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Stress in Merino sheep can cause a reduction in the quantity and quality of fine

wool production. Furthermore, it has been found that environmental stress during

pregnancy can negatively affect the wool follicles of the developing fetus. This study

was part of a larger field investigation on the effects maternal shearing frequency on

sheep reproductive and productivity outcomes. For this study, we investigated the

intra- and inter- sample variation in wool cortisol levels of weaner lambs. We conducted

two experiments, the first was to determine the intra- and inter- sample variation in

wool samples taken from the topknot of weaned lambs, and the other aim was to

determine any difference between maternal shearing treatment (single or twice shearing)

on absolute wool cortisol levels of weaned lambs. In the first experiment, topknot wool

was collected from 10 lambs, and each sample was further divided into four subsamples,

leading to a total of 40 wool subsamples. For the second experiment, we collected the

topknot from the 23 lambs produced by the shearing frequency treatment ewes (once

or twice shorn). The samples were then extracted and analyzed using a commercially

available cortisol enzyme-immunoassay in order to determine the concentration of

cortisol in each of the samples. Statistical analysis for the first experiment showed that

there was no significant difference between the subsamples of each topknot wool sample

taken from each lamb (p = 0.39), but there was a statistical difference between samples

(p< 0.001), which was to be expected. In the second experiment, there was a significant

difference between the lambs born to the one shearing and two shearing treatments

(p= 0.033), with the lambs of the twice sheared ewes having higher average wool cortisol

levels [2.304 ± 0.497 ng/g (SE); n = 14] than the ones born to once shorn ewes [1.188

± 0.114 ng/g (SE), n = 8]. This study confirms that the topknot wool sampling can be

a reliable method adapted by researchers for wool hormonal studies in lambs. Second,

ewes shorn mid-pregnancy gave birth to lambs with higher cortisol concentrations than

ewes that remained unshorn during pregnancy. This result warrants further investigation

in a controlled study to determine if maternal access to nutrition (feed and water) may

impact on the HPA-axis of lambs.
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INTRODUCTION

In order to improve the wool quality and quantity produced
by Merino sheep selective breeding has been used extensively
by commercial producers (Ansari-Renani and Hynd, 2001;
Thompson et al., 2007; McDowall et al., 2011). Environmental
conditions, nutrition, disease, and management of the animals,
as well as genetics all contribute to achieve overall wool quality
output. However, due to genetic variation, some individuals may
cope better with their environment than others in the same herd
and be more productive as a result (Oddy, 1999; Macé et al.,
2019). One of the factors that is known to affect the wool quality
and quantity output is stress, which was found to negatively
affect the growth rate of wool was decreased and to cause a
higher incidence of fiber shedding and breakage (Scobie and
Hynd, 1995; Ansari-Renani and Hynd, 2001; Thompson et al.,
2007; Gonzalez et al., 2020). Stress during pregnancy leads to
an increased cortisol concentration in ewes, which is known
to cause a reduction in wool follicle density emergence in the
developing fetus (Thompson et al., 2007; McDowall et al., 2011).
An experiment by Kelly et al. (1996) showed that lambs that
were born to ewes that were under nutritional restrictions during
mid to late pregnancy produced less wool. Specifically, the lambs
born to ewes on a caloric deficit during pregnancy had a wool
production of 140 g less per animal on each shearing compared
to lambs born to mothers that were kept on maintenance weight
throughout the pregnancy (Kelly et al., 1996). As such, farmers
would benefit financially from providing adequate nutrition for
ewes during pregnancy (Kelly et al., 1996; Sawyer et al., 2021).

Traditionally, blood plasma sampling, saliva, urine, and feces
have been used to determine the circulating glucocorticoids
in animals, however recently hair has been used as a better
alternative (Hargreaves and Hutson, 1990; Morrow et al., 2002;
Davenport et al., 2006; Nejad et al., 2014, 2020; Hernández-
Cruz et al., 2016; Sawyer et al., 2021; Weaver et al., 2021). It
has been found that steroids circulating in the blood stream are
gradually integrated to the hair shaft while it grows, and as such
analyzing the hair or wool of the animal can give a long-term
record of the changes in steroids, such as cortisol, in the animal
(Davenport et al., 2006; Meyer et al., 2014; Nejad et al., 2014,
2020; Sawyer et al., 2019, 2021;Weaver et al., 2021). Since steroids
are incorporated to the hair/wool shaft at a slow rate, it is not
affected by the daily fluctuations of the hormones and it can
be used to measure chronic stress, since it can store the steroid
changes of weeks or even months, depending on the species
(Davenport et al., 2006;Meyer et al., 2014; Nejad et al., 2014, 2020;
Sawyer et al., 2019, 2021; Weaver et al., 2021). A study by Nejad
et al. (2014) that used both blood and wool samples in order to
measure cortisol in sheep under heat stress and water restrictions
concluded that cortisol in wool was a more accurate method of
measuring stress in the animals used (Nejad et al., 2014; Sawyer
et al., 2021). To our knowledge, this is the first study to measure
wool cortisol in Merino lambs.

