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Abstract Receiver sensory abilities can be influenced by
a number of factors, including habitat, phylogeny and the
selective pressure to acquire information about conspeci-
fics or heterospecifics. It has been hypothesized that brood-
parasitic brown-headed cowbird (Molothrus ater) females
may locate or determine the quality of potential hosts by
eavesdropping on their sexual signals. This is expected to
produce different sex-specific pressures on the auditory
system to detect conspecific and heterospecific acoustic
signals. Here, we examined auditory filter shape and effi-
ciency, which influence the ability to resolve spectral
and temporal information, in males and females at center
frequencies of 2, 3 and 4 kHz. We found that overall,
cowbirds had relatively wide filters (Ismean £ SE:
619.8 £+ 41.6 Hz). Moreover, females had narrower filters
(females: 491.4 £ 66.8, males: 713.8 & 67.3 Hz) and greater
filter efficiency (females: 59.0 & 2.0, males: 69.8 +
1.9 dB) than males. Our results suggest that the filters of
female cowbirds may allow them to extract spectral
information from heterospecific vocalizations. The broader
auditory filters of males may reflect limited spectral energy
in conspecific vocalizations in this frequency range, and
hence, weaker selection for high resolution of frequency in
the range of 2-4 kHz.
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Introduction

In many species, signal design and signal reception are
closely linked (Endler 1992). For instance a number of
songbird species are most sensitive to the dominant fre-
quencies in their own vocalizations (Dooling et al. 2000;
Henry and Lucas 2008) and the upper limit of frequency
sensitivity correlates well with the maximum frequencies
of vocalizations of frogs and birds (Feng et al. 2006;
Konishi 1970). Additionally, sensitivity to harmonics cor-
relates well with the use of harmonics in vocalizations
(Dooling et al. 2002). There is also evidence that some fish
and birds upregulate auditory processing during the
breeding season (Lucas et al. 2002, 2007; Henry and Lucas
2009; Sisneros 2009), which improves the processing of
conspecific vocalizations.

However, not all species have sensory systems that
reflect the signals that conspecifics produce. For instance,
predators are commonly sensitive to the signals or cues of
their prey. Bats that eat tungara frogs have specialized low
frequency hearing to localize the “chuck” call of their prey
(Bruns et al. 1989). Additionally, barn owls phase-lock to
high frequencies (Koppl 1997) which is thought to be
largely a result of detecting prey, rather than conspecific
vocalizations. Barn owls also have excellent temporal
resolution, which allows them to acoustically detect and
localize their prey (Dent et al. 2002). Parasites are also
sensitive to the signals of their hosts and may have sex-
specific sensory specializations if hosts are used for
reproduction. For instance, ormia flies, which deposit their
eggs on crickets, have auditory specializations that allow
them to localize potential hosts using the sexual signals of
their hosts (Robert et al. 1992, 1996).

Brown-headed cowbirds (Molothrus ater) may have
unique selective pressures on their sensory systems due to
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their brood-parasitic breeding strategy. It has been
hypothesized that female cowbirds eavesdrop on the
sexual signals of hosts in order to detect, locate, or
determine the quality of potential hosts (Clotfelter 1998;
Banks and Martin 2001; Parejo and Avilés 2007),
although this hypothesis has remained relatively unex-
plored. If the reception of host signals provides a fitness
benefit, then cowbirds should have sensory systems that
are capable of processing host signals. However, sensory
specializations for host detection should be found in
females but not males, because female cowbirds alone
search for nests.

Female cowbirds parasitize a wide range of species
(Friedmann and Kiff 1985), but generally prefer hosts at
woodland edges (Lowther 1993). Species in this habitat
generally produce vocalizations that range from relatively
tonal to slowly modulated, with frequencies between 1
and 4 kHz (Wiley and Richards 1978; Richards and
Wiley 1980). In contrast, male cowbirds produce songs
with peak spectral energy above 4 kHz (Lowther 1993).
Therefore, we would expect a release from selective
pressure on the auditory system at or below 4 kHz based
on conspecific vocalizations, but strong selective pressure
based on host vocalizations. This could lead to a mis-
match between conspecific signal design and signal
reception in females, which attend to host vocalizations
(Gall and Lucas 2010).

