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Abstract: The immune system can influence social motivation with potentially dire consequences
for group-housed production animals, such as pigs. The aim of this study was to test
the effect of a controlled immune activation in group-housed pigs, through an injection
with LPS and an intervention with ketoprofen on centrality parameters at the individual
level. In addition, we wanted to test the effect of time relative to the injection on general
network parameters in order to get a better understanding of changes in social network
structures at the group level. Fifty-two female pigs (11-12 weeks) were allocated to four
treatments, comprising two injections: ketoprofen-LPS (KL), ketoprofen-saline (KS),
saline-LPS (SL) and saline-saline (SS). Social behaviour with a focus on damaging
behaviour was observed continuously in 10 x 15 min bouts between 8 am and 5 pm
one day before (baseline) and two subsequent days after injection. Activity was scan-
sampled every 5 min for 6 h after the last injection in the pen. Saliva samples were
taken for cortisol analysis at baseline and at 4, 24, 48, 72 h after the injections. A
controlled immune activation affected centrality parameters for ear manipulation
networks at the individual level. LPS-injected pigs had a lower  in-degree centrality,
thus, received less interactions, two days after the challenge. Treatment effects on tail
manipulation and fighting networks were not observed at the individual level. For
networks of manipulation of other body parts  in-degree centrality  was positively
correlated with cortisol response at 4 h and lying behaviour in the first 6 h after the
challenge in LPS-injected pigs. Thus, the stronger the pigs reacted to the LPS, the
more interactions they received in the subsequent days. The time in relation to injection
affected general network parameters for ear manipulation and fighting networks at the
group level. For ear manipulation networks  in-degree  centralisation  was higher on
the days following injection, thus, certain individuals in the pen received more
interactions than the rest of the group compared to baseline. For fighting networks
betweenness  was significantly higher at baseline compared to one day after injection,
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indicating that network connectivity increased after the challenge. Networks of tail
manipulation and manipulation of other body parts did not change on the days after
injection at the group level. Social network analysis is a method that can potentially
provide important insights into the effects of sickness on social behaviour in group-
housed pigs.
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Table S 1: Median (25-75 % - quartile) of centrality parameters (pig level) for all behaviours included presented by treatment (KL = ketoprofen-

LPS, KS = ketoprofen-saline, SL = saline-LPS and SS = saline-saline) and day (DAY0 = baseline, DAY2 = first day after injection, DAY3 = second 

day after injection). 
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  Ear manipulation  Tail manipulation  Manipulation of other body 

parts 

Fighting  

  DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 

Degree 

centrality 

KL 0.62  

(0.40-0.95) 

0.43  

(0.32-0.55) 

0.49  

(0.36-0.94) 

0.60  

(0.41-0.75) 

0.54  

(0.33-0.91) 

0.50  

(0.33-0.88) 

0.68  

(0.49-0.81) 

0.65  

(0.49-0.95) 

0.68  

(0.45-0.87) 

0.46  

(0.34-0.77) 

0.66 

(0.54-0.80) 

0.79  

(0.51-1.00) 

KS 0.82  

(0.47-1.00) 

0.65  

(0.42-1.00) 

0.85  

(0.62-1.00) 

0.68  

(0.36-0.96) 

0.64  

(0.44-0.80) 

0.67  

(0.27-1.00) 

0.73  

(0.53-0.90) 

0.80  

(0.57-0.99) 

0.74  

(0.62-0.98) 

0.65 

(0.37-0.89) 

0.60  

(0.45-0.96) 

0.78  

(0.61-0.93) 

SL 0.50  

(0.32-1.00) 

0.60  

(0.50-0.91) 

0.54  

(0.44-1.00) 

0.57  

(0.40-1.00) 

0.58  

(0.40-0.85) 

0.71  

(0.58-0.88) 

0.58  

(0.46-1.00) 

0.71  

(0.45-0.93) 

0.73  

(0.43-0.98) 

0.88  

(0.56-1.00) 

0.53  

(0.40-0.84) 

0.57  

(0.43-0.90) 

SS 0.54  

(0.40-0.62) 

0.65  

(0.45-0.78) 

0.65  

(0.55-0.82) 

0.75  

(0.38-1.00) 

0.82 

(0.30-1.00) 

0.49  

(0.24-0.92) 

0.58  

(0.41-0.83) 

0.69  

(0.53-0.81) 

0.65  

(0.43-0.90) 

0.56  

(0.27-0.99) 

0.51  

(0.42-0.71) 

0.70  

(0.56-0.86) 

In-degree 

centrality 

KL 0.78  

(0.37-0.88) 

0.54  

(0.20-0.78) 

0.52  

(0.23-0.58) 

0.95  

(0.53-1.00) 

0.60  

(0.11-0.86) 

0.43  

(0.20-0.80) 

0.63  

(0.36-0.88) 

0.59  

(0.33-0.69) 

0.35  

(0.26-0.72) 

 0.50 

(0.14-0.96) 

 0.93 

(0.26-1.00) 

 0.76  

(0.55-0.88) 

KS 0.81  

(0.62-1.00) 

0.54  

(0.46-0.97) 

0.83  

(0.36-1.00) 

0.27  

(0.18-0.75) 

0.67  

(0.20-1.00) 

0.33  

(0.20-0.80) 

0.69  

(0.57-0.80) 

0.50  

(0.42-0.91) 

0.52  

(0.36-0.94) 

0.50  

(0.33-0.72) 

0.54 

(0.39-0.80) 

0.58  

(0.50-0.69) 

SL 0.33  

(0.25-0.83) 

0.58  

(0.42-0.72) 

0.40  

(0.26-0.62) 

0.70  

(0.25-0.80) 

0.61  

(0.30-0.77) 

0.80  

(0.51-1.00) 

0.65  

(0.37-0.97) 

0.43  

(0.29-0.83) 

0.54  

(0.17-0.90) 

0.79  

(0.39-1.00) 

0.68  

(0.44-1.00) 

0.62  

(0.30-1.00) 

SS 0.77  

(0.60-0.88) 

0.46  

(0.36-0.66) 

0.83  

(0.44-1.00) 

0.60  

(0.50-1.00) 

0.46  

(0.33-0.90) 

0.70  

(0.00-1.00) 

0.64  

(0.33-1.00) 

0.51  

(0.41-0.78) 

0.46  

(0.34-0.90) 

0.55  

(0.30-0.90) 

0.44  

(0.31-0.72) 

0.71  

(0.43-0.94) 

Out-

degree 

centrality 

KL 0.55  

(0.16-0.75) 

0.13  

(0.06-0.64) 

0.40  

(0.22-0.96) 

0.14  

(0.02-0.46) 

0.50  

(0.00-0.83) 

0.40  

(0.00-0.80) 

0.40  

(0.20-1.00) 

0.72  

(0.20-1.00) 

0.60  

(0.41-1.00) 

 0.28 

(0.10-0.53) 

 0.56 

(0.26-0.84) 

 0.45  

(0.26-0.66) 

KS 0.54  

(0.25-1.00) 

0.44  

(0.24-0.96) 

0.67  

(0.34-0.87) 

0.58  

(0.20-1.00) 

0.25  

(0.10-1.00) 

0.67  

(0.20-0.80) 

0.47  

(0.26-0.93) 

0.82  

(0.32-0.98) 

0.62  

(0.38-0.98) 

0.46  

(0.27-0.80) 

0.56  

(0.30-0.85) 

0.74  

(0.46-0.98) 

SL 0.55  

(0.26-1.00) 

0.51 

(0.12-0.93) 

0.54  

(0.16-0.98) 

0.33  

(0.25-0.88) 

0.32  

(0.15-0.50) 

0.45  

(0.00-0.75) 

0.39  

(0.23-0.95) 

0.56  

(0.40-0.77) 

0.42  

(0.34-0.76) 

0.53  

(0.15-0.90) 

0.37  

(0.20-0.50) 

0.40  

(0.25-0.73) 

SS 0.32  

(0.08-0.52) 

0.60  

(0.30-0.87) 

0.28  

(0.10-0.67) 

0.19  

(0.00-1.00) 

0.40  

(0.13-0.92) 

0.27  

(0.00-0.56) 

0.39  

(0.23-0.95) 

0.56  

(0.40-0.77) 

0.42  

(0.34-0.76) 

0.43  

(0.19-0.85) 

0.43  

(0.23-0.76) 

0.44  

(0.27-0.88) 

Eigen-

vector 

KL 0.68  

(0.35-0.95) 

0.49  

(0.37-0.61) 

0.61  

(0.42-0.92) 

0.76  

(0.51-0.89) 

0.66  

(0.46-0.94) 

0.56  

(0.38-0.91) 

0.32  

(0.21-0.62) 

0.50  

(0.12-0.90) 

0.66  

(0.18-0.75) 

0.56  

(0.38-0.79) 

0.70  

(0.56-0.88) 

0.84  

(0.58-1.00) 

KS 0.81  

(0.54-0.99) 

0.71  

(0.49-1.00) 

0.89  

(0.69-1.00) 

0.84  

(0.45-0.98) 

0.76  

(0.48-0.85) 

0.80  

(0.34-0.95) 

0.78  

(0.67-0.86) 

0.65  

(0.54-0.96) 

0.74  

(0.51-0.94) 

0.76  

(0.33-0.94) 

0.66  

(0.50-0.98) 

0.86  

(0.67-0.96) 

SL 0.58  

(0.34-1.00) 

0.72  

(0.60-0.97) 

0.60  

(0.50-0.99) 

0.55  

(0.46-1.00) 

0.70  

(0.40-0.88) 

0.82  

(0.59-0.94) 

0.81  

(0.61-0.95) 

0.87  

(0.63-0.94) 

0.81  

(0.72-0.98) 

0.90  

(0.67-1.00) 

0.64  

(0.49-0.78) 

0.67  

(0.41-0.90) 

SS 0.68  

(0.36-0.79) 

0.73  

(0.56-0.89) 

0.75  

(0.62-0.90) 

0.76  

(0.48-1.00) 

0.74  

(0.35-1.00) 

0.53  

(0.23-0.93) 

0.66  

(0.53-1.00) 

0.75  

(0.52-0.94) 

0.79  

(0.42-0.90) 

0.63  

(0.24-0.99) 

0.59  

(0.40-0.81) 

0.73  

(0.46-0.94) 
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Table S 2: Median (25 | 75 % - quartile) of general network parameters (pen level) for all behaviours included presented by day (DAY0 = 

baseline, DAY2 = first day after injection, DAY3 = second day after injection). 

