Reliability of sound attenuation in Florida scrub habitat
and behavioral implications
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Attenuation over distance in natural habitat is often difficult to predict when measured without
respect to sound frequency. The physical-acoustic structure of Florida scrub habitat is described and
both attenuation and reliability of attenuation are measured as a function of sound frequency, over
several distances, speaker elevations, and microphone elevations. The spatial context of sound
propagation in Florida scrub habitat is discussed and a model designed to describe contributions to
overall attenuation from individual factors is presented. Sound frequencies belkd kHz
attenuate more reliably than higher sound frequencies, suggesting that animals should pay greatest
attention to relatively low sound frequencies when they assess attenuation or estimate
sound-pressure level. @003 Acoustical Society of AmericdDOI: 10.1121/1.156481]7

PACS numbers: 43.80.Ev, 43.80.[WA]

I. INTRODUCTION above about 3.65 kH34 400 cm/1.5 cni27~3.65 kHZ.
Sound reflections with greater magnitude should inter-
Attenuation over distance in natural habitat is often dif-fere with sound transmission to a greater extent than reflec-
ficult to predict when measured without respect to soundions with lower magnitude. In addition, an increase in inter-
frequency(e.g., Morton, 1975; Wiley and Richards, 1982 ference should, on average, result in greater attenuation over
Nevertheless, playback experiments with amplified or attenudistance. Thus, an increase in sound reflection magnitude
ated stimuli have demonstrated that eastern towHeigdp  over relatively high sound frequencies should, on average,
erythrophthalmus(Emberizidae, Passeriformesn Florida  result in increased attenuation over these same relatively
are able to assess attenuation with surprisingly little errokigh sound frequencies. For example, if 1.5-cm objects begin
(Nelson, 2000; Nelson and Stoddard, 1R98lore specifi- to reflect sound frequencies above abet8.65 kHz, then
caIIy, this small bird appears to estimate source Soundmcreased attenuation might also be expected abe85
pressure leve{SPL) using at least one correlated sound fre-kHz. In fact, frequency-dependent attenuation has been de-
quency or temporal variable and assess auditory distancgribed in numerous previous investigations and differential
using the difference between perceiv@ttideny and source  scattering has been recognized as an important process that
SPL. One explanation for the towhee’s abl'lty to assess atcgn produce frequency-dependent attenue(wmgy and Ri-
tenuation may be that subjects are able to process sourghards, 198p
frequencies that attenuate reliably separately from those that F|grida scrub habitat has a relatively simple physical-
do not. In fact, it has long been recognized that attenuation igcoustic structure. For exampl@) these vegetation associa-
frequency dependent and a recent experiment has demofions are dominated by only a few xerophilous plant species
strated that towhees use SPL as an auditory distance cue Or(lé(brahamsoret al, 1984; (2) leaves are abundant in rela-
when they hear relatively low sound frequencibslow 3.5  tion to other potential reflective surfacés.g., stems and
kHz; Nelson, 2002 branchey (3) leaves are located within a relatively dense,
Physical objects typically refle¢scattey incident sound  1_2-m-high matrix above the ground4) this matrix of
waves, and the magnitude of this sound reflection decreas@syyves lies above a flat and relatively homogeneous sandy
as sound wavelength approaches and exceeds objegil: and (5) leaves are structurally rigidsclerophyllous,
diameter/zr, corresponding with the transition between Ray-reyolute and linear. Given these habitat characteristics,
leigh and diffractive(Mie) scattering(Bowmanet al, 1987;  |eaves of dominant Florida scrub plant species should func-
Bradbury and Vehrencamp, 1998; Pye and Langbauer, Jkion as an important source of interference during sound
1998. Sound frequency can be derived directly from soundansmission.
wavelength (frequency-c/wavelength, wherec=speed of In this study, | collect leaves in Florida scrub habitat and
sound in aif and, as a result, a direct relationship existspregict that leaf diameter will be distributed narrowly. | then
between sound frequency and magnitude of sound reflectiogytain sound attenuation measurements over several sites,
Thus, if a broadband sound is reflected by a single object, Gfays, speaker elevations, and microphone elevations and pre-
by many objects of similar size, then one should expect {Qjict that sound frequencies will attenuate less reliably as
observe an increase in sound reflection magnitude above &) ;ng wavelength(wavelength-c/frequency approaches
relatively narrow range of sound frequencies. For exampleang exceeds the diameter of the most abundant leaf size ob-
1.5-cm objects should begin to reflect sound frequencie§erved[i_e_, as wavelength approaches and excdellsaf
size)/2]. Finally, | present a model in which | estimate the
dElectronic mail: brsnelso@indiana.edu relative contributions to overall attenuation from atmo-
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or - 700 a disk, thin strip, cylinder, sphere, etc., Bowneiral,, 1987,
/:\ //—-_ 600 see belowand, as a result, this measurement is assumed to
) _/><_ ~ 500 } represent the most relevant dimension in this analysis.
3 // B a0 2 Variation in leaf shape and orientation decreases the ef-
B % H -300§ fgctive _size of a leaf depending on the leaf’s e_xact thre_e—
oo © dimensional shape. For example, a flat 0.1-cm-thick leaf with
a largest circular diameter of 1.5 cm should reflect sound as
1 if it had a largest circular diameter of between 0.1 and 1.5 cm
35 3.0 25 20 5 o 05 0.0 depending on direction of sound incidence upon the leaf. In
oo o bmaril el other words, the function between leaf orientation and mag-
I ! i I l ! I J nitude of sound reflection is comparable to what is observed
U A A when direction of sound incidence is varied relative to the
caloulated as:  (cfleaf diameter)/2 orientation of, for example, a thin rigid striBowmanet al,
or as: (clsound wavelengih)/2x 1987. As a result, an accounting of variation in leaf shape

FIG. 1. Nonaccumulating and cumulative distributions of largest circular@nd orientation should, on average, skew a nonaccumulating
leaf diameter calculated from 663 leaves collected along sixteen 100-ndlistribution of leaf diameter towards a smaller average value,
transects(0.1-cm bing. Inset is an illustration of how largest circular leaf jncrease the number of small leaves in a cumulative distri-
diameter was measured. The distribution is dominated by three specie%u,[ion and accentuate the inflection point of the cumulative
Quercus inopina46%; cross section depicted as inset /. geminata ST - ) p . .
(20%; inset B; and Q. chapmaniit12%; inset §. Reciprocal bottom axis ~ distribution. This shift towards a smaller effective leaf diam-
predicts the sound frequency at which sound should begin to reflect witteter is expected to magnify the relationships | describe and,

substantial magnitude as a function of largest circular leaf diameteras a result, | do not attempt to account for variation in leaf
[frequency=(c/leaf diametey2#; c=speed of sound » .
shape or orientation.

spheric absorption, ground reflections, and interference frorg Results

vegetation.

