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Analysis of the genetic variance of fibre 
diameter measured along the wool staple 
for use as a potential indicator of resilience 
in sheep
Erin G. Smith1*  , Dominic L. Waters1, Samuel F. Walkom2 and Sam A. Clark1 

Abstract 

Background The effects of environmental disturbances on livestock are often observed indirectly through the vari-
ability patterns of repeated performance records over time. Sheep are frequently exposed to diverse extensive 
environments but currently lack appropriate measures of resilience (or sensitivity) towards environmental disturbance. 
In this study, random regression models were used to analyse repeated records of the fibre diameter of wool taken 
along the wool staple (bundle of wool fibres) to investigate how the genetic and environmental variance of fibre 
diameter changes with different growing environments.

Results A model containing a fifth, fourth and second-order Legendre polynomial applied to the fixed, additive 
and permanent environmental effects, respectively, was optimal for modelling fibre diameter along the wool staple. 
The additive genetic and permanent environmental variance both showed variability across the staple length trajec-
tory. The ranking of sire estimated breeding values (EBV) for fibre diameter was shown to change along the staple 
and the genetic correlations decreased as the distance between measurements along the staple increased. This result 
suggests that some genotypes were potentially more resilient towards the changes in the growing environment 
compared to others. In addition, the eigenfunctions of the random regression model implied the ability to change 
the fibre diameter trajectory to reduce its variability along the wool staple.

Conclusions These results show that genetic variation in fibre diameter measured along the wool staple exists 
and this could be used to provide greater insight into the ability to select for resilience in extensively raised sheep 
populations.

Background
Animals experience many disturbances in their inter-
nal and external environment which can compromise 
their health, welfare and productivity. For these reasons, 
there is growing interest in selecting animals that have 
improved resilience to these disturbances. Resilience 
is defined as the capacity of an animal to be minimally 
affected by disturbance or to rapidly recover from a dis-
turbance [1]. In intensive livestock and aquatic species, 
resilience has been measured using the variable rate of 
resource allocation into production tissues and structures 
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such as milk yield, growth and egg production using 
high-frequency phenotypic measures [2]. Deviation from 
normal patterns of production are inferred to represent 
poor resilience whereby resources are diverted through 
other metabolic pathways such as defence and repair. 
Conversely, animals with greater uniformity of these pro-
ductive outputs across time are suggested to have higher 
resilience because they are not, or are less, affected by 
disturbances in their internal and external environment. 
Having animals that are genetically well adapted to their 
production environment using such measures is poten-
tially beneficial as it has been shown to reduce the like-
lihood of negative health and welfare outcomes, which 
is of growing importance to consumers. However, more 
work is required to quantify resilience in extensively 
raised livestock such as sheep, in the absence of high-
frequency phenotyping methods [3]. The importance of 
resilience in extensively raised livestock is paramount due 
to their exposure to disturbances such as poor nutrition, 
diseases, harsh and variable climates and the provision of 
lower levels of management interventions.

Fibre diameter variation measured along a wool staple 
(bundle of fibres) has recently been proposed as a suit-
able data source for quantifying resilience in extensively 
raised sheep [4–6]. During the anagen (growth) phase of 
wool growth, conditions prevailing in the internal and 
external environments influence both the rate of fibre 
elongation and the diameter of the fibres produced [7, 
8]. The variability in the incremental growth patterns 
of wool is associated with known stress events such 
as nutrition, diseases and climate [9–11]. The lag time 
between when these stresses are present and the appear-
ance in the fibre diameter depends on the type of envi-
ronmental stress  -or example, acute health conditions 
(e.g., flystrike) can appear within several days, but grad-
ual stresses such as nutritional changes can take around 
3 weeks to appear in the fibre [12]. Previous studies have 
established genetic variation in the uniformity of fibre 
diameter over the year using simple trait definitions such 
as along fibre coefficient of variation and absolute change 
in fibre diameter [6, 13]. This suggested that it might be 
possible to select animals that have less variation in fibre 
diameter and this could be indicative of greater resil-
ience. However, the trait definition of resilience from this 
data source remains difficult to establish, particularly 
because it involves dynamic features such as the rate of 
response and recovery from disturbance. A further com-
plication is that the full response to a disturbance is typi-
cally expressed across multiple measurements in the fibre 
diameter profile and therefore requires a sophisticated 
approach to be able to properly characterise the changes 
in fibre diameter across the growing period (equivalent to 
the length of the wool staple) [6].

Fibre diameter profiles can be regarded as repeated 
records of fibre diameter measured across the wool sta-
ple length grown within a specified time period. Animal 
breeding has several methods for accounting for the 
genetic variation in repeated records over time, such as 
the repeatability model, multi-trait model and the fitting 
of curves to the phenotypic values across time points. 
The latter is possibly most appropriate for fibre diameter 
profiles, as the fitting of curves accounts for the changes 
in genetics and environmental variation over the staple 
length, where the staple length can be used to represent 
the duration of exposure to disturbances in a given envi-
ronment. Random regression models are among the most 
common methods to facilitate the estimation of genetic 
parameters for traits that change over a trajectory [14, 
15]. The models fit the average curve for a subpopulation 
(e.g., contemporary group) and animal-specific curves 
describe deviations from the groups’ average curves. 
The regression coefficients of the random regression 
model indicate how the additive genetic effect of an ani-
mal changes, where animals with larger changes in effect 
indicate an animal that is influenced by disturbances [2]. 
The objective of this study was to investigate the variabil-
ity of fibre diameter over the length of wool staple using 
random regression models to potentially describe the 
resilience of sheep toward environmental disturbances.

