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Abstract 25 

Even though several sow replacement models have been published, integrating 26 

information about the health status of sows has not yet been handled satisfactorily. This 27 

paper presents a framework for integrating a Weak Sow Index (WSI) into an existing 28 

sow replacement model. The WSI, which is developed as part of this study, quantifies 29 

various clinical signs into one numerical value representing the risk of a sow to be 30 

involuntarily culled. The objective of the study is to investigate the effect of observing 31 

clinical signs of sows on the optimal replacement policy. A second objective is to 32 

estimate the economic value of observing clinical signs of individual sows. Bayesian 33 

networks are used to develop the WSI models for lactating and pregnant sows, 34 

respectively. The optimization of the replacement policy is done in a multi-level 35 

hierarchical Markov decision process. To illustrate the behaviour of the model, the 36 

effect of the WSI on the replacement policy, and the economic benefit of observing 37 

clinical signs of individual sows are investigated in two fictitious herds with a high and 38 

a low risk of involuntary culling of sows. In general, the value of the WSI has a high 39 

influence on the optimal replacement policy, allowing for a better economic 40 

classification of sows when taking information about the health status into account. It is 41 

shown that the economic value of the WSI is higher in a high risk herd compared to a 42 

low risk herd. Among the individual clinical signs, "unwillingness to stand" made the 43 

lowest contribution to the economic value of the WSI. The highest contribution was 44 

made by the clinical sign "vulva bite" in pregnant sows. 45 

 46 

 47 
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49 
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1. Introduction 50 

The sow replacement problem is today one of the most important challenges in sow 51 

herd management. Sow replacement decisions influence the expected lifetime of sows, 52 

the annual replacement rate, the piglet production capacity and other important key 53 

figures for planning of the pork supply chain. The replacement decisions do not only 54 

have a direct economical impact for the farmer, but also for the pork supply chain where 55 

herd production is integrated. Replacement of sows is basically defined as a 56 

management decision determining the optimal time to replace a sow, based on the 57 

characteristics of individual sows (e.g. parity, litter size and conception rate) 58 

(Kristensen, 1994). Several quantitative models focusing on the sow replacement 59 

decision have been developed and described in literature. Generally, those models try to 60 

model the dynamic production of sows taking into account the most representative and 61 

directly observable variables such as the conception rate, the litter size and the genetic 62 

merit (Plà, 2007).  63 

However, optimal replacement policies incorporating animal health aspects are 64 

becoming increasingly important in modern sow farming. Until now no replacement 65 

models have incorporated information about the health status of individual sows, 66 

probably due to difficulties in observing and recording variables representing the health 67 

status, such as clinical signs and physical and behavioural abnormalities, in a systematic 68 

and operational way. A poor health status (defined as the occurrence of clinical signs 69 

and/or the presence of physical or behavioural abnormalities) can cause failure to 70 

conceive and increase the risk of abortion and sow mortality (Christensen et al. 1995). 71 

Indeed a poor health status of sows also has a negative impact on the animal welfare. 72 

The incorporation of health indicators in sow replacement models seems to be crucial 73 
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since a poor health status has a major impact on sow farm production, and hence, 74 

economy (Straw et al., 2006).  75 

The aim of this study is to incorporate information about the health status of individual 76 

sows into an existing sow replacement model developed by Kristensen and Søllested 77 

(2004a, b). The health status of a sow is described as an index (called the Weak Sow 78 

Index (WSI)) quantifying significant clinical signs into one numerical value. The effect 79 

of the health status of sows in both the gestation and lactation period on the optimal 80 

replacement policies will be studied.  81 

The outline of the paper is as follows. First the development of the WSI will be 82 

described and the integration of the WSI into the replacement model presented. To 83 

illustrate a potential application of the model, a fictitious herd with different risk levels 84 

of involuntary culling of sows will be used as an example. By varying the observation 85 

policy of clinical signs, the economic benefit of each clinical sign when deciding on 86 

replacement of a sow is calculated. Thus, it is possible to balance the value of 87 

information against the labour requirements.  88 

 89 

2.  Materials and Methods  90 

2.1 The existing replacement model 91 

The existing replacement model is a multi-level hierarchical Markov process using 92 

Bayesian updating (Kristensen and Søllested, 2004a, b). In general, a hierarchical model 93 

is an infinite stage Markov decision process with parameters defined in a special way, 94 

but nevertheless in accordance with all usual rules and conditions relating to such 95 

processes. The basic idea of the hierarchical structure is that stages of the process can be 96 

expanded to a so-called child process, which again may expand stages further to new 97 
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child processes leading to multiple levels. By using hierarchical modelling more 98 

complex models can be solved (Kristensen and Jørgensen, 2000). 99 

The litter size potential of the sow calculated by Bayesian updating and the number of 100 

re-matings are the properties (state variables) represented in the original model by 101 

Kristensen and Søllested (2004a, b). Furthermore, the age of the sow is represented 102 

through the hierarchical structure. The Bayesian updating technique applied in the 103 

model is based on a dynamic linear model as described by West and Harrison (1997). 104 

The transition probabilities are based on a litter size model of which the parameters are 105 

fitted as described by Toft  and Jørgensen (2002). 106 

In order to incorporate the health status of sows in the existing replacement model, we 107 

first of all develop a WSI for a sow quantifying various clinical signs into one numerical 108 

value representing the risk of a sow to be involuntarily culled.  109 

 110 

2.2. Development of the WSI 111 

The tool used for quantifying several clinical signs into one numerical value was a 112 

Bayesian network. For an introduction to Bayesian networks, reference is made to 113 

Jensen (2001). The key property of such a network is that inference on an unobservable 114 

hypothesis variable (in this case the WSI) can be drawn from the values of one or more 115 

directly observable information variables (in this case the clinical signs). 116 

2.2.1. General structure of the WSI 117 

The WSI is constructed by use of a Bayesian network consisting of a set of herd level 118 

variables, H, a set of sow specific variables, S, representing potentially observed clinical 119 

signs, a sow specific variable n representing the parity, and finally, a sow specific 120 

variable w  representing the WSI. The network further has the property that, for any 121 

variable Hx∈ , x  is d-separated (Jensen, 2001) from w  given { }nS∪ . The practical 122 
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implications of the d-separation, in this particular case, are that the WSI, w, is calculated 123 

exclusively from clinical observations at sow level, i.e. a subset of S , but since the 124 

prevalence of the clinical signs depends on herd specific conditions, the distribution of 125 

w  will be herd specific. Thus, the transition probabilities describing the dynamic 126 

