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Abstract We tested for seasonal plasticity of the
peripheral auditory system of three North American
members of the Sylvioidea: Carolina chickadees (Poe-
cile carolinensis), tufted titmice (Baeolophus bicolor),
and white-breasted nuthatches (Sitta carolinensis). We
measured three classes of auditory evoked responses
(AER) to tone stimuli: sustained receptor/neural
responses to pure-tone condensation waveforms, the
frequency-following response (FFR), and the earliest
peak of the AER to stimulus onset (tone onset
response). Seasonal changes were detected in all clas-
ses of AERs in chickadees and nuthatches. Seasonal
changes in titmice were restricted to the tone onset
response. Interestingly, changes detected in chickadees
(and to a lesser extent in titmice) were generally in an
opposite direction to changes seen in nuthatches, with
chickadees exhibiting greater amplitude AER responses
in the spring than in winter, and nuthatches exhibiting
greater amplitude AER responses in winter than in

spring. In addition, the seasonal diVerences in the sus-
tained responses tended to be broad-band in the chick-
adees but restricted to a narrower frequency range in
nuthatches. In contrast, seasonal diVerences in the
onset response were over a broader frequency range in
titmice than in chickadees and nuthatches. We discuss
some possible mechanistic and functional explanations
for these seasonal changes.
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List of abbreviations
AER Auditory evoked response
CM Cochlear microphonic
FFR Frequency following response
FFR2 Second harmonic of the frequency

following response
CM + FFR Sustained response including both

cochlear microphonic and frequency
following response

Introduction

Neural regions devoted to vocal development and pro-
duction in songbirds change substantially across sea-
sons in both young and adult individuals (Bottjer and
Johnson 1997; Ball 1999; Nottebohm 1999; Brenowitz
2004; Brenowitz and Beecher 2005). Hearing is known
to play a fundamental role in vocal learning speciWcally
and in vocal communication more generally (Dooling
1982, 1992; Dooling et al. 2000); however, we know rel-
atively little about the role of the peripheral auditory
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system in vocal communication. In particular, few stud-
ies have addressed possible seasonal inXuences on the
auditory periphery (Lucas et al. 2002; Sisneros and
Bass 2003; Goense and Feng 2005).

In an earlier comparative study of six avian species
(three of which are part of the current study), we tested
for species diVerences in auditory evoked responses
(AERs) generated by broadband click stimuli (Lucas
et al. 2002). AERs are neural impulses generated by
the peripheral auditory system—the auditory nerve
and the auditory brainstem neurons—in response to
acoustic stimuli. AERs in songbirds have been found
to correlate with behavioral hearing thresholds, partic-
ularly in the region of best hearing from roughly 2 to
4 kHz, though AERs underestimate true hearing
thresholds by about 30 dB over this range (Dooling
and Walsh 1976; Saunders et al. 1980; Brittan-Powell
et al. 2002). We found that species diVerences in AERs
measured in the spring were correlated with both the
complexity and the prevalence of high-frequency sig-
nals in the vocal repertoire of those species (Lucas
et al. 2002). An unexpected Wnding of this earlier study
was that click-evoked AER latency and amplitude
were strongly aVected by season (speciWcally whether
birds were tested in winter vs. spring). Two more
recent studies on midshipman Wsh, Porichthys notatus
(Sisneros and Bass 2003; Sisneros et al. 2004) and leop-
ard frogs, Rana pipiens (Goense and Feng 2005) sug-
gest that seasonal variation in the acuity of the
peripheral auditory system may be taxonomically
widespread.

Our earlier study reported only click-evoked AERs
(Lucas et al. 2002). As part of those same experiments,
we measured AERs to tone burst stimuli, but these
data were not included in the original manuscript. Nev-
ertheless, these data are important because they Wll in
important details that are not available with click-
evoked AERs. SpeciWcally, clicks are broad-band stim-
uli. As such, we cannot distinguish whether seasonal
changes detected with click-evoked AERs represent
narrow-band or broad-band variation in the activity of
the peripheral auditory system. AERs to tone burst
stimuli provide this information.

Here we report tone-evoked AERs for three spe-
cies. All three species are members of the Superfamily
Sylvioidea of the Parvorder Passerida (Sibley and Ahl-
quist 1990). Carolina chickadees, Poecile carolinensis,
and tufted titmice, Baeolophus bicolor, are members of
the family Paridae, and white-breasted nuthatches,
Sitta carolinensis, are members of the Sittidae. We
chose these species because they are all relatively
closely related, but vary substantially in their vocal rep-
ertoire (see Lucas et al. 2002). The nuthatches have

simple calls and songs that are primarily produced with
low frequencies (Ritchison 1983). Chickadees and tit-
mice use a broader frequency range, with chickadees’
vocal repertoire (Smith 1972; BloomWeld et al. 2005)
more complex than that of titmice (OVutt 1965; Sch-
roeder and Wiley 1983).

We assessed three classes of AERs to tone stimuli:
sustained receptor/neural responses to tone burst stim-
uli with condensation onset polarity (here called
CM + FFR), the frequency-following response (FFR),
and the earliest peak of the AER to the onset of the
stimuli. Sustained responses to tones potentially
include both a receptor component (cochlear micro-
phonic or CM) and a neural component (FFR). Both
the receptor response (presumably an outer hair cell
response) and the neural response (reXecting phase-
locked neural activity in a population of brainstem
neural elements) mimic the temporal waveform of the
stimulus. The CM is elicited by periodic deXections of
the basilar membrane; the amplitude of the CM mea-
sures the ability of the hair cells of the inner ear to
respond to an AC electrical potential, and is strongly
correlated with the intensity of the stimulus (Bekesy
1950). The amplitude of the FFR measures the ability
of the peripheral auditory system to phase-lock to the
stimulus frequency, and also varies with stimulus inten-
sity (e.g. Krishnan 1999; Krishnan and Parkinson
2000). The earliest peak of an auditory brainstem
response is likely generated by the auditory nerve (pos-
sibly the distal portion of the auditory nerve: Brown-
Borg et al. 1987). Collectively, these three classes of
AERs allow us to address seasonal eVects on the audi-
tory system.

