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Abstract Physical tradeoffs may in some cases constrain
the evolution of sensory systems. The peripheral auditory
system, for example, performs a spectral decomposition of
sound that should result in a tradeoff between frequency
resolution and temporal resolution. We assessed temporal
resolution in three songbird species using auditory brain-
stem responses to paired click stimuli. Temporal resolution
was greater in house sparrows (Passer domesticus) than
Carolina chickadees (Poecile carolinensis) and white-
breasted nuthatches (Sitta carolinensis), as predicted based
on previous observations of broader auditory filters (lower
frequency resolution) in house sparrows. Furthermore,
within chickadees, individuals with broader auditory filters
had greater temporal resolution. In contrast to predictions
however, temporal resolution was similar between chicka-
dees and nuthatches despite broader auditory filters in
chickadees. These results and the results of a model simula-
tion exploring the effect of broadened auditory filter band-
width on temporal resolution in the auditory periphery
strongly suggest that frequency resolution constrains tem-
poral resolution in songbirds. Furthermore, our results sug-
gest that songbirds have greater temporal resolution than
some mammals, in agreement with recent behavioral stud-
ies. Species differences in temporal resolution may reflect
adaptations for efficient processing of species-specific
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vocalizations, while individual differences within species
may reflect experience-based developmental plasticity or
hormonal effects.
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Abbreviations

ABR  Auditory brainstem response
AEP  Auditory evoked potential

CAP  Compound action potential

ERB  Equivalent rectangular bandwidth
PSTH Peri-stimulus time histogram
Introduction

A variety of selective pressures are expected to influence
the evolution of sensory systems including detection of pre-
dators, prey, and communication signals in the environment
(Konishi 1973; Feng et al. 2006; Fullard et al. 2010). The
response of the sensory system to selective pressures, how-
ever, may in some cases be limited by physical tradeoffs. In
the visual system, for example, the evolution of greater sen-
sitivity requires an increase in photoreceptor size that, for a
given eye size, reduces the spatial resolution of the visual
field (Collin et al. 2009). The auditory system faces an anal-
ogous physical tradeoff between frequency resolution and
temporal resolution. This hypothesis is well supported by
theoretical models, but has attracted relatively little empiri-
cal research.

The peripheral auditory system of vertebrates performs a
spectral decomposition of sound that should result in a
tradeoff between frequency resolution and temporal resolu-
tion. The cochlea is commonly modeled as a linear system
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of band-pass auditory filters, each representing a place on
the sensory epithelium, that vary in center frequency across
the frequency range of hearing (Moore 1993). The fre-
quency bandwidth of the filters determines the frequency
resolution, or minimum detectable frequency difference, of
the system. Narrower filter bandwidth increases frequency
resolution, because signals of closely adjacent frequency
are more likely to stimulate different filters. Narrower filter
bandwidth, however, also decreases temporal resolution
(given a specific model of cochlear biomechanics; see de
Boer 1996), or the ability to detect fast changes in sound
intensity, because the frequency bandwidth of a linear filter
and its time constant are inversely related properties. Nar-
row filters have longer time constants, and therefore, ring
for a prolonged period of time in response to brief stimula-
tion (Viemeister and Plack 1993).

