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Abstract

Preferences for mating cues can have important effects on speciation in natural hybrid zones. While mating preferences of
parental species are well studied, hybrid preferences for cues of parental species have received less attention. Nevertheless,
hybrid preferences have potentially important consequences for reproductive isolation and patterns of introgression. Here, we
test preferences in wild-caught hybrid chickadees for odor cues from the parental species, black-capped and Carolina chicka-
dees. Olfaction has been historically understudied in avian species, especially passerines, but much recent work has begun
to show how olfactory cues play important roles in songbird ecology. In contrast to the strong conspecific odor preferences
we previously found in pure-species chickadees, male hybrids as a group show no preference for the odor of either parental
species, while still exhibiting individual instances of preference. Female hybrids show preferences for black-capped odor,
but this signature is driven by individuals with elevated proportions of black-capped ancestry while Carolina-like female
hybrids show no preferences. We discuss the implications of a lack of some female hybrid preferences on reproductive isola-
tion, and the potential for asymmetric preferences in male and black-capped-like female hybrids to contribute to directional
introgression and northward movement of the hybrid zone.

Significance statement

Mate preference has important implications for the fate of natural hybrid zones and the speciation process. Mating discrimi-
nation by pure species individuals against hybrids is commonly observed in hybrid zones. However, mate preferences of
hybrid individuals for the parental species can be just as important. We previously found that hybrid zone black-capped and
Carolina chickadees produce distinct odor profiles and show clear preferences for conspecific odor cues. Here, we assessed
preferences of wild-caught hybrid chickadees for the odors of both parental species. In contrast to pure-species birds, hybrid
males overall show no preference for either parental species odor as a group. Still, individual males do show clear preferences.
Hybrid females show a preference for black-capped odor that is dependent on their own degree of black-capped ancestry.
Carolina-like hybrid females show no preferences. Our results suggest the potential for hybrid preference to contribute to
reproductive isolation and northward movement of the chickadee hybrid zone.
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Introduction

Understanding how mate choice behaviors maintain spe-
cies boundaries is a central focus of speciation research.
Natural hybridization — when distinct species mate and
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Lemmon and Lemmon 2010; Latour et al. 2013). However,
hybrid preferences for parental species signals and whether
they play a role in reproductive isolation and patterns of
introgression have received less attention.

How hybrids perceive information and incorporate sig-
nals into their mate choice decisions is relatively unexplored.
Fine-scale preference clines have been examined across
hybrid zones (Butlin and Ritchie 1991; Ganem et al. 2008),
but rarely do these studies specifically analyze the prefer-
ences of genetically admixed individuals. In addition, exper-
iments demonstrating reduced mating probability for hybrids
often do not differentiate between the potential reduced
attractiveness of hybrids versus the possibility of compro-
mised perceptions and preferences of hybrids (Davies et al.
1997; Naisbit et al. 2001; Muiioz et al. 2010).

Hybrid preferences can reveal important insights into
mating dynamics within natural hybrid zones, affecting
postzygotic isolation and influencing the amount and direc-
tion of introgression between parental species (Rosenthal
2013). For example, asymmetric preferences for parental
species signals have been found in hybrid lacewings (Chrys-
operla plorabunda and C. johnsoni) (Wells and Henry
1994), crickets (Gryllus bimaculatus and G. campestris)
(Veen et al. 2013), and house mice (Mus musculus muscu-
lus and M. musculus domesticus) (Christophe and Baudoin
1998), and such biased preferences can influence patterns
of introgression (Teeter et al. 2008). Additionally, female
hybrid preferences in spadefoot toads (Spea multiplicata
and S. bombifrons) change with environmental conditions,
potentially affecting reproductive isolation and levels of
asymmetric introgression (Schmidt and Pfennig 2016). In
hybrid Heliconius butterflies, preferences for color patterns
of other hybrids over parentals species may lead to reproduc-
tive isolation between parental species as well as the forma-
tion of hybrid species (Melo et al. 2009). Here we examine
the preferences of hybrid chickadees for the odor cues of
their parental species, the black-capped (Poecile atricapil-
lus) and Carolina chickadee (P. carolinensis).

The North American black-capped and Carolina chicka-
dees are sister taxa (Harris et al. 2014) that hybridize along
a narrow contact zone stretching from New Jersey to Kansas,
USA (McQuillan and Rice 2015). This hybrid zone has been
moving steadily northward due to climate change at the rate
of approximately 10 km/decade (Taylor et al. 2014a, b; Wag-
ner et al. 2020). Although successful interspecific matings
occur, there seems to be strong selection against hybrids
(Wagner et al. 2020). Postzygotic barriers are present in this
system in the form of reduced hatching success for mixed-
species parental pairs (Bronson et al. 2005; Van Huynh and
Rice 2019a, b) and cognitive deficiencies in adult hybrids
(McQuillan et al. 2018).

We previously found that sympatric black-capped and
Carolina chickadees produce chemically distinct uropygial
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gland oils, a major odor source in birds (Hagelin and Jones
2006), and that males and females of both species show clear
preferences for conspecific odors over heterospecific odors
(Van Huynh and Rice 2019a, b). Within the hybrid zone,
odor may be an important mate choice cue because plum-
age and vocal signals can be unreliable in this system; both
pure species possess similar plumage (Robbins et al. 1986),
and individuals can learn heterospecific song (Kroodsma
et al. 1995). We found that these preferences were persis-
tent throughout the year (Van Huynh and Rice 2019a, b).
Indeed, year-round odor preferences could influence mate
choice decisions. Chickadees overwinter in relatively stable
flocks with an approximate 1:1 sex ratio (Desrochers 1988;
Desrochers and Hannon 1989). During this time, individuals
can often be found in close proximity to one another, and
pair-bonds form prior to the actual breeding season, during
initial flock formation in the fall or later into mid-winter
(Odum 1941; Lemmon et al. 1997).