Based on the complexity of the vocal repertoire of
the species, we predicted that the spring increase in
acoustic sensitivity seen in chickadees and titmice
would be relatively broad-band, whereas the winter
increase in sensitivity seen in nuthatches should be
skewed to lower frequencies (»2 kHz).

Methods

Subjects and seasons

All birds were captured in the vicinity of West Lafay-
ette, IN, USA. Only adult birds were used in our
study—the birds were aged according to Pyle (1997).
Sex was determined by color pattern for nuthatches
(see Pyle 1997). For Carolina chickadees and tufted tit-
mice, sex was based on size distributions of birds
caught in the vicinity of our capture site (Thirakhupt
1985) and previously validated using visual inspection
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of gonads (see Lucas et al. 1993, 2006). Immediately
after capture in treadle traps baited with sunXower
seed, birds were banded with unique colored leg rings
and were brought into the laboratory and housed
indoors in individual 1 m3 wire mesh home cages in
rooms containing other such cages housing individuals
of these species (i.e. birds were never housed in com-
plete isolation). All birds were tested within 3 days of
capture and all birds were tested only once. While in
the aviaries, birds were kept under a light/dark cycle
appropriate for their west-central Indiana capture area
and the time of year. Each individual was provided
with mixed seed (shelled sunXower seed and saZower
seed), crushed oyster shell and grit, and was given
1–3 mealworms and fresh vitamin-treated water daily.
After AER testing (described below), birds were
housed in their individual cages an additional 2–3 days
to recover completely from the anesthetic and testing,
and then were released at their individual sites of cap-
ture.

We divided our testing of the birds into two seasons,
“winter” (October–January) and “spring” (February–
April). This cutoV between January and February was
chosen because around this time reproductive hor-
mones begin to change and song rates begin to increase
in this population (see Lucas et al. 2006; also see Ball
1999). This is also roughly the time of year in which, for
chickadees and titmice, social Xocks begin to break up
into female-male pairs that establish breeding territo-
ries (Smith 1991). Four Carolina chickadees were
tested in the spring (3 males, 1 female; 1 in February, 1
in March and 2 in April) and seven in the winter (3
males, 4 females; 1 in October and 6 in November).
Seven tufted titmice were tested in the spring (4 males,
3 females; 2 in March and 5 in April) and six in the win-
ter (3 males, 3 females; 2 in November and 4 in Decem-
ber). Four white-breasted nuthatches were tested in
both spring (3 males, 1 female; 2 in March and 2 in
April) and winter (2 males, 2 females; 1 in October and
3 in December). Average masses (mean § SD) of each
species, collected from individuals immediately before
we had acquired their AERs, were 10.0 § 0.7 g for Car-
olina chickadees, 20.4 § 1.9 g for tufted titmice, and
20.6 § 1.3 g for white-breasted nuthatches.

Procedure

We acquired AERs from all birds between 1300 and
1730 hours, from January 2000 to April 2001. Subjects
were taken from their holding cages, weighed, placed
into opaque carrying boxes, and transported to the
Audiology Laboratory where they were brieXy held
until testing. Immediately prior to testing, each subject

was removed from the carrying box and was injected in
the breast muscle with a mixture of ketamine/xylazine
(0.5 ml of ketamine at 100 mg/ml, 0.1 ml of xylazine at
100 mg/ml, in 9.4 ml sterile saline). Dosage varied from
0.10 ml to 0.12 ml per 10 g of bird.

After injecting a bird, we placed it on a small hand
towel inside its carrying box for 5–6 min until its eyes
closed and it appeared fully anesthetized. The bird was
then taken into the testing room, a walk-in IAC acous-
tic isolation room kept at roughly 23°C. Evoked
responses were recorded using subdermal needle elec-
trodes (Nicolet Biomedical) placed under the skin of
the crown directly above and midway between the eyes
(positive electrode) and under the skin of the auricular
region directly behind the ipsilateral external auditory
meatus (negative electrode). The ground was an elec-
trode placed under the skin of the back (nape) of the
neck. After the electrodes were inserted and held in
place by tape, the subject was placed inside a large
plastic box, on top of pre-heated padding to help main-
tain body temperature. We did not measure body tem-
perature in these experiments, but the pre-heated
padding maintained a 35°C temperature for at least
45 min (longer than needed for us to complete the
AER data acquisition), which is within the thermoneu-
tral zone for these small birds (Chaplin 1974; Cooper
and Swanson 1994). The Wrst protocol we ran on each
bird involved broad-band click stimuli—the results of
these studies have been published previously (Lucas
et al. 2002). Following the click stimuli protocols, we
ran protocols using tone burst stimuli. For half of the
birds in the study, we measured the onset response to a
95 dB SPL click stimulus just prior to the beginning of
tone burst testing, and then again approximately
30 min later near the end of testing. We did this to
determine whether there were systematic shifts in peak
latencies and amplitudes over the course of testing,
which might be indicative of anesthetic eVects. None of
the three species tested here showed a signiWcant
change in latency or amplitude of response to the click
stimuli from the beginning to ending of testing, sug-
gesting that changing anesthetic eVects over our
roughly 45 min of testing were negligible.