This mismatch between conspecific signals and recep-
tion may be reflected in the auditory filters, which per-
form frequency analysis of sounds in the inner ear. The
shape of the auditory filters creates a trade-off between
the ability of the auditory system to resolve frequencies
versus the ability to process rapid modulation. Sharp, or
narrow, filters improve frequency resolution because dif-
ferent frequencies are more likely to be processed in
separate channels (Moore 1993). Wide filters are better
able to pass amplitude and frequency modulated stimuli,
because frequency sidebands are more likely to be pro-
cessed in a single channel (Viemeister and Plack 1993;
Sek and Moore 2000; Thyer and Mahar 2006). Indeed,
Henry and Lucas (2010) found that songbird species in
open habitats that favor rapid modulations had wider fil-
ters than species in closed habitats that favor pure tone
vocalizations.

Filter shape can be estimated using thresholds deter-
mined in a notched-noise masker (Patterson 1976;
Glassberg and Moore 1990). In this method, a tone is
played at the frequency of interest in a broadband white
noise, which prevents the listener from using information
gathered outside the filter to detect the tone (off-fre-
quency listening). Here, the tone is difficult to detect
because the filter centered at the tone frequency is also
processing noise. A notch of silence is then added to the
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noise, centered at the frequency of interest. As the notch
is widened, the tone should become easier to detect
because there is less noise entering the filter. The shape of
the threshold by notch width function dictates the shape
of the filter: steep functions indicate narrow filters and
shallow functions indicate wide filters. Filter shape can
then be described by the bandwidth of the filter or by the
quality of the filter (the ratio of the center frequency to
bandwidth). The auditory filter model also fits an effi-
ciency parameter, or the signal to noise ratio of the
detection threshold.

Here, we explore the hypothesis that auditory filters’
shape is influenced by selective pressure for signal
reception in the brood-parasitic brown-headed cowbird.
We used auditory evoked potentials, which are minute
electrical potentials measured from the scalp (Hall 2007),
to determine the auditory filter shape at 2, 3, and 4 kHz.
Male brown-headed cowbirds were expected to have
auditory filters adapted for processing conspecific vocali-
zations, while female brown-headed cowbirds were
expected to have auditory filters that were adapted for
processing both conspecific and heterospecific vocaliza-
tions. Auditory filters generally increase in bandwidth
outside of the frequency range of vocal signals in other
songbirds (see for instance the dark-eyed junco, Henry
and Lucas 2010). Male brown-headed cowbird songs
contain little spectral energy from 2 to 4 kHz; therefore,
we expected that there would be little selective pressure
from conspecific communication on tuning and relatively
broad filters in males at 2, 3, and 4 kHz. The vocaliza-
tions of the preferred brown-headed cowbird hosts pre-
dominately have spectral energy in the 2-4 kHz range.
This should favor relatively narrow filters in brown-
headed cowbird females at 2, 3, and 4 kHz. Additionally,
females are expected to have greater filter efficiency than
males, to enhance the long distance detection of host
vocalizations.

Methods
Animal capture and housing

Brown-headed cowbirds were trapped with baited walk-in
traps at a USDA APHIS station in May and early June of
2009. Adult males and females were identified by plumage.
The brown-headed cowbirds were considered to be in
breeding condition as males engaged in song and females
responded to male song by adopting a copulatory position.
Individuals were housed individually in I1-m® cages at
Purdue University and provided ad libitum with mixed
seed, mealworms, and water. Brown-headed cowbirds were
transferred to Purdue University Animal Care and used
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Committee protocol # 08-012 upon completion of the
auditory experiments.

