.!Each!stimulus!set!was!broadcast!in!158!

four!different!arrays.!159!

Microphone(and(speaker(position(surveys.!In!the!field!we!set!up!the!four!recorders!with!160!

approximate!distances,!using!handheld!GPS!units!(model:!Garmin!GPS!60CSx)!to!guide!microphone!161!

placement.!Microphone!arrays!require!precise!surveys!of!microphone!positions!because!sound!162!

localization!is!based!on!the!coordinates!of!the!microphones!combined!with!timeRofRarrival!differences!of!163!

the!recorded!sounds!at!each!microphone.!We!measured!the!exact!positions!of!microphones!and!164!

speakers!using!a!surveyRgrade!GPS!(Ashtech!ProMark!3;!Santa!Clara,!CA).!We!used!a!fourRunit!system!to!165!

conduct!a!static!survey!of!the!microphone!and!loudspeaker!locations.!We!sampled!the!position!of!each!166!

recorder!and!loudspeaker!for!20!to!40!minutes.!Resulting!measurements!had!a!horizontal!accuracy!of!167!

1.12!±!0.20!m!(95%!2dRMS;!mean!±!standard!error;!SE)!with!better!accuracy!in!the!field!than!forest!sites!168!

(see!supplement).!We!treated!these!position!estimates!as!the!true!coordinates!of!the!microphone!169!

positions.!The!coordinates!from!the!Ashtech!GPS!revealed!that!our!recorders!were!set!up!in!squares!170!
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with!average!edge!lengths!of!25.46!±!0.61!m!for!our!six!“25!m”!arrays,!and!average!edge!lengths!of!171!

48.85!±!0.83!m!for!our!six!“50!m”!arrays!(means!±!SE).!172!

Analysis(of(recordings.!To!analyze!recordings!we!modified!an!existing!procedure!(Mennill!et!al.!173!

2006)!that!we!have!used!in!prior!studies!involving!cableRbased!microphone!arrays!(e.g.!Fitzsimmons!et!174!

al.!2008a;!Mennill!and!Vehrencamp!2008;!Lapierre!et!al.!2011).!In!the!laboratory,!we!used!SyrinxRPC!175!

sound!analysis!software!(J.!Burt,!Seattle,!WA)!to!combine!field!recordings!from!the!four!recorders!into!176!

synchronized!eightRchannel!sound!files.!We!then!used!SyrinxRPC!to!visualize!all!eight!channels!and!177!

manually!annotate!the!recordings,!highlighting!sections!of!the!time!and!frequency!domain!that!we!178!

wished!to!locate.!We!then!used!ArrayGUI!software!(J.!Burt,!Seattle,!WA),!a!freelyRavailable!program!179!

written!in!MatLab!(Mathworks!Inc.,!Natick,!MA),!to!calculate!the!location!of!the!sound!source.!This!180!

software!computes!crossRcorrelation!functions!for!annotated!sounds!and!searches!for!the!best!location!181!

estimate;!it!uses!an!optimization!approach!involving!the!Euclidean!distances!between!the!sound!source!182!

and!the!coordinates!of!the!eight!microphones.!Full!details!are!given!in!Mennill!et!al.!(2006).!!183!

We!distinguished!“reliable”!from!“unreliable”!location!estimates!based!on!two!indicators!that!184!

ArrayGUI!produces!for!every!annotated!sound.!(1)!ArrayGUI!generates!a!quality!index!for!each!location,!185!

a!positive!number!that!estimates!the!error!of!the!location.!(2)!ArrayGUI!generates!a!map!of!the!186!

estimated!location!surrounded!by!a!probability!cloud!of!alternative,!lowerRprobability!location!187!

estimates.!We!considered!a!location!“reliable”!when!the!quality!index!was!0.7!or!higher,!and!the!188!

probability!cloud!had!a!small!(<5m!diameter)!circular!distribution;!we!considered!a!location!“unreliable”!189!

when!the!quality!index!was!less!than!0.7!or!the!probability!cloud!was!large!(>5m!diameter)!or!nonR190!

circular!(see!examples!in!supplement).!Previous!experience!has!taught!us!that!location!accuracy!is!better!191!

when!short!sections!of!recordings!(i.e.!less!than!1.0!sec)!are!selected!for!location.!Therefore!we!192!

annotated!multiple,!short!sections!of!each!type!of!sound!(see!below),!each!0.5!to!1.0!sec!in!length!193!
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(average!length!of!annotation:!0.77!±!0.01!s).!Given!that!our!goal!was!to!evaluate!whether!this!system!194!

can!produce!reliable!estimates!of!location,!we!focused!only!on!reliable!position!estimates.(195!

Sample(size.!We!broadcast!25!sound!types!at!2!different!locations!(inside!and!outside!the!area!196!

bounded!by!the!recorders)!at!each!of!12!different!sites,!resulting!in!a!total!of!600!unique!sound!197!

type/location!combinations.!For!each!sound!type,!we!attempted!to!locate!12!annotations!inside!the!198!

array!and!12!annotations!of!the!sound!outside!the!array!(a!total!of!7,200!attempted!annotations).!We!199!

rejected!sounds!where!there!was!substantial!overlapping!background!sounds!(car!traffic!passing!on!200!

nearby!roads,!airplanes!flying!overhead,!and!live!birds!vocalizing!near!the!recording!apparatus),!resulting!201!

in!an!average!of!10.2±0.07!annotations!per!species!per!loudspeaker!position!(a!total!of!6,085!annotated!202!

sounds;!i.e.!15.5%!of!annotations!were!excluded!due!to!overlapping!background!sounds).!Approximately!203!

half!of!the!remaining!annotations!produced!unreliable!location!estimates!and!were!removed!from!the!204!

dataset!(i.e.!57.2%!of!the!remaining!annotations!were!excluded!due!to!ArrayGUI!indicating!unreliable!205!

location!estimates).!We!were!left!with!5.4±0.2!annotations!per!sound!type!per!loudspeaker!position!206!

with!reliable!location!estimates!(a!total!of!1,964!reliable!located!sounds;!362!of!600!sound!type/location!207!

combinations,!60.3%,!had!at!least!one!reliable!location!estimate).!We!then!calculated!the!average!208!

distance!between!the!estimated!locations!and!the!GPS!position!of!the!loudspeaker!for!each!type!of!209!

sound.!Our!final!dataset!consists!of!362!averaged!position!estimates.!This!process!of!calculating!multiple!210!

locations!per!sound,!and!then!calculating!an!average!position!for!that!sound,!would!also!be!effective!for!211!

ensuring!accurate!location!of!animals!in!the!field.!!212!