To investigate how hybrid preferences might contribute to
reproductive isolation or influence introgression patterns, we
tested preferences for parental species odors in wild-caught
adult hybrid chickadees. As noted above, hybrid preferences
are relatively unexplored generally, as are preferences for
odor cues in songbirds. Therefore, we did not have a priori
predictions on the magnitude or direction of odor prefer-
ences that might be present in hybrid chickadees.

Methods
Field methods and animal housing

We captured wild chickadees using mist nets at two geo-
graphically proximate sites within the hybrid zone in east-
ern Pennsylvania (Lehigh University 40° 36’ 5.2" N, 75°
21' 34.1” W and Jacobsburg State Park 40° 47" 4.0" N,
75° 17" 34.7" W). Upon capture, we banded each bird and
collected a small blood sample for ancestry (McQuillan
et al. 2017) and sex determination (Griffiths et al. 1998).
We captured 19 male and 12 female hybrids that were
identified by genotyping (see genotyping methods below)
between February 2017 and November 2018 and trans-
ported them to an outdoor aviary at Lehigh University.
Live pure-species birds used in a separate odor prefer-
ence project (Van Huynh and Rice 2019a, b) were used
as odor-donor birds (11 black-capped males, 13 black-
capped females, 9 Carolina males, 11 Carolina females).
Odor-donor birds were used between 1 and 6 times, with
the average bird being used in 1.4 trials. All birds were
housed and maintained following Van Huynh and Rice
(2019a, b). Because individuals were held for~1 week
for testing (see odor preference tests below), we did not
test birds during the breeding season in order to avoid
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disrupting breeding efforts (mid-March through July).
However, chickadees’ odor preferences can be relevant to
mate choice decisions throughout the year. Pure-species
preferences for conspecific odors were observed through-
out the year (Van Huynh and Rice 2019a, b), and the
formation of pair-bonds can occur in the fall or winter,
months prior to the actual breeding season (Lemmon et al.
1997).

Genotyping

To assess the extent of hybrid ancestry, we first extracted
genomic DNA from blood samples using a DNeasy blood
and tissue kit (QIAGEN, Hilden, Germany) following the
manufacturer’s protocol. We then genotyped individuals
using 10 species-diagnostic SNP markers (McQuillan et al.
2017) and the program STRUCTURE (Hubisz et al. 2009).
We designated hybrids as individuals with admixture values
falling outside the 90% credible interval of known pure indi-
viduals, following McQuillan et al. (2017) (see also McQuil-
lan et al. 2018; Van Huynh and Rice 2019a, b).

Fig.1 Y-maze chamber for

odor preference tests. Airflow

direction is indicated on the

right, with air moving into the
odor-donor chambers and then

into the Y-maze. (A) Wooden

perch; (B) removable plexiglass D

Odor preference tests

Odor preference tests were carried out following the same
methods as Van Huynh and Rice (2019a, b). Tests were car-
ried out between February 2017 and November 2018. To
test hybrid preferences for odors of parental species, we
conducted sequential no-choice preference tests (Dougherty
and Shuker 2015) using a Y-maze chamber (Fig. 1; height:
20 cm, length of choice arms: 45 cm, length of starting arm:
30 cm, width of choice arms and starting arm: 20 cm; also
see Fig. 2 in Van Huynh and Rice (2019a, b)). Our Y-maze
contained two wooden perches in each choice arm and in the
starting arm (Fig. 1A). Three days after capture, each bird
was acclimated to the chamber for 1 h with food supplied
throughout the chamber to promote exploration. The first
no-choice test with one parental species odor was conducted
3 days after acclimation, and the second no-choice test with
the other parental species odor was conducted 3 days after
the first test. During acclimation and during each no-choice
test, air was pumped to both arms of the Y-maze so that
air flow could be faintly felt at the ends of the arms. How-
ever, during the no-choice tests, one arm contained an odor

Airflow

divider; (C) choice area; (D)
odor-donor chamber; (E) plastic
tubing; (F) air input. Test birds
were visually isolated from
odor-donor birds. Odor-donor
birds were maintained in the
dark, and were therefore silent,
during testing. Diagram is not
drawn to scale (see main text for
dimensions)
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of either a live Carolina or black-capped chickadee of the
opposite sex, which was randomly assigned to one of the
two odor-donor chambers (20 cm X 20 cm X 20 cm; Fig. 1D).
Pure black-capped and Carolina chickadees show significant
interspecific differences in the chemical composition of their
uropygial oils (Van Huynh and Rice 2019a, b), which are
thought to be a major source of odor cues in birds (Hage-
lin and Jones 2006). Some odor-donor birds were used in
multiple tests (20 Carolina and 24 black-capped individuals
used in 62 total tests; see methods for statistical analyses
below). The order of tests presented to each hybrid indi-
vidual (black-capped versus Carolina odor donor) was deter-
mined randomly.

