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Introduction: Australia is the world’s largest producer and exporter of fine wool.

External factors (i.e., non-genetic) that affect wool phenotype need to be

identified and managed to minimize any negative effects on wool quality.

Climatic stress is one external event that can affect wool phenotype, other

stressors include shearing, nutrition, disease, pregnancy, and lambing. This study

focuses on the relationship between Saxon Merino ram wool phenotype and

wool cortisol. The hypotheses had two parts (i) wool cortisol levels would vary

seasonally and variations would correlate with wool phenotype (ii) that these

seasonal variations would also correlate with thermal indices.

Methods: Cortisol levels in Saxon Merino ram wool samples were determined

using a cortisol enzyme-immunoassay (EIA) using polyclonal cortisol antibody.

The wool cortisol results were correlated for significance with thermal indices

including Temperature Humidity Index [THI] and Chill Index [CI] obtained from

the Australian Bureau of Meteorology.

Results: Part 1 of hypothesis one was supported with wool cortisol showing

significant seasonal variation. Part 2 of hypothesis 1 was not supported, with no

statistically significant causality present between total wool cortisol levels and

the price index of Saxon Merino ram wool. However, there was significant

causality between wool cortisol and coarse edge measurement (CEM) of wool.

Hypothesis 2, the proposal that thermal indices would impact on wool cortisol

was also not supported.

Discussion: It can be concluded that although conclusive causality between total

wool cortisol and wool phenotype quality could not be ascertained, there were

indirect effects of cortisol levels on wool phenotypes with significant effects on

the CEM. The CEM of Merino Saxon ram wool can be manipulated by assessing

and managing cortisol levels during the growth cycles of Merino wool, through

appropriate nutrition and husbandry procedures stress could be managed.

KEYWORDS

merino sheep, climatic stress, cortisol, wool phenotype, merino sheep stress, merino
sheep stress mitigations
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Introduction

Merino sheep grow fine wool that is regarded amongst the finest

in the world (Rogers, 2006). Merino breeds were the main

contributor to Australia becoming the largest producer and

exporter of fine quality wool globally (Rogers, 2006). Up to 80%

of the wool Australia exports to the apparel industry has high-

quality wool demands, which can be met by Merino wool (Sawyer

and Narayan, 2019). The Merino sheep breed originated in Spain

during the Middle Ages and was imported to Australia in the early

19th century (Macpherson, 2008; Ciani et al., 2015). Merino sheep

breed in Australia include Peppin, Saxon (hereditary and

homogeneity features), South Australian, and Spanish Merino

(Carter and Clarke, 1957). One hundred of the Merino sheep

imported to Tasmania in the 19th century were Saxon Merino

(Ciani et al., 2015), and this breed will be the focus of this study.

Merino sheep features include (1) large thermal adapt- able zone;

12°C to +32°C (Srikandakumar et al., 2003), (2) Merino sheep wool

grows year-round, all over the body (Rogers, 2006) and (3) up to

one hundred million wool follicles per sheep, with follicle efficiency

inducing fine wool production (Rogers, 2006).

Defining fine wool phenotype quality requires a combination of

traits including fibre diameter (FD), staple strength (SS), staple

break region (SBR), staple length (SL), comfort factor (COMF), and

spinning fineness (SF). There is also coarse edge measurement

(CEM) or prickle factor (PF), curvature (CURV), and greasy fleece

weight (GFW) (Rogers, 2006; Mcgregor et al., 2011; Holman and

Malau-Aduli, 2012). Saxon Merino ram wool phenotypic quality is

affected by extrinsic factors, including nutrition, disease, and

climatic variations (Black et al., 2008; Marai et al., 2008). Other

examples of on-farm factors that may become stressors include

acute (short term), including transportation and relocation

(Narayan and Parisella, 2017; Lees et al., 2020), or chronic (long

term) stressors, including climatic extremes and breeding (Tilbrook

et al., 1999; Narayan and Parisella, 2017). Stressors alter

homeostasis of animals (Silmen et al., 2016; Tilbrook and Ralph,

2016) and influence wool phenotype traits including FD, SL, SS, and

GFW (Kumar et al., 2010; Weaver et al., 2021). In addition to

impacts on wool quality, stressors will also have negative impacts on

animal fertility (Tilbrook et al., 1999; Breen et al., 2007; McManus

et al., 2020).

