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Abstract Evidence for the the ability of birds to detect olfac-
tory signals is now well documented, yet it remains unclear
whether birds secrete chemicals that can be used as social
cues. A potential source of chemical cues in birds is the
secretion from the uropygial gland, or preen gland, which is
thought to waterproof, maintain, and protect feathers from
ectoparasites. However, it is possible that preen oil also may
be used for individual recognition, mate choice, and signalling
social/sexual status. If preen oil secretions can be used as
socio-olfactory signals, we should be able to identify the
volatile components that could make the secretions more
detectable, determine the seasonality of these secretions, and
determine whether olfactory signals differ among relevant
social groups. We examined the seasonal differences in vola-
tile compounds of the preen oil of captive white-throated
sparrows, Zonotrichia albicollis. This species is polymorphic
and has genetically determined morphs that occur in both
sexes. Mating is almost exclusively disassortative with respect
to morph, suggesting strong mate choice. By sampling the
preen oil from captive birds in breeding and non-breeding
conditions, we identified candidate chemical signals that var-
ied according to season, sex, morph, and species. Linear
alcohols with a 10–18 carbon chains, as well as methyl ke-
tones and carboxylic acids, were the most abundant volatile
compounds. Both the variety and abundances of some of these
compounds were different between the sexes and morphs,
with one morph secreting more volatile compounds in the

non-breeding season than the other. In addition, 12 com-
pounds were seasonally elevated in amount, and were secreted
in high amounts in males. Finally, we found that preen oil
signatures tended to be species-specific, with white-throated
sparrows differing from the closely related Junco in the abun-
dances and/or prevalence of at least three compounds. Our
data suggest roles for preen oil secretions and avian olfaction
in both non-social as well as social interactions.
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Introduction

Chemical signals mediate more animal interactions than any
other signal type (Wyatt 2003), but historical assumptions
about the lack of olfaction in birds have served to downplay
the potential role of avian olfaction and hamper advances in
the area of avian chemical signaling. However, recent studies
have found that birds possess more functional olfactory re-
ceptor (OR) genes than previously thought, suggesting that
olfaction could be important in this group (Steiger et al. 2008).
In addition, data have emerged showing that birds do employ
olfaction for foraging (e.g., Hagelin 2004; Nevitt et al. 2008),
navigation and orientation (e.g., Bonadonna et al. 2003; Nevitt
and Bonadonna 2005; Wallraff 2004), nest construction (e.g.,
Petit et al. 2002), and recognition (Caspers and Krause 2013;
Krause and Caspers 2012), and even assessing predation risk
(e.g., Amo et al. 2008; Whittaker et al. 2009).

There also is evidence suggesting that birds use chemical
signals as social cues. Ducks and chickens subjected to bilat-
eral olfactory nerve section engaged in significantly fewer
mating behaviors compared to sham-operated males (Hirao
et al. 2009). Antarctic prions, Pachiptila desolata, preferred
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the body scent of their partner to that of other conspe-
cifics and avoided their own odor (Bonadonna and
Nevitt 2004) in a manner consistent with avoidance of
inbreeding (Mateo and Johnston 2000). Crested auklets
(Aethia cristatella) preferred the odor of conspecific
plumage assessed during “ruffsniff” social displays
(Hagelin 2007b; Hagelin et al. 2003). However, despite
these advances, our knowledge of the social role of
avian odor is still rudimentary and studies of other
avian taxonomic groups are warranted.

There are many potential sources of avian chemical signals
(Campagna et al. 2012; Hagelin 2007a; Hagelin and Jones
2007), but preen gland secretions arising from the uropygial
gland at the base of the tail could prove to be one of the most
important. Preen oil has a role in waterproofing (Elder 1954)
and feather maintenance (Jacob and ZisweIler 1982). It also
provides protection against bacteria, fungi, mites, or other
feather parasites (Jacob and ZisweIler 1982; Moyer et al.
2003; Shawkey et al. 2003), and accordingly, access to preen
oil secretions is important for maintaining self-health and high
reproductive investment (Giraudeau et al. 2010). However,
there also is reason to believe that preen oil is an important
social chemosignal (Hirao et al. 2009; Johansson and Jones
2007), as it contains volatile compounds that may act as strong
signals detectable via olfaction. Preen oil compounds exhibit
sexual (Amo et al. 2012; Leclaire et al. 2011, 2012; Mardon
et al. 2010; Soini et al. 2007; Zhang et al. 2010;) and
age variation (Shaw et al. 2011), as well as being repeat-
able signatures of an individual (Mardon et al. 2010;
Whittaker et al. 2010). Finally, preen oil compounds
are also species-specific (Haribal et al. 2005; Soini
et al. 2013; Zhang et al. 2013).

One of the strongest pieces of evidence supporting a
sociochemical role for uropygial secretions is that the compo-
nents of preen oil often differ between wintering and breeding
seasons (Bohnet et al. 1991; Kolattukudy et al. 1987; Piersma
et al. 1999; Reneerkens et al. 2002, 2007; Soini et al. 2007;
Whittaker et al. 2011). For example, as the season progresses
from non-breeding to breeding, there is a shift frommonoester
to diester waxy components in the preen oil secretions of
ducks (Bohnet et al. 1991) and sandpipers (Reneerkens et al.
2002). Since diesters are less volatile than monoesters, this
switch is hypothesized to reduce odor and depredation in
incubating females (Reneerkens et al. 2002). However, some
researchers have suggested that a seasonal change in com-
pounds also could be used to convey information relevant to
intraspecific communication, such as an individual’s identity
(Coffin et al. 2011; Mardon et al. 2010; Soini et al. 2007;
Whittaker et al. 2010) and/or sexual attractiveness (Bohnet
et al. 1991; Mardon et al. 2010; Whittaker et al. 2010, 2011).
There is also some evidence that uropygial secretions are used
to differentiate the sex of conspecifics (Zhang et al. 2010), and
mate quality (Leclaire et al. 2011; Whittaker et al. 2013).