During each trial, the Y-maze and the odor-donor cham-
bers were visually separated by an opaque divider. Two
standing lamps illuminated the area of the room with the
Y-maze, while odor-donor chambers in this study were con-
fined to darkness so that the odor-donor birds remained still
and silent. We have previously observed that chickadees are
reliably nonactive in the dark (AVH, pers. obs.). Addition-
ally, the ambient sound of airflow as it was pumped through
the apparatus and the room masked any small amounts of
noise or activity that we might not have noticed. In analyzing
the video footage from the trials, we observed no vocaliza-
tions or other noises produced by the odor-donor birds.

At the beginning of each trial, the test bird was confined
to the starting area (Fig. 1B) for 5 min before release into
the Y-maze. Upon release, video recording began and the
test bird was allowed to explore the Y-maze. The 15-min
testing period began as soon as the test bird experienced
both sides of the Y-maze (i.e., when the bird entered the
arm of the Y-maze opposite its initial choice after release).
The time spent by the bird in the odor arm of the Y-maze
was analyzed from the videos. The bird was considered to
be investigating the odor arm when it was on or beyond the
wooden perch in the odor arm most proximal to the center of
the Y-maze (Fig. 1C). All testing apparatuses were cleaned
with 100% ethanol and allowed to air dry between trials.
To minimize observer bias, video recordings were analyzed
without knowledge of the identity of the focal bird or odor
source.

Statistical analysis

We used paired two-tailed nonparametric Wilcoxon rank-
sum tests to compare time spent by hybrid chickadees with
black-capped versus Carolina odors. We also tested whether
odor preferences differed from the random expectation
for time spent in the choice arm of the Y-maze (ratio of
choice area volume to total Y-maze volume X test duration
(900 s) =252 s) using one-sample Wilcoxon rank-sum tests.

Sampling distributions and estimations of effect sizes
of differences in mean preference for Carolina versus
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black-capped odor in male and female hybrids were calcu-
lated using bootstrapping by resampling with replacement
(5000 resamples) using the R package dabestr and the cor-
responding webapp (www.estimationstatistics.com) (Ho
2019). Using the same package, we calculated 95% con-
fidence intervals and plotted them against the null expec-
tation of zero difference in mean preference. To compare
hybrid preference with the preferences exhibited by parental
chickadee species, we used the same approach to calculate
sampling distributions and to estimate effect sizes for the
preferences of pure-species individuals using data originally
reported in Van Huynh and Rice (2019a, b; raw data depos-
ited in the dryad repository: https://doi.org/10.5061/dryad.
7ht92p7).

Birds designated as hybrids encompass a range of genetic
admixture from F1 hybrids to advanced generation back-
crosses in the direction of both parental species. Therefore,
we also tested whether a continuous measure of ancestry
explained variation in odor preference. We fit a linear mixed-
effects model of the difference in time spent with black-
capped versus Carolina chickadee odor by the fixed factors
of sex and a continuous measure of ancestry using the R
package Ime4 (Bates et al. 2015). Estimated proportions of
black-capped ancestry were obtained from the STRUCTURE
analysis (individual admixture values, g-values) described
above. Since we previously found slightly weaker prefer-
ences for conspecific odors in female black-capped chicka-
dees (Van Huynh and Rice 2019a, b), we also included a sex
by ancestry interaction. We previously found no effect of
date on odor preferences in pure-species birds (Van Huynh
and Rice 2019a, b), so we excluded this factor from the
analysis. We started with a full linear mixed-effects model,
including the random effects of odor-donor IDs, to account
for the repeated use of some odor-donor birds, and the order
of the two tests (Wagner 1998). Because these random
effects had near-zero variance estimates in the full model,
resulting in a singular fit, the best-fit model was determined
by a step-wise simplification procedure (Barr et al. 2013).
We removed random effects one at a time and compared the
inclusive and exclusive models using a likelihood ratio test.
If the simplified model explained significantly less variation,
this would suggest the random effect in question should be
retained in our model. Using this model simplification pro-
cedure, all three random effects (black-capped odor donor
ID, Carolina odor-donor ID, and test order) were removed
(see Supplementary Material). The final simplified linear
model, including only the fixed effects of sex, ancestry, and
their interaction, was evaluated with a type-II ANOVA using
the R package car (Fox and Weisberg 2019).

Lastly, we analyzed the strength of absolute preference in
all hybrid individuals tested by taking the absolute value of
the difference between the times spent in the odor arm over
both trials. We fitted this value using a negative binomial
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generalized linear model with the fixed factors of ancestry,
sex, and their interaction using the R package MASS (Vena-
bles and Ripley 2002). This model was evaluated with a
type-II ANOVA using the R package car (Fox and Weisberg
2019). All analyses and visualizations were conducted in R
[4.0.2] (R Core Team 2020).

Results

Overall, male hybrids as a group showed no preference for
one parental species odor over the other (Fig. 2A; W=288,
p=0.80). Males also showed no preference for the odor
of either parental species compared to random movement

