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Introduction

Pigs on modern commercial farms are periodically regrouped, leading to frequent aggression
and competition. Geneticists are interested in dissecting the components that affect aggressive
interactions to incorporate novel traits into breeding programs to select pigs better adapted to
group-housed production. Social interaction is inherently a dynamic process (Pinter-Wollman
et al.,2014), subject to genetic and environmental influences, including the history of
interactions (the past social environment). Unlike the social behavior of a single individual,
social interaction traits are dyadic, meaning that the phenotypic record is obtained from a pair
of animals (Kenny et al., 2020). Thus, any genetic analysis of social interaction and aggression
phenotypes should account for their dyadic and dynamic nature. Classic trait-based and
variance-component-based models focus on behavioral phenotypes of focal animals (Angarita
etal.,2019; Wurtz et al., 2017). In contrast, dyadic models focus on static analysis of pairwise
interactions but do not incorporate dynamic components (Han et al., 2022). The objective of
this study is to introduce a framework that models the genetic and environmental contributions
of individuals participating in dyadic aggression, both as givers and as receivers, and to further
investigate the social environmental effects of aggression. To achieve this, we first perform
static dyadic modeling of attacks, then we introduce a relational event model (REM) that
accounts for the temporal dynamics of aggressive interactions. We interpret the results to
examine how early post-mixing interaction patterns influence subsequent aggression. Our
results provide a basis for developing and measuring new traits to reduce aggressive behavior
and we offer insights into early post-mixing management to mitigate future aggression.

Materials & Methods

Video recordings were collected by a ceiling-mounted camera (Clinton Electronics VF540
Bullet Cameras 30 fps; Loves Park, IL, USA) for 9 hours immediately after mixing 797
purebred Yorkshire pigs (mean age 66.8 days) into 59 single-sex finishing social groups. Each
group consisted of 10 to 15 pigs (either barrows or gilts) from 4 to 6 different nursery groups.
Behaviors were manually annotated by 21 trained observers. For each interaction, observers
recorded the behavior type, start and end time, and the identities of the participating individuals.
For directed behaviors such as attacks and bites, both the giver and the receiver were explicitly
identified The Michigan State University Institutional Animal Care and Use Committee
approved all procedures (Animal Use Form number 01/14-003-00).

Dyadic aggression genetic model. For this model, behavioral records were aggregated into
the total duration of aggression between pairs of animals, defined as the total time spent in
attacks and bites that a giver directed toward a receiver during the recording period. This
resulted in a final dataset of 10,032 dyadic records, representing all possible ordered dyads
within social groups. Animals were genotyped using the GeneSeek Genomic Profiler for
Porcine HD BeadChip with 49,461 SNP. The model equation is written as:

log(yijk) =uotFEjitgitri+gpeitrpetsgiteii (1)
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where y;jx 1s the observed duration of attack delivered by the ith animal (giver) to the jth animal
(receiver) in the kth group. up is the intercept, FE; are the fixed effects at the individual or
dyadic level, including sex, weight of the giver and receiver relative to the average social group
weight, an indicator of previous litter mates (1 if the animals were litter mates and 0 if they did
not share the same litter) and an indicator of previous nursery pen mates (1 if the animals had
been nursery pen mates and 0 if they did not share the same nursery social group). g; and r;
denote the random additive genetic effects of the giver i and the receiver j, respectively. gpe;
and rpe; represent the random permanent environmental effects of the giver i and the receiver
J, respectively. sgx is the random effect of the social group k, assumed to be sg ~ N(0, Ioys’),
where oy, is the social group variance. ey is the error, distributed as e ~ N(0, Is.%), where .
is the error variance. The g and r, gpe and rpe are assumed to be:
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where G is the genomic relationship matrix, o,° and o, are the giver and receiver genetic
variance, gg- represents the covariance between the giver and the receiver genetic effects of the
same animal. I is the identity matrix, og.° and o,,.° are the giver and the receiver permanent
environmental variance, ggme represents the covariance between the giver and the receiver
permanent environmental effects of the same animal. The model was fitted in ASREML 4.2.

Relational Event Modeling (REM) for dynamic interaction. The dyadic model above lacks
a dynamic component because it aggregates behavioral interaction data into a single time-sum.
To overcome this limitation, we modelled time-stamped event sequences using the REM. The
model equation is written as:

Ai()=exp(up+x;()f+sg,), 3)
where A;(2) is the relational hazard rate at which the giver i initiates aggression to the receiver
Jj attime ¢. upis the intercept, so exp(u) is the baseline hazard rate. x;;(?) is the fixed covariate(s)
with corresponding coefficients f. The covariates are categorized into two types: exogenous
and endogenous. Exogenous covariates refer to characteristics of individuals or pairs of
animals. Endogenous covariates are network statistics that quantify past interactions. Examples
of endogenous covariates are giver and receiver in- and out-degrees, repetition, reciprocity,
and other behavioral history summary measures. For instance, giver outdegree is the sum of all
past events in which individual i served as the giver, and giver indegree is the sum of all past
events in which the current giver was attacked by others. Repetition refers to the frequency of
a giver having previously directed events to the same receiver, and reciprocity refers to the
frequency of aggression from the receiver previously directed back to the giver. More complex
endogenous triadic closure effects, such as transitive and cyclic closure, capture triadic patterns
in which the focal dyad is indirectly connected through prior interactions with a common third
individual, whereas sending and receiving balance capture triadic patterns in which both
individuals in a dyad have previously directed aggression toward or received aggression from
the common third individual. For behavioral history effects, we summarized the frequency of
individuals’ prior involvement in reciprocal fights, parallel pressing, and inverse pressing as
predictors for future aggression.