Responses were elicited with frequency speciWc tone
bursts, using Intelligent Hearing Systems (IHS) Smart
EP (Version 2.2). Tones were 20 ms in duration with
3.0 ms rise/fall time (extended cosine) presented at
31.13/s. The tone stimuli were presented through an
ER-3A-MS (Custom) 300 � insert earphone, coupled
to the ear of the subject with putty. The frequency
response of the stimulus out of the insert earphone was
Xat to 4 kHz, and then dropped oV in intensity by
roughly 35 dB SPL/octave from 5 to 10 kHz. The tone
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burst protocol included the presentation of Wve
diVerent frequencies (1, 2, 3, 4, and 5 kHz presented in
that order) at each of each of four levels (95, 75, 55 and
35 dB SPL), calibrated with a Bruel and Kjoer sound
level meter using a 2 CC coupler. True SPL levels were
correct for 1–4 kHz tones but were 10 dB below these
values for 5 kHz tones. Throughout the paper we
will refer to the stimulus levels as 95, 75, 55 and 35 dB
SPL.

An IHS Opti-Amp 8000 was used to amplify the
EEGs. Interelectrode impedances were maintained
below 7 k� for titmice and nuthatches and below
20 k� for chickadees. The basis for the species diVer-
ence in impedance is unknown. Impedance is aVected
by skin and skull thickness and by the properties of
the intercranial medium (the latter presumably is sim-
ilar across species). We know of no evidence that
impedance diVerences aVect the results we are report-
ing here. The EEG inputs were ampliWed 200,000
times and were band-pass Wltered from 100 to
5,000 Hz (6 dB/octave roll-oV, RC response charac-
teristics). Two response waveforms in condensation
phase and two response waveforms in rarefaction
phase were collected at each intensity and frequency.
Each response waveform represented 512 stimulus
presentations over a 25.6 ms sample window with a
sampling rate of 55 kHz.

In all cases, the data from 75 to 55 dB were interme-
diate to the data from 95 to 35 dB. We therefore pres-
ent analyses of the sustained responses for only the two
extreme tone-burst intensities. However, we present
data on latency and amplitude of the Wrst peak in the
tone burst onset response at 95 and 55 dB (not 35 dB),
because the Wrst peak was diYcult to locate consis-
tently across birds at 35 dB. Two measures of sustained
responses to tones were estimated: CM + FFR and the
FFR. ‘CM + FFR’ was the amplitude of a Fast Fourier
Transform of the EEG at the frequency of tones pre-
sented into the ear as condensation-phase waveforms.
This measure includes a sustained periodic signal from
the cochlea (called the cochlear microphonic or CM)
with a short latency, and phase-locking in the brain-
stem (called the frequency following response or FFR;
Huis in’t Veld et al. 1977) with a longer latency. Phase-
locking in the brainstem is expected to begin only after
the Wrst positive AER peak. The CM contribution to
the CM + FFR response can be minimized by adding
the independent responses obtained using condensa-
tion and rarefaction onset polarity. The resulting resid-
ual should largely be the phase-locked neural component
(FFR and FFR2). CM is minimized by adding waveforms
of diVerent polarity (rarefaction waveforms are 180°
out of phase compared to condensation waveforms),

because polarity is retained in the cochlear response
waveform. Thus adding the waveforms nulliWes the
CM signal. Rarefaction and condensation waveforms
are not perfectly out-of-phase in the brainstem because
there is a non-linear transformation of signal from bas-
ilar papilla to auditory nerve. Thus, the FFR signal is
retained by the addition of rarefaction and condensa-
tion waveforms.

Assuming that the transfer of signal from cochlea
to auditory nerve includes a simple half-wave rectiW-
cation of the signal, we expect to see a prominent
second harmonic (at 2f; here called FFR2) in the
rarefaction + condensation waveform. The second
harmonic (FFR2) of the frequency following
response may also result from the fact that the FFR is
derived from several separate generators (see Gardi
et al. 1979; Stillman et al. 1978). Thus, the amplitude
of this harmonic corresponds to the magnitude of the
2f neural component (referred here as FFR2). The
addition of the rarefaction and condensation wave-
forms also yields the onset component because
‘noise’ from the CM is damped, making the onset
component easier to measure. Representative FFR
waveform and a Wrst peak of the onset response are
illustrated in Fig. 1a.

There is some debate about whether the
rarefaction + condensation waveform generates a true
FFR. Although the CM can indeed be eliminated using
this technique (e.g. Sohmer et al. 1977; Gardi et al.
1979), the technique may generate a distorted repre-
sentation of the FFR if the transfer of signal from the
cochlea to the auditory nerve is strongly non-linear
(Chimento and Schreiner 1990). While we acknowl-
edge this potential problem, the technique does pro-
vide at least an index of the FFR uncontaminated by
CM. We view the results in this light. Nonetheless, the
details of the representation of the FFR should be
viewed with caution.

Statistical design

Multiple data were collected sequentially on each
bird. Therefore, all data were tested using repeated
measures analysis of variance with the individual bird
as the subject using PROC MIXED in the SAS
statistical program (SAS 1994). The data were sorted
chronologically and analyzed using a Wrst-order auto-
regressive variance/covariance matrix (ar(1) in PROC
MIXED).

We used Wve diVerent dependent variables in our
analyses. Three were indices of a sustained response:
CM + FFR, FFR and FFR2. The Wnal two dependent
variables were the latency and the amplitude of the
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Wrst positive AER peak, where latency was the time
from the onset of the stimulus to the maximum ampli-
tude of the Wrst peak. Peak amplitude was measured as
the relative amplitude diVerence from the Wrst positive
peak to the Wrst negative peak (Fig. 1a).