(black-capped odor W=_89, p=0.83; Carolina odor W=73,
p=0.40). This lack of preference in males as a group was
similarly reflected in the non-significant effect size of the
mean difference in time spent with Carolina chickadee odor
minus the time spent with black-capped chickadee odor
estimated by bootstrapping (Fig. 2B; mean=41.1, 95%
CI=[-66, 173]). On the other hand, when taken together,
our data suggest a possible weak preference in female
hybrids for black-capped over Carolina odor. The Wilcoxon
rank-sum tests showed a suggestive yet non-significant pref-
erence in female hybrids for black-capped odor over Caro-
lina odor (Fig. 2A; W=14, p=0.052). Compared to random
movement, female hybrids showed no significant preference
for Carolina odor (W=36, p=0.85) but seemed to trend
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Fig.2 (A) Odor preferences of hybrid chickadees (middle panel) for
black-capped (BM males, BF females) versus Carolina (CM, CF)
odor. For comparison, data from Van Huynh and Rice (2019a, b
showing significant conspecific preferences in pure black-capped (left
panel) and Carolina chickadees (right panel) were reanalyzed and
are also illustrated here. Captions denote the time spent in the odor
arm during specific 15-min trials (e.g., HM for BF; hybrid males for

black-capped female odor). (B) Bootstrapped sampling distributions
and effect sizes for the time difference within each group are plot-
ted against the null expectation of zero with 95% confidence inter-
vals. Asterisks indicate a significant deviation from zero in the boot-
strapped sampling distribution (see results from Van Huynh and Rice
2019a, b)
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Table 1 Analysis of variance (type-II tests) of the difference between
the time spent by hybrid birds between black-capped and Carolina
odors. Results are from a linear model with the fixed factors of ances-
try, sex, and their interaction. Significant effects are highlighted in
bold and indicated with an asterisk

F df P
Ancestry 1.883 1 0.1813
Sex 4.607 1 0.0410*
Ancestry X sex 4.208 1 0.0501

toward preferring black-capped odor (W=16, p=0.077).
Finally, the bootstrapped sampling distribution suggests
that the estimated effect size of black-capped preferences
in female hybrids was significant (Fig. 2B; mean= — 124,
95% Cl=[-262,—34]). Bootstrapped effect sizes for pure
species from Van Huynh and Rice (2019a, b) were cal-
culated as well for comparison (Fig. 2B). Black-capped
males (mean= —220, 95% CI=[-349,—85]) and females
(mean= — 121, 95% CI=[-212,—46]) and Carolina males

N
o
o

Time spent with black-capped odor over Carolina odor (sec)

(mean=235,95% CI=[64, 368]) and females (mean =201,
95% CI=[47, 446]) showed significant effect sizes for con-
specific odor preference.

We also used a linear model to examine the effects of
sex and a continuous measure of ancestry on preference
for black-capped over Carolina odors. We found a signifi-
cant effect of sex (Table 1, Fig. 3, F(1)=4.607, p<0.05)
and a near-significant interaction effect of sex by ancestry
(Table 1, Fig. 3, F(1)=4.208, p=0.0501). Specifically, these
results appeared to be driven by three female individuals
possessing high levels of black-capped ancestry exhibiting
strong preferences for black-capped odor over Carolina odor
(Fig. 3).

Because it appeared that hybrid preferences were pre-
sent at the individual level (Fig. 2A), we used a negative
binomial generalized linear model to examine the strength
of absolute preference in hybrids (i.e., whether individuals
preferred any one odor over another) by taking the absolute
value of the difference in time spent in the odor arms over
the two trials. We found a significant interaction effect of

sex

0.25

0.75

Probability of black-capped ancestry

Fig.3 Time spent with black-capped odor over Carolina odor by
male and female hybrid chickadees. The x-axis designates a continu-
ous measure of ancestry with 0 corresponding to pure Carolina and 1
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corresponding to pure black-capped ancestry. Linear regression lines
with 95% CI are for males (blue) and females (red)
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Table 2 Analysis of variance (type-II tests) of the absolute difference
in time spent by hybrid birds between black-capped and Carolina
odors. Results are from a negative binomial generalized linear model.
Significant effects are highlighted in bold and indicated with an aster-
isk

Ve df P
Ancestry 2.139 1 0.1436
Sex 1.514 1 0.2185
Ancestry X sex 7.588 1 0.0059*

sex by ancestry (Table 2, Fig. 4, 72(1)=7.588, p<0.01).
Interestingly, while male hybrids did not show any consist-
ent directional preferences as a group, they did seem to show
absolute preferences at the individual level independent of
their proportion of admixture, indicated by the non-zero
intercept of the male regression line (Fig. 4). In contrast,
female hybrids did exhibit increasing strength of absolute
preference, where black-capped-like females showed a clear
instance of preference while females that were Carolina-like
or of intermediate ancestry seemed to show no preference at
all (Table 2, Fig. 4).

Discussion

Hybrid preferences for cues of parental species can have
important implications for hybrid zone dynamics and specia-
tion. Odor preferences (or lack thereof) in chickadees may
influence mate choice decisions directly. Because pair-bonds
can be formed throughout the year, even many months prior
to the breeding season (Lemmon et al. 1997), odor prefer-
ences in chickadees may also indirectly affect mate choice
through general social associations within winter flocks. We
previously found that sympatric black-capped and Carolina
chickadees exhibit strong preferences for conspecific odor
throughout the year (Fig. 2; Van Huynh and Rice 2019a,
b). In contrast, in the same population, we report a lack of
consistent preferences in adult hybrid male chickadees as
a group for black-capped or Carolina chickadee odor cues
(Fig. 2). At the individual level, hybrid males did show a
significant absolute preference for one odor over another
(Figs. 2A and 4). However, the specific direction of these
preferences was not explained by the proportion of parental
species ancestry (Fig. 3). It is currently unknown what varia-
bles determine the direction of this preference. Other factors
linked to mate choice in chickadees, such as rank (Otter et al.
1999), mate protection (Lemmon et al 1997), and dominance
(Bronson et al. 2005; Grava et al. 2012), may be signaled
by odor cues (Whittaker et al. 2018). Further, there is evi-
dence that odor can predict overall reproductive success in
other bird species (Whittaker et al. 2013). If hybrid males
with certain preferences are more likely to be successful in

mating or more fertile, the possibility could exist for direc-
tional introgression to be mediated by hybrid male choice.