Despite Merino breeds demonstrating good environmental

adaptability they are nevertheless susceptible to physical and

emotional stressors of shearing; with fear of herding by dogs,

isolation from other sheep, heavy manhandling during shearing

process, and thermal stressors (Pluske et al., 2010; Tattersall et al.,

2012; Knight, 2020). Australian environments are subject to wet and

dry extremes (Islam et al., 2015; Aryal et al., 2019; Mckeon et al.,

2021), which can exacerbate the effects of thermal stressors (Marai

et al., 2008; Gaughan et al., 2017). As the mating cycles of Merino

sheep are photoperiod (season) dependent, extrinsic changes,

particularly in feed availability and early occurrence of high

temperature coupled with increasing daylight hours can have a

negative impact on fertility due to environmentally induced stress

(Fabre-Nys et al., 2015). Rams begin the mating cycle nearly 1.5

months before females to ensure readiness for the onset of oestrus
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(Rosa and Bryant, 2003). All stressors induce physical (e.g.,

behavioural) and physiological (e.g., hormonal) responses in

animals as they attempt to restore homeostasis (Killen et al.,

2013; Rashamol et al., 2018; Tilbrook and Ralph, 2016; Zoratti

et al., 2023). Biological responses invoke fight or flight reactions to

the stressor. The intensity of these reactions is dependent on the

duration and intensity of the stressor and distance from the

homeostatic balance that the sheep are experiencing (Von Borell,

2001; Carcangiu et al., 2008; Tilbrook and Ralph, 2016). Sheep

implement physical responses to restore the body to homeostatic

state. The responses include seeking shelter from sun, wind, or rain

and variations in feed consumption (Haidary, 2004; Nienaber and

Hahn, 2007; Tilbrook and Ralph, 2016). Responses can vary

dependent on sexuality of the sheep, which can yield different

physiological responses and variations in hormone production;

meaning that the stressor effects will differ between males and

females resulting in differing impacts on Merino wool phenotypes

(Tilbrook and Clarke, 2006).

A typical physiological response to stressors is activation of the

hypothalamo-pituitary adrenal (HPA) axis and production of

glucocorticoids such as cortisol, a well-established biomarker of

physiological stress in sheep (Killen et al., 2013; Sawyer and

Narayan, 2019; Weaver et al., 2021). The endocrine signals

required for cortisol production originates in the hypothalamus.

Cortisol is synthesised by cholesterol and is stored in the adrenal

cortex being passively released in response to stimulation by the

adrenocorticotropic hormone (ACTH), which originates in the

pituitary gland (Narayan et al., 2018). Cortisol flows from the

adrenal cortex into the bloodstream. It is then circulated

throughout the body and in Merino sheep are absorbed by wool

fibres (Sawyer and Narayan, 2019; Hantzopoulou et al., 2022). The

presence of free-cortisol in-vivo impedes the immune system

(McManus et al., 2020), which can lead to negative welfare

outcomes. Strategies will then need to be implemented to restore

sheep welfare (Nienaber and Hahn, 2007; Gaughan et al., 2017).

Cortisol can be detected in sheep wool thereby preventing

possible bias invasive methods (e.g., blood collection) can produce

(Nejad et al., 2014). Cortisol retrieval via intravenous extractions

from the blood can elevate cortisol levels which are detectable

minutes to hours after the extraction, but not instantaneously.

Pretesting activities where microclimates change can induce a

stress response leading to an increase in circulating cortisol levels

(Adenkola and Ayo, 2010; Verbeek et al., 2012; Lees et al., 2020).

Cold stress generates cortisol pathways the same as other stress

related cortisol production, except cold stress generates insulin

production decreasing glycogen levels causing hypoglycaemia in

sheep (Bhimte et al., 2018).