Statistical(methods.!For!a!given!playback!stimulus,!we!defined!location!accuracy!as!the!average!213!

absolute!difference!between!the!reliable!positions!that!were!estimated!by!ArrayGUI!and!the!position!214!

that!was!determined!by!the!surveyRgrade!GPS!system!(following!McGregor!et!al.!1997).!We!then!used!a!215!

linear!mixedReffects!model!to!determine!which!factors!affected!location!accuracy.!Habitat!type!(field!216!

versus!forest),!microphone!density!(25!m!versus!50!m!edges),!speaker!location!(inside!versus!outside),!217!
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and!all!twoRway!and!threeRway!interactions!were!included!as!fixed!factors!in!the!model.!Array!location!218!

(1!to!12)!was!included!as!a!subject!variable!with!random!effects!to!account!for!nonRindependence!219!

among!observations.!We!estimated!fixed!effects!using!the!restricted!maximum!likelihood!method!and!220!

modeled!the!subject!effect!by!assuming!a!variance!components!covariance!structure.!Residuals!were!221!

not!normally!distributed,!but!were!corrected!by!applying!a!logR10!transformation!to!localization!222!

accuracy.!All!other!model!assumptions!were!satisfied.!We!evaluate!the!probability!of!generating!reliable!223!

location!estimates!among!the!playback!sites!using!Wilcoxon!signRrank!tests!to!compare!habitat!types!224!

(forest!versus!field)!and!MannRWhitney!URtests!to!compare!microphone!densities!(25!versus!50!m)!and!225!

speaker!locations!(internal!versus!external).!We!used!the!HodgesRLehmann!procedure!to!estimate!the!226!

median!difference!between!treatments!and!to!calculate!the!corresponding!95%!confidence!intervals!227!

(Hodges!and!Lehmann!1963).!We!considered!results!to!be!statistically!significant!when!p!≤!0.05,!and!to!228!

be!statistical!trends!when!0.05!≤!p!≤!0.1.!All!statistical!analyses!were!conducted!in!JMP!(v.!8.0;!SAS!229!

Institute,!Cary,!NC)!or!PASW!(v.!18.0;!IBM,!Armonk,!NY).!All!values!are!reported!as!means!±!SE.!Results!of!230!

our!linear!mixedReffects!model!are!presented!as!the!estimated!marginal!means!±!SE!of!the!model.!!231!

(232!

Results(233!

A!portable!wireless!microphone!array,!comprising!four!stereo!digital!recorders,!produced!accurate!234!

location!estimates!of!loudspeakers!broadcasting!different!types!of!bird,!mammal,!and!frog!sounds.!The!235!

system!had!an!overall!location!accuracy!of!1.87!±!0.13!m!for!sounds!broadcast!inside!the!array!(average!236!

across!all!reliable!internal!location!estimates!at!12!different!locations).!The!system!had!an!overall!237!

location!accuracy!of!10.22!±!1.64!m!for!sounds!broadcast!outside!the!array!(average!across!all!reliable!238!

external!location!estimates!at!12!different!locations).!239!
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!! We!found!significant!variation!in!location!accuracy!using!a!linear!mixedReffects!model.!Location!240!

accuracy!was!not!significantly!different!in!open!field!sites!compared!to!closed!forested!sites,!although!241!

there!was!a!nonRsignificant!trend!for!better!accuracy!at!field!sites!(Fig.!1a;!F1,8!=!4.4,!p'=!0.07).!Location!242!

accuracy!was!significantly!better!when!the!loudspeaker!broadcasting!the!sound!was!located!within!the!243!

area!bounded!by!the!four!recorders!versus!outside!the!area!bounded!by!the!four!recorders!(Fig.!1b;!244!

F1,352!=!114.8,!p'<!0.0001).!Location!accuracy!was!significantly!better!when!microphones!were!positioned!245!

closer!together!rather!than!farther!apart!(i.e.!arrays!arranged!in!a!25!m!square!versus!a!50!m!square;!Fig.!246!

1c;!F1,8!=!9.1,!p'=!0.02).!The!model!also!revealed!an!interaction!between!habitat!type!and!the!247!

loudspeaker!location!(F1,352!=!18.3,!p'<!0.0001);!the!location!accuracy!for!loudspeakers!outside!the!area!248!

bounded!by!the!arrays!were!similarly!poor!for!field!and!forested!sites,!but!the!location!accuracy!inside!249!

the!area!bounded!by!the!arrays!at!field!sites!was!better!than!the!accuracy!inside!the!area!bounded!by!250!

the!arrays!at!forested!sites!(Fig.!2).!All!other!twoRway!interactions!and!the!single!threeRway!interaction!251!

were!nonRsignificant!(all!F!<!2.3,!all!p'>!0.17).!252!

The!frequency!with!which!we!identified!reliable!location!estimates!varied!between!internal!253!

versus!external!loudspeaker!positions!and!between!field!versus!forest!sites.!On!average,!48.8!±!5.8!%!of!254!

estimated!locations!were!identified!as!reliable!when!the!loudspeaker!was!inside!the!area!bounded!by!255!

the!array,!significantly!more!than!the!16.3!±!5.3!%!identified!as!reliable!when!the!loudspeaker!was!256!

outside!the!area!bounded!by!the!array!(Wilcoxon!signRrank:!Z!=!36,!p!=!0.002,!n!=!12;!median!difference:!257!

34.5!%;!confidence!interval:!20.1!–!45.9!%).!A!significantly!greater!proportion!of!sounds!were!identified!258!

as!reliable!at!field!sites!(64.6!±!4.4!%)!compared!to!forest!sites!(32.9!±!5.3!%;!MannRWhitney:!U!=!2.8,!p!=!259!

0.005,!n!=!12;!median!difference:!29.1!%;!confidence!interval:!15.7!–!48.4!%).!An!equivalent!proportion!260!

of!sounds!were!identified!as!reliable!when!recorders!were!arranged!in!a!square!with!25m!edges!(47.4!±!261!

9.9!%)!compared!to!50!m!edges!(50.2!±!7.1!%;!MannRWhitney:!U!=!0.0,!p'=!1.0,!n!=!12;!median!262!

difference:!0.3!%;!confidence!interval:!R30.3!–!24.1!%).!263!
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The!25!types!of!sounds!showed!variation!in!location!accuracy!as!well!as!variation!in!the!264!

frequency!with!which!the!analysis!software!generated!reliable!location!estimates!(Table!1).!Our!sample!265!

size!precludes!statistical!analyses!of!these!data,!but!we!present!them!for!informational!purposes!to!help!266!

guide!other!researchers.!The!sonations!of!woodpeckers!produced!remarkably!few!reliable!location!267!

estimates!(sound!types!17,!18;!Table!1).!Tonal!sounds!with!little!frequency!modulation!tended!to!show!268!

poorer!location!accuracy,!fewer!reliable!location!estimates,!or!both!(e.g.!sound!types!2,!3,!5,!12,!20;!269!