Female hybrids showed a significant preference for black-
capped male versus Carolina male odors (Fig. 2). When
using a continuous measure of ancestry, hybrid females
show a stronger preference for black-capped odor over
Carolina odor than do hybrid males (Table 1, Fig. 3) and
effect seems to be driven by three females with high propor-
tions of black-capped ancestry (Table 1, Fig. 3). While our
sample size of hybrid females with greater proportions of
black-capped ancestry is relatively small, the bootstrapping
analysis (Fig. 2B) indicates that their preferences are more
extreme than expected by chance under a null hypothesis of
no difference. These results indicate asymmetries in pref-
erence among hybrid individuals based on sex and levels
of admixture. If preferences of black-capped-like hybrid
females for black-capped odor translates to mate choice
decisions in the wild, asymmetrical gene flow of Carolina
alleles into black-capped populations could result. Although
only low levels of overall introgression have been observed
in the chickadee hybrid zone, this possibility is consistent
with the observed northward movement of the hybrid zone
(Harris et al. 2014; Taylor et al. 2014a, b; Wagner et al.
2020) and a subset of Carolina alleles showing patterns of
northward introgression (Taylor et al. 2014b). Similar asym-
metric preferences in the house mouse hybrid zone match
observed patterns of directional genetic introgression (Van-
lerberghe et al. 1986; Christophe and Baudoin 1998; Teeter
et al. 2008). Additional testing of female hybrids with high
levels of black-capped ancestry is necessary to evaluate the
consistency of this directional preference, and in turn, the
potential for asymmetric gene flow.

Interestingly, hybrid females that were more Carolina-
like not only seemed to show no preference as a group
(Table 1, Fig. 3), but they showed no absolute preference
at the individual level either (Table 2, Fig. 4). A lack of
such preferences could contribute to post-zygotic isolation
between the black-capped chickadee and Carolina chicka-
dee. If these hybrid females are unable to take advantage of
a potential mate choice cue to the same extent as parental
species individuals, they may be less successful in finding
a mate and reproducing. Along with the other postzygotic
barriers acting in chickadees, including reduced hatching
success of mixed-species pairs (Bronson et al. 2005; Van
Huynh and Rice 2019a, b) and reduced cognitive abilities of
hybrids (McQuillan et al. 2018), a lack of odor preferences
in female hybrids is consistent with the observed narrowness
and stability of the hybrid zone (Bronson et al. 2003; Taylor
et al. 2014a). Although the results presented here do not
directly support this idea, they suggest an interesting avenue
of future study. Behavioral experiments addressing this pos-
sibility should aim to measure actual instances of olfactory-
mediated mate choice in female hybrids in the wild.
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600 1

400 1

200 1

Time spent with one odor over the other (sec)

sex

0.25

0.50

0.75

Probability of black-capped ancestry

Fig.4 Time spent with one odor over the other by male and female
hybrid chickadees (i.e., absolute preference). The x-axis designates a
continuous measure of ancestry with 0 corresponding to pure Caro-
lina and 1 corresponding to pure black-capped ancestry. Negative

The mechanism behind the absence of preferences in
Carolina-like hybrid females for odors of parental species
remains unknown. Since females are the heterogametic
sex in birds, hybrid females are more likely to suffer fit-
ness defects than hybrid males (Haldane 1922; Delph and
Demuth 2016). One possibility is these hybrids have a
reduced ability to detect odor cues, a phenomenon observed
in hybrid Rhagoletis flies (Linn et al. 2004; Olsson 2006).
If this is the case, hybrid females with reduced olfactory
abilities may experience additional fitness consequences.
It is unknown to what extent olfactory cues are incorpo-
rated into other behaviors in chickadees, but some songbird
species use odor cues in recovering food caches (Buitron
and Nuechterlein 1985) and assessing predation risk (Amo
et al. 2008; Roth et al. 2008; Stanbury and Briskie 2015).
Another possibility is that the cognitive processes involved
in translating these cues into mate choice behaviors are dys-
functional. A recent genomic study found that some loci
specifically associated with neuronal signaling are resistant
to introgression in a geographically proximate transect of
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binomial fits with 95% CI are for males (blue) and females (red).
Note that the regression line intercept for male hybrids is non-zero
(see “Results”), illustrating the presence of significant preferences
among individual males

the chickadee hybrid zone, underlying strong reproductive
isolation and selection against hybrids (Wagner et al. 2020).
Previous behavioral work has shown that hybrid chickadees
are deficient in spatial memory and problem-solving tasks
compared to pure-species birds, and that this deficiency was
worse in hybrid females (McQuillan et al. 2018). While lit-
tle else is known about the exact neurological bases and
extent of these cognitive deficiencies, our results raise the
possibility that additional neuronal processes, such as those
involved in assimilating information through odor cues,
may be compromised in hybrids. Also, whether odor pref-
erences in pure-species chickadees are learned or innate is
unknown, but nestling and embryonic imprinting on odor
cues has been found in other avian species (Cunningham
et al. 2003; De Leon et al. 2003; Caspers et al. 2017). Similar
neuronal deficiencies that contribute to reduced learning and
memory abilities in hybrid chickadees may also play a role
in preventing hybrids from correctly imprinting on parental
species odor cues. Future work on the chemical ecology of
chickadees as well as the mechanisms of cognitive deficits
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in hybrid chickadees may provide further insights into the
findings presented here.