The primary aim of the current study was to determine

correlations between wool cortisol as an index of physiological

stress and Saxon Merino ram wool quality phenotypes. The first

part of this study measured total cortisol levels in Saxon Merino

ram wool and correlated cortisol with wool phenotypes that

contribute to price index. It was hypothesised that cortisol levels

will influence the wool phenotypes. The second part of this study

was to determine if there were correlations between cortisol levels

that vary seasonally, and hot-cold thermal indices. The presence of
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heat and cold with their impacts on Merino sheep and wool

production. It is hypothesised that hot and cold extreme weather

and corresponding thermal indices, will impact cortisol production,

and affect wool phenotype quality.
Methods

This study was conducted with the approval of The University

of Queensland (UQ) Animal Care and Ethics Committee (ANRFA:

2021/AE000485), in accordance with the guidelines described by

the Australian code for the care and use of animals for scientific

purposes (2013) and Queensland Department of Agriculture and

Fisheries (2009). Animal data (mid-side wool) was collected by a

stud operator in Tasmania, the authors did not undertake sample

collection. The day-to-day operations of the stud and reproductive/

breeding practices were commercial in confidence. Without

knowing the daily routines of the rams from the stud, only

conclusions that align with the data measured and the limited

information supplied can be made.
Field methods: sheep welfare, origin, and
wool samples

The body condition and overall health status of the sheep from

which the wool samples were obtained was unknown, as husbandry

procedures, and health data were not included in supplied data. The

sheep used were from a large Merino stud located in the Tasmanian

Midlands, an area that is well known for Merino production. This

region has a cool temperate climate classification, where summer is

mild to warm, and winter is cold with an average daily temperature

range of +3°C to +23°C. The annual rainfall range is between 450 to

500 mm on average (Bureau of Meteorology, 2022a; Bureau of

Meteorology, 2022b). Twenty Saxon Merino ram weaners that had

not yet been used for breeding were selected, and not castrated. The

rams were born in 2020, and the wool samples (n = 20) were

obtained from the mid-side region of the body in 2021 (at age; 12 to

18 months), by the stud manager from the second shearing event

wool clips and sent to the Stress Laboratory at The University of

Queensland, Gatton Campus for cortisol analysis.
Laboratory methods: wool processing and
hormone testing

Each wool clip sample (n(sheep)=20) was removed from storage

in the fridge and then was cut using scissors into 10 mm sub-

samples (Figure 1). As there was variation in the staple length

between sheep, the total number of sub samples per sheep varied

from 5 to 7, thus a total of 125 sub samples were available for

cortisol assay. Each 10 mm section accounted for approximately 1

month’s wool growth (Downes and Sharry, 1971). The 10 mm sub

samples were placed in 3 cm x 3 cm weighing trays and weighed

(average weight was 45 mg). The wool samples were washed in 3 mL

of 100% isopropanol to remove contaminants. Samples were then
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dried overnight in a desiccator. The dried wool samples were then

removed from the desiccator, weighed (to obtain clean sample

weight), finely chopped to<0.5 (mm) pieces using a scissors,

placed into 1.5mL Eppendorf tubes, and treated with 1000 μL of

alcohol (100% analytical grade methanol), then refrigerated

overnight at 4°C.

After the removal of the sample extracts from the fridge, 500 μL

of methanol was aliquoted from each of the original tube into new

1.5mL Eppendorf tubes and left to dry overnight in the fume hood.

