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Complex genetic and phenotypic relationships are theorized to link different

fitness components but revealing the correlations occurring among disparate

traits requires large datasets of pedigreed populations. In particular, the

association between traits beneficial to social dominance with health and

fitness could be antagonistic, because of trade-offs, or positive, because of

greater resource acquisition by dominant individuals. Studies investigating

these relationships found some empirical evidence in support of both theories,

mainly using multiple trait models (MTM). However, if a trait giving a social

advantage is suspected to affect the expression of other traits, MTM could

provide some bias, that structural equation models (SEM) could highlight. We

used Aosta Chestnut-Black Pied cattle to investigate whether the fighting

ability of cows (the capability of winning social dominance interactions) is

genetically correlated with health and fitness traits. We ran both MTM and

SEM using a Gibbs sampling algorithm to disentangle the possible causal

effects of fighting ability from the genetic correlations that this trait shares

with other traits: individual milk yield, somatic cells (representing mammary

health), fertility, and longevity. We found antagonistic genetic correlations,

similar under both approaches, for fighting ability vs. milk, somatic cells, and

fertility, Accordingly, we found only a slight causal effects of fighting ability

on these traits (–0.012 to 0.059 in standardized value). However, we found

genetic correlations opposite in sign between fighting ability and longevity

under MTM (0.237) and SEM (–0.183), suggesting a strong causal effect (0.386

standardized) of fighting ability on longevity. In other words, MTM found a

positive correlation between longevity and fighting ability, while SEM found

a negative correlation. The explanation could be that for economic reasons

dominant cows are kept in this population for longer, thus attaining greater

longevity: using MTM, the economic importance of competitions probably

covers the true genetic correlation among traits. This artificially simulates a

natural situation where an antagonistic genetic correlation between longevity
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and fighting ability appears positive under MTM due to a non-genetic

advantage obtained by the best fighters. The use of SEM to properly assess

the relationships among traits is suggested in both evolutionary studies and

animal breeding.

KEYWORDS

fighting ability, social dominance, structural equation model – SEM, genetic
correlation, antagonistic traits, cattle, fertility, longevity

Introduction

Complex relationships link all phenotypic traits of an
organism, and in a number of cases they result in antagonistic
correlations (Falconer et al., 1996). Adverse relationships
between traits can take place when different functions
compete over limited internal resources (Wikelski and
Ricklefs, 2001). Genetic aspects, like pleiotropy or linkage
disequilibrium, environmental causes or a combination of genes
and environment may underlie these antagonistic relationships,
also called genetic trade-offs (Roff, 2002). For an individual,
genetic trade-offs between traits represent the costs in terms
of survival, chance for reproduction or fitness occurring
when a beneficial evolutionary change in one trait (or “fitness
component”) is balanced by a detrimental change in another
(Robinson et al., 2006; Turko et al., 2022). A well-documented
example of such functional trade-off, studied at length because
of its economic importance, is the adverse genetic relation
between fitness and milk traits in livestock (Oltenacu and
Broom, 2010).

Evolutionary studies have found that trade-offs also occur
between traits conferring competitive agonistic success (display
and ornaments, weaponry, fighting ability) and fitness-related
traits, such as fertility, longevity, and immune function
(Clutton-Brock and Huchard, 2013). Among the causes of
this antagonistic relationship are the negative effects that
testosterone exerts on immune functions (the variability of
many traits conferring competition success is influenced
by testosterone levels; Wikelski and Ricklefs, 2001). When
competition occurs in females the adverse relationships with
fitness can be more pronounced than in males because they
directly affect individual fertility and reproduction (Clutton-
Brock and Huchard, 2013). Evidence of reduced female
reproductive performances due to highly competitive skills
have been documented at a phenotypic level in athletic
women (Wood and Stanton, 2012), and in dominant females
of various animal species (Clutton-Brock and Huchard,
2013).

However, certain functional trade-offs are not
straightforward to investigate, such as those involving
behavioral traits, whose variability is difficult to investigate

and whose influence on fitness is complex to predict (Moiron
et al., 2020). A recent meta-analysis failed to find the expected
antagonistic relationship between survival and reproduction
effort at the phenotypic level, with resource acquisition
mediating the relationship between individual fitness and
behavior (Haave-Audet et al., 2021). Individuals investing more
might be able to access greater resources and then increase their
survival chances, creating a positive feedback loop between
investment and access to resources that increases both their
survival and fitness (Dehnen et al., 2021).

Accessing superior resources can be accomplished through
superior fighting ability, or the capability to win the agonistic
interactions that regulate competition: these dyadic agonistic
interactions determine also social dominance (Strauss et al.,
2022), and consequently the hierarchy within a group. In a
natural social environment dominant individuals increase their
condition, size, and health more than their groupmates, as their
superior fighting ability grants them greater access to resources
(Shackleton et al., 2005; Haave-Audet et al., 2021). Feedback
and feed-forward mechanisms can additionally influence the
outcomes of agonistic interactions, leading individuals that have
won previous agonistic interactions to have multiple advantages
in their subsequent confrontations (reviewed in Dehnen et al.,
2021). Dominant individuals can therefore be expected to have
equal or higher survival than subordinates, despite the adverse
effects that traits conferring success in social competitions might
have with traits linked to longevity, health, or reproductive
success.