properties of w will be herd specific as well (those transition probabilities basically 127 

define the probabilities of having a certain value of w in a given stage of the 128 

reproductive cycle given a known value of w in the previous stage) . 129 

All variables in the Bayesian network are discrete. The herd level variables are 130 

categorical with a number of mutually exclusive states characterizing the production 131 

system (for instance the variable “herd size” has the state space {< 400 sows, 400-600 132 

sows, > 600 sows}). The clinical signs are typically binary or ordinal. The WSI, w, is 133 

numerical, and since it is later used as state variable in a Markov decision process, it is 134 

modelled as a number of discrete numerical levels.    135 

Two versions of the network, one for the gestation period and one for the lactation 136 

period, are constructed. In general, the WSI represents the risk of a sow to be 137 

involuntarily culled (within 3 months after the clinical examination); however the 138 

interpretation of involuntary culling differs for pregnant and lactating sows. Initially, the 139 

intention was that "involuntary culling" should represent sows that have died 140 

unassistedly or have been euthanized. For the lactating sows, this definition was kept, 141 

but for the pregnant sow, “involuntary culling” represents a pool of sows that have died 142 

unassistedly, been euthanized or sent to slaughter unexpectedly (due to clinical signs 143 

and/or physical and behavioural problems). The reason for this conceptual extension for 144 

pregnant sows was entirely of practical nature, because the number of dead/euthanized 145 

pregnant sows was too small to establish significant relations between the clinical signs 146 
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and the risk of involuntary culling. Therefore, sows sent to slaughter unexpectedly were 147 

included in the pool of involuntarily culled sows. 148 

Sows which were culled voluntarily were not included, because the decision to cull a 149 

sow is actively determined by the optimization model. 150 

 151 

2.2.2 Construction of the WSI for lactating and pregnant sows 152 

A reproductive cycle of a sow consists of a mating period (usually only a few days from 153 

weaning to pregnancy), a gestation period (115 days) and a lactation period (usually 154 

around 4 weeks). Due to the short duration of the mating period, the WSI has only been 155 

defined for the gestation and the lactation period. 156 

The models are developed using data from 3541 pregnant and 1347 lactating sows, 157 

randomly selected from 34 Danish sow herds (Jensen et al., 2010). Individual 158 

examination of each sow was performed by technicians using a protocol of 16 clinical 159 

signs (e.g. lameness {no, mild, severe}, body condition score {below average, average, 160 

above average} and vulva bite {no, yes}). After the clinical examination, farmers from 161 

each herd recorded all cullings of sows (euthanization, sudden death or sent to 162 

slaughter). Only culling information recorded maximum 3 months after the clinical 163 

examination are used for the construction of the WSI models. From an explanatory 164 

factor analysis, Jensen et al. (2010) found 3 latent factors to incorporate a number of 165 

clinical signs observed in the gestation unit that shared a common structure. These 166 

factors were interpreted as: “Pressure marks”, “Wounds” and “Lameness”. The WSI 167 

model for pregnant sows is modelled by combining the clinical signs, the 3 latent 168 

factors and the probability of involuntary culling. To identify and estimate significant 169 

links in the model, logistic regression analyses are performed with “involuntary culling” 170 

as outcome variable and the latent factors, as well as clinical variables not included in 171 
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the factors, as explanatory variables. Only the factor: “Lameness” (which included the 172 

clinical signs lameness {no, mild, severe} and unwillingness to stand {no, yes}) is 173 

found to be significantly associated with the outcome variable: “Involuntary culling” 174 

(p=0.01). Moreover, the clinical sign: vulva bite {no, yes}, which does not load high on 175 

any of the  3 factors, is significantly associated with “Involuntary culling” (p<0.05), and 176 

is therefore included in the WSI model for pregnant sows (Figure 1). Thus, the set of 177 

sow variables for the pregnancy period is the set of three clinical signs S = {"lameness", 178 

"unwillingness to stand", "vulva bite"}.  179 

Analogously, the WSI for the lactation period is developed. From the explanatory factor 180 

analysis, 2 factors extract the clinical signs of lactating sows that describe the variation 181 

in data (data not shown). These factors are interpreted as “Pressure marks” and 182 

“Wounds”. Based on a logistic regression analysis, the 2 latent factors do not affect 183 

“Involuntary culling” significantly. However, the clinical signs: Vulva colour {no, yes}, 184 

shoulder ulcer {no, scar, ulcer} and body condition score {below average, average, 185 

above average} all have a significant effect on “involuntary culling” (P<0.05), and are 186 

therefore included in the WSI for lactating sows (Figure 2). Thus, the set of sow 187 

variables for the lactation period is S = {"vulva colour", "shoulder ulcer", "body 188 

condition score"}. 189 

Information about the herds (e.g. herdsize {< 400 sows, 400-600 sows, > 600 sows}, 190 

feeding system {electronic sow feeding, feeding boxes, competition based feeding} and 191 

deep bedding {yes, no} (pregnant sow)) is finally investigated for inclusion in the WSI 192 

models. Based on logistic analyses, the herd variables "herd size" and "feeding system" 193 

are found to affect the clinical variables "lameness" and "unwillingness to stand", 194 

whereas "deep bedding" is found to influence the occurrence of "vulva bite" in a sow. 195 

Hence, these herd risk factors are included in the WSI for the pregnant sows (Figure 1). 196 
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In other words, the set of herd level variables for the pregnancy period is H = {herd 197 

size, feeding system, deep bedding}. 198 

For the lactating sows, herd size and feeding system are found to influence shoulder 199 

ulcer only, and are consequently included in the WSI model for lactating sows (Figure 200 

2). Thus, the set of herd level variables for the lactation period is H = {herd size, 201 

feeding system}. 202 

No effect of parity is found in any of the analyses. Nevertheless, it is decided to keep 203 

parity in both networks in order to illustrate the full potential of the developed 204 

framework. The conditional probabilities of the WSI, w, are just defined independently 205 

of the parity. 206 

The parameters used for calculation of the conditional probabilities of the Bayesian 207 

networks are shown in Appendix A. The Bayesian networks were implemented by use 208 

of the Esthauge LIMID software system1 using the variables and parameters of Tables 209 