Empirical support for a tradeoff between frequency reso-
lution and temporal resolution is currently equivocal. Stud-
ies of damage to the peripheral auditory system, which
increases auditory filter bandwidth, have generally not
found an increase in temporal resolution. Behavioral esti-
mates of temporal resolution are similar between normal
and hearing impaired individuals in humans (Viemeister
and Plack 1993), rodents (Walton et al. 2008), and starlings
(Marean et al. 1998). Furthermore, studies examining fre-
quency resolution and temporal resolution across auditory
nerve fibers have yielded mixed results. In normal hearing
cats, auditory filter bandwidth increases with increasing
characteristic frequency. For frequencies up to 10 kHz, this
increase is accompanied by a concomitant increase in tem-
poral resolution as predicted by theoretical models (Joris
etal. 2004). For characteristic frequencies above 10 kHz,
however, temporal resolution remains relatively constant.
Also, in starlings, auditory filter bandwidth and temporal
resolution are unrelated across auditory nerve fibers
(Klump and Gleich 1991). In other bird species, a behav-
ioral study of silent gap detection found a positive relation-
ship between temporal resolution and auditory filter
bandwidth across stimulus frequencies in zebra finches, but
not budgerigars (Okanoya and Dooling 1990). Taken
together, these studies suggest that factors other than audi-
tory filter bandwidth limit temporal resolution under some
conditions, such as neural refractoriness or adaptation at the
synapse between sensory hair cells and auditory nerve
fibers.

A variety of studies have used auditory-evoked poten-
tials (AEPs) in response to paired click stimuli to assess
the temporal resolution of the peripheral auditory system
[e.g., domestic cats (Parham et al. 1996), humans (Ohashi
et al. 2005), dolphins (Supin and Popov 1995), and fishes
(Wysocki and Ladich 2002)]. AEPs are gross potentials that
reflect action potentials generated by the auditory nerve and
nuclei of the brainstem and midbrain (Hall 2007). AEP
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amplitude is positively related to the number and synchrony
of neural responses, and hence, the general sensation level
of the stimulus. In paired click experiments, AEPs are
recorded in response to two clicks separated in time by a
brief inter-click interval. The variable of interest is the
amplitude of the response to the second click, or response
recovery, which is measured as a percentage of the
response amplitude evoked by a single click. The relation-
ship between response recovery and inter-click interval at
relatively short inter-click intervals (e.g., <5 ms) provides
an index of temporal resolution. Estimates of temporal res-
olution based on paired clicks may show a closer relation-
ship to auditory filter bandwidth than estimates based on
other stimuli (e.g., amplitude modulated tones; silent gaps
in noise) because the short initial stimulus minimizes the
effects of refractoriness and adaptation.

In the current study, we used auditory brainstem
responses (ABRs) to paired click stimuli to assess temporal
resolution in three songbird species: the house sparrow
(Passer domesticus), Carolina chickadee (Poecile carolin-
ensis), and white-breasted nuthatch (Sitta carolinensis).
ABRs are a class of AEP recorded from the scalp in
response to transient sounds. In birds, ABR waveforms are
dominated by a biphasic deflection generated by the audi-
tory nerve that occurs within 5ms of stimulus onset
(Brittan-Powell et al. 2002). Previously in these species, we
determined the equivalent rectangular bandwidth (ERB) of
auditory filters within the frequency range of best sensitiv-
ity (2-4 kHz) using ABRs to tone bursts in notched mask-
ing noise (Henry and Lucas 2010a, b; see also Gall and
Lucas 2010). The mean bandwidth of auditory filters in this
frequency range is the greatest in house sparrows, interme-
diate in chickadees, and the lowest in nuthatches (Fig. 1).
Based on the hypothesized tradeoff between frequency res-
olution and temporal resolution, we expected temporal res-
olution to be the greatest in house sparrows, intermediate in
chickadees, and the lowest in nuthatches. Furthermore,
auditory filter bandwidth in chickadees varies considerably
across individuals. Based on the hypothesized tradeoff, we
expected individuals with greater auditory filter bandwidth
to have greater temporal resolution. Analyses of inter-indi-
vidual variation were not possible in house sparrows and
nuthatches because auditory filter bandwidth and temporal
resolution were measured in different individuals. Finally,
to generate more specific predictions for our ABR recovery
experiment, we used a computational model of the mamma-
lian auditory nerve (Zilany et al. 2009) to determine the
expected effect of broadened auditory filter bandwidth on
neural responses to paired click stimuli. This model accu-
rately predicts single-unit temporal responses to a broad
variety of simple and complex sounds including tones,
broadband noise, amplitude modulation, and speech sounds
(Bruce et al. 2003; Zilany and Bruce 2006, 2007).
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Fig. 1 Mean auditory filter equivalent rectangular bandwidth (ERB)
of the study species as a function of frequency, from Henry and Lucas
(2010a, b)