The relationship of traits conferring agonistic success
with other key fitness components have been investigated
so far at the phenotypic level, with contrasting results.
Evidence was found in support both of antagonistic trade-
offs between fitness components (Clutton-Brock and Huchard,
2013; Sartori et al., 2015) and of positive association mediated
by resource acquisition (Haave-Audet et al., 2021), i.e., both
of negative or positive relationships. However, only a few
studies have investigated these theories at the genetic level. The
quantitative genetic approach has been effective for estimating
the variance components of traits (e.g., in Soay sheep, Ovis aries:
Robinson et al., 2006; in the red deer, Cervus elaphus; Foerster
et al., 2007). Nonetheless, studies on the genetic relationship
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of traits underlying social dominance with other traits are
limited, because they require robust pedigrees and big datasets
with long-term phenotypic information to perform quantitative
genetic analysis (Clutton-Brock and Sheldon, 2010).

The apparent conflict between the two theories –
antagonistic trade-offs and positive association mediated
by resource acquisition – might be partially disentangled at
the level of the statistical approach. Bivariate or multiple trait
models (MTM) are typically used to investigate the common
sources of variation, both genetic and phenotypic, that directly
affect two or more traits. These models are the most common
and widely recognized approaches in quantitative genetics
studies (Wilson et al., 2010), but in some cases a different
approach could be preferable, such as when direct relationships
of cause and effect occur between phenotypes and may inflate
the genetic correlation estimates. Structural equation models
(SEM) were firstly introduced in economic studies to describe
causal relationships between phenotypes (Wright, 1921). SEM
use has been advocated in quantitative genetics studies (Gianola
and Sorensen, 2004) to effectively disentangle the common
sources of variation directly affecting two or more traits (the
genetic correlation) from the causal effects that phenotypes
exert on each other.

SEM have been used to study the relationship between
phenotypes in various fields, including social studies, ecology,
and evolutionary biology (Jöreskog, 1970; Pugesek et al., 2003;
Lefcheck, 2016). The application of SEM to quantitative genetics
(Gianola and Sorensen, 2004), and the consequent possibility
to use this approach in animal breeding practices has provided
the starting point for theoretical and applied studies analyzing
the recursive relationships among traits (Gianola and Sorensen,
2004). Reviews of the methodology were provided e.g., by
Rosa et al. (2011) and Rosa and Valente (2013), the latter also
explaining how to apply SEM to livestock data. Following this
approach, SEM has been used to investigate causal relationships
between traits at the genetic level in dairy cattle, including
milk quality and coagulation properties (Tiezzi et al., 2015);
reproductive health disorders, clinical mastitis or somatic cells
and milk yield (e.g., Wu et al., 2007; Dhakal et al., 2015,
2016); health and fertility (Heringstad et al., 2009); calving
traits (de Maturana et al., 2009, 2010). Similarly, they have
been used in other livestock mammal species, such as pigs
(Sus scrofa, e.g., Peñagaricano et al., 2015). Finally, recently,
SEM was used to investigate trade-offs at the phenotypic level
between fitness components (reproductive cost and parasite
load, Leivesley et al., 2019). Yet, to our knowledge no study
has so far addressed the genetic relationship between traits
underlying social dominance and traits linked to fitness, life
history and health in livestock or wild species.

Moving from all these considerations, in the present study
we aim to investigate the genetic relationships among fighting
ability, a crucial measure of competitive agonistic success and
fitness related traits, using both MTM and SEM. Our study

subject is the Aosta Chestnut-Black Pied, a local cattle native
of the West Alpine arc (Sartori and Mantovani, 2012). Cows
of this breed (like of the closely-related Hérens breed) are
involved in bloodless traditional competitions (Plusquellec and
Bouissou, 2001; Sartori and Mantovani, 2010; Pfister et al.,
2011) mimicking natural interactions for dominance occurring
at pasture. We used a long-term dataset on cows’ fighting results,
the routinely collected information on productive traits, and
herd book data. In previous works we have identified negative
genetic correlations between the competitive ability of the cows
(generally referred as “fighting ability”), and fitness traits like
fertility and an udder health trait (somatic cells score) in Aosta
Chestnut-Black Pied, confirming the trade-off theory (Sartori
et al., 2015, 2020). Notwithstanding, investigation on the genetic
correlation between competition and longevity, a lifetime fitness
trait, resulted in a positive correlation. We postulate that this
could be a consequence of keeping the cows attaining the best
performances at the traditional competitions for longer in herds,
therefore the longevity strongly depends on the competitive
agonistic success. This artificial situation can be considered an
experimental setup, modeling a natural setting where dominant
individuals gain access to additional resources that might
increase their lifespan. Therefore, we used SEM to investigate
the relationship that fighting ability could exert on longevity, as
well as on the other fitness traits abovementioned (fertility and
somatic cells score). Further, we compared results of the genetic
and phenotypic correlations obtained using traditional MTM
and SEM. Finally, genetic relationships and the causal effects of
fighting ability on milk yield (historically the main breeding goal
in dairy cattle) have been also investigated.