In this study, we used the topknot wool samples from lambs
in order to measure their cortisol concentration, as it has been
found that steroids get slowly incorporated into the hair shaft
and can provide reliable long-term data (Davenport et al., 2006;

Meyer et al., 2014; Nejad et al., 2014, 2020; Sawyer et al., 2019,
2021; Weaver et al., 2021). The primary aim of this research
is to determine whether there was a difference in the cortisol
concentration in the wool of those lambs born to mothers in
different shearing treatments.

The first research experiment aims to validate the topknot
wool collection method by assessing the intra-sample variation
within lamb samples, and the second research experiment
assesses the differences in cortisol concentration between the
lambs born from the different shearing treatments. Firstly, it is
hypothesized that there will not be any significant intra-sample
variation of cortisol concentration between the sub-samples of
the same wool sample. Secondly, it is hypothesized that cortisol
concentration will not be different between lambs born from
mothers that were shorn while pregnant compared to lambs born
from mothers that were not shorn during the pregnancy.

METHODS AND MATERIALS

Ethics Approval
This research was originally approved by Western Sydney
University ACEC Protocol (A12610) which was later
ratified by The University of Queensland ACEC Approval
Protocol (SAFS/544/19).

Animals and Animal Handling
The lambs used in this study were born from a commercial
flock located in a Merino sheep farm in Cattai NSW 2756 (-
33.560171405989955, 150.90633541637254). For this study, the
topknot wool was collected from the lambs, as it was been found

FIGURE 1 | Frozen wool sample collected for intra-sample variation analysis

were divided into four areas, (A–D) from which sub-samples were taken.
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TABLE 1 | A summary of information of the ewes, the shearing treatment they were assigned to, the pregnancy diagnosis status, and the ID of the lambs used in this

study.

TAG details Treatments and lamb details

AGRF lab ID Actual ewe tag number Shearing Pregnancy detection scan Lamb sample ID

9551-02 15 Twice Single late 19

9551-16 40 Once Single late 13

9551-21 47 Twice Single early 41

9551-31 77 Once Single unknown 33, 53

9551-36 85 Twice Single early 28

9551-37 87 Once Single unknown 22, 35

9551-41 100 Once Single late 4

9551-44 105 Twice Single early 60

9551-01 11 Twice Single late 25

9551-03 19 Twice Single late 6

9551-07 28 Once Single late 44

9551-09 30 Once Single late 37

9551-13 35 Twice Unknown 16

9551-18 42 Twice Single late 56

9551-19 45 Twice Single early 48

9551-24 52 Twice Single unknown 29

9551-26 65 Once Single early 45

9551-28 68 Twice Single unknown 55

9551-32 76 Twice Single late 36

9551-31 79 Twice Single late 57

9551-35 84 Twice Single late 32

9551-36 85 Twice Single early 28

9551-41 100 Once Single late 4

9551-45 107 Twice Single late 70

9551-46 109 Twice Single late 14

During the pregnancy scan for ewes 77 and 87 only a single fetus per ewe was detected, however they both gave birth to twins. All other ewes gave birth to singletons. AGRF refers to

Australian Genome Research Facility. TAG refers to ear tag. The bold values are the IDs of the lambs used in this study, the bold formating was used to highlight them as the important

part of the graph.

to be an effective and convenient method of wool collection of a
small research sample (Sawyer et al., 2021).

Experiment 1: Wool Cortisol Intra-Sample
Variance
For intra-sample variation analysis, ten wool samples were
selected at random. Each wool sample was divided into 4 equal
sized blocks using a mm ruler, as shown in Figure 1, and sub-
samples were taken out of each marked area, which resulted in 40
sub-samples. As the wool samples were chosen randomly, some
belonged to either of the two sheering trials and some were from
the rest of the flock.

