
132  |   	﻿�  J Anim Breed Genet. 2023;140:132–143.wileyonlinelibrary.com/journal/jbg

Received: 20 July 2022  |  Accepted: 8 December 2022

DOI: 10.1111/jbg.12752  

O R I G I N A L  A R T I C L E

Multiple-trait and structural equation modelling 
approaches to infer genetic relationships between tail 
length and weight traits in Merinoland sheep

Jennifer Oberpenning1  |   Mehdi Bohlouli1  |   Petra Engel1  |   Hannah Hümmelchen2  |   
Henrik Wagner2  |   Axel Wehrend2  |   Sven König1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2022 The Authors. Journal of Animal Breeding and Genetics published by John Wiley & Sons Ltd.

1Institute of Animal Breeding and 
Genetics, Justus-Liebig-University 
Gießen, Gießen, Germany
2Clinic for Obstetrics, Gynaecology and 
Andrology of Large and Small Animals, 
University of Giessen, Giessen, 
Germany

Correspondence
Sven König, Institute of Animal 
Breeding and Genetics, Justus-Liebig-
University Gießen, Ludwigstraße 21b, 
35390 Gießen, Germany.
Email: sven.koenig@agrar.uni-giessen.de

Funding information
Research Foundation

Abstract
Tail docking is routinely conducted in long-tailed sheep breeds to prevent fly-
strike infections, but it is not in agreement with legal guidelines and animal 
welfare issues. Selection on short tails is a sustainable alternative in this regard, 
but side effects on other breeding goal traits are unclear. In consequence, the 
present study aimed to estimate genetic parameters for tail length (TL) at birth, 
birth weight (BW), weaning weight (WW) and postweaning weight (PWW) at 
the slaughtering date considering single-trait (STM), multiple-trait (MTM) and 
structural equation models (SEM) with different random effects, and accordingly, 
different covariance structures. The SEM considered time-lagged recursive rela-
tionships among response variables in three different pathways. The first path 
pertained to the effect of TL on WW and of WW on PWW. The second path re-
flected the effect of BW on WW and of WW on PWW. The third path was the 
recursive effect of TL on PWW. The phenotypic data consisted of 2803 records for 
TL, 13,042 records for BW, 1556 records for WW and 3986 records for PWW from 
Merinoland lambs. Lambs were born in the period from 1995 to 2021 and kept at 
the university Gießen research station, Germany, with their naturally long tails. 
Genetic statistical model evaluation based on Bayesian and Akaike's information 
criteria suggested models simultaneously considering direct genetic, maternal 
genetic and maternal permanent environmental effects and respective covari-
ances. For statistical models including the same random effects and covariance 
structures, SEM were superior over MTM. The direct heritability for TL from the 
best-fitting STM was 0.60 ± 0.08, indicating the potential for genetic reduction of 
tail length within a few generations. For growth traits, the direct heritabilities 
ranged from 0.16 ± 0.03 for BW to 0.31 ± 0.09 for PWW. The maternal heritabili-
ties were 0.03 ± 0.03 for TL, 0.12 ± 0.02 for BW, 0.04 ± 0.03 for WW and 0.07 ± 0.03 
for PWW, reflecting small, but the non-significant influence of uterine charac-
teristics on the tail development. The direct genetic correlations between TL and 
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1   |   INTRODUCTION

Merinoland sheep is the most commonly utilized 18th-
century breed in Germany, which was generated by cross-
ing Merino from Spain with local German breeds during 
the 18th century (Sambraus,  2011). The aim of crossing 
was to improve female fertility and wool quality traits 
(Schiller et al., 2015). However, to fulfil local market de-
mands, meat production gained increasing importance 
in breeding goals by neglecting wool quantity and quality 
(Strittmatter,  2005). Morphologically, Merinoland sheep 
are characterized by large body trait measurements and 
long tails. However, the long and woolly tail increases the 
risk of faecal contamination and induces susceptibility to 
flystrike (French et al., 1994; Lagler et al., 2022; Sutherland 
& Tucker, 2011). The official German statutes for animal 
protection (TierSchG, 2006) allow tail docking after birth 
only in specific cases, but it is a widespread management 
practice to minimize tail infections. Nevertheless, tail 
docking induces animal pain, and in consequence, it is not 
in line with farm animal welfare policies as defined in the 
EU Directive 2008/120/EG (European Union, 2008).

As an alternative to tail docking, breeding on short 
tails may be the most sustainable solution (Aikins-Wilson 
et al.,  2021; Scobie & O’Connell,  2002). The observed 
quite a large amount of within-breed genetic variation 
for tail length offers the potential for successful purebred 
breeding strategies (Aikins-Wilson et al.,  2021; Gizaw 
et al., 2008; Greeff et al., 2015). Accordingly, moderate to 
large heritabilities for tail length were estimated with 0.48 
in Menz sheep (Gizaw et al., 2008), with 0.58 in Merino 
(Greeff et al.,  2015) and with 0.82 in Finnish Landrace 
breeds (Scobie & O’Connell, 2002).

The complex breeding goal definition in Merinoland 
sheep requires genetic correlation estimates among all 
index and breeding goal traits, which are estimated via 
multiple-trait model (MTM) applications. However, 
genetic covariances might be biased in the case of 

feedback and recursiveness among response variables. 
Consequently, Gianola and Sorensen  (2004) suggested 
structural equation models (SEM) to infer genetic pa-
rameters for animal breeding objectives in the context 
of physiological relationships and biological systems. In 
the case of recursive relationships, trait A affects trait B 
by ignoring the reciprocal effect of trait B on trait A. The 
SEM framework mostly have been applied to infer genetic 
and phenotypic relationships among health, female fer-
tility and productivity. For example, in dairy cows, König 
et al. (2008) modelled a recursive system including a two-
way causal path. One path reflected the unfavourable ef-
fect of increasing test-day milk yield after calving on claw 
health, and the second path was the time-lagged and re-
cursive effect of a claw disorder on milk yield decline in 
the ongoing lactation. In sheep, Jafaroghli et al. (2010) and 
Posht-e Masari et al. (2019) studied growth traits by mod-
elling mutual relationships among response variables. In 
their studies, direct genetic correlations between weights 
from different periods and daily gain ranged from 0.37 
to 0.85, and the structural equation coefficients reflect-
ing trait associations phenotypically, were positive. With 
regard to tail length and weights of sheep, the biological 
justification of SEM modelling approaches based on (i) 
the relationships between tail length at birth and body 
size characteristics due to the variations in the number of 
the vertebra (Haverkamp et al., 2015), (ii) the associations 
between tail length and risks for infections with ongoing 
detrimental impact on feeding behaviour (Hümmelchen 
et al., 2022) and (iii) the effect of a changing nutritional 
supply from milk expressed via weaning weight on own 
roughage intake expressed via post weaning weight 
(Gernand et al., 2008).