We used four independent variables for each test:
tone frequency, species of bird, sex of bird, and season.
Separate analyses were run on the 35 and 95 dB data
sets. All four independent variables were treated as
class variables, and all possible interaction terms were
added to the model. Non-signiWcant interactions were
dropped from the model in order of decreasing order
of complexity (e.g. the 4-way interaction was dropped
Wrst if it was n.s.), and in order of increasing F value.
Least squares means were generated using the
LSMEANS option under PROC MIXED, and multi-
ple comparisons were evaluated using the DIFF option
of LSMEANS. CM + FFR, FFR, and FFR2 values
were cube root transformed to normalize variance of

the model residuals. No transformation was necessary
for latency or amplitude of the Wrst AER peak.

The Wve dependent variables we evaluated represent
two sets of properties of the peripheral auditory
response, the sustained response (characterized by
CM + FFR, FFR and FFR2) and the auditory brain-
stem response (characterized by latency and amplitude
of the Wrst AER peak). An alternative method to the
univariate approach described above, is to treat the vec-
tor of properties of each auditory response as a single
dependent variable in a repeated measures MANOVA.
We performed these analyses on the data to ensure that
our primary conclusions (species-speciWc seasonal pat-
terns in the response of the peripheral auditory system
to sound) were robust. In the analyses, each dependent
variable was converted to a Z-score, and repeated
measures MANOVA analyses were performed on the
Z-scores using Proc GLM (SAS 1994) using individual
bird as the subject variable. Exact P values for Wilk’s

Fig. 1 a Examples of an FFR 
(where the rarefaction wave-
form is added to the conden-
sation waveform) generated 
from the peripheral auditory 
system of a white-breasted 
nuthatch to a pure tone at 
1,000 Hz and 95 dB. A power 
spectrum of the waveform 
indicates our metric of FFR 
and FFR2 strength. Note the 
stronger second harmonic 
(FFR2) compared to the fun-
damental (FFR). b Examples 
of CM + FFR waveforms 
(condensation phase only) of 
a white-breasted nuthatch at 
each of the four intensities 
used in this study
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Lamba were calculated using the ‘mstat = exact’ com-
mand within MANOVA. The full statistical model
including main eVects and interactions (described
above) was tested, but to save space we report only the
critical interaction terms. Tests of sphericity (an
assumption of the MANOVA design) were performed
using the ‘printe’ option in the ‘repeated’ statement.

Results

CM + FFR

The seasonal CM + FFR response was signiWcantly
diVerent between species (Table 1). Averaging across
frequencies, response amplitude for chickadees was
signiWcantly lower in winter compared to the spring
(Fig. 2) at both 95 dB (t24 = 2.86, P = 0.009) and 35 dB
(t24 = 4.32, P = 0.0002). In contrast, CM + FFR
response amplitude for nuthatches was signiWcantly
greater in winter compared to the spring (Fig. 2) at
95 dB (t24 = 2.47, P = 0.021), but no signiWcant diVer-
ence was detected at 35 dB (t24 = 0.48, P = 0.63). Tit-
mice showed no diVerence in CM + FFR between
seasons for either intensity level (95 dB: t24 = 0.15,
P = 0.88; 35 dB: t24 = 1.23, P = 0.23).

As expected, the decreased winter CM + FFR in the
chickadees was distributed across a fairly broad range
of frequencies (Fig. 3a), whereas the increased winter
CM + FFR in the nuthatches was restricted to an
enhancement at 2 kHz (Fig. 3c). The CM + FFR
response to diVerent tones was virtually identical
across seasons for titmice (Fig. 3b). The diVerence
between species in the seasonal response to tones is
indicated in the signiWcant frequency £  species £ sea-
son interaction (Table 1).

There was no overall eVect of sex on the magnitude
of the CM + FFR response (95 dB: F1,23 = 0.57,
P = 0.46; 35 dB: F1,23 = 0.01, P = 0.91), nor were there
any signiWcant interactions between sex and the other
independent variables (all P > 0.10). Given that sexes
were equivalent in CM + FFR, we dropped this term

from the repeated measures ANOVAs for the preced-
ing analyses.

Note that there was one bird (a chickadee) tested in
February. Our seasonal dichotomy between spring and
winter is arguably stronger if we delete this bird during
this transition month. Doing so does not change any of

Table 1 Repeated measures 
ANOVA for cube-root trans-
formed CM + FFR response 
(condensation wave-form) 
measured for 35 and 95 dB 
tone bursts

Independent variable 35 dB 95 dB

ndf, ddf F P ndf, ddf F P

Frequency 4, 95 50.4 <0.0001 4, 95 27.3 <0.0001
Species 2, 24 6.7 0.005 2, 24 4.2 0.028
Season 1, 24 7.6 0.011 1, 24 0.01 0.91
Species £ season 2, 24 5.5 0.011 2, 24 7.0 0.004
Species £ frequency 8, 95 1.7 0.11 8, 95 2.8 0.009
Season £ frequency 4, 95 1.8 0.14 4, 95 0.5 0.71
Species £ freq £ season 8, 95 2.4 0.020 8, 95 2.3 0.026

ndf Numerator degrees of 
freedom, ddf denominator de-
grees of freedom

Fig. 2 Mean CM + FFR response as a function of season at a
35 dB and b 95 dB. Each value is the least squares mean (§SE)
based on the statistical model from Table 1, averaged over all fre-
quencies. Units for response amplitude are cube-root of (pV2 £
104). SigniWcance of a seasonal change within species is denoted
by asterisks: **P < 0.01, *P < 0.05. Note the diVerent scales on the
two Wgures
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our results. Nonetheless, the bird was left in the sample
because the seasonal transition was determined a priori
(as discussed in the Methods).