Methods
This study was separated into two parts. In the first, the 
fit of the random regression models based on different 
orders of Legendre polynomials was tested using model 
selection criteria and visual inspection. The second part 
of this study examined the parameters from the optimal 
model to explain how the genetic variation in fibre diam-
eter changes along the staple length and how this can 
potentially be used to quantify the resilience of sheep.

Dataset
The data used in this study originated from the Austral-
ian Sheep Cooperative Research Centre Information 
Nucleus Flocks [16, 17]. These flocks were situated in 
eight distinct environments, each representative of Aus-
tralia’s major wool and sheep production areas (Fig.  1). 
Specifically, Flock 1 was located in a summer-dominant 
rainfall zone, while Flocks 2 and 3 experienced even sea-
sonal rainfall. Flocks 4 and 5 were characterised by tem-
perate (winter) rainfall patterns, whereas Flocks 6, 7, and 
8 exhibited a Mediterranean rainfall pattern. Further 
details regarding the specific locations of these flocks 
can be found in [18]. The animals used in this study were 
restricted to the Merino and Poll Merino animals (55% 
Merino and 45% Poll Merino) recorded for fibre diam-
eter profiles at two years of age (mean 19  months, min 
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16, max 23). Wool characteristics measured at this age 
are typically well correlated to measurements taken at 
other life stages [19]. The data set analysed includes 4181 
animals (72% female and 28% male) recorded across 
five years between 2009 to 2013. Each year wool sam-
ples were collected from the midside region of the ani-
mal (13th rib on the left-hand side) approximately one 
month before shearing, meaning the wool staples meas-
ured were approximately 11 months of wool growth. The 
midside location has been shown to be representative of 
the variation across the entire fleece (reviewed by Scobie 
et  al. [19]). The fibre diameter of the greasy wool sam-
ple was measured at 5  mm increments along the staple 
at a commercial wool testing laboratory according to the 
standard protocol to produce the fibre diameter profile 
measurements. The mean fibre diameter at each location 
(increment) along the staple was taken as an average of 
the fibres measured (~ 1000 fibres). A full description of 
the instrumentation and methodology used to measure 
fibre diameter profiles are provided by [20, 21].

The fibre diameter profile records were standard-
ised to a common length scale to accommodate differ-
ences in staple length between animals. This calculation 
was based on the proportion of the animals’ maximum 
raw staple length, where the standardised values ranged 
between the interval 0 and 100 [6, 11]. This standardisa-
tion assumes that the fibre growth occurs at a linear rate 
over the staple length and is made in the absence of other 
information used to determine the rate of fibre elonga-
tion (i.e., dye banding or isotope analysis). This operation 
was used to improve the overall graphical representa-
tion of the results presented later in the manuscript. The 

distribution of records along the staple length and the 
number of records per animal are shown in Additional 
file  1: Figure S1. The mean number of fibre diameter 
records per animal was 19.8 (min 8 records and max 27 
records). Animals with fewer than 8 repeated records 
(equivalent to less than 40 mm of length) were removed 
from the analysis. The fibre diameter records were also 
standardised to the population mean fibre diameter to 
have a mean of 0 and a standard deviation of 1, where the 
mean was calculated from all records in the analysis. The 
raw mean fibre diameter of the population was 18.5 µm 
(min 13.6 µm, max 25.3 µm) with the mean fibre diameter 
at each flock shown in Additional file 2: Table S1. Once 
the animal’s fibre diameter and staple length records were 
standardised, animals with standardised fibre diameter 
records greater than 3 SD from the mean of their respec-
tive flock-year grouping were removed from the dataset. 
The mean number of animals per flock-year group was 
110, with 38 flock-year groups in total. A full description 
of the number of animals in each flock-year is provided in 
Additional file 2, Table S1. An example of the fibre diam-
eter profile curves is provided in Additional file 3: Figure 
S2. Together a total of 80,791 fibre diameter records were 
included in the analysis.

All animals included in the analysis had known sire and 
dam. The animals were born from artificial insemination 
from 176 sires and the pedigree was verified from DNA 
parentage results. The pedigree data was traced back 
three generations or to an unknown parent group, with 
10,181 animals present in the pedigree. Genetic groups 
were allocated according to the method of Swan et  al. 
[22] and were used in the analysis to account for the vary-
ing levels of pedigree information in the base animals 
and the differing ewe bases within each of the Informa-
tion Nucleus Flocks. On average, each sire had 24.3 prog-
eny, ranging from a minimum of 10 to a maximum of 50. 
These progeny were distributed across an average of 5 
flocks, with a minimum of 2 and a maximum of 8 flocks. 
The number of progeny per flock per sire ranged from 3 
to 17, with an average of 5 sire progeny per flock, where 
12 sires had progeny distributed across all 8 flocks.

