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Abstract
Background: Male and female avian brood parasites are subject to different selection pressures: males compete for mates
but do not provide parental care or territories and only females locate hosts to lay eggs. This sex difference may affect brain
architecture in some avian brood parasites, but relatively little is known about their sensory systems and behaviors used to
obtain sensory information. Our goal was to study the visual resolution and visual information gathering behavior (i.e.,
scanning) of brown-headed cowbirds.
Methodology/Principal Findings: We measured the density of single cone photoreceptors, associated with chromatic
vision, and double cone photoreceptors, associated with motion detection and achromatic vision. We also measured head
movement rates, as indicators of visual information gathering behavior, when exposed to an object. We found that females
had significantly lower density of single and double cones than males around the fovea and in the periphery of the retina.
Additionally, females had significantly higher head-movement rates than males.
Conclusions: Overall, we suggest that female cowbirds have lower chromatic and achromatic visual resolution than males
(without sex differences in visual contrast perception). Females might compensate for the lower visual resolution by gazing
alternatively with both foveae in quicker succession than males, increasing their head movement rates. However, other
physiological factors may have influenced the behavioral differences observed. Our results bring up relevant questions
about the sensory basis of sex differences in behavior. One possibility is that female and male cowbirds differentially
allocate costly sensory resources, as a recent study found that females actually have greater auditory resolution than males.
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displays with complex motion patterns [10]. Understanding sex
differences in both the sensory system and information gathering
behaviors is key to testing the mechanisms behind some signal
evolution hypotheses (e.g., perceptual variability hypothesis [11])
as well as establishing the differential investment of males and
females in different sensory modalities [12].
Our goal was to test for sex differences in visual resolution (i.e.,
cone photoreceptor density) and visual information gathering
behaviors (i.e., head movements) in brown-headed cowbirds
(Molothrus ater). Cowbirds are brood parasites, making them good
models to study sex differences because (a) selection pressures vary
between sexes (i.e., males’ role is limited to mate attraction and
copulation without providing parental care or territories, whereas
only females search for hosts to lay their eggs [13]), (b) males and
females differ in their auditory systems (i.e., females have better
auditory resolution [14]), and (c) males and females differ in their
vigilance behavior while foraging in groups [15].

Introduction
When animals communicate, the sender emits a signal that is
then detected and processed by the receiver, which ultimately
responds behaviorally. Much attention has been devoted to the
sender’s and receiver’s behavioral interactions [1] and to some
degree the neural architecture behind those interactions [2], [3].
However, we know relatively less about how the configuration of
the receiver’s sensory system constrains the ability to detect and
process signals [4] and how individuals allocate attention to
different sensory components of a signal [5].
Differences in the sensory system of males and females have
been reported in some vertebrate species [6], [7], [8]. However,
little is known as to how these sex differences can influence
behaviors associated with gathering sensory information. For
instance, female Sceloporus graciosus lizards can detect the fast
motion stimuli of male courtship signals more quickly than males
[9], and they also spend more time orienting towards courtship
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enclosures (0.61 m60.76 m60.60 m) under a 14:10 hour light:dark cycle, and provided them with food ad libitum except during
the preceding periods of food deprivation for the behavioral
experiment (see below). Water was always available. For the
density of photoreceptor component, cowbirds were euthanized
with CO2 following guidelines established by IACUC.

First, we studied the density of cone photoreceptors associated
with chromatic (i.e., single cones [16], [17]) and achromatic
vision/motion detection (double cones [18], [19], [20], [21]) in
two parts of the retina: the center and the periphery. In brownheaded cowbirds, the fovea is approximately at the center of the
retina and projects laterally [22], and parts of the retinal periphery
(i.e., temporal region) project towards the binocular visual field
[23]. Areas with higher cone photoreceptor density are expected
to have higher visual resolution, and thus higher visual performance [24].
Second, we conducted a behavioral experiment exposing female
and male cowbirds to an object with high and low chromatic
saliency and measured how they gathered visual information with
head movements. Visually-guided animals actively modify the
position of their visual apparatus (i.e., eye, hence retina) to
enhance the quality and quantity of the sensory information they
can gather [25], [26], [27]. The avian fovea generally projects
laterally in those species with central foveae because of the lateral
position of the orbits in the skull. Consequently, when birds fixate
on an object, they mostly move their heads (due to their
comparatively limited eye movements) sideways around the object
of interest to get images of it with the fovea of each eye [28], [29].
Head movement rates have been proposed as an indirect proxy for
different visual tasks (e.g., visual search, visual fixation) in birds
[15], [30].
We considered two opposing predictions regarding sex differences in visual resolution in cowbirds. First, we expected that
females would have higher visual resolution because they are the
ones involved in nest searching behavior [13]. Second, we
expected that females would have lower visual resolution due to
their higher auditory resolution [14], because of the compensatory
plasticity hypothesis by which different sensory modalities may
have different energy allocation [31], [32] given that processing
sensory information is costly [33]. Regarding gathering visual
information, we hypothesized that individuals with lower visual
resolution may need to actively compensate for the lower quality of
the information obtained by their retinas (e.g. [34]). We proposed
two alternatives for this compensatory mechanism based on how
birds may explore objects visually [29]. First, if low visual
resolution requires an increase in the time a given retina is
exposed to the object to gather the necessary amount of
information, then the sex with the lower visual resolution would
have lower head movement rates than the sex with higher
resolution. Second, if low visual resolution requires an increase in
number of exposures of a given retina to the object to obtain the
necessary amount of information, we predicted that the sex with
the lower visual resolution would have higher head movement
rates than the sex with the higher resolution.

