Within-individual variation in bullfrog vocalizations:
Implications for a vocally mediated social recognition system
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Acoustic signals provide a basis for social recognition in a wide range of animals. Few studies,
however, have attempted to relate the patterns of individual variation in signals to behavioral
discrimination thresholds used by receivers to discriminate among individuals. North American
bullfrogs (Rana catesbeianadiscriminate among familiar and unfamiliar individuals based on
individual variation in advertisement calls. The sources, patterns, and magnitudes of variation in
eight acoustic properties of multiple-note advertisement calls were examined to understand how
patterns of within-individual variation might either constrain, or provide additional cues for, vocal
recognition. Six of eight acoustic properties exhibited significant note-to-note variation within
multiple-note calls. Despite this source of within-individual variation, all call properties varied
significantly among individuals, and multivariate analyses indicated that call notes were individually
distinct. Fine-temporal and spectral call properties exhibited less within-individual variation
compared to gross-temporal properties and contributed most toward statistically distinguishing
among individuals. Among-individual differences in the patterns of within-individual variation in
some properties suggest that within-individual variation could also function as a recognition cue.
The distributions of among-individual and within-individual differences were used to generate
hypotheses about the expected behavioral discrimination thresholds of receiverd0040©
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I. INTRODUCTION taxa (e.g., Beecher, 1991; Gentner and Hulse, 1998, 2000;
Bee and Gerhardt, 2001a, b, 2002; Bee, 2001, RGigarly
Vocal communication plays important roles in social an important aspect of acoustically mediated recognition sys-
recognition by allowing animals to direct appropriate behavtems involves the patterns of variation in acoustic signals
iors toward other individuals after learning to recognize in-that identify individuals (Beecher, 1989, 1991; Sherman
dividually distinct properties of their acoustic signals. Pat-et al, 1997. Only after characterizing the potential for spe-
terns of individual variation in acoustic signals contribute cific acoustic properties to identify individuals can research-
toward identifying individuals in a number of taxa, including ers investigate in an informed way the perceptual basis of
fish (Myrberget al, 1993; Crawforcet al, 1997, frogs(Bee  recognition using playback experiments.
and Gerhardt, 2001a; Beet al, 2009, reptiles (Polakow, Here | report results from a study of a vocally mediated
1997); birds (Wearyet al, 1990; Robertson, 1996; Lengagne social recognition system in a frog. Davi987 demon-
etal, 1997, and mammal¢Gelfand and McCracken, 1986; strated that territorial males of the North American bullfrog
Hauser, 1991; Insley, 1992; Fischeral, 2002. Field and  (Rana catesbeianaxhibit relatively lower levels of aggres-
laboratory playback studies in a wide range of taxa hav&ijon in response to playbacks of their adjacent neighbor’s
confirmed that animals behaviorally discriminate among in-advertisement calls from the neighbor’s territory in compari-
dividuals based on the learned reCOgnition of indiVidUa”yson to responses to the calls of Strangers_ Hence, as in terri-
distinct acoustic signals in a number of different behaviorakgyig] songbirds (reviewed in Stoddard, 1996 territorial
contexts, such as kin recogniti¢Beecher, 1991; Balcombe, male bullfrogs learn to recognize their neighbor’s vocaliza-
1990; Aubin and Jouventin, 200)nate recognitiofiRobert-  tjons and rely on individual variation in vocalizations to dis-
son, 1996; Lengagnet al, 2000, territorial neighbor recog-  criminate among neighbors and strangers. Bee and Gerhardt
nition (Brooks and Falls, 1975a; Myrberg and Riggio, 1985;(20013 investigated the acoustic basis of neighbor-stranger
Bee and Gerhardt, 2001b, ¢, 200and individual recogni-  giscrimination in bullfrogs by analyzing the patterns of indi-
tion (Beecheret al, 1996; Cheney and Seyfarth, 1999; Gen-y;qual variation present in the first note of advertisement
tner and Hulse, 1998, 2000 calls, which are more commonly produced as multiple-note
Relatively few studies, however, have sought to undercyis (Fig. 1). The fundamental frequencgand correlated
stand the mechanisms and evolution of vocally mediated SGspectral propertigsexhibited the greatest among-individual
cial recognition by systematically investigating the acoustic,ariation relative to within-individual variation, and contrib-
and perceptual bases of recognition either within or acrosgieq most toward statistically discriminating among  indi-
viduals in multivariate statistical analyses.
dElectronic mail: mark.bee@uni-oldenburg.de Using the habituation-discrimination paradigm, Bee and
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4 which they emit advertisement calls to attract gravid females
and to repel rival maleHoward, 1978. During periods of
3 active calling, which typically occur between 2300 and 0400

ko o Fha hours, most advertisement calls consist of four to seven notes
é"‘& g&;@ = % % (Fig. 1; Bee unpublished dataThe individual notes com-
0 —— = o prising multiple-note advertisement calls are about 700 ms in
+ duration, are separated by intervals of about 500 ms, and
have a quasiperiodic fine-temporal waveform with a period-
icity that varies inversely with body size and corresponds to
the fundamental frequency of the c&Bapranica, 1965; Bee
Time (s) and Gerhardt, 200)aThe frequency spectrum of a call note
FIG. 1. Sonogranitop) and oscillogram(bottom of a six-note advertise-  consists of a series of harmonics with a bimodal distribution

ment call. of sound energy. The lower frequency peak is centered be-

) . tween 200 and 400 Hz; a broader, higher frequency band
Gerhardt(2001b, ¢, 2002; Bee, 20p3ested the hypothesis occurs between 1000 and 2000 HEig. 2). The fundamental

that repeated exposure to a territorial neighbor’s advertisefrequency(90—130 Hz is usually absent from the frequency

ment cz}lls would allow ma]es to Iearn. o rec,ognlze acousu%pectrum or contains relatively little sound energy compared
properties related to the pitch of a neighbor’s advertiseme other spectral component§apranica, 1965
calls. In a discrimination phase following habituation trials, '

