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OPEN ACCESS 

Context. Stress responses in chickens are commonly assessed from measurements of 
corticosterone in blood, but there is an increasing research effort to develop non-blood means 
of assessing the activity of the hypothalamo–pituitary (HPA) axis. It is common to measure 
corticosterone in the eggs and faeces. Aims. We extended previous work by undertaking a 
study of caged laying hens comparing basal concentrations of corticosterone in plasma, faeces, 
egg albumen and egg yolk on a between-cage basis. We tested the hypothesis that there are 
positive relationships between corticosterone in plasma and corticosterone in each of the other 
matrices. Methods. Blood samples were collected from each bird at a single point in time. In 
Experiment 1, these comparisons (between plasma concentrations of corticosterone on Day 1 
and egg albumen, egg yolk and faecal concentrations of corticosterone on Days 1, 3 and 4 of the 
study) were made for hens of two ages under basal conditions, whereas, in Experiment 2, the 
comparisons (between plasma concentrations of corticosterone on Day 3 and egg albumen, egg 
yolk and faecal concentrations of corticosterone on Days 1 and 2 of the study) were made for 
hens housed at different space allowances with and without access to a nest box. The birds 
without a nest box had not had experience with a nest box prior to sampling. Key results. 
There was a statistically significant (P = 0.012), but limited, positive relationship between plasma 
and egg albumen concentrations of corticosterone under basal conditions in Experiment 2. 
There were no other statistically significant (P > 0.05) relationships in either experiment. These 
results suggest that measures of corticosterone in the albumen, yolk and faeces of laying hens 
are unlikely to be robust predictors of basal concentrations of corticosterone in the blood. 
Conclusions. Although there was some indication that concentrations of corticosterone in 
albumen may be related to concentrations in blood under basal conditions, based on all the 
results, this suggestion is made cautiously. Implications. More comprehensive research is 
required to establish if measures of corticosterone in egg components and faeces are related to 
chronic basal activity of the hypothalamo–pituitary axis in laying hens. There is also a need to 
understand the impact of corticosterone on production, reproduction and welfare in hens from 
measures in both blood and non-blood matrices. 
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Introduction 

There is increasing interest in using non-blood measures to assess stress in livestock, 
including laying hens. In blood, the most commonly measured substances to assess 
stress are the glucocorticoids, which are indicative of the activity of the hypothalamo– 
pituitary adrenal (HPA) axis (Selye 1946; Sapolsky et al. 2000). Glucocorticoids have 
also been measured in a variety of non-blood matrices in many species with variable 
relationships to concentrations in blood (Möstl et al. 2005; Lane 2006; Burnard et al. 
2017; Tilbrook and Ralph 2017; Tilbrook et al. 2018; Weaver et al. 2021). Development 
of non-blood measures of glucocorticoids have commonly been undertaken in the belief 
that they are non-invasive and, thus, reduce the likelihood of the sampling procedure 
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stimulating the HPA axis, which may confound the results 
(Möstl et al. 2005; Lane 2006; Burnard et al. 2017; Tilbrook 
and Ralph 2017). Nonetheless, it is possible to develop 
procedures to sample blood where animals are habituated 
such that the HPA axis is not activated (Ralph and Tilbrook 
2016; Tilbrook and Ralph 2017). Even if the blood 
sampling procedure does activate the HPA axis, the effect is 
unlikely be seen in that sample, because it takes from 
minutes to hours for glucocorticoids to be synthesised, be 
measurable in the blood and to act (Sapolsky et al. 2000; 
Ralph and Tilbrook 2016; Tilbrook and Ralph 2017). 

Nevertheless, it remains useful to develop the ability to 
assess stress responses by measuring glucocorticoids in matri-
ces other than blood, especially in situations when assessment 
of stress responses is needed on a group of animals basis. 
These situations include experimental examination of 
management options of animals (such as diets, pen design, 
level of human contact, genetics), in which the experimental 
unit will usually be a group of hens. Another situation is the 
commercial monitoring of the overall stress status of animals 
in a farm, or portion of a farm. In these situations, the use of 
matrices, such as faeces or eggs, avoids the labour resource of 
handling individual animals, a major cost saving. Indeed, the 
use of other matrices involving faeces or eggs might be 
practically difficult on an individual animals basis in many 
experimental and commercial situations, and, thus, the 
assessment of the efficacy of different matrices is most 
practically useful on a group basis. Also, in terms of laying 
hens, the use of other matrices, such as faeces, egg albumen 
or egg yolk, could be necessary when the impact of the 
sampling procedure on the HPA axis cannot be controlled. 
Other matrices could also be advantageous when it is 
necessary to determine the activity of the HPA axis over an 
extended period. When glucocorticoids are measured in 
matrices other than blood, it is important to appreciate the 
time between synthesis of glucocorticoids and their 
deposition in the matrices. 