Results

A static dyadic analysis showed that the giver's genetic effect explained a small but heritable
proportion of the phenotypic variation (5.6%), whereas the receiver's genetic effect was close
to zero, indicating that delivering aggression was more heritable than receiving aggression
(Table 1). Genetic and permanent environmental components together explained 24% of the
total variation in giving aggression, with permanent environmental components accounting for



more variance than genetic components. The genetic covariance between the giver and receiver
was not significant (P > 0.05), whereas the permanent environmental covariance between the
giver and receiver was significant (P < 0.05), with a moderate positive correlation of 0.31. This
suggests that animal-specific environmental factors influencing an individual’s tendency to
deliver longer aggression may also increase the duration of aggression it receives.

Table 1. Estimated statistics for (co)variance components explained on total attacking duration
(SE in parentheses).

Parameter Estimates

o4’ Giver genetic variance 0.079 (0.025)
o’ Receiver genetic variance 0.013 (0.006)
Ogr Genetic covariance -0.009 (0.009)
Ogpe’ Giver permanent environmental variance 0.259 (0.024)
Orpe’ Receiver permanent environmental variance 0.026 (0.007)
Ogrpe Permanent environmental covariance 0.026 (0.009)
Osg’ Social group variance 0.033 (0.014)
o’ Error variance 0.992 (0.015)
hy’ Giver heritability! 0.056 (0.018)
re Giver repeatability! 0.241 (0.014)

! Giver heritability is derived as: 6,7/(0,°+0,7+0gp +0,p >+ 057 +0.7). Giver repeatability is derived as: (o47+
Ogpe )/(Ug +oy +0—gpez+0'rpe +O'sg +0g2)

The permanent environmental effect of behavior reflects prior lived experiences. We used the
REM model to characterize how prior behavioral processes and social environment contribute
to the likelihood of future aggression within the observation period. Regarding exogenous
variables, pigs that had shared a nursery pen were significantly less likely to engage in
aggression (P < 0.001), which was consistent with our previous analysis of total attacking
duration. More interestingly, for endogenous variables (Table 2), Giver Outdegree had a
significant and positive effect (P < 0.001), suggesting that having initiated aggression toward
many different groupmates in the past made an animal more likely to initiate attacks in the
future. Among dyadic endogenous covariates, repetition also had a strong positive effect,
indicating that dyads with a history of aggression had an increased tendency to engage in
repeated fights. Fig. 1 explains triadic endogenous effects, which offered further insights into
the propagation of aggression in larger groups. Both sending and receiving balance increased
the likelihood of future aggression, indicating that two individuals may interact more based on
their shared prior interactions with a common third party. The positive coefficient for transitive
closure also showed that when the giver had attacked a third animal who had also attacked the
giver, it tended to attack the receiver directly subsequently. The only exception was cyclic
closure, which reduced the future aggression rate, suggesting that when the receiver had
indirectly attacked the giver through other individuals, the subsequent risk of being directly
attacked by the same giver was lower.

Transitive Cyclic Sending Receiving
closure 5/-' _ _}‘ closure { _ _‘_)\ balance /_' _ _‘_)\ balance ‘_/ _ _}‘r

6‘ 29

Figure 1. Four types of triadic effects. and “r” denote the giver and receiver in the current
interaction, and “a” is a common third 1nd1v1dual that previously interacted with “g” and “r”

Moreover, behavioral history of other interactions, such as reciprocal fights, parallel pressing,
and inverse pressing, indicated that an individual’s prior involvement in parallel pressing and
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inverse pressing would significantly reduce the risk rate of attacks (P < 0.001). The random
group variance was 0.175, indicating heterogeneity among groups.

Table 2. Estimated statistics for endogenous effects in the REM model (SE in parentheses).

Parameter Estimates Parameter Estimates

Giver Outdegree 4.955*(0.071) Sending balance 0.009*(0.002)
Giver Indegree 0.919*(0.178) Receiving balance 0.015*(0.003)
Receiver Outdegree 1.364*(0.143) Giver RF! 0.003*(0.000)
Receiver Indegree 0.445*(0.121) Giver PP! -0.011*(0.002)
Repetition 2.200*(0.046) Giver IP! -0.007*(0.001)
Reciprocity 0.308*(0.063) Receiver RF! -0.003*(0.001)
Transitive closure 0.012*(0.003) Receiver PP! -0.008*(0.002)
Cyclic closure -0.028%*(0.004) Receiver IP! -0.001 (0.001)

* P<0.001; ! RF=Reciprocal Fights, PP= Parallel Pressing, IP= Inverse Pressing.

Discussion

The largest proportion of variance explained by the permanent environmental effect compared
to the genetic additive effect suggested that an animal’s prior life experiences were more
influential in shaping its specific aggressive behaviors than the animal’s genetic makeup.
Consistently, the REM model highlighted the strong influence of prior behavioral history on
aggressive interactions. Genetic effects were not included in the current REM as sparse group
sizes and short observation windows provided insufficient information to disentangle genetic
variance from rapidly evolving behavioral and network dependencies. To fully understand the
interplay between genetic and social environmental mechanisms, longer, more stable social
observation periods will be needed to incorporate genetic effects into dynamic interaction
models. From a modeling perspective, classic animal models have used static individual-level
network metrics as phenotypes (Agha et al., 2020), ignoring the temporal dynamics of social
networks. Similarly, other animal models have summarized the total aggression duration for
each individual as an aggressor or recipient (Turner et al., 2009), without accounting for
differences between dyads or for the evolution of interactions. Thus, our model overcomes
these limitations and enables a more comprehensive analysis of social interactions.

Conclusions

Our study integrates both static and dynamic models of dyadic interactions to characterize
individual genetic components and the influence of prior social environment, revealing that
while genetic effects on aggression initiation are modest, social feedback and behavioral
history play a dominant role in shaping aggressive interactions over time.
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