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Non-breeding feather concentrations
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are associated with subsequent survival
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Potential mechanistic mediators of Darwinian fitness, such as stress hormones or sex hormones, have

been the focus of many studies. An inverse relationship between fitness and stress or sex hormone

concentrations has been widely assumed, although empirical evidence is scarce. Feathers gradually

accumulate hormones during their growth and provide a novel way to measure hormone concentrations

integrated over time. Using liquid chromatography–tandem mass spectrometry, we measured

testosterone, corticosterone and cortisol in the feathers of house sparrows (Passer domesticus) in a wild

population which is the subject of a long-term study. Although corticosterone is considered the dominant

avian glucocorticoid, we unambiguously identified cortisol in feathers. In addition, we found that feathers

grown during the post-nuptial moult in autumn contained testosterone, corticosterone and cortisol levels

that were significantly higher in birds that subsequently died over the following winter than in birds that

survived. Thus, feather steroids are candidate prospective biomarkers to predict the future survival of

individuals in the wild.

Keywords: corticosteroid; glucocorticoid; mass spectrometry; mortality; Passer domesticus;

LC–MS/MS; stress
1. INTRODUCTION
Steroid hormones function as mediators of essential meta-

bolic and energy-allocation processes. However, when

elevated systemically, steroids can compromise fitness.

For example, the glucocorticoids (GCs), cortisol and

corticosterone, mobilize energy stores in response to a

crisis. However, chronic GC elevation is associated with

physiological costs that include heart problems, ulcers,

immunosuppression, neuronal damage and decreased sur-

vival [1–5]. In several vertebrate species, stress-induced

corticosterone levels are associated with survival, either

positively [6] or, more often, negatively [7–9].

Testosterone (T) is involved in numerous physiological

processes, including neuronal growth and function,

muscle and bone development, immune function, feather

growth and spermatogenesis in males [10]. High circulat-

ing T levels also have major costs, such as reduced fat

stores, interference with pair bonds and parental care,

and increased injury owing to an increase in activity and

aggression [11,12]. T-implanted dark-eyed junco (Junco

hyemalis) males display more, lose winter fat deposits
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more quickly and suffer higher mortality rates than controls

[13]. In humans, castrated men with low plasma T levels

have lower metabolic rates and live longer [14]. This

trade-off between growth, development, reproduction

and survival is central to life-history theory.

Feathers are an emerging matrix for endogenous

hormone analysis [15]. Obtaining blood samples from

wildlife is challenging, especially for steroid hormone

analysis, because levels can change within a few minutes

(approx. 3 min for GCs to increase [16]). One advantage

of using feathers is that they are unaffected by the momen-

tary stress of capture. They reflect steroid levels at the time

of growth, thus providing a long-term integrated measure

over a specific time period (days to weeks) [15]. Storage

does not necessitate special conditions or equipment (i.e.

dry envelope, room temperature) and samples need not

be from live birds.

In order to assess the fitness correlates of GCs and T, we

used flank feathers from house sparrows (Passer domesticus)

that were part of a long-term study [17,18]. House

sparrows moult only once a year, during the autumn,

which is several months after the breeding season and pre-

cedes winter stressors. The house sparrow is a well-studied

species, from its behavioural ecology to its endocrinology

[19–24]. Given the costs of high circulating GCs and T,

we hypothesized that higher concentrations of GCs and
This journal is q 2011 The Royal Society
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T in feathers would be associated with higher mortality

rates over the subsequent winter.
2. MATERIAL AND METHODS
(a) Study species and sample collection

Since 2000, there has been a continuous and systematic

investigation of the house sparrow population on Lundy

Island, which is located off the coast of southwest England

(518100 N, 48400 W). Adults were captured several times

throughout the breeding and non-breeding seasons in 2004–

2005 for morphological measurements, taken according to

Svensson [25]. Tarsus length (in millimetres) was used as a

proxy for body size. Sex and age at feather sampling (1–5

years) were known from demographic data. At this field site,

house sparrows moult between late August and early Novem-

ber. After the moult, and following routine morphological

measurements, approximately five feathers were gently

removed from each side of the flanks before releasing the

birds. Flank feathers were chosen to avoid damage to flight

feathers, and distributed sampling was used to minimize

potential thermoregulatory effects of feather-sampling [26].