Consequently, the aim of the present study was to apply 
different statistical modelling approaches for the estima-
tion of direct and maternal-genetic effects on tail length 
and on weight traits recorded at birth, at the weaning 
date and at the slaughtering date. In ongoing multi-trait 

all weight traits were positive and very similar to MTM and SEM but reflected 
antagonistic genetic relationships from a breeding perspective. Oppositely, the 
structural equation coefficients reflecting trait associations phenotypically were 
negative (favourable) for the time-lagged effects of TL on WW and on PWW. As 
an explanation, lambs with long and woolly tails have an increased risk for con-
tamination with dirt and dust causing infections, which in turn impairs the body 
weight development. In conclusion, breeding on short tails should consider trait-
associated environmental risk factors, for example, disease susceptibility, which 
can be mimicked via SEM approaches.

K E Y W O R D S

genetic parameters, sheep, structural equation models, tail length, weight traits
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analyses, we evaluated different MTM and focused on the 
estimation of genetic covariance components and genetic 
correlations for all trait combinations. Corresponding 
SEM including the three pathways as described above 
aimed at inferring genetic (co)variance components and 
structural equation coefficients for mutual direct and 
time-lagged trait associations.

2   |   MATERIALS AND METHODS

The committee of animal care and protection as estab-
lished by University of Giessen officially approved this 
study. The official number for this study is V 54–19c 20 
15 h 01 GI 18/14 Nr. G 44/2021.

2.1  |  Animals and traits

The present study considered the experimental pure-
bred Merinoland sheep population from the University 
Gießen research station “Oberer Hardthof,” Germany, 
with their natural and undocked tails. The flock was 
kept in grazing (spring to fall) and high-input (fall to 
spring) production systems. The phenotypic records 
were collected over a period of 27 years (1995–2021) and 
included tail length at birth (TL) measured in cm, birth 
weight (BW) in kg, weaning weight (WW) in kg (av-
erage age of 62 days) and postweaning weight (PWW) 
in kg recorded at the slaughtering date (average age of 
118 days). Year-month combinations with a small num-
ber of records (less than 10 lambs with records for TL, 
BW, WW or PWW) were discarded, implying the exclu-
sion of records from 11-year-month combinations for 
the ongoing genetic analyses. In addition, all traits were 
checked for outliers by excluding records with values 
lower or higher than the mean ± 3 SD. After editing and 
discarding 11% of all initial records, the data consisted 
of 2803 records for TL, 13,042 records for BW, 1556 re-
cords for WW and 3986 records for PWW. All lambs 
with records for TL had records for the weight traits BW 
and PWW, and all lambs with records for WW had a TL 
measurement. The descriptive statistics for the traits are 
given in Table 1.

The pedigree of the lambs with trait records was traced 
back as many generations as possible and comprised 
30,708 animals. In genetic analyses, all lambs with records 
could be traced back for at least three generations, but 
most of the lambs even had deeper pedigrees. Lourenco 
et al. (2014) evaluated the effects of pedigree depth on the 
accuracy of genetic evaluations, which depended on the 
data structure and the trait, but for genotyped animals, 

two or three generations of phenotypic records plus two 
additional pedigree generations were mostly sufficient in 
terms of accuracies. The pedigree completeness index was 
calculated according to MacCluer et al.  (1983) and was 
96.4%.

The lambs with phenotypic records were offspring 
from 169 different rams and different 4689 ewes. The av-
erage pedigree-based inbreeding coefficient of the lambs 
calculated with the CFC software package (Sargolzaei 
et al., 2006) was 6.5%, and increased from 2.8% in 1995 to 
8.3% in 2021.

2.2  |  Genetic-statistical analyses

Genetic parameters for all traits were estimated using the 
software package WOMBAT (Meyer, 2007) and applying 
restricted maximum likelihood. First, 6 different single-
trait models (STM) were fitted including different random 
effects and considering different covariance structures for 
random effects. The single-trait models 1–6 (i.e., STM-1–
STM-6) were defined as follows:

(STM-1)y = Xb + Zaa + e

(STM-2)y = Xb + Zaa + Zcc + e

(STM-3)
y = Xb + Zaa + Zmm + e with Cov (a,m) = 0

(STM-4)
y = Xb + Zaa + Zmm + e with Cov (a,m) = A�am

(STM-5)
y = Xb + Zaa + Zmm + Zcc + e with Cov (a,m) = 0

(STM-6)
y = Xb + Zaa + Zmm + Zcc + e with Cov (a,m) = A�am

T A B L E  1   Descriptive statistics of tail length at birth, birth 
weight, weaning weight and postweaning weight

Trait
No. of 
records Mean SD Min Max

Tail length (TL, in cm) 2803 23.42 2.36 16.2 30.4

Birth weight 
(BW, in kg)

13,042 5.50 1.04 2.4 8.6

Weaning weight 
(WW, in kg)

1556 29.20 5.58 14.0 53.0

Postweaning weight 
(PWW, in kg)

3986 43.69 6.56 22.0 73.0
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where y was the observation vector for the lamb trait 
(TL, BW, WW or PWW); b was the vector of fixed ef-
fects including year-month at recording, litter size, lit-
ter number and sex; a was the vector of random direct 
genetic effects; c was the vector of random maternal 
permanent environmental effects; m was the vector of 
random maternal genetic effects and e was the vector 
of random residual effects. X, Za , Zm and Zc were inci-
dence matrices relating the records to fixed, additive di-
rect genetic, maternal genetic and maternal permanent 
environmental effects, respectively. A was the numera-
tor relationship matrix and �am was the genetic covari-
ance between direct and maternal genetic effects. It was 
assumed that the random effects are independent and 
normally disturbed. The (co)variance structure for ran-
dom effects in model 6 (and correspondingly reduced 
in the remaining models with a smaller number of (co)
variance components) was

where �2a and �2m were the direct and maternal genetic vari-
ances, respectively; �am was the covariance between direct 
and maternal genetic effects; �2c was the maternal perma-
nent environmental variance; �2e was the residual variance 
and I was an identity matrix.