FFR: the avian brainstem

The data for the Wrst and second harmonics of the fre-
quency following response were similar but not identi-
cal to the results from the CM + FFR (Table 2).
Chickadees had a signiWcantly weaker FFR in the win-
ter compared to the spring (FFR, 95 dB: t22 = 3.4, P =
0.003; 35 dB: t22 = 3.2, P = 0.006; FFR2, 95 dB: t22 = 2.1,
P = 0.044; 35 dB: t23 = 4.6, P = 0.0001). Nuthatches
tested at 95 dB had a stronger response amplitude in
the winter only for FFR2 (Fig. 4) (FFR, 95 dB: t22 = 1.3,
P = 0.21; 35 dB: t22 = 0.5, P = 0.63; FFR2, 95 dB: t22 =
2.5, P = 0.020; 35 dB: t23 = 0.03, P = 0.98). In titmice,
there was no diVerence across seasons for either mea-
sure of FFR (Fig. 4) (FFR, 95 dB: t22 = 0.5, P = 0.63;
35 dB: t22 = 0.99, P = 0.33; FFR2, 95 dB: t22 = 0.29,
P = 0.79; 35 dB: t23 = 0.44, P = 0.67). Note the ampli-
tude of FFR2 is about the same as that of FFR (Fig. 4)
at high intensities (95 dB) and about half the amplitude
of FFR at low intensities (35 dB).

As with CM + FFR, the species diVered in the
degree to which their frequency-speciWc FFRs changed
across seasons. In chickadees, seasonal FFR diVerences
were more narrow-band than observed in CM + FFR:
chickadees exhibited a stronger FFR in the spring
(compared to winter) at 2 kHz and at both 1 and 2 kHz
for FFR2. The seasonal eVect in nuthatches is at a

lower frequency than the CM + FFR response: both
FFR and FFR2 were signiWcantly weaker in the spring
compared to the winter for only the 1 kHz tone
(Fig. 5). No signiWcant patterns were evident in titmice
(Fig. 5). These species diVerences are signiWcant as
indicated by a signiWcant frequency £ species £ season
interaction (Table 2).

There was a weak eVect of sex on the species diVer-
ences in FFR at 95 dB (Table 2a). This is the result of a
signiWcant diVerence between nuthatch males and
females (LSM § SE: male, 0.011 § 0.002; female,
0.020 § 0.003; t21 = 2.7, P = 0.015). No sex diVerences
were detected for chickadees (t21 = 0.4, P = 0.70) or tit-
mice (t21 = 0.7, P = 0.51). There was also a weak eVect of
sex on seasonal diVerences in FFR2 at 95 dB (Table 2b).
This resulted from females in winter showing a stronger
FFR2 than males (LSM § SE: female, 0.017 § 0.003;
male, 0.008 § 0.003; t22 = 2.4, P = 0.023). Sex was not a
signiWcant factor in the model in spring (t22 = 0.8,
P = 0.41). Note that if ‘sex’ is dropped from the analyses
altogether, the other trends described above (which par-
tial out these sex eVects) are unchanged.

The fact that patterns detected in the FFR and
CM + FFR diVer suggests that the CM + FFR waveform
includes a CM component. This can be veriWed by an
analysis of the latency with which the sustained response
is generated. Figure 1 illustrates that the CM + FFR
response is generated in less than 1 ms, suggesting a CM
component. When the CM is removed by adding con-
densation and rarefaction waveforms (Fig. 1a), the onset
of the FFR occurs at about 3.5 ms. The magnitude of the

Table 2 Repeated measures 
ANOVA for cube-root 
transformed frequency 
following response 
(condensation + rarefaction 
waveform)

Independent variable 35 dB 95 dB

ndf, ddf F P ndf, ddf F P

(a) FRR
Frequency 3, 86 34.2 <0.0001 3, 72 30.7 <0.0001
Species 2, 25 4.2 0.028 2, 21 5.1 0.016
Season 1, 25 5.9 0.023 1, 21 2.5 0.13
Sex 1, 25 0.5 0.49 1, 21 1.1 0.31
Species £ sex ns 2, 21 3.5 0.048
Species £ season ns 2, 21 3.2 0.063
Species £ frequency ns 6, 72 0.5 0.84
Season £ frequency ns 3, 72 1.5 0.24
Species £ freq £ season ns 6, 72 4.6 0.001

(b) FFR2
Frequency 3,86 52.4 <0.0001 3,72 49.1 <0.0001
Species 2,23 0.6 0.56 2,22 0.7 0.50
Season 1,23 5.4 0.030 1,22 0.1 0.72
Sex 1,23 4.1 0.056 1,22 0.6 0.46
Season £ sex ns 1,22 4.5 0.046
Species £ season 2,24 6.3 0.006 2,22 6.1 0.008
Species £ frequency ns 6,72 1.4 0.24
Season £ frequency ns 3,72 0.8 0.52
Species £ freq £ season ns 6,72 6.8 <0.0001

Data for the (a) fundamental 
(FFR) and (b) second har-
monic (FFR2) were analyzed 
separately; Non-signiWcant 
(ns) interactions were 
dropped from the model
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CM component (as indicated by the onset latency of the
sustained response) also appears to diminish with a
reduction in signal intensity 1b).(Fig. 1b).

First peak of onset response (AER)—latency 
and amplitude

Averaged across frequencies, both chickadees (55 dB:
t24 = 2.0, P = 0.06; 95 dB: t24 = 3.9, P = 0.001) and tit-
mice (55 dB: t24 = 1.8, P = 0.08; 95 dB: t24 = 4.5,
P = 0.001) showed a lower amplitude of the Wrst peak
of the onset response in the winter compared to the
spring, whereas nuthatches showed the opposite pat-
tern, at least at 95 dB (55 dB = t24 = 1.4, P = 0.18;
95 dB, t24 = 2.3, P = 0.030) (see Table 3, Fig. 6).

Seasonal patterns in onset amplitude were also fre-
quency dependent (i.e. the season £ freq £ species
interaction was signiWcant, at least for 95 dB; Table 3,
Fig. 7), although the patterns were somewhat diVerent
than those found with the sustained responses. Here,
surprisingly, seasonal diVerences are evident over a
broader range of frequencies in titmice (1–3 kHz) than
in chickadees or nuthatches (1–2 kHz).