Statistical analysis
To estimate the variance and covariance components of 
standardised fibre diameter over the staple length, a ran-
dom regression model using Legendre polynomials was 
used to fit the systematic fixed effects, the fixed regres-
sion of standardised fibre diameter for each flock-year, 
additive genetic, permanent environmental and residual 
effects. The use of Legendre polynomials requires that 
the staple length intervals be redefined on the interval 
of −  1 to + 1; however, the results are back-transformed 
to the 0–100 mm scale to enhance the interoperability of 

Fig. 1 Map of the Information Nucleus Flocks located across Australia
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the results. The model equation was based on [14] and 
[15], and the general form:

where yitlj was the standardised fibre diameter record 
of animal i taken at the staple length t belonging to the 
l th fixed factor and the jth flock-year; Fl represents the 
fixed effects that are independent of the time scale of 
the observations and were a concatenation of wool type 
(3 levels, fine, medium and strong, described by [23]), 
management group (66 levels) and sex (2 levels). βjm are 
the mth fixed regression coefficient for the mean curve 
of the jth flock year; aim and peim are the mth random 
regression coefficient of the additive genetic and per-
manent environmental effects, respectively for the ith 
animal. In this model these coefficients are assumed to 
follow a ∼ N (0,Ka ⊗ A) and pe ∼ N

(
0,Kpe ⊗ I

)
 , where 

Ka and Kpe are the covariance matrix among the addi-
tive genetic effects and permanent environmental effects, 
respectively; A represents the additive genetic relation-
ship matrix (which included the genetic groups); I rep-
resents the identity matrix and ⊗ denotes the Kronecker 
product. ∅tm is the covariate of the mth Legendre poly-
nomial at staple length t; q1 , q2 , and q3 are the orders of 
fit of Legendre polynomials for the fixed, additive and 
permanent environmental effects, respectively.  eitlj are 
residual effects which were assumed to be either homog-
enous, heterogenous for five classes of the staple length 
(0–19, 20–39, 40–59, 60–79, 80–100 mm) or defined by 
the flock-year term (38 classes). The residual effects are 
assumed to follow e ∼ N (0,R) , where R refers to a matrix 
of residual variance structure (homogeneous or hetero-
geneous). All analyses were carried out using ASReml-R 
[24].

Model comparison
The random regression models were built by first estab-
lishing the order of Legendre polynomial applied to the 
fixed regression of fibre diameter over the staple length 
for each flock-year combination. The fixed regression 
was modelled at the flock-year level to capture the vari-
ability in fibre diameter over the staple length owing to 
factors associated with rainfall, pasture growth, man-
agement and shearing time. The significance of the 
polynomials applied to the flock-year term was tested 
using the partial F-test [25] and the Bayesian Informa-
tion Criteria (BIC) [26]. The F-statistic was estimated 
by dividing the sum of the coefficients estimated by 
the sum of their standard errors, and then squaring the 
resulting term. The critical values were determined in R 
[27] using the numerator and denominator degrees of 

yitlj = Fl +

q1∑

m=0

∅tmβjm +

q2∑

m=0

∅tmaim +

q3∑

m=0

∅tmpeim + eitlj ,

freedom provided by the ASReml-R output. The level 
of significance was set at p = 0.05 to compare sequential 
models in the partial F test. The BIC was calculated as; 
BIC = −2 logL+ p log(N− r), where p was the number 
of parameters to be estimated, N was the total number 
of observations, r was the rank of the incidence matrix of 
fixed effects in the model and logL was the logarithm of 
the restricted maximum likelihood function. The order 
of fit was further checked using visual inspection of the 
residual versus fitted values plots, where the residuals 
should be randomly scattered around the central zero 
line. Together the order of Legendre polynomial for the 
fixed regression described the ‘overall’ or ‘average’ fibre 
diameter curves of each flock-year. The same order 
applied to the fixed curve was used for different random 
effects models which makes the residual maximum like-
lihoods (REML) directly comparable. Individual animals 
were allowed to deviate from their flock-year curves and 
therefore have different coefficients of fibre diameter 
curves at both the genetic and the permanent environ-
ment levels using different orders of Legendre polyno-
mial applied to the random effects.

The random effects included in the model were the 
additive genetic and permanent environmental effects. 
The fit of the additive genetic effect was tested using 
Legendre polynomials of orders one to four based on 
preliminary testing (results not shown). The permanent 
environmental effect which captures the environmen-
tal differences between repeat records of an individual 
was also modelled using first and second order Legendre 
polynomials.

The residual variance was modelled in three forms; 
homogenous (ho); heterogeneous (he) defined by five 
sections across the staple length (0–19, 20–39, 40–59, 
60–79, 80–100  mm) which were determined by graphi-
cal examination of fibre diameter changes; and hetero-
geneous residual for each flock-year (fy). In the latter 
case, the differences in residuals may be related to the 
environmental conditions, sample error and measure-
ment error variances at the flock-year level. After finalis-
ing the model fit of the fixed regression curves, this study 
required the analysis of 24 random regression models.

