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ABSTRACT The measurement of feather corticoste-
rone concentrations (fCORT) is a comparatively new
method for the evaluation of stress in wild and captive
birds and may be a useful indicator in animal welfare
research. The aim of this study was to assess the suitabil-
ity of fCORT as an indicator of stress, and for this pur-
pose a prolonged stress period was experimentally
simulated by oral intake of corticosterone via drinking
water and corticosterone concentrations were analyzed
in feathers grown during this period. Layer pullets of
both a control group (n = 20) and a CORT group
(n = 20) were offered drinking water ad libitum through-
out the entire experimental phase. The drinking water of
the CORT group was supplemented with corticosterone
at a concentration of 20 mg/l from the 64th to the 114th
day of life. The vaned parts of the primaries 5 (P5s)
were clipped on d 114 and fCORT was analyzed by
ELISA after extraction. Body weights increased from
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day 64 until d 114 in both groups, however, at the end of
the experiment, mean body mass in the CORT group
was significantly lower than in the control group (P <
0.001). Pullets of the CORT group also showed shorter
and lighter P5s as well as a retarded molt of the primar-
ies. The supplementation of drinking water with cortico-
sterone increased the average fCORT in the P5s of the
CORT pullets compared with the control group
(median: 110.3 pg/mm [interquartile range (IQR): 47.2]
vs. 10.0 pg/mm [IQR: 2.5], P < 0.001). The results show
that experimentally increased systemic corticosterone
concentrations over a period of seven weeks in layer pul-
lets are reflected in corticosterone concentrations of
feathers grown during that time. This indicates that the
measurement of fCORT may be a useful and minimally
invasive tool for the evaluation of long-term stress in
chicken and provides the basis for further investigations
on its use in animal welfare research.
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INTRODUCTION

The exposure to stress is associated with a wide range
of physiological responses and the key neuroendocrine
axis in mediating these effects is the hypothalamic-pitui-
tary-adrenal (HPA) axis. Its activation in birds leads to
the species-specific release of the glucocorticoid (GC)
hormone corticosterone. An important issue of the con-
sequences of GC-mediated effects on health is the dura-
tion of the hormonal stress response. Whereas
occasional, acute GC reactions are part of the organism’s
normal adaptation to stressful situations, cumulative
stresses can be associated with a range of maladaptive
responses due to frequent HPA axis activation or long-
term changes or both in basal GC secretion. Thus, infor-
mation on the long-term secretion of GCs and the devia-
tion from reference ranges in blood and other sources are
suitable biomarkers for physiological evidence of stress
(Scanes, 2016).
The measurement of feather corticosterone concentra-

tion (fCORT) is a comparatively new and increasingly
used method in stress research in wild and captive birds
as well as in poultry (Carbajal et al., 2014; Romero and
Fairhurst, 2016; H€affelin et al., 2020; Leishman et al.,
2020; Moncl�us et al., 2020; Reese et al., 2020). Numerous
studies have reported a stable incorporation of cortico-
sterone in feathers and a positive correlation between
corticosterone concentrations in feathers and in periph-
eral blood (Bortolotti et al., 2008; Romero and Fair-
hurst, 2016). Thus, fCORT could be a useful indicator
of stress in animal welfare research. It provides the
potential to retrospectively assess stress in birds over
several weeks in one sample using a minimally invasive
sampling procedure (Romero and Fairhurst, 2016).
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However, there is a need for further evaluation of the
suitability of fCORT as an indicator of long-term stress
in poultry. To this end, supplementation of drinking
water with corticosterone can be used to simulate stress-
induced elevations of systemic corticosterone levels
(Shini et al., 2009; Weimer et al., 2018). An increased
incorporation of corticosterone into the growing feather
should be detectable after prolonged oral intake of corti-
costerone via drinking water, and this model could be
further used for the investigation of temporal dynamics
of corticosterone incorporation and of different stress
intensities. Therefore, it was the aim of this study to
investigate the applicability of fCORT as an indicator of
long-term stress.