A.1 and A.2. Given a set of observed clinical signs of a sow, the implemented Bayesian 210 

networks shown in Figures 1 and 2 will calculate the corresponding WSI.  211 

 212 

2.3 Use of the Bayesian networks for calculation of the WSI. 213 

We assume that all variables in H are observed in every herd, whereas the sow specific 214 

variables being observed depend on an observation policy defining the clinical 215 

examinations done in the herd. Denote as SEh ⊆ the set of sow specific clinical 216 

variables being observed in herd h . A corresponding configuration (or evidence set) of 217 

hE observed for sow s is denoted as hse .  218 

In principle, the WSI for a sow is found by entering the observed values of the sow 219 

variables (the clinical signs) and then propagating. To propagate simply means to find 220 

                                                 
1 www.esthauge.dk 
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the conditional distribution of an unknown variable (in this case w) given observed 221 

values of other variables (in this case the clinical signs). For a detailed description 222 

including algorithms, reference is made to Jensen (2001). If all sow variables are 223 

observed (i.e. if SEh = ), the value of w is known with certainty. If fewer sow level 224 

variables are observed (i.e. if SEh ⊂ ), an estimate for the WSI is still available from 225 

the Bayesian network, but the precision will be lower (the economic consequences of 226 

different levels of precision are estimated later in Section 3.3). In the replacement 227 

model, the WSI is expressed relatively as the deviation from the herd average (defined 228 

by the values of the herd level variables in H).  229 

Moreover, we assume the observed WSIs for the gestation and lactation period of an 230 

individual sow to be autocorrelated as a first order autoregressive time series.  231 

 232 

Denote as G
nsw  the WSI for the gestation period of sowsat parityn in herd h . We may 233 

model the value as a sum of an underlying herd mean G
hnµ and a random term GnsA : 234 

G
ns

G
hn

G
ns Aw += µ                                                       (1) 235 

 236 

Where the sow specific variable GnsA  has the properties 0)( =G
nsAE and 2)( Ghn

G
nsAV σ= . 237 

The herd mean, G
hnµ  of Eq. (1), is found as 238 

 239 

∑
=

==Ε=
J

j
jj

G
hn wnhwwPnhw

1

),(),|(µ ,                         (2) 240 

where, now, h is interpreted as the configuration of H representing the observed values 241 

of the herd level variables, and jw is the value corresponding to the j th discrete level of 242 

w . The expected value is simply found by inserting h  and n  as evidence in the 243 
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Bayesian network and then propagating. The variance 2
Ghnσ between sows in the herd is 244 

found analogously. 245 

 246 

For a given configuration hse of the observation set, the estimated (relative) WSI, G
nsŵ , of 247 

the sow will be defined as  248 

G
hnhs

G
ns

G
ns newEw µ−= ),(ˆ   .                                          (3) 249 

 250 

The precision of this estimate depends, as mentioned, on the herd observation policy 251 

described by hE . For convenience the standard deviation will be denoted as Gnσ , where 252 

),(2 nEwVar h
G
nsGn =σ  .                                           (4) 253 

 254 

Thus Gnσ may be regarded as the standard deviation of the observation error. It should 255 

be noticed, that this approach assumes variance homogeneity over the configurations of 256 

hE . For the special case where all sow specific variables (described in section 2.1) have 257 

been observed (i.e. if SEh = ) there will be no observation error, implying that 0=Gnσ .  258 

The conditional expectation and variance in Eqs. (3) and (4) are found by inserting the 259 

evidence into the Bayesian network followed by a propagation. Thus, assuming normal 260 

distributions,  261 

),( new hs
G
ns ∼ ),ˆ( 2

Gn
G
ns

G
hn wN σµ +  .                                  (5) 262 

 263 

Eq. (5) is used as basis for deduction of the transition probabilities of the replacement 264 

model. 265 

The (relative) WSI for the lactation period, Lnsŵ , is modelled completely analogously. 266 
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 267 

2.5. Integration of the WSI into the replacement model. 268 

2.5.1 State variables for the WSI 269 

The WSI state variables will in the replacement model be represented at 12 +k  levels, 270 

,,...,0,..., kk−  where k− corresponds to a very weak sow, 0 to a sow at the herd average 271 

for the parity (and stage of cycle), and k+  corresponds to a very strong sow. 272 

Hence, in the replacement model, the WSI of a parity n  sow s is represented by state 273 

variables as follows: 274 

In the gestation period: The estimated WSI for present gestation period, G
nsŵ .  275 

In the lactation period: The estimated WSI for present lactation period, L
nsŵ  276 

For parity 1>n : The estimated WSI for previous lactation period, L
snw ,1ˆ − . This state 277 

variable is necessary for representation of the autocorrelation between the WSI in 278 

previous lactation period and present pregnancy period. 279 

Combining these new state variables with those included by Kristensen and Søllested 280 

(2004a, b) results in a hierarchical model with 3 levels. In the description below, a state 281 

space is either defined by one or more state variables or it is enumerated. The two 282 

definitions are also sometimes combined. If a state space only contains one state (which 283 

accordingly has probability 1) it is referred to as a "dummy" state. Action spaces are 284 

enumerated, and if only one action is defined (which accordingly always is chosen) it is 285 

referred to as a "dummy" action. The full model is defined as follows: 286 

 287 

Founder process: Infinite time horizon. 288 

 Stage: Stage length is equal to the life span of a sow in the herd. 289 

 State space: Only one dummy state is defined. 290 

 Action space: Only one dummy action is defined. 291 
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Child level 1: Finite time horizon. 292 

Stage: Stage length is equal to a reproductive cycle from weaning to weaning. 293 

Stage number equals parity.  294 

State space: Depends on parity: 295 

 Parity 1: Only one dummy state is defined. 296 

Parity >1: Two state variables are defined: 297 

• Litter size potential (21 levels) 298 

• WSI of previous lactation period (2k+1 levels).  299 

An additional state representing a culled sow is added. The 300 

number of states equals 21×(2k+1) +1. 301 

Action space: Mating method: 2 options that for instance represent “Normal 302 

mating” and “Artificial insemination” as described by Kristensen and Søllested 303 

(2004a, b). 304 

Child level 2: Finite time horizon. 305 

Stage: Stage length is equal to the duration of “Mating” (stage 1), “Gestation” 306 

(stage 2) or “Lactation” (stage 3).  307 

State space: Depends on stage: 308 

Stage 1, “Mating”: Three states reflecting health status: “Healthy”, 309 

“Diseased” and “Dead”. The “Diseased” state is used to represent 310 

involuntarily culled sows which can still be slaughtered, whereas “Dead” 311 

represents dead and euthanized sows. 312 

Stage 2, “Gestation”: “Pregnant” with a combination of WSI level of 313 

the current gestation period. Two additional states representing a 314 

“Diseased” and “Infertile” sows are added. The number of states equals 315 

(2k+1) +2. 316 
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Stage 3, “Lactation”: Two state variables are defined: 317 