This Eppendorf tube with dried methanol extract were then

reconstituted with 25 μL of alcohol (100% methanol) and 475 μL

of enzyme-immunoassay assay buffer added, and then vortexed

individually (see for buffer details; Sawyer et al., 2021). The

laboratory analysis of wool cortisol in the samples were

performed using an enzyme-immunoassay established methods

described earlier (Sawyer et al., 2021 and used most recently by

Hantzopoulou et al., 2022). Briefly, samples were assayed in

duplicate and the wool cortisol levels were expressed as ng/g.
Attributes of Saxon Merino ram wool
sample phenotypes

Analysis of the wool phenotype were conducted using Laser-

scan. Saxon Merino ram wool quality values evaluated were the FD,

SF, COMF, CEM, SL, CURV, and GFW. The descriptions of these

traits are as follows; FD average in microns recorded, the FD

standard deviation (SD) were values enveloping 68% of FD

values. The coefficient of variation (CV) measures the variation of

the FD in the samples, where 15% is uniform, and 30% is highly

variable. Course Edge Management (CEM) or prickle factor (PF)

are related to the number of fibres thicker than 30 μm. Comfort

Factor (COMF) is measured as the number of wool fibres

protruding from the primary fibre below 30.5 μm and measured

as a percentage of fleece. Spin Fineness (SF) determined from the

FD and CV defining the minimum fineness of processing

performance. CURV/crimp is measured by degrees/mm of fibre.
FIGURE 1

Sample of Saxon Merino ram wool shorn from the mid-side region
of the rams being cut into 10 mm sections for cortisol analysis
which is representative of monthly wool growth.
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Greasy fleece weight (GFW) is the weight of the Saxon Merino ram

wool before removing contaminants, including wax, suint, vegetable

matter, and dust (Rogers, 2006; Macpherson, 2008; Mcgregor et al.,

2011; Holman and Malau-Aduli, 2012).
Climatic data

Climate data for Midlands Tasmania was obtained from the

Bureau of Meteorology website (Bureau of Meteorology, 2022c;

Bureau of Meteorology, 2022d; Bureau of Meteorology, 2022e;

Bureau of Meteorology, 2022f; Bureau of Meteorology, 2022g;

Bureau of Meteorology, 2022h; Bureau of Meteorology, 2022i;

Bureau of Meteorology, 2022j; Bureau of Meteorology, 2022k;

Bureau of Meteorology, 2022l; Bureau of Meteorology, 2022m;

Bureau of Meteorology, 2022n). When calculating the average THI,

the average monthly data was used as source for temperature and

relative humidity (RH) measure. Values from the 0900 h and 1500 h

RH readings were used to represent average daily RH values. The

1500 h relative humidity values were calculated from the yearly

averages (Bureau of Meteorology, 2022o), as a decrease of 20% from

0900 h to 1500 h. The temperature was taken as the average monthly

temperature, and the following method was applied in calculating

THI values in THI units.

THI = (0:8*T) + RH=100*(T − 14:4) + 46:4−

THI1(very low) : < 72,THI2(mild) : 72 − 79,

THI3(moderate) : 80 − 89,THI4(severe) : ≥ 90

(1)

Where T = ambient temperature or dry bulb temperature in °C,

RH = relative humidity in %, adapted from Thom (1959).

BOMwind values taken at the 0900 h readings for the Ross, The

Boulevards site were used in the CI calculations. The temperature

was the average temperature for each month and the rainfall was

also the average value for each month. The CI is measured in kJ/m2/

hour, which is heat lost to the environment in Kilojoules per metre

squared (estimated whole sheep) per hour (Donnelly, 1984).

CI = ½11:7 + (3:1x ave wind speed=2)f �(40 − ave temperature)

+ 481 + (481(1 − ave rain))g−
CI1(low) : ≤ 832,CI2(moderate) : 833 − 946,CI ≥ 947(severe) :

(2)

(Ugurlu et al., 2014; Nel et al., 2021).

A study by Weaver et al. (2021) indicated that at day 0-14 (pre-

treatment phase), cortisol levels present in wool samples taken from

dry ewe sheep were<5 ng/g, high levels were recorded > 20 ng/g

(end of the treatment phase >56 days). Due to a lack of prior

original data on Merino ram wool cortisol, for the current study,

low cortisol levels were set at 5 ng/g cortisol presence, equating to

the pre-treatment phase of the study by Weaver et al. (2021), since

we do not have equivalent baseline wool cortisol data for Saxon

rams. Chronic stress level was defined as > 20 ng/g based on

concentrations at post treatment compared to treatment period in

the study by Weaver et al. (2021).
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Statistical analysis

