Auditory temporal resolution in birds: Discrimination
of harmonic complexes
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The ability of three species of birds to discriminate among selected harmonic complexes with
fundamental frequencies varying from 50 to 1000 Hz was examined in behavioral experiments. The
stimuli were synthetic harmonic complexes with waveform shapes altered by component phase
selection, holding spectral and intensive information constant. Birds were able to discriminate
between waveforms with randomly selected component phases and those with all components in
cosine phase, as well as between positive and negative Schroeder-phase waveforms with harmonic
periods as short as 1-2 ms. By contrast, human listeners are unable to make these discriminations
at periods less than about 3—4 ms. Electrophysiological measures, including cochlear microphonic
and compound action potential measurements to the same stimuli used in behavioral tests, showed
differences between birds and gerbils paralleling, but not completely accounting for, the
psychophysical differences observed between birds and humans. It appears from these data that
birds can hear the fine temporal structure in complex waveforms over very short periods. These data
show birds are capable of more precise temporal resolution for complex sounds than is observed in
humans and perhaps other mammals. Physiological data further show that at least part of the
mechanisms underlying this high temporal resolving power resides at the peripheral level of the
avian auditory system. @002 Acoustical Society of AmericdDOI: 10.1121/1.1494447

PACS numbers: 43.80.Lb, 43.66.Gf, 43.64[WA |

I. INTRODUCTION mation (the temporal fine structuyelt may be that such
stimuli do not provide an adequate test of the limits of tem-
Bird vocalizations are known to be extremely compleXporal resolution in the avian ear. Many birds produce and
acoustic signals. This observation, along with the well-learn complex tonal or harmonic vocalizations that involve
known differences between birds and mammals in thgapid modulations in frequency and amplituder reviews,
anatomy and physiology of the peripheral and central audisee Kroodsma and Miller, 1982, 199&ome of which are
tory systems, has led some to suggest that birds must haygaudible to humans. It is of interest to know whether the
extremely fine temporal processing abiliti€arr and Fried-  inds of changes that occur in these complex sounds are
man, 1999; Greenewalt, 1968; Konishi, 1969; Pumphreyythin the perceptual capabilities of the species of birds that
1961; Schwartzkopff, 1968 Notwithstanding such indica- |eamn and use them as communication signals. As one ex-
tions, however, direct psychophysical measures of temporg{mpje, the harmonic vocalizations of the zebra firiTae-
processing such as detection of gaps in noise, temporal i”t%‘opygia guttata have very short fundamental periods of
gration, duration discrimination, and temporal modulationgpoyt 1.5 ms, shorter than most estimates of temporal reso-
transfer functions have all shown that birds are, overall, Nofytion in the human auditory systefWiemeister and Plack,
more sensitive to the temporal features of acoustic signal§993. Any acoustic information produced by waveform fine

than are other vertebraté®ooling, 1982; Doolingetal,  syycture within these periods is undoubtedly lost to humans,
2000; Dooling and Haskell, 1978; Dooling and Searcy, 1981y ¢ may be available to zebra finches and other birds.
1985; Fay, 1988; Klump and Maier, 1989 Taking human speech as an example, acoustic variability

_ For the most part, the psychophysical tests thaF ha\_/ﬁ1 intensity, frequency, and time, both in steady-state utter-
failed to reveal differences between mammals and birds Qa5 jike vowels and in rapidly changing sounds such as
temporal resolution have used simple stimuli and involved,ongonants and diphthongs, provides information to the lis-
slow, overall changes in amplitudthe waveform envelope  (oner regarding the speaker's individual identification, emo-
rather than rapid pressure variations that carry acoustic infok;o 41 state. and intended message. While we are much more
familiar with human speech than with bird vocalizations,
3Electronic mail: dooling@psyc.umd.edu even the most cursory analysis of vocalizations of various
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bird species shows that acoustic differences among calls irsured to determine whether, when frequency and amplitude
clude changes in spectrum, waveform envelope, and tempdaformation are held constant, the shape of the temporal
ral fine structure both within and across vocalizations of in-waveform alone can provide different perceptions. By using
dividuals (as, for example, the fine structure within the harmonic complexes with a range of fundamental frequen-
periods of harmonic zebra finch vocalizatipnBo the extent cies, we can also determine the limits of the duration of the
that these changes in acoustic characteristics are distinguisharmonic periods that will support this discrimination. The
able to the intended communication target, they have théiscrimination task in each case was between a harmonic
potential of being communicatively relevant. Historically, complex with each of the components starting in cosine
analyses of bird vocalizations have focused extensively ophase(resulting in a highly peaked wavefojmvith seven
spectral features, much less on global temporal or envelopdifferent harmonic complexes with all components starting
modulations occurring over the duration of vocalizations,in randomly selected phases.