• “Litter size”, present parity (20 levels). 318 

•  WSI of present lactation period (2k+1 levels).  319 

Two additional states representing a “Diseased” and “Dead” 320 

sow are added. The number of states thus equals 20×(2k+1) 321 

+2. 322 

Action space: Depends on stage: 323 

Stage 1, “Mating”: Mating policy: Allow 1,…,5 matings before culling 324 

for infertility if the sow is “Healthy”. If the sow is “Diseased” or “Dead”, 325 

only one dummy action is defined. 326 

Stage 2, “Gestation”: Only one dummy action is defined. 327 

Stage 3, “Lactation”: Two actions defined: “Keep the sow” and 328 

“Replace the sow at weaning”. But if the sow is “Diseased” or “Dead”, 329 

only one dummy action is defined. 330 

 331 

The model has been implemented as a plug-in to the MLHMP software system 332 

presented by Kristensen (2003). 333 

 334 

2.5.2 The effect of the WSI for the individual sow 335 

A pregnant sow with a high WSI increases the probability of sudden death, 336 

euthanization or sent to slaughter due to a poor health status. Each level of the (current) 337 

WSI will be associated with a value on the logistic scale reflecting directly the 338 

probability of death/euthanization/sent to slaughter due to a poor health status. As an 339 

illustration it can be mentioned that a pregnant sow with clinical signs ("unwillingness 340 

to stand", "lameness", "vulva bite") = ("no", "no", "no") will have WSI of -3.314 341 
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corresponding directly to a probability of involuntary culling of 0.0351. In contrast, a 342 

sow with clinical signs ("unwillingness to stand", "lameness", "vulva bite") = ("yes", 343 

"severe", "yes") will have a WSI of -2.084 corresponding to a probability of involuntary 344 

culling of 0.111. 345 

The state space at child level 2 will, as described above, have a special state called 346 

“Dead” reflecting that the sow dies suddenly/is euthanized. The value of the dead sow is 347 

zero, but there will be an additional disposal cost. The state “Dead” will be defined for 348 

the mating period and the lactation period. The state “Diseased” will in the extended 349 

model only be used for an involuntarily culled sow which can be sent to slaughter (and 350 

thus have a full slaughter value). 351 

For lactating sows, a high WSI increases the probability of sudden death or 352 

euthanization, but not the probability of sent to slaughter due to a poor health status. 353 

Hence, each level of the (current) WSI will be associated with a value on the logistic 354 

scale reflecting directly the probability of death/euthanization. Additionally, the WSI for 355 

sows in the lactation period will influence the conception rate of the following mating 356 

period. 357 

 358 

2.6 Description of the parameters. 359 

2.6.1 Information needs for model construction 360 

The basic idea behind the existing sow replacement model described by Kristensen and 361 

Søllested (2004a, b) is that a herd specific model is constructed. The probabilities of the 362 

Bayesian networks and the necessary autocorrelation coefficient for the WSI from the 363 

gestation to the lactation periodGLnρ are presented in Appendix A. Due to few repeated 364 

measurements from the lactation period to the next gestation period, it is not possible to 365 
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estimate the corresponding autocorrelation coefficient, LGnρ , and we therefore assume 366 

that LGnρ = GLnρ .  367 

In order to adapt the model to the conditions of a specific herd, we need information 368 

about the values of all variables in H for the herd, and information about the observation 369 

policy both in the gestation and lactation period (i.e. identification of SEh ⊆ ). 370 

 371 

2.7. Transition probabilities 372 

2.7.1 The WSI probabilities 373 

The transition probabilities from state i to state j express the combined probabilities of 374 

the transitions reflected in the values of the state variables belonging to state i and those 375 

belonging to state j. The final transition probabilities are calculated as the product of the 376 

individual transition probabilities for the state variables in question.  377 

The probabilities related to transitions in litter size potential, observed litter size and 378 

conception are calculated as described in the original articles by Kristensen and 379 

Søllested (2004a, b). For the extended model, the probabilities related to transitions in 380 

the WSI are needed (Table 1). The precise calculation of those probabilities is described 381 

in details in Appendix B.  382 

The final transition probabilities are a combination of the transition probabilities 383 

originating from the WSI and those from the litter size model and the mating policy 384 

model already described in Kristensen and Søllested (2004a, b). They are all defined at 385 

Child level 2 of the model. A process at child level 2 has 3 ordinary stages for mating, 386 

gestation and lactation, respectively, and in addition an initial dummy stage holding the 387 

probability distribution over states of the mating stage. For a gilt (parity 1) only the 388 

information defined by the states at child level 2 is available. Sows from parity 2 and 389 
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higher are also characterized by the state variables defined for child level 1 (the WSI of 390 

previous lactation period and the litter size potential).  391 

In the following description we shall denote as )(npd
ij  the probability of transition from 392 

state i at stage n to state j at stage n+1 under decision d. 393 

 394 

2.7.2 Initial state probabilities (Stage 0) 395 

For a gilt, no WSI information is available before mating, so the probabilities are 396 

defined as in the current model described by Kristensen and Søllested (2004a, b). 397 

For sows in parity 2 and higher, information about WSI of the previous lactation period 398 

is available. This information is stored in the Child level 1 state. The initial transition 399 

probabilities )0(1
1 jp define probabilities to stage j  of the mating stage, where ∈j400 

{“Healthy”, “Diseased”, “Dead”}.   401 

For j=”Healthy”, the probability equals the probability of the sow not being 402 

involuntarily culled.  The calculation of the probabilities j=”Diseased” and j=”Dead” is 403 

described in details in Appendix B. 404 

 405 

2.7.3 Mating period (Stage 1) 406 

Ignoring the special states, “Diseased” and “Dead” there is only one state i  to consider, 407 

i.e. i =”Healthy”. The 5 actions “Allow d  matings” must define transition probabilities 408 

to states representing different values of WSI. Let ∈d {1,…,5} be the action of the 409 

mating period, and let ∈j {1,…,2k+3} be the state of the gestation period. The value of 410 

j  corresponds directly to level of WSI. If the model has more than one mating method, 411 

the actual mating method is known from the decision at Child level 1.  412 

For a gilt, no information about previous WSI is available and the calculation is rather 413 

simple. Defining the events Sand C corresponding to survival and conception, 414 
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respectively, the transition probability )1(d
ijp  is then, for 22 +< kj , calculated as the 415 

product of the probability of conception, the probability of survival (neither dead nor 416 

diseased) and the probability of observing a certain WSI level in the gestation period. 417 