Experiment 2: Wool Cortisol on Shearing
Trial Lambs
Forty-eight mixed-age Merino ewes were used for the shearing
experiment, with 24 ewes assigned into the Once shorn treatment
and the other 24 in the Twice shorn treatment. Of those
that successfully gave birth, only some could be successfully
matched with their biological offspring. The 23 of those 25 lambs,

presented in Table 1, were used for the second experiment of this
study, as samples 22 and 29 could not be found at the time of
processing. Ewe genetics, physiological and behavioral data and
lamb wool quality data has been submitted in another published
manuscript (Narayan et al., 2022).

Wool Sample Collection
The topknot wool samples from the crown (head) of the lambs
was collected for this study. All collected samples were wrapped
in aluminum foil and placed into Ziplock bags labeled with the
sheep’s identification number, site name, wool extraction type,
and collection date. The samples were then frozen and stored at
−20◦C until processing.

Sample Preparation and Hormone Analysis
All of the wool samples were processed and analyzed by the Stress
Lab, Gatton Campus, The University of Queensland. From every
sample 0.05± 0.02 g (Mean, SEM) of wool was collected, washed
with 3mL of 100% isopropanol and then left to dry overnight
in a desiccator. Each washed sample was then cut into very
small pieces and put in a labeled Eppendorf tube with 1mL of
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FIGURE 2 | The cortisol standard curves from the assays conducted on (A) the 27th of May 2021, (B) 24th of June 2021, and (C) 27th of July 2021.

100% methanol and stored in a refrigerator overnight. Using a
micropipette, 500 µL was extracted from the tubes and put into
new labeled Eppendorf tubes and then left in a fume hood to
dry overnight. The samples were then reconstituted by adding
25 µL of 100% methanol and 475 µL of ELISA assay buffer. The
assay buffer used in the reconstitution was prepared by diluting
1:5 the assay buffer concentrate provided in the ELISA kit with
distilled water. The reconstituted samples were vortexed and then
the assay protocol of a DetectX R© Cortisol Immunoassay Kit was
followed, in order to determine the cortisol concentration of
each sample.

Cortisol Immunoassay
First, seven standards were prepared using a cortisol standard
at 32,000 pg/mL. Then 50 µL of each standard and sample
was placed into a well of a clear 96-well plate, each of which
was already coated with goat anti-mouse IgG as part of the kit.
The standards and samples were run in duplicates in order to
minimize error. For the non-specific binding (NSB) wells 75 µL
of assay buffer was used and 50 µL of assay buffer for the
maximum binding wells (0). With the help of a repeater pipet,

25 µL of DetectX R© Cortisol Conjugate was placed in every well
and 25 µL of DetectX R© Cortisol Antibody was place in all wells
except the three NSB wells.

The plate was then covered with a plate sealer and left shaking
at 900 rpm in an automated plate shaker (BioTek, USA) at room
temperature for 1 h. After incubation, each well was washed 4
times with 300µL of washed buffer by an automated plate washer
(BioTek, USA). The wash buffer was prepared in advance by
diluting the Wash Buffer Concentrate with distilled water in a
1:20 ratio. After the wash, the plate was tapped on a towel in order
to dry, and then 100µL of TMB Substrate was added to each well.
The plate was re-sealed and left to incubate at room temperature
for 30min, after which 50 µL of Stop Solution was added to each
well. The plate was then read at 450 nm in a microplate reader
(BioTek, USA), and the cortisol concentrations were calculated
and displayed in ng/g.

Statistical Analysis
Data were analyzed using Minitab Statistical Software v.20.3.0.0.
In order to test for difference in the cortisol concentration
between the samples and the sub-samples in Experiment 1,
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FIGURE 3 | Visual representation of the intra-variance cortisol concentration between the subsamples for every sample. Each number on the x-axis represents a wool

sample and the sub-samples from that sample are on the same y-axis line based on the different cortisol concentration detected on each sub-sample. There is no

significant difference between subsamples but there is between samples from different individuals.

a General Linear Model with fixed and random factors was
used. In Experiment 2, sample 56 had a value of 6631.868
pg/well, however, the upper and lower limits of the assay were
4142.133 pg/well and 57.526 pg/well respectively, so the sample
was removed from the dataset and not used in further analysis.
In the remaining samples, visual inspection suggested deviation
from normality for the Twice shorn group. Anderson-Darling
test confirmed that although the Once shorn group conformed
to a normal distribution (A2 = 0.195, p = 0.835), the Twice
Shorn group was not normally distributed (A2 = 1.606, p <

0.005). The variances were considered to be approximately equal
by a Levene test (W = 1.82, p = 0.192). A log10 transformation
was applied, and there was no deviation from normality for
either the Once shorn group (A2 = 0.177, p = 0.885) or the
Twice shorn group (A2 = 0.541, p = 0.135). The variances were
considered to be equal by a Levene test (W = 2.05, p = 0.168),
so a t test assuming equal variances was appropriate to test
for differences in the cortisol concentration (ng/g) between the
two groups.