In laying hens, the principal glucocorticoid, corticosterone, 
has been measured in eggs (Rettenbacher et al. 2005; 
Downing and Bryden 2008; Cook et al. 2009; Singh et al. 
2009) and faeces (Dehnhard et al. 2003; Rettenbacher et al. 
2004; Möstl et al. 2005; Cook et al. 2009). Comparisons with 
blood concentrations have led to inconsistent outcomes. 
Corticosterone concentrations have been measured in both 
yolk and albumen following administration of adrenocorti-
cotrophic hormone (ACTH) and infusion of corticosterone 
(Rettenbacher et al. 2005). Whereas there was no effect of 
ACTH treatment, after administration of radio-labelled 
corticosterone, peak levels were measured in the albumen 
and outermost layer of the yolk after 1 day, whereas the 
highest levels of corticosterone appeared in the innermost 
layers of the yolk 4–6 days later (Rettenbacher et al. 2005). 
On an individual hen basis, a positive correlation (r = 0.87) 
was found between plasma and albumen corticosterone 
concentrations 1 day after hens were given injections of 

different doses of corticosterone that led to plasma 
concentrations ranging from ~1–40 ng/mL in different 
hens (Downing and Bryden 2008). However, cursory 
examination of the results in this paper (Fig. 1 of the paper) 
suggests only a weak relationship between hens injected 
with the same dose of corticosterone. Corticosterone was 
measured in the yolk and albumen of eggs of hens of 
different strains in floor pens and cages (Singh et al. 2009). 
There were some differences between strains, and there 
were age effects such that there were higher concentrations 
of corticosterone in the egg components at 22 weeks than 
at 45 weeks. Concentrations of corticosterone in yolk were 
higher in hens in cages than in floor pens, whereas the 
concentrations in albumen were higher in hens from floor 
pens (Singh et al. 2009). No blood samples were collected 
in this study. In another study, where corticosterone was 
compared in serum, egg albumen and yolk, on a between-
hen basis, there were several positive correlations under 
basal conditions, but not following stimulation with ACTH 
(Cook et al. 2009b). This led the authors to question the 
usefulness of concentrations of corticosterone in albumen 
and yolk as biomarkers of stress-induced activity of the 
HPA axis (Cook et al. 2009b). Concentrations of metabolites 
of corticosterone in faeces of hens increased following 
injection of ACTH with a similar albeit less pronounced 
pattern of increase in plasma corticosterone following 
ACTH (Dehnhard et al. 2003). 

Although there is evidence that it is possible to measure 
corticosterone in eggs and faeces of hens, the relevance in 
terms of assessing stress remains unclear, because the 
results have been variable both within and between studies. 
Furthermore, the relative usefulness of eggs compared with 
faeces as non-blood measures of stress are unknown, because 
there have been no direct comparisons of corticosterone in 
blood, eggs and faeces in the one study. Therefore, we have 
extended this area of research to include measurement of 
corticosterone in plasma, faeces, egg albumen and egg yolk 
in laying hens of different ages, under basal conditions and 
when housed in adulthood under different space allowances 
with and without access to a nest box. As we were examining 
basal conditions, we did not impose any stress treatments. We 
examined the hypothesis that on a between-cage of hen basis, 
in laying hens, there are positive relationships between 
corticosterone in blood, and measures of corticosterone in 
faeces, egg albumen and egg yolk when these non-blood 
measures are taken on the same day or different days to the 
plasma sample. 