Largest circular leaf diameter measurements are distrib-
Il. EXPERIMENT 1. PHYSICAL-ACOUSTIC HABITAT uted normally(meants.d=1.46+0.54;N=663, Fig. 2 with
STRUCTURE 68% of values falling between 0.92 and 2.0 cm. The distri-
A. Methods bution has a mode near 1.5 cm and is described well by a

Gaussian function despite having a slightly positive skew

I collected a single leaf every meter along 16 100-m lin-(0.61) and negative kurtosis-1.04; Fig. 1. The distribution
ear transects. | chose sites with variable plant density, specigs dominated by leaves oQuercus inopina[Fig. 1(A);
distribution, and time since firénatural or prescribgdand  46+5% mearts.d., s.d. calculated across the 16 trangects
all sites were located within either a scrubby flatwoods orQ. geminate[Fig. 1(B); 20+8.4%j], andQ. chapmaniiFig.
sand pine scrub vegetation associati&brahamsoretal,  1(C); 12+3.8%]. The remaining 22% of leaves collected and
1984. Leaves, not lying on the ground, nearest each 1-manalyzed were collected fromyonia spp., Vacciniumspp.,
mark on the 100-m measuring tape were chosen, but no le@efaria racemosa, Palafoxia feayand a few other less
was collected if the nearest leaf was closer to the previous aibundant species. After adjusting for palmet®erenoa
next 1-m mark. Leaves were selected at an elevation abov@pensand Sabal etonia fronds which were excluded from
the ground that was determined by the elevation of thehis analysis, these percentages correspond well with esti-
100-m measuring tape stretched above each transect and the@ates of percent cover obtained previously for sand pine
allowed to rest naturally within the vegetation. | collected scrub(oak understory phasand scrubby flatwoodinopina
palmetto(Serenoa repenand Sabal etonia fronds if they  phase vegetation associatiori\brahamsoret al, 1984.
were nearest to each 1-m mark, but did not include these
fronds in my analysis. IIl. EXPERIMENT 2. RELIABILITY OF SOUND

Leaves were placed in a plastic bag during collectionATTENUATION
and scanned into a compute00 dots per inch resolution
within 3 h of collection. Leaves were placed flat along their
widest side so that they lay stable on the scanner’s bed but | obtained sound attenuation measurements over five
were not compressed prior to scanning. Leaf shape did natites in 1998 and over five additional sites in 1999. | ob-
appear to change prior to scanning. tained recordings at each site on at least 2 different days in

Leaf images were analyzed digitally by overlaying the May and June between 0600—0800. Recordings were ob-
largest diameter circle that fit completely within the outsidetained when no birds were near the microphones, and all
edges of each ledinset in Fig. 1. Thus, largest circular leaf recordings included in my analyses were preceded and fol-
diameter is defined as twice the length of radius that can beowed by ambient sound with a spectrum level at least 6 dB
rotated 360° from a single point without extending beyondbelow spectra of experimental recordin@is6—8 kHz; see
the edge of a leaf displayed as a two-dimensional object oResults.
its widest side(Fig. 1, inse}. Largest circular leaf diameter, In both 1998 and in 1999 | recorded at le&s s of
as just defined, encompasses what appears to be the m@aussian noiséBriel & Kjaer WB 1314, —24-dB/octave
relevant dimension in analyses of several simple shéggs  passband filter 1.6—10 khiplayed from a single 1-in. dome

A. Methods
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g FIG. 3. Distances and elevations of the speaker and microphones used to
g measure attenuation in 1998) and in 1999(B). On average, the 2.0-m
g elevation placed the speaker and a microphone just above surrounding veg-
b= etation. In contrast, the 1.5-m elevation usually placed the speaker and a
% microphone just within surrounding vegetation and the 1.0- and 0.5-m el-
2 evations usually placed the speaker and microphone within surrounding veg-
e etation(see the tejt The third dashed line i(B) depicts a reflection from
the ground.
: [
L6 2 ﬁeqflency (lsz) 5 678 In 1998, | recorded Gaussian noise with speaker and

microphone elevations of 1.5 or 2.0 [Rig. 3(A)]. | chose
FIG. 2. Attenuation as a function of sound frequency and distance betweethese elevations because an elevatién2om placed the
speaker and microphone positions in 1968, 2). (A) Spectrum leveldB, = oo 01 o and microphone, on average, just above surrounding
re:20 uPa) of Gaussian noise measured under free-field conditions at a . . A
distance 61 m used toassess sound attenuation in 198 average noise  Vegetation while an elevation of 1.5 m placed the speaker
level in 1999 was 4 dB greater, 1.6-8 KH¥alues are averages within and microphone, on average, within the maximum elevation

1/12th-octave band$B) Mean level of Gaussian noise recordings obtained /1 : :
over 15-, 30-, 45-, and 60-m distances calculated across all recordings otg; 2 m of surroundlng vegetatlor(Abrahamson etal,

tained with the speaker and microphone placed 1.5 or 2.0 m above thé984. For example, from an elevation of 2 m, and over a

ground (N=20 over each distance, error bars s.d); (C) excess attenua-  distance of 60 m, | could usually see a small, 5-cm-diameter

tion calpulated as: source spec_trum-level—'mean level _of recordlng.—brighﬂy colored objec(speake) that was also placed at an

attenuation expected from spherical spreading. The vertical dashed line : .

marks the location of the 1.6 kHz high-pass filter. elevation of 2 m. In contrast, | could rarely see this same
object from an elevation of 1.5 m. These elevations were also

. chosen because towhees often forage on the ground, but typi-
speaker(MB Quart QTC 25.01 driven by a Soundstream cally perch at an elevation between 1.5 and 2.0 m when

D200 amplifier, Bescor 14-V, battery and 0.5 farad capacitor o : : : .