and not at all on variations in temporal fine structure

(Kroodsma and Miller, 1982, 1996Perception of temporal

fine structure may be more relevant to the problems oft- Materials and methods

acoustic communication than previously thought, given the

recent findings on the degree of fine motor control in avianl- Subjects

vocal production(Brainard and Doupe, 2001; Feet al, Three budgerigar@vielopsittacus undulatisvere tested
1998; Tchernichovskiet al, 2001; Yu and Margoliash, on the discrimination of cosine phase harmonic complexes
1996. In the following series of experiments, the abilities of from random phase harmonic complexes. These birds were
three species of birds to discriminate temporal envelope angither bought commercially or hatched at the University of
temporal fine structure in complex sounds have been asyaryland and housed in individual cages in a vivarium at the
sessed. These sounds have similar spectra but differ systeniversity of Maryland. The birds were kept on a normal
atically in envelope and fine structure. Both behavioral anqjay/night cycle correlated with the season at approximately
electrophysiological experiments have been undertaken in §oos, of their free-feeding weights. Animal housing and care
converging approach to defining those temporal limits and tgnet Il standards of the University of Maryland Animal Care
providing preliminary evidence concerning the physiologicalang Use Committee. All birds had hearing within normal
bases of the perceived differences among stimuli. In experiimits for their species, as shown by their audiograimeol-
ment 1, birds were required to discriminate harmonic COM4ng et al, 2000. Three humans were also tested. They were
plexes constructed with frequency components all starting ixperimenters working in the laboratory at the time of the
cosine phase or all in randomly selected phases, with fundgsperiment, reported no history of hearing disorders, and had

mental periods varying between 10 and 1 ms. Complexeghsolute thresholds at audiometric test frequencies better
within pairs of stimuli to be discriminated thus have equiva-than 20 dB HL(re ANSI, 1989.

lent long-term spectra, but different temporal waveform
structures. Moreover, discrimination must be based on in-
creasingly short segments of the stimuli as the period®. Stimuli and procedures

shrinks. A second experiment retested the birds’ ability to use The stimuli were harmonic complexes consisting of a set

intraperiod structure in the waveforms of harmonic com- ¢ equal-amplitude harmonic components of a given funda-
plexes, but envelope information was essentially removed 3% ental frequency, with frequencies ranging from 200the
a cue from the stimuli, and only fine structure remained as fundamental freqijen()yto 5000 Hz[see Fig. 1a)]. The ac-
basis for making discriminations. Within a stimulus pair, thetual number of harmonic components varied with the funda-
members to be discriminated are the time reverse of ONE cntal frequency, which was either 200, 400, 800, or 1000
another, with harmonic component phases selected according, (fundamental [;eriods of 5, 2.5, 1.25, r;md 1)’nh'ﬁnr'each

to an algor?thm that systematically ingrgases or decreas‘?ﬁndamental frequency, one complex was generated with all
phasg(and mstantapeous frequgncy within Fhe perjods components in cosine starting phase, and seven different
all, b_lr_ds .Of th_ree different species were trame_:d_by O_peranI:omplexes were produced with each component phase se-
conditioning with food reward to discriminate within pairs of lected randomly from a rectangular distribution ranging from
harmonic complexes over several different fundamental freO to 2 radians. A different set of random phases was se-
. : P f&cted for each complex at each of the four fundamental fre-
frqm humgns tested on identical St.'mu“' F'“‘?‘”V’ COChIearquencies.Within a given fundamental frequency, each stimu-
microphonic(CM) and compound action potentéAF) re- lus had identical long-term frequency spectra, but differently

cordings from the three bird species to the same harmonighaped temporal waveforms. The waveforms were 260 ms in

complexes used in behavioral tests revealed correlates to ﬂ&%ration including 20-ms cosifeonset and offset ramps.

species differences in sensitivity to temporal fine structurq:igure 1b) shows examples of cosine-phase and random-

obtained behaviorally. phase stimuli for two of the fundamental frequencies used in
this experiment.
The waveforms were created digitally, at a sampling rate
of 40 kHz, using software provided by Tucker Davis Tech-
In the first behavioral experiment, discrimination of har- nologies(TDT, Gainesville, FL) to combine frequencies in
monic stimuli with two kinds of phase selection was mea-the correct phases and amplitudes, followed by an inverse

Il. EXPERIMENT 1—DISCRIMINATION OF COSINE
AND RANDOM PHASE HARMONIC COMPLEXES
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FIG. 1. (a) Schematic of the spectrum of one of the harmonic complexes used in this study. The frequencies in the stimuli ranged from 200 t¢t5000 Hz.
Temporal waveforms of harmonic complexes with the phase of each component starting in either cosirilefphasa randomly-selected phagéght).

fast Fourier transforntFFT) to create the waveforms. They (model 824. Stimulus intensities were measured with-ia.
were created off-line and stored as files for playback duringnicrophone attached to the sound level meter via a 3-m ex-

the experiments. tension cable. The microphone was placed in front of the
response keys in the approximate position occupied by the
3. Behavioral testing apparatus bird’s head during testing. Stimulus intensities were mea-

sured several times during these experiments to ensure that
stimulus levels remained constant and that the entire audio-
metric system remained calibrated.