Materials and methods

Study species

The Aosta Chestnut and Aosta Black Pied cattle, here
referred as Aosta Chestnut-Black Pied breed (ABP-Chest) are
two closely related breeds of “Valdostana Cattle” (Sartori and
Mantovani, 2010, 2012). These breeds are native of West Alpine
Arc and managed in the same herd book, as they recently
have been considered as a unique breed. Traditionally bred
for the dual-purpose attitude of milk and meat, ABP-Chest
has recently been assigned to a triple attitude because of the
inclusion of fighting ability within the selection index. This
breed of cattle is, in fact, famous for the traditional competitions
called “Batailles de Reines,” a simulation of interactions for social
dominance occurring at summer pasture when unfamiliar cows
meet. The batailles are weekly tournaments in which pairs of
cows are engaged in interactions aimed at establishing social
dominance (Sartori et al., 2014). Cows’ interactions are not
cruel, performed under the supervision of expert veterinarians,
and display the same behavioral patterns occurring at pasture.
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22 non-consecutive days of competition occur annually, and
approximately 200–300 cows per competition are involved. The
competition is timed around the cows’ seasonal breeding cycle,
thus all participants are the same in terms of reproductive status.
All cows’ performances at the tournament are recorded, with
individual fighting ability scores calculated at end of each day of
competition (Sartori and Mantovani, 2010, 2012). The outcome
of the single interactions of a pair of cows (victory or defeat)
has been also studied to investigate direct and indirect genetic
components of social dominance (Sartori and Mantovani, 2013).

Traits and datasets

Herd book information for ABP-Chest was joined to
a 17-years dataset of phenotypic records dating back to
2000 for fighting ability, milk yield, somatic cells, fertility,
and longevity. Data were provided by the National Breeders
Association (ANABoRaVa1) and by the Regional Farmer
Organization (AREV2).

Competition records have been weekly collected over years
by the tournament association.3 Antagonistic interactions are
recreated by putting two cows in front of each other, until
one of them retreats from a central grass patch. Each cow
is allowed to compete in multiple days of tournament per
year: within each day of tournament each cow can compete
in up to seven bouts. Fighting ability, or competitive ability
(FIGH), is defined as the capability of an individual to win
an agonistic interaction against conspecifics, playing a role
in establishing dominance relationships (Parker, 1974). This
phenotype, varying in a continuous scale (1.8–4.1 points) was
expressed as “Placement score” (PS; Sartori and Mantovani,
2010), that is PS = 0.1∗(20+ty+d+2w), or the phenotype of a cow
after a day of competition, where ty is the type of tournament
(the final day of competition or not), d is a difficulty coefficient
depending on tournament size and w is the number of wins
achieved in a day of competition. As respect to the original
formulation of Sartori and Mantovani, 2010, this score was
multiplied by 0.1, as reported above in the formula.

Milk yield data were defined as the individual test-day
records of milk (kg) collected during the routinely functional
controls performed by the Italian Breeders Association.4

Somatic cells, measured in the same test-day milk samples
as somatic cells count/ml, are considered as udder health
indicator (as in, e.g., Fuerst-Waltl et al., 2016) and expressed
as somatic cell score (SCS; Shook and Schutz, 1994), that
is SCS = 3+(log2(SCC/100 000 cells/ml)), where SCC is the

1 https://www.anaborava.it

2 https://www.arev.it

3 https://www.amisdereines.it

4 https://www.aia.it

somatic cells count. This adjustment allows the trait to have a
normal distribution.

Fertility was expressed in terms of calving interval (CI; in
months), which is the time lag between two parities. Greater
calving intervals are typical of less fertile cows, due to the
possible occurrence of abortion, disease, or missed conception
that may cause the loss of a reproductive season. This trait
is widely used in animal breeding for evaluating fertility
(Wall et al., 2003). In this study, we extracted CI from the
cows’ lactations information routinely recorded by the Italian
Breeders Association.

Longevity (LONG) was measured in terms of life span,
as the whole productive career of each individual (years)
since the birth of the cows, a common measure in the
animal breeding field (VanRaden and Klaaskate, 1993). The
longevity phenotype was obtained using the breed’s pedigree.
The phenotype included censored records, since several cows
were still alive at the time of the study and was modeled similarly
to correlated longevity traits (Sartori et al., 2020). To account for
the (hypothesized) effect that retaining winning cows longer in
the herd could have on longevity, we fitted a fixed effect “fighting
ability within herd” (five classes of percentiles) in all models for
longevity. We chose to fit this effect because herd life decisions
are taken at the herd level: note that we applied a similar effect
also for milk production because it is also a selection criterion
(Cruickshank et al., 2002; Sewalem et al., 2007).