 Ear manipulation Tail manipulation  Manipulation of other 

body parts  

Fighting  

 DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 DAY0 DAY2 DAY3 

Degree 

centralisation 

0.37 

(0.29| 

0.47) 

0.42 

(0.29| 

0.47) 

0.36 

(0.29| 

0.46) 

0.34 

(0.27| 

0.44) 

0.37 

(0.24| 

0.45)  

0.31 

(0.17| 

0.45)  

0.36 

(0.29| 

0.46) 

0.29 

(0.26| 

0.34)  

0.31 

(0.24| 

0.39)  

0.37 

(0.21| 

0.44) 

0.35 

(0.29| 

0.40)  

0.28 

(0.19| 

0.42) 

In-degree 

centralisation 

0.33 

(0.23| 

0.44) 

0.41 

(0.36| 

0.51) 

0.45 

(0.34| 

0.53) 

0.40 

(0.26| 

0.55) 

0.44 

(0.37| 

0.57) 

0.42 

(0.23| 

0.57) 

0.40 

(0.31| 

0.43) 

0.41 

(0.35| 

0.53) 

0.46 

(0.34| 

0.55)  

0.46 

(0.38| 

0.55) 

0.36 

(0.27| 

0.58) 

0.38 

(0.29| 

0.52) 

Out-degree 

centralisation 

0.54 

(0.41| 

0.61) 

0.53 

(0.44| 

0.65) 

0.52 

(0.40| 

0.58) 

0.53 

(0.39| 

0.62) 

0.56 

(0.51| 

0.62) 

0.48 

(0.29| 

0.56) 

0.52 

(0.42| 

0.54) 

0.42 

(0.35| 

0.49) 

0.38 

(0.31| 

0.59) 

0.46 

(0.40| 

0.59) 

0.45 

(0.42| 

0.52) 

0.42 

(0.34| 

0.54) 

Betweenness 0.20 

(0.10| 

0.29) 

0.20 

(0.17| 

0.31) 

0.25 

(0.14| 

0.33) 

0.16 

(0.08| 

0.26) 

0.20 

(0.11|

0.32) 

0.15 

(0.08| 

0.21) 

0.18 

(0.13| 

0.27) 

0.11 

(0.09| 

0.20) 

0.16 

(0.14| 

0.22) 

0.26 

(0.16| 

0.37) 

0.15 

(0.06| 

0.20) 

0.18 

(0.09| 

0.32) 

Eigenvector 0.52 

(0.47| 

0.61) 

0.51 

(0.40| 

0.61) 

0.47 

(0.39| 

0.57) 

0.52 

(0.42| 

0.63) 

0.52 

(0.40|

0.64) 

0.60 

(0.41| 

0.66) 

0.46 

(0.34| 

0.55) 

0.37 

(0.33| 

0.48) 

0.40 

(0.31| 

0.46) 

0.55 

(0.30| 

0.59) 

0.47 

(0.43| 

0.58) 

0.39 

(0.29| 

(0.59) 

Edge density 1.20 

(0.88| 

2.01) 

1.43 

(1.03| 

1.98) 

1.08 

(0.88| 

1.65) 

0.52 

(0.40| 

0.62) 

0.55 

(0.34|

0.77) 

0.50 

(0.47| 

0.60) 

1.75 

(1.33 | 

2.42) 

1.70 

(1.46| 

1.80) 

1.58 

(1.38| 

2.43) 

1.23 

(0.65| 

1.88) 

1.65 

(1.16| 

2.61) 

0.93 

(0.57| 

1.74) 



The use of social network analysis to describe the effect of immune activation on group 
dynamics in pigs 

C. Veit1*, S. Foister², A. Valros³, C. Munsterhjelm³, D. A. Sandercock4, A. M. Janczak5, B. 
Ranheim5, J. Nordgreen1 

1Department of Paraclinical Sciences, Faculty of Veterinary Medicine, Norwegian University 
of Life Sciences, 0454 Oslo, Norway 

2Innovent Technology, Markethill, Turriff, Aberdeenshire, AB53 4PA, United Kingdom  

³Research Centre for Animal Welfare, Department of Production Animal Medicine, University 
of Helsinki, 00014 Helsinki, Finland 

4Animal and Veterinary Science Research Group, Roslin Institute, Scotland’s Rural College, 
Midlothian, EH15 9RG, United Kingdom 

5Department of Production Animal Clinical Science, Faculty of Veterinary Medicine, 
Norwegian University of Life Sciences, 0454 Oslo, Norway 

Journal: Animal 

 

 

#Formatting 

#1 – Prior to applying function ‘format_groups’, the data is stored in dataframe format. This 

dataframe contains the interactions between individual pigs which provides the information 

required to create a network. This dataframe is split by the categorical variable “pen”. This 

produces a list of dataframes, one for each pen.  

Once the dataframes are separated by pen, the pen variable is no longer required and is 

removed (assigned “NULL”).  The igraph function graph.data.frame is then applied to all 

dataframes in order to convert them to graph or network format in preparation for network 

analysis.  

format_groups<-function(x){ 

  x$Pen<-NULL    #Pen variable removed 

  x<-graph.data.frame(x)  # Conversion to graph format 

  return (x) 

} 

 

#2 – Certain network parameters can include additional information in the form of “weighting” 

the edges (interactions). In the case of this study, the frequency of interactions were used for 

weighting. Thus, each interaction had the weight of “1”. The igraph function simplify removes 

the multiple interactions, and replaces it with a single interaction, with the sum value of all 

prior edges.  

weight.it<-function(x){ 

  E(x)$weight<-1 #Assigns edges a value of 1 

  x<-simplify(x)  # Simplify removes multiple interactions 
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  return(x)  # Returns new weighted network format 

} 

 

#3 myfunc is required for certain outputs of network function. It transforms the outputs into a 

dataframe format, which allows smooth transference of the results from each network (pen) 

back into a single large dataframe of results.  

 

myfunc<-function(arg1){ 

  x<-lapply(arg1, transform) 

  x<-ldply(x) 

} 

 

R CODE NETWORK TRAITS PIG LEVEL 

Function 4-7 are pre-existing functions from the igraph package, to calculate eigenvector 

and degree centrality. Functions 5-7 vary only in the calculation of either ‘in’, ‘out’ or ‘total’ 

interactions.  

#4 

eig<-function(arg1){ 

  scores<- eigen_centrality(arg1, directed=F, scale=F, weights = NULL) 

  return(scores) 

} 

#5 

degree.centrality<-function(x){ 

  y<-degree(x, v = V(x), mode = c( "total"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  return(y) 

} 

#6 

degree.centrality.in<-function(x){ 

  y<-degree(x, v = V(x), mode = c( "in"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  return(y) 

} 

#7 



degree.centrality.out<-function(x){ 

  y<-degree(x, v = V(x), mode = c( "out"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  return(y) 

} 

 

#8. Norm_by_max - normalising individual degree centrality by the maximum centrality in the 

pen. This function was formulated to apply to networks that have multiple interactions, as the 

pre-existing options to normalise centrality measures is based on the theoretical maximum 

number of connections a binary network can have (one connection between two nodes).  

norm_by_max<-function(x){ 

  z<-max(x$X_data) 

  x$X_data<-x$X_data/z 

  return(x) 

} 

As above. All pen level network measures are pre-existing functions from igraph manual.  

R CODE NETWORK TRAITS PEN LEVEL 

degree.cent<-function(x){ 

  y<-degree(x, v = V(x), mode = c( "all"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  max<-max(y$X_data) 

  max=max*6 

   

  x<-  centralization.degree(x,  mode = c("total"),loops = F, normalized = F) #changed to false 

  cent=x$centralization 

  norm=cent/max  

  return(norm) 

} 

 

degree.cent.in<-function(x){ 

  y<-degree(x, v = V(x), mode = c( "in"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  max<-max(y$X_data) 



  max=max*6 

   

  x<-  centralization.degree(x,  mode = c("in"),loops = F, normalized = F) #changed to false 

  cent=x$centralization 

  norm=cent/max   

return(norm) 

  } 

 

degree.cent.out<-function(x){  

  y<-degree(x, v = V(x), mode = c( "out"), loops = FALSE, normalized = F) 

  y<-myfunc(y) 

  max<-max(y$X_data) 

  max=max*6 

   

  x<-  centralization.degree(x,  mode = c("out"),loops = F, normalized = F) #changed to false 

  cent=x$centralization 

  norm=cent/max 

  return(norm)   

} 

 

p.eig.cent<-function(arg1){ 

  x<- lapply(arg1, centralization.evcent, directed = FALSE, scale = TRUE, options = 

igraph.arpack.default, normalized = TRUE) 

  x<- lapply(x,"[[","centralization") 

  x=lapply(x, myfunc) 

  x<-ldply(x) 

  colnames(x)[1] <- "Pen" 

  colnames(x)[2] <- "value" 

  x$metric<-"Eigenvector" 

  return (x) 

} 

 

p.between.cent<-function(arg1){ 



  x<- lapply(arg1, centralization.betweenness, directed = TRUE, nobigint = TRUE, 

normalized = TRUE) 

  x<- lapply(x,"[[","centralization") 

  x=lapply(x, myfunc) 

  x<-ldply(x) 

  colnames(x)[1] <- "Pen" 

  colnames(x)[2] <- "value" 

  x$metric<-"Betweeness" 

  return (x) 

} 
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Abstract 15 

The immune system can influence social motivation with potentially dire 16 

consequences for group-housed production animals, such as pigs. The aim of this 17 

study was to describe test the effect of a controlled immune activation in group-18 

housed pigs, through an injection with LPS and an intervention with ketoprofen on 19 

centrality parameters at the individual level. In addition, we wanted to describe test 20 

the effect of time relative to the injection on general network parameters in order to 21 

get a better understanding of changes in social network structures at the group level. 22 

Fifty-two female pigs (11-12 weeks) were allocated to four treatments, comprising 23 
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two injections: ketoprofen-LPS (KL), ketoprofen-saline (KS), saline-LPS (SL) and 24 

saline-saline (SS). Social behaviour with a focus on damaging behaviour was 25 

observed continuously in 10 x 15 min bouts between 8 am and 5 pm one day before 26 

(baseline) and two subsequent days after injection. Activity was scan-sampled every 27 