) . S . . vocalizing (personal observatigror when interacting with
using two calibrated omnidirectional measuring m|croph0nesreal or perceived rival conspecifigdlelson and Stoddard
(Bruel & Kjaer 4189, two microphone preamplifier@ruel P v v pectll '

& Kjaer 2671, and a digital audiotape recordéiHB Por- 1998; Nelson, 2000 During this same year the speaker and
taDAT, 16-bit, 44.1 kHz Noise was played from the speaker Microphones were separated by distances of 15, 30, 45, and
at 94 dB in 1998[rms at 1 m; 6%1.5-dB spectrum level 60 m [F|g._ 3(A)]._ Towhees often com_munlcate over 15-60
between 2—8 kHz, Fig.(2)], and at 98 dB in 1999rms at m (see Discussionand thgse four d|stance§ werg chosen
1 m). Source output levels at a distance of 1 m were obtaine§€cause they span the distances from which stimuli were
in an open field with both the speaker and microphonePl@yed to towhee subjects in sound localization experiments
placed 2 m above two stacked acoustic foam panels postNelson and Stoddard, 1998; Nelson, 2000

tioned on the ground between the speaker and the micro- [N 1999, | recorded Gaussian noise with the speaker and
phone(cutting wedge 4848x3 in., 122x122x7.6 cm, Sys- microphones positioned at additional elevations of 0.5, 1.0 m
tems Development GroypOutput from the noise-generating [Fig. 3B)]. These two lower elevations were included to
system was verified several times each year and only mindpetter describe elevation as a source of variation and because
(<=1-dB) adjustments were required throughout the 2-yeatowhees often perch at these lower elevations when not vo-
period to maintain a consistent output leyell dB between calizing or interacting with real or perceived rival conspecif-
1.6 and 8 kHz under these free-field conditiofiBig. 2(A)]. ics. A single distance of 50 m was used as both a regular
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(standardl and intermediate distance between the 45- anatases this variable frequency range included sound frequen-
60-m distances tested in 1998. cies above 5 kHz but was allowed to include any sound

Outputs from the two microphones were recorded simulfrequency between 2 to 5 kHz if doing so resulted in a larger
taneously on separate channels of the stereo rec@rtteB  correlation coefficient. | interpret the lowest frequency in-
PortaDAT, 16-bit, 44.1 kHg In 1999, simultaneous record- cluded in this iterative analysis as the frequency at which the
ings were obtained from the 2.0- and 1.5-m elevations andorrelation between attenuation and s.d. begins to change
then from the 1.0- and 0.5-m elevatioitsr vice versa  from relatively weak(<0.5) or negative to relatively strong
Gaussian noise recordings on each stereo channel were tramsd positive.
ferred to a microcomputeiDigigram PCXPocket A/D 44.1 Finally, | measured ambient noise level at each micro-
kHz, 16-bit, SPDIF digital interfageand scaled to a proper phone elevatiorf0.5, 1.0, 1.5, and 2.0 nprior to and after
absolute SPL using reference 1-kHz, 94-dB calibration tonesach Gaussian noise recording= 20 for 0.5-, 1.0-, 1.5
(Bruel & Kjaer 432]) recorded just before and after each and 2.0-m microphone elevationémbient noise level was
recording period. Power spectral densiti®&SD were pro- measured as a function of sound frequency using methods
duced with a Hanning window and 2048-point FFT over 5.99described above over 9.98 (815xX2048 poini waveform
s (129%x2048 poin} noise selectionglgor Pro. Magnitudes  selections.
for each 43.07-Hz linear bin were then averaged within
1/12th-octave bands.

Attenuation and variation in attenuati@s.d) are both
difficult to assess as a function of sound frequency for rea- Sound attenuation and excess attenuatian, attenua-
sons described below. However, attenuation and variation ition in addition to that expected from spherical spreading of
attenuation(s.d) should be positively correlated abowe8.5  sound from a single point sourcencreased with recording
kHz if both attenuation and s.d. are produced by interferencdistance(Fig. 2). Excess attenuation also increased markedly
from vegetation(experiment L | used line-fit procedures between the 30- and 45-m recording distan@ég. 2). Fi-
(Igor Pro to evaluate these correlations as a function ofnally, attenuation decreased with speaker and microphone
sound frequency below 3.3 kHz and above 3.5 kHz. In allelevation[Fig. 4A), N=10 each elevatignand increased
cases, s.d. was calculated over 50 m and across the 1.0-, 1.5ubstantially when either the speaker or a microphone was
and 2.0-m speaker elevations. placed at an elevation of 0.5 m.

In a second related analysis | used iterative line-fit pro-  Attenuation varies as a function of sound frequency
cedures to calculate the frequency range over which théANOVA P<0.01), although statistical contrasts cannot be
maximum correlation coefficient could be obtained. In alldrawn because, as predicted, there is significant variation in

B. Results
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variance as a function of sound frequer(eg., the data are 4l
heteroscedastic; Levene'’s teB<0.05). Post hoctests for
unequal variancée.g., Dunnett’s pairwise comparison with a
contro) are also inappropriate because there is no control
against which attenuation over each distance might be com-
pared. Finally, there seems to be little justification for trans-
forming these data both because the relationship between s.d.
and mean attenuation appears to depend on speaker and mi-
crophone elevation and because a relationship between mean
attenuation and s.d. can be defined only over relatively high
sound frequencie@bove~3.5 kHz; see beloyw frequency (kHz)
Variation in sound attenuatiofis.d) increases above

3—4 kHz under the foIIowing condition(;l) when calculated FIG- 5. Residuals from power functions fit to atte_nuation curves o_btained i.n