We compiled three datasets (Data1–Data3, see details
below) with the aim of detecting the causal effect of FIGH on
each of the other target traits (milk, SCS, CI and longevity).
Data1 was built by joining the FIGH dataset with the test-
day records including milk yield and SCS. Each FIGH record,
measured at a target day of competition, was merged to the
closest subsequent test-day record. Only test-day information
recorded within 30 days after the day of competition were
retained and joined to FIGH records. Moreover, data were
removed if showing calving events between a FIGH record
and a test-day record. All other test-day records, as well as
FIGH records not matching a test-day record, were discarded.
For this reason, all individuals’ FIGH records in Data1 were
associated to one subsequent test-day record. This resulted in
each cow having multiple records (FIGH and associated test-
day) within and between lactations. In Data2 each FIGH record
was merged with calving interval information for the subsequent
parity. Only the FIGH records closest to the subsequent parity
were retained. The remaining CI data (not joined to a close
FIGH) were discarded. All individuals’ FIGH records in Data2
were associated to one subsequent parity record, for which
the CI record was known. Thus, each cow had multiple CI
records between parities, none of which was censored. Finally,
Data3 was built by joining the lifetime productive career of the
cow (i.e., its longevity) to the lifetime best performance of the
individual in competitions, under the assumption that the worth
of the cow for breeders is determined by the best performance
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achieved during the tournaments. In this case, dataset included
one single record of both types (FIGH and LONG) per cow. The
number of data and cows included in each dataset is reported in
Table 1. Note that all traits in each dataset have the same number
of records.

Models

We computed variance components and heritability (h2)
of each trait by running single-trait animal models using the
following model, written in matrix notation:

y = Xb+Wp+ Zu+ e (1)

where y is the target trait, b is the vector for systematic fixed
effects (see further), p is the vector for individual permanent
environmental component when multiple records for each
cow were available (for traits included in Data1 and Data2),
u was the record for the additive genetic effect and e was
the random residual term. Furthermore, X, W, and Z were
incidence matrices of the proper dimensions. Fixed effects of
traits are reported in Table 2. Differences in the fixed effects
for the same trait in different models are due to the data editing
(a threshold of 2 obs./cell was applied to all the effects), and to
the significance of effects in preliminary ANOVAs, but similar
results for the different models were found in preliminary
analyses. An inverse chi-squared distribution of the priors was
used to estimate variance components. Variances components
for FIGH were obtained by averaging the estimates computed
from the three datasets, since the trait was included in all the
datasets (with different amount of data due to data editing).
Heritability was calculated as the ratio between the additive
genetic variance on all the variance components for each trait.
Evolvability of analyzed traits, that is the ability of a population
to respond to selection, was also assessed as the ratio between the
additive genetic standard deviation and the phenotypic mean,
also called coefficient of additive genetic variation (CVA; Hansen
and Houle, 2008).

We used bivariate animal model analyses to determine the
association between fighting ability and each of the other traits:
milk yield (FIGH_MY; run on Data1), SCS (FIGH_SCS; Data1),
CI (FIGH_CI; Data2) and longevity (FIGH_LONG; Data3).

Both multiple trait models (MTM) and structural equation
models (SEM) were run on each trait pair.

The MTM was written in matrix form as follows:{
y1 = Xb1 +Wp1 + Zu1 + e1

y2 = Xb2 +Wp2 + Zu2 + e2
(2)

where y1 and y2 were the traits considered (y1 is always FIGH,
and y2 is either MY, SCS, CI, longevity); b1 and b2, p1 and p2,
u1 and u2, and e1 and e2 had the same meaning of the above
terms b, p, u and e, here referred for the two traits of each pair.
Matrices X, W, and Z have the same meaning than above as well.

The following assumptions were considered on estimated
(co)variances: Pe

⊗
I, G

⊗
A, and R

⊗
I, with Pe, G, and R

that are 2x2 matrices including the individual permanent
environmental, the additive genetic and the residual
(co)variances matrices for each trait pair. The G matrix
included the (co)variances σ2

a1, σ2
a2, σa1a2 of traits 1 and 2, Pe

the individual permanent environmental (co)variances σ2
pe1,

σ2
pe2, σpe1pe2, and R the residual (co)variances σ2

e1, σ2
e2 and

σe1e2. Furthermore, the term
⊗

is the Kronecker product,
and A and I are the additive relationships matrix and an
identity matrix. Prior distributions for the Pe, G and R matrices
were independent inverse Wishart (one degree of belief).
Genetic correlations (ra) between trait pairs were calculated
as ra = σa1a2 /(σ2

a1
∗σ2

a2)0.5, and phenotypic correlations
(rP) as rP = (σa1a2+σpe1pe2+σe1e2)/((σ2

a1+ σ2
pe1+σ2

e1)∗(σ2
a2+

σ2
pe2+σ2

e2))0.5.
The causal effect of FIGH on target traits was investigated

using a SEM approach on the same datasets and analyses
considered for the MTM. The SEM was written as:{

y1 = Xb1 + Wp1 + Zu1 + e1

y2 = λ2←1y1 + Xb2 + Wp2 + Zu2 + e2
(3)

The same terms as in the MTM are included, except for
the structural coefficient λ 2←1, which describes the magnitude
of the causal effect of the first phenotype on the second, i.e.,
FIGH on milk, SCS, CI or longevity. The matrix of structural
coefficients (3) is a square matrix filled with zeros, excluding
specific off-diagonal elements in relation to the causal structure
(Valente et al., 2010). In the present study 3 for each trait pair
is:

3 =

[
0 0

λ2←1 0

]
(4)

TABLE 1 Datasets used in the study.