Averaged across frequencies, the species diVered in
mean latency (Fig. 6), but seasonal patterns in latency
were not diVerent between species (species £ season
interaction: 55 dB: F2, 23 = 2.0, P = 0.16; 95 dB: F2,23 =
0.9, P = 0.42), nor was there a signiWcant season £
freq £ species interaction (F6,72 = 1.6, P = 0.15).

There was no overall eVect of sex on the amplitude
of the onset response (55 dB: F1,23 = 0.69, P = 0.45;
95 dB: F1,23 = 0.41, P = 0.53), nor were there any signiW-
cant interactions with sex (all P > 0.16). There was also
no overall eVect of sex on the latency of the onset
response (55 dB: F1,23 = 3.12, P = 0.09; 95 dB:
F1,23 = 0.80, P = 0.38), nor were there any signiWcant
interactions with sex (all P > 0.15). Given that sexes
were equivalent in the onset responses, we dropped
this term from the repeated measures ANOVAs for
the preceding analyses.

MANOVA analyses

We performed a repeated measures MANOVA analy-
sis treating the three sustained-response dependent
variables (CM + FFR, FFR, and FFR2) as a single vec-
tor. The species £ season £ Hz interaction was highly
signiWcant for the data collected both at 95 dB (Wilk’s
Lambda = 0.56, P < 0.0001; sphericity was not signiW-
cant: x2

2 = 2.6, P = 0.27), and at 35 dB (Wilk’s
Lambda = 0.74, P < 0.0001; however, sphericity was
signiWcant: x2

2 = 11.2, P = 0.004). These results are con-
sistent with the univariate statistics described above.

There was a weak but signiWcant species £
season £ Hz interaction for the properties (amplitude
and latency) of the Wrst AER peak at 95 dB (Wilk’s
Lambda = 0.80, P = 0.042; sphericity is not calculated

Fig. 3 CM + FFR response measured at 95 dB as a function of
frequency for a Carolina chickadees, b tufted titmice, and c white-
breasted nuthatches. Data represent least squares means (§SE)
based on the statistical models in Table 1. Closed symbols spring;
open symbols winter. DiVerences between spring and winter are
indicated by asterisk: ** P < 0.01, * P < 0.05. Units for response
amplitude are cube-root of (pV2 £ 104)
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with only 2 dependent variables), but the interaction
was not signiWcant at 35 dB (Wilk’s Lambda = 0.80,
P = 0.070). However, the species £ season interaction
was highly signiWcant at both intensities (95 dB: Wilk’s
Lambda = 0.64, P = 0.0001; 55 dB: Wilk’s Lambda =
0.64, P = 0.0007). These results are consistent with the
univariate statistics described above.

Discussion

Our results support those of Lucas et al. (2002): there
is seasonal variation in peripheral and brainstem audi-
tory activity in several species of songbirds, with a
spring increase in chickadees (and, to a lesser extent, in
titmice) and a winter increase in nuthatches. However,
our results add important details to this observation. In
particular, the spring increase in chickadees is rela-
tively broad-band, whereas the winter increase in nut-
hatches is narrowly tuned to 2 kHz (for the CM + FFR)
or 1 kHz (for the FFR). Moreover, the spring increase
shown in titmice is restricted to a relatively broad-band
enhancement in the onset response to tones, and does

not extend to seasonal diVerences in a sustained
response. Titmice also show seasonal variation in AER
responses to click stimuli (Lucas et al. 2002), suggest-
ing that the diVerential response to tone-induced
AERs versus FFRs is real. Finally, our results suggest
that the seasonal patterns in sustained responses to
tones result from both cochlear (CM) and neural
(FFR) components.

Onset AER and FFR data represent diVerent 
properties of signal processing

While the onset AER and FFR may have anatomically
overlapping generators, they are fundamentally diVer-
ent in terms of the underlying neural activity producing
these components (Hall 1992; Hoorman et al. 1992;
Johnson et al. 2005). The onset AER is a transient
response and reXects neural activity synchronized to
the onset of the stimulus. Onset AER’s have been used
to indicate general sensitivity to sound (e.g., Woolley
et al. 2001; Britten-Powell et al. 2005) and obviously
are a component of onset responses to certain speech
patterns (Johnson et al. 2005). The FFR, on the other

Fig. 4 a, b Fundamental (FFR) and c, d second harmonic (FFR2)
of the condensation + rarefaction waveform as a function of sea-
son. Each value is the least squares mean (§SE) based on the sta-
tistical model from Table 1, averaged over all frequencies. Data

are from 35 (a, c) and 95 (b, d) dB tone bursts. Units for response
amplitude are cube-root of (pV2 £ 104). SigniWcance of a seasonal
change within species is denoted by asterisks: **P < 0.01,
*P < 0.05. Note that total range of each Wgure is diVerent
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hand, is a sustained response that reXects neural phase-
locking to the individual cycles of the stimulus wave-
form. Given this, the onset AER measure provides
information about the functional integrity of periph-
eral and brainstem auditory structures. The FFR pre-
serves more information about the acoustic features of
complex stimuli and provides for a robust analytic win-
dow to evaluate neural encoding of complex sounds at
the level of the auditory brainstem (e.g., in human
voice encoding: Krishnan and Parkinson 2000, Young
and Sachs 1979; Hoormann et al. 1992). Indeed, mea-
surement of onset AER’s and FFR’s in the same
(human) individual shows only a weak correlation
between them (Hoorman et al. 1992), underscoring the
diVerence between the indices.