RESULTS

Due to time and space availability the samples were spread over
three assays conducted between May and July, 2021, and as such
the experiments were not conducted in parallel. The standard
curves from all the assays are presented in Figure 2, and the
coefficients of variation was 4.491% for Assay 1, 5.196% for Assay
2, 6.667% for Assay 2, and the average was 5.451%.

Experiment 1
There was no significant difference in the mean cortisol
concentration (ng/g) between the 4 sub-samples of every
sample [ANOVA, F(3,27) = 1.04, p = 0.390], but there
was a significant difference between the 10 wool samples
[ANOVA, F(9,27) = 11.03, p < 0.001], as shown on Figure 3.
The wool cortisol concentration ranged between 0.562 and
4.093 ng/g, and the overall average cortisol concentration
was 2.058 ng/g.
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TABLE 2 | The cortisol concentrations of the Once and Twice shorn treatment

groups.

Once group Twice group

ID ng/g ID ng/g

4 1.301 6 1.041

13 1.289 14 1.195

33 1.105 16 1.206

35 0.930 19 2.241

37 1.376 25 2.483

44 0.716 28 1.622

45 1.010 32 1.241

53 1.773 36 1.052

41 2.129

48 1.593

55 1.415

56 39.791

57 8.096

60 3.224

70 3.716

Average 1.188 2.304

Sample 56 was removed from statistical analysis and was not included in the average.

The bold and italic values were used to highlight the total average and the value that was

removed from the study and therefore not used to calculate the average.

Experiment 2
Statistical analysis was conducted on the cortisol concentrations
of the remaining 19 samples, presented in Table 2.

It was found that there was significant difference in the mean
ng/g of the lambs between the Once and Twice shorn groups (t=
−2.29, d.f.= 20, p= 0.033). As illustrated in Figure 4, the cortisol
concentration of the lambs in the once shorn treatment was on
average 1.188± 0.114 ng/g (SE) with a range of 0.716–1.773 ng/g,
for those in the twice shorn treatment it was on average 2.304 ±
0.497 ng/g (SE) with a range 1.041–8.096 ng/g, and the overall
average was 1.746 ng/g.

DISCUSSION

This is the first study to our knowledge that uses the
topknot of Merino lambs to assess their absolute wool
cortisol concentrations. In agreement with intra-sample variance
experiments in feces (Scherpenhuizen, 2015), the results of the
first experiment indicate that it did not matter which part of the
same sample each subsample was collected from, as there was no
statistical difference between subsamples, and therefore, only a
small (handful) wool sample would be required in future studies
in wool embedded cortisol, as long as it is collected from the
same location on each animal. There was a significant difference
in cortisol concentrations between samples, which was to be
expected as cortisol concentrations vary between individuals
mostly due to intra-specificmetabolic variability (Mormède et al.,
2011; Guindre-Parker, 2020).

In the second experiment, the results of the shearing
experiment showed that there was a statistical difference in the
cortisol concentrations between the offspring of the shearing
treatments, with the lambs born to the twice shorn females having
on average slightly higher levels compared to the lambs born to
the ewes in the once shorn treatment. It is not clear whether the
slightly higher cortisol would benefit or hinder the lambs later
in life, however, different studies have shown that animals with
higher cortisol concentrations in response to a stimulus tended
to be more resilient, and in young animals in particular, higher
cortisol levels have been shown to aid in survival (Leenhouwers
et al., 2002; Michel et al., 2007; Knott et al., 2008; Mormède et al.,
2011). It is important to note that the cortisol concentrations of
the first and second experiment did not differ substantially, so
further studies in cortisol in lambs should be conducted, which
was also recommended by a recent study investigating different
ways of measuring cortisol in lamb wool (Peric et al., 2020).