changes in the fundamental frequency of the synthetic stimu- _ o
lus elicited a recovery of habituated territorial aggressive reB- Recording of vocalizations
sponses, as predicted if territory residents use features related Between May and August 1998, the advertisement calls
to call pitch to identify neighbors as familiar. of 25 territorial male bullfrogs were recorded in ponds lo-
Based on the results of their acoustic analyses and fielgated in the Little Dixie Lake Conservation Aré@allaway
playback experiments, Bee and Gerhai2l01a, b, gesti-  Co., Missouri, USA. Recordings were made during active
mated that the “just-meaningful differencéJMD) (Nelson  choruses under ambient light conditions, usually between
and Marler, 1990; Gerhardt, 199 fundamental frequency 2300 and 0400 hours, central daylight time. At least five
required to elicit renewed territorial aggression following ha-multiple-note advertisement calls were recorded from each
bituation training was between 5% and 10%. Bee and Gerof the 25 males using an HHb PDR-1000 DAT recorder
hardt(2001b, ¢, 200pstressed, however, that this conclusion (sampling rate=32 kHz) and a Sennheiser MKH 70 shotgun
was provisional for two important reasons. First, Bee andmicrophone(with a Windtech SG-3 windscregrnhat was
Gerhardt(2001a reported, but did not describe, variation in mounted on a tripod placed 1—2 m from a subject and angled
several acoustic properties, including fundamental frequencownward between 25° and 45° from parallel with the sur-
that occurredamongthe separate notesithin the multiple  face of the pond. Immediately after each recording, the air
note advertisement calls produced by an individl#ag. 1).  and water temperatures at the frog’s position were deter-
This note-to-note variation in advertisement calls could makenined to the nearest 0.1 °C. Each subject had been captured
discriminating among individuals more difficult due to in- and individually marked, and had its snout-to-vent length
creased overlap of the signal properties of different individu{SVL) measured, on a night prior to that of recordirigl-
als’ calls. Second, the synthetic stimuli used in thelowing Bee and Gerhard20013].
habituation-discrimination tasks were invariant, meaning that
the _note—to-note vyithin-individual varia.tion present. in C. Acoustical analysis of vocalizations
multiple-note advertisement calls was not incorporated in the
perceptual learning and discrimination task. Thus, an impor- Most of the calls analyzed in this study consisted of
tant and unanswered question concerns the implications dfetween three and seven notes. To examine the patterns of
the patterns and magnitudes of within-individual variation inwithin-individual variation among separate notes in multiple-
multiple-note advertisement calls for the behavioral discrimi-note advertisement calls, | analyzed eight acoustic properties
nation thresholds that receivers should use to discriminatéor the first, middle, and last notes of five multiple-note calls
among familiar and unfamiliar signals. As a first step towardffom each individual5 callsx3 notes<25 individuals=375
addressing this issue, | describe here the sources, magriftal call note using a Kay DSP Sona-Graph Model 5500.
tudes, and patterns of variation in multiple-note advertiseln calls having an even number of notes, one of the two
ment calls. The main objective of this study was to determineéniddle notes was chosen randomly. | analyzed call notes in
the ways in which note-to-note within-individual variation in the relative positions of the first, middle, and last notes of
multiple-note calls can either constrain or provide additionatcalls, instead of notes in fixed positions within a oglg.,
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cues for acoustically mediated neighbor recognition. the second, third, and fourth nojesdecause preliminary
analyses of sonograms indicated that this would be the most
IIl. METHOD effective method for capturing the range of within-individual

variation in multiple-note calls, as adjacent call notes are

often more similar to one another than are call notes spaced
During their breeding season, male bullfrogs establistfurther apart(Fig. 1). The person performing the acoustical

and defend territories in permanent bodies of water fromanalyses was different from the person who made the record-

A. Study organism
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sured(to the nearest 1 md$rom oscillograms, including note
duration, rise time, and fall timgFig. 2]. The recordings had
sufficiently high signal-to-noise ratios to readily distinguish
the onsets and offsets of individual notes from the back-
ground noise.
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10 ms D. Statistical analysis of vocalizations
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The statistical analyses described below were performed
on call properties that were corrected for variation in water
temperature at the times different individuals were recorded
0 using the procedures outlined in Bee and Gerh&z@013.

Relative Amplitude (dB) Time ..
. 1. Sources and patterns of variation
FIG. 2. (a) Power spectrum of an advertisement call note averaged over a

100-ms section from the middle of the note, beginning at the peak of the ~ Two goals of the present study were to test for the pres-
amplitude envelope(b) Oscillogram depicting two call notec) Oscill-  ence of systematievithin-individual variation in multiple-

gram of the middle of the first call note i) illustrating the fine-temporal note advertisement calls that occurs among the separate
waveform. Dominant frequenc{DF), secondary frequenc¢SF), and the o . .
relative amplitudgRA) were measured from power spectra agin Domi-  NOtes within a call, and to compare this variation to the mag-
nant frequency is the harmonic of single greatest amplitude and corresponddtude of among-individual variation present in the popula-
to the second harmonic. Secondary frequency is defined as the harmonic g, | used model I ANOVAs(SokaI and Rohlf, 199%4to

greatest relative amplitude in the higher frequency band of the bimodal . il . .
spectrum. The amplitudén dB) of the dominant frequency, relative to that éxamme the variation in call properties that was due to

of the secondary frequency, was expressed as the ratio of the sound press@@10ng-individual differencesindividual) and among-note
of the dominant frequency relative to that of the secondary frequedBy  differences(note by treatingindividual and note as main