Feathers were stored in dry zip-lock bags at room temperature

until analysis. House sparrows are highly philopatric, and

males typically nest close to their nest from the previous

year [19]. Year-to-year resighting probabilities of surviv-

ing individuals in the population were close to 99 per cent

during our study period [17]. Low levels of migration to and

from this island also contribute to coding individual status as

‘alive’ or ‘dead’ without ambiguity [27]. All individuals had

their survivorship directly assessed in the breeding season

(April–August) following the collection of their feather sample.

(b) Steroid analysis by liquid chromatography–

tandem mass spectrometry

We measured cortisol, corticosterone and T using liquid

chromatography coupled to tandem mass spectrometry

(LC-MS/MS). LC-MS/MS quantitation eliminates concerns

about non-specificity of antibody-based detection methods

[28]. LC-MS/MS also allows multiple steroids to be quanti-

fied from the same sample in a single run [29]. Cortisol

and corticosterone were measured in all samples (n ¼ 61),

while T was measured in feathers from a one-year subset

(2004–2005) of samples (n ¼ 35).

We pulverized 21–84 mg of feathers (n ¼ 61 subjects) to a

fine powder using a ball mill at 25 Hz for 2 min (MM-200;

Retsch, Germany). Steroids were extracted overnight into

1 ml of Optima-grade methanol (Fisher Scientific, Fair

Lawn, NJ) containing a spike of deuterated cortisol,

corticosterone and T (cortisol-9,11,12,12-d4, corticosterone-

2,2,4,6,6,17a,21,21-d8, testosterone-1,2-d2; from C/D/N

Isotopes Inc., Pointe-Claire, QC, Canada) under gentle shak-

ing and the supernatant was collected. A second extraction was

performed on the powdered feather samples using a 30 s vortex

with 1 ml diethyl ether (Sigma-Aldrich, St Louis, MO)

followed by centrifugation. The methanol and the diethyl

ether extracts were combined and evaporated to dryness

under a stream of high-purity nitrogen at 458C using a

sample concentrator (Techne Inc., Burlington, NJ).

Samples were resuspended in 5 : 95 methanol : water

(1 ml) and subjected to solid-phase extraction (SPE) using

Bond Elut C18 SPE cartridges (1 ml, 100 mg sorbent,

end-capped; Agilent Technologies, Santa Clara, CA). SPE

for both feather and plasma samples was performed via an
Proc. R. Soc. B (2012)
automated SPE system (Gilson, GX-274 ASPEC, Middle-

ton, WI). After sample-loading, samples were washed twice

using 1 ml of de-ionized water. Steroids were eluted from

the cartridges using 1 ml of Optima-grade methanol. Stan-

dard curves containing known concentrations of steroid

standards in water were also spiked with the deuterated

steroid mix, carried through sample preparation (SPE) and

analysed within the same analytical run.

Cortisol, corticosterone and T were quantified in a single

analytical run. Eluates were dried under a stream of nitrogen

at 458C and then resuspended in 80 ml of 50 : 50 methanol :

water (Optima grade). Finally, 40 ml of the resuspended

sample was injected onto a 100 � 3.00 mm, 2.6 mm Kinetex

C18 high-performance liquid chromatography column (Phe-

nomenex, Torrance, CA) using an Agilent 1200 SL LC

system with a thermostated autosampler set at 48C (Agilent

Technologies). The chromatographic separation was per-

formed by a gradient elution (15 min) at a flow rate of

0.55 ml min21 using water (mobile phase A) and methanol

(mobile phase B). The separation was carried out at 458C,

and the total run time was 15 min per sample. The LC

system was coupled to a QTRAP 5500 tandem mass

spectrometer (AB SCIEX, Concord, ON, Canada) fitted

with an atmospheric pressure chemical ionization (APCI)

source. The nebulizer current was set at 5 mA with a source

temperature of 5008C. Nitrogen was produced by a high-

purity nitrogen generator (Parker Balston, Haverhill, MA)

and was used as the curtain, drying and collision gases.

