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A B S T R A C T

In vertebrates, the ontogeny of several crucial organismal systems is known to occur early in life. Developmental
conditions can ultimately have important consequences on adult fitness by affecting individual phenotype. These
developmental effects are thought to be primarily mediated by endocrine systems, and especially by gluco-
corticoids. In this study, we tested how post-natal exposure to corticosterone (the primary avian glucocorticoid)
may subsequently affect the expression of ornaments in adult male house sparrows (Passer domesticus).
Specifically, we investigated the long-term consequences of this manipulation on the size and color of several
visual signals: badge, wing bar, tarsus and beak. Post-natal corticosterone exposure had a strong negative impact
on the size, but not the color, of some male ornaments (badge and wing bar surface area). Because wing bar and
badge surface area are used as sexual and/or hierarchical signals in house sparrow, we showed that early life
stress can affect some aspect of attractiveness and social status in this species with potentially important fitness
consequences (e.g. sexual selection and reproductive performance).

Future studies need now to explore the costs and benefits of this developmental plasticity for individuals (i.e.
fitness).

1. Introduction

Early life is considered a critical step of the life-history cycle be-
cause the ontogeny of crucial organismal systems occurs during that
specific period (Lindström, 1999). Accordingly, developmental condi-
tions are well known to influence growth, perinatal survival, adult
phenotype and ultimately individual fitness (Mousseau and Fox, 1998).
For some species, poor developmental conditions, such as nutritional
constraints, infections, or high parasite loads, appear to have a detri-
mental effect on adult fitness (i.e., “the silver spoon effect”, Metcalfe
and Monaghan, 2001). Alternatively, several studies have also sug-
gested that developmental conditions could prime the organism to
match the phenotype to the environmental conditions which are likely
to be encountered during adulthood (i.e., “the environmental matching
hypothesis”; Monaghan, 2008). Under the latter hypothesis, poorer
developmental conditions can be associated with better adult perfor-
mances when adults live in a harsh environment (Monaghan, 2008;
Crino and Breuner, 2015; Nettle and Bateson, 2015).

The endocrine system is one mechanism that mediates the influence
of developmental conditions on adult phenotype and performance
(Lessells, 2008; McGlothlin and Ketterson, 2008). More precisely the

hypothalamic-pituitary-adrenals (HPA) axis and associated exposure to
glucocorticoids is one of the primary mechanisms vertebrates use to
sense stressors in their environment and alter their phenotype in re-
sponse (Spencer et al., 2009; Romero, 2004; Harris and Seckl, 2011;
Levine, 2002). Glucocorticoids are often classified as the main “stress”
hormones in vertebrates because they are secreted in response to
stressors or energetic challenges (Sapolsky et al., 2000; Romero, 2004).
In this way, they are involved in allostasic processes, which mediate
behavioral and physiological adjustments to environmental changes
(McEwen and Wingfield, 2003; Romero et al., 2009; Angelier and
Wingfield, 2013). Developing organisms can be exposed to glucocorti-
coids either through maternal transfer (e.g. glucocorticoid yolk de-
position in oviparous species or maternal glucocorticoid secretion in
viviparous species) or through the stimulation of the HPA axis of the
developing organism itself (Groothuis and Schwabl, 2008; Meylan
et al., 2012). Developmental exposure to glucocorticoids is known to
affect the ontogeny of several organismal systems in vertebrates, and
therefore, to be an important driver of phenotypic plasticity (Dufty
et al., 2002; Wada, 2008; Schoech et al., 2011). Therefore, under-
standing how developmental exposure to glucocorticoids may subse-
quently affect adult phenotype and fitness is crucial to assess the impact
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of early life stressors on wild vertebrates (Crino and Breuner, 2015).
Several studies have shown that developmental conditions and

glucocorticoid exposure can have both short-term and long-lasting ef-
fects on morphology, physiology and behavior (reviewed in Schoech
et al., 2011; Crino and Breuner, 2015). For instance, experimental post-
natal glucocorticoid exposure can affect growth (Kriengwatana et al.,
2013; Grace et al. 2017a) with long-term effects on adult body size
(Kriengwatana et al., 2013). Post-natal glucocorticoid exposure also
affects metabolism (Spencer and Verhulst, 2008; Careau et al., 2014;
Schmidt et al., 2012), cognition (Crino et al., 2014a), neophobic and
antipredator behavior (Spencer and Verhulst, 2007; Grace et al.,
2017b).