5 min for 6 h after the last injection in the pen. Saliva samples were taken for cortisol 28 

analysis at baseline and at 4, 24, 48, 72 h after the injections. A controlled immune 29 

activation affected centrality parameters for ear manipulation networks at the 30 

individual level. LPS-injected pigs had a lower in-degree centrality, thus, received 31 

less interactions, two days after the challenge. Treatment effects on tail manipulation 32 

and fighting networks were not observed at the individual level. For networks of 33 

manipulation of other body parts in-degree centrality was positively correlated with 34 

cortisol response at 4 h and lying behaviour in the first 6 h after the challenge in LPS-35 

injected pigs. Thus, the stronger the pigs reacted to the LPS, the more interactions 36 

they received in the subsequent days. The time in relation to injection affected 37 

general network parameters for ear manipulation and fighting networks at the group 38 

level. For ear manipulation networks in-degree centralisation was higher on the days 39 

following injection, thus, certain individuals in the pen received more interactions than 40 

the rest of the group compared to baseline. For fighting networks betweenness was 41 

significantly higher at baseline compared to one day after injection, indicating that 42 

network connectivity increased after the challenge. Networks of tail manipulation and 43 

manipulation of other body parts did not change on the days after injection at the 44 

group level. Social network analysis is a method that can potentially provide 45 

important insights into the effects of sickness on social behaviour in group-housed 46 

pigs. 47 

Keywords  48 
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Social behaviour, Sickness behaviour, Lipopolysaccharide, Cortisol, Sus scrofa 49 

Implications 50 

Damaging behaviour is a major welfare problem in pig husbandry and has been 51 

linked to poor health. We were able to detect changes in social interactions in 52 

response to a controlled immune activation both on individual and group level using 53 

social network analysis. 54 

Introduction 55 

When animals become sick, pro-inflammatory cytokines can alter social motivation 56 

so that they can withdraw, conserve resources and recover (reviewed by Nordgreen 57 

et al., 2020). In intensive pig production systems, animals housed in close 58 

confinement cannot withdraw from their pen mates when they experience a bout of 59 

illness, and this might influence their social interactions (Veit et al., 2021). There are 60 

indications that poor health status is positively correlated with damaging behaviours 61 

(Moinard et al., 2003; Taylor et al., 2012). In particular, it was shown that pigs 62 

diagnosed with respiratory diseases tended to perform more ear- and tail biting than 63 

controls in the days prior to disease outbreak (Munsterhjelm et al., 2017). These so-64 

called damaging behaviours are supposed to spread either actively due to social 65 

learning (Blackshaw, 1981) or passively through animals encountering a wounded 66 

tail or ear (Fraser, 1987). Damaging behaviours have an unpredictable appearance 67 

and rapid spread, as well as a sporadic occurrence which makes them difficult to 68 

study (reviewed by D’Eath et al., 2014). So far, most studies of damaging behaviours 69 

focus either on pen-level data (Larsen et al., 2019; Li et al., 2020) or dyadic 70 

interactions (Brunberg et al., 2011; Zonderland et al., 2011; Munsterhjelm et al., 71 

2016), or related indicators, such as tail posture (Zonderland et al., 2009; Lahrmann 72 

et al., 2018). Except for studies on the relationship between indirect genetic effects 73 
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for growth rate and biting behaviour (Camerlink et al., 2015), studies that take the 74 

whole group of animals into account are lacking. 75 

Social network analysis (SNA) provides standardised mathematical methods for 76 

calculating measures of sociality across levels of social organisation and has become 77 

an increasingly common tool for studying animal behaviour (reviewed by Makagon et 78 

al., 2012). SNA is widely used in different fields (e.g. primatology, behavioural 79 

ecology, epidemiology) and across many species but most extensively in wildlife 80 

research (Stanton and Mann, 2012; Aplin et al., 2013; Brent et al., 2013) and to a 81 

much lesser extentd in captive farm animals (Abeyesinghe et al., 2013; Boyland et 82 

al., 2016). Previous studies in pigs have focused on agonistic behaviour such as the 83 

description of general network properties (Büttner et al., 2015a) and individual 84 

network position (Büttner et al., 2015b) across three mixing events. SNA is relevant 85 

for animal welfare and farm management, Foister et al. (2018) were able to predict 86 

long term aggression (3 weeks post-mixing) by calculating network properties at 24 h 87 

after mixing. Studies on damaging behaviours such as ear- and tail-biting (Li et al., 88 

2018) are underrepresented even though SNA has the potential to shed light on 89 

underlying social mechanisms and the spread of these behaviours. SNA variables of 90 

particular interest in this context is degree centrality and edge density. Degree 91 

centrality is measured at individual level and is determined by how many interactions 92 

this pig has with others. Edge density is measured at group level and indicates how 93 

well the members of the group are connected in terms of their interaction with each 94 

other (Foister, 2019). After a controlled immune activation, pigs exhibited a shift in 95 

social motivation and performed more ear and tail manipulation two days after the 96 

challenge (Munsterhjelm et al., 2019). Based on these findings, we would expect a 97 

higher out-degree centrality in ear and tail manipulation networks of challenged pigs 98 
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as well as a higher edge density in the networks on the days following a controlled 99 

immune activation.  100 

Lipopolysaccharide (LPS) is a part of the cell wall of Gram-negative bacteria (e.g. E. 101 

Coli) and can be used to model aspects of sickness. LPS binds to toll-like receptors 102 

(TLRs) on several types of immune competent cells and activates the innate immune 103 

system within an hour after administration. As a first response, interleukin-1, 104 

interleukin-6, tumour necrosis factor α, interleukin-8, C-reactive protein and cortisol 105 

are released. The proinflammatory cytokines give rise to sickness behaviour and an 106 

increase in prostaglandin synthesis through the enzyme cyclooxygenase (COX) as 107 

well as a profound reduction in activity and increase in cortisol during the first 6 h 108 

after injection (Nordgreen et al., 2018; Veit et al., 2021). In rodents, depressive-like 109 

behaviour after overt sickness has been observed (O'Connor et al., 2009). In pigs, 110 

more ear and tail manipulation and changes in central cytokine and monoamine 111 

levels have been reported within two to three days after LPS-injection (Nordgreen et 112 

al., 2018; Munsterhjelm et al., 2019; Veit et al., 2021). Nonsteroidal anti-inflammatory 113 

drugs (NSAIDs) such as ketoprofen are able to lower the effect of LPS on cortisol 114 

release and attenuate behavioural signs of sickness (Veit et al., 2021). Non-selective 115 

NSAIDs inhibit COX1 and COX2 and thereby prostaglandin E2 (PGE2) synthesis 116 

(Thompson et al., 2018). 117 

Due to relatively small group sizes (1-3 pigs), previous studies (Nordgreen et al., 118 

2018; Munsterhjelm et al., 2019) were unable to fully mimic the housing conditions on 119 

farms, where pigs are kept in larger groups (6 and more), thus, the complexity of 120 

social interactions that could be studied were limited. In this study we therefore 121 

wanted to further our understanding of how pig social behaviour is influenced when 122 

one member of a larger group becomes ill and thereby changes its behaviour. To 123 
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achieve this, we used social network analysis to test the effect of a controlled 124 

immune activation and an intervention with ketoprofen on centrality parameters (e.g. 125 

degree centrality) on pig level. describe both centrality parameters (e.g. degree 126 

centrality) at the pig level, and the effect of time relative to injection on general 127 

network parameters (e.g. edge density) at the pen level. In addition, we wanted to 128 

test the effect of time relative to injection on general network parameters (e.g. edge 129 

density) in order to get a better understanding of changes in social network structures 130 

on pen level. We hypothesised that an injection with LPS affects the standing of an 131 

individual pig in a group of pen mates and that illness in one pig changes the group 132 

dynamics after recovery. We predicted that the centrality parameters in ear and tail 133 

manipulation networks of a challenged pig would be affected in a way that the 134 

number of interactions received (in-degree) decreases, whereas the number of 135 

interactions initiated (out-degree) increases (Ӏ). Moreover, we predicted that the 136 

number of interactions within a group (edge density) would increase the subsequent 137 

days after challenge (ӀӀ).In addition, we wanted to describe the effect of an 138 

intervention with ketoprofen on centrality parameters at the pig level. We applied this 139 

method to continuous observations of social behaviour that were gathered during a 140 

previous experiment (Veit et al., 2021). 141 

Material & Methods 142 

Animals and husbandry  143 

The experiment took place between March 23th and May 15th 2018 at the Livestock 144 

Production Research Center of the Norwegian University of Life Sciences (NMBU), 145 

campus Ås. Seventy-eight undocked pigs aged between 11 and 12 weeks were used 146 

in two blocks (52 females and 26 castrated males). Animal caretakers selected 4 147 
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females and 2 males per litter as even in size as possible to be group-housed in the 148 

13 pens they were born in at a stocking density of 1.3 m² per pig. The four female 149 

pigs in each pen were randomly allocated to one of four treatments each, so that all 150 

treatments were represented in all pens, resulting in 13 pigs per treatment. The male 151 

pigs were companion pigs (CO) used to increase the stocking density and group 152 

size. Housing details are provided in Veit et al. (2021).  153 

Experimental design  154 

The description of the design is adapted from Veit et al. (2021). The pigs were 155 

allocated to four treatments comprising to injections: ketoprofen-LPS (KL), 156 

ketoprofen-saline (KS), saline-LPS (SL), saline-saline (SS), Fig. 1. Ketoprofen (6 mg 157 

kg-1) or saline (similar volume of 0.9 %) was injected in the trapezius muscle. LPS 158 

(1.2 µg kg-1, serotype 0111: B4 of Escherichia coli dissolved in 0.9 % sterile saline to 159 

a concentration of 100 µg ml-1 , produced by Sigma, Germany) or a similar volume of 160 

saline was administered intravenously through an ear vein catheter on average 60 ± 161 

14 min afterwards. Saliva samples were taken by letting the pigs chew on a cotton 162 

pad at baseline and at 4, 24, 48, 72 h after the intravenous injection. Details about 163 

sampling procedures are described in Veit et al. (2021). One camera per pen (door 164 

ccd-camera, Smartprodukter, Ulsteinvik, Norway) was placed centrally on the ceiling 165 

above and the pigs were individually marked on the back. The Media Recorder 166 

system from Noldus (Wageningen, the Netherlands) was used to run video 167 

recordings of behaviour continuously throughout the experiment.  168 

Cortisol analysis 169 

Cortisol concentration in saliva has beenwas measured in a previous study (Veit et 170 

al., 2021). In brief,using an enzyme immunoassay kit according to the manufacturer’s 171 
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protocol was used (DetectX®, Catalogue Number K0033-H5W, Arbor Assays, MI, 172 