. 1999 over 50 m and across each speaker and microphone elevation. Residu-
a'CI‘.OSS the 1.0-, .1'5" and '2.0-m speaker.elevatl((ﬁ)sryhen . als reveal that a spectral ripple is imposed on amplitude spectra and that
limited to recordings obtained at each microphone elevatioReaks and notches in this ripple occur at relatively constant frequency inter-
[Fig_ 4B), N= 10]; (3) when calculated across recordings vals above~3 kHz regardless of speaker or microphone elevation.
obtained at all microphone elevation®d£€40, not illus-
trated; and (4) when assessed across all speaker elevations
(including the 0.5-m speaker elevatjpralthough overall could often be obtained by including sound frequency points
variation observed in this last analysis is greater due to th@ust below or above 3.5 kH¢Table I, Fig. 6. The lowest
large increase in attenuation that is observed when either thfeequency measurement included to obtain a larger correla-
speaker or the microphone is placed at an elevation of 0.5 fon coefficient decreases with microphone elevation and de-
(not illustrated. Variation in sound attenuatiofs.d) also  creases markedly when the microphone is at 0.5 m. On av-
increases between approximately 2 and 3 kHz, althouglfe\rage, and across the 1.0-, 1.5-, and 2.0-m microphone

much of this variation appears to be produced by grour‘%Ievations, the lowest frequency measurement included to

reflect|ons(e>_<per|ment 3 and Discussipn . obtain a maximum correlation coefficient was 3.61230
Attenuation levels observed over 45 m in 1998 corre-
- kHz (meants.d.; Table ).

spond well with attenuation levels obtained over 50 m in Ambi d level idl di
1999 after adjusting for variation in source spectrum level mbient sound levels attenuate rapidly over distance

(94 dB vs 98 dB rmpand the 5-m difference in sound propa- above ~4 kHz (Fig. 7). In addition, amblept sounq levels
gation distance. In addition, spectra obtained over 50 m iflecrease betweer1.5 and 2.5 kHz and rise again below
1999 Correspond will with Spectra obtained over 15, 30, 457"\’15 kHZ(nOt iIIustrated. Ambient sound levels are lower at
and 60 m in 1998. As a result, attenuation trends observed 48e 0.5- and 1.0-m microphone elevations than at the 1.5-
a function of speaker and microphone elevation in 1999 d@nd 2.0-m microphone elevations.
not appear to occur only over a 50-m propagation distance.

The Levenberg—Marquardt best-fit algoritiibgor Pro
reports relatively small chi-square valu@s70+0.64; mean
+s.d.; Fig. 4 for power functions describing attenuation TABLE I. Relationship between attenuation and variation in attenuation
over 50 m, whereas larger chi-square values are reported fds.d). Correlation coefficientsr) are calculated for each speaker and micro-
ne s (2.52£0.93. Thus, atenation is ffequency depen-Png e A1ess sou Teqhercs e b 52 o e 0
dent and appears to be described best over 50 m USING gk 1ast column | report the lowest frequerféyiz) that could be included to
power function in which attenuation is approximately equalobtain a larger correlation coefficient over higher sound frequeriEigs6).
to sound frequenctin kHz) raised to a power between 1 and
2 (f1°2 wheref is frequency in kHx Residuals reveal that
a spectral ripple is imposed on amplitude spectra and tha

A
S\
I/ \‘%ﬁl”/’éﬁ" :\

residual (dB)

Elevation r r b Lowest kHz to
tspeaker, mic. <3.3kHz >35kHz >35kHz obtain larger

peaks and notches occur at relatively constant frequency in- 0-5, 0.5 0.345 0.734 0.136 2.473
: 1.0,05 0.305 0.697 0.170 2.473

telrvab aboyev3 kHz regardless of speaker or microphone 15 05 0.274 0.726 0.221 473
elevation(Fig. 5). _ 20,05 0.482 0.689 0.239 2.334
Positive linear correlations were observed between at- o5, 1.0 0.305 0.943 0.206 2.941
tenuation and variation in attenuati¢smd) above~3.5 kHz 1.0,1.0 -0.621 0.926 0.259 3.498
in all tests(Table 1, Fig. 6. In contrast, relatively weak or 15,10 —0.747 0.938 0.332 3.301
. . .. 20,10 -0.801 0.919 0.315 3.705
negative correlations were observed over sound frequencies 05 15 0,905 0.951 0241 3926
below ~3.3 kHz. Correl_atlons above 3.5 kHz become stron- ;5 15 0.267 0.898 0.424 3.493
ger as speaker elevation decreases from 2.0 to 0.5 m. In 15,15 —0.529 0.907 0.537 3.498
addition, slope valuet) calculated above 3.5 kHz decrease 2.0, 1.5 -0.691 0.759 0.639 3.705
as speaker elevation decreases from 2.0 to 0.6 able |, 05,20 —0.805 0.938 0.197 3.926
Fig. 6) 1.0, 2.0 -0.015 0.894 0.343 3.498
T " 15,2.0 -0.313 0.822 0.444 3.926
Iterative line fits revealed that stronger positive correla- 5 59 _0.278 0.765 0.466 3.926

tions between attenuation and variation in attenuat®d)
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To- <33kHz e >35kHz (dB) should be approximately equal to sound frequency
3. 05 mspesker 3 1.0m speaker . raised to a power of between 1 and 2. Power coefficients
0.5 m mic. . j0kHz oL oM™ [ between 1 and 1.3 appear to approximate attenuation when
I S s the speaker and microphone are located above vegetation,
while larger coefficient41.3 to 1.7 appear to approximate
attenuation when the speaker or microphone are located
within vegetation(experiment 2 | therefore approximate at-
tenuation(in dB) due to atmospheric absorption as sound
frequency(kHz) raised to a power between 1 and 1Rg.
8(A)] and attenuation due to both atmospheric absorption
and interference from vegetation as sound frequefioy