The first studies suggesting preen oil as a potential source
of chemosignals focused on non-passerine species (e.g.,
Bohnet et al. 1991; Hirao et al. 2009; Mardon et al. 2010).
However, Passeriformes is the most specious order of birds,
and, more recently, several songbirds have been found to
produce volatile compounds (Amo et al. 2012; Haribal et al.
2005; Krause and Caspers 2012; Soini et al. 2007; Whittaker
et al. 2010; Shaw et al. 2011). One passerine, the dark-eyed
junco, Junco hyemalis, has been shown to exhibit seasonal
(Soini et al. 2007), individual, and sexual variation (Whittaker
et al. 2010) in preen oil chemistry. In addition, the junco
discriminates between conspecific- and heterospecific-based
preen oil odor (Whittaker et al. 2009, 2013), as well as
between population of origin (Whittaker et al. 2010). The
Junco and Zonotrichia genera are closely related, with
occassional hybridization (Jung et al. 1994), and so we expect
similar patterns in the white-throated sparrow, Zonotrichia
albicollis. However, the white-throated sparrow also has a
unique polymorphism, where both sexes occur as either tan
or white plumage morphs (Lowther 1961). Morph is geneti-
cally determined - white birds are heterozygous for a complex
chromosomal rearrangement (2m/2), and tan birds are homo-
zygous (2/2) for the non-rearranged chromosome (Romanov
et al. 2009; Thomas et al. 2008; Thorneycroft 1975).

The morphs display distinct behavioral differences. White
males sing more than tan males (Tuttle 1993) and engage in
extra-pair copulations (Tuttle 2003). The morphs exhibit al-
ternative reproductive strategies in which white males trade
off reduced within-pair paternity for increased extra-pair pa-
ternity (Tuttle 2003). By contrast, tan males invest in monog-
amy (Tuttle 2003) and high parental care (Knapton and Falls
1983). Over 97 % of the pair types are disassortative, which
maintains all morph-sex classes within the population
(Lowther 1961; Thorneycroft 1975; Tuttle 1993, 2003), and
this suggests that strong, and, perhaps, multiple cues for mate
discrimination are likely. The alternative reproductive
strategies and the unique disassortative mating system
make the white-throated sparrow an ideal model to test
not only for the effect of season on preen oil chemistry,
but also for any intraspecific variation between genotypes,
i.e., morph-sex classes.

The aims of this study were to examine whether the com-
position of volatile compounds in preen oil differs between
both season and morph-sex class of the white-throated spar-
row, and to identify candidate social chemosignals. We hy-
pothesized that since mate selection is such an important
process for maintaining the disassortative mating system
(Houtman and Falls 1994; Tuttle 1993), the signatures of the
volatile compounds in preen oil may differ between morph-
sex classes. In addition, we hypothesized that if preen oil
provides an important social chemical signal, the signatures
will be more complex during the breeding season than during
the non-breeding season. Finally, although we reasoned that
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Zonotrichia might share some preen oil compounds with
Junco, we suspected that the signature (i.e., the presence and
amount) of compounds would be sufficiently different to
allow for the differentiation of species.

Methods and Materials

Sample Collection White-throated sparrows were captured at
Indiana State University, Terre Haute, IN, USA using passive
mist netting (Master Banding Permit 22296 to E.M. Tuttle)
between October 2009 and February 2010. Eleven white
males, 7 tan males, 2 white females, and 2 tan females were
captured for a total of 22 birds. All birds were housed in
indoor aviaries at Indiana State University and fed an ad
libitum diet of water, sunflower hearts, white millet, thistle,
probiotics (Benebac, PetAg, Hampshire, IL, USA), meal
worms, and wax worms. Diet did not vary over the course
of the experiment. Daily bird care averaged 30 min per day
over approximately 150 day. Initially, lighting conditions were
set to a natural Indiana winter day length and preen oil was
first sampled after the birds were in captivity for at least
2 weeks. The aviary was kept on a natural winter photoperiod
until late February 2010, and then it was slowly brought to a
photoperiod of L:D 16:8 h to bring the birds into breeding
condition. Preen oil then was again sampled at least 2 weeks
after reaching this breeding photoperiod. At this point, all
birds had molted, and the males had developed cloacal protu-
berances and were singing. Preen oil was collected in 80 μl
glass capillary tubes (Fisher Scientific, Pittsburgh, PA, USA)
by gently pressing the tube against the preen gland and
collecting its contents via capillary action (Kolattukudy et al.
1987). For consistency in sampling technique, the same per-
son (Tuttle) sampled all birds in both seasons. The volume of
each preen oil sample was calculated from the length of the
sample measured with digital calipers and using the average
internal radius (r) of the glass capillary tube (0.55 mm).
Samples were kept frozen at −20 °C until they were shipped
on dry ice to Indiana University, Department of Chemistry,
Institute for Pheromone Research, Bloomington, IN, USA.

Reagents andMaterials Standard chemicals, the internal stan-
dard 7-tridecanone and ammonium sulfate (99.999 %) were
purchased from Sigma-Aldrich Chemical Company (St Louis,
MO, USA). High-purity OmniSolv™ water was obtained
from EMD Chemicals, Inc., Gibbstown, NJ, USA. Methanol
was from Baker Analyzed, Mallinckrodt Baker, Inc.,
Phillipsburg, NJ, USA.

Sample Preparation Sample preparation followed the
methods of Soini et al. (2007) and Whittaker et al. (2010)
utilizing the stir bar sorptive extraction technique (Soini et al.
2005). Thawed preen oil samples were pushed out of the

microcapillary glass pipettes into 20 ml glass vials. Then
2.0 ml of high-purity water, 100 mg of ammonium sulfate,
and an internal standard of 8 ng of 7-tridecanone dissolved in
5 μl methanol were added to each vial. A Twister™ stir bar
(Gerstel GmbH, Mülheim an der Ruhr, Germany, 10×0.5 mm
polydimethylsiloxane) was added and stirred at 800+rpm for
60 min on the 15-place stirplate (Variomag Multipoint HP15,
H+P Labortechnic, Oberschleissheim, Germany). After
60 min, the stir bar was removed and rinsed with high-purity
water, dried gently, and placed in the thermal desorption
autosampler tube for gas chromatography-mass spectrometry
(GC/MS) analysis.