Materials and methods
Subjects

We collected auditory data from 25 adult songbirds [12
Carolina chickadees (7 male, 5 female), 8 house sparrows
(6 male, 2 female), and 5 white-breasted nuthatches (4
male, 1 female)] between September of 2009 and February
of 2010. Sex was determined based on plumage in house
sparrows and nuthatches, and wing chord in chickadees.
Chickadees with a wing chord of 62 mm or greater were
classified as males, whereas chickadees with a wing chord
less than 62 mm were classified as females. This method
correctly assigns sex in approximately 96% of individuals
(i.e., 48 of 50 individuals across two studies; Lucas et al.
2006). Mean body mass & SD in grams was 9.76 £ 0.65
in chickadees, 28.65 + 3.20 in house sparrows, and
21.06 £ 0.91 in nuthatches. Subjects were collected near
Purdue University in West Lafayette, IN, USA, from two-
wooded areas and three-private residences using elevated
treadle traps baited with seed. Each subject was marked
with a numbered aluminum leg band and housed individu-
ally in a 1 m® wire mesh cage located in an indoor aviary at
Purdue University. The light—dark cycle of the aviary was
set to local conditions and the temperature was held con-
stant at 22°C. Subjects were provided with mixed seed, 2-3
mealworms, and vitamin-treated water each day. Auditory
tests were conducted within 3 days of capture, and subjects
were released at their capture site 1 or 2 days after testing.

General auditory test procedure and equipment

Auditory tests were conducted in a sound-attenuating test
chamber (1.2 m tall by 1.4 m wide by 1.2 m deep) lined

with 7.7 cm thick Sonex foam (Acoustic Solutions,
Richmond, VA, USA). Subjects were anesthetized with
an injection into the breast muscle and placed on a pre-
heated pad (Pet Supply Imports, South Holland, IL,
USA) with their right side facing upwards. House spar-
rows and nuthatches were anesthetized with ketamine
(50 mg kg~ ') and xylazine (10 mg kg~"), whereas chicka-
dees were anesthetized with ketamine (75 mg kg™!) and
midazolam (7.5 mg kg~ ') because xylazine was not effec-
tive. The choice of xylazine or midazolam appears to
have a little or no impact on ABR amplitude and latency
(Henry and Lucas 2010a). The temperature above the
heating pad was maintained at 38 &= 2°C. Needle elec-
trodes (Nicolet Biomedical, Fitchburg, WI, USA) were
inserted subdermally to record ABR waveforms. The
non-inverting electrode was positioned at the vertex of
the skull and the ground electrode was positioned mid-
way down the back. The inverting electrode was posi-
tioned behind the right external auditory meatus in house
sparrows and nuthatches, and at the intersection of the
occipital crest and midline in chickadees. The revised
placement of the inverting electrode in chickadees
reduced electrophysiological background noise with a lit-
tle or no impact on the ABR signal.

Stimulus presentation, response acquisition, and data
storage were coordinated by a Tucker Davis Technologies
system II modular rack-mount system (TDT, Gainesville,
FL, USA) and Dell computer running SigGen32 and Bio-
Sig32 TDT software. Stimuli were generated digitally at a
sampling frequency of 50 kHz on a signal processing card
(TDT model AP2) and converted to analog (TDT model
DA3-4 convertor). Stimuli were filtered (Behringer Ultra-
graph model FBQ6200 31-band equalizer, Bethel, WA,
USA), amplified (Crown D75 amplifier, Elkhart, IN, USA),
and finally, presented through an electromagnetically
shielded dynamic loudspeaker (RCA model 40-5000; Indi-
anapolis, IN, USA) suspended 30 cm above the test subject.
We measured the sound pressure level of stimuli with a
sound level meter and 2.6 cm condenser microphone (Bruel
and Kjaer model 1613/4131, Norcross, GA, USA). Electro-
physiological responses were conducted from the subject to
a headstage (TDT model HS4) through electrode leads, and
from the headstage to a biological amplifier (TDT model
DB4) through fiberoptic cables. The headstage and biologi-
cal amplifier bandpass filtered the signal from 0.1 to 3 kHz
and amplified the signal by 100K. Responses were digitized
by a converter (TDT model AD2) and sampled by the sig-
nal processing card at 40 kHz.