USA). The optical density of each well was read with the Sunrise Absorbance Reader 173 

(Tecan Austria GmbH, Grödig/Salzburg, Austria) at 450 nm using the Magellan 6.4 174 

software. Mean coefficient of variation varied between 4.69-7.63 %. Sensitivity was 175 

determined as 27.6 pg ml-1 and limit of detection was determined as 45.4 pg ml-1 176 

according to manufacturer. Full details of cortisol analysis procedures used are 177 

provided in Veit et al. (2021). 178 

Video analysis  179 

All behavioural video recordings have been analysed in a previous study (Veit et al., 180 

2021) Video analysis has been described previously (Veit et al., 2021) and is 181 

included here for completeness. using Tthe Observer XT 14.1 from Noldus 182 

(Wageningen, The Netherlands). The methods applied are described here for 183 

completeness. was used to analyse all behavioural video recordings. Behavioural 184 

signs of sickness were observed by instantaneous scan sampling (Altmann, 1974) 185 

every 5 min for 6 h after the injection of the last pig in the pen (DAY1). On the day of 186 

injection (DAY1), behavioural signs of sickness were observed by oneThe observer 187 

who was blinded to treatment. After the injection of the last pig in the pen, 188 

instantaneous scan sampling was performed every 5 min for 6 h. The frequency of 189 

lying lateral/ sternal/ alert and being active was included as a measure for the 190 

response strength to LPS. Social behaviour was observed at baseline (The detailed 191 

ethogram used is provided in Veit et al. (2021). Oone day before injection), ( referred 192 

to as DAY0,) and on the first (DAY2) and second day (DAY3) after injection (DAY2 193 

and DAY3). Continuous observations of performers and receivers of social behaviour 194 

at certain intervals during the day was performed by, social behaviour was 195 

continuously observed by one observer who was blinded to treatment and day of 196 
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experiment. The sampling scheme for DAY0, DAY2 and DAY3 was four 15 min 197 

intervals in the morning between 8:00 and 10:00 and six 15 min intervals in the 198 

afternoon between 14:00 and 17:00, (Fig. 2). The day of injection itself (DAY1) was 199 

not of interest for observation of social behaviour because it was interrupted due to 200 

more handling on that day. The sampling scheme was four 15 min intervals in the 201 

morning between 8:00 and 10:00 and six 15 min intervals in the afternoon between 202 

14:00 and 17:00 (Fig. 2). Only 12 out of 13 pens were included in analysis due to an 203 

inadequate quality of the video material from one pen (which was too brightly lit to 204 

identify back markings). The ethogram for the specific social behaviours performed is 205 

displayed in Table 1. Due to low frequencies, the behaviours flank nosing (4.9 % of 206 

all behaviour observed) and belly nosing (4.1 %) as well as displacement (2.1 %) 207 

were not used for further analyseis.  208 

The package igraph in R 4.0.3 was used to construct networks and calculate network 209 

properties at pig and at pen level (Table 2). Centrality parameters were obtained via 210 

the degree and eigen_centrality functions and normalized by the pig with the highest 211 

value in the respective pen, thus, centrality was scaled between 0-1 (1 = most central 212 

pig in the pen). General network parameters were obtained via the edge_density, 213 

centralization.degree, centralization.betweenness and centralization.evcent 214 

functions. Degree centralisation was normalized by the most central pig in the 215 

respective pen. Codes for calculation of network parameters are given in the 216 

Supplementary material. 217 

Statistical analysis 218 

JMP Pro 14.3.0 (SAS, NC, USA) was used to build mixed models for analysis of 219 

network parameters. For the effect of treatment, the same model structure as 220 

Formatted: Space After:  8 pt
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reported previously (Veit et al., 2021) was used. The significance level for all analysis 221 

was set at p < 0.05. Residuals were checked for normality and homogeneity of 222 

variance by visual inspection of plots. Main effects are not presented when the 223 

interaction was in focus to answer the research question. A priori planned contrasts 224 

were used after running the main models, as we had predefined assumptions (for 225 

further explanation see Doncaster and Davey, 2007). For centrality parameters, the 226 

calculated values of degree centrality, in-degree centrality, out-degree centrality and 227 

eigenvector centrality were used as dependent variables. The treatment (KL, KS, SL, 228 

SS), the day (DAY0, DAY2, DAY3) and the interaction of both were used as 229 

independent fixed effects. Pig nested in treatment was included as a random variable 230 

in all models. Companion pigs were not considered for analysis. For planned 231 

comparisons, Student’s t-tests were used. In a first step, we compared SL with SS to 232 

elucidate the effect of LPS on centrality parameters. In addition, the comparison of 233 

SL and KL should answer the question whether ketoprofen alleviates the effects of 234 

LPS. Furthermore, it was relevant to compare SS with KS in order to see whether 235 

ketoprofen has an effect in pigs that were not challenged with LPS. If any of these 236 

pairwise comparisons were significant, we compared within-group differences 237 

between baseline and the day at which the significant treatment effect was found 238 

(see Veit et al., 2021 for details). For correlations between centrality parameters and 239 

cortisol concentrations at 4 h after injection, as well as general activity in the first 6 h 240 

after injection, Spearman rank coefficient was used. For general network parameters, 241 

the calculated values of edge density, degree centralisation, in-degree centralisation, 242 

out-degree centralisation, betweenness and eigenvector were used as dependent 243 

variables. The day (DAY0, DAY2, DAY3) was used as independent fixed effect and 244 

the pen was included as a random variable in all models. For planned comparisons, 245 
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Student’s t-tests were used. Codes for statistical models are given in the 246 

Supplementary material. 247 

Results 248 

General description of the data set 249 

LPS activated the HPA-axis as indicated by an increase in salivary cortisol at 4 h 250 

after injection and depressed activity within 6 h; ketoprofen alleviated this effect 251 

(reported in Veit et al., 2021). Details of salivary cortisol concentrations and 252 

behavioural signs of sickness on the day of injection are reported elsewhere (Veit et 253 

al., 2021). Overall signs of sickness abated within 6 h after LPS-injection. Pigs across 254 

all treatments and days manipulated mostly the ears (23.7 % of all behaviours 255 

observed) and other body parts (31.8 %) of their pen mates and were frequently 256 

involved in fights (24.4 %). Tail manipulation was shown to a much lesser extend (9.0 257 

%). An overview of the different centrality parameters at pig level calculated by 258 

treatment and day are displayed in the Supplementary Table S 1 and the results are 259 

described in detail in the following paragraph. An overview of the general network 260 

parameters calculated at pen level for all behaviours by day are displayed in the 261 

Supplementary Table S 2 and the results are described subsequently. 262 

Effect of treatment on centrality parameters (pig level) 263 

The calculated centrality parameters were used to plot social networks for each pen 264 

and day (Fig. 3). LPS had a significant effect on centrality parameters of ear 265 

manipulation at an individual level (F(treatment*day)6, 87.53 = 1.82, p = 0.11). SL pigs 266 

(median (min | max) = 0.40 (0.10 | 1.00)) had a significantly lower in-degree 267 

centrality, thus, received less interactions, compared to SS pigs (0.83 (0.40 | 1.00)) 268 

two days after injection (planned comparison: p = 0.01), Fig. 4a. A pre-treatment with 269 
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ketoprofen did not alleviate this effect. A numerical difference between SL and SS 270 

pigs was present at baseline. Neither LPS nor ketoprofen had an effect on centrality 271 

parameters of tail manipulation (Fig. 4b), manipulation of other body parts (Fig. 4c) 272 

and fighting (Fig. 4d) and no clear patterns could be observed. In-degree centrality of 273 

SL pigs for manipulation of other body parts was positively and significantly 274 

correlated with salivary cortisol concentration at 4 h after injection (DAY2: 275 

Spearman’s rho ρ= 0.71, p = 0.009) and lying laterally in the first 6 h after the 276 

challenge (DAY3: ρ= 0.62, p = 0.03). Thus, the stronger the pigs reacted to the LPS, 277 

the more interactions they received in the subsequent days.  278 

Effect of time relative to injection on general network parameters (pen level) 279 

Day relative to injection had an effect on general network parameters of ear 280 

manipulation. On the first (median (min | max) = 0.41 (0.26 | 0.57)) and second day 281 

after injection (0.45 (0.28 | 0.67)) in-degree centralisation (F(day)2,22 = 4.74, p = 0.02) 282 

was significantly higher compared to baseline (0.33 (0.10 | 0.54), planned 283 

comparisons DAY0 vs. DAY2: p = 0.04, DAY0 vs. DAY3 p = 0.007), Fig. 5a. Thus, 284 

certain individuals in the pen received more interactions than the rest of the group. 285 

Day relative to injection had an effect on general network parameters of fighting. One 286 

day after injection, betweenness (F(day)2,22 = 2.85, p = 0.08) was significantly lower 287 

(0.15 (0.04 | 0.44)) compared to baseline (0.26 (0.07 | 0.48), planned comparison: p 288 

= 0.03), Fig. 5b, indicating that network connectivity increased following the injection. 289 

Day relative to injection had no effect on general network parameters of tail 290 

manipulation and manipulation of other body parts (Fig. 5). 291 

Discussion 292 

Summary 293 
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We were able to detect changes in social interactions in response to a controlled 294 

immune activation at both individual (pig) and group (pen) level using social network 295 

analysis. For ear manipulation networks, an injection with LPS resulted in a lower in-296 

degree centrality two days after the challenge at pig level, meaning that the ears of 297 

LPS-injected pigs were manipulated to a lesser extent compared to saline-injected 298 

pigs. Treatment effects on tail manipulation and fighting networks were not observed. 299 