Analytical Instruments GC/MS analyses were conducted
using an Agilent 6890N gas chromatograph connected to a
5973iMSD mass spectrometer (Agilent Technologies, Inc.,
Wilmington, DE, USA) and equipped with the thermal de-
sorption autosampler and cooled injection system (TDSA-CIS
4 from Gerstel) (Soini et al. 2007; Whittaker et al. 2010). All
analytical instruments were set to the same specifications as
described by Whittaker et al. (2010).

Samples were thermally desorbed in a TDSA automated sys-
tem and then injected into the column with the CIS-4 cooled
injection assembly. Splitless mode was used for desorption
with a temperature program of 20 °C for 0.5 min, then
60 °C/min up to 250 °C for 3 min. Transfer line temperature
was set at 280 °C, and CIS was cooled using liquid
nitrogen to −80 °C. After desorption and cryotrapping were
complete, the CIS was heated at 12 °C/sec to 270 °C and held
for 12 min. Solvent vent mode was used for the CIS inlet, with
a vent pressure of 9.1 psi, a vent flow of 50 ml/min, and a
purge flow of 50 ml/min. The GC column was a DB-5MS
capillary (30 m×0.25 mm, i.d., 0.25 μm film thickness;
Agilent). Carrier gas was helium at constant flow (1.1 ml/
min), and the oven temperature program started at 50 °C held
for 2 min, then increased to 200 °C at the rate of 3 °Cmin, and
held for 12 min. For the MS detection, positive electron
ionization (EI) mode at 70eV was used with a scanning rate
of 2.47 scans/sec, andmass range of 40–350 amu. The transfer
line temperature was 280 °C, the ion source was kept at
230 °C, and the quadrupole temperature was 150 °C.

Quantitative Comparisons Major volatile compounds in the
preen oil samples were identified by comparison of mass
spectra and retention times with those of authentic standards.
The peak areas for each compound were used for quantitative
comparisons and were integrated either from the total ion
current (TIC) profiles or from post-run, single ion current
(SIC) profiles at m/z 55 for n-alcohols, m/z 58 for methyl
ketones, or m/z 60 for n-carboxylic acids, which are the base
peaks in the mass spectra. The analyte peak areas in SIC
profiles at m/z 55, 58, or 60 were normalized by dividing by
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the peak area of the internal standard in the SIC profile at m/z
113 in the same run. These normalized values were used in
pairwise comparisons of compound amounts during the
breeding and the non-breeding seasons.

Statistics Peak areas, or abundances, of compounds were non-
normally distributed, so that nonparametric, Wilcoxon-signed
rank tests were used to compare the relative concentrations of
each compound in winter samples to the samples collected
under conditions that simulated spring breeding. Since captive
bird populations were heavily male-biased, Wilcoxon-signed
rank tests were run separately for all males (N=16), and for
white (N=10) and tan morph males (N=6). Next, Mann-
Whitney U Tests were run to determine if there were any
within-season variations in compound abundance between
sexes and male morphs, but we did not include a Kruskal-
Wallis ANOVA comparing morph-sex classes since only two
winter samples were available for white females and tan
females, and no breeding condition samples were available
for tan females. The Wilcoxon-signed rank tests and Mann-
Whitney U tests run dependent variables in a univariate fash-
ion in SPSS 19.0, with only one independent variable com-
parison, and so no corrections for Bonferroni or sequential
Bonferroni adjustments were needed. Statistically significant
values less than P=0.05 were accepted. These statistical

analyses were completed using SPSS 19.0 (IBM Corp.
Released 2010. IBM SPSS Statistics for Windows, Version
19.0. Armonk, NY, USA: IBM Corp.).

To reduce the variables in analyses, we also conducted
principal component analyses (PCA) on the abundances and
proportions of the 22 identified volatile compounds. Since we
did not sample enough females during the breeding season,
we restricted these analyses to males only. We retained only
those PCs with eigenvalues greater than one. We then tested
for differences between morphs and season using multivariate
analysis of variance (MANOVA). PCA and MANOVAwere
completed in JMP®, Version 9. (SAS Institute Inc., Cary, NC,
USA 1989–2007).

Results

In the white-throated sparrow preen oil samples, we identified
42 compounds based on comparison with the spectra and
retention times of authentic standards (Fig. 1, Table 1).
Additionally, we tentatively identified another 13 compounds
(Table 1). Using the post-run selected ion current (SIC) pro-
files, 27 compounds were used for quantitative comparisons.
A selected ion current profile of m/z 55 revealed the major
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Fig. 1 Preen oil extract profiles
from the white-throated sparrow:
a total ion chromatogram (TIC)
profile of the volatile compounds
extracted from the preen oil of a
male white-throated sparrow; b
post-run selected ion m/z 55 pro-
file from the TIC shown in (a).
Numbers refer to 1=1-nonanol,
2=1-decanol, 3=1-undecanol,
4=1-dodecanol, 5=1-tridecanol,
6=1-tetradecanol, 7=1-
pentadecanol, 8=1-hexadecanol,
9=1-heptadecanol, 10=1-
octadecanol
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components to be 9 linear 1-alkanols with a carbon
chain-length ranging from 10 to 18. The secondary
compounds that were also consistently found included
9 methyl ketones, from 2-nonanone to 2-heptadecanone,
and 9 carboxylic acids, including pentanoic acid and
nonanoic acid, through to stearic acid (octadecanoic
acid). Of the 27 major compounds identified, some
compounds were detected in the majority of samples,
while others were found in only few individuals
(Tables 2, 3, 4, 5, and 6). Pentanoic acid (1 sample),
2-nonanone (4 samples), and 2-decanone (5 samples)
were conspicuous compounds that were observed only
in some breeding condition samples, but not in any
wintering condition specimens (Table 2).