=20x logy(pressure ratio); 0 dB1, +6 dB=2, +12 dB=4, etc]. Note  effects in a factorial desighThese analyses were designed

duration(ND), rise time(RT), and fall time(FT) were measured flom 0s- y oqqress three questions. First, the effectirafividual
cillograms as in(b). Note duration was defined as the time between the

onset and offset of an advertisement call note. Rise time was defined as t#€Sted whether the among-individual variation in call proper-
time from note onset to the time of maximum amplitude; fall time was ties was significantly greater than the within-individual

defined as the time from maximum amplitude to note offset. Fundamentay,ariation. which included variation due to among-note differ-
frequency(FF) was determined as the reciprocal of the average period of ' . .
five repetitions of the fine-temporal waveform as showridn Horizontal ences and among'ga”_ @fferences in the 15 call notes re-
bars indicate time scales i) and (c). corded from each individual. Second, the effect rujte

tested whether any systematic variation among separate

ings and, although aware of each bullfrog’s individual num-N0tes within multiple-note calls was significantly greater
ber (e.g., BF9-98, had noa priori expectations about the than the within-note variation that was due to among-
values to be determined in the analyses. The calls analyzegdividual and among-call differences in each of the 125 ex-
in this study are the same as those analyzed by Bee arfnplars(25 |QQ|V|duaI9<5 calls of note; in the first, m.|ddle,
Gerhardt (20013 for the purpose of comparing among- and last positions of_ a ca]l. Bonferroposthocpompa_nsons
individual variability in analyses of one call note versus mul-Were used to examine differences among first, middle, and

tiple call notes; however, that study did not describe the pat@St notes if the main effect afotewas significant. Finally,
terns and magnitudes of individual variation in multiple-note the individualxnote interaction term tested for any among-
calls. individual differences in the patterns of systematic variation

Three spectral properties of advertisement calls wer&Mong notes within an individual’_s calls. B_ecause calls with
measured from power spectra generated by fast Fouriéjrlfferen_t n_umbers of n_ote_s were |ncIUQed in t_hese analyses,
transformation(FFT) over a 100-ms interval from the middle &ny variation due to thndividualxnoteinteraction must be
of a call note, beginning at the point of peak signal amp”tudénterpretgd with cagt|on, as some of this variation cquld be
(transform size=1024 points, filter bandwidth14.5 Hz, 0—4 due to differences in the.numb_er of call notes that different
kHz setting. The spectral properties that were measured inbullfrogs produced _mlthelr multiple notg ca]ls. For these and
cluded dominant frequency and secondary frequdteyhe all subsequent 'StatIS.tICf:.ﬂ. analyses, a criterioae0.05 was
nearest 10 Hg and the amplitude of the dominant frequency USed to determine significance.
relative to the secondary frequen(typ the nearest dB[Fig. ) o ) )

2]. 1 also determined the ratio of secondary frequency to?- Relative variation among acoustic properties

dominant frequencyhereafter “frequency ratio' as a mea- A third goal of this study was to compare the magnitude
sure of the distribution of sound energy in the bimodal fre-of within-individual variation among different call proper-
guency spectrum. The fundamental frequency is equal to thiges. Within-individual variability in each call property was
reciprocal of the waveform periodicity and is related to theestimated in two standardized ways. First, within-individual
“periodicity pitch” of the signal (Simmons and Ferragamo, coefficients of variation(=SD/mean100% for each call
1993. Using an oscillogram with an expanded time baseproperty were calculated separately for each individual using
fundamental frequency was determingal the nearest 1 Hz  the mean and standard deviation from the sample of 15 call
as the reciprocal of the average period of five repetitions ofotes(5 callsx3 note$ recorded from the individual. Sec-
the fine-temporal waveform measured from the middle of eond, the within-individual range of variation for each call
call note[Fig. 2]. Three gross-temporal properties were mea-property was calculated separately for each individual as a

Pressure
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percentage of the within-individual mean from the sample offABLE I. Results of model Il ANOVAs for each call property comparing
15 call notes recorded from the individual. These estimate&®e variation due to among-individual differenc@sdividual), among-note

e e . . ifferences(note, and among-note differences that varied among individu-
of within-individual variation were log-transformed to im- s individualxnote.

prove normality and compared among call properties using a

MANOVA approach to test for within-subjects effects. Sub- Call property Source F P
sequent Bonferronposthoctests were used to compare indi- Fyndamental frequency individual 145.0 <0.01
vidual call properties. note 67.6  <0.01
individualXnote 1.9 <0.01
Dominant frequency individual 113.2 <0.01
note 51.3 <0.01
3. Individual distinctiveness individualxnote 2.6 <0.01
) Secondary frequency individual 8.2 <0.01
The fourth goal of this study was to assess the extent to note 5.2 0.01
which advertisement calls can be considered individually _ individualxnote 59 <001
distinct given the within-individual variation that occurs Freauency ratio ng:g""d“a' 115'3 <0602'}4
among separate notes within a call. Discriminant function individualx note 54 <001
analysis(DFA) is a commonly used multivariate statistical Relative amplitude individual 9.8 <0.01
approach for examining the individual distinctiveness of note 59 <001
; ; . individualx note 3.0 <0.01
acoustic signaldNelson and Marler, 1990; Weargt al,, Note duration individual 64 001
1990; Hauser, 1991; Insley, 1992; Bekal,, 2001; Fischer note 0.0 0.97
et al, 2002. Instead of performing a DFA on the values for individualx note 5.5 <0.01
all eight call properties, which were highly intercorrelated Rise time individual 107 <0.01
(see the Appendix | subjected the data to a principal com- {;‘gﬁ/idualmote 4;'; ig'gi
ponents analysi€PCA) to extract orthogonal principal com- g time individual 38 <001
ponents and performed a DFA using the factor scores from note 325  <0.01
the PCA as input variables. The discriminant functions were individualx note 30  <0.01

used to classify each of the 375 call notes as belonging 10 & ces ™ of freedomindividual (24,48, note (2,48, individualxnote
particular individual based on a cross validation procedure. (48 300.