Auditory evoked potentials

We recorded a class of auditory evoked potentials called
auditory brainstem responses (ABR). ABRs are onset
responses generated by the auditory nerve and brainstem
within the first 10-12 ms following stimulus onset (Hall
2007). In songbirds, the ABR is dominated by a biphasic
deflection that usually occurs within 5 ms of onset and
thought to be generated primarily by the auditory nerve
(Brittan-Powell et al. 2002). ABRs are generally insensi-
tive to the effects of anesthesia (Hall 2007), which allows
rapid assessment of peripheral auditory processing in spe-
cies that do not lend themselves well to behavioral auditory
assessments. ABRs have been used in wild-caught song-
birds to evaluate frequency sensitivity, frequency selec-
tivity and temporal processing (Henry and Lucas 2008,
2010).

A total of 17 brown-headed cowbirds (9 males and 8
females) were tested. Auditory evoked potentials were
recorded from individuals anesthetized with a combination
of ketamine (40-60 mg kg~') and midazolam (6-
8 mg kg~ ') injected into the breast muscle. Subjects were
placed on a microwavable heating pad wrapped in towels at
the center of a sound-proof chamber lined with Sonex
acoustic foam (Acoustic Solutions, Richmond, VA, USA).
We added or removed towels to maintain a temperature of
39 & 2°C between the heating pad and the bird. A non-
inverting needle electrode (Nicolet Biomedical, Fitchburg,
WI, USA) was placed under the scalp at the vertex of the
head, an inverting electrode beneath the skin of the audi-
tory meatus, directly behind the ear opening, and a ground
electrode below the skin on the nape of the neck. We
periodically evoked responses to 100 ps broadband clicks
to monitor anesthesia level. Sessions were ended and data
discarded if ABR amplitude or latency changes were
greater than 20% of the initial response. Males and females
appeared to respond similarly to anesthesia.

Auditory stimuli (tone bursts and notched noise) were
created in SigGen32 and presented using a computer run-
ning TDT BioSig32 software and a TDT II rack-mounted
system (Tucker Davis Technologies, Gainesville, Florida).
White noise was created with two analogue waveform
generators (TDT WG1). Subsequently, the notched noise
was created by passing one noise source through a high-
pass filter and one noise source through a low-pass filter
with corner frequencies set to the notch width (TDT pro-
grammable filter PF1). The roll-off of the filters was
approximately 156 dB per octave based on 26 poles. The
noise had a spectrum level of 15.3 & 2 dB re: 20 pPa’
outside the notch (Fig. 1). Tone bursts created in SigGen32
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Fig. 1 a The solid line represents an auditory filter centered at 3 kHz
derived from the auditory evoked responses to tones in notched noise.
The amount of attenuation provided by the filter (in relative dB)
increases with distance from the center frequency. The equivalent
rectangular bandwidth (ERB) is equal to the bandwidth of a rectangle
with the same height and area as the auditory filter. The dashed lines
represent the average long term power spectrum of the noise (25 Hz
bins) for each normalized notch width. The spectrum level of the
noise is also presented in dB (relative to the noise level outside of the
notch). b The amplitude z score by intensity functions used to
extrapolate thresholds at each normalized notch width from a single
female. The amplitude z score was created by cross-correlating a
frequency specific template (response at 72 dB SPL) to subsequent
responses at lower intensities. The dashed line represents the upper
bound of the physiological background noise. Solid lines represent the
fit of the generalized linear model. Thresholds were extrapolated from
intersection of the amplitude z score by intensity function with the
upper bound of physiological background noise

were passed through a TDT DA1 digital to analogue con-
verter and equalized at every third-octave band with a 31
band equalizer (Behringer Ultragraph model FBQ6200).