The birds were tested in a wire ca(@8x25x16 cnr)
mounted in a sound-isolation chamléndustrial Acoustics
Company, IAC-3. A response panel consisting of two mi-
croswitches with light-emitting dioded EDs) was mounted
on the wall of the test cage just above a food hopper. Th
bird could trip the microswitch by pecking at the LED. The Birds were trained by standard operant auto-shaping
left microswitch and LED served as the observation keyprocedures to peck at the left LE@bservation keyduring
while the right microswitch and LED served as the reporta repeating background of soufice., the presentation of a
key. The behavior of the animals during test sessions wasosine phase complex at a rate of 2/s, or an interstimulus
monitored by a video camera systéBony HVM-322. interval of 240 mg until a new stimulug(i.e., the presenta-

Test sessions were controlled by a Pentium PC comtion of one of the random phase harmonic complexes with
puter. The digital stimuli were output to an overhead loud-the same fundamental frequenayas presented alternately
speaker(KEF Electronics, Holliston, MA, model 80Clo-  with the background sound, and then to peck the right LED
cated 25 cm above the bird’s head. Stimuli were presente@teport key when the change was detected. If the bird
through Tucker-Davis modules at a sampling rate of 40 kHzpecked the report key withi2 s ofthis alternating pattern,
and presented at 80 dB SPL. Stimulus calibration was peithe food hopper was activated for 2 s, allowing the bird to
formed using a Larson Davi®rovo, UT) sound level meter obtain food reinforcement. During each experimental ses-

& Training and testing procedures

750  J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Dooling et al.: Auditory time resolution in birds



Fundamental Period (ms)

5 2.5 1.25 1
100
90 + 1
80 1
8 70 1 .
e FIG. 2. Results from three budgerigars and three hu-
o) 60 | mans tested on the cosine phase versus random phase
8 waveform discrimination at different fundamental fre-
g 50 quencies. Performance is shown as percent correct dis-
© 4wl | criminations and error bars are the between-subject
7] standard errors.
& 3t .
20 1
10 —&— Budgerigars |
—~— Humans
O 1 Il L
200 400 800 1000

Fundamental Frequency (Hz)

sion, subjects listened to only one of the sets of fundamentdundamental frequency, comparisons were made between the
frequency complexes and were required to discriminate besosine-phase stimulus and each of the seven random-phase
tween the cosine phase and the random phase complexssmuli in blocks of 40 trials each. On each trial, the cosine-
within the set. The harmonic complexes of all four funda-phase complex was presented, followed by the same stimulus
mental frequencie§.e., 200, 400, 800, and 1000 Hwere and the comparison stimulus, in random order, separated by
tested in a random order and a different random order wa800 ms of silence. Subjects were asked to indicate which of
used for each bird. the second or third presentation on a trial was different from

The bird initiated a trial by pecking repeatedly on the the standard presentation. After the subject touched a marked
observation key. The time between pecking the observatioarea on a touch screen terminal to indicate a response, cor-
key (i.e., the start of a trialand the beginning of an alternat- rect answer feedback was provided, and the next trial was
ing sound pattern was randomized between 2 and 7 s. Hinhitiated after 500 ms. Percent correct responses were aver-
rate was defined as the proportion of target trimben the aged across the seven random-phase stimuli for each funda-
background alternated with one of the random phase targetsnental frequency. These values, ranging from chance perfor-
on which the bird pecked the report key with? s of the mance at 50% correct to perfect performarit@0% were
alternating sound pattern. A failure to peck the report keysubsequently scaled to the range of 0%—100% for compari-
within 2 s ofsound alternation was recorded as a miss for aon with the bird data.
target trial and a correct rejection in the case of a sham trial.  There is always some concern when comparing data for
Following a miss, no reinforcement was given and a newhuman subjects taken under earphones with animal behav-
trial sequence was initiated. Thirty percent of all trials wereioral data measured in a sound figkbe Leeket al, 2000,
sham trials in which the target sound was the same as thfer a discussion of this problemTo be assured that these
repeating background sound. A peck to the report key duringlifferences in measurement were unlikely to materially affect
a 2-s sham trial was recorded as a false alarm, and the lightee data reported in this and the following experiments, hu-
in the test chamber were extinguished while the repeatingnans were also tested informally on selected stimuli in the
background continued. The length of this time-out periodchamber used to test the birds. For these trials, the test cage
was normally 5 s, but varied according to an individual bird'swas removed from the chamber and the human subject stood
behavior, with longer time-out periods imposed if birds be-with their head in the sound chamber in the approximate
gan developing higher false alarm rates. Sessions with a totédcation of the test cage, with one ear pointed toward the
false alarm rate of 16% or higher were discarded. Fewer thaspeaker at a distance roughly corresponding to the distance
20% of all sessions across birds were discarded for this redsetween the speaker and the bird during testing. The same
son. The mean false alarm rate across birds was 5%. Theoftware, procedures, and stimuli were used that were em-
birds were typically tested in one to two daily sessions conployed in testing the birds. Generally similar results were
sisting of about 100 trials each, until percent correct valuesbtained in these tests when compared with results under
stabilized, and then testing continued for another 200 trialsearphones. These procedures provided added assurance of
Final percent correct discrimination values were taken as ththe validity of comparing birds tested in free field with hu-
mean percent correct over the last 200 trials. mans tested under earphones.