Density of Cone Photoreceptors
We used 20 adult brown-headed cowbirds (10 females, 10
males) captured from populations in Southern California. Individuals were euthanized within 24–48 hours of capture to
minimize the effects that artificial lighting may have on the
absorbance of oil droplets [35]. We first recorded individual body
mass. We then chose one eye (right or left) at random, removed it,
and measured its eye axial length with a digital caliper. We
removed the retina following the methods described in detail in
[36]. In brief, the eye was hemisected and the eyecup placed in a
phosphate buffered saline PBS solution (Sigma Life Science,
P4417-100TAB). The retina was extracted using fine paint brushes
(2/0 round Princeton Art and Brush Co. 4359 R) to detach it from
the retinal pigmented epithelium. The orientation of the retina
was recorded during this procedure by using as a reference point
the pecten, which is a pigmented and vascular structure in the
avian retina [37]. We then made radial cuts to the retina to flatten
it. In those cases in which the retina was torn, we used the other
eye’s retina only if ,30 min elapsed since the death of the
individual. The retina was mounted and coverslipped on a
microscope slide with the photoreceptor layer up and with a drop
of PBS. Our goal was to compare photoreceptor densities between
the foveal and non-foveal (i.e., retinal periphery) areas of the
retina. We obtained samples from the center of the retina as this is
where the fovea is localized in this species [22]. We decided to get
samples from the retinal periphery in four different regions to
avoid any bias: dorsal, ventral, temporal, and nasal. Therefore, we
sampled from five 2.32 mm2 sampling regions. We pooled the data
of the dorsal, ventral, temporal, nasal regions into a retinal
periphery area.
The slide was placed in an Olympus BX51 microscope fitted
with epifluorescent light (Olympus U-RFL-T), and a long-pass
filter for viewing wavelengths longer than 420 nm. Samples were
examined at a 406 magnification. We took pictures of each
sampling area with a Moticam 2300 3.0 M pixel camera using
Images Plus software Version 2.0 ML. Each of the five sampling
regions (2.32 mm2) was divided into a grid of 868 frames (each
frame was 0.036 mm2), yielding a total of 64 frames per sampling
region. We then took pictures of 32 frames by starting from the
upper left corner moving horizontally (and vertically at the end of
each row of 8 frames) and skipping every other frame. In each
frame, we took two pictures: one under the bright field and one
under the epifluorescent field.
We distinguished the different types of photoreceptors using oil
droplets, which are organelles in the avian retina that enhance
color discrimination [38]. In birds, each cone photoreceptor is
associated with a specific type of oil droplet. Single cone
photoreceptors with ultraviolet-(UVS) visual pigments have
transparent (T-type) oil droplets that do not absorb light in the
visible range [39]. Single cone photoreceptors with a short
wavelength-sensitive (SWS) visual pigment have colorless (C-type)
oil droplets with cut-off wavelengths from 392 to 449 nm [39].
Single cone photoreceptors with a medium wavelength-sensitive
(MWS) visual pigment have yellow (Y-type) oil droplets with cutoff wavelengths from 490 to 516 nm [39]. Finally, single cone
photoreceptors with a long wavelength-sensitive (LWS) visual
pigment have red (R-type) oil droplets with cut-off wavelength

Methods
Ethics Statement
All animal procedures were approved by the IACUC’s at
California State University Long Beach (220) and Purdue
University (Protocol no. 09–018).