Traits included Number of records Number of individuals Individuals in pedigree Data structure

Fighting ability, test day
milk, SCS

14,840 8,379 18,815 Multiple records/cows
within and between
lactation

Fighting ability, calving
interval

12,253 6,902 16,701 Multiple records/cows
between lactations

Fighting ability, longevity 12,628 12,628 24,027 Single records/cows
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TABLE 2 Fixed effects accounted for analysis of traits in bivariate animal models.

Analysis Traits included1 Fighting ability (FIGH) Other traits

FIGH_MY, FIGH_SCS Milk, SCS Month of competition, herd,
weight of cows (classes)

Herd, lactation number, month of
parity (classes), days in milk, days
in pregnancy

FIGH_CI Calving interval Date of competition, herd-year,
weight of cows (classes), age of
cows (classes)

Herd-year, lactation number,
year-month of parity (classes)

FIGH_LONG Longevity Month of competition, herd,
weight of cows (classes)

Herd, within-herd cows’ milk
yield (classes), within-herd
fighting ability (classes), cows’
status (alive/not at recording)2

1In addition to fighting ability. 2The inclusion of cow’ status allowed treating the records of living animals without applying a censoring on data.

The (co)variances matrices were the same as in the MTM
except for R, being diagonal with residual covariances σe1e2

forced to be zero. This assumption confers identifiability to
the structural coefficients in the likelihood function. Prior
distributions for the Pe and G matrices were the same
as in the MTM, whereas for R the prior distribution was
an inverted chi-square (one degree of belief). Genetic and
phenotypic correlations of each trait pair were calculated using
the abovementioned formulas.

All analyses were run using Bayesian inference, applying the
Gibbs sampling algorithm and using the program GIBBS3f90
of the BLUPF90 package (Misztal, 2008) for the single trait
analyses and for the MTM, and the program thrgibbs_recur,
a modification of the program THRGIBBSf90 of the BLUPF90
package (Sanchez, personal communication), for the SEM. All
the analyses considered 480,000 iterations of the Gibbs sampler,
with a starting burn–in that discarded 30,000 iterations. The
posterior mean of 3,000 samples (one every 150 samples) was
considered as parameters estimator, and the lower and upper
bounds of the 95% highest posterior probability density regions
(HPD95) were used as estimation error. Posterior distribution
analyses were performed using the POSTGIBBSF90 program
(Misztal, 2008). The convergence of the Gibbs sampling chains
was checked via visual inspection.

To make the results of the bivariate SEM analyses
comparable between traits pairs, the structural coefficient was
standardized using the standard deviations of traits 1 and 2 (σa1

and σa2) as follows: λ 2←1STD = λ 2←1
∗σa2/σ a1.

Results

Descriptive statistics

Descriptive statistics of traits are reported in Table 3.
Fighting ability showed an average score of 2.35, with a
coefficient of variation of 0.15. Cows showed a mean test day
milk yield of 4.8 kg/day, that is low but consistent with the data
editing (only milk data referred up to 30 days after a fighting

event were retained, and without calving events between the
fighting and the milking sampling). The whole test day milk
yield dataset of the cows under study had a mean of 6.9 kg/day
with a standard deviation of 2.4 kg/day. An average of 3.16
points was reported for the somatic cell score, corresponding to
an average somatic cell count of 298,000 cells/ml and a median
of 101,000 cells/ml. Cows showed an average calving interval of
13.6 months and an average herd life of 7.75 years.

Variance components and heritability

Table 3 also reports variance components and heritability
(h2) of traits under single trait analyses. The most heritable trait
was milk (h2 = 0.242), followed by longevity. FIGH showed a
h2 of 0.094, a bit higher than the h2 for SCS. The less heritable
trait was fertility (calving interval), with an estimate heritability
of 0.027. Milk and SCS were the most evolvable traits, with
a CVA around 0.15, whereas FIGH was the less evolvable
(CVA = 0.039).

Correlations and recursive effects

Genetic (Figures 1A–D) and phenotypic correlations
(Figures 1E–H) between trait pairs under both SEM and MTM
are shown in Table 4. Structural coefficients are reported in
Table 5, and shown also in Figure 1I, under the respective traits.
Under the traditional MTM model, FIGH showed a negative
genetic correlation with milk yield (FIGH_MY; ra = -0.323),
indicating that an increase in the FIGH produces a decrease
in the genetic level for milk production. We observed only a
slight negative recursive effect of FIGH on milk yield, with
the structural equation coefficient λ 2←1 of FIGH on milk
suggesting that an increase in 1 unit of FIGH score (0.1 points)
produced a decrease of just 0.106 kg of milk. The genetic
correlation between FIGH and TD milk found using the SEM
(ra = -0.316) was similar to the MTM estimate. The phenotypic
correlation between FIGH and milk was also negative but close
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TABLE 3 Descriptive statistics, variance components, and heritability ± standard error (SE) of traits reported as posterior means (Mean) of
the Gibbs samples.