The phenotypic variance (�2p) was computed as the 
sum of the (co)variance components with �2p = �2a + �2m + 
�am + �2c + �2e. The direct heritability (h2

d
), the maternal 

heritability (h2m), the maternal permanent environmen-
tal variance as a proportion of the phenotypic variance 
(c2 ) and the direct-maternal genetic correlation (rgam) 

were calculated as h2
d
= �2a∕�

2
p, h

2
m = �2m∕�2p, c

2 = �2c ∕�
2
p 

and rgam = �am∕
√

�2a × �2m, respectively.The effects from 

STM-1 to STM-6 were considered in respective MTM by 
simultaneously including TL, BW, WW and PWW. For 
the most sophisticated model with all random effects, 
that is MTM-6, the matrix notation was as follows:

where y1 to y4 were the observations for BW, TL, WW and 
PWW, respectively. For the remaining multiple-trait mod-
els MTM-1 to MTM-5 with a smaller number of effects and 
partly ignored covariance structures (see the STM defini-
tions above), effects as defined in MTM-6 were excluded 
accordingly.

With regard to SEM, we hypothesized three pathways. 
The first path described the recursive and time-lagged ef-
fects of TL (trait 1) on WW (trait 3), and in the same path of 
WW (trait 3) on PWW (trait 4). A second pathway included 
the three weight traits simultaneously, that is, a recursive 
effect of BW (trait 2) on WW (trait 3), and in the ongoing 
process of ageing the causal recursive effect of WW (trait 3) 
on PWW (trait 4). The third pathway reflected the effect of 
TL (trait 1) on PWW (trait 4). From a biological and physio-
logical perspective, such research objectives require a sheep 
population with undocked tails as kept on the research sta-
tion of Oberer Hardthof, University of Giessen, Germany. 
The different recursive pathways are outlined in Figure 1.

Consequently, a matrix of structural equation coeffi-
cients (∧) was premultiplied with the observation vector. 
In analogy to the six STM and MTM, SEM-1 to SEM-6 were 
defined with the corresponding effects. Thus, SEM-6 was 
constructed as follows (and correspondingly reduced in 
the remaining five models with a smaller number of ran-
dom effects):

var

⎡⎢⎢⎢⎢⎣

a

m

c

e

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

Aσ2a
Aσam

0

0

Aσam

Aσ2m
0

0

0

0

Iσ2c
0

0

0

0

Iσ2e

⎤⎥⎥⎥⎥⎦

(MTM-6)

⎡
⎢⎢⎢⎣

y1

⋮

y4

⎤
⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎣

X 1 … 0

⋮ ⋱ ⋮

0 … X 4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

b1

⋮

b4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Za1 … 0

⋮ ⋱ ⋮

0 … Za4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

a1

⋮

a4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Zm1 … 0

⋮ ⋱ ⋮

0 … Zm4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

m1

⋮

m4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Zc1 … 0

⋮ ⋱ ⋮

0 … Zc4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

c1

⋮

c4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

e1

⋮

e4

⎤
⎥⎥⎥⎦
with Cov (a,m) = A�am

F I G U R E  1   Recursive causal structure involving tail length at 
birth (y1), birth weight (y2), weaning weight (y3) and postweaning 
weight (y4) traits influenced by direct genetic effects (ui) and by 
residual (ei) effects. Bidirectional arrows indicate genetic or residual 
correlations between pairs of traits. Blue arrows represent the 
direct recursive effect of trait i  on trait j (�i→j) [Colour figure can be 
viewed at wileyonlinelibrary.com]
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and

where I was the identity matrix and �i→j represented direct 
effects of trait i on trait j. If all elements of the ∧ matrix are 
equal to 0, then the SEM model is equal to an MTM model. 
Despite the difference in interpretations of MTM and SEM, 
the distribution of random effects was assumed to be the 
same for both models. Thus, the (co)variance structures 
for random effects using the model with all random effects 
(model 6) were

var

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1

⋮

a4

m1

⋮

m4

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

= A⊗

⎡⎢⎢⎢⎢⎢⎢⎣

𝜎2a1

…
𝜎a1,m4

⋮ ⋱ ⋮

𝜎m4,a1
… 𝜎2m4

⎤⎥⎥⎥⎥⎥⎥⎦

 , 

var

⎡⎢⎢⎢⎣

c1

⋮

c4

⎤⎥⎥⎥⎦
= I ⊗

⎡⎢⎢⎢⎣

𝜎2c1
… 𝜎c1,c4

⋮ ⋱ ⋮

𝜎c4,c1
… 𝜎2c4

⎤⎥⎥⎥⎦
, 

var

⎡⎢⎢⎢⎣

e1

⋮

e4

⎤⎥⎥⎥⎦
= I ⊗

⎡⎢⎢⎢⎣

𝜎2e1
… 𝜎e1,e4

⋮ ⋱ ⋮

𝜎e4,e1
… 𝜎2e4

⎤⎥⎥⎥⎦
where �2ai and �2mi

 were direct and maternal genetic vari-
ances, respectively, for trait i (i  =  1 to 4); �ai,mj

 was the 
covariance between the direct genetic effect for trait i and 
the maternal genetic effect for trait j (j = 1 and 4); �2ci was 
the maternal permanent environmental variance for trait 
i; �cij was the maternal permanent covariance between 
traits i and j; �2ei and �eij were residual variances and co-
variances, respectively and A and I were the numerator 
relationship and identity matrices, respectively.