General Procedures
We studied sex differences in the density of cone photoreceptors
between August and December 2008, and in scanning behavior
between September and December 2010. Cowbirds were captured
using mist-nets and Australian traps under the States of California
(California Department of Fish and Game) and Indiana (Indiana
Department of Natural Resources) and Federal (Fish and Wildlife
Service) permits. We housed brown-headed cowbirds in indoor
PLOS ONE | www.plosone.org
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We did not distinguish between head movements with different
amplitude because the degree of simultaneous calibration of the
different cameras was not enough to obtain accurate measurements between trails. We also measured the proportion of time
animals spent with their heads towards the cube (per definition
above) as a potential confounding factor. We only used head
movement rate towards the cube in our statistical analyses (see
below).

from 514 to 586 nm [39]. The double cone photoreceptors have a
LWS visual pigment, with the principal member having a P-type
oil droplet (cut-off wavelength varying from 407 to 419 nm [39]).
We did not identify rod photoreceptors as it required the use of
other methodological procedures [40].
We estimated the density of single and double cone photoreceptors by counting the number of oil droplets/mm2 at the center
and periphery of the retina. We followed Hart’s [41] criteria to
distinguish the different oil droplets (Appendix S1). Three
observers counted the retina after extensive training led to
differences of ,5% among them. We did not correct for tissue
shrinkage because we used fresh retinas. Some of the retina
pictures obtained did not have any oil droplets on the whole
picture or on specific parts of it. This could be an indication of loss
of photoreceptors due to the use of a brush during the preparation
(i.e., removal of the pigmented epithelium). Because of the
potential bias this could generate in the calculation of the overall
densities, we removed those pictures from the analysis.

Perceptual Modeling
One of the factors that could be affecting the perception of the
cubes by females and males is how salient they are from the visual
background. Visual contrast models take into consideration
(among other things) the reflectance of the background and the
object, the spectral properties of the light, the sensitivity of the
visual system (absorbance of visual pigments and oil droplets) and
the relative density of photoreceptors [44]. Consequently, we
estimated chromatic contrast of the colored and black cubes from
the perspective of each individual male and female by calculating
the relative densities of photoreceptors at the center and periphery
of the retina (in relation to the UVS cone densities) based on the
raw densities of photoreceptors measured for this study (see Density
of cone photoreceptors section above). We obtained information on the
absorbance of the visual pigments and oil droplets of brownheaded cowbirds (but without distinguishing between sexes), which
have a UVS visual system, using microspectrophotometry
(Appendix S2). We also measured the reflectance of the cubes,
the irradiance of the fluorescent bulbs at the enclosure level, and
the reflectance of the lining at the bottom of the enclosure
(Appendix S3). This information allowed us to parameterize the
chromatic contrast model for this particular species (details of
calculations in Appendix S3). The only parameter that varied
between sexes in our model was the relative density of photoreceptors. We did not calculate achromatic contrast because the model
we used did not include double cone photoreceptor density as a
parameter.

Head Movement Behavior
We used 20 adult brown-headed cowbirds (10 females, 10
males) captured from populations in Tippecanoe County, Indiana.
We conducted the experiment indoors with fluorescent bulbs,
which had a flicker rate of 20 kHz to minimize the potential
confounding effects of artificial lighting [42]. A 0.560.560.4 m
enclosure was on top of a 1-m high table (2 m under the lighting
fixture). The enclosure was made of mesh wire with two sides
made of Plexiglas to facilitate the recording of the focal’s behavior.
The enclosure was sitting on a wooded bottom that was covered
with light brown paper lining, which was replaced after each trial.
At the center of the cage, we positioned a cube (4.5 cm side length)
that was either colored (painted following the coloring pattern
similar to a Rubik’s cube) or black. The top of the cube had a small
hole where we placed about 1 g of millet seeds to grab the visual
attention of the animal during the first few minutes of the trial.
Food was not available in any other area of the cage. The
experimental arena was surrounded by black cloth to minimize
visual distractions while the animal was in the enclosure. We used
three camcorders on tripods to record the focal from the sides and
one camcorder was positioned on top of the enclosure to obtain a
top-view of the animal.
Birds were food-deprived the night before (an average of
12.0160.14 hrs) to enhance their motivation during the trials. The
experiment was conducted at averaged light levels of
670.60615.09 lux and temperatures of 22.1060.10uC. None of
these three factors significantly influenced head movement rates
towards the cube (light levels, F1,17 = 0.06, P = 0.811; temperature,
F1,17 = 2.21, P = 0.155; food deprivation, F1,17 = 0.79, P = 0.386);
so they were excluded from the final models.
A trial consisted of a single cowbird exposed to a single cube
(either colored or black) for 10 min. After the trial, animals were
returned to the housing enclosures and food and water were
provided ad libitum. Each individual was exposed to both
conditions (colored and black cubes) in a random order.
We measured head movement rates of male and female
cowbirds with JWatcher [43]. We analyzed the first 90 s of the
videos, as it was the time cowbirds appeared more motivated to
face the cube. We divided head movement behavior into bouts in
which cowbirds’ eyes were towards the cube or away from the
cube based on information on the configuration of its visual field
[23] and our top-view camera. Head movement behavior towards
the cube was defined as when the cowbird bill was within 120u in
either the right or left direction of the cube; whereas head
movement rate away from the cube was any other bill orientation.
PLOS ONE | www.plosone.org