Stimuli were presented through a Crown D75 amplifier
and a magnetically shielded speaker (RCA Model 40-5000;
140-20,000 Hz frequency response) suspended 30 cm
above the bird’s head. Auditory evoked responses were
recorded using the TDT BioSig32 software and a TDT II
after being passed through a DB4 biological amplifier
(amplification = 200,000x) and ADI analogue to digital
converter. We recorded a class of auditory evoked
responses called ABRs. ABRs are electrical potentials that
are generated within 5—-10 ms after the onset of the acoustic
stimulus. Early ABR peaks are relatively unaffected by
anesthetic or sedative drugs, therefore ABRs allow for
relatively rapid testing of peripheral hearing responses in
non-human animals (Hall 2007).
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Auditory evoked potential threshold

Auditory filter shape was estimated at center frequencies of
2, 3, and 4 kHz using the cross-correlation technique and
filter fitting procedure outlined in Henry and Lucas (2010).
Previous studies suggest that auditory evoked potentials are
robust estimates of behavioral auditory thresholds at these
frequencies in brown-headed cowbirds (Gall and Lucas
2010). Thresholds were estimated at five normalized notch
widths (half the notch bandwidth divided by the center
frequency) ranging from O to 0.4 at each center frequency
(Fig. 1). Auditory responses were evoked with 8 ms tone
bursts with 2 ms cos? onset—offset ramps and alternating
phase (90° and 270°). Frequency presentation was ran-
domized. Tone bursts were presented sequentially at
intensities ranging from 72 to 16 dB SPL in 8 dB SPL
steps at each frequency—notch width combination. The
stimuli were presented at 51.1 stimuli per second with an
interstimulus interval of 11.6 ms. Two sets of ABRs were
recorded at each intensity, center frequency, and notch
width. Each ABR was the averaged response to 500 stimuli
presentations. ABRs were sampled at a rate of 40 kHz for
12 ms. All responses were bandpass filtered from 0.1 to
10 kHz prior to averaging.

Auditory thresholds were determined using a cross-
correlation technique in PRAAT (Boersma and Weenink
2009). First, we created a template from the averaged
72 dB response at each frequency—notch width combina-
tion. The subsequent responses (64-16 dB SPL) at that
frequency—notch width combination were then cross-cor-
related with the template. The template was also cross-
correlated with species-specific physiological background
noise recorded in quiet. The cross-products of the physio-
logical background noise were approximately normal with
a mean of 0. The cross products were then divided by the
standard deviation of the physiological background noise
to determine the ABR amplitude z score. Amplitude z
scores greater than 2.56 were significantly different than
the physiological background noise at the 99.5% confi-
dence level.

We then extrapolated the ABR amplitude z score by
intensity function to estimate the threshold at the upper
limit of physiological background noise. The extrapolation
was performed separately for each notch width using
PROC GLM in SAS 9.2 (Fig. 1). An intensity squared term
was included in the model to account for slight non-line-
arity. Thresholds were excluded from further analysis if the
R? value was less than 0.8. If two or more thresholds were
excluded at a single frequency all responses at that fre-
quency were discarded for that bird. Auditory filter shape,
therefore, was determined for a total of 13 cowbirds (7
males and 6 females).

@ Springer

Auditory filter shape

Auditory filter shape was determined from the threshold by
notch width functions. As the notch width increases the
threshold should decrease, because the signal to noise ratio
in the filter increases. This is expressed as:

/

where N(f) is the long term average power spectrum of
the masking noise in Pa’/Hz and was measured directly
from the stimulus. K is a constant representing the signal
to noise ratio that is required to evoke a response, W(f) is
a weighting function and Py is the masked threshold. W(f)
and K were solved for using an iterative Gauss—Newton
polynomial fitting procedure in SAS (Proc NLIN; SAS
Institute Inc., v. 9.2). W(f) was modeled following the
two parameter rounded exponential model [roex(p,r)] of
Patterson et al. (1982) where the p parameter represents
the slope of the filter near the center frequency. The roex
model does not fit data well when the masked threshold
approaches the absolute threshold, so the r parameter
constrains the dynamic range of the filter to improve fit
(Moore 1993). However, the r parameter has little effect
on the shape of the filter near the center frequency (Popov
et al. 2006). We constrained the r parameter to be less
than the contribution of the p parameter when g was
within 0.35. Here, g represents the normalized frequency
deviation from the center frequency. The weight of the
filter then becomes