The human listeners were laboratory staff members
tested with the same stimuli as the birds, using a standar
two-alternative forced-choice procedure. Stimuli were pre-  Figure 2 shows that budgerigars can discriminate cosine
sented over earphones, at a level of 80 dB SPL. For eagbhase harmonic complexes from random phase complexes at

. Results
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much higher fundamental frequencighorter periodsthan  the birds were relying to some extent on characteristics of the
can humans. The budgerigars performed at 100% up to 40@mporal waveform in discriminating cosine phase versus
Hz, while humans had dropped to about 65% at that fundarandom phase complexes.
mental frequency. Even at the highest fundamental frequency
of 1000 Hz, the budgerigars’ performance was superior tQ||. EXPERIMENT 2—DISCRIMINATION BETWEEN
that of humans at 400 Hz. A two-way repeated measurepPOSITIVE AND NEGATIVE SCHROEDER WAVEFORMS
(speciex fundamental frequengyANOVA showed a signifi-
cant effect of speciefF(1,4)=19.32,p<0.05] and funda-
mental frequencyF(3,12)=13.69,p<0.001], but there was
no significant interaction between the variablds(3,12)
=3.41, p>0.05. Post-hoctests using a Bonferrori-test
showed that budgerigars were better than humans at fund
mental frequencies ranging from 400 to 1000 Hp (
<0.05). The results with humans are consistent with thos
of Patterson(1987, who found that human subjects could
discriminate a cosine-phase waveform from a random-pha
waveform as long as the fundamental frequency of the Wavei_
forms was below about 400-500 Hz.

By chance, some of the random phase selections pr

The discrimination of cosine from random phase har-
monic complexes was driven, at least in part, by character-
istics of the temporal waveform which included both the
envelope and the within-period fine structure. Perceptual dif-
erences among these stimuli may also include differences in
oudness. There are two additional phase selections that can
ge used to disambiguate the influence of these waveform
characteristics. These phase selections essentially hold enve-
Qpe information constant across stimuli to be discriminated,
ut reverse the temporal fine structure between stimuli.
hese Schroeder-phase waveforms have recently been used
d'rj a series of behavioral experiments on auditory masking

duced waveforms with envelopes similar to cosine phasgnd reveal significant differences in hearing between birds

waves. Examples of a cosine phase harmonic complex an%Pd humangDooling et al, 2001; Leeket al, 2000. In hu-

two random phase harmonic complexes with fundamental'2">: but not m_blrds, Schroe_oler-pha_se ham.“’”'c cc_)_mplexes
onstructed with monotonically increasing(positive

frequencies of 800 Hz are shown in Fig. 3. Performance fof . :
the birds was worse on the random phase complexes th chroeder or decreasingnegative Schroedgrcomponent

were similar to the envelope shape of the cosine phase con& aSES are dlffetr_er|1|t|a_!y et_ffeclt;ve as rrllaskerls, even ;h|0u9h
plex (e.g., random phase target 1 P22%) than on random €y have essentially identical temporal envelopes and long-

phase complexes that were dissimilatg., random phase term spectra. One explanation for the similarity in masking
target 6 PG-90%). As a measure of si,milarity between effectiveness of these harmonic complexes in birds is that the

: ; ifferent masker waveforms were indiscriminable. Th
waveforms, a cross-correlation between the Cosme-phas(g erent masker waveforms were indisc able €

waveform and each of the random phase stimuli at fund(,ipresent experiment tests this explanation. Further, the tempo-

mental frequencies of 800 and 1000 Hz was calculétezse ral limitations on birds’ abilities to discriminate harmonic

were the only fundamental frequencies that had sufficien(fOmplexes using fine structure alone were tes’Fed using pairs
error rates to produce meaningful correlatioms general, as of Schroeder-phase waveforms created with different funda-

the cosine- and random-phase waveforms increased in simriTJentaI frequencies.

larity, discrimination performance decreased. There was @ Materials and methods

significant negative correlation between the similarity of the .

cosine- and random-phase complexes, and the birds’ dis- Subjects

crimination accuracyr = —0.52,p<0.05. The relationship Three zebra finches, three budgerigars, and three canar-
between waveform similarity and discrimination argues thaies (Serinus canaria were used as subjects in this experi-
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+ Schroeder - Schroeder gous to the bird’s key pecking. The same stimulus presenta-

tion and psychophysical procedure was used as for the birds.
— —

5ms 5ms

B. Results

Figures %a)—(c) show the performance of individual
WMMMWWM FO = 400 Hy memm” birds of each specie_s .tes.ted. on thg positive/negative
Schroeder waveform discriminations at different fundamen-
. . tal frequencies. All birds were able to discriminate between
2.5ms 2.5ms positive and negative Schroeder harmonic complexes at fun-
. . damental frequencies up to at least 600 Hz. Budgerigars and
FIG. 4. Temporal waveforms of positive- and negative-Schroeder-phase har- . er L . .
monic complexes with a fundamental frequency of 200 and 400 Hz. canaries showed some difficulty discriminating at the highest
fundamental frequencig800 and 1000 Hz while the zebra
. finches discriminated easily between the positive and nega-
ment. Three humans, researchers in the laboratory, were also .
tested. Ive Schroeder waveforms even at the highest fundamental
frequency.
Figure 3d) shows the average of all birds from each
2. Stimuli species, and the average of three humans. Large differences
Waveforms were constructed in a manner similar to@'€ €vident among the species: human listeners begin having
ifficulty making these discriminations when the fundamen-

those used in experiment 1, but with component startin ; :
phases selected according to an algorithm developed | period becomes shorter than about 3 ms, budgerigars and