Statistical Analysis
We first assessed sex differences in body mass and eye size with
general linear models. We ran general linear mixed models to test
for sex differences in the density of single cones (UVS, SWS,
MWS, and LWS pooled together) and double cones. Besides sex,
we also included retinal sector (central, periphery) and the
interaction between sex and retinal sector as independent factors.
Although our study was not designed to test for differences in cone
density between the right and left eyes [45], we included eye and
the interaction between eye and sex to control for this potential
confounding factor. When an interaction effect was significant, we
ran pairwise comparisons with t-tests. We used general linear
mixed models to assess sex differences in head movement rate
towards the cube, including cube type, the interaction between
cube type and sex, and the proportion of time with the head
towards the cube as independent factors. We analyzed differences
in chromatic contrasts (measured in units of just noticeable
differences or JND, Appendix S3) between sexes, cube types, and
retinal sectors with general linear mixed models. We also included
in this model the interactions between sex and cube type, and sex
and retinal sector. In all general linear mixed models, we included
focal ID in the model as a repeated measures factor. We checked
for the normality of the residuals and homogeneity of variances in
all models. Body mass and eye size analyses were conducted in
Statistica 10; all other statistical analyses, in SAS 9.2.
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P = 0.179) nor the interaction between sex and cube color yielded
significant effects (F1, 17 = 1.53, P = 0.232).

Results
Body Mass and Eye Size
Previous studies have shown that brown-headed cowbird males
are larger than females [15]. We confirmed this trend with the
individuals used in the retinal analysis [females = 31.6360.85 g,
males = 39.0561.06 g, F1,18 = 29.92, P,0.001] as well as the
behavioral
experiment
[females = 36.3661.49 g,
males = 41.0661.58 g, F1,18 = 4.68, P = 0.044]. However, we did not
find significant differences in eye size measured as eye axial length
[females = 6.58 mm, males = 6.66 mm, F1,18 = 0.55, P = 0.467].

Discussion
We found that brown-headed cowbird females had lower
density of cone photoreceptors associated with chromatic and
achromatic/motion vision and higher head movement rates when
gathering visual information than males. Although the cone
photoreceptor data came from populations in Southern California,
whereas the head movement behavior data came from populations
in Indiana, similar sex differences in head movement rates were
reported in a previous study [15]. Specifically, the time between
consecutive head movements (i.e., the inverse of head movement
rate) was shorter in cowbird females than males in an outdoors
experiment varying the density of conspecifics [15]. The cowbirds
used in Fernández-Juricic et al. [15] were also obtained from the
same Southern California populations as the ones used for the
cone photoreceptor data in the present study. Thus, we believe
that our results may be representative of sex differences in visual
resolution and visual information gathering behavior in this
species. However, we cautioned that the potential link between
physiology and behavior proposed below should be considered
preliminary until future studies measuring both parameters on the
same individuals are conducted. Nevertheless, our study does add
new evidence on brown-headed cowbird sex differences besides
the ones found in other components of its nervous system [46],
[47], [14], as well as in other cowbird species (e.g., [48], [49]).
Visual resolution is affected by two main factors: eye size and
the packing of photoreceptors and retinal ganglion cells [50]. We
cannot rule out sex differences in ganglion cell density, but we did
not find significant differences in eye size between females and
males. At the photoreceptor level, we found that the overall
distribution of cones matched the previously described distribution
of retinal ganglion cells [22], with higher density of both single and
double cones in the central retinal region around the fovea. Thus,
the fovea can be considered the center of both chromatic and
achromatic/motion vision in brown-headed cowbirds.
Cowbird females had 12.5% lower density of both cones types
in the foveal area, and 10.3% lower density of double cones in the
retinal periphery, compared to males. Future studies should
determine if these photoreceptor differences also translate into
differences at the retinal ganglion cell layer, which is responsible
for the transfer of information from the retina into the visual
centers of the brain [51]. Following Pettigrew et al. [52] and
Williams & Coletta [53] and pooling the densities of both cone
types, these sex differences would translate into a 7.6% reduction
in the foveal visual acuity of females compared to that of males.
Females are also expected to have lower performance in
achromatic vision and motion tasks than males. Previous studies
on the human visual system found sex differences in the relative
ratios of LWS and MWS photoreceptors [54], which could affect
the thresholds of color discrimination [55]. Additionally, males
and females of some cichlid species differ in cone opsin gene
expression and frequency of cone pigments, which could influence
the ability to discriminate between potential mates [56].
The difference in cone density between the center and the
periphery of the retina appears to be an important factor driving
the degree of eye and head movements to sample different parts of
the visual space with the high visual resolution of the fovea [57],
[30]. Cowbird female head movement rates were 15.6% higher
than those of males when exposed to an object in a visually
controlled environment. These behavioral differences may be
related to the way females perceive predation risk in relation to