In both MTM and SEM analyses, direct or maternal ge-
netic correlations between traits i and j (rgij) were 

rgij = �gij
∕
√

�2gi
× �2gj

, where �gij was the direct or mater-

nal genetic covariance between traits i and j, and �2gi and 
�2gj

 were the direct or maternal genetic variances for trait i 
and trait j, respectively. Phenotypic correlations were cal-
culated based on the estimated (co)variance components 
from the WOMBAT software package (Meyer,  2007). In 

this regard, the phenotypic correlation is equal to the sum 
of the additive genetic, maternal genetic, permanent envi-
ronmental and residual covariances between traits one 
and two, divided by the product of the square roots of the 
phenotypic variances for both traits.

The goodness of fit for the 6 models combined with 
the 3 approaches (i.e., STM, MTM and SEM) was de-
termined based on Akaike's information criterion 
(AIC) and the Bayesian information criterion (BIC). 
The AIC was calculated as AIC = − 2logL + 2p, and 
BIC = − 2logL + plog(N − r(x)), where logL was the natu-
ral logarithm of the likelihood function value, p was the 

(SEM-6)

⎡⎢⎢⎢⎣

y1

⋮

y4

⎤
⎥⎥⎥⎦
= ∧

⎡
⎢⎢⎢⎣

y1

⋮

y4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

X 1 … 0

⋮ ⋱ ⋮

0 … X 4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

b1

⋮

b4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Za1 … 0

⋮ ⋱ ⋮

0 … Za4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

a1

⋮

a4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Zm1 … 0

⋮ ⋱ ⋮

0 … Zm4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

m1

⋮

m4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

Zc1 … 0

⋮ ⋱ ⋮

0 … Zc4

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

c1

⋮

c4

⎤
⎥⎥⎥⎦
+

⎡
⎢⎢⎢⎣

e1

⋮

e4

⎤
⎥⎥⎥⎦
with Cov (a,m) = A�am

∧ =

⎡⎢⎢⎢⎢⎣

0

0

I�1→3

0

0

0

I�2→3

I�2→4

0

0

0

I�3→4

0

0

0

0

⎤⎥⎥⎥⎥⎦

T A B L E  2   Model evaluation of the six single-trait animal 
models (as described in the materials and methods) for tail length 
(TL), birth weight (BW), weaning weight (WW) and postweaning 
weight (PWW) according to the AIC and BIC evaluation criteria

Trait Model pa AIC BIC

TL STM-1 2 6817.2 6829.0

STM-2 3 6813.4 6831.2

STM-3 3 6813.0 6830.7

STM-4 4 6815.4 6839.1

STM-5 4 6813.0 6836.7

STM-6 5 6814.7 6844.3

BW STM-1 2 7850.5 7865.4

STM-2 3 7634.0 7656.4

STM-3 3 7620.7 7643.1

STM-4 4 7617.8 7647.6

STM-5 4 7600.7 7632.6

STM-6 5 7601.4 7638.7

WW STM-1 2 5937.1 5947.8

STM-2 3 5937.9 5953.8

STM-3 3 5928.7 5944.6

STM-4 4 5938.6 5959.8

STM-5 4 5930.7 5951.9

STM-6 5 5929.1 5955.7

PWW STM-1 2 16,666.0 16,678.6

STM-2 3 16,659.4 16,678.2

STM-3 3 16,658.4 16,677.2

STM-4 4 16,654.0 16,680.0

STM-5 4 16,657.4 16,682.5

STM-6 5 16,654.0 16,685.3

Note: Values for model evaluation criteria (AIC and BIC) from the best 
model are highlighted in bold.
aNumber of parameters.
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number of parameters in the model, N was the number 
of observations and r(x) was the rank of the fixed effect 
incidence matrix. The model with the lowest AIC and BIC 
values was considered the most appropriate model.

3   |   RESULTS

3.1  |  Model comparison

AIC and BIC values for STM-1 to STM-6 from the genetic 
analyses of all four traits are given in Table 2. For TL, the 
largest AIC value was obtained for STM-1, and no signifi-
cant differences were identified among models STM-2 to 
STM-6. For the growth traits, models with maternal ge-
netic effects indicated lower AIC and BIC values com-
pared to STM-1 and STM-2. For BW, the best fitting model 
was STM-5, considering direct genetic, maternal genetic 
and permanent environmental effects. Model STM-3 was 
favourable for WW, and STM-4 for PWW. The same fa-
vourable STM were selected based on AIC and on BIC.

Table 3 shows the AIC and BIC values for the differ-
ent MTM and SEM. In the last row for the “best model,” 
we considered the effects and covariance structure for 
each trait from the respective superior STM for each 
trait, that is, STM-3 for TL, STM-5 for BW, STM-3 for 
WW and STM-4 for PWW. Regarding model compari-
sons with a focus on the same traits and same effects, 
SEM displayed lower AIC and BIC values compared to 
MTM, and thus, SEM improved the goodness of fit. Due 
to the small differences in AIC and BIC values from the 
full models 6 compared to the “best” MTM or STM, we 
chose the results from STM-6, MTM-6 and SEM-6 for the 
ongoing interpretations and discussions in this manu-
script. Such an approach allows the deepest insights into 
all possible covariances for all random effects and trait 
combinations.

3.2  |  (Co)variance components and 
heritabilities

The STM-6 generates all possible estimates for variance 
and covariance components of all random effects and dis-
plays almost the same AIC and BIC values for all traits 
compared to the best-fitting model (see Table 3). Genetic 
parameter estimates for all traits from the full single-trait 
model (STM-6) are given in Table  4. Additive genetic 
variances were 3.15 ± 0.87 for TL, 0.11 ± 0.02 for BW, 
5.48 ± 2.21 for BW and 8.43 ± 2.68 for PWW. A quite large 
direct heritability of 0.60 ± 0.08 was estimated for TL. 
For body weight traits, direct heritabilities ranged from 
0.16 ± 0.03 for BW to 0.31 ± 0.09 for PWW. In compari-
son to the models STM-3 and STM-5, consideration of the 
direct-maternal genetic covariances in single-trait mod-
els (STM-4 and STM-6) was associated with an increase 
of maternal heritabilities for the studied traits of 20%–
50%. Using STM-6, maternal heritability estimates were 
0.03 ± 0.03 for TL, 0.12 ± 0.02 for BW, 0.04 ± 0.03 for WW 
and 0.07 ± 0.03 for PWW. The maternal permanent envi-
ronmental variance as the proportion of the phenotypic 
variance (c2) ranged from 0.04 ± 0.02 for TL to 0.13 ± 0.04 
for WW. For TL, a negative correlation of −0.26 ± 0.20 
was estimated between direct and maternal genetic ef-
fects. The antagonistic direct-maternal correlations were 
stronger for the weight traits, that is, −0.33 ± 0.15 for BW, 
−0.65 ± 0.23 for WW and −0.74 ± 0.13 for PWW.