Modelling the data in this current study required the use of

parametric statistical analysis for the data sets. This was conducted

using R programming language for statistical computing, for

thermal indices and wool phenotypes including descriptive

statistics of cortisol and wool phenotypes. Particularly phenotypes

that represent ease of use for the end products that are available

with the wool staples such as: prickle factor (PF) or comfort factor

(CF) and coarse edge measurement (CEM). One-way ANOVA

(single factor) and multiple linear regression were used to

compare the changes in wool cortisol and wool phenotype across

seasons. All wool phenotype measures (SS, SL, CEM, CF, SF and

CURV) were within expected range of values. Bureau of

Meteorology (BOM) data was used to determine Temperature

Humidity Index (THI) and Chill Index (CI) values, then

correlations to cortisol levels were calculated.

The wool cortisol data was calculated by dividing 12 months of

the year by number of samples per staple length of the individual

sheep wool samples, to evaluate cortisol levels during months of the

year 2021, enabling comparison to monthly climate measurements.

Sizes of the staple lengths of wool samples varied, producing 5-, 6-,

7- sub samples for 10-mm samples per staple length; hence each 10

mm sample represented different amounts of time growth.

Adjustments allowed regression analysis between cortisol and

monthly thermal stress indices climate is independent and

cortisol dependent variable, which were measured with Pearson

R-values for linear correlation, p-values (p< 0.05) for probability

and t-test for significance.

Wool cortisol data was plotted with mean, median, and range to

gain an overall perspective of the cortisol levels in the wool samples.

One-way ANOVA was conducted on the 20 samples to analyse for

variations in cortisol levels. Regression analysis was conducted

between total and mean cortisol data and price index (represents

overall wool quality), and with selected important phenotype

qualities. The price index supplied by stud operator, based on sale

price. Pearson R-values for linear correlation, p-values for

probability and t-test for significance were all recorded. For

statistical significance, the p-values were set at 0.05 (5%), and t-

critical values were set at 19 degrees of freedom (df), 2.093.
Results

Hypothesis one: correlations between
wool cortisol and wool phenotypes

Descriptive statistics for cortisol showed a min=0.85 ng/g-

max=277.70 ng/g with range of 276.84 ng/g, median of 14.19 ng/

g, mean of 28.59 ng/g. Hypothesis 1, was not supported with

regression analysis for wool phenotypes (price index) and cortisol

levels revealing (= 0.191, adjusted =0.036, P=0.42), i.e., there is no

linear correlation between price index and cortisol levels, and no

causal connection. Apart from coarse edge measurement with
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positive R-value (=0.493, adjusted =0.243, P=0.027), there was no

correlation between any other of the measured individual wool

phenotype qualities and cortisol level (Table 1). Although we found

no statistical significance between price and cortisol, the cortisol

levels did vary over the course of the year with statistically

significant P-value, (Fstat = 4.754, df = 19, P<0.0001).

Figure 2 is representative of the variation of the cortisol in all the

20 Saxon Merino sheep wool samples, indicating whether there is

variation in wool cortisol levels for the year 2021. This will indicate

whether correlations could be expected between these cortisol levels

and different qualities of the Saxon Merino sheep wool.

The regression analysis for cortisol and thermal indices did not

support hypothesis 2 (correlation between climate indices and wool

cortisol), the THI and cortisol linear correlations produce P-value >

0.05 (= 0.95, adjusted =0.744, P=0.193), and CI and cortisol linear

correlations produce P-value>0.05 (=0.983, adjusted =0.907,

P=0.074). The THI and CI data are presented in Table 2 and

displayed in Figure 3. The THI level is consistently below the THI

threshold of 72 (no heat stress). The CI levels are consistently above

CI 2, and chronic stress occurs for nine months above the CI

3 threshold.