Density of Photoreceptors
The density of single cones varied significantly between sexes
and retinal sectors (Table 1). Overall, males (5,160.75684.37
cells/mm2) had a significantly higher density of single cones than
females (4,804.25688.66 cells/mm2). Additionally, the density of
single cones was higher at the center (6,609.466106.97 cells/mm2)
than at the periphery (3,355.54655.18 cells/mm2) of the retina.
However, the difference between the sexes varied with the retinal
sector, yielding a significant interaction effect (Table 1; Fig. 1a).
Males had significantly higher single cone densities than females at
the center of the retina (t18 = 3.12, P = 0.006; Fig. 1a), but this
difference was not significant at the retinal periphery (t18 = 0.22,
P = 0.830; Fig. 1a). We did not find significant effects of eye and
the interaction between eye and sex on the density of single cones
(Table 1).
The density of double cones also varied between sexes and
retinal sectors (Table 1), with males (4,538.33680.33 cells/mm2)
having significantly higher density than females (3,902.98684.41
cells/mm2), and the retinal center (5,648.316101.85 cells/mm2)
having significantly higher density than the retinal periphery
(2,793.00652.54 cells/mm2) of the retina. Yet, the differences
between sexes varied significantly with retinal sector giving rise to
an interaction effect (Table 1; Fig. 1b). The difference in double
cone density between males and females was more pronounced at
the center (t18 = 4.75, P,0.001; Fig. 1b) than at the periphery
(t18 = 2.60, P = 0.018; Fig. 1b) of the retina. We did not find
significant effects of eye and the interaction between eye and sex
on the density of double cones (Table 1).
We also investigated whether the sex differences in the relative
density of cone photoreceptors (in relation to the UVS cones)
could affect the ability of cowbirds to perceive the cubes they were
exposed to in the behavioral experiment. We estimated the
chromatic contrast of the two cubes for males and females at the
center and periphery of the retina. Considering both retinal
sectors, we did not find any significant difference between males
(42.5361.78 JNDs) and females (44.9261.78 JNDs) in chromatic
contrast (Table 1). Additionally, the interactions between sex and
cube type, and sex and retinal sector were not significant (Table 1).
We found that cowbirds would perceive the colored
(71.0261.78 JNDs) cube as more chromatically contrasting than
the black (16.4361.78 JNDs) cube (Table 1). Furthermore,
cowbirds would perceive either cube as significantly more
contrasting with the center (49.6061.78 JNDs) than with the
periphery (37.8661.78 JNDs) of their retinas (Table 1).

Head Movement Behavior
Head movement behavior differed between sexes. Females
showed significantly higher head movement rates towards the cube
than males (F1, 18 = 5.16, P = 0.036; Fig. 2), accounting for the
proportion of time with the head oriented towards the cube (F1,
17 = 7.66, P = 0.013). Neither the color of the cube (F1, 17 = 1.96,
PLOS ONE | www.plosone.org
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Figure 1. Variations in the density of brown-headed cowbird female and male photoreceptors. Panel (a) shows the density of single
cones, and panel (b) shows the density of double cones at the center and periphery of the retina.
doi:10.1371/journal.pone.0058985.g001

the object and the background rather than visual resolution per se.
Yet, our estimates of chromatic contrast, based on the relative
densities of single cone photoreceptors (rather than the raw cone
densities described above), did not yield any significant sex effects
using for the first time a model parameterized for the brownheaded cowbird visual system. Our chromatic contrast model did
not include sex-specific estimates of the sensitivity of oil droplets
due to sample size constraints, which could have influenced
chromatic contrast estimates. We studied only one visual
dimension (e.g., density of single and double cones) that could
be associated with the sex differences in visual exploratory
behavior; however, there are other dimensions that deserve
further study. For instance, sexes may also differ in the
arrangement of cone photoreceptors [61], temporal visual
resolution [62], ganglion cell density [63], and the wiring between
the photoreceptor and ganglion cell layers that can influence
motion detection [51].
The reason behind female cowbirds having lower density of
photoreceptors than males cannot be answered with our data.
Many factors may be involved, such as differential adult predation,
use of different cues during mate choice, host searching behavior,

males; however, the study was conducted indoors where the
expectation of a predator attack may be considered lower. Another
possibility is that these differences at the behavioral level may be
associated with our findings at the photoreceptor level. If so,
female cowbirds may compensate for their lower visual resolution
(i.e., lower density of single and double cones) with a different
visual exploratory strategy than males. By exposing the right and
left foveae to an object alternatively in quicker succession, females
may boost the quality of information obtained. This behavioral
result supports the view that visual fixation in birds encompasses
gazing alternatively with both foveae in quick succession [29] as
opposed to species with frontally placed eyes that generally lock
their gaze on objects for a relatively longer period of time [58].
Similar sex differences were found in red back salamanders
(Plethodon cinereus), where females nose-tap more frequently
probably due to their smaller vomeronasal organs compared to
that of males [59], [60]. This suggests that the sex with the sensory
modality with lower resolution requires more sensory information
sampling.
Another alternative is that female cowbirds may have sampled
more frequently because of differences in visual contrast between

PLOS ONE | www.plosone.org

5

March 2013 | Volume 8 | Issue 3 | e58985

Sex Differences in Visual Resolution and Behavior

Table 1. Results from general linear mixed models assessing
the effects of sex, retinal sector, and other factors on the
density of single cones, double cones, and chromatic contrast.