It should be noted that the crosstalk between the maternal-
fetal axis is complex and the timing of exposure to cortisol from
the placenta to fetus is important in gestation and birthing. The
literature indicates that during pregnancy the crosstalk between
the maternal and fetal HPA-axis continually operates to achieve
homeostasis (Connor et al., 2009; Davis and Sandman, 2010).
Early on during pregnancy, the enzyme 11Beta Hydroxysteroid
Dehydrogenase 2 (11β-HSD2) converts cortisol to cortisone
(Connor et al., 2009; Davis and Sandman, 2010). Excessive
increases in cortisol in early pregnancy can be harmful to the
fetus, however, in-situ cortisol production toward parturition is
important for fetal development of crucial organ systems (e.g.,
lungs) (Hacking et al., 2001; Connor et al., 2009; Davis and
Sandman, 2010). Therefore, toward the third trimester there
is a sharp drop in 11β-HSD2 enabling higher proportions of
maternal cortisol to reach to the fetus (Giannopoulos et al.,
1982; Murphy et al., 2006; Connor et al., 2009; Davis and
Sandman, 2010). The fetus is capable of producing endogenous
cortisol and responding to exogenous cortisol during gestation,
but not during the period of 90–120 days of gestation, during
which high concentrations of external glucocorticoids has been
shown to negatively impact the growth, organ development, and
survival chances of the fetus (Wintour et al., 1995). Therefore,
the timing of the exposure of maternal cortisol to the fetus
plays an important role in the reproduction outcome in term
of fetal development and health (Lowy et al., 1994; Uno et al.,
1994; Welberg and Seckl, 2001; Connor et al., 2009; Davis
and Sandman, 2010). More detailed review of the HPA-axis
withregards to sheep reproduction is available in these papers
(Bates et al., 1999; Tilbrook et al., 1999a,b; Möstl and Palme,
2002; Tilbrook and Clarke, 2006; McDowall et al., 2013; Wojtas
et al., 2014; Ralph et al., 2016; Burnard et al., 2017; Narayan
and Parisella, 2017; Narayan et al., 2018; Tilbrook and Ralph,
2018; Narayan, 2019; Sawyer and Narayan, 2019; McManus et al.,
2020).

Previous studies in other infant animals (calves, foals,
macaques, piglets) have shown that there were higher levels of
cortisol in their fur, which have been associated with the elevated
levels of cortisol in the mother during the late gestation phase,
which may be why the lambs in the twice shearing treatment
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FIGURE 4 | The ranges and average cortisol concentrations (ng/g) between the Once and Twice shorn groups of the 19 samples. The ranges and average cortisol

concentrations (ng/g) between the Once and Twice shorn groups of the 19 samples. Level of significant difference was p = 0.03.

had a higher average cortisol concentration than the once in
the single shearing treatment group (Montillo et al., 2014; Grant
et al., 2017; Heimbürge et al., 2020). In addition, it has been found
that juvenile animals have lower levels of corticosteroid binding
globulin (CBG) and higher levels of plasma cortisol levels, which
stabilize later in life, and could also be a contributing factor for
the elevated cortisol levels in the lambs of this study (Grant et al.,
2017; Heimbürge et al., 2020).

One of the major limitations of this study was the
limited sample size, which was the result of several factors,
and resulted in eight lambs been identified as part of the
once shorn treatment and 15 lambs on the twice shorn
treatment. If this experiment was to be replicated, a significantly
larger number of ewes should be used and monitored more
extensively, in order for every lamb to be successfully tagged
immediately after birth. This would ensure that more lambs
are matched with their biological mothers, and therefore with
the treatment group the ewes are allocated to. In a future
improved experiment of this nature, it would be interesting

to monitor the cortisol levels and wool quality of the lambs
born under the different treatments throughout their lives. If
benefits were observed on the offspring of ewes that were
sheared once before and once during gestation, it would then
be interesting to conduct this experiment through several
generations of sheep.

CONCLUSION

Our findings are consistent with those of Sawyer et al. (2021) as to
the use of the topknot for wool cortisol analysis, as we did not find
any cortisol variation between samples of the same sub-sample.
Additionally, lambs whose mothers were shorn both before and
during gestation had higher average cortisol concentration than
lambs whose mothers were shorn only once before gestation,
which according to studies in other young animals, may aid in
their survival. We recommend that further research is conducted
in the effects of maternal factors on lamb stress, as well as on
normal cortisol ranges for young lambs.
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