Schroeder(1970. The component amplitudes were equal Canaries do much better, and zebra finches have little diffi-
and the frequency range of the stimuli was from 200the culty even over periods as short as 1 ms. A two-way repeated

fundamental frequengyto 5000 Hz, as was used in experi- Measures(speciescfundamental frequengyANOVA was

ment 1. Seven pairs of these harmonic complexes were pr(c}_onducted. Results showed a significant effect of species
duced, with fundamental periods ranging from 6.6 fium- LT (3,8)=38.82, p<0.003, fundamental  frequency
damental frequency of 150 Bzto 1 ms (fundamental [F(4,32)= 53.63,p< 0.001], and a significant interaction be-
frequency of 1000 Hrin duration. Figure 4 shows examples tween the variablegF (12,32)=14.12,p<0.001. Post-hoc

of negative and positive Schroeder-phase waveforms for twipsts using a Bonferromitest showed that all three species of
of the fundamental frequencies used here. The phases of tR¥ds were better than the humarns<(0.05). _
components were monotonically increasingpositive Clearly, birds have better resolution of temporal fine
Schroeder compléor decreasingnegative Schroeder com- structure than humans, notwithstanding some earlier reports
plex) with harmonic number, resulting in instantaneous fre-Of Similar performance on other temporal processing tasks.
quencies that fell or rose monotonically across each period?S far as we know, these are the only comparative data avail-

The acoustic differences between members of a pair of the<dP!€ which directly address the question of sensitivity to tem-
complexes are limited to temporal fine structure: all wavePoral fine structure in complex sounds and they raise ques-
forms have a flat envelope and, within a pair defined by thdions about both the perceptual differences among birds and
fundamental frequency, have identical long-term spectra. ThB€tWeen birds and humans. For this reason, it is of interest to
waveforms were 260 ms in duration including 20-ms cdisine €xPlore the possible mechanisms underlying these species
onset and offset ramps. differences by using physiological techniques that may local-

The birds were tested in similar procedures as those deZ€ responses within the peripheral auditory system.

scribed in experiment 1, and used the same psychoacoustic
paradigm and experimental chambers. In this experiment, ei-

ther the positive- or negative-phase waveform was selecte, expERIMENT 3—COCHLEAR MICROPHONIC AND
as the repeating background, and the other Schroeder-phagsgy\iPOUND ACTION POTENTIALS
wave of the same fundamental frequency was the target

sound. Both Schroeder phases were tested as background and The locus of the mechanisms underlying the species’
target, and the values were averaged for each fundamentdifferences in behavioral discrimination thresholds for tem-
frequency. Testing continued for harmonic complexes of alporal fine structure are unclear, but there are dramatic differ-
seven fundamental frequencies in random order from 150 tences between birds and mammals at all levels of the audi-
1000 Hz. The stimuli were generated and output in a similatory system(Carr and Code, 2000; Gleich and Manley,
manner as that described in experiment 1. 2000. In fact, much of the past evidence for enhanced tem-
Humans were tested under the same conditiassnear poral resolution in birds has been indirect, with explanations
as could bgand using the same procedures as for the birdshat appeal to the fine structure of vocalizations or invoke
Humans stood leaning into the small test chamber so thatither anatomical and physiological aspects of cochlear pro-
their head was directly under the speaker in the approximateessing(Greenewalt, 1968; Konishi, 1969; Pumphrey, 1961;
location of the bird’s head during testing. A small hand-heldSchwartzkopff, 1968 As a first step in exploring the physi-
button box was used to signal observation and report, anal@logical bases of species differences observed psychophysi-
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cally in experiments 1 and 2, cochlear microphonic poten-  Surgical procedures to gain access to the cochlea have
tials (CMs) and compound action potentidBAPS from the  been previously described in detail for birdanley et al,,
Vlliith nerve were recorded from the round window in the 1985 and gerbils(McGuirt et al, 1995. Feathers and hair
birds’ ears in response to some of the same stimuli used iyere removed from the head and around the external ear
the behavioral discrimination studies. For a mammaliarppening. An incision in the skin along the midline of the
comparison, similar measures were also taken in the Mongasiull exposed the bone and it was cleared of connective tis-
lian gerbil (Meriones unguiculatys|f the negative and posi- ;e and dried. A small screw was cemented on the surface of
tive Schroeder complexes that were discriminable at highyo <kull with dental cement to allow precise and stable

fundamental frequencies in the behavioral studies with bird?)lacement of the head in a holding device and reproducible
do, in fact, generate differential cochlear microphonicspositioning of the ear canal opening in relation to the
or compound action potentials in birds, but not in gerbils,S caker

it would suggest that the search for mechanisms accountin | b:d the b f th hi d by a dor-
for the differences observed behaviorally between birds and N biras, the base ot Ihe cochlea was exposed by a dor
humans might begin with consideration of the auditorysolateral approach. The core of a thin teflon coated silver