The probabilities of conception and survival are the same as described by Kristensen 418 

and Søllested (2004a, b), and the probability of WSI level is described in Appendix B. 419 

The probabilities of “Infertile” and “Diseased” are as described by Kristensen and 420 

Søllested (2004a, b).  421 

For a parity 2 sow (and higher), information about the WSI from previous lactation 422 

periods is available, and stored in the Child level 1 state. This value influences the 423 

conception rate and the WSI of the gestation period. The transition probability )1(d
ijp at 424 

parity n  is again, for 22 +< kj , calculated as the product of 3 separate probabilities 425 

(conception, survival and WSI level). However, the transition probability of the WSI 426 

level and the conception rates are now conditioned on WSI level of previous lactation 427 

period. Appendix B describes the calculation of the conditional probability. 428 

Probabilities of the two states “Infertile” and “Diseased” are calculated in the same way 429 

as for parity 1. 430 

 431 

2.7.3 Gestation period (Stage 2) 432 

Ignoring the special states (“Diseased” and “Dead”) the other states are described 433 

directly by their WSI level. The probabilities link to states j  of the lactation period, 434 

where a state is described by the present litter size and the WSI level.  435 

The transition probabilities for the gestation period are calculated as the product of the 436 

conditional probability of observing a given litter size (given litter size potential known 437 

from child level 1), the conditional probability of survival (given current WSI level) and 438 

the conditional probability of observing a given WSI level in the lactation period (given 439 
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the current WSI level). The transition probability related to litter size is as described by 440 

Kristensen and Søllested (2004a, b), whereas the two other conditional probabilities are 441 

described in Appendix B. Additionally, the calculation of the probabilities of the  states 442 

“Dead” and “Diseased” is described in Appendix B . 443 

 444 

2.7.4 Lactation period (Stage 3) 445 

Here, the state i  is described by combined values of litter size and WSI. For the action 446 

“Keep”, the states, which the probabilities link to, are the Child level 1 states of the next 447 

parity. A destination state 1j  (at Child level 1) is described by combined values of 448 

updated litter size potential 1j
m and old WSI, 1ˆ

wnj
w . The updated litter size potential of 449 

next parity is just the current value updated with the present litter size, and the old WSI 450 

of next parity is simply the present WSI. Thus, the destination state '1j  for Child level 1 451 

at next parity is known with certainty, and the transition becomes deterministic in the 452 

sense that, for this state, )3('1
d

ij
p =1.0. 453 

For the highest parity the transition probabilities define a deterministic transition to the 454 

founder stage. 455 

Under the action “Replace” the process goes to state “Replaced” at Child level 1 with 456 

probability 1.0. 457 

 458 

2.8 Rewards 459 

The rewards of the model are calculated in the same way as it was described by 460 

Kristensen and Søllested (2004b), except for the states ”Diseased” and “Dead”. If the 461 

sow is dead (or has been euthanized), the farmer does not receive any income, but will 462 
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have to pay a cost for disposal of the dead body. If the sow is diseased, it is send to 463 

slaughter immediately, and the reward equals the slaughter price. 464 

 465 

3. Application of the model: An example 466 

In order to illustrate the formulation and produced output of the model, the effect of the 467 

WSI on the replacement policy and the economic benefit of observing clinical signs of 468 

individual sows are presented. A hypothetical sow herd with two different risk levels for 469 

involuntary culling of sows are used for illustration. 470 

 471 

3.1 Basic scenarios  472 

The parameters of the model are chosen to be values that are considered common for 473 

Danish sow herds. Hence, settings from a commercial herd described by Kristensen and 474 

Søllested (2004b) (Herd A) are selected to represent a typical commercial Danish sow 475 

herd in this study. In the new version of the model, the feed price, piglet price, mating 476 

price, slaughter price per sow and disposal costs are updated (Table 2).  477 

In order to adapt the model to the conditions of the commercial herd, information about 478 

the values of all variables in H and information about the observation policy are given. 479 

Two cases have been considered; one case where the values of all variables in the 480 

commercial herd define a high risk level (HR) herd of involuntary culling, and another 481 

case where the values define a low risk level (LR) herd of involuntary culling both in 482 

the gestation and lactation period. Hence, a HR herd is defined as a herd with a large 483 

herd size (>600 sows), using electronic sow feeding and with deep bedding in the pens. 484 

Contrary, a LR herd is a small herd (<400 sows) with feeding boxes and with no deep 485 

bedding in the pens.   486 
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The observation policy in both cases is assumed to be complete, meaning that all 487 

clinical examinations have been carried out in both the gestation and the lactation 488 

period. Therefore, no observation error is considered.  489 

From the structure and probabilities of the resulting Bayesian networks, mean and 490 

standard deviation from both the gestation and lactation period are obtained (Table 3). 491 

In addition to these parameters, the necessary autocorrelation coefficients for the WSI 492 

are provided. From the gestation to the lactation period it is estimated to be GLnρ493 

=0.1145 (see Appendix A), and it is assumed that the autocorrelation coefficient for the 494 

WSI from previous lactation period to current gestation period takes the same value. 495 

The WSI state variables are represented at 2,...,0,...,2 +−  levels so that k=2. The 496 

resulting state space is 130,628 states considering a maximum lifespan of 12 parities.  497 

The parameters described above are given as input to the replacement model 498 

incorporating WSI information. 499 

 500 

3.2 The effect of WSI on the replacement policy 501 

The optimization of the model integrating the WSI is carried out for both the HR herd 502 

and the LR herd. Hence, optimal replacement policies maximizing average net returns 503 

over time are obtained.  504 

For the HR herd, the optimal replacement policy implies no culling based on litter size 505 

and WSI before the 6th parity. From the 6th parity, the culling for low litter size or low 506 

WSI appears and increases through the 7th parity. Culling actions are present in 40% and 507 

71% of the defined states of the 6th and the 7th parity, respectively. All sows are culled 508 

independently of litter size after the 8th parity. For the LR herd the same pattern is 509 

observed, except for the fact that the culling action is present in 39% and 72% of the 510 

defined states of the 6th and the 7th parity, respectively. The expected economic net 511 
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returns obtained with optimal replacement policy is 2,472 DKK per sow per year for the 512 

HR herd, and 2,540 DKK per sow per year for the LR herd, thus being 3% higher in the 513 

LR herd compared to the HR herd. As the average herd size of a specialized Danish 514 

breeding farm is 1000 sows, this would represent 68,000 DKK/year in net returns. 515 