ANALYST software v. 1.5 (AB SCIEX) was employed for

data acquisition, peak area integration and calculation of

the area ratio relative to the within-sample deuterated stan-

dard. Limits of quantitation (LOQ) for our system, based

on the concentrations that produced a signal-to-noise (S/N)

ratio of �10, were 0.05 ng ml21 for each of corticosterone

and cortisol, and 0.1 ng ml21 for T (equivalent to 2 and

4 pg per analysis, respectively). Data were corrected for

feather mass to yield a result quantified as nanogram of

steroid per gram of feather.
(c) Statistical analysis

Because many of the feather samples had non-detectable

levels of GCs (i.e. below the limit of detection and a zero

value in our dataset), we used correlation by randomization

to test for associations between steroids. We used nominal

logistic regression to test the effect of sex, year, tarsus

length, steroid level and their interactions (independent vari-

ables) on the probability of survival (dependent variable).

Sparrow over-winter survival in this analysis was binary:

alive or dead. The overall significance of each model was

evaluated by the contribution of the difference between the

full model and the reduced model (only the intercept). The

contribution of each effect in a model was evaluated using

the likelihood-ratio test. We used the Akaike information

criterion (AIC) to rank models [30,31]. This approach

weighs models by the amount of the variance explained and

model complexity (i.e. number of model parameters; K).

When n/K , 40, the AIC values were corrected for small

sample size (AICc) using the equation of Burnham & Anderson

[30].Level of support for an AICc valuewas evaluated byDAICc

(i.e. AICc ¼ AICmodel i 2 AICmin). Models with DAICc values

of 0–2 are equally likely, whereas those withDAICc . 2 are not

supported [30]. All calculations were done in JMP (v. 9.0.1;

SAS Institute Inc., Cary, NC).

http://rspb.royalsocietypublishing.org/
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Figure 1. In feathers, concentrations of corticosterone and
cortisol as measured by LC-MS/MS were correlated within
individual samples.
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Figure 2. Feather concentrations (mean+ s.d.) of corticos-
terone, cortisol and testosterone in house sparrows that

subsequently were confirmed to be alive (white bars) or
inferred to have died (grey bars). All three steroids were signifi-
cantly higher in the feathers of sparrows that subsequently died.
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3. RESULTS
(a) Feather glucocorticoid and testosterone

concentrations

Of the 61 feather samples, 50 samples were above the

LOQ for at least one GC. In those 50 samples, there was

no difference between corticosterone and cortisol levels

(t-test by randomizations: t98 ¼ 1.4, p ¼ 0.18). However,

only 16 samples (33%) had detectable levels of corticoster-

one (range: 4.1–372.9 ng g21), 25 samples (41%) had

detectable levels of cortisol (range: 4.4–75.5 ng g21) and

13 samples had levels of both GCs above the LOQ. Feather

corticosterone and cortisol levels did not differ between the

sexes (nmales ¼ 31, nfemales ¼ 19; t-test by randomizations:

t48 ¼ 1.1, p ¼ 0.32 and t48 ¼ 0.5, p ¼ 0.64, respectively).

Corticosterone and cortisol concentrations in the feathers

were significantly correlated (correlation by randomiz-

ations: r ¼ 0.40, n ¼ 50, p , 0.01; figure 1), with the

variance in corticosterone accounting for 16 per cent of

the variance in cortisol. Within the 13 samples with both

GCs above the LOQ, cortisol and corticosterone concen-

trations did not differ (t-test by randomizations: t24 ¼ 1.8,

p ¼ 0.11), but the association was not significant (corre-

lation by randomizations: r ¼ 0.51, p ¼ 0.07), probably

owing to the limited power.