The preferred order of Legendre polynomial fitted to 
the additive and permanent environmental effects was 
identified based on two criteria; BIC [26] and the Penalis-
ing Adaptive Likelihood values (PAL) [28]. These criteria 
were used because they each apply stringent penalties to 
models of higher complexity. The PAL values were cal-
culated as; PAL = −2logLn + nlog

(
ñ
)
ln(rn+1)
ln(ρn+1) , where n 

was the number of parameters in the model, ñ was the 
largest number of parameters for the model within the 
set of model being considered,  rn = 2lnLn−1 − 2lnL1 , 
and  ρn = 2lnLñ − 2lnLn−1 . Where rn  and  ρn  were 
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generalised likelihood ratios between model Mn−1  and 
the reduced model M1 or the complete model Mñ , respec-
tively. The PAL values have been previously advocated as 
the best criterion for polynomial order selection in ran-
dom regression models according to [29] due to its abil-
ity to assess both consistency and efficiency. The model 
fitted to the data with the smallest values of BIC and PAL 
was regarded as optimal and was used to estimate the 
variance components and genetic parameters.

Variance components and genetic parameter estimation
Once the optimal model was identified, estimates of the 
additive genetic variance for standardised fibre diameter 
at different staple lengths were obtained using; 
σ̂2at = ttK̂att

′ , where  K̂a was the estimated covariance 
matrix of random regression coefficients for the additive 
genetic effects and tt are the row vectors of Legendre 
covariates evaluated at staple length t . The estimates of 
permanent environmental variances ( ̂σ2pe ) was calculated 
using the same approach replacing K̂a with  K̂pe , where 
K̂pe was the estimated covariance matrix of random 
regression coefficients for the permanent environmental 
effects. The estimates of residual variances ( ̂σ2ej ) were 
considered to change according to the flock-year, which 
was shown to be the preferred residual variance structure 
in the optimal model. The heritability of standardised 
fibre diameter at staple length t in the j th flock-year was 
then estimated as; ĥ

2

tj =
σ̂2at

σ̂2at+σ̂2pet+σ̂2ej
. Standard errors for 

the variance components and heritabilities were esti-
mated using a Taylor series expansion described by [30]. 
The genetic correlations of standardised fibre diameter 
between staple length increment was estimated 
using;  r̂g =

σ̂a(t,tx)√
σ̂2
a(t)

σ̂2
a(tx)

 , where σ̂a(t,tx) was the estimate of 

the covariance of additive genetic effects between pairs of 
staple length t and  tx ; σ̂2a(t) and σ̂2a(tx) are the additive 
genetic variances at staple lengths t and tx , respectively.

The Estimated Breeding Values (EBV) for animal i were 
estimated at the staple length t from the regression coef-
ficients using; EBVit = ûitt

′, where ûi was a vector with 
the estimated breeding values for the regression coeffi-
cients defining the change in fibre diameter for a given 
animal i. Sires which showed greater change in their 
breeding values plotted along the staple length were 
hypothesised to show greater sensitivity to environmen-
tal variation and therefore may be interpreted as being 
less resilient. To quantify the amount of re-ranking, 
Spearman rank correlation between sire EBV were calcu-
lated between five lengths (0, 25, 50, 75 and 95 mm) as; 
ρ = 1−

6
∑

d2t
n(n2−1)

, where dt was the difference between sire 

EBV rank at staple length t and tx and n was the number 
of sires.

To determine how the pattern of the genetic varia-
tion of fibre diameter changes over the staple length t , 
the eigenfunctions of the additive genetic covariance 
matrix were calculated by the following expression [31]; 
ψt =

∑q2
d=0(cψf

)
d
tt , where q2 was the order of Legendre 

polynomial applied to model the additive genetic effects, 
(cψf

)
d
 was the d th element of the f  th eigenvector of 

K̂a . Each eigenfunction is associated with an eigenvalue 
which is proportional to the genetic variation corre-
sponding to that eigenfunction. These functions indicate 
the most probable direction of selection and whether 
antagonism between standardised fibre diameter is pre-
sent at different staple lengths.

Results
Model fit and comparison
A Legendre polynomial of order five was shown to be the 
most appropriate to model the average curves for each 
flock-year based on partial F test results (see Additional 
file 4: Table S2). The model fit was further confirmed by 
examining the mean of the residuals using residual versus 
fitted plots (see Additional file 5: Figure S3). The fitting of 
lower-order Legendre polynomials was shown to underfit 
the data as shown by the discernible pattern among the 
residuals.

For the random effects, the model fit improved as the 
order of the Legendre polynomial increased for both the 
additive and permanent environmental effects (Table 1). 
According to the selection criteria, the optimal model 
contained a fourth and second order Legendre polyno-
mial for the additive genetic and permanent environ-
mental effects, respectively, and fitted separate residual 
variances for each flock-year (see model LP.4.2.Rfy in 
Table  1). This indicated that there were significant ben-
efits in accounting for heterogenous residual variances 
among flock-years. The following results are based on the 
preferred model LP.4.2.Rfy.