ABR recovery experiment

Acoustic stimuli included (1) paired clicks and (2) single
clicks. The period between the onset of one stimulus and
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the onset of the next stimulus was 52.4 ms. For paired click
stimuli, the first click was presented at 0 ms and the second
click was presented after an inter-click interval. Inter-click
intervals of 25, 10, 7, 5, 4, 3, 2, 1.5, 1.0, and 0.7 ms were
tested in decreasing order. For single click stimuli, a click
was presented at 0 ms. Clicks were generated by applying
0.25 ms Blackman onset and offset ramps to a 0.67 ms sinu-
soid with a frequency of 3 kHz and amplitude of 60 dB
SPL. The duration of the click envelope was 0.28 ms
between half-intensity time points. The power spectrum
of the click had a dominant frequency of 3 kHz, —3 dB
bandwidth of 1.7-4.3 kHz, and —10 dB bandwidth of
0.8-5.2 kHz.

Electrophysiological responses were sampled for 40 ms
beginning from 1.2 ms prior to stimulus onset. For each
inter-click interval, we recorded average responses to (1)
700 paired clicks and (2) 700 single clicks. The system
alternated between presentation of paired and single click
stimuli, and sorted responses into separate averaging
buffers.The responses containing voltage deflections that
exceeded £40uV (40% of the maximum possible input)
were excluded from the averaging procedure as potential
artifacts.

At inter-click intervals shorter than 2-3 ms, the ABRs to
the first and second clicks of paired click stimuli over-
lapped (Fig. 2). We isolated the ABR to the second click by
point-to-point subtraction of the average response to the
single click stimulus from the average response to the
paired click stimulus. ABR recovery was defined as the
peak-to-peak amplitude of the response to the second click
divided by the peak-to-peak amplitude of the response to
the single click stimulus times 100%.

Auditory nerve model predictions

We used a computation model of the auditory nerve
(Zilany et al. 2009) to determine the predicted effect of
broadened auditory filter bandwidth on neural responses to
paired click stimuli. This phenomenological model repre-
sents the latest extension of a well-established model that
has been rigorously tested against physiological responses
to both simple and complex stimuli including tones, broad-
band noise, and speech-like sounds (Bruce etal. 2003;
Zilany and Bruce 2006, 2007). In its basic implementation,
the model accepts the stimulus sound waveform at its input
and for a given fiber of specified characteristic frequency,
outputs the time-varying neural discharge pattern or the
peri-stimulus time histogram (PSTH). Many of the physio-
logical properties associated with nonlinear cochlear tun-
ing are captured by this model including compression,
suppression, broadened tuning and best frequency shifts
with increases in sound level. Model threshold-tuning
curves have been well fit to frequency-dependent variation
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Fig. 2 ABRs to paired click stimuli (fop traces), single click stimuli
(middle traces), and derived ABRs to the second click of paired stimuli
(lower traces). Derived ABRs were generated by point-to-point sub-
traction of the response to the single click stimulus from the response

to the paired click stimulus. Thick arrows indicate the timing of clicks,
which were separated by time intervals of 7 ms (left) and 2 ms (right)

in threshold and bandwidth for high-spontaneous rate
fibers in normal hearing cats. The stochastic nature of audi-
tory nerve responses is accounted for by a non-homoge-
nous Poisson process, which includes effects of both
absolute and relative refractory periods and captures the
major stochastic properties of auditory nerve responses.
The current generation of the model also incorporates
power law dynamics and long-term adaptation at the syn-
apse between the inner hair cells and auditory nerve
(Zilany et al. 2009). These additions have improved tem-
poral encoding allowing the model to more accurately pre-
dict results from animal data including neural responses to
amplitude modulation and forward masking.