Table!1).!Sounds!consisting!of!rapidlyRrepeated!notes!at!a!high!pitch!(e.g.!sound!types!8,!19)!presented!270!

similar!difficulties,!whereas!sounds!consisting!of!rapidlyRrepeated!notes!at!a!low!pitch!showed!better!271!

location!accuracy!with!many!reliable!location!estimates!(e.g.!sound!types!16,!23,!Table!1).!Although!the!272!

different!types!of!sounds!varied!in!location!accuracy,!all!sounds!produced!sufficiently!accurate!and!273!

reliable!data!to!be!useful!in!studies!of!freeRliving!animals,!with!the!exception!of!woodpecker!drumming!274!

sonations!and!pure!tone!sine!waves!(Table!1).!275!

!276!

Discussion(277!

Our!field!test!of!a!portable!wireless!microphone!array!demonstrates!that!this!new!technology!can!278!

provide!accurate!estimates!of!the!location!of!a!sound!source!based!on!timeRofRarrival!delays!at!four!279!

autonomous!recorders.!In!a!recent!review!paper!on!microphone!array!technology,!Blumstein!et!al.!280!

(2011)!concluded!that!“acoustic!recording!and!processing!technology!has!the!potential!to!transform!the!281!

fields!of!ecology,!behaviour,!and!conservation!biology,”!but!that!“additional!work!is!required!to!achieve!282!

this!potential.”!!As!with!previous!microphone!array!systems,!the!system!we!describe!here!produces!283!

accurate!position!estimates!of!freeRliving!animals.!The!system!we!describe,!however,!represents!a!major!284!

advance!towards!microphone!arrays!becoming!a!widespread!and!fieldRready!technology;!it!is!a!285!

commercially!available,!inexpensive,!portable!wireless!microphone!array!that!makes!acoustic!286!
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monitoring!available!to!any!behavioural!researcher,!ecologist,!or!conservation!biologist.!Our!findings!287!

firmly!establish!that!this!technology!can!provide!accurate!and!reliable!estimates!of!the!position!of!a!288!

variety!of!different!types!of!bird,!mammal,!and!frog!sounds.!Just!as!radiotelemetry!has!shed!light!on!289!

animal!behaviour!and!ecology!since!its!development!in!the!1960’s!and!1970’s!(RopertRCourdert!and!290!

Wilson!2005),!we!anticipate!that!this!easyRtoRuse!acoustic!monitoring!system!will!provide!a!wealth!of!291!

new!insights!for!field!researchers.!292!

Our!findings!show!that!the!location!accuracy!of!sounds!varied!with!several!factors.!First,!location!293!

accuracy!varied!with!the!density!of!the!microphones!used!to!record!sounds.!We!generated!a!similar!294!

number!of!reliable!location!estimates!for!sounds!broadcast!within!arrays!set!up!in!a!square!with!25!m!295!

versus!50!m!edges,!but!the!smaller!arrays!produced!location!estimates!with!significantly!higher!accuracy!296!

than!the!larger!arrays.!Recognizing!that!location!accuracy!improves!as!a!function!of!microphone!density,!297!

ecologists!and!behavioural!biologists!can!select!an!ideal!density!of!microphone!arrays!relative!to!their!298!

desired!accuracy,!trading!off!the!size!of!the!total!area!to!be!monitored!against!the!desired!accuracy,!or!299!

increasing!the!number!of!microphones!to!increase!the!coverage!area.!For!example,!cableRbased!array!300!

studies!by!Patricelli!and!Krakauer!(2010)!used!24!microphones!close!together!in!order!to!distinguish!fine!301!

scale!movements!of!multiple!male!Greater!Sage!Grouse!(Centrocercus'urophasianus)!concurrently!302!

calling!on!the!same!lek.!In!contrast,!cableRbased!array!studies!by!Fitzsimmons!et!al.!(2008a)!and!Foote!et!303!

al.!(2008)!placed!16!microphones!far!apart!to!monitor!territorial!dynamics!in!breeding!neighbourhoods!304!

of!male!BlackRcapped!Chickadees.!Of!course,!array!density!is!limited!by!the!active!space!of!animal!305!

signals,!because!triangulation!is!only!possible!when!the!sound!is!detected!at!three!or!more!channels.!!306!

Since!we!were!testing!the!capabilities!of!this!new!system!to!act!as!a!wireless!microphone!array,!we!307!

broadcast!sounds!at!high!amplitude!to!ensure!they!were!detected!by!the!recorders.!Future!studies!308!

should!adjust!array!size!according!to!the!active!space!of!the!signals!under!study.!309!
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Second,!location!accuracy!varied!with!the!relative!position!of!the!sound!source.!When!we!310!

broadcast!sounds!within!the!area!bounded!by!the!four!recorders,!we!generated!more!reliable!location!311!

estimates!and!these!estimates!had!better!accuracy!compared!to!sounds!played!outside!the!area!312!

bounded!by!the!four!recorders.!This!result!is!expected!theoretically!and!matches!previous!findings.!In!313!

the!most!rigorous!test!of!this!idea!to!date,!McGregor!et!al.!(1997)!broadcast!sounds!at!five!15m!314!

increments!stretching!from!the!centre!of!a!fourRmicrophone!cableRbased!array!(microphones!arranged!315!

in!a!square!with!40m!edges).!They!showed!that!location!error!increased!dramatically!with!increasing!316!

distance!outside!of!the!area!bounded!by!the!microphones.!The!same!pattern!should!hold!true!with!a!317!

cableRbased!or!a!wireless!microphone!array.!McGregor!et!al.’s!(1997)!findings,!together!with!our!318!

findings,!underscore!the!idea!that!terrestrial!microphone!arrays!work!most!effectively!for!monitoring!319!

animals!within!the!area!bounded!by!the!microphones.!!320!

Third,!location!accuracy!varied!between!forest!and!field!habitats,!although!not!significantly.!321!

There!was!a!nonRsignificant!tendency!for!more!accurate!location!estimates!in!an!open!field!compared!to!322!

a!closed!forest.!A!significant!twoRway!interaction!effect!revealed!that!habitat!differences!were!related!to!323!

the!position!of!sound!sources!in!forest!and!field!habitats.!!Location!accuracy!was!similarly!poor!for!324!

sound!sources!outside!of!the!arrays!in!both!forest!and!field!habitats;!but!location!accuracy!was!better!325!

for!sound!sources!within!the!array!in!field!habitats!compared!to!forest!habitats.!There!are!two!possible!326!

explanations!for!this!nonRsignificant!pattern.!First,!our!GPS!survey!accuracy!was!higher!in!the!field!sites!327!

versus!forest!sites!(see!supplement),!which!likely!diminished!location!accuracy!in!the!forest.!Second,!the!328!

scattering,!reverberation,!and!sound!attenuation!in!forests!may!have!diminished!location!accuracy.!329!