For this purpose, a prolonged stress period was experi-
mentally simulated by supplementing drinking water
with corticosterone and corticosterone concentrations
were analyzed in feathers grown during this period. The
administration of corticosterone via drinking water is
considerably less stressful for the pullets than a direct
oral application, which involves compulsory handling
measures and may therefore cause stress in the birds
(Wein et al., 2017). In this model of unaffected cortico-
sterone administration, the effects of other stressors are
eliminated because no coercive measures (e.g., daily cap-
ture and restraint of the animal, forced opening of the
beak for corticosterone application) are required. In
addition, the corticosterone intake is distributed over
the activity phase according to the birds’ drinking
requirements.
ANIMALS, MATERIALS, AND METHODS

All procedures performed in this study involving ani-
mal handling and treatments were in accordance with
the German animal protection law and were approved
by the local ethics committee (Lower Saxony State
Office for Consumer Protection and Food Safety, Olden-
burg, Germany; LAVES/AZ 33.19-42502-04-19/3092).
Animals, Housing, and Management

Forty white-feathered layer pullets (Lohmann
Selected Leghorn [LSL]) with intact beaks were pur-
chased from a rearing farm at 8 wk of age and subse-
quently housed at the Institute for Animal Welfare and
Animal Husbandry. None of the birds showed clinical
signs of disease or physical impairment. The pullets were
individually marked with wing bands and allocated to 2
barn compartments (5.4 m2 each, 20 chicken per com-
partment), where they were kept until the end of the
experiment. The husbandry conditions of the pullets
were compliant with the German animal welfare legisla-
tion. Each compartment was strewn with wood shavings
and equipped with perches. Compartments were cli-
mate-controlled and shielded lightproof from external
light. Lighting was provided at an intensity of at least
20 lx and the lighting program was set to a 16L:8D
light-dark cycle. The daily photoperiod lasted from 5:00
a.m. to 9:00 p.m. and included 20-min twilight phase in
the mornings and evenings. The chickens were fed ad
libitum with a home-made complete feed for layer pul-
lets. Weight controls were performed on d 64 and 114.
Experimental Design

The pullets of both the control (n = 20) and CORT
group (n = 20) were offered drinking water ad libitum
throughout the experimental period. To ensure an ade-
quate drinking water supply, both compartments were
equipped each with 2 nipple drinkers respectively (vol-
ume: 3,000 mL), each with 3 drinking nipples with drip
cups. Starting from 64 d of life, the drinking water of
pullets in the CORT group was supplemented with cor-
ticosterone (purity ≥92%, C2502, Sigma-Aldrich
Chemie GmbH, Schnelldorf, Germany) at a concentra-
tion of 20 mg/l, as also applied by Shini et al. (2009) and
Weimer et al. (2018). At this time, primaries 4 (P4s) of
the first feather generation had already been partially
shed and the renewed P4s were already partially recog-
nizable as pin feathers. The experimental period lasted
until d 114 of life. This time point was chosen because
the P5s were then fully grown, recognizable by the dried
dermal pulp inside the feather quill, and could be
removed without tissue injury. Following Borto-
lotti (2010), only the vaned portion of the feather was
used for further analyses. For each individual, the P5s of
both wings were clipped within the range of the feather
quill beneath the superior umbilicus using a wire cutter.
Afterward, the feather vanes were macroscopically
examined for structural alterations (e.g., fault bars) and
stored protected from light until further processing.
Feather Corticosterone Extraction and
Measurement