Ketoprofen seemed not to have an impact on centrality parameters at pig level. LPS 300 

activated the HPA-axis as indicated by an increase in salivary cortisol at 4 h after 301 

injection and depressed activity within 6 h; ketoprofen alleviated this effect (reported 302 

in Veit et al., 2021). For networks of manipulation of other body parts, in-degree 303 

centrality was positively correlated with cortisol response and lying behaviour in the 304 

first 6 h after the challenge in LPS-injected pigs. This finding indicates that the 305 

stronger the pigs reacted to the challenge, the more manipulations were directed 306 

towards them on the following days. At the pen level, a higher in-degree 307 

centralisation for ear manipulation networks in the two subsequent days after 308 

injection compared to baseline was found, thus, certain individuals were more 309 

frequently manipulated than the rest of the group. For fighting networks, 310 

betweenness was significantly higher at baseline compared to one day after injection, 311 

indicating that network connectivity increased following the injection. Time relative to 312 

injection had no effect on general network parameters of tail manipulation and 313 

manipulation of other body parts. 314 

General aspects 315 

The proportions of different social behaviours observed in this study were similar to 316 

other studies in group-housed pigs. Bolhuis et al. (2006) found that manipulative oral 317 

behaviour directed at pen mates in 15- and 19-week-old pigs mainly consisted of 318 
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manipulating other body parts (58 % of total observations on manipulative behaviour) 319 

and ear biting (30 %) whereas belly nosing (8 %) and tail biting (4 %) were observed 320 

less frequently (fighting was not included). Also, Van de Meer et al. (2017) showed 321 

that oral manipulation in 20- and 23-week-old pigs was directed mainly towards other 322 

body parts and ears, while to a lesser extent towards tails or belly. Slightly 323 

contradictory, Camerlink et al. (2013) observed that nosing between 8-week-old pigs 324 

consisted mainly of nose-to-nose contact, nosing the body and nosing the head while 325 

nosing the ears was rather uncommon, as was nosing the tails.  326 

Pigs used in the present study were similar in age, and housed litter-wise in the same 327 

environment from birth. In commercial pig production, regrouping and rehousing are 328 

very common management procedures. The stable housing and social conditions in 329 

the present study might have had a general impact on network parameters. It has 330 

been shown that piglets in socialized pens showed a significantly lower degree 331 

centrality, eigenvector centrality and clustering coefficient compared to controls 332 

(Turner et al., 2020). We applied SNA to a rather small group of individuals (6) 333 

compared to the group sizes of previous studies (8 in Li et al., 2018, 6-29 in Büttner 334 

et al., 2015b, 15 in Foister et al., 2018, 12 in Turner et al., 2020), which limits the 335 

number of possible interactions within the group. Nevertheless, this is the first study 336 

that takes a variety of behavioural patterns into account when describing the effects 337 

of immune activation. 338 

Effect of treatment on centrality parameters (pig level) 339 

It was shown in rodents that when sickness behaviour resolves, mice display 340 

depressive-like behaviours measured by increased immobility in the forced swim test 341 

and tail suspension test at 24-28 h after LPS-challenge (Frenois et al., 2007, 342 
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O’Connor et al., 2009, Ge et al., 2015, Zhu et al., 2015, Suliyaka et al., 2016, Zhao et 343 

al., 2019). It is these psychological aftereffects and their potential effect on social 344 

interactions that we wanted to investigate with the current experiment in pigs. 345 

Immune activation has been suggested as a major factor influencing social 346 

interactions in pigs, with outbreaks of damaging behaviors such as tail biting as a 347 

possible result (reviewed by Nordgreen et al., 2020). The shift in social motivation 348 

(seen as more tail and ear directed behaviour) was observed about 40 h after the 349 

signs of acute illness dissipated and was not accompanied by a similar increase in 350 

activity (Munsterhjelm et al., 2019). In boars, tail- and ear-biting tended to increase 0-351 

2 weeks before clinical signs of respiratory infection were visible (Munsterhjelm et al., 352 

2017), thus, behaviour changed already in a preclinical stage of illness. This could 353 

also be the case in the phase of recovery when clinical signs abate. Thus, pigs might 354 

feel irritable, which might increase the probability to become a biter. Irritability, 355 

emotional lability and short temper are reported side effects in humans undergoing 356 

cytokine therapy (Capuron et al., 2000, Constant et al., 2005, Denicoff et al., 1987, 357 

Renault et al., 1987).Immune activation has been suggested as a major factor 358 

influencing social interactions in pigs, with outbreaks of damaging behaviors such as 359 

tail biting as a possible result (reviewed by Nordgreen et al., 2020).  360 

In a previous study with the same pigs, we found that LPS-injected pigs manipulated 361 

the ears of their pen mates longer compared to saline-injected pigs on the second 362 

day after injection (Veit et al., 2021). In the present study, LPS-injected pigs received 363 

fewer ear manipulations two days after the challenge compared to saline-injected 364 

pigs. The previous results are based on the duration of the behaviour, whereas the 365 

SNA is based on the frequencies of the respective behaviour. It appears logical, that 366 

pigs that perform longer ear manipulations are less likely a target for ear 367 
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manipulations themselves. Thus, SNA provides a different perspective on the 368 

behavioural effect of LPS. It has been discussed that a “pre-damage” state (Fraser 369 

and Broom, 1997), in which pigs perform so called “tail-/ear-in-mouth behaviour” 370 

(Schrøder-Petersen et al., 2003, Diana et al., 2019) can develop into a “damage-371 

state”. Thus, the gentle tail or ear manipulation we observed could be a precursor of 372 

more severe biting behaviour. Camerlink et al. (2013) found that nosing the tail 373 

correlated with tail biting and nosing an ear correlated with ear biting. Nevertheless, 374 

severe tail or ear lesions were not observed in the present study.  375 

Ketoprofen alleviated the effect of LPS on sickness behaviour but did not affect social 376 

behaviour in the subsequent days after the challenge. Based on these previous 377 

findings, we expected that the out-degree centrality (i.e. initiated interactions) of LPS-378 

injected pigs would increase, suggesting that they would perform more frequent 379 

manipulative behaviours in the subsequent days after the challenge. In the present 380 

study, LPS-injected pigs received fewer ear manipulations two days after the 381 

challenge compared to saline-injected pigs. Out-degree centrality (i.e. initiated 382 

interactions) for ear manipulation was numerically higher in LPS-injected pigs 383 

compared to controls at the same time point but failed to reach statistical 384 

significance.  385 

LPS activates the hypothalamic-pituitary-adrenal (HPA) axis as indicated by a peak 386 

in cortisol concentrations at 4 h after injection (Webel et al., 1997; Nordgreen et al., 387 

2018). In the present study, the cortisol response and behavioural signs of sickness 388 

on the day of injection were correlated with centrality parameters calculated on the 389 

first and second day after the challenge. We found that the stronger the cortisol 390 

response at 4 h and the more frequently pigs were lying on their side in the first 6 h 391 

after the injection, the more these pigs were manipulated by their pen mates on the 392 
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following days when they were recovered from the challenge. Exposure to stressors 393 

is commonly associated with increased HPA axis activity, and therefore, the 394 

response of cortisol is generally considered an indicator of stress (Dallman et al., 395 

1987; Sapolsky et al., 2000). Stress has been found to significantly affect the 396 

physiology and behaviour of captive and wild populations, which can alter individual 397 

behaviour and overall network structure (Boogert et al., 2014). When it comes to 398 

interpreting manipulation of other body parts, Jensen and Wood Gush (1984) 399 

suggested a threatening function of "nose-to-nose" contact and associated “nose-to-400 

body" contact with individual recognition. Camerlink et al. (2013) found that nosing 401 

other parts of the body was unrelated to damaging forms of interaction. It is therefore 402 

not clear whether manipulation of other body parts can be interpreted as purely 403 

affiliative social behaviour. 404 

Ketoprofen reduces PGE2 production in LPS-injected pigs and inhibits thereby a 405 

fever response (Wyns et al., 2015). This is one possible pathway through which 406 

ketoprofen can influence behaviour. Moreover, some NSAIDS are able to alter the 407 

expression of NFkappaB and thereby reduce subsequent cytokine expression 408 

(Peters et al., 2012), but whether ketoprofen works in this way is not known. 409 

Ketoprofen alleviated the effect of LPS on sickness behaviour on the day of injection 410 

but did not affect social network parameters in the subsequent days after the 411 

challenge. However, the pigs that were injected with LPS and ketoprofen did not 412 

change their behaviour in the same way that the pigs that received LPS without 413 

ketoprofen did.   414 

Effect of time on general network parameters (pen level) 415 



18 
 

At pen level, high degree centralisation describes whether certain individuals initiate 416 

or receive more interactions than the rest of the group. High betweenness 417 

centralisation occurs where sub-groups within a pen interact only indirectly through a 418 

small number of intermediary animals (Turner et al., 2020). In the present study, in-419 

degree centralisation was increased the days following injection for ear manipulation 420 

networks, thus, the ears of certain pigs were manipulated more often than their pen 421 

mates’ compared to baseline. Betweenness was decreased for fighting networks one 422 

day after injection, suggesting that interactions were more evenly spread across all 423 

group members and no single individual was responsible for connecting a 424 

fragmented network. Edge density increased only numerically for ear manipulation 425 

and fighting networks on the day after injection compared to baseline. Edge density 426 

indicates how well the members of the group are connected in terms of their 427 

interaction with each other and we expected it to increase in all networks the days 428 

after injection.  429 

Behavioural changes can be seen in sick animals but also in their healthy social 430 

companions. LPS-injected pigs and pigs diagnosed with osteochondrosis received 431 

increased social attention by pen mates (Munsterhjelm et al., 2017, Munsterhjelm et 432 

al., 2019). On the other hand, LPS-injected pigs performed more tail and ear directed 433 

behaviour than their controls in the subsequent days after the challenge 434 

(Munsterhjelm et al., 2019). The increased interest in sick animals during the first 435 

hours seems logical, but the mechanisms behind the observed change in social 436 

behaviour in the following days need to be investigated in future research.  437 

In other studies using social network analysis, the effect of mixing (Büttner et al., 438 

2015a; b), feed-restriction (Cañon Jones et al., 2010) and higher stocking density 439 

(Cañon Jones et al., 2011) was tested at group level. In the present study, all 440 
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treatments were represented in each pen, which hampers the interpretation of 441 

general network parameters. A change in group dynamics in the days following 442 

injection could be interpreted as a result of a behavioural change of one pig in the 443 

group (SL) or as a reaction to the handling of the group as a whole. Even so, the 444 

study provides insights on the effects of sickness on social behaviour, where there is 445 

still a paucity of scientific literature.  446 

Conclusion 447 

There might be long-lasting effects on social behaviour, both at individual and group 448 

level, when even just one individual in a group becomes ill. Changes were detected 449 

in ear manipulation and fighting, which together cover 48 % of observed social 450 

behaviours, thus, a significant part of social activity was affected. The results indicate 451 

that the pigs changed the way they directed social activities, and that the immune 452 

status of individuals affected these changes. This needs to be considered in studies 453 

of effects of health on behaviour when animals are kept in groups and shows a need 454 

for further studies on how individuals in a group should be managed when they 455 

become ill. 456 

A single injection with a low dose of LPS had minor impact on centrality parameters 457 

at the individual level when overt sickness has ended. The stronger the pigs reacted 458 

towards the challenge, the more manipulations were directed towards some parts of 459 

their bodies on the following days. Changes in group dynamics following the day of 460 

injection appeared for fighting and ear manipulation networks. Social network 461 

analysis is a method that can potentially provide important insights into the effects of 462 

sickness on social behaviour in gregarious production animal species.  463 
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Tables 668 

Table 1: Ethogram for social behaviour in pigs  669 

Behaviour Description 

Ear manipulation Touching the ear of another pig with the snout, including taking 

the ear into the mouth 

Tail manipulation Touching the tail of another pig with the snout, including taking 

the tail into the mouth 

Manipulation of other 

body parts 

Touching body parts of another pig with the snout except for tail, 

ear, belly and flank region (e.g. head, legs, back), including 

taking the body parts into the mouth 

Fighting Biting, hitting, and knocking of another pig with the head. 