Materials and methods 

Animal experimentation ethics approval was obtained for 
all procedures from the Animal Ethics Committee at the 
University of Melbourne. The procedures in this experiment 
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Fig. 1. Parallel response relationships of cages of hens, from two sheds with different age birds in Experiment 1, for plasma corticosterone 
(CORT) on Day 1 with albumen CORT on Days 1, 3 and 4; yolk CORT on Days 1, 3, and 4; and faecal CORT on Days 1, 3 and 4. Circular 
markers and dotted lines are cages of birds aged 34 weeks, and triangular markers and solid lines are cages of birds aged 47 weeks. 

were conducted in accordance with the Australian Prevention 
of Cruelty to Animals Act 1986 and the National Health 
and Medical Research Council/Commonwealth Scientific 
and Industrial Research Organisation/Australian Animal 
Commission ‘Australian practice for the care and use of 
animals for scientific purposes’. 

Animals and housing 

Experiment 1 
Laying hens (n = 154) of the Hy-Line Brown breed were 

housed in cages of seven or eight birds with space 
allowance of 550–625 cm2/bird within two commercial 
poultry sheds, at the same commercial poultry farm, in 
Kinglake West (Victoria, Australia; 37°28 0S, 145°14 0E). The 
age of the hens was 34 weeks in one shed and 47 weeks in 
the other shed. Each shed consisted of several aisles of 
adjacent cages. Within each shed, five cages were selected 
near the middle of an aisle and five were selected from 
near the end of an aisle. Within each shed, different aisles 
were used for the five ‘near middle’ cages, and different 
aisles were used for the five ‘near end’ cages. Hens were 
exposed to 14.5 h of light in the shed housing 34-week-old 

hens and 16 h in the shed housing 47-week-old hens. Hens 
were fed a formulated layer diet based on 95 g feed 
consumed/hen per day (formulated and mixed by the farm 
to have 15% crude protein), with feed delivered up to four 
times each day. 

Experiment 2 
Experiment 2 was designed to jointly examine the effects of 

space allowance during rearing (7–16 weeks of age), space 
allowance during adulthood (16–34 weeks of age) and nest 
box access during adulthood on the welfare of caged laying 
hens. The hens without a nest box had not had experience 
with nest boxes prior to sampling. Full details of this aspect 
of the study have been previously reported in Engel et al. 
(2019). Within each of four time replicates, during adulthood, 
there was one cage of six hens in each of eight factorial (two 
rearing space allowances (315 and 945 cm2 per bird) × 2 adult 
space allowances (542 and 1648 cm2 per bird) × 2 nest box 
conditions (presence vs absence)) combinations. Hens were 
Hy-line Brown pullets that were sourced, at 7 weeks of age, 
from a commercial poultry farm in Victoria, Australia. The 
experiment was performed at an agricultural research facility, 
with non-treatment conditions (diet, lighting, temperature 
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etc.) chosen to approximate commercial production. As 
reported by Engel et al. (2019), there were no effects of the 
treatments during rearing or adulthood on plasma, egg 
albumen and yolk. and fecal corticosterone concentrations 
at 26 and 27 weeks of age. 

Sample collection and preparation 

Experiment 1 
In each shed, blood samples (3 mL) were collected at a 

single point in time via the wing vein from the birds on the 
first day of collection (Day 1 of collection) from 12:00– 
15:30 hours using a 4.5-mL heparin-coated syringe with a 
23-G needle. All samples were taken within 2 min of the 
hen being removed from her home cage to avoid an acute 
stress response due to capture and handling, influencing 
basal plasma cortisol concentrations (Broom and Johnson 
1993). Hens were then placed in a holding crate until all 
birds from the same cage had been sampled. The order of 
selecting pens for blood sampling was randomised. 

On Day 1, faecal and egg samples were taken over 24 h, 
06:00–06:00 hours (Table 1). Sampling then ceased for 
1 day (Day 2). Egg and excreta were then collected over 
24 h for the following 2 days (Days 3 and 4). 

Plasma was harvested from the blood by centrifugation. 
Eggs were separated into the albumen and yolk. Faecal 
samples were placed in a drying oven at 60°C for 48 h. For 
each of the three 24-h sample periods, plasma, albumen, 
yolk and faecal samples were pooled for each cage, and 
then stored at –20°C until extraction and analysis. 