Both thermal indices underwent regression analysis with 12

thermal indices (each) to 125 sub-samples, Table 3 presents

calculations from the multiple regression analysis between the

thermal indices and total cortisol levels. Linear correlation and p-

value were obtained for THI levels with total cortisol levels from the

n=20 Saxon merino sheep, and CI levels with the total cortisol levels

of the n=20 Saxon Merino sheep.
Fron
CI = {[11.7 + (3.1 x ave wind speed/2)](40 – ave temperature)

+481+(481(1- X ave rain))} (kj=m2: h).

THI = (0.8 ∗ T) + ∗ (T − 14.4) + 46.4 (THI units).
Figure 4 represents both thermal indices and their variations

throughout the year, these variations are plotted on same axis against

the varying cortisol levels in the Merino sheep cortisol. Similarities in

patterns of either plot is expected to be representative of causation

between thermal indices and cortisol levels in Merino sheep wool.
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Discussion

The focus of this study was to determine the relationship

between wool phenotype quality, and changes in wool cortisol as

an index of physiological stress and climatic indices, using data

from Saxon Merino Rams in Tasmanian highlands. Results do not

indicate any direct causality between cortisol levels present in the

Merino wool samples, although there was evidence to support that

there was some impact on wool phenotype quality. When assessing

the wool phenotype there are mitigating factors to be discussed that

can affect linear correlation calculations and effects on wool

phenotype quality.
Saxon Merino ram wool cortisol

Analysis of the cortisol levels in the Saxon Merino ram wool

samples displayed significant variations in the wool cortisol levels,

as was expected for the data set (Dunicic et al., 2019). These results

were expected due to factors attributed to social status (dominant

rams) and mating seasons. Dominant rams in the flock experience

less stress due to elevated testosterone levels; typically rams have

lower cortisol levels than females due to testosterone presence

(Carcangiu et al., 2008). The presence of active gonads can alter

the way the hypothalamic pituitary adrenal axis responds and

produces less cortisol and bypasses stress initiate procedures (Van

Lier et al., 2003). No castration recorded and natural processes

assumed, with this consideration, testosterone presence can aid in

restoring homeostasis or establishing allostasis in sheep undergoing

stress, further studies are required to understand this relationship.

Moderate cortisol levels may be due to existing stress associated

with pre-shearing activities, including microclimate changes before

shearing. This leads to the initiation of acute stressors caused by slight

variations in ambient temperature or environmental changes that

further stressors can exacerbate (Verbeek et al., 2012; Bhimte et al.,

2018; Lees et al., 2020). Cold stress following shearing can increase

metabolism by up to 30% for up to five months (Mcgregor et al., 2011).

Increased feed intake during cold weather generates an increase in
TABLE 1 Saxon Merino ram wool phenotype descriptive statistics and total cortisol with wool phenotype Regression analysis statistics.

Wool phenotypes

Descriptive statistics Regression

Mean SE +, - Min Max R^2 Adj R^2 p-value t-value

Price index $ 57.69 2.72 40.5 79.88 0.191 0.036 0.42 N/A

Curvature deg/mm 107.32 2.31 87.7 125.6 0.212 0.045 0.37 N/A

Staple length mm 79.75 1.43 70 95 0.134 0.018 0.574 N/A

Spinning fineness mm 17.48 0.27 15.8 20.2 0.215 0.046 0.363 N/A

Comfort factor % 99.68 0.1 98.6 100 0.284 0.08 0.226 N/A

Greasy fleece weight kg 4.23 0.12 3 5 0.156 0.024 0.512 N/A

Fibre Diameter mm 18.63 0.28 16.9 21.3 0.153 0.024 0.518 N/A

Coarse edge
measurement mm 5.73 0.14 4.7 6.8 0.493 0.243 0.027 E-05
fro
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endogenous heat production during the digestion process,

accommodating an allostatic condition (McManus et al., 2020).
Price and wool cortisol

There was no correlation between wool cortisol due to stress

and the price index of the Saxon Merino ram wool samples.