SD (deviation from mean, dB)

g , 13 opesker w i 70 m ket /e kHz) raised to a power between 1 and fFig. 8(A)].
s | ' 0k [ /e Ground reflections are often difficult to predict in natural
E s L habitats due to soil heterogeneitiédlartenset al, 1985;
£ o} ol e.g., Wiley and Richards, 1982However, the soils where |
g ne ne obtained attenuation measurements can be described as
3 R sandy, well drained1.8 to >3 m), and relatively homoge-
é 2r o 2 e neous(Abrahamsonet al,, 1984. Sandy soils are acousti-
-3l N LS 3L ) 1M | cally “hard” because reflection coefficients have relativel
-5 0 5 -5 0 5 y . . . y
attenuation (deviation from mean, dB) attenuation (deviation from mean, dB) Iarge real parts(O?—lO and relatlvely Sma” Imaglnary

parts(0.0-0.2, Bolen and Bass, 1981; Martazisal,, 1985.
FIG. 6. Relationship between attenuation and reliability of attenu#siah) As a result, ground reflections should arrive at microphone

as a funptlon of sound fre_quency. A positive relationship eX|s_ts for soundposi,[ionS with both substantial magnitude and minimum
frequencies above approximately 3.5 kHz. In contrast, a relatively weak o

negative relationship exists for sound frequencies below approximately 3.@hase shiffFig. 3B)]. ] )
kHz. Correlation coefficients are reported in Table I. | calculate the delay timéDt) of reflections from the

ground
IV. EXPERIMENT 3. CONTRIBUTIONS

S \? M \?
TO ATTENUATION Dt:(<\/82+(d's+—|v| +\/M2+(d'|\/|_+s) _d>
A. Methods
Attenuation in Florida scrub habitat appears to be dueto = C @

three primary factors(1l) atmospheric absorptiorf2) inter-
ference from vegetation; an@) interference from ground
reflections. | present a simple model of sound transmission i .
Florida scrub habitat and use the results of this model t& ' the speed of sound in ai840 m/3.

estimate the contributions to both attenuation and variation Sougdtpr?p??atmg dow(;w to tZe ?rotl:nd ST.OUIC: experi-
in attenuation from each individual factor. ence substantial frequency-gepenadent attenuation irom veg-

whereSis speaker elevatiomM is microphone elevatiord is
H"le distance from the speaker to the microphtm), and

Wiley and Richards(1982 suggested that attenuation etation. Furthermore, sound that is reflected back upwards
from the ground should experience additional attenuation if

both the speaker and microphone are positioned within or
above the vegetatiofFig. 3). As a result, | attenuate ground

20m - 15m -o— reflections using a relatively large reflection coefficiéh)
10m —— 05m ——

microphone elevation:

and power coefficien2)

_ A=0.7-10" 120 ©
g
E wheref is sound frequencikHz). | then calculate amplitude
2 as a function of sound frequency atreondirectional receiv-
% er's location by summing both direct and reflected sound
< waves
= W(t)=cog2- 7-Hz-t)+A-cos(2-w-Hz-(t+Dt)),  (3)
30 I | [
2 3 4 5 678 dB=20-log(rms(W(1))), (4
frequency (kHz)

whereA is the amplitude of the ground reflectipgg. (2)], t
FIG. 7. Ambient noise levels measured at 0.5-, 1.0-, 1.5-, and 2.0-m microjg time (s), Dt is the delay time of the ground reflecti¢s;

phone elevations in 1999N= 20, 9.98 s. samplesError bars(1 s.d) are ; ; ; .
plotted only for the 0.5- and 2.0-m elevations; however, error measured at FQ- ()], W(t) is a waveform, and rms is a function comput

m is similar to error measured at 0.5 m and error measured at 1.5 m i§'9. root mean squarérms) amplitude over the waveform
similar to error measured at 2 m. defined byW(t).
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FIG. 8. Estimated contributions to overall attenuation
from atmospheric absorption, interference from vegeta-
tion, and interference from ground reflectionfd) At-
tenuation derived from power functionsf! 19
where f is sound frequency in kHz(B) Variation in
attenuation(calculated across power coefficiente-
scribing attenuation due to atmospheric absorption
(f+91° 13 and interference from vegetatiofi(* ©© 3.

(C) Attenuation due to ground reflections at each micro-
phone elevation; calculated as an average across
speaker elevationgD) Variation in attenuation due in
ground reflections; calculated across speaker elevations.
(E) Attenuation curves derived both from power func-

7 8 . ) R .
2 3 4 tions and ground reflectiongr) Variation in attenuation
attenuation & ground reflections due to atmospheric absorptiofiC° 13, interference
atmospheric ----- vegetation —— from vegetation {3413, and ground reflections; cal-
E F culated across speaker elevations.
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For comparison with empirical data | calculated attenu-attenuation and ground interferendéigs. 8E) and (F)] are
ation and variation in attenuatids.d) over 50 m and across not vastly different from empirical measurements obtained in
the same 0.5-, 1.0-, 1.5-, and 2.0-m speaker and microphorexperiment 2(Fig. 4). Finally, results lend support to the
elevations evaluated during 1999 in experiment 2. | calcuhypothesis that the relationship observed between attenua-
lated attenuation for individual sound frequencies in thistion and variation in attenuatio¢s.d., Fig. 6 might be due
model for clarity but verified results in a second comparableprimarily to ground reflections below3 kHz and by atmo-
model that employed Fourier analyses of Gaussian noisgpheric absorption and interference from vegetation above
waveforms that were similarly attenuatédtered), delayed, ~3.5 kHz (Fig. 9.
and summedresults not presented

V. DISCUSSION

B. Results A. Physical-acoustic structure of the habitat

Variation in attenuatior{s.d) increases with sound fre- Natural outside environments are complex, and numer-

quency when attenuation is described by a power functiogys factors can lead to both increased attenuation and de-
[Fig. 8A)] and when the power coefficient describing at-

tenuation is varied between 1.0 and 1RBig. 8B); s.d.