4. Generating hypotheses about JMDs er's behavioral threshold differences in the acoustic
The final goal of the present study was to generate tes{groperties of familiar and unfamiliar signals that should lead

able hypotheses about a receiver's behavioral discriminatiolP @ discriminative behavioral response. .
thresholds, or JMDgNelson and Marler, 1990; Gerhardit, | used the following procedure to estimate JMDs. First, a
1992, based on the patterns of among-individual and within-distribution of among-individual differences was created by
individual variation present in multiple-note advertisementcomputing the absolute value of the difference between each
calls. Signal detection theory provides an appropriate frameof an individual’s 15 call notes and each of the other 360 call
work for understanding the relationships between individuahotes from the remaining 24 individuals. This was repeated
variation in signals and behavioral discrimination thresholddor each of the 25 individuals to create a distribution of
(Wiley, 1994; Shermaret al, 1997; Bradbury and Vehren- among-individual differences based on a total of 67 500 pair-
camp, 1998; Gerhardt and Huber, 2002 a social recogni- wise among-individual comparisons. Second, a distribution
tion system, receivers are faced with the general problem aff within-individual differences was created by computing
discriminating between familiar and unfamiliar signals, orthe absolute value of the difference between each call note
between multiple familiar signals. From the receiver's per-rom an individual and the other 14 call notes recorded
spective, there are four basic associations between the P&fom that individual. This was repeated for each of the 25
ceived signal and the behavioral response: correct detectiop,qjiqyals to create a distribution of within-individual dif-

correct rejection, false alarm, and missed detection. As W”e¥erences based on 2625 pairwise within-individual compari-
(1994 and otherShermaret al, 1997; Bradbury and Ve- sons. The among-individual and within-individual differ-

hrencamp, 1998; Gerhardt and Huber, 2062ve pointed )
. . - - . ences were standardized as percentages of the grand mean
out, natural selection should favor behavioral discrimination

thresholds that optimize the sum of the net advantages Oqetgrm_int_ad fTO”‘ all 375 call notes. Finally, as an estimaFe of
each of these four behavioral outcomes weighted by its prob"21 d|sc.r|m|nat|on.threshold, I computgd the perce”tag,e differ-
ability. The probability of each outcome depends on theENCe in €ach signal property at which the cumulative pro-
overlap in the distributions of the signal properties of thePortion of among-individual differences falling below the

individuals to be discriminated, which in turn depends on thehreshold first exceeded the cumulative proportion of within-
magnitudes of differences among individuals in the populaindividual differences falling above this threshold. The JMD
tion and on the variance in the signal distributions within€stimated in this way corresponds to the level of difference
individuals. Comparisons of the distribution of within- between two signals at which the difference is more likely
individual differences to that of among-individual differ- attributable to an among-individual difference than to a
ences provide a way to generate hypotheses about a receiwithin-individual difference.
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100

100 call compared to notes from the middle of the call, and notes
at the beginning of a call had significantly lower secondary
frequencies than notes at the end of a call. The amplitude of

180 the dominant frequency relative to that of the secondary fre-

qguency[Fig. 4(e)] was significantly lower in the first note of

a call compared to the middle and last notes, which did not

differ significantly.

The general similarities among the patterns of variation
in fundamental frequency, dominant frequency, and second-
ary frequency reflect the fact that dominant frequency and
secondary frequency are harmonically related to the funda-
1920 mental. Slight differences among these patterns of variation
can arise, however, because the secondary frequency can cor-
respond to different harmonic components among different
notes within a call, while the dominant frequency of each
call note was always the second harmonic. Although there

Call Property were no significant differences in the ratio of secondary fre-

FIG. 3. Estimated relative variance accounted for by the main effects ofjuency to dominant frequeng¢iig. 4(d)], there was a slight

individual (solid black and note (diagonal lineg and theindividualxnote rend for fr n rati hiaher in n from th
interaction(gray) in model Il ANOVAs in whichindividual and note were trend fo equency ratio to be ghe otes from the

tested as main effects in a factorial design. The white bars indicate thmmiddle of a call. Together, the results for secondary fre-
relative unexplained error variancéFF=fundamental frequency; DF quency and frequency ratio suggest that the peak of the spec-
=dominant frequency; SFsecondary frequency; Ratioatio of SF:DF;  tral energy in the upper mode of the frequency spectrum
E‘r\i:esgum”; ErTiSfZﬁrfi’mog).DF relative to that of SF; NBote duration; RT gpifreq to slightly higher harmonics in the middle of the calls
' given by some individualésee below.
Average note duratiofFig. 4(f)] was constant within a

80 -

60 160

40 + 140

20

Estimated Relative Variance (%)

FF DF SF Ratico RA ND RT FT

. RESULTS call, while there were significant differences in rise times
o [Fig. 4(g)] and fall times[Fig. 4(h)] that depended on the
A. Sources and patterns of variation position of notes within a callPosthoccomparisons indi-

Overall, the effects included in the model Il ANOVAs cated that rise times increased, and fall times decreased, be-

explained substantial amounts of variation in each call proptween notes within a calFigs. 4g) and(h); see also Fig. It
erty, as indicated bfR? values that ranged from 0.59 for fall Patterns of within-individual variation among first,
time to 0.95 for fundamental frequency and dominant fre-middle, and last notes similar to those depicted in Fig. 4 were
quency. Variation among individuals was significantly also observed after separately standardizing the values for
greater than that within individuals, even after including€ach call note from each individual as a percentage deviation
variation that occurred among three separate notes withiffom the within-individual mean for that individudFig. 5).
each of five exemplars of an individual's multiple-note calls On average, fine-temporal and spectral call properties tended
(Table 1. The proportions of variation that were due to to vary little around the individual mean: fundamental fre-
among-individual difference@ig. 3, black barswere high-  quency (3%), dominant frequency(3%), secondary fre-
est for fundamental frequency and dominant frequencyguency(7%), and frequency ratig4%). The exception was
(89%), intermediate for secondary frequency, frequency rafelative amplitude, which varied about 18% around the indi-
tio, relative amplitude, and note duratig®84%—66%, and  vidual mean. Among gross temporal properties of the ampli-
lowest for rise timg43%) and fall time(21%). tude envelope, the average note duration was constant across