Includes chasing performed immediately after biting, hitting, 

knocking. Includes parallel pressing after knock, hit or bite. Pig 

that initiate the fight is the performer, pig that is being attacked is 

the recipient 

Flank nosing Touching the flank region (=upper part of the lateral side of the 

body from the beginning of the shoulder until the end of the 

body, except of tail) of another pig with the snout 

Belly nosing Repetitive up and down movements on the abdomen of another 

pig that is lying or standing 

Displacement Pushing away another pig without fighting (as defined above), 

results in active movement of the recipient and getting access to 

a resource (e.g. silage, lying space, drinker) for the performer  

 670 

  671 
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Table 2: Social network parameters based on observations of social behaviour in 672 

pigs 673 

Terminology Description 

Centrality parameters (pig 

level) 

 

Degree centrality Number of direct interactions an individual has with other 

individuals of the group 

In-degree Number of interactions received by an individual 

Out-degree Number of interactions initiated by an individual 

Eigenvector centrality Takes the degree centrality of an individual, as well as the 

degree centrality of other individuals it is connected with, into 

account 

General network 

parameters (pen level) 

 

Edge density Amount of actual interactions between individuals divided by 

the total number of possible interactions in the group. An 

edge represents the interaction between two individuals. 

Degree centralisation The range or variability of the individuals’ centrality values (0 

indicates that all individuals in the network have equal 

centrality; 1 indicates maximum inequality) 

In-degree  Description of whether certain individuals receive more 

interactions than the rest of the group 

Out-degree Description of whether certain individuals initiate more 

interactions than the rest of the group 

Betweenness  Pens with high values contain individuals who connect other 

individuals that do not directly interact 

Eigenvector  Pens with high values contain a small number of well-

connected individuals, with the rest of the group being 

considerably less well connected 

  674 
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Figures  675 

Figure 1: Pen design (shaded area = slatted flooring) and treatments of pigs (KL = 676 

ketoprofen-LPS, KS = ketoprofen-saline, SL = saline-LPS, SS = saline-saline and CO 677 

= companion). 678 

Figure 2: Schematic overview of the sampling scheme for observation of pig social 679 

behaviour over the 3-day experimental period. 680 

Figure 3: Example of a social network based on all interactions of pigs observed in 681 

pen 1 at baseline (DAY0) and on the first (DAY2) and second day (DAY3) after 682 

injecting the pigs with ketoprofen-LPS (KL), ketoprofen-saline (KS), saline-LPS (SL) 683 

and saline-saline (SS). Nodes represent individuals in the pen, colour of the nodes 684 

indicate treatments (pink = SL, blue = KS, orange = KL, green = SS, yellow = CO) 685 

and size of the nodes represents degree centrality; edges represent interactions 686 

between individuals, arrows point from the actor to the receiver and thickness of the 687 

edges represents the frequency. In this example, the KS pig increases its degree 688 

centrality from baseline to DAY2 and DAY3 (but to a lesser extent than at DAY2), 689 

whereas the SL pig largely has unchanged degree centrality. The frequency of 690 

interactions within the network increases from baseline to DAY2 and DAY3. The 691 

pattern differed from pen to pen, and this illustration is meant as an aid in 692 

understanding. 693 

Figure 4: Centrality parameters calculated for ear manipulation (4a), tail manipulation 694 

(4b), manipulation of other body parts (4c) and fighting (4d) at baseline (DAY0) and 695 

at the first (DAY2) and second day (DAY3) after injecting pigs with ketoprofen-LPS 696 

(KL), ketoprofen-saline (KS), saline-LPS (SL) and saline-saline (SS). Round dots 697 
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represent outliers. Significant differences of planned comparisons between 698 

treatments (p < 0.05) and within day are marked with an asterisk (*) 699 

Figure 5: General network parameters degree centralisation (a), in-degree 700 

centralisation (a) and out-degree centralisation (a), eigenvector (b), edge density (b) 701 

and betweenness (b) calculated for ear manipulation (EM, blue boxplot), fighting (FT, 702 

red), manipulation of other body parts (MO, green) and tail manipulation (TM, lilac) 703 

over three days in pigs. Round dots represent outliers. Significant differences of 704 

planned comparisons between days (p < 0.05) are marked with an asterisk (*) 705 

 706 

 707 
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Comments to Author: 
 
Dear authors, 
 
your submission is worth to publish but the reviewers were concerned as to the lack of a hypothesis-
driven approach for this experimental study. You should try to come up with some kind of 
hypothesis-driven justification of you experimental design and measurements taken. Also, the 
interpretation of your results need to be revised in order to be more precise and up to the point. It is 
suggested to improve (rewrite, refocus) especially the discussion and the conclusion and in part 
accordingly the other chapters as suggested by reviewer #1. 
 
Authors: 
We revised the manuscript according to your suggestion and the reviewer’s comments and applied a 
hypothesis-driven approach. 
 
Reviewer #1: In general, this is an interesting study and the authors follow an interesting hypothesis 
and study design that does contribute to knowledge and undertstanding of manipulative behaviours, 
group dynamics. However, the study population is very small and some of the conclusions remain 
very general and unexciting.  
 
Authors: We revised the conclusion (L448). 
 
Reviewer #1: Moreover, the authors strongly focus on ear manipulation, however, they do not put 
their results in a broader context regarding ear biting behaviour in general.  
 
Authors: 
We defined behaviours that targeted body parts such as tail, ear, head and leg as “manipulative 
behaviour”, as the pigs had the possibility to take these body parts into their mouth. To our 
understanding “manipulation” is a more comprehensive term than simply “biting” as it includes also 
more gentle touching. Severe biting which caused an immediate avoidance reaction in the receiver 
was rarely observed in the present study and wounds on the targeted body parts were not present. 
It has been discussed that a “pre-damage” state (Fraser and Broom, 1997), in which pigs perform so 
called “tail-/ear-in-mouth behaviour” (Schrøder-Petersen  et al., 2003 
https://doi.org/10.1080/09064700310002017, Diana et al., 2019 
https://doi.org/10.1016/j.applanim.2019.03.011), can develop into a “damage-state”. Thus, the 
gentle tail or ear manipulation we observed could be a precursor of more severe biting behaviour. 
When it comes to interpreting manipulation of other body parts, Jensen and Wood Gush (1984 
https://doi.org/10.1016/0168-1591(84)90125-4) suggested a threatening function of "nose-to-nose" 
contact and associated “nose-to-body" contact with individual recognition. Camerlink 2013 
http://dx.doi.org/10.1016/j.applanim.2013.02.008 found that nosing the tail correlated with tail 
biting and nosing an ear correlated with ear biting, but nosing other parts of the body was unrelated 
to such damaging forms of interaction.  
Partly added to the discussion (L 369f).  
 
Reviewer #1: The other behaviours they observed that are also very interesting (eg tail manipulation 
behaviour) are lost throughout the description of the study and should eg also be mentioned in the 
abstract and discussion.  
 
Authors: We added the missing effect of LPS on tail manipulation and fighting in abstract (L32+43) 
and discussion (L299+312) . 
 

Response to Referee Comments

https://doi.org/10.1080/09064700310002017
https://doi.org/10.1016/j.applanim.2019.03.011
https://doi.org/10.1016/0168-1591(84)90125-4
http://dx.doi.org/10.1016/j.applanim.2013.02.008


Reviewer #1: In the study design, I do not understand how the Companion animals were treated in 
behavioural observations. Was their behaviour (and behaviours directed towards them) analysed as 
well? Or where they ignored (treated as blinds)? 
 
Authors: The behaviour of the companion pigs was observed and their interactions with the 
experimental pigs were displayed in network plots. Their network parameters were not considered 
for analysis of treatment effects, as they had no relevance in answering this specific research 
question. This information is added to methods (L231). 
 
Reviewer #1: I think due to the novelty of the use of social network analysis for such research 
questions (and the importance thereof) this paper should be published to enhance scientific 
knowledge. However, the discussion should be more detailed and more to the point.  
 
Authors: We revised the discussion according to your suggestions (L316f). 
 
Reviewer #1: Moreover, the authors should avoid pointing so intensively to their other study (Veit et 
al. 2021) multiple times. I understand that both studies are based in the same data set, however, the 
present study must be understandable without reading the other study and vice versa. Hence, 
please go through the text again to see where potentially more detail is needed to be able to 
understand the procedures of this study without having to read the other study and where 
mentioning the other study is unnecessary. 
 
Authors: We agree with the point raised by the reviewer. Our reason for the intensive citation of the 
previous study was an editorial comment after submission regarding repetition of already published 
material/wrong citation. We tried to solve this to the best of our ability, but maybe erred by 
referring too frequently.  
 
Reviewer #1: I included more detailed comments in the following: 
Figure 3: I wonder how the dayly variance regarding such networks in general is (ie in unchallenged, 
presumably healthy animals. How consistent over time are such networks? Can you include a 
discussion point on that? Or else include the according information in the introduction? 
 
Authors: Unfortunately, we don’t have data of groups without a challenged pig, as the treatment 
was applied to all pens. Stable networks seem desirable from a welfare point of view: according to 
Koene et al. 2014 (https://doi.org/10.3390/ani4010093) «It is important for animals in a group to 
have stable and predictable relations with other animals in the group.». 
 
Reviewer #1: l. 153: In the description of the cortisol analysis, I do not understand, which parts are 
analysed in Veit et al 2021 and which parts belong to this specific study. Moreover, the authors do 
not mention whether they took a baseline cortisol and whether they analysed the differences or the 
real values of cortisol. Was it possible to gain enough saliva from each single animal? Or how many 
saliva probes could be analysed in total? 
 