F

d.f.

P

Single cone density
Sex

8.48

1, 16

0.010

Retinal sector

756.52

1, 18

,0.001
0.319

Eye

1.06

1, 16

Sex X Retinal sector

8.16

1, 18

0.011

Sex X Eye

1.52

1, 16

0.235

Sex

29.73

1, 16

,0.001

Retinal sector

642.62

1, 18

,0.001

Eye

0.46

1, 16

0.579

Sex X Retinal sector

10.33

1, 18

0.005

Sex X Eye

1.32

1, 16

0.267

Sex

0.91

1, 18

0.354

Cube

472.56

1, 18

,0.001

Retinal sector

21.85

1, 18

,0.001

Sex X Cube

0.38

1, 18

0.545

Sex X Retinal sector

0.01

1, 18

0.905

Double cone density

Figure 2. Variation in the scanning behavior (head movement
rate) between female and male brown-headed cowbirds.
doi:10.1371/journal.pone.0058985.g002

subtle wing strokes that females give at certain points during the
male displays as a precursor of the copulatory posture [73]. This
interpretation assumes that investment in sensory processing is
costly [33], as found in other species that invest differentially across
sensory modalities (e.g., [74]).
Our results bring up interesting questions about the sensory
basis of differences in the behavior of males and females. If there
are sex differences in brown-headed cowbird sensory physiology,
as found in this and a previous study [14], it is likely that the
sensory space of males and females varies, which would affect the
quality and quantity of information available for higher order
processing in the brain and ultimately behavior. Future work on
species where sexes are under different selection pressures should
explicitly test the degree to which different behaviors can
compensate for lower sensory resolution and whether trade-offs
between sensory modalities are the result of optimizing gathering
information of different fitness value.

Chromatic contrast

Significant results are marked in bold.
doi:10.1371/journal.pone.0058985.t001

etc. The sex differences in the visual system and visual information
gathering behavior of cowbirds could be also considered in the
context of a previous study that found that female cowbirds have
better auditory ability to discriminate frequency and pure tones
than males [14]. We speculate that females may reduce the costs of
sensory processing by investing more sensory resources in the
auditory system than in the visual system, probably to enhance the
likelihood of finding suitable hosts during nest searching [64], in
which males are not involved. Females obtain information on male
quality from mostly the vocal contents of their audio-visual
displays [65,66], although the presence of the visual component
(i.e., wing-spread) also stimulates them sexually [67], [68]. Females
would not be challenged to resolve visually this wing-spread
component because males generally display at very close distances
(,0.5 m) [69]. Interestingly, female egg laying in some related
cowbird species occurs before sunrise [70], when cone photoreceptors may not be necessarily activated due to low light levels.
Males on the other hand also give male-directed audio-visual
displays whose visual components (e.g., depth of the bowing
motion) are more intense than those in the female-directed version
[71]. Males use these displays to establish dominance hierarchies
by assessing the rivals’ display rate and intensity [72]. One
possibility is that cowbird males may benefit from having
enhanced chromatic, achromatic, and motion vision abilities to
quickly assess the fighting ability of competitors and avoid risky
physical interactions [68]. Additionally, the higher visual capabilities of males may allow them to resolve more easily the fast and
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54. Jägle H, Heine J, Kurtenbach A (2006) L:M-cone ratio estimates of the outer
and inner retina and its impact on sex differences in ERG amplitudes. Doc.
Ophthalmol. 113: 105–113.
55. Gunther KL, Dobkins KR (2002) Individual differences in chromatic (red/
green) contrast sensitivity are constrained by the relative number of L- versus Mcones in the eye. Vision Research. 42: 1367–1378.
56. Sabbah S, Lamela Laria R, Gray SM, Hawryshyn CW (2010) Functional
diversity in the color vision of cichlid fishes. BMC Biology. 8: 133.
57. Land MF (1999) Motion and vision: why birds move their eyes. Journal of
Comparative Physiology A. 185: 341–352.
58. Land MF, Tatler BW (2009) Looking and acting: vision and eye movements in
natural behavior. Oxford: Oxford University Press.
59. Jaeger RG, Wise SE (1991) A reexamination of the male salamander ‘sexy faeces
hypothesis’. Journal of Herpetology. 25: 370–373.
60. Dawley EM (1992) Sexual dimorphism in a chemosensory system: the role of the
vomeronasal organ in salamander reproductive behavior. Copeia. 1992: 113–
120.
61. Kram YA, Mantey S, Corbo JC (2010) Avian Cone Photoreceptors Tile the
Retina as Five Independent, Self-Organizing Mosaics. PLoS ONE. 5: e8992.
62. Lisney TJ, Ekesten B, Tauson R, Hastad O, Odeen A (2012) Using
electroretinograms to assess flicker fusion frequency in domestic hens Gallus
gallus domesticus. Vision Research. 62: 125–133.
63. Fernández-Juricic E, Gall MD, Dolan T, O’Rourke C, Thomas S, et al. (2011b)
Visual systems and vigilance behaviour of two ground-foraging avian prey
species: white-crowned sparrows and California towhees. Animal Behaviour. 81:
705–713.
64. Clotfelter ED (1998) What cues do brown-headed cowbirds use to locate redwinged blackbird host nests? Animal Behaviour. 55: 1181–1189.
65. Cooper BG, Goller F (2004) Multimodal signals: enhancement and constraint of
song motor patterns by visual display. Science. 303: 544–546.
66. O’Loghlen AL, Rothstein SI (2003) Female preference for the songs of older
males and the maintenance of dialects in brown-headed cowbirds (Molothrus ater).
Behavioral Ecology and Sociobiology. 53: 102–109.
67. O’Loghlen AL, Rothstein SI (2010a) Male visual displays enhance female sexual
responsiveness to song in brown-headed cowbirds (Molothrus ater). Condor. 112:
615–621.
68. O’Loghlen AL, Rothstein SI (2012) When less is best: female brown-headed
cowbirds prefer less intense male displays. PLoS ONE. 7: e36130.
69. Rothstein SI, Yokel DA, Fleischer RC (1988) The agonistic and sexual functions
of vocalizations of male brown-headed cowbirds, Molothrus ater. Animal
Behaviour. 36: 73–86.