Traits Mean± SD σ 2
Pe σ 2

a σ 2
e CVA h2 ± SE (HPD95)

Fighting ability (points) 2.35± 0.34 0.004 0.009 0.066 0.039 0.094± 0.013 (0.070, 0.119)

Test day milk (kg/day) 4.8± 1.7 0.665 0.540 1.031 0.153 0.242± 0.023 (0.198, 0.288)

SCS (points) 3.16± 1.84 0.554 0.247 2.174 0.157 0.083± 0.016 (0.052, 0.115)

Calving interval (months) 13.6± 3.8 0.527 0.377 12.965 0.045 0.027± 0.010 (0.010, 0.049)

Longevity (years) 7.75± 2.18 – 0.702 2.543 0.108 0.202± 0.017 (0.170, 0.235)

The 95% high posterior density regions (HPD95) for heritability are reported in brackets. σ2
Pe , permanent environment variance; σ2

a , additive genetic variance; σ2
e , residual variance;

CVA , coefficient of additive genetic variation; h2 , heritability.

FIGURE 1

(A–H) Posterior means ± standard deviation (SD) for genetic and phenotypic correlations between fighting ability and the other traits under
MTM and SEM. (A) Genetic correlation with calving interval. (B) Genetic correlation with milk yield. (C) Genetic correlation with SCS. (D) Genetic
correlation with longevity. (E) Phenotypic correlation with calving interval. (F) Phenotypic correlation with milk yield. (G) Phenotypic correlation
with SCS. (H) Phenotypic correlation with longevity. (I) Posterior means ± standard deviation (SD) for the standardized structural coefficient (λ

2←1STD) obtained via SEM for the causal effect of fighting ability (FIGH) on the other traits considered.

to zero under both MTM and SEM, and for the latter the HPD95
overlapped the zero value.

We found a moderate positive genetic correlation
(ra = 0.187) between FIGH and somatic cell score (FIGH_SCS)
using MTM, indicating that an increase in the combative ability
is genetically associated with lower udder health. The error
associated with this correlation estimate was very large, and the

high posterior density region for the trait partially overlapped
zero value. The SEM found a structural equation coefficient of
0.155 for the causal effect of FIGH on SCS, corresponding to
an increase in the somatic cell score due to a unit of increment
for FIGH. We found a similar, albeit slightly lower, genetic
correlation (ra = 0.146) for the same traits under SEM, but even
in this case the estimate partially overlapped zero. We found
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TABLE 4 Posterior means ± posterior standard deviations, and 95% high posterior density regions (HPD95) for genetic and phenotypic correlations
between fighting ability and the other traits under multiple trait model and structural equation model.

Traits Genetic correlations (HPD95) Phenotypic correlations (HPD95)

MTM SEM MTM SEM

Milk yield← FIGH –0.323± 0.086 (–0.491; –0.154) –0.316± 0.092 (–0.497; –0.133) –0.033± 0.010 (–0.052; –0.014) –0.018± 0.010 (–0.039; 0.002)

SCS← FIGH 0.187± 0.122 (–0.048; 0.430) 0.146± 0.122 (–0.100; 0.378) 0.024± 0.009 (0.007; 0.040) 0.004± 0.010 (–0.015; 0.022)

Calving interval← FIGH 0.608± 0.271 (0.015; 0.990) 0.557± 0.293 (0.206; 0.999) 0.063± 0.010 (0.043; 0.082) 0.008± 0.004 (0.002; 0.015)

Longevity← FIGH 0.237± 0.065 (0.109; 0.365) –0.183± 0.067 (–0.320; –0.046) 0.190± 0.020 (0.150; 0.230) –0.034± 0.013 (–0.060; –0.008)

phenotypic correlations close to zero for this trait pair using
both MTM and SEM.

We found a strong positive genetic correlation between
fertility (calving interval) and FIGH (FIGH_CI) under both
MTM and SEM (ra = 0.608 and ra = 0.557, respectively),
indicating that a reduction in fertility (longer calving intervals)
is associated with an intensification in FIGH. The structural
equation found for this trait pair suggests that an increase of 1
unit in FIGH causes an increase of 0.71 months in the calving
interval of cows. The phenotypic correlations were positive and
close to zero both under MTM and SEM. None the HPD95
intervals for the correlations of FIGH_CI overlapped zero.

Overall, genetic correlations estimated using SEM for the
trait pairs FIGH_MY, FIGH_SCS and FIGH_CI similar, albeit
slightly lower, compared to those calculated using MTM.
Interestingly, however, we found that the genetic correlation
between FIGH and longevity (FIGH_LONG) turned from
positive (ra = 0.237) to negative (ra = –0.183) when we
analyzed it with SEM instead of MTM. We found a structural
equation coefficient of 2.259 for the causal effect of FIGH
on longevity, meaning that 1 unit of increment for FIGH
corresponded to more than 2 years of increase in herd life. The
positive phenotypic correlation between FIGH and longevity
under MTM turned to close to zero negative values under

TABLE 5 Posterior means ± standard deviation (SD) and 95% high
posterior density regions (HPD95) for the structural coefficients
(λ 2←1) and for the standardized structural coefficient (λ 2←1STD)
obtained via SEM for the causal effect of fighting ability (FIGH) on the
other traits considered.