T was detectable in 34 of 35 feather samples. Feather

T levels did not differ between the sexes (nmales ¼ 20,

nfemales ¼ 15; t-test by randomizations: t33 ¼ 0.1, p¼ 0.90).

Feather T concentrations were associated with feather corti-

sol concentrations (correlation by randomizations: r ¼ 0.35,

n¼35, p , 0.05), but not with feather corticosterone

concentrations (correlation by randomizations: r ¼ 20.13,

n¼ 35, p ¼ 0.44).

(b) Survival models

We detected lower concentrations of all the hormones tested

in individuals that survived the winter (figures 2 and 3).

Non-breeding feather corticosterone levels were significantly

lower in birds that survived, relative to those that sub-

sequently died, but only when a year term was included

in the model (model 2 in table 1; figure 2). The interaction

between year and corticosterone was not significant, and

the model with the interaction term was not better than

the models lacking it; thus, we left the interaction term

out of the models tested (model AICc ¼ 56.9; interaction

term likelihood ratio x2
1 ¼ 3.6, p ¼ 0.06). Individuals that

survived also had significantly lower feather cortisol con-

centrations in all models tested, regardless of year, sex or
Proc. R. Soc. B (2012)
size (model 1 in table 1; figure 2). Likewise, individuals

that survived also had significantly lower feather T con-

centrations in all models (model 5 in table 1; figure 2).

However, for T, the model with the highest support (model

5) indicates that this was owing to an interaction with body

size (i.e. tarsus length; table 1). Feather T concentrations

in individuals that died were more dependent on body size

(steeper slope) than in animals that survived (table 1 and

figure 4). Thus, birds that subsequently died had higher

T concentrations that were positively associated with

their body size, whereas in the birds that survived

T concentrations were lower regardless of their body size.
4. DISCUSSION
In wild house sparrows, survival was inversely associated

with GC and T concentrations in feathers. The feathers

that we examined were formed during the autumn moult

and therefore integrate steroid fluctuations over this interval,

which follows the energetically demanding breeding period

and precedes the energetically demanding winter months.

Thus, feather steroid concentrations are biologically

plausible parameters that are inversely linked to a direct

measure of future individual fitness: subsequent survival.

Moreover, we measured steroids using state-of-the-art

LC-MS/MS, which permits the measurement of multiple

steroids at one time and offers unmatched specificity.

(a) Glucocorticoids

Many studies, regardless of sex, species or breeding status,

have attributed a negative association between survival

and stress-induced circulating GC levels to the energetic

costs associated with maintaining elevated GC levels

http://rspb.royalsocietypublishing.org/
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Table 1. Nominal logistic regression models for the effect of

feather hormone, year, sex and tarsus length (proxy for size)
on the survival of house sparrows. The whole-model
statistic is provided in the first line of each model. The
degree of freedom for each test and sample size for each
feather hormone are in parentheses. The lowest AICc

(italics) indicates the best model for each feather hormone.
Significant effects are indicated in bold.