There was also significant systematic variation that demultiple notes, varying less than 1% around the individual
pended on the position of a note within a multiple-note callmean, although the variability in note duration, as depicted
(note for several call propertiedable I). The proportions of by the size of the error bars in Fig. 5, was greater than that
variation explained by systematic among-note difference$or fundamental frequency and dominant frequency. Com-
(Fig. 3, diagonally patterned baraere highest for rise time pared to note duration, considerably more variation was ob-
(21%) and fall time (28%). Fundamental frequency, domi- served for rise timg25%) and fall time(24%).
nant frequency, secondary frequency, and relative amplitude Theindividualxnoteinteractions were significant for all
exhibited relatively less variation among note®6o—5%. call propertiegTable ). The variance that could be attributed
The variance components attributable to systematic amongde the individualxnote interaction (Fig. 3, gray bars was
note differences were negligible for frequency ratio and notegreatest for secondary frequency, frequency ratio, relative
duration(<0.5%). amplitude, note duration, and fall timg5%—20%. The

For fine-temporal and spectral propertipssthoccom-  variance components for fundamental frequency and domi-
parisons revealed that fundamental frequeliey. 4a@] and  nant frequency were the small€406—2%), and that for rise
dominant frequencyFig. 4(b)] were significantly lower in time was intermediaté8%). Notice, in Fig. 3, that the pro-
the first note of a call compared to the middle and last notesportion of variation in several call properties that could be
which did not differ significantly. Secondary frequerigig.  attributed to thendividualxnoteinteraction was greater than
4(c)] was significantly lower at the beginning and end of athat explained by systematic differences due to note position
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< P © alone. This point is illustrated in Fig. 6 for the call properties
< . —_ of secondary frequency and note duration. As Fig) 6lus-
g 115 —— P 3 1 trates, most individuals had secondary frequencies that were
§ K3 T g T either relatively constant or increased slightly during
5 wl T é Y multiple-note calls. However, at least a few individuals had
§ § average secondary frequencies that were considerably more
g * variable among notes within callfig. 6(b)]. Because male
£ 10 e Wade  Last 2T Fist  Widde  Last bullfrogs generally do not change position during the pro-
_ 2 NG duction of a single call, it is unlikely that differences in sec-
z N - ;ZZ ondary frequency among notes within calls could arise due to
2230 T T %740 changes in the positions of some individqals relat?ve to the
;7 %715 T T T microphone, which could affect the relative amplitudes of
=i ¥ 3 600 harmonic components, and thus determination of secondary
é —_ § 665 frequency. Hence, the patterns of changes in the frequency of
8 640 peak sound energy in the upper mode of the bimodal fre-
MTHd Midde  Last 615t Miadle  Last guency spectrum that occurred among notes within multiple
e 209 note calls differed reliablyi.e., statistically among individu-
T 1m0 3 :gz —r als. The reliable individual differences in note-to-note varia-
g“w '+' 1 Zwo T k2 tion were even more pronounced for the gross temporal
- R property of note duratioffFigs. &c)—(f)], for which less than
woteor O 0.5% of the variation was explained by note position alone.
gy P & 0l F The duration of notes within multiple-note calls was nearly
‘% 1200 3 wof T x constant within the calls of some individuals while for other
T S Mee et 20T Miade Last individuals note duration changed by 100—-200 ms during a
o1 380 s % call and exhibited either systematic decreases or increases. It
wof seems unlikely that these distinct individual differences in
g% 7 30 the patterns of among-note variation exhibited in the calls of
gso ¥ 3 320 some individuals could result only from the fact that calls
g | X KB E 300 + with different numbers of notes were included in the analy-
. & 280 KN sis, although additional work may be needed to clarify this
v 260 ——— -
point.
First Middle Last 240 First Middle Last
Call Note Call Note B. Relative variation among acoustic properties
FIG. 4. Mean(*SE) values of the first, middle, and last notes f@
fundamental frequencyb) dominant frequency(c) secondary frequency, There were significant differences in the variability

(d) frequency ratio(e) relative amplitude(f) note duration(g) rise time,  among call properties both for the within-individual coeffi-
and (h) fall time. These mean values are based on 125 exemplars of eaCEientS of variation [WilkS’ A<0.01, F, 1= 4231 P

call note(5 callsx25 individual3. The range of values depicted on each S O
axis approximately extends from one standard deviation below to one star~ 0-0001 and for within-individual rangeVilks’ A=0.01,

dard deviation above the sample means for each property, averaged overf3; ;5= 223.7, P<<0.0001. Posthoctests revealed the same
notes, 5 calls, and 25 individuals. Asterisks indicate significant differencehattern of significant differences for both estimates of within-

(P_<0.05) in Bonferronlpos?hoctests for model Il ANOVAs in which the individual variation (Fig. 7). Fundamental frequency and
main effect ofnotewas significant P<<0.05).
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FIG. 5. Magnitudes of variation in the eight call properties among the(fystmiddle (M), and last(L) notes within a call standardized as deviations from

the within-individual means. Points and error bars depict the meantdn8D, respectively. Percentage deviation scores were calculated separately for each
individual (N=25) based on the deviation of values for each single note from the within-individual mean averaged over all 15 céfl caltes3 notes
recorded from the individua(FF=fundamental frequency; DFdominant frequency; SFsecondary frequency; Ratigatio of SF:DF; RA=sound pressure

of DF relative to that of SF; NB-note duration; R¥rise time; FT=fall time).
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Frst  Mdde  Last Fist  Midde  Last third discriminant function explained an additional 6% of the

Note Position . . . .
FIG. 6. IndividualX note interactions from model Il ANOVAs showing in- variance and was highly correlated with PCA factor 2, which

dividual differences in the patterns of among-note variation in multiple-notel0@ded heavily on nOI? duration and rise tififable Il). The
advertisement calls for the call properties(aft) secondary frequency and DFA successfully assigned 283 of the 375 recorded call notes