: wire (0.005 in., WP] was exposed at the end and inserted
periphery. i . ) . . .
through a tiny hole in scala tympani to give direct electrical
A. Materials and methods access to the perilymph. The teflon insulation sealed the hole

and prevented leak of perilymph. A subdermal needle in-
serted into a neighboring neck muscle served as reference
Two budgerigars, two zebra finches, two canaries, an@nd grounding was performed by a needle inserted into the
two Mongolian gerbils were used in these experiments.  skin of the neck further caudétandard platinum alloy, sub-
dermal needle electrodes, Grass; ErZBhe bird was placed
2. Procedures in a body-shaped styrofoam block with a temperature sensor
Birds were anesthetized with injections of 20 mg/kg xy- in contact with the breast muscle. A dc heating pad was used
lazine and 40 mg/kg ketamine into the breast muscle, anép cover the bird and keep the body temperature close to
gerbils with 15 mg/kg xylazine and 60 mg/kg ketamine in-40°C.
jected intraperitoneally. Additional doses of anestheti@9o In gerbils, an incision behind the external ear and careful
of the initial dosé were supplemented as needed, determinedissection of the muscle layer exposed the bulla and a small
either by occasional foot pinch or increased muscle noise ipiece of bone was removed from the bulla to gain access to
the electrical recordinggenerally every 30 to 60 mjn the niche of the round window. The exposed end of a teflon

1. Subjects

754 J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 Dooling et al.: Auditory time resolution in birds



A. Negative Schroeder Phase Cochlear Microphonic B. Positive Schroeder Phase Cochlear Microphonic
151 15 1
; 10 1 ; 10 |
~ 51 ~ 54
(] 5]
z o \/\/\ 3 0
g -51 E“ -5
-10 1 < -10 4
18 ' ' ‘ ' -5 . ; . .
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)
C. Negative Schroeder Phase Compound Action Potential D. Positive Schroeder Phase Compound Action Potential
151 59
5 101 3 104
z 5] 3 59
é 0 20 nV :E 0 _W
e o = 5
< 104 < 04
-15 T T T 1 -15 T T T 1
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)

FIG. 6. Examples of CMa,b and CAP(c,d) responses to positive and negative Schroeder harmonic complexes, collapsed across periods, for one budgerigar.

insulated silver wire was hooked to the bony ridge of thelocation of the animal’'s head during the experiment as de-
round window niche and fixed with super glue to the ex-scribed for the behavioral experiments. Each stimulus was
posed external surface of the bulla. Reference and groundirgjso recorded using a small microphone placed at that loca-
electrodes were placed as in birds. As with the birds, gerbilsion, and the outputs of the speakers in response to each
were also placed onto a styrofoam block in direct contacstimulus waveform were verified off-line.
with the temperature sensor and covered by the dc heating
blanket. The temperature was kept between 37 °C and 38 °C.

Cochlear responses were recorded with a low impedancg, pata collection and reduction
digital amplifier(TDT, HS4/DB4 using the 60-Hz noise re- ,
jection, but no additional filtering. All subjects were placed ~ 1he response to each stimulus was averaged over 124
in the sound field such that their head was at a precise loc&resentations repeated at a rate of 2/s. After each normal
tion in the free field 40 cm from the speaker. The Stimums&gnal'presentatlon, the response to the inverted version of
waveforms were fed through a DA1 digital-analog converterN€ Stimulus was recorded. The CAP response component
a PA4 programmable attenuator, and a HB6 transducelV@S derived by_addlng thg response ftraces obtained for the
which directly drove the speakéKEF SP 3235, Model 60S, normal and th_e inverted stlmullﬂsancelmg the QM compo-
KEF Electronics of America Inc., Holliston, MAThe elec- neénd and scaling the resulting response amplitude by half.
trodes were connected to the HS4 Headstage that amplifieliS derived neural response component was then subtracted
and digitized the signal before sending it over fiber Opticfrom the response trace to the normal stimulus to derive the
cables to the DB4 Digital Biological Amplifier. A TG6 tim- CM response.

ing generator was used to synchronize A/D and D/A conver- The potentials in this experiment were then further pre-
sion at a sample rate of 40 kHz. pared as follows. Taking a response segment, which included

the plateau of the stimulus but omitted the rise/fall tithe.,
220 ms in the middle of the response from 20 to 240 ms
within the total 260-ms stimulysan average CM and CAP
period response was obtained by averaging across fundamen-
The stimuli were the same as those used in theal periods of the 100-ms segment of the response waveform.
Schroeder-phase behavioral experiments. The fundamentalom this averaged period response, both the root mean
frequencies of the stimuli ranged from 50 to 1000 Hz. Insquare(rms) of the cochlear microphonic and the peak-to-
addition to this set of normal stimuli, a set of inverted stimuli peak amplitude of the CAP were examined. Examples of a
was generated to isolate cochlear microphof@) and CM and CAP from a budgerigar in response to a negative-
compound action potentialCAP) responses, as described Schroeder harmonic complex and a positive-Schroeder har-
below. They were played at 80 dB SPL, and calibrated at thenonic complex are shown in Figs(a6—(d).