3.3  |  Phenotypic and genetic correlations 
between tail length and body weight traits

Estimates of phenotypic and genetic correlations between 
the traits from the models MTM-6 and SEM-6 are shown 
in Table 5. Using MTM-6, the smallest phenotypic corre-
lation was estimated between TL and PWW (0.16 ± 0.03), 

Model pa

MTM SEM

DiffbAIC BIC AIC BIC

1 20 35,691.5 35,850.5 35,678.2 35,837.3 13.2

2 30 35,467.5 35,706.0 35,452.3 35,690.9 15.1

3 30 35,455.7 35,602.3 35,438.2 35,679.8 17.5

4 46 35,448.7 35,814.5 35,431.0 35,796.8 17.8

5 40 35,444.4 35,762.5 35,427.1 35,745.1 17.4

6 56 35,441.3 35,786.6 35,427.3 35,682.6 14.0

Bestc 33 35,439.2 35,694.6 35,422.3 35,674.7 16.9
aNumber of parameters.
bAIC value from the MTM minus AIC from the respective SEM.
cThe best MTM and SEM models were constructed using the most appropriate single-trait models (i.e., 
STM-3 for TL, STM-5 for BW, STM-3 for WW and STM-4 for PWW).

T A B L E  3   Model evaluation of 
multiple-trait (MTM) and structural 
equation models (SEM) (as described in 
the materials and methods) considering 
AIC and BIC

 14390388, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbg.12752 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [07/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



138  |      OBERPENNING et al.

T
A

B
L

E
 4

 
G

en
et

ic
 p

ar
am

et
er

s (
σ
2 p =

 p
he

no
ty

pi
c 

va
ri

an
ce

; σ
2 a =

 a
dd

iti
ve

 g
en

et
ic

 v
ar

ia
nc

e;
 σ
2 m

=
 m

at
er

na
l g

en
et

ic
 v

ar
ia

nc
e;

 σ
am

 =
 c

ov
ar

ia
nc

e 
be

tw
ee

n 
di

re
ct

 a
nd

 m
at

er
na

l g
en

et
ic

 e
ffe

ct
s; 
�
2 c 

=
 m

at
er

na
l p

er
m

an
en

t e
nv

ir
on

m
en

ta
l v

ar
ia

nc
e;

 σ
2 e =

 re
si

du
al

 v
ar

ia
nc

e;
 h
2 d
 =

 d
ir

ec
t h

er
ita

bi
lit

y;
 h
2 m

 =
 m

at
er

na
l h

er
ita

bi
lit

y;
 r g

am
 =

 c
or

re
la

tio
n 

be
tw

ee
n 

di
re

ct
 a

nd
 m

at
er

na
l g

en
et

ic
 e

ffe
ct

s a
nd

 
c2

 =
 m

at
er

na
l p

er
m

an
en

t e
nv

ir
on

m
en

ta
l v

ar
ia

nc
e 

as
 a

 p
ro

po
rt

io
n 

of
 th

e 
ph

en
ot

yp
ic

 v
ar

ia
nc

e)
 fr

om
 th

e 
fu

ll 
si

ng
le

-tr
ai

t a
ni

m
al

 m
od

el
 (S

TM
-6

) f
or

 ta
il 

le
ng

th
 a

t b
ir

th
 (T

L)
, b

ir
th

 w
ei

gh
t (

BW
), 

w
ea

ni
ng

 w
ei

gh
t (

W
W

) a
nd

 p
os

tw
ea

ni
ng

 w
ei

gh
t (

PW
W

)

G
en

et
ic

 p
ar

am
et

er
s

T
ra

it
�
2 p

�
2 a

�
2 m

�
a
m

�
2 c

�
2 e

h
2 d

h
2 m

r g
a
m

c2

TL
5.

24
 (0

.2
5)

3.
15

 (0
.8

7)
0.

16
 (0

.1
4)

−
0.

19
 (0

.0
2)

0.
19

 (0
.1

0)
1.

92
 (0

.4
5)

0.
60

 (0
.0

8)
0.

03
 (0

.0
3)

−
0.

26
 (0

.1
1)

0.
04

 (0
.0

2)

BW
0.

70
 (0

.0
1)

0.
11

 (0
.0

2)
0.

08
 (0

.0
1)

−
0.

03
 (0

.0
2)

0.
05

 (0
.0

1)
0.

49
 (0

.0
2)

0.
16

 (0
.0

3)
0.

12
 (0

.0
2)

−
0.

33
 (0

.1
5)

0.
07

 (0
.0

1)

W
W

18
.3

2 
(0

.9
9)

5.
48

 (2
.2

1)
0.

72
 (0

.4
4)

−
1.

28
 (0

.5
8)

2.
47

 (0
.7

7)
11

.6
4 

(1
.7

8)
0.

30
 (0

.1
1)

0.
04

 (0
.0

3)
−

0.
65

 (0
.2

3)
0.

13
 (0

.0
4)

PW
W

27
.0

3 
(0

.8
3)

8.
43

 (2
.6

8)
2.

02
 (1

.2
3)

−
3.

07
 (1

.0
4)

0.
97

 (0
.5

6)
18

.6
8 

(1
.5

3)
0.

31
 (0

.0
9)

0.
07

 (0
.0

3)
−

0.
74

 (0
.1

3)
0.

04
 (0

.0
2)

N
ot

e: 
C

or
re

sp
on

di
ng

 st
an

da
rd

 e
rr

or
s o

f e
st

im
at

es
 a

s g
en

er
at

ed
 b

y 
th

e 
W

O
M

BA
T 

so
ftw

ar
e 

pa
ck

ag
e 

(M
ey

er
, 2

00
7)

 a
re

 g
iv

en
 in

 b
ra

ck
et

s.