A few studies have examined the direct impact of developmental
conditions on fitness and reproductive performance of wild vertebrate
species (Van De Pol et al., 2006; Stamps, 2006; Descamps et al., 2008;
Bouwhuis et al., 2015; Marshall et al., 2017). For example, zebra finch
males that were developmentally stressed (i.e., post-natal corticos-
terone (CORT) exposure) had a reduced adult life expectancy compared
to controls (Monaghan et al., 2012). In this same species, Crino et al.
(2014b) also reported that post-natal corticosterone treatment resulted
in subsequent higher reproductive success, suggesting that early life
glucocorticoid exposure can be beneficial later in life, at least under
some circumstances. The difficulty of following wild individuals
throughout their lifetime (Stamps, 2006; Clutton-Brock and Sheldon,
2010; Cam and Aubry, 2011) has led many researchers to rely on sec-
ondary sexual signals as a proxy for adult reproductive success (Spencer
et al., 2003, 2005; Buchanan et al., 2003, 2004; Schmidt et al., 2013).
However, most of these studies have focused on acoustic signals (re-
viewed in Peters et al., 2014) while neglecting visual signals (but see
Crino et al., 2014b). In addition, several studies have examined whether
nutritional developmental conditions can affect the expression of sec-
ondary sexual visual signals during adulthood (e.g., Hill, 2000; Naguib
and Nemitz, 2007; Hubbard et al., 2015; Honarmand et al., 2017;
Naguib et al., 2008; Noguera et al., 2017). But, to our knowledge, only a
single study has experimentally tested whether developmental gluco-
corticoid exposure could affect such signals and they did not find any
relationship between bill coloration and developmental CORT exposure
(Crino et al., 2014b).

Here, we tested the influence of a post-natal exposure to CORT, the
primary avian glucocorticoid, on the expression of potential secondary
sexual signals in adult male house sparrows (Passer domesticus). This
species is especially relevant to test this hypothesis because ornaments
have been extensively studied in this species (Laucht and Dale, 2012;
Møller, 1987a,b; Buchanan et al., 2001; Laucht et al., 2011). Although
the role of house sparrow badge (size and coloration) in sexual selection
is debated (reviewed in Nakagawa et al., 2007), this ornament has been
linked to male physiological condition (Buchanan et al., 2001; Gonzalez
et al., 2001; Laucht et al., 2011, 2010), hierarchical status (Møller,
1987a,b; Bókony et al., 2006), body condition (Poston et al., 2005), age
(Veiga, 1993; Nakagawa et al., 2007; Morrison et al., 2008) and sexual
motivation (Møller, 1990). In addition, wing bar is also affected by age
and condition (Laucht and Dale, 2012) and it has been identified as a
visual ornament which is used by females for sexual selection (Moreno-
Rueda and Hoi, 2012). Recently, beak and tarsus colorations have also
been suggested as potential secondary sexual signals (Laucht et al.,
2010; Laucht and Dale, 2012). Overall, these multiple ornaments have
the potential to signal an individual status (condition, age, fighting
ability; Bókony et al., 2006; Nakagawa et al., 2007; Laucht and Dale,
2012) and sexual attractiveness (at least for wing bar: Moreno-Rueda
and Hoi, 2012). In this study, we specifically tested whether post-natal
CORT exposure affected the expression of all these visual signals in
adult male house sparrows. Post-natal CORT exposure could mimic
poor developmental conditions or increase early-life energy ex-
penditure, leading to poor quality adult males who would therefore
display smaller or less colorful visual signals (i.e., the “silver-spoon
hypothesis”, Lindström, 1999). Alternatively, post-natal CORT exposure

may shape the phenotype of the sparrows to increase their ability to
cope with a stressful environment (i.e., the “environmental matching
hypothesis”; Monaghan, 2008). Under that scenario, post-natal CORT
treatment could affect life-history strategy and reproductive investment
(Crino and Breuner, 2015). Because post-natal CORT exposure is asso-
ciated with reduced lifespan in house sparrows (Grace et al., 2017a), we
would expect that post-natal CORT exposure will lead to increased in-
vestment in visual sexual signals. Therefore, we predict that post-natal
CORT exposure may specifically affect the ornaments, which are in-
volved in sexual selection (e.g. wing bar, Moreno-Rueda and Hoi,
2012). Finally, post-natal CORT treatment may also have no effect on
these signals, as previously reported in a domestic bird species (Crino
et al., 2014b).