Experiment 2 
Blood (3 mL) was collected at a single point in time from 

the wing vein of each bird, using a 4.5-mL heparin-coated 
syringe with a 23-G needle, at 12:00 hours on a single 
occasion at 26 weeks of age and on a single occasion at 
27 weeks of age (Table 2). All samples were taken within 
2 min of the hen being removed from her home cage. After 
centrifugation, the samples were pooled within the cage 
and over the 2 days, to produce a single combined sample 
for each cage. The plasma was then stored at –20°C until 
extracted and analysed. As in Experiment 1, all samples 
were taken within 2 min of the hen being removed from 
her home cage. 

All unbroken eggs were collected from each cage over the 
2 days prior to blood collection at 26 and 27 weeks of age 

Table 1. Sampling timeline for Experiment 1. 

Week (age) Day 1 Day 2 Day 3 Day 4 

34 and 47 Plasma 

Eggs Eggs Eggs 
(albumen/yolk) (albumen/yolk) (albumen/yolk) 

Faeces Faeces Faeces 

Table 2. Sampling timeline for Experiment 2. 

Week (age) Day 1 Day 2 Day 3 

26 Eggs (albumen/yolk) Eggs (albumen/yolk) Plasma 

Faeces Faeces 

27 Eggs (albumen/yolk) Eggs (albumen/yolk) Plasma 

Faeces Faeces 

Plasma, egg (albumen and yolk) and feacal samples were aggregated on an 
individual cage basis, prior to chemical analysis. 

(Table 2). Eggs were separated into the albumen and yolk, 
and a sample was retained (4–6 g and 10–12 g for the yolk 
and albumen, respectively). Albumen and yolk samples 
were pooled per cage and then pooled again for the four 
collection days (2 days in each of week 26 and 27). They 
were then frozen at –20°C until sent for extraction and 
analysis. 

Excreta from each cage were also collected over the 2 days 
prior to baseline blood sampling at 26 and 27 weeks of age. 
Collection occurred over three 1-h periods on each day. At 
this time, manure belts were cleared of excreta and 
greaseproof paper was placed under each cage. At the end 
of each hour, excreta were collected into an aluminium 
container. At the end of the day, samples were placed in a 
drying oven at 60°C for 48 h. Once dry, samples were 
ground. Samples for each cage were pooled over the four 
sampling days (2 days in each week 26 and 27) and frozen 
at –20°C until extraction and analysis. 

Sample analysis 

Experiment 1 and time replicates 1 and 2 from 
Experiment 2 

Plasma samples were not extracted. The assay used was a 
Corticosterone HS Enzyme Immunoassay (IDS, Boldon, UK). 
The sensitivity for the assay was 0.17 ng/mL with and 
intra-assay variations of 7–15%. 

Egg yolk was extracted following accepted methodologies 
(Cook et al. 2009b). Briefly, egg yolk (0.5 g) was added to 1 mL 
of distilled water and vortexed until mixed. The mixture was 
extracted with 3 mL hexane:diether (30:70 v/v), vortexed and 
left to settle before being snap frozen in an ethanol/dry ice 
bath. The supernatant was collected, dried and 1 mL of 
ethanol added, before being frozen at –20°C overnight. The 
samples were centrifuged the next day, and the supernatant 
removed and dried once more before being suspended in 
phosphate-buffered saline (PBS) and analysed. Egg albumen 
was extracted following published methodologies (Downing 
and Bryden 2008). Briefly, egg albumen (5 g) was added to 
5 mL of distilled water. These were mixed, and 0.5 g of the 
mixture was extracted with 4 mL of diethyl ether, shaken 
for 10 min and then frozen at –80°C. The supernatant was 
then collected and dried. The samples were suspended in 
PBS and analysed. Ground, dried excreta were extracted 
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using validated methodologies (Wasser et al. 1994). Briefly, 
ground, dried excreta (0.1 g) were extracted with 1 mL of 
80% methanol. The samples were then vortexed for 30 min 
and centrifuged. The supernatant was dried and then 
suspended in PBS for analysis. The assay used was a 
Corticosterone HS Enzyme Immunoassay (IDS). The 
sensitivity of the assay was 0.17 ng/mL with an intra-assay 
variation of 7–15%. 