These suggested diVerences between the function of
onset AER’s and FFR’s are intriguing because sea-
sonal variation in these properties in titmice were so
diVerent from those of chickadees. Chickadees showed

strong seasonality in FFR’s, whereas titmice showed
strong seasonality only in onset AER’s. One hypothe-
sis for these species diVerences is that sexual selection
on the complex vocal repertoire of chickadees (Ficken
and Ficken 1978; Lucas and Freeberg 2007) has
selected for enhanced processing of complex sound in
the spring, whereas sexual selection on a simpler vocal
repertoire in titmice has selected for enhanced sensitiv-
ity in the spring (as indicated by stronger onset AER’s
in spring vs. winter) but no enhancement in the FFR.
This idea is easily testable. If the hypothesis is true,
auditory responses to complex sounds (e.g., strong
amplitude or frequency modulated sounds) should be
more robust in chickadees than in titmice, but seasonal
variation in behavioral thresholds to simple tones
should be greater in titmice (as we demonstrated in this
paper).

There is some precedence in the literature for
seasonality in both the inner ear and in the auditory

Fig. 5 a, c, e Fundamental 
(FFR) and b, d, f second har-
monic (FFR2) of the fre-
quency following response 
measured at 95 dB as a func-
tion of frequency for a, b Car-
olina chickadees, c, d tufted 
titmice, and e, f white-breast-
ed nuthatches. Data represent 
least squares means (§SE) 
based on the statistical models 
from Table 1. Closed symbols 
spring; open symbols winter. 
DiVerences between spring 
and winter are indicated by 
asterisk: **P < 0.01, *P < 0.05. 
Units for response amplitude 
are cube-root of (pV2 £ 104)
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brainstem. Seasonal changes in auditory acuity in the
midshipman Wsh are related to changes in the inner ear
(or sacculus; Sisneros et al. 2004). Seasonal changes in
frequency tuning and temporal processing in the leop-
ard frog were identiWed by single-cell recording in the
midbrain (torus semicircularis; Goense and Feng
2005). Assuming that the results of these studies indi-
cate general properties of vertebrate auditory systems,
we should expect to see seasonal variation in the physi-
ology of the auditory system at several locations.

Generalities

A number of aspects of our data set are representative
of a diversity of taxa. For example, for a particular tone
frequency, as the intensity of the stimulus increased,
the amplitude of the response increased (and the
latency of the Wrst peak decreased; e.g., Dooling and
Walsh 1976; Hall 1992). Also, the region of best hear-
ing in many songbird species is between 1,000 and
4,000 Hz (Dooling 1982), and in general we found the
strongest amplitude responses at 1,000–2,000 Hz, drop-
ping oV substantially by 4,000 Hz.

Our results raise two important questions. The Wrst
is the mechanistic basis of this seasonal variation. The
second is the functional or evolutionary basis of these
seasonal trends. We obviously cannot address either
question deWnitively; however, we can oVer our specu-
lation on both points.

Mechanistic basis of seasonal patterns

It is important to note that the cochlea of adult song-
birds is inherently plastic in that functional hearing
can be restored after deafening due to hair cell dam-
age caused by noise overexposure or ototoxic drugs
(Cotanche et al. 1994; Dooling et al. 1997; Cotanche

1999). Perhaps it should not be too surprising that
such a plastic system shows evidence of seasonal vari-
ability when so much of the species’ behavior and
physiology is tied to seasonal change. Two major cir-
cuits in the songbird brain are devoted to vocal pro-
duction and to vocal learning (Nottebohm 1981; Ball
1999; Brenowitz 2004). One of these, the anterior
forebrain pathway, is fundamental to song learning
and song perception, and the starting point of that cir-
cuit involves neural input from auditory pathways to
the HVC nucleus in the nidopallium (Margoliash
1997; Nottebohm 1999). Experimental manipulation
of daylength causes changes in nuclei of the anterior
forebrain pathway (Tramontin and Brenowitz 2000).
Changes in daylength impact responses of HVC to
playbacks of males’ songs and of a bird’s own songs in
canaries, Serinus canaria (del Negro et al. 2000, 2005),
and longer daylengths produce more rapid auditory
discrimination of songs in zebra Wnches, Taeniopygia
guttata (Cynx and Nottebohm 1992; however, zebra
Wnches are not truly seasonal breeders, and changes
in daylength in the seasonally-breeding song sparrow,
Melospiza melodia, did not lead to such an eVect on
learned song discriminations—Reeves et al. 2003).
Changes in daylength were also found to aVect dis-
crimination of conspeciWc and heterospeciWc song in
starlings, Sturnus vulgaris, and in canaries, Serinus
canaria, and these two species responded in diVerent
ways to those daylength changes (Calhoun et al.
1993). Furthermore, cues related to the breeding sea-
son, but unassociated with day length, have been
shown to impact these brain regions in rufous-col-
lared sparrows, Zonotrichia capensis (Moore et al.
2004).

In the midshipman Wsh, Porichthys notatus, females
are attracted to a low frequency ‘hum’ of males dur-
ing the breeding season, and female midshipman

Table 3 Repeated measures 
ANOVA for (a) AER peak 1 
amplitude and (b) latency 
measured for 55 and 95 dB 
tone bursts

Independent variable 55 dB 95 dB

ndf, ddf F P ndf, ddf F P

(a) Amplitude
Frequency 3, 76 80.8 <0.0001 3, 72 108.8 <0.0001
Species 2, 24 5.5 0.011 2, 24 4.0 0.033
Season 1, 24 1.4 0.25 1, 24 10.8 0.004
Species £ season 1, 24 3.3 0.053 2, 24 13.6 0.0001
Species £ frequency 6, 76 6.0 <0.0001 6, 72 8.3 <0.0001
Season £ frequency ns 3, 72 1.0 0.39
Species £ freq £ season ns 6, 72 4.2 0.0012
(b) Latency
Frequency 3, 77 28.9 <0.0001 3, 81 28.8 <0.0001
Species 2, 26 13.2 0.0001 2, 26 4.6 0.019
Season 1, 26 0.3 0.58 1, 26 1.0 0.33
Species £ frequency 6, 77 6.9 <0.0001 6, 81 2.9 0.012