Breeding season samples contained higher abun-
dances of 12 different compounds that were seasonally
elevated in spring breeding condition as compared to
winter non-breeding condition. Seasonally elevated com-
pounds included linear alcohols from 1-decanol to 1-
pentadecanol, dodecanoic acid, octadecanoic acid, 2-
decanone, 2-tridecanone, 2-tetradecanone, and 2-
pentadecanone (Table 2, Figs. 2, 3, and 4). Since males
made up almost the entire sample, additional Wilcoxon-
signed rank tests were run to determine if males (N=16),
white males (N=10), and tan males (N=6) also exhibit-
ed higher compound abundance in breeding condition.
All 12 of the seasonally elevated compounds also were
seasonally elevated in males. In addition, 1-hexadecanol
was seasonally elevated in males (Table 3). Ten of the
compounds that were seasonally elevated in males also
were seasonally elevated in white males (N=10, Table 4),
whereas none of these compounds were seasonally elevated in
tan males (N=6).

Mann-Whitney U tests showed that 11 different com-
pounds found in winter samples were more abundant in
females (N= 4) than in males (N= 18, Table 5).
Additionally, 3 linear alcohols were more abundant in
tan males (N=7) than white males (N=11, Table 6,
Fig. 2). During the winter season, 2-tridecanone and 2-

Table 1 Identified and tentatively identified (*) volatile organic com-
pound in white-throated sparrow preen oil

Compound Rt (min) TIC SIC

Octanal 10.67 X

2,4,6-Trimethylnonane* 12.78 X

Acetophenone 13.24 X

Undecane 14.80 X

2-Nonanone 14.84 m/z 58

Nonanal 15.04 X

4-Methylundecane* 17.71 X

1-Nonanol 18.10 m/z 55

Dodecane 19.30 X

2-Decanone 19.40 m/z 58

Decanal 19.63 X

4-Methyldodecane* 22.21 X

2,4,6,8-Tetramethylundecane* 22.64 X

1-Decanol 22.88 m/z 55

Nonanoic acid 23.38 m/z 60

2-Undecanone 23.46 m/z 58

Tridecane 23.82 X

4,6,8-Trimethyldodecane* 24.70 X

4-Methyltridecane* 26.59 X

1-Undecanol 27.00 m/z 55

Decanoic acid 27.11 m/z 60

Tetradecane 28.14 X

2-Dodecanone 28.50 m/z 58

Geranylacetone 30.04 X

4-Methyltetrsdecane* 30.79 X

1-Dodecanol 31.23 m/z 55

2,4,6,8,10-Pentamethyltridecane* 31.70 X

1-Pentadecene 31.95 X

2-Tridecanone 32.03 X

Pentadecane 32.28 X

2-Tridecanone 32.70 m/z 58

4,6,8,10-Tetramethyltetradecane* 33.55 X

4-Methylpentadecane* 34.80 X

1-Tridecanol 35.25 m/z 55

Dodecanoic acid 35.52 m/z 60

1-Hexadecene 35.52 X

Hexadecane 36.22 X

2-Tetradecanone 36.69 m/z 58

Tridecanoic acid 39.40 m/z 60

1-Tetradecanol 39.44 m/z 55

1-Heptadecene 39.67 X

2-Pentadecanone 40.45 m/z 58

1-Pentadecanol 42.78 m/z 55

Tetradecanoic acid 42.85 m/z 60

2-Hexadecanone 44.10 m/z 58

Pentadecanoic acid 45.76 m/z 60

1-Hexadecanol 46.62 m/z 55

2-Heptadecanone 47.56 m/z 58

Table 1 (continued)

Compound Rt (min) TIC SIC

Hexadecanoic acid 49.55 m/z 60

1-Heptadecanol 49.85 m/z 55

1-Octadecanol 52.69 m/z 55

Heneicosane* 53.39 X

Octadecanoic acid 56.82 m/z 60

Docosane* 57.44 X

Tricosane* 63.01 X
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tetradecanone appeared to be more abundant in tan
males than in white males, but the results were marginally
non-significant (2-tridecanone: U=17.5, Z=−1.908,
P=0.056; 2-tetradecanone: U=17, Z=−1.954, P=0.056).

For the absolute abundance of volatile profiles in
males, the first six principal components had eigen-
values greater than one, and they explained 90.0 % of
the variance in the absolute concentration of volatile
compounds (Table 7). The principal components of
abundance differed only significantly by season
(MANOVA, F=9.024, P=0.005). However, for relative
proportions of volatile compounds in males, the first
seven principal components had eigenvalues greater
than one, and they explained 83.2 % of the variance
in the proportional concentration of volatile compounds

(Table 7). The principal components of relative propor-
tion differed significantly by season (MANOVA, F=6.573,
P=0.015) and by the interaction of morph and season
(MANOVA, F=7.275, P=0.011).

Discussion

Preen oil samples from white-throated sparrows
contained primarily linear alcohols, methyl ketones,
and linear carboxylic acids that ranged from 9 to 18
carbons in length (Table 2). Twenty-seven of these
volatile compounds were present in the uropygial oil
of captive white-throated sparrows in breeding condi-
tion, while only 23 of these were present in samples
taken from winter-condition, non-breeding birds.
Twelve compounds were found in both non-breeding
and breeding-condition birds but were seasonally ele-
vated for all individuals, including 7 n-alcohols, 4
methyl ketones, and dodecanoic acid (Table 3); thirteen
compounds were seasonally elevated only in males
(Table 4). Four more volatile compounds (1-decanol,
2-decanone, 2-nonanone, and pentanoic acid) were
found exclusively only in breeding season samples.
Together, these findings suggest that the composition
of preen oil during the breeding season is more com-
plex and more volatile than preen oil in the non-
breeding season. Our results also show that this sea-
sonal variation in preen oil composition is independent
of diet, and suggest that preen oil has additional roles
and increased importance during the breeding season.