  516 

 The consequences of the LR herd and the HR herd are compared through technical and 517 

economic key figures calculated by Markov chain simulations (Table 4). The 518 

probability that a gilt inserted will end up being culled from the herd as dead/euthanized 519 

is 4% higher in the HR herd than the LR herd. As a consequence a lower average 520 

culling age is found in the HR herd compared to the LR herd (Table 4). 521 

To illustrate the effect of the WSI on the replacement problem, the distribution of the 522 

WSI of voluntarily culled sows is computed (Figure 3). Hence, it appears that the WSI 523 

plays an important role when sows are selected for culling.  524 

 525 

3.3 Economic value of observing clinical signs in sows 526 

3.3.1 Definition of different scenarios 527 

To investigate the economic benefit of clinical observations, 15 different scenarios are 528 

defined. Each scenario is represented by a specific observation policy and run for both a 529 

HR and a LR herd (Table 5).   530 

Scenario 1 for a HR and LR herd (HR-1 and LR-1) is identical to the case presented 531 

previously, and will be used as the scenario of reference. Scenarios 2 to 7 represent 532 

scenarios where all clinical signs in the WSIs are observed, except: unwillingness to 533 

stand (scenario 2), lameness (scenario 3), vulva bite (scenario 4), body condition score 534 

(scenario 5), shoulder ulcer (scenario 6) and vulva color (scenario 7).  In scenarios 8 to 535 

13 only one clinical sign in the WSIs is observed: In scenario 8 only unwillingness to 536 
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stand is observed, in scenario 9 only lameness, in scenario 10 only vulva bite, in 537 

scenario 11 only body condition score, in scenario 12 only shoulder ulcer and in 538 

scenario 13 only vulva color is observed. Finally scenarios 14 and 15 represent 539 

scenarios where only clinical signs in the WSI of either the gestation (scenario 14) or 540 

lactation period (scenario 15) are observed. 541 

 542 

3.3.2 Results from the example 543 

The economic net returns of the set of scenarios are presented in Figure 4 as deviations 544 

from HR-1 and LR-1, respectively. The lowest reduction on the economic net returns is 545 

from scenario 2, meaning that if a farmer wants to reduce the number of clinical signs to 546 

observe, he should refrain from observing “unwillingness to stand” in pregnant sows. In 547 

contrast, the most expensive single clinical sign to leave out is “vulva bite” observed in 548 

pregnant sows (scenario 4). The same pattern is found in both the HR and the LR herd. 549 

However, the HR herd presents overall higher losses than the LR herd.  550 

If a farmer avoids observing the clinical sign “shoulder ulcer” in lactating sows 551 

(scenario 6) in a HR herd, this will cause a higher economic reduction than if the farmer 552 

did not observe the clinical sign: Body condition score in lactating sows (scenario 5) 553 

(Figure 4).  554 

If only one clinical sign can be observed, the clinical sign: “Vulva bite” (scenario 10) 555 

gives the lowest reduction in expected rewards compared to the base scenarios (where 556 

all signs are observed), while the highest reduction comes from observing the clinical 557 

sign: “unwillingness to stand” (scenario 8) for both a HR and a LR herd (Figure 4, 5). 558 

Thus, if a farmer only wants to observe one clinical sign, it should be "vulva bite" in 559 

pregnant sows. 560 
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Moreover, an analysis of scenarios 14 and 15 shows that observing clinical signs in the 561 

lactation period will cause a lower decrease in the net returns for both the HR and the 562 

LR herd compared to observing the set of clinical signs in the gestation period (Figure 563 

4, 5). Hence, observing the set of clinical signs in the gestation period may allow for a 564 

better detection of weak sows than observing the set of clinical signs in the lactation 565 

period. 566 

 567 

4. Sensitivity Analysis, autocorrelation 568 

In order to test the effect of LGnρ  of WSI on the voluntarily culling policy, the original 569 

value of autocorrelation is modified by ±50% in both types of herd (LR and HR). 570 

From the optimization model it is seen that changing the value of the autocorrelation 571 

has a limited impact on the results (Table 6). The size of the autocorrelation coefficient 572 

only marginally influences the distributions. Hence, the effect of a 50% of variation in 573 

the autocorrelation coefficient for the WSI from previous lactation period to current 574 

gestation period, LGnρ  does not have any notable influence on the WSI estimates and 575 

economic rewards.   576 

 577 

5. Discussion and Conclusion 578 

In the dairy literature, several replacement models exit which incorporate information 579 

about the health of a cow in the model, and hence, make it influence the replacement 580 

decision (Stott and Kennedy, 1993;  Houben et al., 1994; Gröhn et al., 2003; Heikkilä et 581 

al., 2008; Bar et al., 2009). Even though several computer-based simulation and 582 

optimization models have been developed for breeding and culling decision support on 583 

pig farms, the effects of the health status on optimal breeding and replacement policies 584 

have not been thoroughly studied. 585 
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In this study, a framework has been developed for incorporating the WSI information 586 

into an existing hierarchical Markov decision process model, which optimizes breeding 587 

and replacement decisions for pig herds. Combining information from several different 588 

clinical signs into one numerical value, the WSI, is an efficient tool, which makes it 589 

possible to handle incomplete observation strategies and evaluate their economic value. 590 

The herd level variables included in the Bayesian networks furthermore enable us to 591 

create herd specific models reflecting the risk factors of the individual herd. The 592 

presented framework could easily be extended to include more clinical observations 593 

without a combinatorial explosion of the size of the state space. It is therefore a 594 

powerful technique for dealing with the health status of individual animals in 595 

replacement models.  596 

The numerical basis for establishing the WSI was systematic clinical examinations in 34 597 

commercial sow herds combined with farmer records of all culled sows (including 598 

culling reasons). In a study like this it cannot be ruled out that the 34 farmers' culling 599 

decisions have been influenced by the very fact that they participated in the programme 600 

and, therefore, have been more careful than usual when sows were selected for culling 601 

or were euthanized. If such a carefulness has led to more or fewer involuntary cullings, 602 

the developed WSI will be biased accordingly.  603 

The WSI is shown to have a high influence on the optimal replacement policy, allowing 604 

for a better economic classification of sow when taken the health status into account. It 605 

is also seen that the economic value of the WSI is higher in a HR than a LR herd. 606 

Hence, the total economic net returns are 3% higher in a low risk herd than in a high 607 

risk herd.  608 

Observing the whole set of clinical signs in the WSIs allows for a better estimation of 609 

the WSI, and as a consequence a higher economic net returns. But in the case that the 610 
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complete observation of all clinical signs cannot be observed, the most important sign 611 

from an economical point of view is “vulva bite” whereas the least important is 612 