_ . : o BSkHz e >3SKHz
=0.17* 1€ wheref is frequency in kHZ Thus, s.d. might
be expected to increase with sound frequency even wher 0.5 m speaker 10 kHz 2.0 m speaker 10 KHz
. . I . . .~ 8  05mmic. 8 2.0 m mic. /
there is minimum variation in attenuation due to atmosphericg oL
absorption. s.d. increases more rapidly with sound frequenc3§ ‘ y
when the power coefficient describing attenuation is varied 5, ground oL oud atemnation due
between 1.0 and 1[Fig. 8B); s.d~0.186'f"*}; arange of ¢ reflectons L °°§‘;‘: o the amosphec
. . . " - - and vegetation
coefficient values that would appear to more closely approxi-§ \ \ g°
. . . 3 2 - 2 b=
mate attenuation through vegetatidfig. 4B)]. a 16 . 1;@
. . vy . - .
Ground reflections undergo substantial frequency- Y N S Y S
-5 .10 5 0 5 10 15 -15 -10 5 0 5 10 15

dependent attenuation in this model and, as a result, thes
reflections appear to produce interference primarily over o _ S ,
relatively low sound frequencie{t;ig. 8(C)] In addition, in- FIG. 9. Relationship between attenuation and variation in attenuéidn

. observed in the output of the mod@ig. 8). The relationship is complex
terference appears to depend on both speaker and MICr Qg dependent on both speaker and microphone elevation beBdvkHz

phone elevatiofFig. 8D)]. In fact, the combined effects of but becomes both positive and linear abev@.5 kHz.

attenuation (deviation from mean, dB) attenuation (deviation from mean, dB)
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creased reliability of attenuation. For example, the variablesocalizations. Leaves are expected to reflect sound frequen-

and frequency-dependent nature of atmospheric absorptiaties above~3.5 kHz with greater magnitude in comparison

might alone often produce substantial variation in attenuationvith lower sound frequencies and, as a result, one might

over relatively high sound frequencigisig. 8B)]. Neverthe- expect to observe increased degradation abe®s5 kHz.

less, vegetation is likely to be an important factor in deter-On the other hand, leaves are scattered diffusely throughout

mining how sound attenuates in Florida scrub hahitat  Florida scrub habitat and this interpretation must, again, be

periment J. viewed with caution until we learn more about mechanisms
Leaves in Florida scrub habitat can be described as havor hearing in natural environments.

ing a relatively narrow size distribution with a peak near 1.5

cm (Fig. 1), which led to the following three predictionél)  B. Attenuation due to ground reflections

sound frequencies above3.5 kHz(3-4 kH2 should attenu-

ate rapidly with distance and attenuate with greater variation dGro(ijd reflections gan sum Itogetkher V;'th dlrhect _sound q
in attenuation over distance in comparison with lower soundNd produce pronounced spectral peaks and notches in soun

frequencies because sound frequencies abe¥®& kHz are recordings(Bradbury_ and Vehrencamp, .1998; Ro_bensal.,
-h1979; Wiley and Richards, 1982This is especially true

when recordings are obtained with a single omnidirectional

amount of attenuation should occur betweeB.75 and 3 microphone that is sensitive to both direct and reflected
kHz as a result of interference from a moderate number O§ound. Ground reflections are important because, when they
leaves with diameter between 1.5 and 2 cm; 6)ch negli- exist, attenuation at any single sound frequency can depend
gible amount of attenuation sho.uld oceur bélew.75 KHz to a large extent on several factors including the height of a

as a result of negligible interference from a relatively low sound sourcgsignaley, height of a receiveflistene), and

- . . the distance between a sound source and a recdigr3).

number of leaves with a circular diameter larger than 2 cm, ) . e

- . . g Ground reflections are important in this study because sound

These predictions are illustrated graphically in Fig. 1 by re- .

: frequencies below-3.5 kHz are not expected to reflect from
ciprocal bottom axes.

Sound is not normally transmitted along a single directIeaves, and are therefore expected to reflect from the ground

. . e nd sum together with direct sound with substantial magni-
pathway between a signaler and a receiver but is, mstea@

. . : ude.
dispersed upon production and th@m most casesresolved Spectral peaks and notches are evident beldkHz in
by directional hearing mechanisms during reception. As Feld

. ; recordings obtained where scrub vegetation had been
result, the role that sound propagation plays during commu- -
SO A . ; cleared or burned within the last year. These peaks and
nication is likely to be substantial in comparison with the

. ) notches can be attributed to ground reflections because the
role that is normally attributed by analyses of monaural g y

. . va redictably with changes in both the elevation of the
sound recordings. For example, monaural sound recordlngS vy p y 9

may often need to be interpreted with caution because we ;Deaker or microphone and with the distance over which the
not yet fully understand the mechanisms by which animal peaker and microphones are separdtepublished data

. . §—|owever, when otherwise identical recordings are obtained
resolve direct sound from reverberant sound. In addltlonOVer vegetatiorfi.e., over at a site where vegetation has not
while neither birds nor humans localize sound reerctionsDeen cleared or'bl.jrned within the previous yepeaks and
(lagging stimul) that arrive within a few milliseconds of notches are most evident belowd kHz (unpublished data

dirchSOLIJ.no[e.zgd,oBlguErt, 1b997; I&itovskgt al, dlgﬁg; IrD]ent As a consequence, variation in attenuation observed between
and booling, B it has been demonstrated that umans_» and 2.5 kHz would appear to occur primarily as result of

pay attention to these reflections when discriminating Sounﬁjncreased interference due to ground reflectitig. 4)

level (Freymanet al, 1998. Animals may experience similar ambiguitie., varia-

~ With these cautions in mind, attenuation measurementg,, iy attenuation when unable to resolve indirect sound
might often be interpreted most clearly in relation to the efiections separately from direct sound. However, direc-
physical-acoustic st'ructures of the habitats in which Me3fiona hearing may allow subjects to avoid some of this
surements are obtained. | suggest that sound frequencies Rgjation if reflections can be suppressed or otherwise distin-
low ~3.5 kHz are likely to attenuate more reliably than g ished from direct sound. For example, if the auditory sys-

higher sound frequencies because these lower sound frequggiy can suppress sound reflectidlegging stimulj that ar-
cies encounter a lower level of interference from leaves lying;, e within a few milliseconds of direct sour(d.g., Blauert

along the direct pathway between a spealeignalel and  1997: | jtovskyet al, 1999; Dent and Dooling, 2003then it
microphone(listeney. In contrast, sound frequencies above emains possible that ground reflections will not interfere
~3.5 kHz attenuate less reliably because they are more likelyith mechanisms for assessing the SPL of direct sound. In
to experience a variable level of interference during Propasact, some of these reflections may improve assessment of

gaton. . _ attenuation if reflections can contribute to an animal’s overall
Previous investigators often emphasize how natural enzssessment of SPEe.g., Freymaret al, 1998.