Prior to analysis, all feathers were checked for integ-
rity. To remove surface contaminants, intact feathers
were washed by swirling and immersing in a dilute soap
(1%) and ultrapure water solution for 30 s
(Bortolotti et al., 2008; Jenni-Eiermann et al., 2015).
Subsequently, feathers were rinsed twice for 30 s in
ultrapure water and air-dried overnight.
Corticosterone extraction followed modified methods

previously described by Bortolotti et al. (2008). From
the right P5, the calamus was removed and the remain-
ing feather length and weight were recorded. The feather
was coarsely chopped with scissors, transferred into
10 mL stainless steel grinding jars with two 12-mm
stainless steel grinding balls, frozen in liquid nitrogen,
and pulverized using a Retsch ball mill (MM 400, Retsch
GmbH, Haan, Germany) for 2 min at 30 Hz. Approxi-
mately 50 mg of feather powder was weighed out, trans-
ferred into 15 mL polypropylene tubes and mixed with
5 mL methanol (HPLC grade). The samples were placed
in an ultrasonic water bath (Sonorex Digitec, Bandelin,
Berlin, Germany) at room temperature for 30 min and
then incubated in a slow-shaking 50°C water bath
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(Stuart SBS40, Barloworld Scientific, Staffordshire, UK)
for 18 to 24 h. After extraction, samples were centrifuged
at 5,000 rpm for 2 min, and 4 mL of each methanol
extract was aliquoted into a 5 mL polypropylene tube
and then vaporized using a vacuum evaporator
(SC210A SpeedVac, Thermo Fisher Scientific, Wal-
tham, MA).

For corticosterone analyses, the extract residues were
reconstituted with 0.4 mL of the buffer solution of the
assay kit used. Feather corticosterone concentrations
were analyzed in duplicate using a species-specific
ELISA kit for corticosterone quantification in chicken
(CSB-E11991C, CUSABIO, Wuhan, China) according
to the manufacturer’s instructions. All measured values
were related to both feather mass and feather length and
corticosterone concentrations were presented in pg/mm.

To avoid the small sample artifacts (Lattin et al.,
2011; Berk et al., 2016), the corticosterone concentration
was previously tested as a function of feather mass
(range 10−100 mg) indicating 50 mg as optimal. In addi-
tion, the methanol extraction efficiency of the feather
mass used in this study was determined (1, 2, 5, 8, 10,
and 12 mL methanol), with a methanol volume of 5 mL
being optimal for sample handling and duration of evap-
oration. Accuracy was tested by comparing the standard
curve (n = 5 standard concentrations) with a serial dilu-
tion of pooled samples (n = 4 concentrations) after log-
transformation. The testing revealed linearity and paral-
lelism of the standard and dilution curves, described by
the formula ystandard = 0.97x + 0.10 with R2 = 0.995
and ydilution = 0.96x + 0.15 with R2 = 0.972. Recovery
was measured by spiking known amounts of corticoste-
rone standards (n = 4 concentrations) to pooled samples
and the average recovery was 0.84 § 0.21. The manufac-
turer provided no information about the cross-reactivity
of the antibody with other steroids. The detection limit
of the procedure was 7 pg/mm based on the lowest stan-
dard of the assay kit. Intra- and interassay coefficients of
variation of the analyzed samples were <10% and <15%,
respectively.
Statistical Analysis

All statistical analyses were performed using the soft-
ware SPSS Statistics (version 25; IBM, Armonk, NY).
Data distribution was tested for normality with the Sha-
piro-Wilk test. Data were checked for significant group
differences using the t test for independent samples
when normally distributed. Levene’s test was applied to
test for homogeneity of variances. For non-normally dis-
tributed data, Mann Whitney U test was performed.
Development of body weight within the two study
groups was analyzed by t test for paired samples. Values
of P < 0.05 were considered significant.
Figure 1. Molting status of LSL layer pullets of the CORT group
(A) and the control group (B) at d 114. Dorsal view on the left wing. In
pullets of the CORT group P1 to P5 of the second feather generation
are fully-grown, P6 is shed and P7 to P10 still belong to the first feather
generation. Pullets of the control group show seven mature primaries of
the second feather generation. P8 is growing and P9 is shed. Only P10
belongs still to the first feather generation.
RESULTS AND DISCUSSION