W(g)=(1—r)(1+pgle P +r.
To solve K, p and r, the above equations were combined:

N PSD,y i) X [.roex(p,r)
Py(nw) =K' + 10 log;p ) n (4)>< 1{3710
=1

Here, P.(nw)’ is the masked ABR threshold in dB SPL
in noise with notch width nw. K’ is the efficiency constant
K expressed in decibels (10 logoK). N is the number of
25 Hz bins in the largest notch width, PSD,; is the power
spectral density in Pa*/Hz of the noise in each bin and

/roex(p,r) =—(1=rp Q2+ pa)e™

+(1=r)p~' 2 +pa)e™ +r(a—b)

where a and b are the upper and lower frequency limits of
each bin, respectively. We calculated the equivalent rect-
angular bandwidth (ERB), which describes a rectangle with
the same height and area as the filter. ERB is equal to 4/p
times the center frequency of the filter when expressed in Hz.
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Statistical design

All data were checked for normality and homoscedacity in
PROC UNIVARIATE. Repeated measures ANOVAs were
conducted using Proc MIXED in SAS 9.2 with bird ID as a
subject variable. Several covariance structures were mod-
eled (first-order autoregressive, compound symmetry,
unstructured). The final covariance structure (compound
symmetry) was chosen based on the AIC value, however,
the results were not qualitatively different among the dif-
ferent models. We first examined thresholds as a function
of frequency, notch width, sex, and their interactions. We
then investigated filter parameters. Dependent variables
were the ERB, Qggrp (the quality of the filter expressed as
center frequency/ERB) and K'. Independent variables were
sex, frequency and their interaction. Significant effects
were examined post-hoc with the LSMEANS procedure.

Results

As predicted there were significant main effects of sex
(F1’11'3 = 2344, p < 0001), frequency (F2,129.6 = 39.9,
p < 0001), and notch width (F4,]26.3 = 131.3, p < 0001)
on ABR threshold. Females were on an average
15.1 £ 3.1 dB more sensitive than males. Thresholds at 2
and 4 kHz were higher than at 3 kHz and decreased with
increasing notch width (Fig. 2). There were also significant
interaction effects of sex x notch width (Fy 1263 = 3.7,
p = 0.007) and frequency x notch width (Fg 1263 = 4.94,
p < 0.001) on ABR thresholds, suggesting that the shape of
the filters changes with both sex and frequency. The slice
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Fig. 2 Auditory thresholds as a function of notch width at a 2 kHz
b 3 kHz and ¢ 4 kHz for male and female brown-headed cowbirds.
Steeper slopes indicate narrower auditory filters, while shallow slopes
indicate wider auditory filters. Males generally had shallower slopes
than females. The slope of the function was also influenced by
frequency, with the steepest slopes at 3 kHz. Estimates are least
squares means (+SE) generated using the LSMEANS procedure in
PROC MIXED

procedure indicated that females had lower mean thresholds
than males at all notch widths (F; 14 > 4.9, p < 0.045). The
slopes of the threshold by notch width function also tended
to be steeper in females than in males, particularly at 4 kHz,
suggesting narrower filters in females (Fig. 2). Steepness of
the threshold by notch width slope decreased with
increasing frequency, suggesting an increase in filter width
with increasing center frequency (Fig. 2).

There was a significant main effect of sex (F 5, = 5.6,
p = 0.04) on ERB; however, there was no main effect of
frequency (F,69 = 0.3, p = 0.78), nor was there a signi-
ficant interaction between sex and frequency. As predicted,
females (Ismean + SE = 491.4 & 66.8) had significantly
smaller ERBs than males (Ismean + SE = 713.8 £ 67.3)
across all frequencies (Fig. 3a).