“unwillingness to stand”. Using this information the farmer can better establish policies 613 

for observing clinical signs, and as a consequence, compare the economic benefit to the 614 

costs of observing the clinical signs. 615 

  616 
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 Appendix A 697 
 698 

A.1 Presentation of the parameter estimates used for calculating the WSI probabilities. 699 

 700 
Table A.1: Parameter estimates from the logistic analyses used to calculate the 701 
probabilities for the WSI for the pregnant sow. The parameter values form the 702 
numerical input to the Bayesian network shown in Figure 1. 703 
Outcome variable Explanatory variable Parameter estimate 
Involuntary culling Intercept -2.5718 
 Factor: Lameness a 0.334 
 Vulva bite  
   Yes 

  No 
 

-0.7417 
0 

Unwilling to stand Intercept -0.467 
 Herd size 

  Small (< 400 sows) 
  Average (400-600 sows) 
  Large (> 600 sows) 

 
-0.2852 
-1.0944 
0 

 Feeding system 
  Electronic sow feeding 
  Individual based feeding 
  Competition based feeding 
 

 
0.6146 
-0.5601 
0 

Lameness Intercept 1 -1.0925 
 Intercept 2 -0.1875 
 Herd size 

  Small (< 400 sows) 
  Average (400-600 sows) 
  Large (> 600 sows) 

 
-0.7532 
-0.9281 
0 

 Feeding system 
  Electronic sow feeding 
  Individual based feeding 
  Competition based feeding 
 

 
-0.2754 
-0.7973 
0 

Vulva bite Intercept -1.2666 
 Deep bedding 

  No 
  Yes 

 
-0.841 
0 

a: The factor loading for the clinical sign: “lameness” was 0.51 and the factor loading for the clinical sign: 704 

“unwilling to stand” was 0.44 705 

 706 

 707 

 708 
709 
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Table A.2: Parameter estimates from the logistic analyses used to calculate the 710 
probabilities for the WSI for the lactating sow. The parameter values form the numerical 711 
input to the Bayesian network shown in Figure 2. 712 
Outcome variable Explanatory variable Parameter estimate 
Involuntary culling Intercept -0.8098 
 Shoulder ulcer 

  No scars or ulcers  
  Scar 
  Ulcer 

 
-0.9763 
-1.101 
0 

 Body condition score 
  Below average 
  Average 
  Above average 

 
1.3086 
0.3006 
0 

 Vulva colour 
  No 
  Yes 
 

 
-2.6063 
0 

Shoulder ulcer Intercept 1 -2.0284 
 Intercept 2 -0.9467 
 Herd size 

  Small (< 400 sows) 
  Average (400-600 sows) 
  Large (> 600 sows) 

 
0.259 
1.2783 
0 

 Feeding system 
  Electronic sow feeding 
  Individual based feeding 
  Competition based feeding 

 
0.8261 
-0.1208 
0 

Herd size*feeding system Small  * Electronic sow feeding -0.8214 
 Small *  Individual feeding -04492 
 Small * Competition feeding 0 
 Average * Electronic sow feeding -2.2932 
 Average * Individual feeding -0.5723 
 Average * Competition feeding 0 
 Large * Electronic sow feeding 0 
 Large * Individual feeding 0 
 Large * Competition feeding 0 
 713 

 714 

The effect of the WSI on the conception rate was ψ=0.2224 (see Appendix B.5).  715 

The dead fraction of gestation period parameter (ξ =0.61) was also estimated (see 716 

Appendix B.3.1). 717 

 718 

 719 
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Appendix B 720 

B.1. Parameters needed for calculation of the transition probabilities 721 

A list of the parameters, their symbols and sources are summarized in Table B.1. 722 

Table B.1: Parameter needs for calculation of transition probabilities. 723 
Parameter Explanation Source 

G
hnµ  Herd mean for parity n WSI in the gestation period BN 
L
hnµ  Herd mean for parity n WSI in the lactation period BN 

Ghnσ  Standard deviation of WSI between gestating sows BN 

Lhnσ  Standard deviation of WSI between lactation sows BN 

Gnσ  Standard deviation of the observation error of WSI for gestating 
sows when SEh ⊂  

BN 

Lnσ  Standard deviation of the observation error of WSI for lactating 
sows when SEh ⊂  

BN 

GLnρ  Auto correlation between WSI in the gestation period and the 
subsequent lactation period of parity n. 

DA 

LGnρ  Auto correlation between WSI in the lactation period of parity n 
and the subsequent gestation period of parity n+1 

AA 

GOhnσ  Total standard deviation of the observed WSI in the gestation 
period 

ID 

LOhnσ  Total standard deviation of the observed WSI in the gestation 
period 

ID 

GLhnσ  Standard deviation of the forecast error for WSI in the lactation 
period 

ID 

LGhnσ  Standard deviation of the forecast error for WSI in the lactation 
period 

ID 

k  Number of WSI levels from k− tok  DC 
ξ  Fraction of death animals in gestation period DA 
ψ  Effect of WSI on conception rate DA 

−G
niw  Lower limit for i of estimated WSI in the gestation period of 

parity n(in herd h)  
ID 

G
niw  Mean for level i of estimated WSI in the gestation period of 

parity n(in herd h) 
ID 

+G
niw  Upper limit for level i of estimated WSI in the gestation period of 

parity n(in herd h) 
ID 

−L
niw  Lower limit for level i of estimated WSI in the lactation period of 

parity n(in herd h) 
ID 

L
niw  Mean limit for level i of estimated WSI in the lactation period of 

parity n(in herd h) 
ID 

+L
niw  Upper limit for level i of estimated WSI in the lactation period of 

parity n(in herd h) 
ID 

 724 

Source: BN=Bayesian network; DA=Data analysis; AA=Authors' assessment; 725 

ID=Indirectly from the other values; DC=Decided. 726 



 33

 727 

B.2. A model for the transition probabilities 728 

B.2.1 Levels of the state variables representing WSI 729 

For each level }{ kki ,...,0,...,−∈ of a WSI state variable, a lower limit −iw , a mean value 730 

iw  and an upper limit +
iw are calculated under the assumption that the WSI (on the 731 

logistic scale) is normally distributed. The values depend on stage of cycle and parity, 732 

but for simplicity further indexes are omitted. These values are determined under the 733 

standard assumption that all 12 +k  levels have the same probability. It should be 734 

noticed, that −∞=−
−kw , 00 =w  and ∞=+

kw . For the determination of these level 735 

delimiters it must be remembered that the total variance of G
nŵ is 222

GnGhnGOhn σσσ += and 736 

accordingly for L
nŵ . 737 

In the following, a level i  is also identified by its mean, iw . 738 

 739 

B.2.2 The initial distribution of G
nŵ  for a gilt  740 

Since the WSI of gilt is the first one observed, no prior knowledge is available, and  741 