Previous!work!also!supports!this!position;!McGregor!et!al.!(1997)!showed!that!location!error!was!330!

consistently!higher!in!paired!comparisons!of!sounds!played!back!in!European!woodlands!compared!to!331!

meadows.!332!
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Finally,!location!accuracy!varied!with!the!type!of!sound.!Of!the!25!types!of!sounds!that!we!333!

broadcast!in!each!microphone!array,!we!found!accuracies!that!ranged!from!0.1!to!6.0!meters!inside!the!334!

area!bounded!by!the!recorders.!We!also!found!substantial!variation!in!the!proportion!of!annotated!335!

sounds!that!could!be!reliably!localized!with!our!software,!ranging!from!1%!to!93%!(table!1).!The!sounds!336!

with!the!highest!location!accuracy!represented!a!broad!spectrum!of!types!of!sounds,!including!337!

frequency!modulated!sine!waves,!Carolina!Wren!songs,!LongRtailed!Manakin!duets,!Barred!Antshrike!338!

calls,!Grey!Treefrog!calls,!and!Yellow!Toad!calls.!Three!sounds!were!very!difficult!to!locate,!with!less!than!339!

20%!of!the!sounds!producing!a!reliable!location!estimate:!the!drumming!sonations!of!two!woodpecker!340!

species!and!the!unmodulated!synthetic!sine!wave.!These!sounds!appear!to!be!too!acoustically!simple!to!341!

triangulate!based!on!timeRofRarrival!differences.!McGregor!et!al.!(1997)!compared!location!accuracy!342!

across!four!bird!vocalizations!and!found!statistically!similar!location!accuracies!across!the!four!species,!343!

three!of!which!were!frequencyRmodulated!vocalizations!like!many!of!the!bird!sounds!we!tested!here,!344!

and!one!of!which!was!a!pulsating!call!similar!to!the!frog!sounds!we!tested!here.!345!

The!accuracy!we!achieved!with!a!wireless!microphone!array!falls!in!line!with!the!accuracy!of!346!

previous!cableRbased!microphone!systems.!For!example,!Mennill!et!al.!(2006)!achieved!an!accuracy!of!347!

2.8!±!0.3m,!monitoring!the!large!territories!of!RufousRandRwhite!Wrens!in!a!Neotropical!forest!with!an!8R348!

microphone!cable!array!with!interRmicrophone!distances!of!75m.!Bower!and!Clark!(2005)!achieved!an!349!

accuracy!of!0.8!±!0.3!m!for!birds!near!the!centre!of!their!array,!monitoring!the!small!territories!of!Song!350!

Sparrows!in!a!field!using!a!4Rmicrophone!cable!array!with!interRmicrophone!distances!of!40!m.!Patricelli!351!

and!Krakauer!(2010)!achieved!an!accuracy!of!0.4!±!0.2!m!for!sounds!near!the!centre!of!their!array,!352!

monitoring!the!open!habitat!of!a!Greater!Sage!Grouse!lek!with!a!24Rmirophone!cable!array!with!small!353!

interRmicrophone!distances!of!15.8!±!0.6!m!(G.!Patricelli!and!A.!Krakauer,!pers.!comm.).!!354!

Several!sources!of!error!may!have!contributed!to!the!accuracy!measurements!we!report!here.!355!

Most!importantly,!our!GPS!measurements!of!microphone!positions!had!an!error!of!1.12!m,!likely!356!
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contributing!a!large!fraction!of!the!error!in!our!overall!position!accuracy!of!1.86!m.!There!are!several!357!

methods!that!can!be!used!to!survey!microphone!positions,!some!of!which!may!lead!to!lower!358!

microphone!measurement!error,!and!consequently!higher!localization!accuracy!with!microphone!array!359!

recordings.!Direct!surveys!with!lineRofRsight!surveying!equipment!or!measuring!tape!may!be!ideal!in!360!

some!situations!(e.g.!denselyRconcentrated!arrays!in!open!fields)!but!may!be!impossible!in!other!361!

situations!(e.g.!sparser!arrays!in!dense!forests).!Sampling!microphone!positions!with!a!surveyRgrade!GPS!362!

for!extended!periods!may!lead!to!higher!microphone!position!estimation;!we!sampled!microphone!363!

positions!for!only!20R40!minutes.!An!intriguing!possibility!for!inexpensive!surveys!of!microphone!364!

positions!involves!handheld!GPS!units;!although!any!one!point!has!low!accuracy,!handheld!GPS!units!365!

could!be!left!collecting!data!at!a!fixed!position!for!long!periods!(hours!to!days)!to!calculate!a!more!366!

precise!average!position!over!a!long!sampling!period.!We!tested!this!approach!(see!supplement)!and!367!

found!that!this!approach!still!produces!reasonable!location!estimates,!but!with!lower!accuracy!than!a!368!

surveyRgrade!GPS.!New!techniques!such!as!acoustic!selfRsurveys!(see!Collier!et!al.!2010)!present!new,!369!

alternative!survey!techniques.!The!remaining!error!in!our!study,!beyond!that!due!to!microphone!370!

position!estimates,!probably!arose!due!to!attenuation!and!reverberation!as!sounds!transmitted!from!the!371!

loudspeaker!to!the!microphones,!subtle!variations!in!topography!(the!software!we!used!assumes!that!372!

sounds!travel!in!a!twoRdimensional!plane),!or!inaccuracies!in!the!position!estimation!software.!!373!

When!will!microphone!arrays!provide!a!useful!monitoring!tool!for!studies!of!animal!ecology,!374!

evolution,!and!behaviour?!!Microphone!arrays!will!be!most!useful!for!studying!highly!acoustic!animals,!375!

such!as!animals!that!produce!loud!territorial!signals,!frequent!mate!attraction!signals,!or!contact!calls!376!

and!alarm!calls.!To!date,!microphone!arrays!have!been!used!for!many!purposes!(reviewed!in!Blumstein!377!

et!al.!2011),!including!monitoring!patterns!of!animal!territoriality!(e.g.!Kirschel!et!al.!2011,!Osmun!and!378!

Mennill!2011),!studying!networkRbased!signalling!behaviours!(e.g.!Foote!et!al.!2008),!observing!the!379!

movements!of!countersinging!animals!(e.g.!Fitzsimmons!et!al.!2008b),!testing!the!directionality!of!380!
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animal!signals!(Patricelli!et!al.!2007),!or!surveying!large!areas!to!assess!the!presence!of!rare!animals!(e.g.!381!