Relevant to the present work, the model’s architecture
allows for the selective manipulation of inner and outer hair
cell integrity via two-scaling coefficients in its control path,
Ciyc and Cgpe, respectively. Both coefficients range from 0
to 1, where 1 simulates normal hair cell function and 0 indi-
cates complete hair cell dysfunction (Bruce et al. 2003).
Lowering Cpye elevates fiber response thresholds without
affecting frequency selectivity, consistent with physiologic
reports. Lowering Cqye, in contrast, causes a decrease in
cochlear amplification that both elevates fiber response
thresholds and increases auditory filter bandwidth. In our
application of the model, we achieved an increase in audi-
tory filter bandwidth of 50% by decreasing Cyye to the
point that cochlear amplification was reduced by 10 dB. To
compensate for the resulting decrease in the sensation level
of stimuli, we increased the overall presentation level by
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Fig.3 Mean PSTHs obtained from the auditory nerve model in re-
sponse to paired (top panel) and single (middle panel) click stimuli,
and the derived response to the second click of the paired stimulus
(bottom). The derived response was generated by point-to-point sub-
traction of the response to the single click stimulus from the response
to the paired click stimulus. Thick arrows indicate the timing of clicks.
The interval between clicks was 3 ms

10 dB. Adaptation and refractory effects (Zilany and Carney
2010), which also influence neural responses to paired click
stimuli, were left unchanged.

Paired and single click stimuli were presented to the
model as in the ABR recovery experiment. An ensemble of
20 high-spontaneous rate (50 spikes/s) fibers was simulated
with characteristic frequencies spaced logarithmically
between 2 and 4 kHz. PSTHs were computed per fiber
based on 500 stimulus repetitions. Individual PSTHs were
then averaged across fibers to create a population level
response (Fig. 3). As in the ABR experiment, the response
to the second click was isolated by subtracting the mean
PSTH generated in response to a single click from the mean
PSTH generated in response to the paired click stimulus
(Fig. 3; bottom panel). Similarly, the extent of auditory
nerve recovery was quantified by dividing the peak ampli-
tude of the derived PSTH by the peak amplitude of the
PSTH generated by a single click and multiplying by 100.

Statistical analysis

We used repeated measures mixed models (MIXED Proce-
dure; SAS Institute Inc., Cary, NC, v. 9.2) to analyze ABR

recovery in response to paired click stimuli. ABR recovery
was arcsine transformed {arcsine [(observed value)o's]} to
normalize the residuals and achieve constant variance. The
first analysis, which tested for species differences in ABR
recovery functions, contained interval (inter-click interval)
and species as categorical independent variables, and the
interval x species interaction. A second analysis, which
included chickadees only, tested for a relationship between
the ERB of auditory filters, reported previously (Henry and
Lucas 2010b), and ABR recovery functions in the same indi-
viduals. The analysis contained interval as categorical inde-
pendent variable, 2 kHz ERB, 3 kHz ERB, and 4 kHz ERB
as continuous independent variables, and interval x 2 kHz
ERB, interval x 3 kHz ERB, and interval x 4 kHz ERB
interactions. A final analysis, also based only on chickadees,
contained interval and sex as categorical independent vari-
ables and the interval x sex interaction. We selected com-
pound symmetry within-subject covariance structure over
unstructured covariance and heterogeneous compound sym-
metry based on a lower Bayesian Information Criterion.
Non-significant effects (P> 0.05) were dropped from the
model. Denominator degrees of freedom were calculated
using the Kenward-Roger method. Back-transformed least
squares mean =+ SE are presented throughout.