In many avian systems, chemical signaling via uropygial
gland oils seems to be emphasized more in female individu-
als, which may facilitate intersexual advertisement of recep-
tivity to male individuals (Whittaker and Hagelin 2021). Our
results here are consistent with this idea in that hybrid males
showed a greater instance of preference for pure-species
odor cues (Table 2, Fig. 4) than did Carolina-like females.
Additionally, while we previously observed clear conspecific
odor preferences in pure-species males, pure black-capped
females seemed to show slightly weaker preferences (Van
Huynh and Rice 2019a, b). Conversely, directional odor
preferences in a small number of black-capped-like female
hybrids in our study may point to the possibility that female
songbirds generally may exhibit emphasized reliance on
odor signals compared to males. Because female birds in
general usually exhibit larger uropygial glands during breed-
ing and produce more complex and dynamic odor profiles
than males (Hagelin and Jones 2006; Whittaker and Hagelin
2021), it could be that females are likewise more sensitive
to odor cues as well. Although an interesting possibility,
our results are conflicting on this. Our findings show that
female hybrids overall show a greater preference for black-
capped odor than male hybrids as a group (Table 1, Figs. 2
and 3); however, this result seems to be driven in large part
by those females with high levels of black-capped ancestry,
while those with more Carolina-like ancestry seem to show
no preference at all (Table 2, Fig. 4). We suggest that more
work needs to be done in songbirds generally to determine
if the use of odor cues in determining behavior, both in the
context of mate choice and in other ecologically relevant
contexts such as foraging (Buitron and Nuechterlein 1985)
or predator avoidance (Amo et al. 2008; Roth et al. 2008;
Stanbury and Briskie 2015), shows sex-based patterns.

The lack of preferences for parental species odor cues in
Carolina-like hybrid females may contribute to reproductive
isolation between the black-capped and Carolina chickadee.
Additionally, asymmetric olfactory preferences for black-
capped odor cues in female hybrids with elevated levels
of black-capped ancestry may contribute to low levels of
northward introgression and accelerate the climate-medi-
ated northward movement of the hybrid zone (Taylor et al.
2014a, b). While males as a group exhibited no significant
preferences, individuals seemed to show a preference for
one parental species odor over the other. This opens up the
possibility for odor preferences to contribute to directional
introgression depending on the as-yet-unknown factors that
determine these preferences. The results presented here,
along with future investigations of hybrid preferences in
other animal hybrid zones, especially those with well docu-
mented genomic signatures of reproductive isolation or

introgression, will help us to better understand the role that
hybrid preferences play in speciation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-021-03069-2.

Acknowledgements We thank Danielle Whittaker, Michael Layden,
Gregory Lang, and Jian-Xu Zhang for helpful comments in the experi-
mental design. We thank the management at Jacobsburg State Park, and
in particular Richard Wiltraut, for their assistance in the field. We thank
Michael McQuillan for his help in the field as well as all members of
the Rice lab at Lehigh University for their general assistance. We thank
Julie Hagelin and two anonymous reviewers for comments that greatly
improved the manuscript.

Author contribution AVH conceived of the project idea, performed
experiments, and analyzed data. AVH and AMR designed experiments
and wrote the manuscript.

Funding This research was supported by Lehigh University and the
National Science Foundation (I0S-1754909 to AMR); research grants
from the Society for the Study of Evolution (The Rosemary Grant
Award), the Animal Behavior Society, and the College of Arts and
Sciences at Lehigh University to AVH; and internal fellowships from
Lehigh University and its Department of Biological Sciences (Gordon
C. Thorne Fellowship) to AVH.

Data availability All pertaining data files and R code have been pro-
vided as supplemental material.

Code availability All pertaining data files and R code have been pro-
vided as supplemental material.

Declarations

Ethics approval Animal capture, collection, and transport were con-
ducted under the U.S. Geological Survey federal bird banding permit
23810, U.S. Fish and Wildlife Service permit MB69567A-0, Penn-
sylvania Game Commission permits 103 and 145, and Pennsylvania
Bureau of State Parks permit 2016-18. All applicable international
and national guidelines for the use of animals were followed and all
housing and testing procedures were approved by Lehigh University’s
Institutional Animal Care and Use Committee (Protocol #215).

Consent to participate Both authors have agreed to the participation
of this submission.

Consent for publication Both authors have agreed to the publication
of this submission.

Conflict of interest The authors declare no competing interests.

References

Amo L, Galvan I, Toméas G, Sanz JJ (2008) Predator odour recognition
and avoidance in a songbird. Funct Ecol 22:289-293

Barr DJ, Levy R, Scheepers C, Tily HJ (2013) Random effects struc-
ture for confirmatory hypothesis testing: keep it maximal. ] Mem
Lang 68:255-278

@ Springer


https://doi.org/10.1007/s00265-021-03069-2

129 Page 10 of 11

Behavioral Ecology and Sociobiology (2021) 75:129

Bates D, Maechler M, Bolker B, Walker S (2015) Fitting linear mixed-
effects models using Ime4. J Stat Softw 67:1-48

Bronson CL, Grubb TC, Sattler GD, Braun MJ (2003) Mate preference:
a possible causal mechanism for a moving hybrid zone. Anim
Behav 65:489-500