Table 3 Volatile preen oil compounds in males with higher percentage
during the breeding season than during non-breeding season: significant
results of the Wilcoxon-signed rank test for male white-throated sparrows
(N=16)

Compound family Compound Z-Score (N=10) P*

1-alkanols 1-Decanol −2.201 0.028

1-alkanols 1-Undecanol −3.103 0.002

1-alkanols 1-Dodecanol −2.947 0.003

1-alkanols 1-Tridecanol −3.051 0.002

1-alkanols 1-Tetradecanol −2.896 0.004

1-alkanols 1-Pentadecanol −2.689 0.007

1-alkanols 1-Hexadecanol −2.043 0.041

methyl ketones 2-Decanone −2.023 0.043

methyl ketones 2-Tridecanone −2.328 0.020

methyl ketones 2-Tetradecanone −2.198 0.028

methyl ketones 2-Pentadecanone −2.224 0.026

carboxylic acid Dodecanoic acid −2.300 0.021

carboxylic acid Octadecanoic acid −2.384 0.017

Table 2 Volatile preen oil compounds differing between birds in breed-
ing and non-breeding seasons: significant Z-scores and P-values are listed
for Wilcoxon-signed rank test between seasons

% Samples containing compound

Compound Winter
(N=22)

Spring
(N=18)

Z-Score
(N=18)

P

1-Decanol 0 % 39 % −2.366 0.018

1-Undecanol 82 % 89 % −3.375 0.001

1-Dodecanol 86 % 94 % −3.245 0.001

1-Tridecanol 82 % 94 % −3.288 0.001

1-Tetradecanol 86 % 94 % −3.180 0.001

1-Pentadecanol 82 % 94 % −2.765 0.006

1-Hexadecanol 86 % 94 %

1-Heptadecanol 68 % 61 %

1-Octadecanol 50 % 78 %

2-Nonanone 0 % 22 %

2-Decanone 0 % 28 % −2.023 0.043

2-Undecanone 86 % 89 %

2-Dodecanone 82 % 78 %

2-Tridecanone 91 % 94 % −2.440 0.015

2-Tetradecanone 86 % 94 % 2.221 0.026

2-Pentadecanone 91 % 94 % −2.287 0.022

2-Hexadecanone 73 % 72 %

2-Heptadecanone 73 % 67 %

Pentanoic Acid 0 % 6 %

Nonanoic Acid 5 % 17 %

Decanoic Acid 5 % 11 %

Dodecanoic Acid 41 % 94 % 2.592 0.010

Tridecanoic Acid 14 % 11 %

Tetradecanoic Acid 64 % 94 %

Pentadecanoic Acid 27 % 33 %

Hexadecanoic Acid Acid 77 % 94 %

Octadecanoic Acid 5 % 39 % 0.017 0.016
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Explanations for a seasonal shift in odor composition
include nest crypsis (Reneerkens et al. 2002, 2007;
Soini et al. 2007), increased protection from ectopara-
sites (Moyer et al. 2003; Shawkey et al. 2003; Soini
et al. 2007) and use as social chemosignals (Campagna
et al. 2012; Hagelin 2007a, b; Hagelin and Jones 2007;
Mardon et al. 2010; Whittaker et al. 2010). All the
above factors could be relevant in the white-throated
sparrow, but since our samples were composed primar-
ily of males, who, in this species, do not incubate at

the nest, we suspect that preen oils function as social
signals and, possibly, as an aid in parasite resistance.

Some of the compounds found in white-throated
sparrow preen oil could confer health benefits. The
production of 2-tridecanone, a naturally occurring insec-
ticide (Williams et al. 1980), increased significantly as
birds progressed from non-breeding to breeding. A sim-
ilar pattern has been observed in a related species, the
dark-eyed junco, Junco hyemalis (Soini et al. 2007,
2013). In addition, dodecanoic acid (lauric acid), which

Table 4 Differences in percentages of volatile preen oil compounds in
tan and white male morphs in bredding and non-breeding seasons:
significant results of the Wilcoxon-signed rank tests showing which

compounds are seasonally elevated in white and tan males. Dark gray
shows compounds that are significant at P ≤ 0.05; light gray show
compounds where 0.10 < P > 0.05

Tan male (N = 6) White male (N = 10)