Traits λ 2←1 ± SD
(HPD95)

λ 2←1STD ± SD
(HPD95)

Milk yield← FIGH –0.106± 0.048
(–0.199, –0.01)

–0.012± 0.006
(–0.024, –0.001)

SCS← FIGH 0.155± 0.065
(0.029, 0.283)

0.028± 0.012
(0.005, 0.054)

Calving interval← FIGH 0.714± 0.129
(0.466, 0.978)

0.059± 0.028
(0.024, 0.118)

Longevity← FIGH 2.259± 0.117
(2.030, 2.487)

0.386± 0.032
(0.324, 0.449)

All the HPD95 do not include the zero.

SEM. All the HPD95 for these trait pair correlations did
not overlap zero.

In general, all structural equation coefficients and the
corresponding standardized values did not overlap zero. The
standardized structural equation coefficient for the causal
effect of FIGH on longevity had the greatest magnitude
(λ2←1STD = 0.386), followed by the coefficient for the effect of
FIGH on the calving interval (λ2←1STD = 0.059).

Discussion

In the present study we investigated the genetic correlations
between fighting ability and fitness and productive traits,
applying structural equation models to disentangle possible
confounding relations between genetic covariances and
phenotypic causation. This was made possible by the long-term
dataset collected on cows’ competitive performances during the
traditional competitions, together with routinely acquired cows’
productive records and calving events, which have allowed to
study the genetic correlations of fighting ability with fertility
and milk yield (Sartori et al., 2015), and with somatic cells and
longevity (Sartori et al., 2020). We found that the phenotypic
and genetic correlations obtained with MTM, and SEM were
similar for fertility, milk yield and somatic cells score. However,
there was a strong difference in the direction of the correlations
between longevity and fighting ability, with MTM reporting
a positive phenotypic and genetic correlation, while SEM
revealing a negative genetic correlation.

The antagonistic genetic correlation between fighting ability
and milk yield found in this study is slightly higher than the ra
found with just MTM in a previous study (Sartori et al., 2015).
This is most likely due to the milk record being measured as
whole-lactation data in the previous study, whereas in this study
we used daily milk recording. Negative genetic correlations
between aggressiveness (another testosterone-related trait as
fighting ability) and derived maternal milk yield (differences of
calf weights after and before suckling) have been reported for
heifers of the Limousine cattle breed (Phocas et al., 2006).

A moderate antagonistic genetic correlation was found also
for fighting ability and SCS (first reported in Sartori et al., 2020).
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Differences in estimates of MTM correlation with the previous
paper are mainly due to the size of the increased dataset and
the specific data editing of the present study. These estimates
agree with trade-off theory, predicting an antagonistic genetic
relationship between immune function-related traits, such as
udder health, and traits indicators of individual competition
success (Roff, 2002). Ours is one of the few empirical studies
providing evidence of these genetic correlations (Fedorka,
2014).

In the present study, the strong negative genetic correlation
between fertility and fighting ability indicates that an increase
in competition success is strongly associated to longer calving
intervals and therefore to a detriment in fertility, agreeing
with the theory of a trade-off between fitness components
(Clutton-Brock and Huchard, 2013). Among the few empirical
studies which found examples of similar genetic relations in
mammals, negative genetic correlations between fertility and
aggressiveness have been found in cattle (Phocas et al., 2006),
and an antagonistic relationship between male competition
success and the daughters’ fertility has been shown in red deer
(Foerster et al., 2007).

A trade-off would also be expected for competition success
and longevity, as reported in studies on male competitiveness
and male or female (daughters) survival (e.g., in red deer,
Foerster et al., 2007; in Soay sheep; Johnston et al., 2013). Sartori
et al. (2020) provided a first example of genetic correlations
between female fighting ability and longevity (expressed as
productive life, strongly correlated with herd life), but found
a positive genetic correlation (ra = 0.556). The reason for this
was probably the economic worth of fighting ability for Aosta
Chestnut-Black Pied cattle, since the most competitive cows in
traditional tournaments are kept in herds longer because of their
greater economic value. In the current work, the correlation
between longevity and fighting ability obtained via MTM was
positive (ra = 0.237) despite accounting for the effect of within-
herd differences in combative ability on herd life. Indeed,
a preliminary version of the longevity model without such
effect, despite not presenting any difference in its estimate of
heritability (h2 = 0.216), did present a higher MTM correlation
with fighting ability (ra = 0.395). This indicates that, to a degree,
including the correct effects in a classic MTM can help obtain
slightly less inflated genetic estimates. However, a structural
equation model which included the causal effect of fighting
ability on herd life resulted in the discovery of a negative
genetic correlation between fighting ability and longevity. The
high structural equation coefficient found in this study reveals
indeed that cows’ herd life is strongly dependent on their
success in tournaments. This is also indicated by the drop in
genetic variances observed when SEM and MTM estimates are
compared. SEM allowed us to uncover that a negative genetic
correlation between fighting ability and longevity indeed exists
in this breed: however, due to the peculiarity of this breed’s
management, it was necessary to consider that there might be a