vironments can “degrade” temporally modulated vocaliza-
tions during transmission. | do not investigate temporal
changes that sound might undergo after transmission throug%‘
Florida scrub habitat and, as a result, | do not describe how  Ground reflections can produce variable attenuation pat-
Florida scrub habitat might degrade temporally modulatederns over relatively low sound frequencies3 kHz) but are

a largest circular diameter larger than 1.5 ¢&);a moderate

Frequency-dependent attenuation
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not expected to produce variable attenuation patterns ovetescribe attenuation in this model, as opposed to a linear
relatively high sound frequencieéWiley and Richards, function, appears to produce relatively strong variation in
1982. Instead, it would appear that attenuation over rela-attenuation primarily above-3—4 kHz[Fig. 8B)].
tively high sound frequencies is best approximated as sound Ground reflections appear to be common in many habi-
frequency(kHz) raised to a power of between 1 and 2 intats and may introduce substantial variation in attenuation
many habitats including Florida scrlViley and Richards, over relatively low sound frequencidge.g., Robertst al,
1982, experiment )2 1979; Wiley and Richards, 1982Variation in attenuation
That attenuation increases as a function of sound fredue to speaker elevation in this model does not appear to
quency has long been recognized. However, that variation idiffer markedly from empirical measuremertsigs. 4B)
attenuation should also increase with sound frequency haand 8D)]. Nevertheless, nonsandy soils can often introduce
received less attention. In this study, | demonstrate that varigghase shifts in ground reflectior(®.g., Bolen and Bass,
tion in attenuation increases abov&.5 kHz (experiment 2 1981; Martenst al, 1985 and it should be recognized that
Furthermore, | suggest that variation in attenuation aboveuch phase shifts can often produce highly variable attenua-
~3.5 kHz may be due simply to variation in the function tion patterns over relatively low sound frequencies.
describing attenuation with respect to sound frequeiesy Finally, it should be noted that additional factors are
periment 3. expected to contribute to both attenuation and variation in
Spectra obtained in both 1998 and in 1999 undulate withattenuation. For example, Wiley and Richard982 sug-
sound frequency, and the ripple that results from this undugested that atmospheric turbulence can alone result in strong
lation is most pronounced between 3 and 5 KAigs. 4 and  attenuation of relatively high sound frequencies. In fact,
5). This ripple does not appear to be due to ground reflecmuch of the frequency-dependent attenuation | attribute to
tions because peaks and notches in this ripple are pratmospheric absorption and interference from vegetation
nounced only over relatively high sound frequendies-3  might also be attributed to increased atmospheric turbulence.
kHz) and occur at roughly constant frequency intervals re-
gardless of speaker and microphone elevatigigs. 4 and
5). In addition, this ripple exists in recordings obtained usingE. Effects of signaler and listener elevation above the
different equipmenfunpublished dajaand as thus does not ground
appear _to be an artifact. Spectral ripples are normally O.b' Previous investigators have demonstrated that both a
s_erved in reflected sound when wavelengih exceeds ObJeganaIer’s and listener’s elevation above the ground can
diameterfr (Bowman etal, 1987; Bradbury and Vehren- .o o\ nstantial influences on characteristics of sound propa-
camp, 1998;. Pye anq Le}ngbauer, Jr., 2998us, one potent gation (e.g., Dabelsteert al, 1993; Hollandet al., 1998;
tial explanation fqr t.h|s npple may be that _sound IS reﬂfaCt'ngMathevon et al, 1996. In fact, these studies demonstrate
from numerous similarly ;lzed ObJeTCtS during p_ropagatlon. Inthat a change in speaker or microphone elevation can, in
fact, while this interpretation remains hypothetical, measure-

ts of leaf di ¢ v distributed and | many ways, resemble a change in horizontal distance. A lis-
ments ot leal diameler are narrowly distributed and 1eavesy, o presumably often knows its own elevation and location
are expected to begin reflecting sound above approximate

. kX/ithin local habitat and, as a result, a listener might often be

3 kHz (Fig. ). able to account for these factors when assessing attenuation.
In contrast, listeners may rarely be able to assess the eleva-
tion of a distant signaler. Thus, while a greater amount of

Numerous factors can contribute to increased attenuasverall variation in attenuation is observed as a function of
tion. Similarly, these same factors can often contribute tamicrophone elevation in comparison with variation assessed
increased variation in attenuatidne., decreased reliability as a function of speaker elevatiéDabelsteeret al., 1993,
of attenuation Nevertheless, individual contributions are of- the results of this latter analysis may be of greater biological
ten difficult to discern in empirical measurements. As a re4nterest.
sult, | present a relatively simple model intended to estimate  The attenuation levels that | observed as a function of
the relative contributions to both attenuation and variation irmicrophone elevation in 1999 suggest that eastern towhees
attenuation from atmospheric absorption, interference fronin Florida scrub habitat should move to an elevation of at
vegetation, and interference from ground reflecti@eri- least~1 m to avoid a high level of excess attenuatj@ig.
ment 3. 4(A)]. In addition, results suggest that subjects should move

Attenuation due to atmospheric absorption is ubiquitougo an elevation above-1 m to avoid increased variation in
and will often limit the distance over which relatively high attenuatior{Fig. 4B)]. Towhees may benefit additionally by
sound frequency vocalizations will propagate. On the otheperching above a 2-m elevation but can often do so in
hand, variation in attenuation due to atmospheric absorptioRlorida scrub habitat only if willing to fly a considerable
does not appear to decrease reliability of attenuation substadistance to one of a few relatively tall trees typically located
tially as long as the function describing atmospheric absorpwithin a towhee territory.
tion is not highly variabl¢Fig. 8 B)]. In contrast, attenuation Towhees spend a substantial amount of time on or near
due to increased interference from vegetation would appedhe ground but nearly always move to an elevation between 1
to both increase attenuation and introduce substantial variand 2 m when interacting actively with real or perceived
tion in attenuation over relatively high sound frequenciesconspecific rivals that are located within or near their terri-
[Fig. 8B)]. In fact, the use of a variable power coefficient to tory boundariegNelson and Stoddard, 1998; Nelson, 2000,