Compound Trend  Z-Score, P Trend Z-Score, P

1-Decanol B > NB 1.93, 0.05 B > NB 1.85, 0.06 

1-Undecanol B > NB 0.51, 0.62 B >> NB 3.21, 0.001 

1-Dodecanol B > NB 0.50, 0.62 B >> NB 3.42, 0.0006 

1-Tridecanol B > NB 0.72, 0.47 B >> NB 3.42, 0.0005 

1-Tetradecanol B > NB 0.57, 0.57 B >> NB 3.53, 0.0004 

1-Pentadecanol B > NB 0.43, 0.67 B >> NB 3.42, 0.0006 

1-Hexadecanol B > NB -0.29, 0.77 B >> NB 2.78, 0.005 

1-Heptadecanol B > NB 0.37, 0.71 B > NB 0.44, 0.66 

1-Octadecanol B > NB 0.68, 0.50 B > NB 1.25, 0.21 

2-Nonanone B = NB 1.48, 0.14 B = NB 1.45, 0.15 

2-Decanone B = NB 1.48, 0.14 B > NB 1.85, 0.06 

2-Undecanone B = NB 0.07, 0.94 B >> NB 2.26, 0.02 

2-Dodecanone B = NB 0.00, 1.00 B = NB 1.68, 0.09 

2-Tridecanone B > NB 0.93, 0.35 B >> NB 2.64, 0.008 

2-Tetradecanone B > NB 1.07, 0.28 B >> NB 2.58, 0.01 

2-Pentadecanone B > NB 0.79, 0.43 B >> NB 2.61, 0.009 

2-Hexadecanone B > NB 0.29, 0.77 B > NB 0.84, 0.40 

2-Heptadecanone B > NB 0.36, 0.72 B > NB 0.37, 0.71

Pentanoic acid B = NB 0.93, 0.35 B = NB ND 

Nonanoic acid B = NB 0.58, 0.56 B = NB 0.95, 0.34 

Decanoic acid B = NB -0.00, 1.00 B = NB 0.95, 0.34 

Dodecanoic acid B > NB 1.82, 0.07 B >> NB 2.69, 0.007 

Tridecanoic acid B = NB -0.77, 0.44 B = NB 0.05, 0.96 

Tetradecanoic acid B = NB 0.79, 0.43 B > NB 1.77, 0.08 

Pentadecanoic acid B = NB 0.00, 1.00 B > NB 0.00, 1.00 

Hexadecanoic acid B = NB 0.93, 0.35 B = NB 0.78, 0.44 

Octadecanoic acid B > NB 1.94, 0.05 B >> NB 2.21, 0.03 
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was found to increase in breeding males, has been
reported to have antimicrobial properties (Huang et al.
2011). Finally, linear n-alcohols, which are a primary
component of white-throated sparrow preen oil, are nat-
ural antimicrobial and antifungal substances (Martin-
Vivaldi et al. 2010; Ruiz-Rodriguez et al. 2009; Soini
et al. 2007; Vivaldi et al. 2010). These and other
chemicals could serve to deter the numerous biting flies,
midges, mosquitos, as well as bacterial and fungal in-
fections the birds can encounter while on the warmer
breeding grounds. Since darker pigmented feathers are
more resistant to bacterial degradation, we expected tan
morphs to show greater increases in preen oil com-
pounds than white morphs. However, no significant
difference between the male morphs in breeding condi-
tion was observed for these particular chemical
compounds.

We compared the volatile chemical composition of
white-throated sparrow preen oil with putative chemi-
cal signaling compounds from other taxa (Table 8) and

found some overlapping compounds. For example, 2-
pentadecanone increased significantly in white males
and white females, but decreased in tan males, during
the breeding season. There were too few tan females to
determine whether or not they too exhibited a similar
pattern. Several invertebrate species, including 3 spe-
cies of butterflies (Schultz et al. 1993) and leaf-cutter
ants (Ortius-Lechner et al. 2000), as well as many
species of lizards (Louw et al. 2007) and mammals
such as Sika deer (Wood 2003), white-lipped pecari
(Waterhouse et al. 2001), African wild dog (Apps
et al. 2012), and lion, leopard, Bengal tiger, and cou-
gar (Soini et al. 2012) likely use 2-pentadecanone for
intraspecific communication, and it is possible that this
compound also serves the same function in the white-
throated sparrow (Table 8). Similarly, octadecanoic ac-
id (stearic acid), which increases in white and tan
males during the breeding season, has been assigned
with the chemosignaling function in several other taxa
(Table 8).

Many of the compounds found in white-throated
sparrow preen oil also were found in preen oil samples
from a closely related species, the dark-eyed junco
(Junco hyemalis), and several of the same compounds
have been found to be seasonally elevated in both avian
species (Soini et al. 2007, 2013). When in breeding-
condition, both white-throated sparrows and juncos had
higher concentrations of linear alcohols with 10–15
carbons in at least one sex. Both also had higher levels
of 2-tridecanone, 2-tetradecanone, 2-pentadecanone, and
dodecanoic acid during the breeding condition, suggest-
ing that they are phylogenetically conserved. However,
white-throated sparrow uropygial secretions from birds
in breeding condition contained 2-decanone and
octadecanoic acid, which were not present in junco
secretions (Soini et al. 2007). Since the breeding distri-
butions of these two species overlap, and occassional
hybrids have been found (Jung et al. 1994), it is in-
triguing to speculate that volatile preen compounds
could be used in species recognition (Haribal et al.
2005; Soini et al. 2007, 2013; Whittaker et al. 2010).

Our analyses suggest that within white-throated spar-
rows, both sexes vary in the abundance of multiple
preen oil compounds. Although, the number of females
we studied was low, we did find that non-breeding
females tended to have higher amounts of 8 different
linear alcohols, 2-tetradecanone, 2-pentadecanone, 2-
hexadecanone, and 2-heptadecanone (Table 5) than
non-breeding males. It is unclear why females have
higher levels of n-alcohols and methyl ketones, while
males have lower levels of these compounds during the
non-breeding season, especially if we assume that these
compounds are costly for birds to produce and that they

Table 5 Differences between males and females in the abundances of
volatile preen oil compounds during the non-breeding season: Females
(F) had higher abundances than males (M) for all 12 compounds listed
below

Compound Mann-Whitney U Z-Score (N=18) Exact
significance P*

1-Dodecanol 12 −2.046 0.042

1-Tridecanol 7.5 −2.434 0.010

1-Tetradecanol 10 −2.216 0.026

1-Pentadecanol 7 −2.476 0.010

1-Hexadecanol 8 −2.386 0.014

1-Heptadecanol 4 −2.791 0.003

1-Octadecanol 4 −2.912 0.003

2-Tetradecanone 9.5 −2.261 0.019

2-Pentadecanone 9 −2.300 0.019

2-Hexadecanone 12 −2.065 0.042

2-Heptadecanone 12 −2.064 0.042

Table 6 Comparison of the abundance of compounds in white and tan
males during the non-breeding season: All 3 compounds shown in the
table were more abundant in the winter samples of tan males (T) than in
the winter samples of white males (W)

Compound Mann-Whitney U Z-Score (N=18) Exact
significance P*

1-Tetradecanol 16 −2.043 0.041

1-Pentadecanol 13.5 −2.276 0.023

1-Hexadecanol 16 −2.042 0.041
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could attract predators. Winter preen oil volatiles might
be a benefit if higher levels help females, who are
normally more subordinant to males in winter flocks

(Piper and Wiley 1989a), to establish a higher dominance
status and gain better access to food. Alternatively, the lower
levels of preen oil compounds found in males may help