Hill!et!al.!2006;!Baldo!and!Mennill!2011).!Microphone!arrays!can!provide!insight!into!behaviours!that!382!

could!not!be!studied!otherwise,!such!as!behaviour!evident!in!environments!where!visual!information!is!383!

limited,!like!nocturnal!animals!or!animals!inhabiting!dense!vegetation!(Blumstein!et!al.!2011).!The!384!

system!we!tested!here!is!especially!useful!given!its!relative!ease!of!operation.!Previously,!cableRbased!385!

arrays!required!tremendous!effort!in!the!field.!For!example,!the!eightRmicrophone!cable!array!used!by!386!

Mennill!et!al.!(2006)!took!a!team!of!four!researchers!approximately!four!hours!to!set!up!and!take!down;!387!

the!sixteenRchannel!cable!array!used!by!Foote!et!al.!(2008)!and!Lapierre!et!al.!(2011)!took!a!team!of!388!

eight!researchers!approximately!five!hours!to!set!up!and!take!down!(see!supplement).!In!contrast,!four!389!

people!were!able!to!set!up!and!take!down!the!fourRrecorder!array!we!used!here!six!times!in!a!single!day.!390!

Additionally,!because!the!digital!recorders!in!this!system!are!programmable,!they!can!be!set!to!turn!on!391!

and!off!at!specific!times,!minimizing!the!necessity!for!human!input!(and!human!influence!on!the!392!

recorded!animals)!after!the!initial!setup.!!393!

In!some!situations,!microphone!arrays!are!unlikely!to!provide!a!useful!monitoring!tool.!Acoustic!394!

monitoring!requires!that!the!study!animals!produce!sound.!Therefore,!animals!that!are!quiet,!or!animal!395!

behaviours!that!occur!in!silence,!cannot!be!monitored!with!microphone!arrays.!For!tracking!individuals,!396!

sounds!must!have!individually!distinctive!acoustic!signatures,!a!feature!that!appears!to!be!quite!397!

common!across!diverse!animals!(Mennill!2011).!For!sounds!that!are!not!individually!distinctive,!other!398!

research!technologies!can!be!combined!with!microphone!array!recordings,!such!as!video!recordings!399!

timeRsynchronized!with!microphone!array!recordings!(e.g.!Patricelli!et!al.!2007).!Excessive!background!400!

noise!serves!as!an!impediment!to!microphone!arrays!whenever!this!noise!overlaps!both!the!time!and!401!

frequency!domains!of!the!signals!used!to!calculate!the!animal’s!location.!Animals!that!move!over!very!402!

large!areas!will!be!expensive!to!monitor!with!a!microphone!array,!because!many!microphones!will!be!403!

required!to!monitor!their!movement!activities!and!behaviours.!Nevertheless,!microphone!arrays!have!404!
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been!used!to!monitor!large!breeding!territories!of!birds!(e.g.!Mennill!and!Vehrencamp!2008)!or!entire!405!

neighbourhoods!of!breeding!birds!(e.g.!Fitzsimmons!et!al.!2008a).!In!addition,!our!analyses!reveal!that!406!

certain!types!of!sounds,!including!the!extremely!simple!drumming!sonations!of!woodpeckers!and!pure!407!

tone!sine!waves,!are!less!effectively!monitored!than!other!types!of!sounds.!Consequently,!pilot!studies!408!

with!careful!attention!to!the!active!space!of!the!signals!being!studied,!possibly!using!a!playback!409!

approach!as!used!here,!will!be!valuable!in!future!investigations.!410!

In!conclusion,!our!field!test!of!a!new,!portable,!wireless!microphone!array!with!integrated!GPS!411!

time!synchronization!reveals!that!this!system!provides!accurate!measurements!of!the!position!of!a!412!

sound!source,!supporting!the!idea!that!this!is!a!useful!new!research!technology!for!the!spatial!413!

monitoring!of!animals.!Microphone!arrays!have!many!advantages!over!other!tracking!technologies,!and!414!

the!advent!of!this!userRfriendly!system!stands!to!enhance!ecological!and!behavioural!studies!for!a!broad!415!

diversity!of!researchers.!416!
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Table 1. The location accuracy and percent of reliable location estimates for 25 types of 431!

sounds broadcast and re-recorded with a portable, wireless acoustic location system. 432!

Type!of!Sound1!
Location!

accuracy!(in!
m)2!

Percent!
reliable!
locations3!

1.! Sine!Wave!–!Modulated! 1.0±0.3! 93%!
2.! Sine!Wave!–!Tone! 1.6±0.5! 19%!
3.! BlackRcapped!Chickadee!(Poecile'atricapillus)!R!

Song!
3.4±1.1! 33%!

4.! BlackRcapped!Chickadee!R!Call! 0.8±0.2! 56%!
5.! WhiteRthroated!Sparrow!(Zonotrichia'

albicollis)!R!Song!
2.4±0.7! 37%!

6.! Eastern!Phoebe!(Sayornis'phoebe)!R!Song! 2.7±1.0! 41%!
7.! Tree!Swallow!(Tachycineta'bicolor)!R!Song! 1.5±0.3! 58%!
8.! Chipping!Sparrow!(Spizella'passerina)!R!Song! 3.1±0.9! 48%!
9.! House!Wren!(Troglodytes'aedon)!R!Song! 2.4±0.7! 39%!
10.! Song!Sparrow!(Melospiza'melodia)!R!Song! 2.1±0.5! 49%!
11.! Carolina!Wren!(Thryothorus'ludovicianus)!R!

Song!
1.7±0.4! 78%!

12.! RufousRandRwhite!Wren!(Thryothorus'rufalbus)!
R!Song!

1.1±0.2! 37%!

13.! RufousRnaped!Wren!(Campylorhynchus'
rufinucha)!R!Song!

0.8±0.2! 58%!

14.! LongRtailed!Manakin!(Chiroxiphia'linearis)!R!
Call!

1.1±0.3! 83%!

15.! Royal!Flycatcher!(Onychorhynchus'mexicanus)!
R!Call!

1.9±0.5! 49%!

16.! Barred!Antshrike!(Thamnophilus'doliatus)!R!
Call!

1.1±0.2! 67%!

17.! PaleRbilled!Woodpecker!(Campephilus'
guatemalensis)!R!Drum!

0.1±0.0!! 1%!

18.! Pileated!Woodpecker!(Dryocopus'pileatus)!R!
Drum!

6.0±4.5! 4%!

19.! Eastern!Red!Squirrel!(Tamiasciurus'
hudsonicus)!!R!Call!

2.5±0.8! 37%!

20.! Richardson's!Ground!Squirrel!(Urocitellus'
richardsonii)!R!Whistle!

3.3±1.1! 38%!