Variance components, heritability and genetic correlations
The additive genetic and permanent environmental vari-
ances of fibre diameter estimated along the staple length 
are shown in Fig.  2. The highest additive genetic vari-
ance was at ~ 75 mm (0.65) while the lowest values were 
estimated at 30 mm and 90 mm (0.55), the approximate 
standard errors indicated that these differences were 
not statistically significantly different. The permanent 
environmental variance was consistent along the staple 
length ranging between 0.30 to 0.35. The residual vari-
ances defined for each flock-year were variable (Fig.  3) 
and were small compared to the additive and permanent 
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environmental variance. The highest residual variance 
was observed for IN06_2011 with a residual variance of 
0.10. The lowest residual variances were observed for 
IN01_2010 and IN08_2009, with a residual variance of 
0.03. Together the heritability estimates of standardised 
fibre diameter measured across each of the flock-years 
are summarised in Fig. 4. The heritability ranged between 
0.56 to 0.65 with a mean heritability of 0.62. The herit-
ability estimates of standardised fibre diameter at each 
staple length increment for the two flocks-years with the 
lowest and highest residual variance are shown in Addi-
tional file 6: Figure S4. The heritabilities of standardised 
fibre diameter at each increment resembled a similar 

pattern to the additive genetic effects, showing higher 
heritabilities in the middle portion of the staple and 
lower at the extremities.

The genetic correlations of standardised fibre diam-
eter estimated at each increment along the staple length 
ranged between 0.53 and 1.00 (Fig. 5). In particular, the 
genetic correlations between sequential fibre diameter 
measurements were at or close to unity, however, the 
correlation between early (0–25 mm) and later measure-
ments (75–97 mm) was only moderate ranging between 
0.53 and 0.58. Despite the smaller genetic correlations 
among more distant fibre diameter records, all estimates 
were positive. This indicates that the selection of fibre 
diameter at any given staple length will be accompanied 
by positive responses to all other points along the staple 
length.

Figure 6 shows the change in sire EBV for standardised 
fibre diameter between the beginning and end of the sta-
ple length. Three groups of animals were identified based 
on visual inspection of the change in EBV over the staple 
length. In the first group (Fig. 6a) sires were identified as 
having EBV for standardised fibre diameter which overall 
increased with increasing staple length (change greater 
than 1 genetic standard deviation), while the third group 
(Fig.  6c) showed the opposite tendency with decreasing 
EBV with increasing staple length (change greater than 1 
genetic standard deviation). The second group included 
animals that showed intermediate values near or close 
to zero but within − 1 to + 1 genetic standard deviations 
(Fig. 6b). The number of progeny per sire and the num-
ber of flocks in which each sire was represented did not 
appear to correlate with the group into which the sire was 
categorised as shown in Fig. 6. The majority of sires were 
within the second group (50.5%) whereas the remaining 
sires were categorised approximately equally in the first 
and third groups (25% and 24.5%, respectively). Animals 
with steeper curves were more sensitive to their environ-
ment and consequently less resilient, compared to sires 
with more uniform curves.

The Spearman rank correlation between fibre diam-
eter EBVs of sires estimated at five length increments 
showed a re-ranking of genotypes along the staple length 
(Table  2). Fibre diameter EBVs for increments in close 
proximity at either end of the profiles (0–25  mm and 
75–95  mm) showed high EBV rank correlation, while 
fibre diameter measures that were further apart tended 
to produce moderate negative correlations (−  0.53 to 
−  0.66) suggesting re-ranking. This, combined with the 
results of Figs. 5 and 6 demonstrates that there is genetic 
variation in the sensitivity of fibre diameter along the sta-
ple length.

The eigenfunctions corresponding to the eigenvec-
tors for the (co)variance matrix for the additive genetic 

Table 1 Model selection criteria of random regression models 
with different orders of Legendre polynomials for the additive 
and permanent environmental effect

a Model abbreviations follow LP.x.y.Rz, where LP stands for Legendre polynomial, 
x is the polynomial order for the additive genetic, y is the polynomial order for 
the permanent environmental effects and z is the residual variance structure 
defined as ho: homogeneous; he: heterogeneous residual variance based on 5 
categories of staple length; fy: heterogeneous residual variance for each flock-
year)
b Selection criteria; BIC = Bayesian information criterion, PAL = penalizing 
adaptive the likelihood
c Values in italics indicate the optimal model for each criterion

Modela Number of 
parameters

Selection  criteriab

BIC PAL

LP.1.1.Rho 7 − 88,243 –

LP.1.2.Rho 10 − 99,946 − 99,787

LP.2.1.Rho 10 − 99,757 − 100,028

LP.2.2.Rho 13 − 99,944 − 100,066

LP.3.1Rho 14 − 106,498 − 106,614

LP.3.2Rho 17 − 107,378 − 107,530

LP.4.1.Rho 19 − 113,742 − 113,624

LP.4.2.Rho 22 − 112,208 − 113,896

LP.1.1Rhe 11 − 88,705 –

LP.1.2Rhe 14 − 100,655 − 100,502

LP.2.1.Rhe 14 − 100,464 − 100,767

LP.2.2.Rhe 17 − 100,655 − 100,834

LP.3.1.Rhe 18 − 108,917 − 109,063

LP.3.2.Rhe 21 − 110,034 − 110,661

LP.4.1.Rhe 23 − 113,972 − 114,038

LP.4.2.Rhe 26 − 114,214 − 114,107

LP.1.1.Rfy 44 − 92,319 –

LP.1.2.Rfy 47 − 103,252 − 103,688

LP.2.1.Rfy 47 − 103,452 − 103,791

LP.2.2.Rfy 50 − 103,834 − 103,891

LP.3.1.Rfy 51 − 110,456 − 110,828

LP.3.2.Rfy 54 − 111,518 − 111,949

LP.4.1.Rfy 56 − 115,817 − 116,223

LP.4.2.Rfy 59 − 116,015c − 116,441
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regression coefficients are presented in Fig.  7. The first 
eigenfunction was estimated to account for 88.6% of 
the total genetic variation and was constant over the 
staple length. The second, third and fourth eigenfunc-
tions accounted for 6.6%, 3.6% and 1.2% of the variation, 