Authors: the salivary cortisol concentrations for each pig were determined in a previous study (Veit 
2021). Saliva samples were individually taken by letting pigs chew on a cotton pad. The sampling 
took place at baseline, 4h, 24h, 48h and 72 h after injecting the pigs (as described under 
experimental design L162). We had a few missing values due to pig refusing to chew, but the sample 
size never fell below 11 for any group and time point (see table below). 
The method is described briefly for completeness in the present study. A new statistical analysis was 
done for correlations between network parameters and cortisol concentrations. All statistical 
analysis of the cortisol data was done on real cortisol values, not difference values.  

https://doi.org/10.3390/ani4010093


Number of pigs sampled at specific timepoint by treatment 

 SL SS KL KS Total 

Baseline 13 13 13 13 52 

4h 13 11 13 13 50 

24h 13 12 13 12 50 

48h 12 12 13 12 49 

72h 13 11 12 12 48 

 
Reviewer #1: l. 182: I strongly question simply dropping the lower intensities behaviours as also 
behaviours that are not shown at great frequency can be very important. Please provide more 
justification for this procedure. 
 
Authors:  
Bellly nosing, flank nosing and displacement occurred rarely, and the variation was very high; thus, 
any possible differences would not have been evident in this rather small sample size. 
If a lot of pigs did not show the behaviour, there are a lot of zeros in the data and the variable is 
better looked at as categorical (yes/no), which makes it difficult to analyse. We decided to use 
weighted networks in SNA to take the frequencies of the interactions into account.  
Another approach could be to combine some behaviours (although that needs justification as well 
and may not affect the variability problem). 
 
Reviewer #1: l. 193: analysis should be analyses 
 
revised (L208) 
 
Reviewer #1: l. 214: space to line 215 missing? 
 
Revised (L247) 
 
Reviewer #1: l. 217: if the effect of LPS diminishes after 6h, why do you expect to see behavioural 
cghanges on day 2 and 3? The animals would not feel sick anymore, would they? 
 
Authors: It was shown in rodents that when sickness behaviour resolves, mice display depressive-like 
behaviours measured by increased immobility in the forced swim test and tail suspension test at 24-
28 h after LPS- (Frenois et al., 2007 https://doi.org/10.1016/j.psyneuen.2007.03.005, O’Connor et 
al., 2009, Ge et al., 2015 https://doi.org/10.1016/j.ejphar.2015.10.026, Zhu et al., 2015 
https://doi.org/10.1016/j.neulet.2015.08.025, Sulakhiya et al., 2016 
https://doi.org/10.1016/j.neulet.2015.11.031, Zhao et al., 2019 
https://doi.org/10.1016/j.bbr.2017.05.064). It is these psychological aftereffects and their potential 
effect on social interactions that we want to investigate with the current experiment.  
Our research group showed previously that an LPS injection affects tail and ear directed behaviours 
as well as central cytokine and monoamine levels 2-3 days after the challenge (Munsterhjelm 2019, 
Nordgreen 2018). The shift in social motivation was seen about 40 h after the signs of acute illness 
dissipated and was not accompanied by a similar increase in activity (Munsterhjelm 2019). 
In boars, tail- and ear-biting tended to increase 0-2 weeks before clinical signs of respiratory 
infection were visible (Munsterhjelm 2017), thus, behaviour changed already in a preclinical stage of 
illness. This could also be the case in the phase of recovery when clinical signs abate. Thus, pigs 
might feel irritable, which might increase the probability to become a biter. Irritability, emotional 
lability and short temper are reported side effects in humans undergoing cytokine therapy (Capuron 
2000 et al.,  https://doi.org/10.1200/JCO.2000.18.10.2143, Constant et al.,  2005 
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https://doi.org/10.4088/jcp.v66n0814, Denicoff et al., 87 https://doi.org/10.7326/0003-4819-107-2-
293, Renault et al.,  87 https://doi.org/10.1001/archinte.1987.00370090055011). 
Added to the discussion (L340f) 
 
Reviewer #1: l. 221: In the discussion, you should compare your observed percentages to literature - 
is it comparable? More? Less? 
 
Authors: Van Meer et al., 2017 https://doi.org/10.1371/journal.pone.0174688, Bolhuis et al., 2006 
https://doi.org/10.1016/j.applanim.2006.01.001, Camerlink et al., 2013 
http://dx.doi.org/10.1016/j.applanim.2013.02.008 observed a similar distribution of manipulative 
behaviour in pigs as we did in our study. 
Added to discussion under general aspects (L316f) 
 
Reviewer #1: l. 267: I think you do not need the reference to Veit et al. 2021 at this point. In the 
present study, Ketoprofen did not have an effect, did it? 
 
Authors: No, ketoprofen had no effect on social behaviour.  
Reference removed. 
 
Reviewer #1: l. 341/discussion in general: Are 52 animals enough to draw conclusions?  
 
Authors: As we used the LPS model, we needed to consider ethical aspects among others the 
“reduction” criterium, thus, use the smallest number of animals possible that still allows us to detect 
biological meaningful effects.  
Our research group performed LPS experiments in the past: 
In the study by Nordgreen et al., 2018, 16 pigs were used (8 injected with saline and 8 injected with 
LPS), here physiological parameters were in focus (salivary cortisol, serum CRP, central cytokines and 
monoamines). In the study by Munsterhjelm et al., 2019, 24 pigs distributed into eight groups of 
three were used in a crossover design and social behaviour was in focus (8 injected with LPS, 37 
injected with saline). The study by Veit et al., 2021 was based on these previous studies.  
Based on our previous findings, we believe that 52 animals are sufficient. 
No changes were made to the manuscript. 
 
Reviewer #1: And was the observation time sufficient?  
 
Authors: We observed several pens throughout the day and screened their activity pattern before 
we agreed on an observation scheme. Pigs spend a lot of their day resting. We chose time frames 
with highest activity from the pilot observations to be able to observe as many social interactions as 
possible. The observation time we chose was a cost benefit evaluation, as the observation of social 
behaviour is very time consuming (6 months for the present study) but should be detailed enough to 
provide the information needed. No changes were made to the manuscript. 
 
Reviewer #1: What about daily changes in networks without challenges? Is there any possibility of 
comparison to existing study (e.g. Hildebrandt et al 2020 found highly interindividual and daily 
differences in the walking distances of a large group of horses, isn't it possible that simply high daily 
differences in the behaviours you observed exist? Maybe you could compare what happened in the 
different groups that you observed? Was the same effect pronounced in all groups? Maybe simply 
one animal reacts in another way to the LPS challenge than another one?  
 
Authors:  
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Isn’t the whole point of hypothesis testing to investigate if the observed effects are due to causes 
such as those listed by the reviewer, or the treatment of interest in the study?   
 
Reviewer #1: You should be more to the point, more specific and put your results more into the 
broader context with existing literature of behaviour of animals in groups, interindividual differences 
of these behaviours, group-specific differences of these behaviours.  
 
Authors: Due to the lack of studies in social network analysis in pigs, it was very difficult to compare 
the findings of the present study.  We included studies that observed manipulative behaviour in pigs 
at similar ages to the discussion (see above). 
 
Reviewer #1: Moreover, in the discussion you seem to completely losse the other behaviours you 
observed (except for ear biting). Why do you think there was a more proniounced effect on 
manipulating of ears than on tails? How does that fit to our knowledge concerning ear biting in 
general?  
 
Authors: The frequency of tail manipulation was a lot lower than ear manipulation. 
It is hard to explain why this is the case, Pigs usually prefer biting tails (over ears) because 
approaching from behind is not considered aggressive, in contrast to approaching the head. The 
result could imply that the biters for some reason chose a more aggressive move and that there was 
a social motivation as well.  
Several studies indicate that ear and tail biting are often seen to change in similar situations 
(Telkänranta et al., 2014 https://doi.org/10.1016/j.applanim.2014.09.007, Munsterhjelm et al., 
2019) and we cannot exclude that the fact that tail manipulations were not affected in the present 
study is due to the lower frequency of this behaviour (and maybe less individuals showing it at all). 
Munsterhjelm et al., (2017, 2019) grouped ear and tail-directed behavior together and an increase 
was seen in both studies. 
It has been shown that ear biting becomes more frequent when tails are short docked (Gossens et al 
2011 https://www.ingentaconnect.com/content/ufaw/aw/2008/00000017/00000001/art00005#), 
that doesn’t fit to our observations as the pigs used in our experiment were undocked. 
 
Reviewer #1: Moreover, I do not understand the following: Sick animals have longer lying times and 
therewith actually a higher risk to be manipulated. However, at the sime time, they actually 
manipulate more. How does that fit together? Do you have an explanation?  
 
Authors: Behavioural signs of sickness (activity) were observed in the first 6 h after injection, 
whereas social behaviour was observed on baseline (the day prior injection) as well as on the first 
and second day after injection. So, we don’t know if sick animals are manipulated more, when they 
actually showed signs of sickness. Our focus is on the psychological after-effects of the overt 
sickness, and as described for the rodent model, they show up after the sickness has abated. The 
increase in manipulation comes after the acute sickness phase, indicating a change in motivation in 
the LPS injected individuals. Included in discussion (L 340f). 
 
Reviewer #1: In Veit et al. 2021, you obviously observed longer ear manipulation behaviour. 
However, this was not confirmed in the present study in which you did not find significantly more 
manipulation of ears by the LPS animals. Is this maybe due to the low number of animals? How 
many animals would you need to analyse to be sure? Wouldn't you expect to observe more 
(redirected) exploartion behaviour in healthy animals? Why do you think that the effect was only so 
pronounced regarding ear manipulation and how does that fit to the knowledge we have regarding 
ear biting/manipulation behaviour in pigs?  
 

https://doi.org/10.1016/j.applanim.2014.09.007


Authors: The behavioural observations from Veit et al 2021 form the basis of social network analysis 
of the present study, thus, the observed animals and time frames are identical.  
In the previous study, we found that LPS-injected pigs performed longer ear manipulation on the 
second day after injection. In the present study, we showed that LPS-injected pigs received fewer 
ear manipulations two days after the challenge. The first result is based on the duration of the 
behaviour, whereas the social network analysis in the present study is based on the frequencies of 
the respective behaviour. These results are not contradictory and appear rather logical, if the LPS-
injected pigs performed longer ear manipulations, there were at the same time not available as a 
target for ear manipulation by their pen mates. So, it is just a different angle SNA provides (added in 
discussion L363f).  
Behavioural changes can be seen in sick animals but also in their healthy conspecifics. LPS-injected 
pigs and pigs diagnosed with osteochondrosis received increased social attention by pen mates 
(Munsterhjelm et al., 2019, Munsterhjelm et al., 2017). On the other hand, LPS-injected pigs 
perfomed more tail and ear directed behaviour than their controls in the subsequent days  after the 
challenge (Munsterhjelm et al., 2019), The increased interest in sick animals during the first hours 
seems logical, but the mechanisms behind the observed change in social behaviour in the following 
days need to be investigated in future research (added to discussion L430f). We can only speculate 
on the causes: LPS-injected pigs might change their behaviour in a way that results in a change of 
reactions of others towards them. If sickness has a role in the aetiology of tail biting it must be by 
increasing the likelihood of a pig becoming either a victim or a biter.  Our paper is concerned with 
the hypothesis that sickness increases the chance of becoming a biter. Increased attention towards 
sick animals could also lead to damaging behaviour towards them, but that has not been our main 
focus. 
 