 742 
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where Φ is the distribution function of the standard normal distribution. 744 

 745 

B.2.3 The conditional distribution of Lnŵ  given G
nŵ for a gilt or sow   746 

 747 

It is assumed that )ˆˆ()ˆ,ˆˆ( 1
G
n

L
n

G
n

L
n

L
n wwPwwwP =−  even for 1>n .  748 
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A simple first order auto regressive model is assumed for the WSI. Let GLnρ be the 749 

correlation coefficient between the WSI in the gestation period and the subsequent 750 

lactation period. 751 

 752 

Thus,  753 

GLn
G
hn

G
n

Ghn

LhnGLnL
hn

L
n ww ηµ

σ
σρµ +−+= )( ,                                  (7) 754 

 755 

where GLnη ∼ ))1(,0( 22
LhnGLnN ρρ− . Recalling from Eq.(5) that, for a given sow with 756 

observed clinical signs. 757 

Gn
G
n

G
hn

G
n ww εµ ++= ˆ                                                  (8) 758 

 759 

where Gnε  ∼ ),0( 2
GnN σ . Accordingly, 760 

Ln
L
n

L
hn

L
n ww εµ ++= ˆ                                                  (9)              761 

 762 

where Lnε  ∼ ),0( 2
LnN σ . Substituting (8) and (9) into (7) and reducing gives us, 763 

GLnGn
G
n

Ghn

LhnGLn
Ln

L
n ww ηε

σ
σρε +−=+ )ˆ(ˆ  764 

 765 

By further reduction the following expression is obtained 766 

GLn
G
n

Ghn

LhnGLnL
n ww ε

σ
σρ += ˆˆ                                           (10) 767 

where LnGn
Ghn

LhnGLn
GLnGLn εε

σ
σρηε −+= implying that GLnε ∼ ),0( 2

GLhnN σ , where  768 
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 770 

It is now possible to specify the transition probabilities from WSI = i  in the gestation 771 

period to WSI=j  in the lactation period: 772 
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 775 

 776 

B.2.4 The conditional distribution of Gnŵ  given L
nw 1ˆ − for a gilt or sow   777 

Analogously, the transition probabilities from WSI = i  in the lactation period to WSI=778 

j  in the next gestation period become: 779 
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 782 

B.3. Transition probabilities to State “Dead”  783 

B.3.1. Gestation Period 784 

The probability follows directly from the estimated WSI which is considered to be a 785 

direct estimate for the involuntarily culling (both death and send to slaughter 786 

probability) on the logistic scale. Since it has defined that low relative values of WSI 787 

means a weak sow (and high values accordingly refer to strong sows) it is defined the 788 
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corresponding logistic value Gniy  for a parity nsow with WSI index level i in the 789 

gestation period as 790 

 791 

G
ni

G
hn

G
ni wy ˆ−= µ                                                             (14) 792 

 793 

Thus, the probability of involuntarily culling becomes  794 

1

1
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 796 

The data analysis performed by Jensen et al. (2009) showed no correlation between the 797 

fraction of dead/euthanized sows among the involuntarily culled sows. A fixed fraction 798 

of  61.0=ξ  was found. 799 

Thus, the probability of death becomes  800 
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 802 

B.3.2. Lactation Period 803 

The probability follows directly from the estimated WSI which is considered to be a 804 

direct estimate for the death probability on the logistic scale. Since it has defined that 805 

low relative values of WSI means a weak sow (and high values accordingly refer to 806 

strong sows) it is defined the corresponding logistic value L
niy  for a parity nsow with 807 

WSI index level i in the lactation period as 808 

 809 
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 811 

Thus, the probability of death becomes  812 
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 814 

 815 

B.4. Transition probabilities to State “Diseased”   816 

For the gestation period, the diseased sows are just the involuntarily culled sows that are 817 

not dead/euthanized. Thus, )ˆ,()1()ˆ(
G

ni

G

ni
wDiseasedDeadPwDiseasedP ×−= ξ .                                                            818 

(16) 819 

 In the lactation period this state in the version of the replacement model as was 820 

described by Kristensen and Søllested (2004a,b) corresponds to a sow being 821 

involuntarily culled either because of death/euthanization or premature slaughtering. 822 

However in the current model with WSI this state only corresponds to premature 823 

slaughtering, since the state “Dead” corresponds to death/euthanization. 824 

Thus, the probability of entering the “Diseased” state must be reduced by the 825 

probability of entering the “Dead” state. In the current version of the model, the 826 

probability of involuntary culling only depends on parity and stage (i.e. mating, 827 

gestation, lactation), but it seems more logical to let the total probability of involuntary 828 

culling (“Diseased” and “Dead”) depend on the WSI.  829 

The applied procedure for the gestation stage is as follows: 830 

 831 

• Denote the current probability of involuntary culling for a parity n  sow in the 832 

gestation period as Lnq and the corresponding logistic value as L
nz , i.e., 833 

L
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 835 
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• Define L
nq as the probability of involuntary culling for a sow in WSI level 0=i  (i.e. 836 

a sow with an average WSI). 837 

 838 

• For other WSI levels { },,...,0,..., kki −∈ the logistic value of the probability of 839 

involuntary culling is adjusted by the numerical value of the WSI level, i.e. the 840 

logistic value L
niz for WSI level i  becomes 841 

 842 
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 844 

Thus the probability of involuntary culling becomes 845 

 846 
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 849 

Finally, the probability of entering the “Diseased” state becomes: 850 

 851 
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 853 

B.5. Adjustment of the conception rate 854 

The conception rate as defined in the model by Kristensen and Søllested (2004a,b) is in 855 

the present extended model adjusted for the influence of the WSI of the most recent 856 

lactation period. The procedure is that for WSI level i = 0 (an average sow), the original 857 
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conception rate is used. Denote as ny  the logistic transform of this conception rate for 858 

parity n. For other WSI levels, the logistic transform is adjusted linearly in the WSI: 859 

 860 

G
ninni wyy ˆ⋅+= ψ , 861 

 862 

where the coefficient in the data analysis by Jensen et al. (2009) was estimated as 863 

2224.0=ψ . Finally, the adjusted conception rate is calculated as  864 
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