4. Dangles O, Irschick DJ, Chittka L, Casas J (2009) Variability in sensory ecology:
Expanding the bridge between physiology and evolutionary biology. Quarterly
Review of Biology 84: 51–74.
5. Nava SS, Conway MA, Martins EP (2009) Sex-specific visual performance:
females lizards outperform males in motion detection. Biology Letters 5: 732–
734.
6. Cummings ME, Bernal XE, Reynaga R, Rand AS, Ryan MJ (2008) Visual
sensitivity to a conspicuous male cue varies by reproductive state in Physalaemus
pustulosus females. Journal of Experimental Biology 211: 1203–1210.
7. Doty RL, Cameron EL (2009) Sex differences and reproductive hormone
influences on human odor perception. Physiology & Behavior 97: 213–228.
8. Muchlinski MN, Docherty BA, Alport LJ, Burrows AM, Smith TD, et al. (2011)
Behavioral and ecological consequences of sex-based differences in gustatory
anatomy in Cebus paella. Anatomical Record, 294, 2179–2192.
9. Nava SS, Moreno L, Wang D (2012) Receiver sex differences in visual response
to dynamic motion signals in Sceloporus lizards. Behavioral Ecology and
Sociobiology 66: 1357–1362.
10. Martins EP, Ord TJ, Davenport SW (2005) Combining motions into complex
displays: playbacks with a robotic lizard. Behavioral Ecology and Sociobiology
58: 351–360.
11. Hebets EA, Papaj DR (2005) Complex signal function: developing a framework
of testable hypotheses. Behavioral Ecology and Sociobiology 57: 197–214.
12. Tomasi D, Chang L, Caparelli EC, Ernst T (2008) Sex differences in sensory
gating of the thalamus during auditory interference of visual attention tasks.
Neuroscience 151: 1006–1015.
13. Lowther PE (1993) Brown-headed Cowbird (Molothrus ater). The Birds of North
America Online (ed A. Poole) Cornell Lab of Ornithology. Available: http://
bna.birds.cornell.edu/bna/species/047. Accessed March 2012.
14. Gall MD, Lucas JR (2010) Sex differences in auditory filters of brown-headed
cowbirds (Molothrus ater). Journal of Comparative Physiology A: Neuroethology,
Sensory, Neural, and Behavioral Physiology. 196: 559–567.
15. Fernández-Juricic E, Beauchamp G, Treminio R, Hoover M (2011a) Making
heads turn: association between head movements during vigilance and perceived
predation risk in brown-headed cowbird flocks. Animal Behaviour. 82: 573–577.
16. Hart NS (2001a). The visual ecology of avian photoreceptors. Progression in
Retinal and Eye Research. 20: 675–703.
17. Martin GR, Osorio D (2008) Vision in birds. The senses: a comprehensive
reference (eds AI Basbaum, A Kaneko, GM Shepherd, G Westheimer). San
Diego: Academic Press. 1: 25–52.
18. von Campenhausen M, Kirschfeld K (1998). Spectral sensitivity of the accessory
optic system of the pigeon. Journal of Comparative Physiology A. 183: 1–6.
19. Osorio D, Miklosi A, Gonda Z (1999a) Visual ecology and perception of
coloration patterns by domestic chicks. Evolutionary Ecology. 13: 673–689.
20. Osorio D, Vorobyev M, Jones CD (1999b) Colour vision in chicks. Journal of
Experimental Biology. 202: 2951–2959.
21. Goldsmith TH, Butler BK (2005) Color vision of the budgerigar (Melopsittacus
undulatus): hue matches, tetrachromacy, and intensity discrimination. Journal of
Comparative Physiology A. 191: 933–951.
22. Dolan T, Fernández-Juricic E (2010) Retinal ganglion cell topography of five
species of ground foraging birds. Brain, Behavior and Evolution. 75: 111–121.
23. Blackwell BF, Fernández-Juricic E, Seamans TW, Dolan T (2009) Avian visual
system configuration and behavioural response to object approach. Animal
Behaviour. 77: 673–684.
24. Rossi EA, Roorda A (2010) The relationship between visual resolution and cone
spacing in the human fovea. Nature Neuroscience. 13: 156–157.
25. Aloimonos JY, Weiss I, Bandopadhay A (1987) Active vision. International
Journal of Computer Vision. 1: 333–356.
26. Maldonado PE, Maturana H, Varela FJ (1988) Frontal and lateral visual system
in birds. Brain, Behavior, and Evolution. 32: 57–62.
27. Shay O, van der Willigen RF, Wagner H, Katsman I, Rivlin E (2006) On the
barn owl’s visual pre-attack behavior: I. Structure of head movements and
motion patterns. Journal of Comparative Physiology. 192: 927–940.
28. Dawkins MS, Woodington A (2000) Pattern recognition and active vision in
chickens. Nature. 403: 652–655.
29. Dawkins MS (2002) What are birds looking at? Head movements and eye use in
chickens. Animal Behaviour. 63: 991–998.
30. Fernández-Juricic E (2012) Sensory basis of vigilance behavior in birds: synthesis
and future prospects. Behavioural Processes. 89: 143–152.
31. Rauschecker JP, Kniepert U (1995) Auditory localization behavior in visually
deprived cats. European Journal of Neuroscience. 6: 149–160.
32. Lessard N, Pare M, Lepore F, Lassonde W (1998) Early blind human subjects
localize sound sources better than sighted subjects. Nature. 395: 278–280.
33. Niven JE, Laughlin SB (2008) Energy limitation as a selective pressure on the
evolution of sensory systems. Journal of Experimental Biology. 211: 1792–1804.
34. Uchiyama M, Demura S (2008) Low visual acuity is associated with the decrease
in postural sway. Tohoku Journal of Experimental Medicine. 216: 277–285.
35. Hart NS, Lisney TJ, Collin SP (2006) Cone photoreceptor oil droplet
pigmentation is affected by ambient light intensity. Journal of Experimental
Biology. 209: 4776–4787.
36. Ullmann JFP, Moore BA, Temple SE, Fernández-Juricic E, Collin SP (2012)
The retinal wholemount technique: a window to understanding the brain and
behaviour. Brain, Behavior and Evolution. 79: 26–44.