Bronson CL, Grubb TC, Sattler GD, Braun MJ (2005) Reproductive
success across the black-capped chickadee and Carolina chickadee
hybrid zone in Ohio. Auk 122:759-772

Buitron D, Nuechterlein GL (1985) Experiments on olfactory detection
of food caches by black-billed magpies. Condor 87:92-95

Butlin RK, Ritchie MG (1991) Variation in female mate preference
across a grasshopper hybrid zone. J Evol Biol 4:227-240

Caspers BA, Hagelin JC, Paul M, Bock S, Willeke S, Krause ET
(2017) Zebra finch chicks recognise parental scent, and retain
chemosensory knowledge of their genetic mother, even after egg
cross-fostering. Sci Rep 7:12859

Christophe N, Baudoin C (1998) Olfactory preferences in two strains
of wild mice, Mus musculus musculus and Mus musculus domes-
ticus, and their hybrids. Anim Behav 56:365-369

Cunningham GB, Van Buskirk RW, Bonadonna F, Weimerskirch H,
Nevitt G (2003) A comparison of the olfactory abilities of three
species of procellariiform chicks. J Exp Biol 206:1615-1620

Davies N, Annette A, Mallet J, Pomiankowski A, Silberglied RE (1997)
Speciation in two neotropical butterflies: extending Haldane’s
rule. Proc R Soc Lond B 264:845-851

De Leon A, Minguez E, Belliure B (2003) Self-odour recognition in
European storm-petrel chicks. Behaviour 140:925-933

Delph LF, Demuth JP (2016) Haldane’s rule: genetic bases and their
empirical support. ] Hered 107:383-391

Desrochers A (1988) Ecological correlates of social dominance in
winter flocks of black-capped chickadees. MSc thesis, University
of Alberta

Desrochers A, Hannon SJ (1989) Site-related dominance and spac-
ing among winter flocks of black-capped chickadees. Condor
91:317-323

Dougherty LR, Shuker DM (2015) The effect of experimental design
on the measurement of mate choice: a meta-analysis. Behav Ecol
26:311-319

Fox J, Weisberg S (2019) An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks

Ganem G, Litel C, Lenormand T (2008) Variation in mate preference
across a house mouse hybrid zone. Heredity 100:594-601

Grava A, Grava T, Didier R, Lait LA, Dosso J, Koran E, Burt TM, Otter
KA (2012) Interspecific dominance relationships and hybridiza-
tion between black-capped and mountain chickadees. Behav Ecol
23:566-572

Griffiths R, Double K, Dawson R (1998) A DNA test to sex most birds.
Mol Ecol 7:1071-1075

Hagelin JC, Jones IL (2006) Bird odors and other chemical substances:
a defense mechanism or overlooked mode of intraspecific com-
munication? Auk 124:741-761

Haldane JBS (1922) Sex ratio and unisexual sterility in hybrid animals.
J Genet 12:101-109

Harris RB, Carling MD, Lovette 1J (2014) The influence of sampling
design on species tree inference: a new relationship for the New
World chickadees (Aves: Poecile). Evolution 68:501-513

Ho J (2019) Moving beyond P values: data analysis with estimation
graphics. Nat Methods 16:565-566

Hubisz MJ, Falush D, Stephens M, Pritchard JK (2009) Inferring weak
population structure with the assistance of sample group informa-
tion. Mol Ecol Resour 9:1322-1332

Jiggins CD, Mallet J (2000) Bimodal hybrid zones and speciation.
Trends Ecol Evol 15:250-255

Kroodsma DE, Albano DJ, Houlihan PW, Wells JA (1995) Song devel-
opment by black-capped chickadees (Parus atricapillus) and Car-
olina chickadees (P. carolinensis). Auk 112:29-43

@ Springer

Latour Y, Perriat-Sanguinet M, Caminade P, Boursot P, Smadja CM,
Ganem G (2013) Sexual selection against natural hybrids may
contribute to reinforcement in a house mouse hybrid zone. Proc
R Soc B 281:20132733

Lemmon EM, Lemmon AR (2010) Reinforcement in chorus frogs:
lifetime fitness estimates including intrinsic natural selection and
sexual selection against hybrids. Evolution 64:1748-1761

Lemmon D, Withiam ML, Barkan CPL (1997) Mate protection
and winter pair-bonds in black-capped chickadees. Condor
99:424-433

Linn CE, Dambroski HR, Feder JL, Berlocher SH, Nojima S, Roelofs
WL (2004) Postzygotic isolating factor in sympatric speciation in
Rhagoletis flies: reduced response of hybrids to parental host-fruit
odors. Proc Natl Acad Sci U S A 101:17753-17758

McQuillan MA, Rice AM (2015) Difterential effects of climate and
species interactions on range limits at a hybrid zone: poten-
tial direct and indirect impacts of climate change. Ecol Evol
5:5120-1537

McQuillan MA, Van Huynh A, Taylor SA, Rice AM (2017) Develop-
ment of 10 novel SNP-RFLP markers for quick genotyping within
the black-capped (Poecile atricapillus) and Carolina (P. carolin-
ensis) chickadee hybrid zone. Conserv Genet Resour 9:261-264

McQuillan MA, Roth TC, Van Huynh A, Rice AM (2018) Hybrid
chickadees are deficient in learning and memory. Evolution
72:1155-1164

Melo MC, Salazar C, Jiggins CD, Linares M (2009) Assortative mat-
ing preferences among hybrids offers a route to hybrid speciation.
Evolution 63:1660-1665