However, there was a relationship between stress cortisol levels

and coarse edge measurement (CEM) values, the only recorded

causal relationship in this study. Indicating a causal relationship

between wool cortisol and wool phenotypes exists. Although
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cortisol and CEM causality exists there may be other factors

contributing to the effect on wool phenotype quality, which are

beyond the focus of this study. There are other phenotypes that

more substantially affect the wool phenotype quality, including fibre

diameter (FD) and greasy fleece weight (GFW) (Mcgregor et al.,

2011). These features can be influenced indirectly by both cortisol

and weather, although the interaction between them is not clear.

In the elevated regions of New Zealand where the climate is

characterised by low rainfall, cold temperatures, and harsh winters

with poor foraging availabilities the average FD is 16 microns

(Gubbins, 2014). These conditions are comparable to Tasmania

Midlands with low rainfall, elevated landscapes, cold temperatures,
TABLE 2 Mean monthly temperature - humidity index (THI) and chill index (CI) for the year 2021 in the Tasmanian Midlands region using BOM data
and equations 1 and 2.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

THI Units 61 61 58 53 48 48 46 47 49 53 55 59

Cl kJ/m^2.h 894 889 955 963 1019 1011 1057 1069 1097 1042 957 925
fron
FIGURE 2

The range of the Saxon Merino ram wool cortisol levels, wool samples consistently below the nominal level in the chart are from sheep 7, 14, 15,
and 16, indicating that minimal stress conditions were experienced by these sheep. Wool samples from sheep 5, 6, 7, 8, 9 and sheep 13, indicated
much lower averages and range indicative of mid-range stress levels. Samples 1 to 5, 10 to 12, and 17 to 20 displayed levels of cortisol above that of
the chronic stress baseline level set by Weaver et al., 2021, indicating Saxon Rams can express higher stress threshold.
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and harsh winters that are indicated by CI 3 level for five months

above 1000 kJ/m2/hour, but with better foraging than New Zealand

(Gubbins, 2014). Fibre diameter can be affected by the physiological

responses that accompanies cold stress, such as increased

metabolism, and feed consumption. Although the average FD in

this study from Tasmania midlands was 18.63 μm, ± 0.28 μm

(Table 1), which is still in the fine wool range, it is thicker than wool

under comparable conditions of elevated regions in New Zealand

(Gubbins, 2014). Increase in feeding, to produce endothermic

activity in the digestive process, increases energy intake that can

expand the sheep-skin area with no new follicle formations. The

existing follicles are spread further apart, and follicle efficiency

succeeds in wool development with thicker FD, a feature common

in older sheep (Rogers, 2006; Mcgregor et al., 2011). This effect can

contribute to the Merino wool phenotype quality and affect

correlation results. There is an average of 4.23 kg GFW for the

Saxon Merino rams in the current study, and this implies there are

contaminants in the Saxon Merino ram wool (Southcott and Royal,

1971; Fabre-Nys et al., 2015). Southcott and Royal (1971) state there

is an average increase of 0.25 kg GFW and 0.13 kg CFW following

the administration of 2 x 70 mg testosterone treatments, in Merino

wethers. However, this induces higher testosterone levels than

during mating. Dominant rams, that are mating could produce

testosterone levels that surpass homeostatic ram testosterone levels

(Rosa and Bryant, 2003; Van Lier et al., 2003; Carcangiu

et al., 2008).
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Thermal indices and cortisol

The THI and cortisol display no probability with the p-value

and no direct causation with the chart alignment comparisons,

indicating no causality between THI and cortisol levels in Saxon

Merino sheep in this study. This is supported where the THI levels

are consistently below the minimal THI impact threshold, thus no

effect expected or observed by the THI on cortisol levels. The CI and

cortisol display seasonal cortisol reduction aligned with the mating

season in (Figure 4A), where mating season increases testosterone

production and reduction of cortisol production in the endocrine

system (Van Lier et al., 2003). In both plots in Figure 4, the cortisol

level is higher at the start of the year, this may be due to shearing or

other husbandry events producing stress that were not in effect at

other times of the year. Following the mating season in both 4A and

4B the cortisol level significantly reduces; the THI and cortisol plot

displays no similarities after that. However, the CI and cortisol plot

displays similarities in the fluctuations of cortisol levels to CI levels

(Figure 4B). Pattern behaviour following mating season suggests no

acclimatisation process occurred in the sheep (Collier et al., 2019).