There were significant main effects of sex (F; gg = 7.4,
p = 0.024) and frequency (F, 57 = 24, p < 0.001) on the
quality of the filter. Females filter quality increased more
sharply than males with increasing center frequency
(Fig. 3b). Filter quality also increased with increasing
center frequencies (t > 3.7, p < 0.003; Fig. 3b). There was
not a significant sex x frequency interaction (F, 57 = 3.7,
p = 0.09).

There was a significant main effect of sex (F 109 = 15.2,
p = 0.002) but not frequency (F, 157 = 2.7,p = 0.1) or the
sex x frequency interaction (F, ;57 = 0.05, p = 0.96) on
filter efficiency. Females were on an average 10.8 & 2.8 dB
better at detecting a tone against a constant noise background
than males (Fig. 3c).
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Fig. 3 a Equivalent rectangular bandwidth (ERB) in Hz as a

function of center frequency for male and female brown-headed
cowbirds. b Quality factor (Qgrp) of the auditory filters as a function
of center frequency for male and female brown-headed cowbirds.
QOkra is the ratio of the center frequency to the ERB. Higher values of
Q indicate sharper auditory filter tuning. ¢ Filter efficiency (K') of the
auditory filters as a function of center frequency for male and female
brown-headed cowbirds. K’ is the signal to noise ratio expressed in dB
at the auditory threshold. Lower values of K’ indicate a better ability
to detect tones in noise. Estimates are from the LSMEANS procedure
(£SE)
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Discussion

Overall, we found that auditory evoked potential estimates
of auditory filter shape in brown-headed cowbirds were
similar to other songbird species. Filter quality increased
with increasing center frequency for both sexes. However,
there was little effect of frequency on ERB, particularly in
females. This suggests that brown-headed cowbirds have
an auditory system that is closer to constant bandwidth than
to constant Q from 2-4 kHz, which is different from that of
most mammals (Popov et al. 2006) and birds (Dooling
et al. 2000).

An increase in the quality of the filter with center fre-
quency should result in increasing frequency resolution
with increasing center frequency. Indeed, Sinnott et al.
(1980) found that a single male cowbird could detect
changes of ~20 Hz at a center frequency of 2 kHz and
~25 Hz at a center frequency of 4 kHz. Relative dis-
crimination ability, therefore, increases with increasing
center frequency, as does the quality of filters in this fre-
quency range. However, discrimination ability decreased
above 4 kHz (Sinnott et al. 1980), suggesting decreasing
filter quality above 4 kHz. The male cowbird was not as
sensitive to frequency changes in this range as humans, but
slightly more sensitive than pigeons (Sinnott et al. 1980).
Estimates of human auditory filters (Moore 1993) are
generally narrower than those found in birds thus far. These
relatively small discriminable changes in frequency sug-
gest that there are additional mechanisms in the ascending
auditory pathway that improve the frequency resolution
provided by the peripheral filters.

We also found that thresholds in noise with no notch
(notch width = 0) were approximately 10-15 dB above
previously reported critical ratios estimated with behav-
ioral protocols, but followed the same general pattern
(Hienz and Sachs 1987). This is likely due to the use of
ABRs to estimate thresholds. In general, thresholds esti-
mated with ABRs tend to follow the same general patterns,
but are usually at least 15-20 dB above behavioral esti-
mates of auditory thresholds (Brittan-Powell et al. 2002,
2005). The thresholds we obtained in noise with the largest
notch were also higher than our previous estimates of ABR
thresholds in quiet (Gall and Lucas 2010). This could be
due to the longer rise—fall time of the stimuli used in this
experiment, which evoke less robust ABRs, but improve
frequency specificity.

Sex differences
Overall, we found that females had smaller bandwidths and
higher quality filters than males. Filter quality increased

more rapidly in females than in males and was sharpest at
4 kHz. Females also had greater filter efficiency than
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males, suggesting that females may be under greater
selective pressure for frequency discrimination and the
detection of tones in noise.