21.! Richardson's!Ground!Squirrel!R!Chirp! 2.4±1.2! 46%!
22.! Spider!Monkey!(Ateles'geoffroyi)!R!Whinny! 2.3±0.9! 45%!
23.! Grey!Treefrog!(Hyla'versicolor)!R!Call! 1.4±0.4! 73%!
24.! Spring!Peeper!(Pseudacris'crucifer)!R!Call! 1.9±0.4! 58%!
25.! Yellow!Toad!(Bufo'luetkenii)!R!Call! 1.3±0.3! 68%!
1!Sound!spectrograms!for!the!25!types!of!sounds!are!shown!in!the!supplement!in!Figure!S1.!433!
2!Location!accuracy!is!expressed!as!the!mean!(±!SE)!distance!between!the!arrayRestimated!location!of!434!

the!sound!source!and!the!GPS!coordinates!of!the!loudspeaker!(in!meters).!435!
3!Percent!of!reliable!locations!shows!the!percent!of!all!sounds!that!were!analyzed!with!the!localization!436!

software!that!produced!a!high!quality!estimated!location.!437!

438!
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Fig.(1.(Location!accuracy!of!a!portable!wireless!microphone!array!for!estimating!the!position!of!a!526!

loudspeaker!broadcasting!sounds!of!birds,!mammals,!and!frogs.!(a)!Location!accuracy!tended!to!be!527!

better!in!open!field!habitat!versus!closed!forest!habitat.!(b)!Location!accuracy!was!significantly!better!528!

when!sounds!were!broadcast!from!loudspeakers!inside!versus!outside!the!area!bounded!by!the!529!

recorders.!(c)!Location!accuracy!was!significantly!better!when!the!recorders!were!separated!by!smaller!530!

distances!(25m)!versus!larger!distances!(50m).!Means!±!SE!shown!are!reverse!log(10)!transformed!from!531!

the!estimated!marginal!means!of!our!linear!mixed!model.!Asterisks!indicate!statistically!significant!532!

differences!(p!≤!0.05).!!533!
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!536!

(537!

Fig.(2(((((Location!accuracy!showed!a!twoRway!interaction!effect!for!forest!versus!field!habitats!and!538!

internal!versus!external!broadcast!sites.!Sounds!played!inside!a!microphone!array!in!an!open!field!539!

habitat!had!better!accuracy!that!sounds!played!inside!an!array!in!a!closed!forest!habitat;!sounds!played!540!

outside!of!arrays!in!both!habitats!were!similarly!poor.!Means!±!SE!shown!are!reverse!log(10)!541!

transformed!from!the!estimated!marginal!means!of!our!linear!mixed!model.!542!
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Details of playback stimuli 

Each broadcast included the following 25 types of sounds (depicted in Fig. S1): (1) a frequency‐modulated sine 
wave (a tone rising from 1 to 5 kHz over 0.5 sec); (2) an unmodulated pure‐tone sine wave (a 2 kHz tone lasting 
0.25 sec); (3) the tonal song of the Black‐capped Chickadee (Poecile atricapillus); (4) the harmonic‐rich chick‐a‐
dee call of the Black‐capped Chickadee; (5) the tonal song of the White‐throated Sparrow (Zonotrichia albicollis); 
(6) the song of the Eastern Phoebe (Sayornis phoebe); (7) the song of the Tree Swallow (Tachycineta bicolor); (8) 
the trilled song of the Chipping Sparrow (Spizella passerina); (9) the song of the House Wren (Troglodytes 
aedon); (10) the song of the Song Sparrow (Melospiza melodia); (11) the repeated‐note song of the Carolina 
Wren (Thryothorus ludovicianus); (12) the tonal song of the Rufous‐and‐white Wren (Thryothorus rufalbus); (13) 
the male‐female duet song of the Rufous‐naped Wren (Campylorhynchus rufinucha); (14) the tonal male‐male 
duet song of the Long‐tailed Manakin (Chiroxiphia linearis); (15) the keeyup call of the Royal Flycatcher 
(Onychorhynchus mexicanus); (16) the trilled song of the Barred Antshrike (Thamnophilus doliatus); (17) the 
double knock sonation of the Pale‐billed Woodpecker (Campephilus guatemalensis); (18) the repeated element 
drumming sonation of the Pileated Woodpecker (Dryocopus pileatus); (19) the call of the American Red Squirrel 
(Tamiasciurus hudsonicus); (20) the whistle call of the Richardson’s Ground Squirrel (Urocitellus richardsonii); 
(21) the chirp call of the Richardson’s Ground Squirrel; (22) the whinny call of a spider monkey (Ateles geoffroyi); 
(23) the repeated‐note call of the Grey Tree Frog (Hyla versicolor); (24) the peep call of the Spring Peeper 
(Pseudacris crucifer); and (25) the pulsating call of the Yellow Toad (Bufo luetkenii). 

We created stimuli 1 and 2 using Audition software (Adobe Systems Inc., San Jose CA). Stimuli 3, 6, 9, 10, and 12‐
25 were from our personal recordings collected in the field during previous investigations.  Stimuli 4, 5, 7, 8, 11 
were taken from the commercial CDs “Stokes Field Guide to the Bird Songs of Eastern North America” and 
“Peterson Field Guide to the Birds of Eastern North America”. A stimulus set used in this analysis is attached as a 
WAV file for download (stimuli 4, 5, 7, 8, and 11 are not included in this WAV file to avoid copyright 
infringement). 

 

Notes on the ease of use of the microphone array  

Previous cable‐based microphone array systems have provided insight in the ecology and behaviour of wild 
animals, but are often logistically challenging to set up.  For example, our research group has used cable‐based 
microphone arrays to study vocal duetting in Rufous‐and‐white Wrens in a tropical forest habitat (an 8‐
microphone cable‐based array; see Mennill et al. 2006; Mennill & Vehrencamp 2008), to study behavioural 
ecology of Black‐capped Chickadees living in a temperate forest habitat (a 16‐microphone cable‐based array; see 
Fitzsimmons et al. 2008a,b; Foote et al. 2008a,b), and to study singing behaviour in Song Sparrows living in a 
temperate field habitat (a 16‐microphone cable‐based array; see Lapierre et al. 2011). The 8‐microphone cable 
array required a team of four researchers to efficiently move the array between two nearby recording locations, 
with a time commitment of approximately 1.5 hours to take down the array and 2.5 hours to set up the array 
(i.e. 16 person‐hours to move an 8‐microphone array).  The two 16‐microphone cable arrays took a team of 
eight researchers to efficiently move the array, with a time commitment of approximately 2.0 hours to take 
down the array and 3.0 hours to set up the array (i.e. 40 person‐hours to move a 16‐microphone array). The 
majority of this time involved stretching cable between the centrally‐located laptop computer and each of the 
microphones, with additional time to attach the microphones to trees (see Mennill et al. 2006) and test that 
each microphone was properly connected by collecting test recordings. The equipment required to operate 
these cable‐based arrays filled the trunk of our research vehicle (not including the GPS equipment for surveying 
microphones). In addition, the equipment for these cable‐based systems was very heavy, owing mostly to the 
weight of kilometres of copper cable. 
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The system described here was much easier to operate. Four people quickly moved the 4‐recorder array 
between two nearby recording locations; in a single day we set up the array in six different configurations. It 
took us approximately 10 minutes to take down the array and 10 minutes to set up the array (i.e. 1.3 person‐
hours for moving the 4‐recorder, 8‐microphone array).  The majority of this time involved walking between the 
recording locations.  The required equipment for this system is compact and lightweight; the entire system fit in 
a backpack that could be carried by one person (not including the GPS equipment for surveying recorder 
locations). 