respectively. The second and fourth eigenfunctions 
showed a sigmoidal tendency while the third eigenfunc-
tion had a concave shape over the length of the staple. 
Selection on the first eigenfunction would permit chang-
ing the fibre diameter at all staple lengths along the fibre 

Fig. 2 Additive genetic and permanent environmental variance of standardised fibre diameter according to staple length (mm). Shading indicates 
the approximate standard error

Fig. 3 Residual variance estimates for each flock-year using a random regression model of standardised fibre diameter over the length of the staple. 
The broken horizontal line indicates the mean residual variance. Error bars indicate the approximate standard error of the residual variance for each 
flock-year
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in the same direction. Comparatively, selection on the 
second eigenfunction would be expected to decrease 
fibre diameter at the beginning of staple and increase 

fibre diameter at higher staple length increments. Selec-
tion on the third and fourth eigenfunctions would be 
expected to produce the opposite results to the second 

Fig. 4 Distribution of heritability estimates of standardised fibre diameter along the length of the staple combined for all flock-years

Fig. 5 Estimated genetic correlations  (rg) for standardised fibre diameter at different increments of staple length (mm)
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Fig. 6 Change in sire estimated breeding values (EBV) for standardised fibre diameter (FD) along the length of the wool staple. Each line represents 
one sire categorised into one of three groups (a) sires with EBVs that increase with staple length (n = 44); (b) Sires with EBVs that tend to remain 
approximately constant along the staple within − 1 and + 1 genetic standard deviations (n = 89); or (c) Sires with EBVs that decrease along the staple 
(n = 43)
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eigenfunction, albeit these two eigenfunctions make up a 
much smaller proportion of the genetic variation.

Discussion
Quantifying the resilience of extensively raised animals 
to environmental disturbances remains an ongoing chal-
lenge in animal breeding. In this study, the effects of 
environmental disturbances on the sheep were assessed 
indirectly through changes in fibre diameter along the 
staple length. Variation in fibre diameter along the length 
of the wool staple was considered due to its known asso-
ciation with environmental disturbances such as nutri-
tion, management, pregnancy, climatic conditions and 
parasitic diseases [10, 32, 33]. The application of random 
regression models to this data was used to account for 

the average fibre diameter trajectory of each flock-year 
groups plus a set of random regression coefficients that 
quantify the individual deviation. An optimal fit of the 
random regression model was required to infer the resil-
ience of genotypes to the environment.

Model fit
The selection of the most appropriate function for a ran-
dom regression model is crucial to capturing the shape of 
fixed and random regressions and making correct infer-
ences about the change in fibre diameter over the sta-
ple length. Here the optimal model (LP.4.2Rfy) applied 
Legendre polynomials of orders five, four and two, to 
the fixed, additive and permanent environmental effects 
respectively, while considering the residual variance to be 

Table 2 Spearman correlations between sire EBV for standardised fibre diameter estimated at 5 staple lengths

a 95% confidence interval (Cl) in parenthesis

Spearman correlation (95% CI)a

Staple length 
(mm)

0 25 50 75 95

0 0.65 (0.54 to 0.73) − 0.17 (− 0.32 to − 0.02) − 0.66 (− 0.74 to − 0.57) − 0.53 (− 0.68 to − 0.47)

25 0.20 (0.05 to 0.35) − 0.64 (− 0.73 to − 0.54) − 0.59 (− 0.69 to − 0.48)

50 0.29 (0.14 to 0.43) 0.05 (− 0.10 to 0.21)

75 0.79 (0.72 to 0.84)

95

Fig. 7 The first (ef.1), second (ef.2), third (ef.3) and fourth (ef.4) eigenfunction values for the (co)variance matrix of the additive genetic regression 
coefficients of standardised fibre diameter at different increments along the staple length. The proportional eigenvalues are shown in parentheses
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heterogenous for each flock-year. The superior fit of this 
model compared to the other models tested was attrib-
utable to the higher order Legendre polynomial of the 
additive effect and the more accurate modelling of the 
residual variance. By allowing the residual variances to 
be estimated separately for different environments within 
the model, it was more flexible and realistic in capturing 
the specific variations in each flock-year.