Reviewer #1: Why didn' you find an effect of Ketoprofen in the present study? Provide an 
explanation! 
 
Authors:  Ketoprofen had an effect on behavioural signs of sickness (day of injection) but not on 
social behaviour (first and second day after injection). However, the pigs that were injected with LPS 
and ketoprofen did not change their behaviour in the same way that the pigs that received LPS 
without ketoprofen did. In that way one can say that ketoprofen might have inhibited the altered 
behaviour that we think is caused by the LPS-induced inflammation.  
Ketoprofen inhibits activity of both isoforms (1 and 2) of the enzyme cyclooxygenase, and thereby 
reduces the production of prostaglandin E2 which is, as the main pro-inflammatory prostaglandine, 
responsible for the development of fever. The administration of ketoprofen significantly reduced 
PGE2 production compared to LPS-groups (Wyns et al. 2015 
https://doi.org/10.1016/j.vetimm.2015.09.014). This is one possible pathway through which 
ketoprofen can influence behavior. Moreover, some NSAIDS are able to alter the expression of 
NFkappaB and thereby reduce subsequent cytokine expression (Peters et al. 2012 
https://doi.org/10.1016/j.vetimm.2012.05.001), but whether ketoprofen works in this way is not 
known. Added to discussion (L405f). 
 
Reviewer #1: l. 349/conclusion in general: The conclusion is also very general and superficial. You 
should bring it more to the point. To what extend does your study provide new insights? I totally 
agree thsat the idea and study conception is good, but what new knowledge can you add? Which 
hypotheses can be drawn for future studies? Which concrete hypotheses can you draw regarding 
sickness behaviour/the inluence of LPS on the behaviour of pigs? What do you specifically add to 
sientific knowledge? 
 
Authors: We revised the conclusion accordingly (L448f). 
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Reviewer #2: Dear Authors 
Thank you for the opportunity to review this interesting area for research. There is a great deal of 
effort been made and I hope you find my comments useful. I have tried to address each section in 
turn: 
 
Introduction 
 
Reviewer #2: There is a thorough review of related material in the introduction including coverage of 
the ear biting and other damaging behaviours, social network analysis and sickness models. 
However, there is a lack of a clear aim beyond monitoring social network statistics with this complex 
set of observations. It would be useful to have further explanation as to why the individual might be 
so important and a more detailed discussion of its behaviour change on becoming ill to understand 
why all the network statistics have value. A real strength of this study is its experimental approach 
and therefore a clear research hypothesis would be valuable. 
 
Authors: We changed to a hypothesis-driven approach and revised the introduction accordingly 
(L123).  At least for tail biting we know that biters, victims and neutral pigs represent different 
phenotypes, thus, the individual is important. The discussion was revised (L 316f). 
 
Materials and methods 
 
Reviewer #2: Animals and husbandry, experimental design and cortisol analysis are described 
clearly. The behaviour observations are not so easy to follow. 'Behavioural signs of sickness' are not 
given directly, but referred to Veit et al 2021. These include lying (sternal, lateral, alert), feeding, 
active and interruption. These are not really signs of sickness and it is not easy to understand how 
'signs of sickness abated within 6h after LPS-injection' - no other behaviour is included in the 
ethogram?  
 
Authors: It is correct that these behaviours report rather general activity than specific sickness 
behaviour. The behavioural patterns chosen are based on a previous experiment (Nordgreen et al., 
2018) and the LPS dose we used is very low, thus, severe symptoms such as vomiting was avoided. 
We revised the description of behavioural observation to make it easier to follow (L180f) 
 
Reviewer #2: I think that the data were gathered according to an instantaneous scan sampling 
protocol at 15 minute intervals - this should be clarified and a suitable reference given (e.g. Altmann 
1974 or Martin and Bateson 2012) 
 
Authors: The behavioural signs of sickness were observed by using 5min intervals over 6h after 
injection (as indicated in mat and methods L 184). This is a very common and widely used method to 
measure general activity. Reference Altmann (1974) added to the manuscript (L185). 
 
Reviewer #2: In the statistical analysis 'planned comparisons' and 'planned contrasts' are referred to, 
but not stated. Without the clear aim it makes overall interpretation rather complicated - perhaps 
the model structure reported previously in Veit 2021 might be useful here, too?  
 
Authors: The complete model structure is described under materials and methods (L226f) and the 
detailed coding is given in the supplementary material. We removed the reference to the previous 
study (L220) as this might have been misleading. We added details on planned comparisons in (L 
232). Our reason for the intensive citation of the previous study was an editorial comment after 
submission regarding repetition of already published material/wrong citation. We tried to solve this 
to the best of our ability, but maybe erred by referring too frequently. 



Results 
 
Reviewer #2: Manipulation of ears, tails and other body parts plus fighting apparently comprise 89% 
of the behaviour performed. Whilst I understand that this is from a previous study and this is further 
analysis of these data we need much more detail as to how these behaviour observations were 
collected as it is central to the concept of the social network and interactions. It would be very 
unusual for such manipulation to be such a high proportion of a normal growing pig activity budget. 
 
Author: Unfortunately, we did not observe general activity of the pigs on the days we observed 
social behaviour. So, we don’t know how much of their daytime pigs spend on feeding, exploring of 
their pen, lying etc. as this was not the focus of the present study. 
Others found that pigs show more frequent exploration of the pen environment than their pen 
mates (Bolhuis et al., 2006, https://doi.org/10.1016/j.applanim.2006.01.001) and this is dependent 
on the grade of enrichment provided. In contrast, another study showed that pigs performed more 
pig-directed behaviour than object-directed behaviour (Telkänranta et al., 2014 
https://doi.org/10.1016/j.applanim.2014.09.007).  
No changes were made to the manuscript. 
 
Reviewer #2: A complicated set of results and I guess there were a large number of apriori contrasts 
included above? There seems to be a lot of treatment comparisons made across days for a range of 
network variables and behaviours without any adjustment or reference to the number of contrasts 
tested. I am not certain that it is appropriate to highlight the few significant differences found 
without a comment on the lack of difference shown in most parameters. It would be useful to have 
general activity measures (lying, feeding) for context. 
 
Authors:  
We added the missing effect of LPS on tail manipulation and fighting in abstract (L32+43) and 
discussion (L299+312) . Regarding general activity, see previous comment. 
 
Discussion 
 
Reviewer #2: Suitable reference is made to other literature. There is a lack of a research hypothesis 
for this study that makes the discussion difficult to write. However, there does need to be a much 
better argument than the LPS injection causes stress and this leads to greater ear manipulation. 
Why? 
 
Authors: It was shown in rodents that when sickness behaviour resolves, mice display depressive-like 
behaviours measured by increased immobility in the forced swim test (FST) and tail suspension test 
(TST) at 24-28 h after LPS-challenge (Frenois et al., 2007 
https://doi.org/10.1016/j.psyneuen.2007.03.005, O’Connor et al., 2009, Ge et al., 2015 
https://doi.org/10.1016/j.ejphar.2015.10.026, Zhu et al., 2015 
https://doi.org/10.1016/j.neulet.2015.08.025, Sulakhiya et al., 2016 
https://doi.org/10.1016/j.neulet.2015.11.031, Zhao et al., 2019 
https://doi.org/10.1016/j.bbr.2017.05.064).  
Our research group showed previously that LPS injection affects tail and ear directed behaviours as 
well as central cytokine and monoamine levels 2-3 days after the challenge (Munsterhjelm et al.,  
2019, Nordgreen et al., 2018, Veit et al., 2021). The shift in social motivation was seen about 40 h 
after the signs of acute illness dissipated and was not accompanied by a similar increase in activity 
(Munsterhjelm 2019). In boars, tail- and ear-biting tended to increase 0-2 weeks before clinical signs 
of respiratory infection were visible (Munsterhjelm et al., 2017), thus, behaviour changed already in 
a preclinical stage of illness. This could also be the case in the phase of recovery when clinical signs 

https://doi.org/10.1016/j.applanim.2006.01.001
https://doi.org/10.1016/j.applanim.2014.09.007
https://doi.org/10.1016/j.psyneuen.2007.03.005
https://doi.org/10.1016/j.ejphar.2015.10.026
https://doi.org/10.1016/j.neulet.2015.08.025
https://doi.org/10.1016/j.neulet.2015.11.031
https://doi.org/10.1016/j.bbr.2017.05.064


abate. Thus, pigs might feel irritable, which might increase the probability to become a biter. 
Irritability, emotional lability and short temper are reported side effects in humans undergoing 
cytokine (Capuron et al., 2000 https://doi.org/10.1200/JCO.2000.18.10.2143, Constant et al., 2005 
https://doi.org/10.4088/jcp.v66n0814, Denicoff et al., 87 https://doi.org/10.7326/0003-4819-107-2-
293, Renault et al., 87 https://doi.org/10.1001/archinte.1987.00370090055011). 
Added to discussion (L340f). 
 
Figures and other 
 
Reviewer #2: Not sure Figs 1 and 2 offer anything 
 
Authors: As reviewer 1 did not comment on fig1 and 2 and we need to balance between both, we 
decided to keep the figures 
 
Reviewer #2: Fig 3 - useful to keep individuals in same position 
 
Authors: Good idea but unfortunately not possible to realize with this method 
 
Reviewer #2: Fig 5b could do with more x-axis labels for behaviour as provided for the treatment 
graphs above 
 
Authors: We revised figure 5 according to your suggestion 
 
Reviewer #2: Ln 79 extend > extent 
 

Authors: revised (L82) 
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