 

Note concerning the distance between microphones 

We recorded sounds with the stereo microphones attached directly to the side of the Song Meters (see Fig. 
S3a). Consequently, the microphones were separated by short distances (ca. 29 cm). Wildlife Acoustics now sells 
microphone cable extensions in 1, 3, 10, and 50m lengths, so that the microphones can be separated from the 
recorders by these distances.  An alternative approach – which we have not tested – would involve attaching 
one or both microphones to the Song Meter with a cable extension, thereby increasing the distance between 
the two microphones. This would enhance the microphone coverage of the study site and possibly improve 
triangulation capabilities. 

 

Note concerning the number of accurate locations 

In this first field test of this new technology, we rejected many locations because they were deemed unreliable 
by ArrayGUI software.  We targeted 7,200 annotated sounds (12 examples inside and 12 examples outside of 
the array for each of the 25 types of sounds in each of the 12 arrays), and we succeeded in producing 
annotations for 6,085 sounds after discounting sounds that were badly overlapped by background noise 
(anthropogenic noise from cars and airplanes; biotic sounds from live animals at the 12 recording sites).  We 
used ArrayGUI to triangulate the position of these 6,085 annotated sounds. ArrayGUI provided location 
estimates deemed to be reliable for 1,964 of these 6,085 annotated sounds (32.3%).  We categorized locations 
as “reliable” when ArrayGUI generated a quality index of 0.7 or higher, and when the probability cloud showing 
the position estimate on a map of the  microphone locations had a small (<5m diameter) circular distribution. 
We provide examples of four reliable and four unreliable position estimates in Fig. S2. We calculated an average 
distance between the estimated locations and the GPS position of the loudspeaker for each type of sound, 
producing a final dataset of 362 averaged position estimates (i.e. 60.3% of the 600 sound type/location 
combinations had at least one reliable location estimate). 

The use of ArrayGUI to collect reliable position estimates could be improved when applying this technology in 
the field, where researchers might desire reliable position estimates for as many recorded sounds as possible. 
When triangulation produces an unreliable result, the user can adjust the annotation window in ArrayGUI, 
possibly by selecting a different subsection of the sound, and then repeating the triangulation process until a 
reliable location estimate is found.  

 

Comparison of GPS accuracy in the forest versus field 

As expected, GPS survey accuracy was higher in the field sites versus forest sites, probably due to the effect of 
the dense vegetation in the forest.  Measured with an Ashtech ProMark 3 survey‐grade GPS system, our overall 
accuracy was 1.12 ± 0.20 m (mean ± SE for n = 12 sites with 4 microphone positions and 2 loudspeaker positions 
at each site).  Accuracy at field sites (0.006 ± 0.001 m) was significantly higher than accuracy at forest sites (2.23 
± 0.31 m; Wilcoxon sign‐rank test: Z = 5.1, p < 0.0001, n = 6 forest and 6 field sites with 4 microphone positions 
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and 2 loudspeaker positions at each site).  This difference may be responsible for the non‐significant trend in 
better triangulation accuracy at field sites compared to forest sites. 

 

Notes on the three types of GPS data used in this study 

We collected three types of Global Positioning System (GPS) data in this study.   

(1) The first were GPS data received by the integrated GPS in the Wildlife Acoustics Song Meters. These 
data were used by the firmware in the Song Meters to synchronize the recordings.  We did not use these 
GPS data for spatial positioning. The GPS data collected by the integrated GPS unit can be extracted on a 
second‐by‐second basis to collect repeated position sample estimates to generate surveys of 
microphone positions. These data should be expected to have similar accuracy to our handheld surveys 
(see below).  

(2) The second were GPS data collected by the Ashtech ProMark 3 survey‐grade GPS. These GPS data were 
used to sample the position of the four recorders and the two loudspeakers.  We sampled the position 
of only one of the two stereo microphones for each Song Meter.  Using a compass, we positioned all 
Song Meters so that one microphone faced directly north and the other directly south.  We measured 
the distance between the two microphones (29.5 cm) and we subtracted this distance from the GPS 
position of the northern GPS‐sampled microphone to calculate the position of the southern microphone. 
These survey‐grade GPS data were used in the main paper. 

(3) The third were GPS data collected with handheld Garmin GPS60CSx units. These handheld units have 
lower survey accuracy than the survey‐grade system.  We used these handheld units for two purposes.  
First, we used these units dynamically in the field, to guide the placement of the four recorders when we 
set them up; this allowed us to quickly set up the recorders with separation distances of approximately 
25m or 50m. Second, we used the handheld units to collect static surveys, just as we did with the 
survey‐grade Ashtech system.  We did this as a test of whether handheld recreational GPS units could be 
used as an alternative to survey‐grade GPS units.  Handheld GPS units are more affordable (hundreds of 
dollars) and already owned by many field researchers; survey‐grade GPS units are more expensive 
(many thousands of dollars) and are more uncommon. We describe our comparison of the survey‐grade 
Ashtech GPS system and the handheld Garmin GPS system below. 

 

Comparison of location accuracy using handheld GPS surveys of microphone positions  

We surveyed microphone positions with a survey‐grade Ashtech ProMark 3 system to conduct the analyses 
presented in the main paper. We were curious about whether handheld GPS units could be used to survey 
microphone positions at a more affordable cost.  To that end, we also surveyed microphone positions using 
Garmin GPS60CSx handheld receivers. We attached these Garmin GPS units to the poles that the Song Meters 
were mounted on, and used the “track log” function to record the X and Y coordinates of the Garmin units every 
5 seconds. We left the units in place for 20 to 40 minutes. This produced a cloud of points with substantial 
variation, as we expected for a non‐survey‐grade system.  We downloaded and exported the points collected 
with these handheld units using Mapsource software (Garmin, Olathe, KS) and exported them into a 
spreadsheet.  We then eliminated the 10% of points that were most distant from the geometric centre of the 
cloud of points.  We then calculated the average X and Y position based on the remaining cloud of points. We 
did this for all microphones, and used ArrayGUI to triangulate the positions of all sound sources for playbacks 
that were conducted inside the areas bounded by the recorders.  All settings were identical during these 
analyses, except the microphone positions were estimated with the handheld Garmin GPS units rather than the 
survey‐grade Ashtech GPS units. This produced 1273 reliable position estimates (out of 3600 possible internal 



Mennill et al.   Field test of a portable wireless microphone array: Online supplement    Page 5 

position estimates; 35.4%). We then calculated the average distance between the estimated locations and the 
Ashtech GPS position of the loudspeaker for each type of sound. This produced a dataset consisting of 235 
averaged position estimates. 