(c—f) note duration. The value‘for each call note from each individual rep-(75.5% to the correct individual, which is significantly
resents the average value of five calls. higher than the classification success of 4% expected by ran-
domly assigning notes to individualfisher’'s exact test?
dominant frequency exhibited significantly lower variability <0.01). Therefore, individuals can be statistically distin-
within individuals compared to the other six call properties.guished by their multiple-note advertisement calls.
Secondary frequency, frequency ratio, and note duration ex-
hibited significantly greater variability within individuals ,
compared to fundamental frequency and dominant freD- EStimated JMDs
quency. Note duration was also significantly more variable  Figure 8 depicts histograms showing the distributions of
than secondary frequency and frequency ratio. The relativamong-individual differences(black bary and within-
amplitude of the dominant and secondary frequencies, anighdividual differencegwhite barg in acoustic properties of
the gross temporal properties of rise time and fall time, exbullfrog advertisement calls. Table IV shows the estimated
hibited significantly more variability within individuals than JMDs for each call property computed from similar histo-
the other call properties. grams having 1%-wide bins. These estimated JMDs are also
compared to the within-individual coefficients of variation
and the mean-standardized within-individual ranges of varia-
tion that were depicted in Fig. 7. Table IV also shows the
A PCA of the values for each of the eight acoustic prop-proportions of among-individual differences and within-
erties generated four factors with eigenvalues greater thaimdividual differences that fall above and below the esti-
1.0. However, because the fifth factor had an eigenvalue ahated JMDs. The estimated JMD of most call properties
0.75 and explained an additional 10% of the variance, | ingenerally falls between the within-individual coefficient of
cluded the factor scores from the first five factors as inpuwariation and the mean-standardized range, with the excep-
variables to the DFATable Il). Together, the first five factors tion of fall time, which has an estimated JMD that is slightly
from the PCA explained 98.4% of the variance in the acoustess than the coefficient of variatiofTable V). With the
tic properties. The DFA generated five significant discrimi-exception of relative amplitude, the estimated JMDs for fine-
nant functions P’s<<0.01). Three discriminant functions temporal and spectral call properties are generally lower
had eigenvalues greater than 1.0 and, together, they a4%—-6% than those for gross temporal call properties
counted for 96% of the variatiofirable Ill). The first dis- (10%—-21%.
criminant function accounted for 80% of the variation and In the context of territorial neighbor recognition, in
was highly correlated with scores from the first PCA factor,which individuals respond more aggressively toward unfa-
which loaded heavily on fundamental frequency and domi-miliar individuals, a correct detection is the equivalent of

C. Individual distinctiveness
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TABLE ILI. Normaliz_ed factor _Ioading:sva_rimax rotgtiom from a pr_inc_ipal 08 rdamental Frequency O aTative Amplitude
components analysis of the eight acoustic properties. Bold type indicates the

familiar neighbor that already shares an established territorial
boundary. A correct rejection involves withholding an ag-
gressive response to the signals of a familiar neighbor, while
a missed detection is the equivalent of failing to respond
aggressively toward an unfamiliar individual. Because a ter- 0707255 101520 2530 3540 “* 0 25 5 10 15 20 25 30 35> 40
ritory holder is much more likely to hear its nearby neigh- 08 quency Ratio 4 el Time
bors than the occasional stranger, at least after stable bound-
aries have been established, and because aggressive
interactions are probably costly, we should assume that there 4
would be a selective advantage to having a behavioral dis-
crimination threshold that leads to high correct rejection
rates and low false alarm rates. As shown in Table 1V, the 00 25 5 10 1520 25 30 35> 40 °° 0 25 5 10 15 20 25 30 35> 40
likelihood that individuals would respond appropriately to Percentage Difference
the calls of a familiar neighbdicorrect rejectiopare consid-  FIG. 8. Histograms showing the distributions of percentage differences in
erably higher than the likelihood of mistakenly responding toeach acoustic property that occurred among individdalack bar$ and
the neighbor’s callgfalse alarm. Notice, also, thatliffer- Within-indiViduaI;(white ba_r$. Numbers along the& axis depict the lower

. . . bounds of the histogram bins.
encesin the estimated rates of correct rejections and false
alarms are highest for fundamental frequency and dominant
frequency. However, as the results in Table IV also makqy piscUsSION
clear, if discrimination were based on the estimated JMD for L o -
a single call property, there could be a relatively high rate of - 'mplications of within-individual variation for
missed detectioné6%—47%, in which the individual could 0!l mediated recognition in bullirogs
fail to respond aggressively toward an unfamiliar individual. Bee and Gerhard2001a reported that several acoustic
This result, of course, stems from the overlap in the distriproperties of bullfrog advertisement calls exhibited signifi-
butions of among-individual and within-individual differ- cant variation both among individuals and among separate
ences, and the fact that it is impossible to simultaneouslyotes within individuals. The results reported above extend
maximize both correct rejections and missed detections. this previous work in several important ways. First, the re-
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TABLE IIl. Factor structure from a discriminant function analysis showing the correlations between principal
component scores and the canonical roots. For each factor from the principal components éP@Ksithe
acoustic properties with the heaviest factor loadings, as depicted in Table Il, are shown in parentheses. Bold
type indicates correlations greater than 0.50.

Canonical Root

PCA factor 1 2 3 4 5
Factor 1(fundamental and dominant frequengies —-0.61 —0.07 -0.11 —-0.25 0.74
Factor 2(note duration and rise time 0.05 —-0.39 -0.79 0.19 0.43
Factor 3(secondary frequency and frequency ratio  —0.04 -0.61 0.45 0.59 -0.28
Factor 4(fall time) —-0.04 -0.12 -0.22 -0.31 —-0.92
Factor 5(relative amplitudg —0.06 0.36 —-0.24 0.81 —0.40
Eigenvalue 22.0 2.8 1.6 1.0 0.2
Cumulative proportion of variance explained 0.80 0.90 0.96 0.99 1.00
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TABLE |IV. Estimated “just-meaningful differences{JMDs) for each call property in relation to within-individual coefficients of variation and mean-
standardized ranges, and the proportion of among-individual and within-individual differences that fall above and below the estimated JMD.