3. Stimuli
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B. Results species [F(3,64)=21.92, p<0.001, phase [F(1,64)

: : =35.24, p<0.001, and fundamental frequendy~(7,64)

In all f the CM sh tely fol-

n av four species, e Snape approximately 1o =27.69, p<0.001. The interaction between species and

lowed the acoustic waveform shape, and the CM amplitude oo -
was independent of the fundamental frequefsge Figs. ?undamental frequency was alsq 5|gn|f|g@ﬁ(3,64)—_3.1_§,
p<0.001, but none of the other interactions was significant

6(a) and (b)]. In general, gerbils showed much larger CM (p>0.05)
litudes than birds. Th diff in CM - e
amphituges than birds ere was no drfierence in am The results from the CAP measurements differ from the

litude between negative- and positive-phase waveform . . .
P g P P Behaworal measures in that at the highest fundamental fre-

within each fundamental frequency pair for either birds or .
gerbils. A three-way ANOVA on the rms amplitude values of duency tested1000 H3, there were no differences between

the cochlear microphonic showed that there was a significar{F‘c'ponses to positive and negative Schroeder stimuli for any

effect of specie$F (3,64)=266.57,p<0.001 but no effect of the three species. However, paralleling the behavioral re-
of fundamental frequ,enc{\F(7 6.4)=’0 79' p>0.05] or phase sponses, as fundamental frequency increased, the differential

[F(1,64)=0.97, p>0.05. No interactions were significant response to p_osi;ive and negative Schroeder wgveforms per-
(p>0.05). Post-hoctests using a Bonferroritest showed Z'géeﬂ Ionge[)mdflnqhe@(;%(—)lté%% T} th%r:_ canane:é?O(i; ¢
that rms amplitude of the CM in gerbils was significantly 2, or budgerigarg( -~ 2 This suggests that
different from that in all species of birdp&0.05), but was CAP responses may be partially related to the discrimination
not significantly different across bird specieps>(0,05) precision observed behaviorally, but that there are contribu-

The amplitude of the CAP, however, did vary in severaltions from other peripheral or higher auditory processes.
interesting ways. There was a significant decrease for all
species in the amplitude of the CAP with increasing funda-k/' DISCUSSION
mental frequencyFigs. 1a)—(d)]. Gerbils showed no sys- We have shown that birds can discriminate between syn-
tematic difference in the amplitude of the CAP to positivethetic harmonic complexes that differ only in temporal fine
versus negative Schroeder complexes over the entire range stifucture over extremely short fundamental periods, and that
fundamental frequencies, while all three species of birdéhey demonstrate differences in the VIlith nerve compound
showed a much larger CAP to the negative Schroeder conaction potentials that support this detail of auditory analysis
plexes than the positive complexes at low fundamental frein the synchronization of neural firing. Overall, the three
guencies. A three-way ANOVA showed a significant effect ofspecies of birds were able to discriminate between several
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types of harmonic complexes with higher fundamental freto discriminate temporal fine structure in behavioral experi-
guencies than humans. These experiments show that birdsents.
have an ability to discriminate the temporal fine structure of
complex sounds that is two to three times better than the
limits shown for humans.
These results are surprising in view of the comparative
data showing that birds are similar to mammals in temporaf\- Mechanisms underlying temporal resolution

resolving power(see Doolinget al, 2000. Only in a few of Cochlear frequency analysis in mammals is often mod-
these measures is there a hint of consistent differences bgfed as classical linear filtering with the broader filter band-
tween birds and mammals. A comparison of temporal modugjidths found in higher frequency regions supporting better
lation transfer function§TMTFs) of several mammals and temporal analysis and narrower filters in lower frequency
several species of birds reveals that humans are more sengégions resulting in poorer temporal analydigemeister and

tive to modulation-based changes in intensity than birds aplack, 1993. Individual frequency components of a har-
low modulation frequencies. Although birds and humansmonic complex that are more widely spaced than the fre-
show a similar cutoff of performance at high modulation quency analyzing channels in the auditory system signifi-
frequencies, the difference in intensity resolving power atcantly reduce the ability to perceive the temporal
low modulation rates results in a shorter time constant foicharacteristics of the complex. When the fundamental fre-
birds compared to human®ooling et al, 2000; Dooling quency, and therefore component spacing, is such that sev-
and Searcy, 1991 Gap detection thresholds at very low in- eral components fall within an auditory channel, the tempo-
tensity levels are also generally better in birds than mammalgal properties of the sound can be used for discrimination.
(Dooling et al,, 2000, probably reflecting the tendency of Discrimination of the random from the cosine phase waves
mammalian tuning curves to narrow with decreasing soun@nd between the Schroeder-phase complexes demonstrated
pressure levels. Taken together, results point to a need fdry the human listeners in this study reflected this limitation,
future investigation into the possibility that enhanced sensias has been described repeatedly in the literature using tasks
tivity to temporal fine structure of complex sounds may be asuch as phase discrimination in three-component complexes
distinguishing feature of the avian auditory system. A more(€.9., Goldstein, 1967 perception of pitches generated by
complete evaluation of this hypothesis would require testingSPectral edges in harmonic complexésohlrausch and
along with more birds, many more mammals, especiallyioutsma, 199 and other studies of random versus cosine-
those with auditory systems that appear to be specialized fdih@se discrimination in harmonic complex¢Batterson,