Previous studies of Shini et al. (2008a,b) have shown
that administration of corticosterone via drinking water
increases circulating corticosterone above baseline levels
and induces effects similar to those observed in responses
to stressors. In the present study, weight gain in layer
pullets was significantly decreased after oral application
of corticosterone via drinking water. The initial mean
body mass of pullets in the CORT group (672.4 g [§
45.3 g]) on d 64 was not significantly different from that
of pullets of the control group (693.5 g [§ 46.1 g]). How-
ever, at the end of the experiment on day 114, mean
body mass was significantly lower (P < 0.001) in the
CORT group (1,030.6 g [§ 72.0 g]) than in the control
group (1,178.8 g [§51.7 g]). These results correspond
with findings from Shini et al. (2009), who also found
significantly decreased body weights in chickens due to
catabolic effects after long-term corticosterone adminis-
tration.
Significant differences between the CORT group and

the control group were also found for feather mass and
feather length of the P5s that had grown during the
period of corticosterone application. With a median
feather length of 165.5 mm (interquartile range [IQR]:
5.8) and a median feather mass of 310.2 mg (IQR: 19.5),
P5s in the control group were both significantly longer
(P < 0.001) and heavier (P < 0.001) than P5s in the
CORT group (median feather length: 135.5 mm (IQR:
7.5); median feather mass: 172.7 mg [IQR: 20.8]). Fur-
thermore, a delayed molting process was observed in
pullets of the CORT group, where growth of the P5s
was not completed until 17 wk of age. The P6s of the sec-
ond feather generation were in different growth stages,
whereas the P7 to P10 had not yet shed at this time
(Figure 1A). In contrast, molting of the primaries was
more advanced in the pullets of the control group,
because only the P10 had not yet shed (Figure 1B). Sim-
ilar effects of corticosterone applications or acute stress
on feather growth and feather quality have been
described in comparable studies in different bird species
(Lattin et al., 2011; Romero and Fairhurst, 2016). How-
ever, the oral application of corticosterone did not
induce the emergence of fault bars in primaries as shown
in a previous study after psychological stress
(Arrazola and Torrey, 2019). Thus, further investiga-
tions are needed to elucidate the role of HPA axis activ-
ity on feather development and fault bar formation.
The supplementation of drinking water with cortico-

sterone increased fCORT in P5s of CORT pullets more



Figure 2. Corticosterone concentration in the fully grown P5 of
LSL layer pullets after application of corticosterone (20 mg/l drinking
water) during the growth phase of the respective feather. Median corti-
costerone concentration was 10.0 pg/mm in the control group (n = 20)
and 110.3 pg/mm in the CORT group (n = 20).
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than 10-fold compared with the control group (median:
110.3 pg/mm [IQR: 47.2] vs. 10.0 pg/mm [IQR: 2.5], P
< 0.001, Figure 2). This resulted in a minimum-maxi-
mum range for fCORT of 7.52 to 15.24 pg/mm in the
control group and 57.82 to 267.86 pg/mm in the CORT
group, respectively. Thus, the highest fCORT concen-
tration detected in the control group was 73.6 % lower
than the lowest fCORT concentration detected in the
CORT group.

This is the first study showing a long-term effect of corti-
costerone supplementation in drinking water on fCORT in
layer pullets. The results demonstrate that experimentally
increased systemic corticosterone concentrations over a
period of seven weeks in layer pullets are reflected in corti-
costerone concentrations of feathers grown during that
time. However, it should also be noted that the prolonged
feather growth phase, the shorter feather length and lower
feather mass of P5s in CORT pullets may contribute to
increased fCORT because blood supply of the growing
feather, and thus potential corticosterone incorporation, is
maintained for a longer period of time.

The present results indicate that the measurement of
fCORT may be a useful and minimally invasive tool for
the assessment of long-term stress in chicken and pro-
vide the basis for further investigations on its use in ani-
mal welfare research. However, when fCORT is used as
a stress indicator, sample preparation and detection
methods need to be standardized to achieve comparable
results (H€affelin et al., 2020). Further studies are
required to investigate the influence of biotic and abiotic
factors as well as husbandry conditions (e.g., stocking
density, handling, environmental enrichment, lighting,
parasite infestation, etc.) that may affect the incorpo-
ration and degradation or both of feather corticosterone
before this method is applicable as a stress indicator in
poultry farming.
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