2. Material and methods

2.1. Study species and post-natal CORT treatment

This study focused on seventeen wild-origin first-breeding male
house sparrows that were held in captivity under standardized condi-
tions. These sparrows were used previously to investigate the impact of
post-natal glucocorticoid exposure on development and adult behavior,
physiology and morphology (see Grace et al., 2017a,b). In brief, wild
nestlings in their nests were given corticosterone (CORT) non-in-
vasively by injecting live mealworms with 20 μl of 0.6mgmL−1 CORT
(days 8 and 9 post-hatching) or 0.9 mgmL−1 CORT (day 11 post-
hatching) suspended in dimethyl sulfoxide (DMSO). Treatment oc-
curred in the morning on days 8 and 9 post-hatching and both morning
and evening on day 11 post-hatching, when half of the chicks in the
study were given CORT-injected mealworms (CORT-fed group) while
the other half were given DMSO-only mealworms (Control group). This
technique resulted in a temporary and acute increase in circulating
CORT levels (see Grace et al., 2017a for further details). At fledging, all
individuals were transferred to captivity and were held under stan-
dardized conditions. They were fed ad libitum with commercial seed
mixture and water, were supplied with salt/mineral blocks and millet
on the stalk, and kept on a natural daylight schedule. At the beginning
of the breeding season (May 2016), when birds were approximately one
year-old, the sexual ornaments of 17 surviving males were measured
(10 CORT-fed sparrows, 7 controls).

2.2. Badge and wing bar surface area

Following the methods of previous studies, we determined maximal
badge length and width on live birds using a ruler to the nearest 0.1 cm
(Møller, 1987a). These two measurements correspond respectively 1) to
the highest vertical distance between the base of the beak and the black
feather tips of the badge; 2) to the highest horizontal distance between
black feathers composing the badge. We determined the badge surface
area using the regression equation previously established and validated
by Møller (1987a) and Gonzalez et al. (2001) for house sparrows: badge
size (mm2)=166.7+0.45×badge length (mm)×badge width
(mm).

One photograph of the left wing of each individual was taken with a
Canon EOS D500 (N=16 because one photograph was of low quality
and could not be used). Birds were placed at the same distance from the
camera and with the back oriented towards the camera. The wing was
opened and was positioned flat on a board. Then, the white wing bar
surface area was determined with Gimp (version 2.8.22). Specifically,
the contours of the wing bar were delimited with the free selection tool
of the software and the number of pixels calculated. Pixel number was
then converted into mm2 using a reference of known surface area.

2.3. Badge, beak, tarsus and wing bar color

Birds were photographed always at the same distance in front of a
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gray background including one colored standard reference. They were
held successively in four standardized positions (see Laucht and Dale,
2012 for more details) in order to take pictures with the best viewing
angle of the badge, the beak, the tarsus and the wing bar respectively.
For each individual, the contours of the black badge and the white wing
bar were delimited using the free selection tool of Gimp. For the beak
and the tarsus, a specific part of the ornament was selected: a triangle
(0.26 cm2) and a rectangle (0.35 cm2) were respectively drawn at the
base of the lower mandible and on the upper half of the tarsus. For each
selected surface, the proportions of Red (R), Blue (B) and Green (G)
were extracted by using Gimp. These values were then converted into
hue (H), saturation (S) and brightness (B). Hue is expressed in degree
and corresponds to the specific tone of a color. Saturation is expressed
in percentage and corresponds to the color intensity. Brightness is ex-
pressed in percentage and corresponds to the relative darkness of a
color (0% and 100% respectively indicate a black and a white surface).
By applying the same methodology, we also determined the HSB values
for the colored-standard reference that was present in all photographs.
This reference was used to obtain standardized and comparable HSB
values for each individual (see Laucht and Dale, 2012 for further de-
tails). Note that the pictures of the badge were only used for color
determination and they could not be used to determine badge size be-
cause part of the badge was not visible in some pictures.