PLOS ONE | www.plosone.org

7

March 2013 | Volume 8 | Issue 3 | e58985

Sex Differences in Visual Resolution and Behavior

72. Rothstein SI, Yokel DA, Fleischer RC (1986) Social dominance, mating and
spacing systems, female fecundity, and vocal dialects in captive and free ranging
brown-headed cowbirds. Current Ornithology. 34: 127–185.
73. West MJ, King AP (1988) Female visual displays affect the development of male
song in the cowbird. Nature. 334: 244–246.
74. Martin GR, Wilson KJ, Wild JM, Parsons S, Kubke MF, et al. (2007) Kiwi
forego vision in the guidance of their nocturnal activities. PLoS ONE. 2(2): e198.
doi:10.1371/journal.pone.0000198.

70. Gloag R, Fiorini VD, Reboreda JC, Kacelnik A (2012) Brood parasite eggs
enhance egg survivorship in a multiply parasitized host. Proceedings of the Royal
Society of London B. 279: 1831–1839.
71. O’Loghlen AL, Rothstein SI (2010b) Multimodal signaling in a songbird: male
audiovisual displays vary significantly by social context in brown-headed
cowbirds. Animal Behaviour. 79: 1285–1292.

PLOS ONE | www.plosone.org

8

March 2013 | Volume 8 | Issue 3 | e58985