partially causal relationships among traits to properly estimate
the (co)variance components. In our case this is due to the
great value that breeders attribute to the best fighters: breeders
allow them to live longer, “artificially” increasing their lifespan.
And yet, our situation has interesting parallels with selective
pressures in natural populations. In fact, while our SEM analysis
showed an antagonistic genetic correlation between fighting
ability and longevity, MTM showed a positive correlation. The
phenotypic correlation between these traits similarly went from
positive with MTM to non-existent with SEM.

The present result is interesting also because empirical
evidence of the hypothesized genetic trade-off between social
competitive success and longevity are scarce: evidence of the
adverse genetic relationships between male competitiveness and
daughters’ survival was found by Foerster et al. (2007) in their
seminal work on red deer, while the present study provides the
first finding of this longevity-fighting ability genetic trade-off in
females.

Indeed, in natural populations individuals might be
expected to face genetic trade-offs between different traits due
to constraints in the allocation of resources. However, the
advantages that the behavior of dominant individuals provide in
terms, e.g., of acquired resources might be enough to offset their
intrinsic lower quality for fitness traits, and greatly enhance their
survival. Moreover, in natural populations even a phenotypic
relationship between two traits might be difficult to determine
due to differences in overall individual quality (McLean et al.,
2019; Turko et al., 2022) and change according to feedbacks
(Dehnen et al., 2021). Finally, social animals could enjoy benefits
not linked to their own phenotype, but to the social composition
of their group (Ligorio et al., 2020; Tuliozi et al., 2021). For all
these reasons, we argue that in natural populations, wherever
a genetic trade-off between fitness components is hypothesized,
SEM might be more helpful to uncover it than MTM.

Correlations calculated with MTM, and SEM changed little
for the other traits, indicating only a slight causal effect of
fighting ability on fertility, production and SCS. In these cases,
MTM is still a proper choice for the genetic estimates, although
SEM approach can provide a good modeling of the complex
biological relationships existing among traits.

Causal relationships between phenotypes can be mutual
(simultaneous) or one-directional, that is, only one affects the
other (recursive relationship; Gianola and Sorensen, 2004), and
it is important to understand the complex network of causal
relationships occurring among traits (Valente et al., 2010).
In most situations there is a lack of prior knowledge about
the possible causal dependencies among traits; therefore, it
is necessary to consider all the possible causal relationships
occurring among target traits. Our study was not interested in
unearthing all the possible causal dependencies among traits,
but in understanding whether fighting ability may have a causal
effect on the other traits able to bias the (co)variance estimates if
not detected. As our study involved only two traits at the same
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time, it was not possible to determine the causal structure in
their correlation (Bello et al., 2018): again, our aim was limited to
investigating how a SEM including the causal effects of fighting
ability on other traits would estimate genetic and phenotypic
correlations.

In this study we have shown the strong impact that the
inclusion of a causal effect of fighting ability had on herd life (as
well as the slight effects on milk, SCS and calving interval) and
provided evidence of a trade-off between competition success
and longevity in cows. This is also important information for the
breed management: since the early 2000s, in the animal breeding
field there has been a shift toward paying more attention to
functional traits, or the characteristics related to the “good-
functioning” of the organism and to individual well-being
(Miglior et al., 2005). There is a keen interest in having high-
productive animals that are also in good-health, and this calls
for increasing consideration of the complex network of genetic
and causal relationships among traits in breeding decisions
(Oltenacu and Broom, 2010).

In conclusion, we have investigated the genetic correlations
of fighting ability with production and fitness in the Aosta
Chestnut and Aosta Black-Pied cattle. We conducted bivariate
analyses between fighting ability and each of the other traits
using both approaches traditional: (multiple trait modeling,
MTM) and structural equation modeling (SEM). Using SEM
allowed us to disentangle the possible causal effects of fighting
ability on the other traits. Specifically, we found a strong
causal effect of fighting ability on longevity. Most interestingly,
the positive genetic correlation between fighting ability and
longevity became negative when the causal component was
included in the analysis. What is likely concealing from classical
MTM the true genetic relationship between traits is probably
that better competitors are kept longer in herds by breeders.
The result agrees with theories predicting a trade-off between
different fitness components such as traits related to success in
competition and life history traits like longevity but suggests
that to find this genetic correlation also in wild populations
SEM might be more appropriate. We also found a weak causal
effect of fighting ability on the other traits under study, but there
was almost no influence on (co)variance components, so using
MTM is still a proper solution. Our finding of an antagonistic
genetic relationship between fighting ability, milk yield, fertility
and somatic cells confirms the few previous quantitative studies
investigating the genetic association between social competitive
success and fitness or production. Our work highlights the
importance of detecting true genetic relationships between traits
in evolutionary and in animal breeding studies.
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