Among-individual Within-individual
differences(%) differences(%)
Above Below Below Above
Within- estimated estimated estimated estimated
individual Within- JMD JMD JMD JMD
coefficient of individual Estimated (correct (missed (correct (false
Call property variation (%) range(%) JMD (%) detection$ detection$ rejections alarms
Fundamental frequency 1.9 6.3 4 66 34 84 16
Dominant frequency 2.1 5.6 5 53 a7 96 4
Secondary frequency 5.9 17.8 6 74 26 82 18
Frequency ratio 5.8 175 6 72 28 80 20
Relative amplitude 22.3 77.2 25 61 39 63 37
Note duration 8.0 27.6 10 62 38 65 35
Rise time 18.9 62.9 21 58 42 60 40
Fall time 17.8 58.0 17 56 44 57 43

aJMDs were estimated from histograms of the among-individual and within-individual differences in bins of 1%. See Sec. Il D 4. for additional details.

sults describe the systematic patterns of variation in calBee and Gerhard{2001b,¢ demonstrated that a 5-10%
properties present among notes within an individual’s callschange in fundamental frequency was sufficient to elicit sig-
These findings can be used to improve the design of futureificant levels of recovery of the habituated aggressive re-
playback experiments that investigate the perceptual basis sponse. Hence, the JMDs for fundamental frequency and cor-
discrimination by providing the data necessary to incorporateelated spectral properties of 4%—6% that were estimated
natural levels of within-individual variation into perceptual above (Table 1V) appear to be in line with the presently
learning and discrimination tasks. Second, the results fromavailable data from field playback tests. Psychophysical es-
the present study suggest that there may be significaimates of frequency discrimination are available for only
among-individual differences in the patterns of within- one frog, the South African clawed frofenopus leavisEl-
individual variation in some call properties, as indicated byepfandtet al, 2000. Frequency difference limens for pure
the significantindividualxnote interactions in the model Il tones measured using a GO/NO-GO conditioning paradigm
ANOVAs (Table |. This finding suggests that within- were approximately 5% in the hearing range of the amphib-
individual variation need not function solely as a constraintian papilla, and 2.4%-6% in the hearing range of the basilar
on recognition, and suggests the hypothesis that amongpapilla. The current estimates of JMDs for fine-temporal or
individual differences in the patterns of within-individual spectral properties of bullfrog advertisement calls may, there-
(i.e., among-notevariation in the calls of some individuals fore, approach the absolute limits of the anuran auditory sys-
might function as an additional source of acoustic recognitem.
tion cues. Third, the results show that, with the exception of
relative amplitude, fine-temporal and spectral call properties . o .
exhibited si%nificantly Iowerpmagnitudez of variatior; v?ithin C. Indlyldual discrimination based on other acoustic
individuals than did gross temporal properties. Finally, thepropertles
present study demonstrates that fundamental frequency and At present, there have been only limited efforts to inves-
the correlated property of dominant frequency exhibited thedigate the use of other call properties as recognition cues in
most reliable among-individual differences, contributed mosbulifrogs. As pointed out by Bee and Gerha(@0013, and
toward statistically discriminating among individuals basedas illustrated in Table IV, discrimination based only on call
on variation in multiple-note calls, and had the lowest esti-properties related to the pitch of the call would likely be far
mated JMDs, even though these two correlated call propefrom perfect because of the non-negligible proportion of
ties also vary significantly among the notes within multiple- relatively small among-male differences in these properties
note calls. One general conclusion that may be drawn frompresent in the populatiofFig. 8, Table I\j. Other properties
this study and that by Bee and Gerhaf@20013 is that fine-  of advertisement calls also have some potential to statisti-
temporal and spectral call properties are potentially bettegally distinguish among male bullfrog&able |, Bee and
vocal recognition cues than gross temporal call propertiesgerhardt, 2001a; Simmons, 2004nd therefore we might
despite the fact that fine-temporal and spectral call propertiegsxpect behavioral discrimination to be based on multiple di-
also exhibit significant within-individual variation among the mensions of signal variability. Although the sample sizes
notes in an individual's multiple-note calls. were small, Bee and Gerhar@0019 found no evidence in
their habituation-discrimination experiments that 10% de-
creases in note duration and internote interval or 10% in-
As in some songbird@rooks and Falls, 1975b; Nelson, creases in rise and fall times elicit recovery of habituated
1989, male bullfrogs appear to use acoustic properties reaggressive responses. Novel stimuli having differences in the
lated to pitch to discriminate among familiar and unfamiliar harmonic fine-structurépresence/absence and relative am-
vocalizations. In habituation-discrimination experiments,plitudes of harmonic componentbut a constant fundamen-

B. Individual discrimination based on “pitch”
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tal frequency, also failed to elicit recovery of habituated ag-example, the estimated JMDs may fall below the resolution
gressive responsg8ee and Gerhardt, 200LcOn the one  of the bullfrog auditory system. This possibility is difficult to
hand, these previous findings are consistent with the relaaddress because psychophysical estimates of spectral and
tively higher estimated JMDs for rise time, fall time, and temporal resolution of the anuran auditory system are still
relative amplitudeéTable 1V) in comparison to those for fine- generally lacking. Alternatively, the actual and estimated
temporal and spectral call properties. On the other hand)MDs might differ because natural selection favors behav-
however, if note duration is used as a recognition cue, theipral discrimination thresholds that are flexible within indi-
these results suggest that the JMD for note duration used bgjduals and can be adjusted according to spatial and temporal
receivers is higher than that estimated here. Estimating JmDvariation in the level of competition for territories. If suitable
for note duration is complicated by the relatively large territories were limited, or stable territory boundaries were in
among-individual differences in the patterns of note-to-notelux, this could increase the benefits of correct detections
variation. Clearly, more work is needed to determine whethefi-€-, responding aggressively toward strangersl increase

receivers use gross temporal call properties as recognitiof® COSts of missed detectiofi®., failing to respond aggres-
cues. sively toward strangefswhich would shift the discrimina-