Time replicates 3 and 4 from Experiment 2 
The extraction procedure for replicates 3 and 4 in 

Experiment 2 differed from those used in Experiment 1 and 
time replicates 1 and 2 of Experiment 2, due to the use of a 
different chemistry laboratory. For the samples analysed in 
replicates 3 and 4, plasma samples were extracted 
following the methods described by Downing and Bryden 
(2008). Egg yolk was extracted using the protocol described 
for laboratory 1. The only exceptions were that 0.1 g of 
yolk was added to 0.5 mL of distilled water and the ethanol 
mixture was frozen at –80°C overnight. Egg albumen 
samples were extracted following the same procedures as 
the laboratory used for Experiment 1 and time replicates 1 
and 2, except that 0.5 g of albumen was mixed with 1 mL 
of distilled water. Ground, dried excreta were extracted 
following the methodologies described by Brown et al. 
(1994). Further extraction details from replicates 3 and 4 of 
this experiment are presented in Engel et al. (2019). 

The radioimmunoassay included one standard curve and 
unknown extracted samples in duplicate. The standard 
curve included triplicate tubes for total counts (and non-
specific binding, nine replicates of the zero standard, three 
replicates of each standard and six replicates each of two 
quality control pools containing 0.71 and 2.22 ng/mL, 
which were used to estimate the intra-assay coefficients of 
variation (5% and 5.7%). 

A total of 100 μL of H3-corticosterone tracer (1,2,6,7-H3; 
Amersham Biosciences, Sydney, NSW, Australia) and 
150 μL first antibody (B3-163; Endocrine Sciences, 
Calabasas, CA, USA) were added to tubes containing 
extracted samples, and 150 μL of buffer was added to the 
non-specific binding tubes. Tubes were vortexed and 
incubated at 4°C for 24 h. On Day 2, normal rabbit serum 
(100 μL, 1:800) was added, followed by 100 μL second 
antibody (anti-rabbit serum; 1:60 in PBS). The tubes were 
mixed and incubated overnight at 4°C. On Day 3, 1 mL of 
6% polyethylene glycol (PEG 6000) in PBS was added to all 
tubes (except total counts). The tubes were centrifuged in a 
refrigerated (5°C) centrifuge at 1500g for 25 min, the 
supernatant aspirated and the pellet was redissolved in 
500 μL of HCL (0.05 M). The solution was dispensed into 
counting vials and then mixed with 2 mL of scintillant 
(Starcint; Packard Chemicals Operations). The vials were 
capped, shaken and left in the dark for 2 h before counting 
in a liquid scintillation counter (Packard Tri Carb 1500). 

The sensitivity of the assay was 0.1 ng/mL, with an intra-
assay variation of 5–5.7%. 

Statistical analysis 

Experiment 1 
Basal plasma corticosterone was related to each other 

corticosterone measurement using parallel linear regression 
with different intercepts for the shed with 34-week-old 
hens and the shed with 47-week-old hens. Additionally, an 
effect of position in aisle (‘near middle’ or ‘near end’) was 
examined by adding a two-level factor for this term in the 
model for each corticosterone measurement. In all analyses, 
the unit of analysis was all hens in a cage. 

Experiment 2 
Basal plasma corticosterone was linearly related to each 

other corticosterone measurement by fitting restricted maxi-
mum likelihood models that also included a fixed effect of 
time replicate and random effects for the blocking terms of 
the experimental design (namely, experimental half within 
time replicate during rearing stage, shed row within half 
during adult stage and banks of cages within half during 
adult stage; Engel et al. 2019). P-values for each response 
were calculated using Wald F-tests. As there were large 
effects of time replicate on basal plasma corticosterone, the 
results are presented as parallel linear responses for the 
four replicates. Data were analysed using Genstat (VSN 
International, 14th edition). 

Results 

Experiment 1 

There was no evidence (P > 0.1) of a position in aisle effect for 
any of the analyses. The results of the parallel regressions are 
shown in Fig. 1. There was no evidence of a relationship 
between plasma corticosterone concentrations on Day 1, and 
any of albumen, yolk and faecal corticosterone concentrations 
on Days 1, 3 and 4 (P > 0.1). 