Differences in auditory tuning in brown-headed cow-
birds may be due to differential expression of sex hor-
mones, such as estrogen. Estrogen receptors have been
found in the inner ears of fish (Forlano et al. 2005), birds
(Noirot et al. 2009) and mammals (Stenberg et al. 1999,
2001). Additionally, estrogen has been implicated in a
variety of sex-correlated differences in the auditory
periphery (Charitidi et al. 2009). For instance, implanting
ovariectomized non-breeding female plainfin midshipman
(Porichthys notatus) with 17f-estradiol or testosterone,
which is converted to 17f-estradiol by aromatase, induces
upregulation of responses to frequencies in male courtship
vocalizations (Sinsneros et al. 2004).

A number of recent studies also suggest that auditory
tuning can vary seasonally and is often correlated with
seasonal changes in vocalizations in a variety of taxa. For
instance, the plainfin midshipman fish mentioned above,
upregulate the processing of frequencies in male songs
during the breeding season (Sisneros 2009). Neurons in the
auditory midbrain of male leopard frogs show improved
phase-locking to the envelopes of synthetic advertisement
calls during the breeding season (Goense and Feng 2005).
In birds, house sparrows (Passer domesticus) show
enhanced suprathreshold auditory evoked responses to tone
bursts in the range of male song during the breeding season
(Henry and Lucas 2009). Seasonality in auditory evoked
responses to clicks and tones have also been shown in
Carolina chickadees, tufted titmice, downy woodpeckers
and white-breasted nuthatches (Lucas et al. 2002, 2007).

Seasonal changes and sex differences in auditory tuning,
as well as the presence of aromatase and estrogen receptors
in the sensory epithelium of songbirds (Noirot et al. 2009),
suggest a role for estrogen in auditory tuning in songbirds.
However, further studies are needed to explicitly link cir-
culating estrogen with seasonal or sex-specific differences
in the auditory tuning of songbirds. Additionally, without a
detailed study of seasonal changes it is unclear whether sex
differences in brown-headed cowbird auditory tuning is a
result of auditory plasticity or fixed developmental
trajectories.

Songbird auditory filters

Although differences exist among species, most songbirds
are capable of detecting changes in frequency of less than
1% (reviewed in Dooling et al. 2000), suggesting some
conservation in auditory filter shape. Similarity among
species could be due to either phylogenetic conservation or
convergent signal design. Auditory filter shape could also
be related to habitat-related signal propagation—favoring
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wide filters in open habitats and narrow filters in closed
habitats (Henry and Lucas 2010). The unique vocalization
of the brown-headed cowbird makes it unlikely that con-
vergent auditory tuning is a result of similar vocal reper-
toires, due both to the high frequencies and relatively tonal
vocalizations. Therefore, filter similarity is more likely to
reflect shared evolutionary history or habitat. Auditory
filter shape has been estimated with auditory evoked
potentials for species in the superfamilies Sylvioidea (tuf-
ted titmouse), Muscicapoidea (white-breasted nuthatch),
Passeroidea (house sparrow, white-crowned sparrow, dark-
eyed junco) and behaviorally (Marean et al. 1998) in the
superfamily Muscicapoidea (European starling). Brown-
headed cowbirds are in the superfamily Passeroidea, and
are in a sister clade to the American sparrows (Jgnsson and
Fjeldsa 2006). So we would expect them to be most similar
to white-crowned sparrows and dark-eyed juncos, as well
as house sparrows.