Results
Auditory nerve model predictions

In general, auditory nerve recovery increased from approxi-
mately 10% at inter-click intervals less than 1 ms to near
100% at intervals greater than 10 ms (Fig. 4). Increasing
auditory filter bandwidth by 50% in the model increased
auditory nerve recovery by 11-21% points at inter-click
intervals from 2 to 7 ms.

ABR recovery

At inter-click intervals longer than 10 ms, ABR recovery
was near 100% in all species (i.e., the amplitude of the sec-
ond click response was similar to the amplitude of a single
click response; Fig. 5). At shorter intervals, ABR recovery
decreased with decreasing inter-click interval until at
0.7 ms, ABR recovery ranged from 20 to 40%.

The effect of inter-click interval on ABR recovery varied
between species (interval Fy 195 = 272.28, P < 0.001; species
Fy519=2.61, P=0.096; interval x species Fig ¢ =3.23,
P <0.001; Fig.5). ABR recovery was greater in house
sparrows than chickadees at intervals of 1 (#;9,4=2.69,
P =0.009), 2 (t;94=3.25, P=0.002), 3 (t;94=3.17,
P =0.002), and 4 ms (t;9, = 2.26, P = 0.027), and greater in
house sparrows than nuthatches at intervals of 1 (t5 4, = 2.60,
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the model as a function of inter-click interval. Auditory filters of the
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Fig. 5 ABR recovery (least squares mean +1 SE) as a function of
inter-click interval in the study species. ABR recovery is the peak-
to-peak amplitude of the response to the second click expressed as a
percentage of the peak-to-peak amplitude evoked by a single click

P =0.011), 2 (t;94, = 2.94, P =0.004), and 3 ms (t59 4, = 2.44,
P =0.017). ABR recovery was similar among all study spe-
cies at other intervals, and similar between chickadees and
nuthatches at all intervals (P> 0.05 for all comparisons).
The pattern suggests that temporal resolution is greater in
house sparrows than chickadees and nuthatches, and similar
between chickadees and nuthatches.

Auditory filters in chickadees, reported previously
(Henry and Lucas 2010b), range in ERB from 427 to
582 Hz at 2 kHz (mean 489 Hz), 471-731 Hz at 3 kHz
(mean 582 Hz), and 396-735 Hz at 4 kHz (mean 585 Hz).
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The effect of inter-click interval on ABR recovery varied
with ERB at 4kHz (interval Fyg, =25.44, P <0.001;
4kHz ERB F)y=6.54, P=0.0308; interval x 4 kHz ERB
Fy4,=3.28, P =0.002), but not ERB at 2 kHz (2 kHz ERB
F,5=0.37, P=0.57; interval x 2kHz ERB Fy,5=1.11,
P=0.37) or 3kHz (3kHz ERB F;s=0.00, P=0.96;
interval x 3kHz ERB Fy45=0.34, P=0.96). ERB at
4 kHz was positively related to ABR recovery at most
inter-click intervals shorter than 7 ms (Fig. 6). The pattern
suggests that chickadees with lower frequency resolution
have a greater temporal resolution. Finally, ABR recovery
functions were similar between male and female chicka-
dees (interval Fyoy=313.84, P <0.001; sex F;;4=0.31,
P =0.59; interval x sex Fgqq=0.84, P =0.58), suggesting
similar temporal resolution between sexes.

Discussion

The results of the current study of ABR recovery in song-
birds support a tradeoff between peripheral auditory fre-
quency resolution and temporal resolution. In chickadees,
we found greater temporal resolution (i.e., greater ABR
recovery at short inter-click intervals) in individuals with
greater auditory filter bandwidth at 4 kHz. Across species,
we found greater temporal resolution in house sparrows
than both chickadees and nuthatches, as predicted based on
previous observations of greater mean auditory filter band-
width in house sparrows. However, temporal resolution
was similar between chickadees and nuthatches despite
greater mean auditory filter bandwidth in chickadees.