D. Factors contributing to attenuation
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and personal observationsn addition, towhees often move masking might decrease threshold by an additional 9 dB
to an elevation between 1 é&r2 m just before vocalizing (Dentet al, 1997 and, thus, this same 45-dB signal might
even if they return to the ground shortly after vocalizing sometimes be detected over an additiondb0 m depending
(personal observationsThese movements are likely to pro- on environmental conditions and the physiological mecha-
duce substantial variation in attenuation abev&5 kHz but  nisms that listeners may employ for hearing in noisy envi-
are less likely to produce substantial variation in attenuatiomonments(assuming~7.5-dB attenuation per doubling of
below ~3.5 kHz. distancé. In summary, this variation is substantial and does
not incorporate additional variation in active space that is
expected to occur as a function of sound frequency or as a
F. Implication for sound frequency windows result of variation in source SP(Nelson, 200D
These results suggest that a bird like the eastern towhee
may rarely be able to predict how far any single vocalization
below) and argued that vocalizations may propagate farthes"f".II propagate before it can no_longc_ar -be detected or d.'s'
when produced within this range of sound frequencies(:.r'm'n"?ued' Hoyvgver, much of th's. Vaf"”‘“"“ results from dif-
Sound frequency windows have subsequently been identifieiijjclJIty in quantifying when a voca!lz:_;mor_] falls belov_v thresh-
across a surprisingly broad range of habitats and, in mo Id and does not reSUlt from va.rla.tlon. n attenugtlon. Thus,
se results say little about variation in attenuation. In fact,

cases, these windows appear to be bounded by increas dqf ies below3.5 kH ft it ;
attenuation due to ground effects over relatively low soun ound Irequencies below s. Z may often attenuate re-

frequencies and by increased attenuation due to atmosphe |8ny even '_f the active space_of any _smgle sound frequency
absorbance and interference from vegetation over relativel9r vocalization cannot be easily predicted.
high sound frequencidg.g., Marten and Marler, 1977a; Bre-
nowitz, 1982; Marten and Marler, 197)ZB-or example, in a
Panamanian forest both Mort¢h975 and Marten and Mar-
ler (19772 identified a sound frequency window between
~0.5 and 2.5 kHzZdepending on interpretatipnSimilarly, There are two main tasks to understanding ecological
Marten and Marle1977h defined a sound frequency win- systems. The first task is to understand how individual pro-
dow between-1 and 3 kHz in several temperate habitats andcesses operate and the second task is to understand how in-
Brenowitz (1982 defined a window between-2.5 and 4 dividual processes operate together. Florida scrub habitat has
kHz in an open field. Robertset al. (1979 suggested that a relatively homogeneous physical-acoustic structure and, as
many of these sound frequency windows might be explaine@ consequence, the results | present may be particularly ro-
by ground reflectiongsee Discussion aboyehowever, it  bust. In fact, even a relatively simple model of sound propa-
remains interesting that sound frequency windows have beegation appears to produce similar resyfgperiment 3 On
identified in such variable habitats. the other hand, the processes that contribute to attenuation in
Attenuation increases with sound frequency in FloridaFlorida scrub habitat are not specific to this habitat but are
scrub habitat and ground reflections introduce variable atknown to influence how sound propagates in numerous other
tenuation patterns below2-3 kHz. As a result, a sound habitats. For example, ground reflections, atmospheric absor-
window for long-distance communication often appears tdbance, and interference from vegetation are all processes that
exist between approximately 2.5 and 4.5 kHz in Floridaare expected to produce attenuation in other habitats.
scrub habitat. Eastern towhees use SPL as an auditory distance cue
Towhee calls are highly variable in acoustic structurewhen they hear sound frequencies below 3.5 kHz but use
but span a range of sound frequencies betwe&r8 and 4.5 another auditory distance cue when they hear sound frequen-
kHz (Nelson, 200D As a result, one might expect calls to cies above 3.5 kH@\Nelson, 2002 These results suggest that
propagate over relatively long distances. However, calls areeural circuits used for judging attenuation might receive
also produced with variable source SRE-70-84 dB, inputs primarily from low-frequency neural pathwagesg.,
re:20uPa; Nelson, 2000and estimates of propagation dis- Irvine, 1992; Takahastet al, 1984. Alternatively, these cir-
tance are, ultimately, dependent both on ambient noise levelsuits might select against high-frequency inputs during de-
(Fig. 6) and mechanisms for hearing in noieent et al,  velopment if high frequencies do not normally attenuate re-
1997. As a result, it remains difficult to estimate how far any liably.
single towhee call might propagate before it can no longer be  Use of SPL as an auditory distance cue can demonstrate
detected or discriminated. For example, a 3.3-kHz sigsel  that an animal is able to assess attenuation. However, if at-
lected arbitrarily might be produced with a source spectrumtenuation is reliable then variation in SPL might also convey
level of 45 dB(equivalent to a 75-dB rms SPke:20uPa;  additional information. For example, if distance can be
Nelson 2000 and be emitted from a height of 1.5 m. This judged using a visual cue or second auditory cue, then an
signal might then attenuate46 dB over 50 m and arrive at ability to compensate for attenuation might allow an animal
a receiver’s position with a spectrum level that is approxi-to assess source SPL. In fact, experiments have suggested
mately 1 dB below ambient noise level at leas84% of the  that birds vary SPL when learning to sin@rumm and
time. However, this same signal can also be expected to aHultsch, 2001 and when vocalizing as adulte.g., Brumm
rive with an amplitude that is approximately 8 dB aboveand Todt, 2002; Nelson, 2000; Cyret al, 1998; Manabe
ambient noise level-16% of the time. Binaural release from et al, 1998.

Morton (1975 described a sound frequency “window”
for long distance communication in a forested habitde

G. Generality of results and behavioral implications
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