Experiment 2 

Within each time replicate, there was a relationship (P = 
0.012) between plasma concentrations of corticosterone on 
Day 3, and egg albumen corticosterone concentrations on 
Days 1 and 2 (Fig. 2). However, pen means for plasma 
differed by up to 0.75 ng/mL from the predicted value of 
plasma obtained from egg albumen. This compares with the 
range of pen means, within time replicates being 1.5 ng/mL. 

No relationships between plasma corticosterone concen-
tration on Day 3 and the other measurements of corticos-
terone on Days 1 and 2 were found (P > 0.1; Fig. 2). 
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Fig. 2. Parallel response relationships, from the four replicates in Experiment 2, for plasma corticosterone (CORT) concentration on 
Day 3 with faecal CORT, albumen CORT and yolk CORT concentrations on Days 1 and 2. 

Discussion 

The results of these experiments do not provide robust support 
for the contention that measurements of corticosterone in 
eggs and faeces will allow assessment of the basal activity 
of the HPA axis for groups of laying hens in cages. The 
results of Experiment 1, where no relationship between 
plasma corticosterone on Day 1 and corticosterone in any 
of the other matrices on Days 1, 3 and 4 was detected, 
suggest that measures of corticosterone in albumen, yolk 
and faeces do not reflect the basal activity of the HPA axis 
in the laying hens assessed from samples taken at a single 
point in time. The only result that contradicted these 
findings was a positive significant relationship between 
basal plasma on Day 3 and albumen concentrations of 
corticosterone on Days 1 and 2 in Experiment 2. It is 
tempting to suggest that this finding provides limited 
support for the usefulness of measuring corticosterone in 
egg albumen to evaluate plasma measures. Nevertheless, 
this is a reserved suggestion, because the overwhelming 
outcome from both experiments is that the concentrations 
in albumen, yolk and faeces are unreliable predictors of 
the average basal activity of the HPA axis in cages of hens. 
The variability that our study has highlighted sits well 
with the variability in the literature (see Introduction), and 
it underscores how difficult it is to develop non-blood 
measures of endocrine activity in poultry. 

The positive relationship between basal plasma and 
albumen concentrations of corticosterone in Experiment 2 
is similar to other studies (Rettenbacher et al. 2005; 

Downing and Bryden 2008). Nevertheless, as indicated 
above, there were no other relationships in either 
experiment, emphasising a lack of reliability in using these 
non-blood measures to assess the activity of the HPA axis. 
We also found that plasma concentrations of corticosterone 
in laying hens do not consistently reflect the concentrations 
in the liver, heart and skeletal muscle (Ralph et al. 2015), 
again highlighting the difficulty in establishing relationships 
between blood and non-blood measures of glucocorticoids 
in hens. It is possible that the differences between the 
experiments in the relationship between the concentrations 
of corticosterone in plasma and albumen was due, at least 
in part, to the difference between the two experiments in 
the timing of the blood sampling, and the sampling in eggs 
and faeces. In Experiment 1, the blood sample was collect-
ed prior to the eggs and faeces, whereas, in Experiment 2, 
the blood sample was collected after the eggs and faeces. 
This study aimed at understanding the relationships in 
concentrations of corticosterone between blood, egg and 
faeces under basal conditions, therefore, it is important to 
consider that the handling of birds to collect blood may 
stimulate an acute stress response (see Introduction). Any 
possible effect of acute activation of the HPA axis would 
have been avoided in Experiment 2, making it likely to be 
more representative of basal activity of the HPA axis than 
Experiment 1. Nevertheless, this suggestion is based on the 
collection of blood samples at a single point in time. 
Although it is common to collect blood samples at a single 
point in time in poultry research, there are limitations to 
interpretations of the activity of the HPA axis based on this 
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sampling regimen (see below). Further investigation is 
required with more frequent collection of blood at varying 
times relative to the collection of eggs and faeces. 

The scale of measurement (e.g. between individual hens vs 
between cages of hens vs between hen farms etc.) can, in 
principle, affect the relationships between measurements. 
Our study examined relationships on a between-cage of 
hens basis, which is different to most previous studies that 
examined relationships on a between-hen basis. Faecal and 
egg corticosterone measurements are likely to be most 
practically useful on the scale we used, or larger scales, 
because these are the scales in which individual blood 
sampling becomes more difficult. Nevertheless, our results 
are in accord with the previous work. This is unsurprising, 
as different relationships at a cage scale to an individual 
hen scale would indicate that there were systematic environ-
mental (including social) differences between cages or 
systematic genetic differences between the hens of different 
cages that affect either (1) the relationship between plasma 
corticosterone and the level of corticosterone in faeces or 
eggs or (2) the average level of corticosterone in different 
matrices. 