The results of the auditory nerve model simulation,
moreover, strongly suggest that the differences observed in
temporal resolution are at least in part due to the differ-
ences in peripheral auditory filter bandwidth. Increasing
auditory filter bandwidth by 50% in the model resulted in
an increase in auditory nerve recovery of 11-21% points at
inter-click intervals from 2 to 7 ms. This pattern corre-
sponds qualitatively with the patterns observed in our
ABR data. Within chickadees, for example, a 50%
increase in auditory filter bandwidth at 4 kHz was associ-
ated with an increase in ABR recovery of 10-12% points
at inter-click intervals from 1 to 5 ms. Similarly, across
species, a 28% increase in mean auditory filter bandwidth
in house sparrows over nuthatches and chickadees was
associated with an increase in ABR recovery of 8-18%
points at inter-click intervals from 1 to 4 ms. The lack of
precise quantitative agreement between our ABR data and
the model predictions can probably be attributed to the fact
that our ABR results reflect the activity of neural popula-
tions with heterogeneous sensitivity and frequency tuning,
while the model results are based on a homogeneous neu-
ral population.
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The difference in temporal resolution observed between
house sparrows and nuthatches is supported by a previous
study of AEPs in response to amplitude-modulated tones.
Responses to amplitude-modulation frequencies of 1,550
and 1,910 Hz, but not lower modulation frequencies, have
greater amplitude in house sparrows than nuthatches
(Henry and Lucas 2008). We were surprised to find similar
temporal resolution in chickadees and nuthatches despite a
difference in mean auditory filter bandwidth. The pattern
may reflect differences in other factors, in addition to audi-
tory filter bandwidth, known to influence auditory temporal
resolution. The refractory period of individual neurons, for
example, can affect responsiveness to sounds separated by
intervals up to 20-30 ms, and adaptation mechanisms
within the cochlear synapse can operate over even longer
time frames under some conditions (Eggermont and Spoor
1973). Alternatively, the ABR recovery method may assess
the temporal resolution of neurons with high-characteristic
frequencies relative to frequency bandwidth of the stimulus
due to an upward spread of excitation at the shortest inter-
click intervals. In this case, similar temporal resolution in
chickadees and nuthatches would be expected, because
these species have similar auditory filter bandwidth at
4 kHz (Fig. 1). Indeed, it seems possible that at the shortest
inter-click intervals, only neurons with the broadest fre-
quency tuning and greatest temporal sensitivity (that is,
neurons with high characteristic frequencies) contribute to
the ABR to the second click. The tendency for ABR recov-
ery to reflect temporal resolution of high-frequency neurons
may also explain why, within chickadees, temporal resolution

Auditory filter ERB [kHz]

was associated with auditory filter bandwidth at 4 kHz but
not lower stimulus frequencies. Single-unit or masking
studies are needed to test this possibility.

The sensation level of the stimulus (dB above threshold)
can also influence estimates of temporal resolution. Higher
sensation levels tend to suppress response recovery at short
inter-click intervals (Parham et al. 1996), and hence, yield
lower estimates of temporal resolution. Estimates of tempo-
ral resolution in the current study were probably not overly
influenced by differences in sensation level considering that
ABR thresholds at 3 kHz, the dominant frequency of the
click stimuli, vary by less than 5 dB within and across the
study species (Henry and Lucas 2010b).