T
A

B
L

E
 5

 
Ph

en
ot

yp
ic

, d
ir

ec
t g

en
et

ic
 a

nd
 m

at
er

na
l g

en
et

ic
 c

ov
ar

ia
nc

es
 (a

bo
ve

 th
e 

di
ag

on
al

) a
nd

 re
sp

ec
tiv

e 
co

rr
el

at
io

ns
 (b

el
ow

 th
e 

di
ag

on
al

) b
et

w
ee

n 
tr

ai
ts

 fr
om

 th
e 

fu
ll 

m
ul

tip
le

-tr
ai

t 
(M

TM
-6

) a
nd

 fu
ll 

st
ru

ct
ur

al
 e

qu
at

io
n 

m
od

el
 (S

EM
-6

)

Ph
en

ot
yp

ic
D

ir
ec

t g
en

et
ic

M
at

er
na

l g
en

et
ic

M
od

el
T

ra
it

T
L

B
W

W
W

PW
W

T
L

B
W

W
W

PW
W

T
L

B
W

W
W

PW
W

M
TM

TL
0.

78
 (0

.0
4)

2.
01

 (0
.3

8)
1.

89
 (0

.3
4)

0.
16

 (0
.0

8)
0.

62
 (0

.1
7)

1.
07

 (0
.6

5)
0.

12
 (0

.0
3)

0.
25

 (0
.2

0)
0.

10
 (0

.1
5)

BW
0.

41
 (0

.0
2)

1.
56

 (0
.0

9)
1.

29
 (0

.0
7)

0.
 3

3 
(0

.1
4)

0.
33

 (0
.1

0)
0.

22
 (0

.1
1)

0.
70

 (0
.1

6)
0.

30
 (0

.0
7)

0.
23

 (0
.0

5)

W
W

0.
20

 (0
.0

4)
0.

42
 (0

.0
2)

17
.8

8 
(0

.6
4)

0.
23

 (0
.1

2)
0.

67
 (0

.1
8)

1.
82

 (1
.0

5)
0.

25
 (0

.1
5)

0.
72

 (0
.1

3)
2.

31
 (0

.4
6)

PW
W

0.
16

 (0
.0

3)
0.

31
 (0

.0
2)

0.
78

 (0
.0

1)
0.

38
 (0

.2
2)

0.
43

 (0
.1

0)
0.

66
 (0

.1
9)

0.
10

 (0
.0

4)
0.

58
 (0

.1
1)

0.
98

 (0
.0

7)

SE
M

TL
0.

77
 (0

.0
4)

1.
37

 (0
.3

9)
4.

24
 (0

.4
0)

0.
16

 (0
.0

8)
0.

47
 (0

.2
7)

1.
89

 (0
.6

8)
0.

12
 (0

.0
3)

0.
12

 (0
.2

0)
0.

26
 (0

.1
5)

BW
0.

43
 (0

.0
2)

0.
52

 (0
.0

9)
1.

51
 (0

.0
8)

0.
34

 (0
.1

5)
0.

20
 (0

.1
0)

0.
28

 (0
.1

2)
0.

67
 (0

.1
5)

0.
18

 (0
.0

7)
0.

26
 (0

.0
5)

W
W

0.
15

 (0
.0

4)
0.

17
 (0

.0
3)

16
.8

4 
(0

.6
1)

0.
23

 (0
.1

3)
0.

50
 (0

.2
4)

1.
67

 (0
.9

4)
0.

14
 (0

.1
5)

0.
55

 (0
.1

9)
1.

95
 (0

.4
6)

PW
W

0.
34

 (0
.0

3)
0.

35
 (0

.0
2)

0.
78

 (0
.0

1)
0.

62
 (0

.1
8)

0.
48

 (0
.0

7)
0.

66
 (0

.1
9)

0.
25

 (0
.1

9)
0.

62
 (0

.1
1)

0.
99

 (0
.1

0)

N
ot

e: 
C

or
re

sp
on

di
ng

 st
an

da
rd

 e
rr

or
s o

f e
st

im
at

es
 a

s g
en

er
at

ed
 b

y 
th

e 
W

O
M

BA
T 

so
ftw

ar
e 

pa
ck

ag
e 

(M
ey

er
, 2

00
7)

 a
re

 g
iv

en
 in

 b
ra

ck
et

s.

 14390388, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbg.12752 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [07/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  139OBERPENNING et al.

and the largest phenotypic correlation was between WW 
and PWW (0.78 ± 0.01). Similarly, phenotypic correlations 
among all traits were positive when fitting SEM-6. Direct 
genetic correlations from MTM-6 ranged from 0.23 ± 0.12 
between TL and WW to 0.67 ± 0.19 between BW and WW. 
With regard to SEM-6, the direct genetic correlations 
ranged from 0.23 ± 0.13 between TL and WW to 0.66 ± 0.19 
between WW and PWW. Maternal genetic correlations 
were strong and positive among body weight traits with 
the largest estimates of 0.98 ± 0.07 and 0.99 ± 0.10 be-
tween WW and PWW from MTM-6 and from SEM-6, re-
spectively. Strong positive maternal genetic correlations 
(0.70 ± 0.16 from MTM-6 and 0.67 ± 0.15 from SEM-6) 
were estimated between TL and BW, but the correlations 
were smaller between TL and the weight traits WW and 
PWW recorded at later ages.

3.4  |  Structural equation coefficients

Estimated structural coefficients for the effects of TL on 
WW (�1→3) and on PWW (�1→4) were negative (Table 6). 
The negative effect of TL on weight traits increased with 
ageing. In SEM-6, for instance, structural coefficients of 
−0.08 (�1→3) and of −0.24 (�1→4) indicate that 1 cm increase 
in TL was associated with a decline of 0.08 kg for WW and 
0.24 kg for PWW. With regard to the different SEM, posi-
tive structural coefficients were estimated for the effect 
of BW on WW in the range from 0.66 to 1.49. In contrast, 
structural coefficients for the effect of WW on PWW (�3→4) 
were negative in the range from −0.14 to −0.19.