Fig. 2 Normalized peak areas of C10-C18 alcohols: averages (±SE) of the
normalized peak areas of C10-C14 (A) and C15-C18 (B) linear alcohols in
the four morph-sex classes during the non-breeding and breeding seasons.
Designation: tan males = TM (N=7 non-breeding, 6 breeding), white

males = WM (N=11 non-breeding, 10 breeding), tan females = TF (N=2
non-breeding, 0 breeding), and white females = WF (N=2 non-breeding,
2 breeding)

Fig. 3 Normalized peak areas of methyl ketones: averages (±SE) of the
normalized peak areas of methyl ketones in the four morph-sex classes
during the non-breeding and breeding seasons. Designation: tan males =

TM (N=7 non-breeding, 6 breeding), white males = WM (N=11 non-
breeding, 10 breeding), tan females = TF (N=2 non-breeding, 0 breed-
ing), and white females = WF (N=2 non-breeding, 2 breeding)
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Fig. 4 Normalized peak areas of linear carboxylic acids acids (C9-C16):
averages (±SE) of the normalized peak areas of linear acids (C9-C16) in
the four morph-sex classes during the non-breeding and breeding seasons.
Designation: tan males = TM (N=7 non-breeding, 6 breeding), white

males = WM (N=11 non-breeding, 10 breeding), tan females = TF (N=2
non-breeding, 0 breeding), and white females = WF (N=2 non-breeding,
2 breeding)

Table 7 Eigenvalues, percentage variance explained, and variable loadings for principal component analyses based on absolute abundance and relative
proportion of each volatile compound: bold text indicates volatile compounds strongly associated with each component

Abundance Proportion

1 2 3 4 5 6 1 2 3 4 5 6 7

Eigenvalue 10.39 4.677 2.977 2.859 1.962 1.488 9.343 3.472 2.892 2.774 2.065 1.647 1.193

% Variance explained 38.464 17.323 11.026 10.591 7.268 5.510 33.368 12.400 10.329 9.909 7.377 5.885 4.259

1-Decanol 0.706 −0.196 −0.083 0.299 −0.292 −0.280 −0.262 0.443 0.022 0.113 0.135 −0.204 0.522

1-Undecanol 0.815 −0.113 0.251 −0.226 −0.295 −0.096 −0.523 0.642 −0.025 −0.333 0.314 −0.058 0.024

1-Dodecanol 0.893 −0.166 0.189 −0.154 −0.241 −0.088 −0.653 0.625 0.028 −0.224 0.271 0.031 0.020

1-Tridecanol 0.941 −0.179 0.133 −0.117 −0.148 −0.037 −0.637 0.615 0.070 −0.253 0.210 0.134 −0.071
1-Tetradecanol 0.925 −0.173 0.068 0.026 −0.246 −0.122 −0.677 0.539 0.118 −0.181 0.107 0.224 −0.049
1-Pentadecanol 0.911 −0.186 −0.095 0.241 −0.051 0.022 −0.372 0.035 0.151 0.130 −0.506 0.539 −0.201
1-Hexadecanol 0.924 −0.176 −0.075 0.209 −0.128 −0.082 −0.560 −0.412 0.087 −0.018 −0.297 0.294 0.269

1-Heptadecanol 0.762 −0.281 −0.229 0.466 0.013 0.034 −0.266 −0.595 0.140 0.314 0.386 0.191 0.148

1-Octadecanol 0.805 −0.257 −0.204 0.434 −0.028 −0.006 −0.281 −0.421 0.208 0.291 0.368 0.271 0.236

2-Nonanone −0.047 0.112 0.833 0.332 −0.232 0.225 0.023 0.441 0.001 0.793 −0.303 0.064 −0.098
2-Decanone −0.082 0.095 0.829 0.334 −0.196 0.133 −0.053 0.576 −0.041 0.699 −0.181 −0.069 0.110

2-Undecanone 0.094 0.265 0.516 0.198 0.601 −0.263 0.096 −0.205 −0.081 0.104 −0.122 −0.864 −0.316
2-Dodecanone 0.218 0.499 0.293 0.367 0.483 −0.368 0.717 0.176 −0.453 0.224 0.160 0.004 0.180

2-Tridecanone 0.710 −0.076 0.283 −0.589 0.167 0.085 0.662 0.207 −0.387 0.068 0.331 0.067 0.115

2-Tetradecanone 0.784 −0.064 0.200 −0.446 0.298 0.173 0.845 0.205 −0.219 0.129 0.178 0.226 0.051

2-Pentadecanone 0.806 −0.137 0.150 −0.397 0.236 0.183 0.684 0.141 −0.335 −0.009 0.349 0.214 −0.242
2-Hexadecanone 0.655 0.072 −0.165 0.155 0.546 0.334 0.893 −0.061 −0.045 0.085 0.155 0.208 0.019

2-Heptadecanone 0.642 0.082 −0.253 0.424 0.476 0.239 0.850 −0.089 −0.158 0.062 0.151 0.198 0.024

Pentanoic acid −0.091 0.042 0.785 0.358 −0.029 0.108 −0.024 0.381 −0.030 0.761 −0.221 −0.024 0.084

Nonanoic acid 0.048 0.846 −0.070 −0.047 −0.266 0.254 0.612 0.227 0.595 0.041 −0.102 0.025 −0.068
Decanoic acid 0.089 0.876 −0.076 −0.045 −0.247 0.246 0.637 0.161 0.689 −0.134 0.032 −0.105 0.116

Dodecanoic acid 0.659 0.640 −0.112 0.028 −0.235 −0.141 0.786 0.222 0.454 −0.204 −0.131 −0.057 0.202

Tridecanoic acid 0.105 0.858 −0.098 −0.091 −0.032 −0.218 0.256 0.047 −0.221 −0.372 −0.599 0.100 0.259

Tetradecanoic acid 0.574 0.725 −0.084 −0.123 −0.096 −0.204 0.813 0.153 0.003 −0.301 −0.309 0.034 0.213

Pentadecanoic acid 0.300 0.082 0.266 −0.814 0.129 0.051 0.230 0.228 −0.375 −0.387 −0.399 0.206 −0.296
Hexadecanoic acid 0.383 0.840 −0.124 0.076 0.127 −0.138 0.896 0.073 −0.150 −0.133 0.014 0.003 0.172

Octadecanoic acid 0.256 0.268 −0.164 0.204 −0.112 0.764 0.617 0.153 0.727 −0.103 0.078 −0.066 0.030
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maintain social flock cohesion much like dull plumage
during the winter might help maintain stable social
relations within wintering flocks (Atkinson and Ralph
1980). Regardless of the role of preen oil secretions
during the winter, when males have lower amounts of
these compounds during the non-breeding season, there
is a greater shift in the abundances of these compounds
as they increase in the spring. This may act as a potent
sexually-selected cue that females or other males can
easily detect.