effect LR x2 p AICc

corticosterone (49)
model 1 2.9 (1) 0.087 65.8
corticosterone 2.9 (1) 0.087

model 2 12.9 (2) 0.002 58.1
corticosterone 7.6 (1) 0.006

year 9.9 (1) 0.002

model 3 15.1 (4) 0.005 60.7
corticosterone 6.9 (1) 0.009

year 10.3 (1) 0.001

tarsus 1.2 (1) 0.256

sex 1.4 (1) 0.242

cortisol (49)
model 1 7.3 (1) 0.007 61.4
cortisol 7.3 (1) 0.007

model 2 11.0 (2) 0.004 60.0
cortisol 5.7 (1) 0.017

year 3.6 (1) 0.057

model 3 13.5 (4) 0.009 62.3
cortisol 5.4 (1) 0.020

year 4.0 (1) 0.046

tarsus 0.9 (1) 0.342

sex 1.9 (1) 0.168

testosterone (35)
model 1 5.7 (1) 0.017 44.9
testosterone 5.7 (1) 0.017

model 2 9.1 (2) 0.011 43.9

testosterone 4.6 (1) 0.032

year 3.4 (1) 0.065

model 3 22.7 (3) < 0.0001 32.8
testosterone 17.3 (1) < 0.0001

tarsus 7.8 (1) 0.005

tarsus � testosterone 11.7 (1) 0.001

model 4 26.5 (4) < 0.0001 31.7
testosterone 19.1 (1) < 0.0001

tarsus 10.3 (1) 0.001

tarsus � testosterone 13.4 (1) 0.0003

sex 3.8 (1) 0.051

model 5 30.0 (4) < 0.0001 28.2
testosterone 19.8 (1) < 0.0001

tarsus 9.8 (1) 0.002

tarsus � testosterone 16.0 (1) < 0.0001

year 7.3 (1) 0.007
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[6–9,32,33]. In humans, cortisol levels in hair are a strong

statistical predictor of future acute myocardial infarction

[34]. The argument has also been made that GCs may facili-

tate behaviour that reduces mortality risk, thus improving

survival [6]. However, in a majority of these studies,
Proc. R. Soc. B (2012)
plasma GC levels were elevated by restraint, implants or hor-

monal stimulation. In the rare studies where baseline plasma

GC levels were obtained, the association with survival has

been inconsistent [6,35,36]. Here, we avoid confounding

effects of the sampling procedure on the steroids of interest,

and avoid relying on a single moment in time to represent

dynamic steroid exposures, by using feather samples. This

integrated measure supports the hypothesis that elevated

GC concentrations reduce future survival [5].

Bortolotti et al. [15] have shown that feathers

reflect circulating corticosterone levels and that surface

http://rspb.royalsocietypublishing.org/
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washing does not remove corticosterone (electronic supple-

mentary material of [15]). Since corticosterone is measured

throughout the year in house sparrows [23,24,37,38],

the source for corticosterone is assumed to be the adrenal

gland. Using our analytical method, we also confirmed

that plasma of male and female house sparrows contained

corticosterone in both the breeding and non-breeding

seasons (see electronic supplementary material). Thus,

individuals with elevated adrenal secretion of corticosterone

during the period of feather growth were less likely to

survive subsequent winters. Our experimental design did

not address the source of increased ‘stress’.

Samples tended to contain one, two or no detectable

GCs at similar frequencies, with similar concentrations.

Cortisol and corticosterone concentrations were associated;

however, 70 to 80 per cent of the variance remains unex-

plained. As there is no ambiguity in cortisol quantitation

by mass spectrometry, and no known mechanism for con-

tamination of the feathers by cortisol, the origin of cortisol

in plasma and feathers is assumed to be endogenous.

There is evidence that avian adrenals can produce both

corticosterone and cortisol [39,40], and a few studies

report cortisol in avian plasma and tissues during develop-

ment [41,42]. We detected a low level of cortisol in the

plasma of breeding males, but none in plasma of moulting

males or of females (see electronic supplementary material,

figure S1). When cortisol was present in the plasma pool,

corticosterone concentrations were approximately 50

times higher than cortisol concentrations. This contrasts

with the feather results, in which concentrations of

corticosterone and cortisol did not differ statistically.

Differences between plasma and feathers could be

accounted for by differential binding of cortisol and corti-

costerone to binding globulins [23,43]. If cortisol had a

lower binding globulin affinity than corticosterone, and

was therefore over-represented in the free GC pool

within plasma, then feathers would be cortisol-enhanced.