Indeed, in brown-headed cowbirds, the average auditory
filter width was most similar to other species in the
superfamily Passeroidea, which have relatively wide filters
(see Fig. 4a). However, when segregated by sex, females
had narrow filters, while males had wide filters (Fig. 4b)
compared to other species. When we look at the pattern of
ERBs across frequencies, males fall out with house spar-
rows and white-crowned sparrows, but female ERBs are
more similar to the dark-eyed junco, which has a nearly
constant ERB (Fig. 5). However, there is currently no
information on sex differences in auditory filters for other
songbirds, so it is unclear whether sex differences them-
selves represent a specialization of the brown-headed
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Fig. 5 Equivalent rectangular bandwidths = SE (ERB) in Hz of the
auditory filters as a function of center frequency for songbird species
in open habitats [white-crowned sparrow (WCSP), house sparrow
(HOSP)], closed habitats [white-breasted nuthatch (WBNU), tufted
titmouse (ETTI), the dark-eyed junco (DEJU)] and brown-headed
cowbird (BHCB) males and females. Additional data are from Henry
and Lucas 2010

cowbird, or are commonplace in sexually dimorphic
songbirds.

These patterns could also be driven by similarity in
habitat. Brown-headed cowbirds use relatively open habi-
tats, although females preferentially parasitize species in
field-woodland edges. Among the species investigated thus
far, the white-crowned and house sparrow live in relatively
open areas, titmice and nuthatches live in relatively closed
habitats, and dark-eyed juncos live in mixed habitats
(Henry and Lucas 2010). It could be, then, that male
brown-headed filter width is related to the relatively open
habitats they use and are thus most similar to other open
habitat species. On the other hand, female filter width is
more similar to the pattern seen in dark-eyed juncos. This
may be because brown-headed cowbirds preferentially
parasitize species at woodland-field ecotones and dark-
eyed juncos breed in coniferous forests, which may impose
intermediate acoustic limitations because vegetation den-
sity influences signal attenuation and reverberative decay
rates (Padgham 2004).

Implications for vocal processing

Cowbirds had relatively wide filters at 2, 3, and 4 kHz. An
extrapolation of filter width to higher frequencies (most
likely a conservative estimate of bandwidth) suggests that
peripheral filtering will result in poor resolution of high
frequency elements of male song, particularly in males.
Brown-headed cowbirds’ vocalizations are also accompa-
nied by visual displays and male-directed visual displays
are more intense than female directed displays (O’Loghlen
and Rothstein 2010). This may reduce the pressure on
males to evaluate opponent quality acoustically and this in
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turn could relax selection on male cowbird filter width.
Additionally, female brown-headed cowbirds communicate
with males using frequency-modulated contact calls, with
energy primarily in the 2-6 kHz frequency range. These
calls exhibit tremendous variation in temporal and spectral
features among females that is likely to provide informa-
tion about individual identity (Burnell and Rothstein 1994).
The improved temporal resolution of wider filters may
allow males to identify and locate females.

Species in a variety of taxa use frequency-specific
attenuation as a distance cue (Wilczynski and Brenowitz
1988; Brenowitz 1989; Naguib 1995; Nelson 2000). Nar-
row filters in female cowbirds may be important for
determining the distance of potential hosts. This is because
the attenuation of high frequency components in vocali-
zations provides ranging, or distance estimation informa-
tion (Naguib and Wiley 2001) and narrow filters are likely
to improve the ability to resolve spectral differences in
degraded stimuli. Finally, male cowbird perched song
contains low amplitude elements at low frequencies. Nar-
row filters in females may enhance the discrimination of
these low amplitude elements.

Conclusions

Overall, we found a mismatch between conspecific vocal
signals and receiver physiology. This mismatch could be
due to a relaxation of selection pressure on males in this
frequency range and females to detect or range potential
hosts. However, further work is needed to determine
whether this mismatch is adaptive or the result of phylo-
genetic conservation within the family Icteridae. Analysis
of auditory filters at higher frequencies could provide a
more complete picture of the auditory processing capabi-
lities of the brown-headed cowbird. Additionally, sex-
specific differences suggest a role for estrogen in mediating
tuning in the auditory periphery. Future work should
explicitly examine the link between seasonal hormonal
changes and auditory reception.
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