Non-signiWcant interaction 
terms (ns) were dropped from 
the model
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show increased sensitivity to the frequencies of the
male hum when the breeding season approaches
(Sisneros and Bass 2003). This behavioral change
seems driven by changes in sensitivity of aVerents
from the sacculus (the Wsh’s primary organ of hearing
in the inner ear) to the auditory nerve. One possible
mechanism of season-related neural plasticity in the
peripheral auditory system of these Wsh stems from
increased numbers of saccular aVerents (Sisneros and
Bass 2003). These changes may be facilitated by, or at
least associated with, circulating levels of gonadal ste-
roids that themselves change seasonally. Sisneros and
Bass (2003) suggest that gonadal steroids inXuence
changes in sensitivity of hair cells of the inner ear by
regulating the enzymes that inXuence the action of

ion channels of receptors, and hormone manipulation
studies support this hypothesis (Sisneros et al. 2004;
see Zakon 1987, for hormone eVects in weakly elec-
tric Wsh, Sternopygus macrurus, and Yovanov and
Feng 1983, for hormone eVects in leopard frogs, Rana
pipiens). If these proposed mechanisms generalize
across taxa, parallel analyses—sampling multiple time
points over the year—of reproductive behaviors, cir-
culating androgens and estrogens, AERs, and cochl-
ear and auditory system neuroanatomy should reveal
strikingly diVerent patterns for the three species of
our study.

Fig. 6 Latency as a function of relative amplitude for the Wrst
positive AER peak measured at a 55 dB and b 95 dB for Carolina
chickadees, tufted titmice, and white-breasted nuthatches. Each
value is the least squares mean (§SE) based on the statistical
models in Table 3, averaged over all frequencies. Circles chicka-
dees; triangles tufted titmice; squares nuthatches. Open symbols
winter; closed symbols: spring. Arrows indicate the change from
spring to winter
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Functional basis of seasonal patterns

We suggest that the functional basis of our results
involves two components of the life history of these
birds, their vocal repertoire and the microhabitats that
the birds occupy. From the perspective of the vocal
repertoire, chickadees unequivocally have a more com-
plex vocal repertoire than white-breasted nuthatches
(chickadees: Smith 1972, Ficken et al. 1978; nuthatches:
Ritchison 1983). Chickadees employ a wide range of
frequencies (1–11 kHz) in their vocal repertoire, and
they use a large number of elements from rapidly fre-
quency-modulated tonal notes to an array of notes that
are buzzes or stacked overtones (Nowicki and Nelson
1990). Nuthatches use a much narrower range of fre-
quencies with very little frequency modulation and
indeed with very little diversity between note types.
Titmice are harder to place currently, as so little work
has been done on their vocal system, but they appear
to lie somewhat intermediate between chickadees and
nuthatches in terms of vocal complexity (Lucas et al.
2002). We suggest that diVerences between chickadees
and nuthatches in vocal repertoires select for broad-
band acuity in chickadees and narrower-band acuity in
nuthatches (see Dooling 1982). Evidence published to
date indicates that female black-capped chickadees,
Poecile atricapillus, distinguish between males based
on frequency and temporal properties of the song
(Christie et al. 2004; male chickadees can also learn to
discriminate individual songs Phillmore et al. 2002).
Thus, sexual selection may be the driving force increas-
ing chickadee acoustic acuity in the spring.

What aspect of the life history of white-breasted
nuthatches is unusual with respect to the acuity of
acoustic processing in the fall/winter? Nuthatches are
bark foragers (Pravosudov and Grubb 1993). The use
of tree trunks as a foraging site has been shown to
impose high predation risk on woodpeckers by the
inevitable reduction in the visual Weld caused by the
tree trunk (Lima 1992). We suggest that this increased
risk, particularly in the fall and winter after leaf fall,
puts a premium on low-frequency acoustic acuity (e.g.
for hearing the wing beats of avian predators). This
conclusion is supported by auditory brainstem
responses of downy woodpeckers, which also show
increased acoustic acuity in the fall/winter compared to
the spring (Lucas et al. 2002). Nuthatches may also use
acoustic cues to Wnd insect prey. If true, it may repre-
sent a second factor selecting for increased acuity in
the winter, when food abundance is low. Finally, the
shift in peak sensitivity to winter months may reXect an
early mating season: courtship in nuthatches occurs
months before actual reproduction (Pravosudov and

Grubb 1993). At present we cannot distinguish these
alternative hypotheses.

Summary

Our data support the general conclusion drawn by Lucas
et al. (2002) that there is seasonal variation in the
response to sound by the cochlear and brainstem audi-
tory system of passerines. We found a signiWcant eVect
of season on CM + FFR and FFR measures in chicka-
dees (greater amplitude responses at a broad range of
frequencies in spring) and in nuthatches (greater ampli-
tude responses at lower frequencies in winter). There
were also seasonal eVects in all three species in the onset
response to tones. The fact that this seasonality eVect
has also been demonstrated in both a Wsh species (Sisn-
eros and Bass 2003) and a frog species (Goense and
Feng 2005) implies that the phenomenon may be quite
widespread. Along with Lucas et al. (2002), we believe
that this is the Wrst demonstration of the dynamic nature
of the peripheral auditory system in birds from the
standpoint of normally-occurring seasonal change. This
result is important because it extends our view of a sea-
sonally dynamic avian brain (Nottebohm 1981; Tramon-
tin and Brenowitz 2000; Ball et al. 2002; Brenowitz 2004)
into the brainstem and even into the inner ear.
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