It is also possible that feathers reflect concentrations of

cortisol (and perhaps corticosterone) that are synthesized

locally in the skin or feather follicle. Local GC synthesis
Proc. R. Soc. B (2012)
occurs in mammalian skin and hair follicles, and human

skin cells can synthesize both cortisol and corticosterone

[44,45]. Local cortisol synthesis in skin could thereby

be dissociated from adrenal corticosterone synthesis

and might reflect an independent fitness-related trait,

such as the ability to heal from injuries, cope with ecto-

parasites, or the extent of ultraviolet light exposure [46].
(b) Testosterone

The feathers we sampled reflect non-breeding T levels,

which were, as expected, based on plasma T concentrations

[20,21], similar in male and female house sparrows. In song

sparrows (Melospiza melodia) and spotted antbirds (Hylo-

phylax n. naevioides), aggression during the non-breeding

period is maintained via androgens of adrenal, rather than

gonadal, origin [47–49]. Similarly, in these house sparrow

feathers, although gonadal synthesis or local T synthesis

[50] remain possible, synthesis from circulating adrenal

androgen precursors (such as dehydroepiandrosterone) is

another likely source of T.

As with the GCs, high T concentrations have been

hypothesized to be a risk to survival, but a benefit to

reproductive success. Many of these hypotheses have

been tested in the context of the ‘challenge hypothesis’

[11], with benefits of acute, rapid elevations in T but

costs of chronic elevations in T. For example, in male

dark-eyed juncos, survival is positively associated with

maximal plasma T levels [51]. Even in humans, there is

now evidence that men with higher T are more likely to

marry, but that the birth of their child reduces that

T [52]. Our results support the hypothesis that elevated

T concentrations reduce future survival [13].

In our survival models, feather T levels significantly inter-

acted with tarsus length. While a steeper slope was observed

in the birds that died, we do not know the reason for this

interaction. It is possible that normalizing selection might

be acting by imposing fitness costs on having too much T

for your size in spite of potential competitive advantages of

higher T concentrations. A subsequent study has shown

that supplemental feeding of house sparrow chicks results

in longer tarsi in the Lundy population [53]. It is therefore

possible that the larger sparrows that died had made an

early commitment to growth, yet also tried to reproduce or

grow beyond their energetic means, whereas the smaller

birds that died might not have attempted reproduction.

Interestingly, a recent study linked structural physiology

and Twith its finding that osteocalcin, which is a bone hor-

mone, actively induces T production [54]. This discovery

may indicate possible mechanisms for our observed inter-

action, but does not fully explain why we found that size

affected T more notably in the birds that died.
(c) Correlations between glucocorticoids

and testosterone

Correlations between the GCs and T in feathers were

weak or absent. In contrast, a relationship between GCs

and T has been documented in several systems. For

example, in wild chimpanzees, plasma cortisol and T

levels are synergistically and positively associated with

parasite richness [55]. Evans et al. [56] found that, in

house sparrows, T treatment increases plasma cortico-

sterone levels and suppresses an immune response, but

when the effects of corticosterone are controlled for,
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T is actually an immuno-enhancer, probably through its

effect on dominance and access to resources. The dis-

sociation between GCs and T in feathers may be owing

to different sites of steroid synthesis during the moult

(e.g. gonads, skin, brain or adrenals) or to different

roles the steroids play in ecologically relevant contexts,

which influence their incorporation into feathers.
5. CONCLUSIONS
Taken together, our results provide evidence that steroid

levels in feathers, which integrate steroid concentrations

over the period of feather growth, are biologically meaning-

ful and are associated with survival outcomes. We also show

that feather concentrations of cortisol are correlated with

subsequent mortality, suggesting that cortisol is important

in avian physiology. Further studies will be needed to deter-

mine the sites of steroid synthesis that result in feather

incorporation, and whether relative risks for decreased sur-

vival are independent, or cumulative, across different

steroids. Sampling of free-ranging birds through feathers,

coupled to unambiguous steroid identification, is a promis-

ing approach for exploring associations between steroids

and life-history traits, while avoiding the complicating

effects of handling and capture on the steroids of interest.
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