The Legendre polynomials used in this study were 
typically higher order for both fixed and additive genetic 
effects compared to other longitudinal traits such as 
growth [15]. This was warranted given the complexity 
of some of the flock-year curves. Fibre diameter curves 
can take complex shapes because, firstly, there is no bio-
logical process that underpins the shape of the curve, 
unlike traits such as lactation, growth or egg production. 
Secondly, the fibre diameter curve is dictated primar-
ily by the overall quality of the environment and where 
the sampling events occur (determining the two ends of 
the fibre) [11, 34]. However, fitting Legendre polynomi-
als to higher orders can lead to issues including overfit-
ting, unrealistic variance estimates at the extremes of the 
trajectory and higher computational complexity [35, 36]. 
Future work on random regression modelling of fibre 
diameter could investigate the use of different covariance 
functions such as cubic smoothing or B-splines. The use 
of splines with different numbers and locations of knots 
may offer higher flexibility in modelling the fixed regres-
sion which could then lead to improvements in the esti-
mation of individual deviation from the fixed regression 
[36]. Despite these considerations, improvements in the 
overall model fit and parameter estimates using splines 
would be expected to be minimal considering the mag-
nitude of the additive genetic variance of fibre diameter.

Variance components and heritabilities
The additive genetic variance showed two points of 
inflection located at the middle and end of the staple. 
Specifically, there was a relatively sharp decrease toward 
the end of the trajectory beyond 75  mm, although not 
significant (Fig. 2). Similar behaviour of covariance func-
tion estimates have been shown at the ends of lactation 
and growth trajectories where fewer data points are 
located [37, 38]. While the staple length in this study was 
standardised, Fischer and van der Werf [39] showed that 
end point measures can still be affected when the data 
is evenly distributed, particularly with the use of higher 
order Legendre polynomials. Departure from the use 
of polynomials into other covariance functions such as 
splines, may be able to alleviate this issue. Despite these 
concerns, the overall variance partitioning is similar to 
that shown by studies using random regression models to 

estimate variance parameters of fibre diameter across age 
classes in sheep and alpacas [40, 41].

Together the heritability of standardised fibre diam-
eter along the staple length ranged between 0.56 and 0.65 
across different flock-years. These estimates align with 
the typically high heritability estimates of mean fibre 
diameter which are reported to range between 0.54 and 
0.67 in Australian Merinos [42, 43]. Pollott and Greeff 
[44] however, found lower heritability estimates of mean 
fibre diameter (0.40–0.50) when estimated from a reac-
tion norm where environments were defined based on 
contemporary group means. These differences may be 
attributable to the larger population size or could reflect 
the diversity of genetic lines captured within the flocks 
(industry and research flocks) analysed by Pollott and 
Greeff [44], compared to the current study. Overall, the 
variance components and heritabilities estimated here 
indicate variation in the performance of fibre diameter 
along the wool staple exists, and support earlier studies 
showing that the variability of fibre diameter has a herit-
able genetic component [6, 13].

Resilience and the potential to alter fibre diameter curves
A re-ranking of genotypes was observed along the sta-
ple length which shows that there was genetic variation 
in the sensitivity of fibre diameter performance to dif-
ferent growing environments. In this case, the length of 
the fibres within a staple is expected to represent the ani-
mal’s interaction with different environments and distur-
bances experienced throughout the wool growth period. 
The lower genetic correlation between standardised fibre 
diameter measured at the extremes of the staple length 
further suggests that re-ranking of animals is occurring. 
While there are few similar estimates in the literature, 
Dominik et  al. [45] showed that the genetic correlation 
between mean fibre diameter measured across environ-
ments was moderate with a value of 0.77. This re-ranking 
may infer a lack of adaption of a particular genotype to 
a specific condition, with the slope of the curves said to 
represent the tolerance (or resilience towards) environ-
mental conditions [2]. Sires with steeper curves (Fig. 6a, 
c) are said to be more affected by environmental distur-
bances compared to sires with flatter curves closer to 
zero. This may be important when it comes to choosing 
animals that are resilient to the stresses of the produc-
tion system. Berghof et  al. [2] however, noted that this 
method only quantified resilience towards environmen-
tal disturbance at the macro-environmental level which 
could be a potential limitation of this current method. 
It may be expected that information about animal resil-
ience towards short term disturbances could be gained 
from analysing fibre diameter variation using other 
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methods. For example, recent studies have analysed the 
genetic variation in the deviations of longitudinal traits 
as an indicator of resilience in pigs, poultry and dairy 
cattle [46–48]. Trait definitions rely on the prediction 
of an overall or average curve with the individual devia-
tion from the overall curve calculated using metrics such 
as skewness, autocorrelation and the log-transformed 
variance of the deviation. These characteristics describe 
more closely the response and recovery from environ-
mental disturbances on a shorter time scale rather than 
the overall trend. Similar methods could be used on fibre 
diameter profile data and could complement the current 
findings.