Three properties of bullfrog advertisement calls, fortion threshold toward lower valueg for threshold dﬁﬁerenceg.
which the patterns of among-individual and within- One result of such a threshold shift would be an increase in

individual variation have not been investigated thoroughly,ﬂ]lte false ala(;m rate, SO Ith?t mdgndu_al;bwoultld ;IS% ";?rz
are internote interval, note duty cycle, and phase spectrurﬁ) e; Ei?:)%%n daggr_et;sswey oytvart_ neighoors. Indeed, Stod-
At a constant note duty cycle, a 10% decrease in internot ar . escribes a siuation I Song Sparrows
. ; . - elospiza melodinin which strong neighbor-stranger dis-
interval (and note durationfailed to elicit response recovery .~ °". . . . 2
. crimination occurred in two seasons in which territories were

(Bee and Gerhardt, 200L.cWhen note duration was held . . . . . :

. relatively stable, but not in an intervening season in which
constant and the duty cycle was increased 26%m 0.5 to ) . .
0.7) by decreasing internote interval by 576800 to 300 territory boundaries were in constant flux due to an unusually

00y 9 y ! igh predation rate. As argued by Stodd#éit®96, an ulti-

ms), half of the subjects responded aggressively to the nov

; ) ate level explanation for his finding is that neighbors and
stimulus[only 25% responded to the control stimul(Bee strangers were equally threatening during the period of high

and Gerhardt, 2001¢ None of the subjects responded 10 agitory turn over, and thus deserved similar responses. A
novel stimulus having a 10% increase in duty cy@em 0.5 ghift in the birds’ behavioral discrimination threshold might
to 0.6 effected by a 33% decrease in internote intefvaio explain this finding at a more proximate level.

to 467 ms. In a field playback test examining habituation  * ap important limitation of the above discussion of esti-
and recovery of evoked advertisement calling, Hain&tldl. | 15ted JMDs is that these estimates assume that within-
(1996 found some evidence to suggest that territorial malgngjyigual variation functions as a constraint on recognition
bullfrogs might behaviorally discriminate among advertise-py increasing the overlap in the distributions of signal prop-
ment calls differing in phase spectrum based on differencegrties of different individuals. However, this need not be the
in waveform periodicity. If there were reliable individual dif- cgse. If particular call properties vary substantially within
ferences in the phase spectra of advertisement calls that wejigdividuals, but there are also reliable among-individual dif-
reliably transmitted through the environment across disferences in thepatternsof within-individual variation, then
tances that separate individuals, then the phase spectrum ofteée pattern of within-individual variation itself may be used
neighbor’s calls might also function as an additional acoustias an additional cue to identify the individual. This point is
cue for recognition. This seems unlikely, however, as Hainbest illustrated by the gross temporal property of note dura-
feld et al. (1996 argued that phase spectrum was not a partion [Figs. Gc)—(f)], for which there was a significant
ticularly salient cue for discriminating among advertisementindividualxnote interaction that accounted for 20% of the

calls in the natural environment. variation in the sample of recorded call not@sble I, Fig.

3). Determining whether receivers take advantage of this ad-
D. Relevance of estimating JMDs from patterns of ditional source of among-individual variation will require
individual variation in signals testing in future playback studies.

Acoustical and statistical analyses of signals cannot de-
termine a receiver’s discrimination thresholds, which instea
requires experimentation. Therefore, it is important for read-  Surprisingly little effort has been made to integrate, ei-
ers to keep in mind that estimating JMDs from the degree other within or across species, an understanding of the under-
overlap in the distributions of among-individual and within- lying acoustic and perceptual bases of vocally mediated so-
individual differences in multiple note calls represents onecial recognition. More commonly, studies of vocal
way to generate hypotheses about a receiver’s behavioral disecognition examine either) the ability of signals to statis-
crimination threshold that can be tested in future studies. Thécally identify individuals without regard for whether or not
value of deriving estimated JMDs in this way is that it pro- the animals actually do, or possibly even could, discriminate
vides a reasonable starting point from which to assess actuamong individuals based on the patterns of observed signal
JMDs in field playback experiments. variation, or {i) the ability of animals to discriminate be-

The actual discrimination thresholds of receivers couldtween the signals of individuals with little or no regard for
differ from those estimated above for numerous reasons. Famderstanding the underlying acoustic basis of recognition.

. Conclusions
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The present study represents the latest effort to better undesuditory system, on the one hand, and patterns of signal
stand both the acoustic and perceptual bases of vocally meariation and the behavioral threshold for discriminating be-
diated neighbor recognition in North American bullfrogs tween familiar and unfamiliar signals on the other.

(Bee and Gerhardt, 2001a,b,c, 2002, Bee, 2001, 2083
bgtter undc_erstandlng.(.)f the bloacoustlc_ba3|s of vocglly Me4 ~KNOWLEDGMENTS
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timates of the JNDs of acoustic signal properties are gener-

ally _st|II Iacl_<|ng for frogs. Future psychophyswal APPENDIX: CORRELATIONS AMONG CALL

experiments with bullfrogs that employ techniques based OB OPERTIES

conditioning (Elepfandtet al, 2000 or reflex modification

(Megela-Simmonset al, 1985; Megela-Simmons, 1988 Pearson product-moment correlation coefficigintsbe-
could provide much needed insights into the mechanisms dbw the diagonal and the associateB-values (above the
vocal recognition in bullfrogs by illuminating the relation- diagonal for correlations between call properties calculated
ships between the spectral and temporal resolution of thever 375 call notes.

Call Property

Fundamental Dominant Secondary Frequency Relative Note Rise Fall
Call property frequency  frequency frequency ratio amplitude duration time time
Fundamental frequency <0.01 0.78 <0.01 <0.01 0.47 0.36 0.08
Dominant frequency 0.95 0.08 <0.01 <0.01 0.25 0.36 0.02
Secondary frequency 0.01 0.09 <0.01 <0.01 0.95 0.36 0.97
Frequency ratio —0.48 —0.44 0.85 0.93 0.67 0.20 0.30
Relative amplitude —-0.25 -0.27 -0.16 0.00 0.03 <0.01 0.02
Note duration 0.04 0.06 0.00 —-0.02 0.11 <0.01 <0.01
Rise time 0.05 0.05 —0.05 -0.07 0.20 0.74 <0.01
Fall time 0.09 0.12 0.00 —0.05 -0.13 0.32 -0.26
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