Interestingly, some preen oil compounds as well as
the overall relative abundance of those compounds also
differed between morphs of the white-throated sparrow
(Fig. 5; Table 7). Tan males in non-breeding condition

exhibited significantly higher levels of three n-alcohols
(1-tetradecanol, 1-pentadecanol, and 1-hexadecanol) than
did white males in non-breeding condition (Table 6),
suggesting that the two morphs utilize preen oil com-
pounds differently during the winter months. These
three linear alcohols often are used in human skin care
products as emolients, and so they could serve a similar
function in tan males by softening and protecting their
plumage from moisture loss during the cold, dry win-
ters. In general, tan plumage contains more melanins
than white plumage does, and since melanins are known
to enhance feather stiffness (Bonser 1995), the added
emolients may maintain better feather condition in these
morphs. The preen oil volatiles in tan males were

Table 8 Comparison of white-throated sparrow volatile compoundswith
compounds identified in other taxa: Data fromwhite-throated sparrow are
from this study, data from junco comes from Soini et al. (2007), data from

other taxa are from El-Sayed (2012), The Pherobase: Database of Pher-
omones and Semiochemicals, <http://www.pherobase.com>

Compound Bird Reptile Mammal

White-throated sparrow Junco Insect Crocodylid Lizard Chiroptera Rodent Artiodactyl Felid Canid Mustelid

Alcohols

1-Decanol X X

1-Undecanol X X X X X

1-Dodecanol X X X

1-Tridecanol X X X X X

1-Tetradecanol X X X X

1-Pentadecanol X X X X

1-Hexadecanol X X X X X X

1-Heptadecanol X X

1-Octadecanol X X X X X

Methyl ketones

2-Undecanone X X X X

2-Dodecanone X X

2-Tridecanone X X X X

2-Tetradecanone X X X

2-Pentadecanone X X X X X

2-Hexadecanone X X X X

2-Heptadecanone X X X X X X

Linear carboxylic acids

Nonanoic acid X X X X X X X

Decanoic acid X X X X X X

Dodecanoic acid X X X X X X X

Tridecanoic acid X X X X

Tetradecanoic acid X X X X X X X X

Pentadecanoic acid X X X X X X

Hexadecanoic acid X X X X X X X X

Octadecanoic acid X X X

Where X=presence of compound
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uniformly higher across the non-breeding and breeding
season, whereas white males had low levels of volatiles
in the non-breeding season and significant increases in 8
of these compounds, as they progressed into the breed-
ing season (Table 4; Fig. 5). Sexual selection is thought
to be more intense in white males as they seek extra-
pair copulations with as many neighboring females as
possible (Formica and Tuttle 2009; Tuttle 2003).
Accordingly, white males molt in brighter, more con-
trasting plumage in the spring. If preen oil volatiles also
are a sexually selected signal, then it is possible that

preen oil composition in white males mirrors these
drastic changes.

Preen oil composition should have both genetic and
environmental components. In white-throated sparrows,
different dietary supplements have been shown to affect
the nonvolatile compounds in preen oil (Thomas et al.
2010), and so diet might also affect volatile compounds.
Although both morphs are part of the same breeding
population, white and tan males tend to settle in slightly
different microhabitats (Formica et al. 2004; Formica and
Tuttle 2009). Any differences in diet could exaggerate
the differences in preen oil signature we report here.
However, s ince whi te - th roa ted spar rows mate
disassortatively (i.e., white males X tan females, tan
males X white females; Lowther 1961), we would expect
males and their opposite morph mates to be similar in
preen oil composition if it is strongly under the influence
of diet. In this study, all individuals were fed the same
diet for an extended period of time and so the differences
we report are likely to be genetically derived. Genetic
background has been shown to influence preen oil com-
pounds in other species (Leclaire et al. 2012). Similarly,
the differential production of preen oil compounds in
white and tan morphs might be under genetic control
since morph itself is determined by the presence or
absence of large complex rearrangement of the \ chro-
mosome (Romanov et al. 2009; Thomas et al. 2008;
Thorneycroft 1975) that encompasses ~86 % of the chro-
mosome and limits recombination in heterozygotes
(Thorneycroft 1975; Thomas et al. 2008).

In summary, the preen oil of the white-throated spar-
row contains volatile compounds that are elevated when
birds are in breeding condition. Some seasonally elevat-
ed compounds differ between the sexes, some differ
between male morphs. Future work should include a
greater sample of females so that complete morph-sex
class comparisons can be made. In addition, these anal-
yses should be complemented with analyses of preen oil
sampled from wild birds - such studies could elucidate
the relative influences of environment and genetics on
the chemical composition of avian preen oil. Together,
the results suggest that, in addition to feather condition-
ing, waterproofing, antimicrobial, antifungal, and anti-
parasitic agents, preen oil secretions also may function
as breeding season sociochemicals in this species.
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Fig. 5 Mean proportional composition of volatiles in preen oil bymorph/
sex class and season: average proportion of alcohols, acids, and ketones in
preen oil sampled from white males (WM), tan males (TM), white
females (WF), and tan females (TF) in non-breeding and breeding con-
dition. No data are shown for tan females in breeding condition because
samples sizes were low for that morph/sex class
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