The p-value >0.05 for the CI and cortisol causality regression

analysis, can be explained by the high variations within and between

individual variations in cortisol profiles of the Saxon Merino rams.

Adaptation and acclimatisation features of the individual rams can

also affect regression calculations (Purvis and Franklin, 2004;

Nienaber and Hahn, 2007; Gaughan et al., 2017). Adaptive or

acclimatisation mechanisms such as dominant rams with high

testosterone levels, or where a sheep eats excessively to overcome

the cold, samples of cortisol, with average cortisol below 5 ng/g for

the year (Carcangiu et al., 2008; Weaver et al., 2021). The biological

clock mechanism frequently resets to maintain synchrony for

changes in day length and temperature, which assists with

allostasis (Silva and Minomo, 1995). Testosterone’s presence may

contribute to the adaptation and promotes development as an
TABLE 3 Regression analysis statistics between thermal indices THI, CI,
and total cortisol Saxon Merino ram wool samples.

Correlations R^2 Adj R^2 P-Value

THI & Cortisol 0.953 0.744 0.193

Cl & Cortisol 0.983 0.907 0.074
FIGURE 3

A comparison of the mean monthly temperature - humidity index (THI) and chill index (CI) for the year 2021 in the Tasmanian Midlands region,
indicating that the sheep are under moderate to severe CI all year round.
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adaptation mechanism, which can restore homeostasis with

allostatic methods as the biological clock resets homeostasis (Silva

and Minomo, 1995). Biological clock activities would affect the

stress cortisol and thermal index correlations that are not defined.

The average CI level was above CI 3 for 9 months during 2021,

this is indicative that the sheep experienced chronic stress and

elevated cortisol levels at the Tasmanian Midlands site. This

supports the observation by Weaver et al. (2021) of a 25%

reduction in the growth of sheep wool with elevated cortisol

levels in sheep. These were observed with an SL range in this

study from 70 to 90 mm compared to the expected 120 mm growth

as stated by Downes and Sharry (1971). This study indicates much

higher levels of stress experienced by Saxon Merino Rams than the

Merino ewes in the study by Weaver et al. (2021). Despite no

causality between cortisol and wool phenotypes or thermal indices,

weather can still affect the quality of Saxon Merino sheep wool. This

suggests further study into seasonal variation in wool cortisol and

Saxon Merino ram wool growth reduction.
Conclusion

This study investigated the relationship(s) between wool

cortisol, wool phenotype, and climate indices. The results

indicate that cortisol levels in the Saxon Merino wool samples

vary seasonally. Regression analysis indicates that wool cortisol

and price are not causally related, which is logical given that

other post-harvest factors such as global market status influences

price index. However, there are significant results in cortisol and

CEM regression analysis, suggesting potential effects of on-farm

stress on the overall quality and price. Thermal indices and

cortisol regressions did not indicate significant cause and effect

exists between the two variables. Regression analysis suggests

that the Saxon Merino rams’ seasonal activities and the stud’s

routines provide mitigating factors against the effects of stress

with limited results. Direct causality was not detected between

environmental conditions and cortisol, indirect effects of stress

cortisol presence and climate conditions produced effects on
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phenotypes that can alter wool phenotype quality. If this study

was repeated, more data from the Merino stud operator would be

required on husbandry procedures. The recommendation for

further research is to acclimate Merino sheep to changing

conditions, which is aimed at developing the adaptation of

Merino sheep to climatic variables.
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FIGURE 4

(A) displays THI (THI units) levels throughout the year, in contrast to cortisol levels (ng/g, with error bars) for the 20 sheep throughout the year.
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until December. (B) displays CI (kj/m2.h) levels throughout the year in contrast to 20 sheep cortisol levels (ng/g) (with error bars) throughout the
year. No obvious pattern similarities January to May, patterns are similar from May until December.
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