Using handheld Garmin GPS units to sample microphone positions, the system had an overall location accuracy 
of 4.22 ± 0.22 m for sounds broadcast inside the array (average across all reliable internal location estimates at 
12 different locations). By contrast, using the survey‐grade Ashtech GPS units to sample microphone positions, 
the system had an overall location accuracy of 1.87 ± 0.13 m for sounds broadcast inside the array.   

Therefore, handheld GPS units can be used to survey microphone positions with this system, but they produce 
lower accuracy than a survey‐grade GPS system. Survey‐grade GPS systems may not be accessible to many 
researchers, making a handheld GPS survey desirable if a reduced location accuracy is acceptable. We expect 
this accuracy could be improved if handheld GPS units were left in place for longer periods of time; whereas we 
surveyed each position for 20 to 40 minutes, surveys lasting many hours would be expected to produce more 
reliable microphone position estimates. 

 

Links to hardware and software used in this study 

Wildlife Acoustics website (manufacturer of GPS‐enabled Song Meters model SM2 used to record sounds): 

http://www.wildlifeacoustics.com  

Ashtech website (manufacturer of survey grade ProMark II GPS used to survey microphone positions): 

http://www.ashtech.com  

Garmin website (manufacturer of handheld GPSMap60CSx GPS used to survey microphone positions): 

  http://www.garmin.com  

Anchor Audio website (manufacturer of MiniVox loudspeaker used to play sounds): 

  http://www.anchoraudio.com  

Syrinx‐PC website (free software for annotating target sounds in long recordings): 

  http://www.syrinxpc.com  

A reference manual for using ArrayGUI to locate animals based on multi‐channel recordings is available through 
Daniel Mennill’s website: 

http://www.uwindsor.ca/dmennill  
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Figure S1.  Sound spectrograms showing examples of the sounds played back and recorded with a portable, 
wireless acoustic location system. Numbers in the spectrogram refer to the sounds identified above and in Table 
1.  An accompanying WAV file is available for download. 
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Figure S2. Examples of the graphical output of ArrayGUI triangulation software, showing both reliable and 
unreliable location estimates. Each map shows the UTM coordinates on the x‐axis (x105) and the y‐axis (x106). 
Numbers represent the positions of the eight microphones (pairs of numbers are overlapping because each 
recorder included two microphones). The coloured cloud shows a probability estimate of the estimated position 
of the sound source; a white circle shows the final position estimate. Reliable location estimates are shown in 
the top row; the coloured probability clouds showing estimated position are so small that they fill just a few 
pixels, and the ArrayGUI quality estimates are greater than our threshold of 0.7 (quality is shown in the top 
right). Unreliable location estimates are shown in the bottom row; the coloured probability clouds showing 
estimated position are extensive, and the ArrayGUI quality estimates are <0.7. (a) A reliable location estimate 
for an internal loudspeaker at an array with 25m microphone spacing in a forest habitat (sound type: Gray Tree 
Frog call). (b) A reliable location estimate for an internal loudspeaker at an array with 25m microphone spacing 
in a field habitat (sound type: Tree Swallow song). (c) A reliable location estimate for an external loudspeaker at 
an array with 50m microphone spacing in a forest habitat (sound type: Rufous‐and‐white Wren song). (d) A 
reliable location estimate for an external loudspeaker at an array with 50m microphone spacing in a field habitat 
(sound type: Eastern Red Squirrel call). (e) An unreliable location estimate for an internal loudspeaker at an 
array with 25m microphone spacing in a forest habitat (sound type: Black‐capped Chickadee call). (f) An 
unreliable location estimate for an external loudspeaker at an array with 25m microphone spacing in a field 
habitat (sound type: descending sine wave). (g) An unreliable location estimate for an external loudspeaker at an 
array with 50m microphone spacing in a forest habitat (sound type: White‐throated Sparrow song). (h) An 
unreliable location estimate for an internal loudspeaker at an array with 50m microphone spacing in a field 
habitat (sound type: Pileated Woodpecker drum).  
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Figure S3. Photographs of GPS‐enabled Song Meters used as a wireless microphone array. (a) A Song Meter 
attached to a tree showing a detachable GPS antenna (sitting on the top left and attached to the top of the 
recorder), two stereo microphones (on the sides of the recorder), the four D‐cell batteries that power the 
recorder, four flash cards that store recordings, and a digital display used to program the recorder. (b) The four 
recorders with detachable GPS units easily fit in a small backpack. 
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Figure S4. Maps of loudspeaker and microphone positions for the twelve deployments of the wireless 
microphone array. The top row (a‐c) shows three deployments with approximately 25m between the 
microphones in a forest environment.  The second row (d‐f) shows three deployments with approximately 50 m 
between the microphones in a forest environment. The third row (g‐i) shows three deployments with 
approximately 25 m between the microphones in a field environment. The fourth row (j‐l) shows three 
deployments with approximately 50 m between the microphones in a field environment. For each array, 
recorder positions are shown with open circles (each recorder consisted of two stereo microphones), and 
loudspeaker locations are shown with blue squares (one inside the area bound by the four recorders and one 
outside the area bounded by the four recorders). Latitude is shown in UTM 105 and longitude is shown in UTM 
106. 
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4.68107
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4.65304

4.65305

4.65305
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4.65305
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3.7467 3.7468 3.7469 3.7470 3.7471 3.7472 3.7473 3.7474
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4.68109

4.68110

4.68111

4.68112

4.68113
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3.2851 3.2852 3.2853 3.2854 3.2855 3.2856 3.2857 3.2858 3.2859 3.2860
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4.68093
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4.68095

4.68096

4.68097

3.2940 3.2941 3.2942 3.2943 3.2944 3.2945 3.2946 3.2947 3.2948

4.65295

4.65296

4.65297

4.65298

4.65299

4.65300

4.65301

4.65302

3.7465 3.7466 3.7467 3.7468 3.7469 3.7470 3.7471 3.7472 3.7473

4.65311

4.65312

4.65312

4.65313

4.65313

4.65314

4.65314

4.65315

4.65315

4.65316

3.7468 3.7469 3.7469 3.7470 3.7470 3.7471 3.7471 3.7472 3.7472
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