4   |   DISCUSSION

4.1  |  Genetic parameters and 
heritabilities for tail length and body 
weight traits

The quite large direct heritability (0.60) for TL reflects es-
timates as previously reported for different sheep breeds 

(e.g., Gizaw et al.,  2008; Greeff et al.,  2015). Especially 
the direct heritability of 0.58 for TL in another Merino 
population (Greeff et al., 2015) is very similar to the esti-
mate of 0.60 from the present study. An even larger her-
itability of 0.82 was reported for crosses of short-tailed 
Finnish Landrace and long-tailed Cheviot sheep (Scobie 
& O’Connell,  2002). In the context of this study, Scobie 
and O’Connell (2002) addressed the favourable allele fre-
quencies of major genes for TL in this specific population. 
A crossing focus only on TL might be associated with in-
direct losses in genetic gain for other breeding goal traits, 
which have been improved in purebred Merino sheep 
based on additive-genetic effects during the past decades. 
Nevertheless, the large heritability for TL in our study 
indicates the possibility to generate a short-tailed sheep 
population within a few generations also for intra-breed 
selection strategies. In a recent study conducted in Merino 
sheep, Lagler et al.  (2022) proved a strong quantitative-
genetic background for TL, because a large number of 
genome-wide markers explained a large proportion of 
TL variation. Nevertheless, in ongoing gene annotations, 
Lagler et al. (2022) identified HOXB13 on chromosome 11 
as a potential candidate gene and suggested gene-assisted 
selection on shorter tails. From a physiological perspec-
tive, Fowden et al. (2006) addressed the effects of uterus 
characteristics of the dam on morphological traits in off-
spring, possibly explaining the maternal heritability for 
TL of 0.03. However, the maternal heritability for TL was 
quite small in the range of the respective standard error, 
and non-significantly different from zero.

The direct heritability for BW of 0.16 in the present 
study for Merino is very similar compared to estimates 
reported for Baluchi sheep (Abbasi et al., 2012), Chinese 
Merino (Di et al.,  2011), Dorper (Kariuki et al.,  2010) 
and the Horro sheep breed (Gowane et al., 2015). In var-
ious sheep breeds, the direct heritability for weight traits 
tended to increase with ageing and ranged from 0.09 to 
0.39 for WW and from 0.14 to 0.55 for PWW (Di et al., 2011; 
Gowane et al.,  2015; Jafaroghli et al.,  2010), confirming 
the results from the present study. Especially from the 
most complex model STM-6, the maternal heritabilities 

Patha

Modelb

SEM-1 SEM-2 SEM-3 SEM-4 SEM-5 SEM-6 Bestc

�1→3 −0.07 −0.08 −0.12 −0.11 −0.12 −0.08 −0.13

�1→4 −0.39 −0.41 −0.49 −0.49 −0.47 −0.24 −0.47

�2→3 1.21 1.25 0.98 0.66 1.51 1.37 1.49

�3→4 −0.18 −0.19 −0.19 −0.18 −0.19 −0.14 −0.19
a
�i→j represents the change in trait j per 1-unit increase of trait i . Traits are TL (trait 1), BW (trait 2), WW 

(trait 3) and PWW (trait 4).
bEffects of the different models are specified in the materials and methods.
cThe best SEM was constructed using the effects from the most appropriate single-trait models (i.e., 
STM-3 for TL, STM-5 for BW, STM-3 for WW and STM-4 for PWW).

T A B L E  6   Structural coefficients 
λ estimated with different structural 
equation models (SEM-1 to SEM-6)

 14390388, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbg.12752 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [07/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



140  |      OBERPENNING et al.

for body weight traits were in agreement with estimates 
reported by several authors (e.g., Abbasi et al.,  2012; Di 
et al., 2011). Even larger maternal heritabilities were esti-
mated by El Fadili et al. (2000) for BW (0.59) in Moroccan 
Timahdit breeds and by Areb et al.  (2021) for BW (0.34) 
and WW (0.20) in Bonga sheep. In agreement with our 
findings, several studies (e.g., Areb et al., 2021; El Fadili 
et al., 2000) estimated negative direct-maternal genetic co-
variances for body weight traits. The negative covariances 
implied increased maternal heritabilities as outlined by 
Areb et al. (2021), in comparison to maternal heritabilities 
from models ignoring a direct-maternal covariance struc-
ture. From a statistical modelling perspective, Solanes et al. 
(2004) assumed biased genetic evaluations when ignoring 
maternal genetic effects and maternal-direct genetic co-
variances. The antagonism between direct and maternal 
genetic effects for TL and body weight traits might be due 
to natural selection for an intermediate optimum (Tosh 
& Kemp, 1994). From an evolutionary point of view, the 
genetic background of the physiological and uterine ca-
pacities of ewes may prevent oversized body proportions 
of lambs.

The estimate of c2 for BW (0.07 from both STM-5 and 
STM-6) was in accordance with ratios for permanent en-
vironmental variances in studies by Abbasi et al. (2012) in 
Baluchi sheep (0.08), by Areb et al. (2021) in Bonga sheep 
(0.15), by Gowane et al.  (2015) in Malpura sheep (0.09) 
and by Mandal et al.  (2015) in Muzaffarnagari sheep 
(0.09). For the weight traits WW and PWW recorded later 
in life, the inclusion of the maternal permanent environ-
mental effect in STM-5 and STM-6 did not improve the 
goodness of fit when compared to AIC and BIC for STM-
3 and STM-4. The significant effect of the maternal per-
manent environment on BW is mainly due to the uterine 
capacity and nutritional quality, especially during late ges-
tation. The permanent maternal environmental variance 
consistently decreased with lamb ageing, especially when 
altering the feeding behaviour from milk to roughage 
(Mandal et al., 2012; Zishiri et al., 2013).

4.2  |  Genetic correlations between tail 
length and body weight traits

Direct genetic and maternal genetic correlations between 
TL and body weight traits from both modelling approaches 
MTM and SEM were positive, genetically indicating that 
heavier lambs have longer tails. However, the direct ge-
netic correlations between TL and weight traits were only 
low to moderate. Thus, selection on shorter tails will not 
significantly impair body weight development, especially 
with regard to only small detrimental effects on WW. 
Genetic correlations among body weight traits decreased 

with increasing age distances, which is in agreement with 
estimates in other sheep breeds (Abbasi et al., 2012; Areb 
et al.,  2021; Mohammadi et al.,  2015). The positive ge-
netic correlations among the weight traits are evidence for 
common genetic and physiological mechanisms. Hence, 
selection for increased WW implies associated calving dif-
ficulties due to the positive correlation with BW. Weaning 
weight can be used as an indicator trait for PWW, espe-
cially in the context of the quite large maternal genetic 
correlations (i.e., 0.98 and 0.99 from MTM-6 and SEM-6, 
respectively).