The structure of the eigenfunction and the size of the 
associated eigenvalues indicate the extent to which the 
fibre diameter profile curves can be altered through 
selection. The consistency of the first eigenfunction and 
the size of the associated eigenvalue (88.6%) implies that 
the majority of the variance is explained by genetic fac-
tors that are constant for all measurements made along 
the staple. This result is consistent with other longitudi-
nal traits and studies of genotype by environment stud-
ies (e.g., Bermejo et al., [49] and Soumri et al. [50]). The 
associated EBV for these eigenvectors corresponds to 
the average potential of the animal across the staple, in 
this case, the overall mean fibre diameter. In compari-
son, selection on the remaining eigenfunctions would 
allow changing the shape of the variation in fibre diam-
eter along the length of the staple. Specifically, selection 
on the second eigenfunction would permit an increase 
in fibre diameter in the last three-quarters of the staple 
length. This has particular relevance to resilience given 
that steep negative slopes are the most undesirable and 
could be considered to indicate reduced tolerance to 
environmental disturbances [51, 52]. In dairy cattle, 
selection indexes are often created from the first three 
eigenfunctions to balance milk production and the shape 
of the lactation curve (persistency) [53, 54]. Similarly, a 
selection index could be created to permit selection on 
the mean fibre diameter and the variability of fibre diam-
eter (environmental sensitivity). However, as the first 
eigenvector explained the largest proportion (> 80%) of 
the genetic variation, strategies to alter the shape of the 
fibre diameter profile would require greater selection 
pressure on the relevant eigenfunction.

The possibility of selecting for a uniform fibre diameter 
profile raises questions as to whether this is a desirable 
characteristic to breed for from a resilience perspective. 
This study was conducted primarily under the assump-
tion that fibre diameter variability over the length of 
the staple is the result of challenges experienced by the 
animal between shearing events. This was informed 
by experimental and field experiments demonstrating 

the link between factors such as nutrition, climate, dis-
eases, parasites and management stress with periods 
of declining fibre diameter [10, 11, 33, 55]. Since fibre 
diameter variation is believed to be caused by acute per-
turbation it could be anticipated that the incidence and 
severity of this variation would be positively correlated 
phenotypically and genetically with existing health, wel-
fare and production traits of sheep. Selecting sires that 
have more uniform breeding values for fibre diameter 
across the wool staple could also have a positive eco-
nomic impact on wool quality. Phenotypically, a wool 
staple that has high variability in fibre diameter along 
its length will also have reduced staple strength (force 
required to break an individual staple when extended). 
Staple strength is regarded as the second most impor-
tant wool quality characteristic after fibre diameter and 
is a key determinant of the processing performance of 
apparel wool. Selection against a convex shaped profile 
would be expected to benefit staple strength given con-
vex profiles are subject to greater load stress upon exten-
sion [56]. Together, these correlated responses need to be 
confirmed before applying selection on this novel trait in 
breeding programs. Such work is also anticipated to pro-
vide further guidance as to what should be considered 
the ‘ideal’ phenotype for this longitudinal trait.

Evaluating changes in fibre diameter along a wool sta-
ple at the genotypic level is an emerging space for resil-
ience research. It is therefore unclear if the results of the 
current study and those previously, which were based on 
simple trait definitions [6] adequately capture variation 
in fibre diameter to be used as a measure of resilience. 
While random regression models take account of the 
continuity of the fibre diameter trajectory across the fibre 
staple, one limitation is they do not explicitly produce a 
trait that could be introduced into a breeding program. 
Breeding for a certain shape of profile would require the 
construction of an index based on the eigenfunctions, 
which can often be cumbersome to interpret. Other stud-
ies have created “pseudo-phenotypes” from the random 
regression model based on the slope and/or curve com-
ponents to explicitly describe the sensitivity of the trait 
[57, 58] or converted multiple EBVs into a single esti-
mate, as in the case of persistency phenotypes of dairy 
cattle (e.g., Cobuci et  al. [59]). Further work on the use 
of random regression models with fibre diameter could 
incorporate some of these methods to create a trait that 
is more suited for inclusion in breeding programs. The 
possibility also remains to investigate the genetic basis 
of the variation itself. For instance, there may be value 
in determining if certain genetic variants are associated 
with a shape parameter that describes different fibre 
diameter curves.
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Further studies on fibre diameter profiles should 
also consider how to standardise the length of the 
wool staple to a common scale, as this may have some 
implications on the interpretation. Here the fibre diam-
eter profiles were standardised as a proportion of their 
maximum length under the assumption that fibre 
growth throughout the growing period was equal. This 
approach was taken in the absence of additional infor-
mation that would enable the determination of the rate 
of fibre elongation throughout the year. The assump-
tion of equal growth using standardisation techniques 
has been used to approximate different growing envi-
ronments well in other works [11, 33]. However, Hynd 
[60] and Schlink et al. [61], showed that the rate of fibre 
elongation varied between 268–506  μm/day and 374–
434 μm/day, respectively, due to nutritional treatments 
resulting in differences between animals in their over-
all staple length. This means that the distance between 
fibre diameter measurements likely differs throughout 
the year. Further work should investigate techniques 
for standardisation of fibre diameter profiles to known 
timed events to overcome this assumption.

Conclusions
This study demonstrated genetic variation in standard-
ised fibre diameter measured at different increments 
along the length of the wool staple using a random 
regression model. This result indicates the potential to 
select animals based on the shape of the fibre diameter 
profile curve which could be used to reduce the sensitiv-
ity of sheep towards environmental disturbances. Fur-
ther work is required to validate these results against 
existing measures of health, welfare and productivity 
and to refine the methodology for assessing resilience 
towards environmental disturbances. Fibre diameter 
profiles however remain a promising area of research to 
investigate the resilience in extensively raised livestock, 
for which, appropriate metrics are currently lacking.
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