2.4. Body size and body condition

For each individual, wing length was measured with a ruler to the
nearest 0.1 cm, and beak and tarsus length were measured with a ca-
liper to the nearest 0.1mm. Birds were weighed with an electronic scale
to the nearest 0.1 g. Body condition was calculated using the scaled
mass index (SMI) following Peig and Green, 2009. Tarsus length was
highly correlated with body mass (tarsus: r= 0.626; F1,15= 9.65;
p=0.007) and was therefore used to calculate the SMI of house spar-
rows ( =SMI M x ( )i i

L
L

b
i
0 ). The terms Mi and Li respectively correspond to

the body mass and the tarsus length of the individual i. The term L0 is
the arithmetic mean value of tarsus length for the whole study popu-
lation (L0 =18.94mm, n=17 individuals). The exponent b corre-
sponds to the slope estimate of a standardized major axis regression of
log-transformed body mass on log-transformed tarsus length (b=1.03).

2.5. Statistical analysis

We used linear models (LM) with a normal error distribution to test
the influence of the post-natal CORT treatment on (1) badge surface
area and coloration, (2) wing bar surface area and coloration, (3) beak
length and coloration, (4) tarsus length and coloration. For each model,
post-natal CORT treatment and SMI were included as explanatory
variables. Regarding the coloration of ornaments, we also included the
size of the studied ornament as an explanatory variable in the models.
Interactions were not included because of the limited sample sizes
(N= 17 for badge, tarsus and beak; N=16 for wing). All statistical
analyses were performed with R.3.1.1 (R core Team, 2015).

3. Results

3.1. Ornament size

Badge surface area was significantly smaller in CORT-fed males
compared to controls (F1,14= 14.26, p= 0.002; Fig. 1A), and there was
no significant effect of SMI on badge surface area (F1,14= 1.98,
p=0.18). CORT-fed males also had smaller wing bars than controls
(F1,13= 12.06, p=0.004; Fig. 1B) and wing bar surface area was ne-
gatively correlated with SMI (F1,13= 6.65, p= 0.023).

Beak length was significantly and positively correlated with SMI
(F1,14= 7.21, p=0.018). However, there was no significant effect of

post-natal CORT treatment on beak length (F1,14= 0.251, p=0.624,
Fig. 1C). Tarsus length was not affected by the post-natal CORT treat-
ment or SMI (F1,14= 0.005, p=0.945; F1,14 < 0.001, p=0.991 re-
spectively, Fig. 1D).

3.2. Ornamental coloration

For all ornaments, no color variables (hue, saturation, brightness)
were explained by post-natal CORT treatment or by SMI or by ornament
size (Table 1).

4. Discussion

In this study, we showed that developmental CORT exposure ne-
gatively affected the size of plumage-based, but not structural orna-
ments in a wild bird species. Specifically, we found that male house
sparrows that had received CORT treatment as nestlings had smaller
badges and wing bars as adults. However, we did not find any impact of
post-natal CORT exposure on beak and tarsus length or on the colora-
tion of any of these ornaments (badge, wing bar, beak and tarsus).
Because wing bar size is an important determinant of mate selection in
this species (Laucht and Dale, 2012; Moreno-Rueda and Hoi, 2012;
Laucht et al., 2011), our study suggests that early-life exposure to
corticosterone reduces some aspects of sexual attractiveness in male
house sparrows. In addition, we also found that post-natal CORT ex-
posure had a negative impact on badge size, which has previously been
associated with physiological status, condition, and fighting abilities
(Buchanan et al., 2001; Gonzalez et al., 2001; Laucht et al., 2011, 2010;
Møller, 1987a,b; Bókony et al., 2006; Poston et al., 2005). Previous
work in this species has also found reduced survival due to post-natal
CORT exposure (Grace et al., 2017a). Together with our result, this
provides support for the “silver spoon hypothesis”: early-life CORT
exposure leads to poor quality adult males, probably by mimicking poor
developmental conditions or increasing early-life energy expenditure.