4.3  |  Structural equation coefficients

We found negative recursive relationships from TL on WW, 
and from TL on PWW (�1→3 and �1→4, respectively). Lambs 
with longer tails are more susceptible to breech and tail 
strikes, which in turn can impair their body weight devel-
opment. The long and woolly tails imply an increased risk 
for contamination with dirt and dust, and in causality, caus-
ing infections with fly larvae, the so-called myiasis (Pijpers 
et al., 2006). Physiologically, the contamination caused by 
excrement residues provides space for the accumulation of 
fly larvae in the host's skin and subcutaneous membrane. 
The fly larvae grow inside the host while feeding on its tis-
sue, causing considerable tissue destruction and potential 
losses of appetite and associated weight losses (Wall, 2012). 
The different signs in structural equation coefficients and 
genetic correlations for the same trait combinations im-
pressively demonstrate the advantage of SEM to infer phe-
notypic trait causalities from genetic mechanisms. The 
positive genetic correlations between TL and body weight 
traits indicate that lambs with longer tails may carry the 
favourable genes for body weight development and would 
be heavier later in life when ignoring negative recursive re-
lationships at the phenotypic level. Such recursive effects 
might be induced by additional external risk factors such as 
tail infections hampering animal performance.

Interestingly, the pure phenotypic correlations between 
TL and body weight traits were positive, indicating bi-
ased estimates when ignoring recursive relationships and 
feedback mechanisms among traits as outlined by König 
et al. (2008) in the case of claw health and milk yield. Thus, 
the magnitude and sign of selection response in trait A by 
indirect selection on trait B strongly depend on the level of 
recursiveness and genetic covariances between both traits. 
In agreement with our results, Razmkabir et al. (2020) and 
Jafaroghli et al. (2021) reported positive structural equation 
coefficients of 1.24 and 1.19 for the recursive effect of BW 
on WW in Markhoz goats and in Moghani sheep, respec-
tively. In the present study, both the recursive relationship 
and the genetic covariance between BW and WW were 
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positive, indicating correlated genetic gain in WW for an 
early selection strategy on BW. In contrast to our results 
for the recursive effect of WW on PWW, positive structural 
equation coefficients of 0.79 were reported by Razmkabir 
et al. (2020) and of 0.67 by Jafaroghli et al. (2021). A nega-
tive recursive effect of WW on PWW indicates that heavy 
lambs until weaning (due to the favourable milk supply 
of their mother) may face difficulties when switching the 
feeding strategy to own roughage intake, especially for 
sheep kept in harsh grazing systems (Gernand et al., 2008). 
Vice versa, lambs with low WW may respond with com-
pensatory growth after weaning (Homem et al.,  2007), 
implying a stronger growth rate increase after weaning 
compared to heavy lambs with high WW. Furthermore, 
Valente et al. (2013) pointed out that environmental con-
ditions may determine the sign and magnitude of recur-
sive relationships among phenotypes. In merino sheep, for 
instance, Dakhlan et al.  (2018) and Kelman et al.  (2022) 
reported stronger compensatory growth after weaning for 
multiple-born lambs compared to single-born lambs, espe-
cially in the case of nutritional restrictions.

In contrast to MTM, a great advantage of SEM is the 
ability to discriminate genetic correlations and recursive 
relationships among traits (e.g., König et al.,  2008; Rosa 
et al., 2011). From a practical breeding perspective, genetic 
correlations classically determine the success of breeding 
goal definitions and genetic gain in single traits. However, 
it should be kept in mind that recursive relationships be-
tween traits of interest can affect selection response. For 
instance, the sign and magnitude of the response to se-
lection for WW depend on two pathways of relationships: 
one representing an antagonistic path (i.e., a negative 
recursive relationship and positive genetic covariance 
between TL and WW), and another pathway including 
positive recursive and genetic relationships between BW 
and WW. As mentioned above, a large heritability for TL 
and small direct and maternal correlations between TL 
and WW indicate successful genetic selection on short 
tails without unfavourable effects on WW. Furthermore, 
the negative recursive effect of TL on WW indicates short 
tails in the context of improved body weight development. 
Especially in the ongoing postweaning period, long-tailed 
lambs have a greater risk to suffer due to the unfavourable 
side effects of long tails including breech, tail strikes and 
infections. Thus, ignoring recursive effects can hamper se-
lection efficiency in a long-term perspective.

5   |   CONCLUSION

Different modelling approaches favoured models con-
sidering both direct-genetic and maternal-genetic effects 
plus respective covariance components for the genetic 

evaluation of TL and body weight traits in Merinoland 
sheep. The direct heritability for TL from the best-fitting 
STM was 0.60 ± 0.08, indicating the potential for genetic 
reduction of tail length within a few generations. For TL, 
also a small maternal heritability of 0.03 ± 0.03 was esti-
mated, maybe due to intrauterine effects determining the 
embryonic development. As expected, the maternal herit-
abilities for body weight traits decreased with ageing. The 
direct genetic correlations between TL and body weight 
traits from MTM were positive, indicating unfavourable 
relationships from a breeding perspective. Genetic cor-
relations between the same traits were very similar when 
applying SEM. Nevertheless, the structural equation co-
efficients reflecting trait associations phenotypically were 
negative (favourable) for the time-lagged effects of TL on 
WW and on PWW. As an explanation, lambs with long 
and woolly tails have an increased risk for tail contamina-
tions with dirt and dust causing infections, which in turn 
impairs the body weight development. The mutual rela-
tionships depicted via structural equation coefficients dif-
fered in sign and magnitude from the pure phenotypic and 
genetic correlations. Hence, optimized breeding strategies 
imply consideration of environmental risk factors, that is, 
alterations in disease susceptibility when breeding short-
tailed Merinoland sheep.
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