Ultimately, species differences in temporal resolution may
reflect evolutionary adaptations for efficient processing of
vocal communication signals. High-temporal resolution in
house sparrows, for example, may have evolved to improve
temporal coding of vocal fine structure and envelope fluctua-
tions, whereas lower temporal resolution in chickadees and
nuthatches may have evolved to permit greater frequency
resolution of tonal signals. Consistent with this speculation,
house sparrow vocalizations contain rapid modulations of
frequency and amplitude (Lowther and Cink 2006), whereas
nuthatch vocalizations (Ritchison 1983) and chickadee songs
(Lohr et al. 1991) contain mostly tonal elements. Note, how-
ever, that many chickadee calls (vocalizations exchanged
over shorter distances) contain rapid frequency and ampli-
tude modulation (Lucas and Freeberg 2007). Ultimately, this
hypothesis should be explored using a phylogenetic compar-
ative analysis of a larger sample of species.
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Our results indicate a surprising degree of individual
variation among chickadees in peripheral auditory process-
ing. The underlying factors responsible for auditory differ-
ences are unclear, but could include experience-based
developmental auditory plasticity. Indeed, chickadees
raised in acoustic isolation are less able to discriminate
among contact calls of different individuals (Phillmore
etal. 2003). The specific effects of experience on the
peripheral auditory system are unexplored in songbirds, but
in domesticated ducks and chickens, exposure to music or
species-specific vocalizations early in life enhances the
anatomical and functional development of auditory brain-
stem nuclei (Dmitrieva and Gottlieb 1994; Wadhwa et al.
1999). Furthermore, in humans, musical training or experi-
ence with tonal language enhances neural processing of
speech and music sounds in the brainstem (Musacchia et al.
2007; Krishnan et al. 2010). Individual variation in repro-
ductive hormone levels could also contribute to auditory
differences. Previous studies of songbirds indicate the pres-
ence of estrogen receptors within the cochlea (Noirot et al.
2009), and differences in peripheral auditory function
between sexes and seasons in a variety of species including
chickadees (Lucas etal. 2002, 2007; Henry and Lucas
2009, 2010b; Caras et al. 2010). Finally, a small amount of
variation across subjects can be attributed to a measurement
error. In a single house sparrow tested on two separate
occasions, ABR recovery varied by 3.4 + 1.9% points
(mean absolute difference + SD) between days. Note that
in this subject, testing was repeated due to excessive back-
ground in the ABR recordings on the first day. Hence, the
measurement error was probably lower in other subjects.

A comparison of AEP responses to paired click stimuli
between songbirds and other taxa suggests that birds may
have greater temporal resolution than some terrestrial mam-
mals, but lower temporal resolution than dolphins. In
response to click stimuli of 60 dB SPL, ABR recovery in
our study species ranged from 30 to 45% at an inter-click
interval of 1 ms and from 35 to 50% at 2 ms. Full recovery
occurred at intervals greater than about 10 ms. At a similar
sensation level of click stimulation (i.e., approximately 30—
40 dB above threshold) recovery of the compound action
potential (CAP) in cats increases from 30% at an interval of
2ms to 100% at inter-click intervals greater than 16 ms
(Parham et al. 1996). CAP recovery in humans is unknown
for inter-click intervals less than 3 ms (at which point CAP
recovery ranges from 50 to 65%), but full recovery requires
about 70 ms between clicks (Ohashi et al. 2005). Finally,
ABR recovery in dolphins, which find prey using echoloca-
tion, increases from 50% at an interval of 1 ms to 100% at
intervals greater than 5 ms (Supin and Popov 1995). Recent
psychophysical studies also suggest sensitive temporal res-
olution in birds. Zebra finches and budgerigars, for exam-
ple, can discriminate differences in temporal fine structure

@ Springer

occurring within time intervals as short as 1 ms whereas
humans require time intervals greater than 3—4 ms (Dooling
et al. 2002; Lohr et al. 2006). Our results provide a poten-
tial neural basis for these capabilities.

In conclusion, the results of the current study of song-
birds support a tradeoff between frequency resolution and
temporal resolution. More generally, our results add to the
small body of empirical research on sensory tradeoffs, and
highlight their potential importance in the evolution. The
adaptive significance of species differences and the ontog-
eny of individual variation may be rewarding avenues for
future research.
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