processing auditory temporal information as, for instancel987. These reports in the literature, as well as the data
many species of bat&ee review in Moss and Simmons presented here, suggest that the ability to discriminate tem-
1996. poral cues in these harmonic stimuli is severely compro-

Gerbils are becoming popular models of m‘,ana"(,mmised when the fundamental frequency is greater than about

hearing for both simple and complex soun@effner and 400?‘:;00 Ht_z. . the ab lationship bet t
Heffner, 1988; Ryan, 1976; Sinnott and Mosteller, 2001 nterestingly, the above relationship between componen

though it is still the case that much less is known about theipPacng, filer bandwidths, and temporal resolving power

auditory capabilities than the birds in these experiments?eems not to hold for the birds. By most accounts, birds have

Thus, it is not clear why the physiological data taken fromcochlear frequency resolution slightly worse than observed

the gerbils do not match the expectations based on beha\'/n- humans(Dooling et ql., 2000.; Sachet al, .1978 but tun-
. : . Ing curves of some bird auditory nerve fibers are actually
ioral data from the other mammal used in these experimen

. . tt%ore sharply tuned than some mammals like cats and guinea
(humang. Behavioral data from humans suggests easy dis i ¢

imination bet th it q tive-Schroed Ijf)igs (see review in Gleich and Manley, 2000Human fre-
crimination between the positive- and negative-schroe e('1uency resolution estimated from suppression of distortion
phase waveforms at low fundamental frequencies, but th

) ] Eroduct otoacoustic emissions indicates resolution as good as
compound action potentials presented here for the gerbll; gjightiy worse than avian frequency resolutisee review

show little difference between the two types of waveforms,, Gleich and Manley, 2000 Thus, a frequency domain
Clearly, these results stand in stark contrast to findings for alha1ysis in the avian cochlea at reported levels conflicts with
three bird species that show a difference in CAP amplitudgne apjlity of birds to make these waveform discriminations
up to nearly 800 Hz paralleling the behavioral performancegt fundamental frequencies exceeding 600 Hz. At such high
The difference in CAP between birds and gerbils clearlyfyndamental frequencies, birds are making discriminations
demonstrates a difference in cochlear processing. Behaviorgbtween two sounds that differ in fine structure over time
experiments are needed to determine whether gerbils trulytervals as small as 1 ms—much faster than any estimate of
cannot discriminate sounds differing in only temporal finemonaural temporal resolution capacity of humans. This basic
structure at the low fundamental frequencies used in ougifference in perception between humans and birds calls into
physiological tests. If they can make such discriminationsjuestion conventional views of the relationship between fre-
behaviorally, then the coding of temporal fine structure mustjuency resolution and temporal acuity within harmonic com-
involve something other than the synchronous firing of theplexes, and points to the need for further comparative inves-
VIlith nerve in gerbil. Alternatively, the lack of CAP asym- tigations of pitch, timbre, and frequency perception across
metry in gerbil might have no relation to the gerbil’s ability species.
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B. The relationship between perception and mammals. Synchronized activity in the VIlith nerve also re-
production veals a sensitivity to waveform shape of such stimuli that

One reason that the differences among the species Spay be unique to birds, suggesting a radical and unexpected

birds in the ability to discriminate between the waveform différence in the coding of these stimuli in the peripheral
shapes of harmonic complexes are intriguing is because gHditory system of b;zds an? mamfrna}ls.At tth level of acous-
differences among the species in the characteristics of theffS communication, the analysis of bird vocalizations is usu-

species-specific vocalizations. Zebra finches are the only orfdly done in the spectral domain and' rarely extends 'to the
el of temporal fine structure. The size of a species’ com-

of these three bird species whose calls and songs are strong%ﬁy icati o d the d ¢ L] T
and almost exclusively harmonic, with fundamental frequen- unication repertoire an € degree ot vocal learning 1S

cies approaching 600-700 Hésee, for example, Zann, judged by these traditional types of analyses. If it turns out

1984). Interestingly, much is also known about the acousticthat birds typically perceive and make use of fine temporal

characteristics of the vocalizations of canaries and budgerf—j(atall in their complex vocalizations that is beyond the range

gars(see, for example, Farabaugh and Dooling, 1996; Gutpf human capabilities, they may have much larger vocabu-

tinger et al,, 1978; Lavenex, 1999 From these studies, as laries than previously thought.

well as from our own casual observation of songs and calls
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