4.1. Post-natal CORT treatment, badge and wing bar size

We found that post-natal CORT exposure was associated with
smaller plumage-based visual signals later in life (badge and wing bar
size). Although numerous studies have examined the impact of devel-
opmental CORT exposure on adult acoustic signals (i.e. song) in birds
(Spencer et al., 2003, 2005; Buchanan et al., 2004; Schmidt et al.,
2013), only a single study has focused on adult visual sexual ornaments.
Similar to our results for color of ornaments, Crino et al. (2014b) found
no relationship between developmental CORT treatment and the color
of sexual ornaments in zebra finches. To our knowledge, our study is
therefore the first to show that developmental CORT exposure can af-
fect the expression (i.e., size) of sexual (wing bar, Moreno-Rueda and
Hoi, 2012) and hierarchical (badge, Nakagawa et al., 2007) ornaments.

Although the effect of glucocorticoids, specifically, on avian sexual
ornamentation is relatively understudied, several studies have reported
a negative effect of poor developmental conditions on the size or the
color of sexual plumage ornaments in birds (Butler and McGraw, 2010;
Ohlsson et al., 2002; Walker et al., 2013; Naguib and Nemitz, 2007;
Hubbard et al., 2015; Honarmand et al., 2017). Because we found that
developmental CORT exposure can also negatively affect the size of
wing bars, our study suggests that CORT may mediate the influence of
poor developmental conditions on the expression of sexual ornaments
later in life.

In vertebrates, glucocorticoid secretion classically increases in re-
sponse to energetic challenges (Sapolsky et al., 2000; Romero, 2004).
Increased CORT levels trigger multiple behavioral and physiological
changes that may help nestlings survive such challenges (Wingfield
et al., 1998; Angelier and Wingfield, 2013). These changes are often
associated with a reallocation of resources from growth or other life-
history traits to immediate survival (Wingfield and Sapolsky, 2003;
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Angelier and Wingfield, 2013). For example, elevated CORT levels in
chicks can be associated with depletion of energy reserves (i.e. protein
catabolism; Sapolsky et al., 2000; Landys et al., 2006), delayed growth
(Hull et al., 2007; Wada and Breuner, 2008; Grace et al., 2017a), poor
body condition (Davison et al., 1983; Kitaysky et al., 2003; Schoech
et al., 2011), and immuno-depression (Loiseau et al., 2008; Stier et al.,
2009). All of these changes may have long-term consequences on
physiological determinants of sexual signals later in life and on life-
history strategy (i.e., reproductive investment: Taborsky, 2006;
Schoech et al., 2011; Crino and Breuner, 2015). For instance, poor
developmental nutritional conditions and CORT exposure have im-
portant long-term effects on the functioning of the HPA axis (Hull et al.,
2007; Crino et al., 2014b; Haussmann et al., 2012; Love and Williams,
2008; Marasco et al., 2012; Spencer et al., 2009; Pakkala et al., 2016),
which interacts with the hypothalamic-pituitary-gonadal (HPG) axis to
regulate sexual hormone secretion (e.g., testosterone) in vertebrates
(Wingfield and Sapolsky, 2003). Therefore, long-term modifications of
the HPA axis could affect adult badge and wing bar sizes, which are

under control of testosterone levels in house sparrows (Evans et al.,
2000; Gonzalez et al., 2001; Buchanan et al., 2001; Laucht et al., 2011;
Laucht and Dale 2012), as are many other vertebrate sexual and hier-
archical ornaments (Hau, 2007).

Similarly, CORT is known to affect the growth and structure of
feathers, and the color and quality of the plumage (DesRochers et al.,
2009; Jenni-Eiermann et al., 2015). For example, CORT-implanted barn
owl nestlings (Tyto alba) produced feathers with less phaeomelanic
coloration relative to control nestlings (Roulin et al., 2008). Therefore,
a long-term modification of the HPA axis could explain why plumage
ornaments are overall smaller in CORT-treated birds relative to control
ones. Further studies are necessary to assess how post-natal CORT ex-
posure may mechanistically affect badge and wing bar sizes in house
sparrows.