Research to date has largely focused on acute activity of the 
HPA axis rather than prolonged or chronic activity of the HPA 
axis. The current experiments were not designed to evaluate 
the basal activity of the HPA axis over an extended period. As 
indicated, we took blood samples at a single point in time in 
both experiments. A blood sample at a single point in time 
may not be sufficient to elucidate the pattern of synthesis of 
corticosterone, and may not account for diurnal activity of 
the HPA axis, which is known to occur in hens (Beuving 
and Vonder 1977). The concentrations of corticosterone or 
its metabolites in the eggs and faeces are likely to be the 
result of accumulation over an extended period (Goymann 
2005). With respect to albumen, it has been suggested that 
concentrations of corticosterone represent the general 
period during which the albumen is laid down in the egg 
(Etches 1996). There is no doubt that corticosterone can 
migrate to the egg. This has been clearly shown in 
experiments where corticosterone has been administered to 
hens (Rettenbacher et al. 2005; Downing and Bryden 2008). 
Nevertheless, it is difficult to interpret these experiments from 
a physiological perspective, and the time of accumulation of 
corticosterone is such that it is unlikely to be related to plasma 
concentrations in a blood sample collected at a single point in 
time, because the accumulation occurs over days (see 
Introduction). It is possible that corticosterone measures in 
egg, in particular, and perhaps in faeces, represent activity 
of the HPA axis over an extended time, similarly to glucocorti-
coids in hair and wool in mammals (Burnard et al. 2017). 
Hitherto, the research has not been conducted to test this 
hypothesis in laying hens. 

Although discussion of the sampling method and time is 
appropriate when interpreting these results, it is also 
important to appreciate the complexity of the HPA axis and 

how measures of glucocorticoids, whether in blood, eggs or 
faeces, can help in the assessment of the activity of stress 
systems, such as the HPA axis. Furthermore, it is imperative 
to consider the impact of the stress responses on the hen 
when relating stress to production, reproduction and 
welfare (Tilbrook and Ralph 2017; Tilbrook et al. 2018). 
We have provided insight into the inputs that activate the 
HPA axis (Ralph and Tilbrook 2016), and into the impor-
tance of the effects of corticosterone in tissue at the site of 
action in laying hens (Ralph et al. 2015). Although there is 
evidence in both laying hens and broilers that physical 
handling can affect egg production (Hemsworth and Edwards 
2020), currently, our knowledge in laying hens is not 
adequately advanced to understand the impact of the activity 
of the HPA axis from peripheral measures of corticosterone 
alone. Furthermore, interpreting the consequences of the 
actions of glucocorticoids from peripheral measures is compli-
cated, because these hormones can have different physio-
logical and behavioural effects in different circumstances and 
at different times (Tilbrook and Ralph 2017). Systematic 
studies are required to establish how peripheral measures 
of corticosterone under certain circumstances relate to the 
impact of stress on laying hens. This has been successfully 
achieved in female sheep with respect to the impact of 
glucocorticoids on reproduction (Ralph et al. 2016), and is 
now required in laying hens for the impact of stress on 
production, reproduction and welfare. 

In conclusion, measures of corticosterone in albumen, yolk 
and faeces of laying hens are not robust predictors of plasma 
concentrations of corticosterone when using a sample of 
blood collected at a single point in time. Although there is 
some indication that concentrations of corticosterone in 
albumen may be related to concentrations in blood under 
basal conditions, this relationship is not definitive. There is 
a need for research that includes taking more frequent 
blood samples at varying times relative to the collection of 
matrices, such as egg and faeces. Importantly, research has 
not been conducted to establish if these non-blood measures 
are related to chronic basal activity of the HPA. In addition to 
the need for research to resolve this, there is a need to 
understand how peripheral measures of corticosterone in 
laying hens can provide knowledge about the impact of 
stress on production, reproduction and welfare of laying hens. 
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