Muiioz AG, Salazar C, Castaiio J, Jiggins CD, Linares M (2010) Multi-
ple sources of reproductive isolation in a bimodal butterfly hybrid
zone. J Evol Biol 23:1312-1320

Naisbit RE, Jiggins CD, Mallet J (2001) Disruptive sexual selec-
tion against hybrids contributes to speciation between Heli-
conius cydno and Heliconius melpomene. Proc R Soc Lond B
268:1849-1854

Odum EP (1941) Annual cycle of the black-capped chickadee. Auk
58:314-333

Olsson SB (2006) Receptor expression and sympatric speciation:
unique olfactory receptor neuron responses in F1 hybrid Rhago-
letis populations. J Exp Biol 209:3729-3741

Otter K, Ramsay SM, Ratcliffe L (1999) Enhanced reproductive suc-
cess of female black-capped chickadees mated to high-ranking
males. Auk 116:345-354

Panhuis TM, Butlin R, Zuk M, Tregenza T (2001) Sexual selection and
speciation. Trends Ecol Evol 16:364-371

R Core Team (2020) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Robbins MB, Braun MJ, Tobey EA (1986) Morphological and vocal
variation across a contact zone between the chickadees Parus atri-
capillus and P. carolinensis. Auk 103:655-666

Rosenthal GG (2013) Individual mating decisions and hybridization.
J Evol Biol 26:252-255

Roth TC, Cox JG, Lima SL (2008) Can foraging birds assess predation
risk by scent? Anim Behav 76:2021-2027

Schmidt EM, Pfennig K (2016) Hybrid female mate choice as a spe-
cies isolating mechanism: environment matters. J Evol Biol
29:865-869

Stanbury M, Briskie JV (2015) I smell a rat: can New Zealand birds
recognize the odor of an invasive mammalian predator? Curr Zool
61:34-41

Svedin N, Wiley C, Veen T, Gustafsson L, Qvarnstrom A (2008) Natu-
ral and sexual selection against hybrid flycatchers. Proc R Soc
Lond B 275:735-744

Taylor SA, Curry RL, White TA, Ferretti V, Lovette I (2014a) Spati-
otemporally consistent genomic signatures of reproductive isola-
tion in a moving hybrid zone. Evolution 68:3066-3081



Behavioral Ecology and Sociobiology (2021) 75:129

Page110of 11 129

Taylor SA, White TA, Hochachka WM, Ferretti V, Curry RL, Lovette
1 (2014b) Climate-mediated movement of an avian hybrid zone.
Curr Biol 24:671-676

Teeter KC, Payseur BA, Harris LW, Bakewell MA, Thibodeau LM,
O’Brien JE, Krenz JG, Sans-Fuentes MA, Nachman MW, Tucker
PK (2008) Genome-wide patterns of gene flow across a house
mouse hybrid zone. Genome Res 18:67-76

Vamosi SM, Schluter D (1999) Sexual selection against hybrids
between sympatric stickleback species: evidence from a field
experiment. Evolution 53:874-879

Van Huynh A, Rice AM (2019a) Conspecific olfactory preferences and
interspecific divergence in odor cues in a chickadee hybrid zone.
Ecol Evol 9:9671-9683

Van Huynh A, Rice AM (2019b) Data from: Odor preferences in hybrid
chickadees: implications for reproductive isolation and asymmet-
ric introgression. Dryad Digit Repository. https://doi.org/10.5061/
dryad.wm37pvmh8

Vanlerberghe F, Dod B, Boursot P, Bellis M, Bonhomme F (1986)
Absence of Y-chromosome introgression across the hybrid zone
between Mus musculus domesticus and Mus musculus musculus.
Genet Res 48:191-197

Veen T, Faulks J, Tyler F, Lloyd J, Tregenza T (2013) Diverse repro-
ductive barriers in hybridising crickets suggests extensive vari-
ation in the evolution and maintenance of isolation. Ecol Evol
27:993-1015

Venables WN, Ripley BD (2002) Modern applied statistics with S, 4th
edn. Springer, New York

Wagner WE (1998) Measuring female mating preferences. Anim Behav
55:1029-1042

Wagner DN, Curry RL, Chen N, Lovette 1J, Taylor SA (2020) Genomic
regions underlying metabolic and neuronal signaling pathways are
temporally consistent in a moving avian hybrid zone. Evolution
74:1498-1513

Wells MM, Henry CS (1994) Behavioral responses of hybrid lace-
wings (Neuroptera: Chrysopidae) to courtship songs. J Insect
Behav 7:649-662

Whittaker DJ, Hagelin JC (2021) Female-based patterns and social
function in avian chemical communication. J Chem Ecol 47:43-62

Whittaker DJ, Gerlach NM, Soini HA, Novotny MV, Ketterson ED
(2013) Bird odour predicts reproductive success. Anim Behav
86:697-703

Whittaker DJ, Rosvall KA, Slowinski SP, Soini HA, Novotny MV,
Ketterson ED (2018) Songbird chemical signals reflect uropygial
gland androgen sensitivity and predict aggression: implications
for the role of the periphery in chemosignaling. J Comp Physiol
A 204:5-15

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.5061/dryad.wm37pvmh8
https://doi.org/10.5061/dryad.wm37pvmh8

	Odor preferences in hybrid chickadees: implications for reproductive isolation and asymmetric introgression
	Abstract 
	Significance statement
	Introduction
	Methods
	Field methods and animal housing
	Genotyping
	Odor preference tests
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References