4.2. Post-natal CORT treatment, body size and color of ornaments

We did not find any effect of post-natal CORT exposure on the other

Fig. 1. Post-natal treatment effect on badge surface area (A), wing bar surface area (B), beak length (C) and tarsus length (D). Box-and-whisker plots represent the
data: the top and bottom of the boxes represent the first and last quartiles, respectively; the line across the box represents the median. The whiskers represent the fifth
and ninety-fifth percentiles, and the circles represent outliers.
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visual attributes we examined, such as tarsus and beak lengths or the
color of all our variables of interest (i.e., tarsus, beak, badge, wing bar).
Although there is little literature examining the effect of post-natal
CORT on ornaments in birds, we can again look to studies investigating
developmental nutritional constraints, which typically increase circu-
lating CORT (Kitaysky et al., 1999; Pravosudov and Kitaysky, 2006).
There, we see that although developmental nutritional constraints are
often associated with low quality ornaments in birds, this is not always
the case (e.g., Blount et al., 2003; Naguib et al., 2008; Krause and
Naguib, 2015; Honarmand et al., 2017). Together with our results, this
suggests that specific ornaments and/or the characteristics of specific
ornaments may be more sensitive to poor developmental conditions and
post-natal CORT exposure than others in some species. Several studies
have shown that individuals are able to compensate for a bad start in
life (Lindstrom et al., 2005) and accordingly we did not find any effect
of postnatal CORT on the color of ornaments, or on adult body size

(tarsus and beak), consistent with previous research in this system
(Grace et al., 2017a) Experimental birds were able to catch-up with
control birds despite the well-known acute negative effect of CORT
exposure on early-life growth in birds (e.g. Davison et al., 1983;
Kitaysky et al., 2003; Schoech et al., 2011) including the house sparrow
(Loiseau et al., 2008; Grace et al., 2017a). Our study demonstrates that
CORT exposure does not always have long-lasting consequences on
structural body size (see also Grace et al., 2017a) or the color of some
ornaments (beak, tarsus, badge and wing bar), at least when individuals
are maintained in optimal captive conditions (i.e. food ad libitum).

It remains unclear why the coloration of ornaments is not affected
by post-natal CORT exposure (see also Crino et al., 2014b). The ex-
pression of some ornaments may not be determined by physiological
systems that are affected by developmental CORT exposure. For ex-
ample, a few studies did not find any evidence that CORT levels are
related to melanin-based plumage color in birds (Jenkins et al., 2013;
Fairhurst et al., 2015; Angelier et al., 2018) and this could explain why
the color of ornaments were not affected by developmental CORT ex-
posure in our study.

4.3. Conclusion

In this study, we demonstrated that developmental CORT exposure
can affect the expression of male ornaments, which are used as sexual
and/or hierarchical signals (badge and wing bar size) in house sparrows
(Laucht and Dale, 2012; Møller, 1987a,b; Nakagawa et al., 2007;
Laucht et al., 2011). It shows that early life stress can affect attrac-
tiveness and social status in this species with potentially important
fitness consequences (e.g. sexual selection and reproductive perfor-
mance). We only studied individuals one year after CORT exposure and
future studies should now examine whether these effects of develop-
mental CORT exposure on ornaments persist through the entire lifetime
of individuals (average life span for house sparrows: 5–6 years old,
Anderson, 2006). Finally, CORT may also affect reproductive strategies
and CORT-fed individuals may invest their resources towards parental
care at the expense of the expression of specific ornaments (see Crino
et al., 2014b for an example). Therefore, future studies should also
examine the consequences of developmental CORT exposure on mate
choice and reproductive performance to fully assess the impact of early-
life stress on individual fitness.
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Beak Hue post-natal CORT
treatment

1,13 0.008 0.930

SMI 1,13 0.051 0.825
Beak length 1,13 4.32 0.058

Saturation post-natal CORT
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1,13 0.031 0.863

SMI 1,13 0.737 0.406
Beak length 1,13 0.157 0.698
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Tarsus Hue post-natal CORT
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1,13 0.049 0.828

SMI 1,13 0.162 0.694
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Saturation post-natal CORT
treatment

1,13 0.016 0.902
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Tarsus length 1,13 1.14 0.306

Brightness post-natal CORT
treatment

1,13 0.094 0.764

SMI 1,13 0.007 0.937
Tarsus length 1,13 0.116 0.739
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