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to thank Thomas Lund Nielsen from DVFA for helping with getting access to VetStat. Two meetings
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Summary

Background

The first Danish action plan for Salmonella Dublin in cattle herds was implemented in 2008 with the
aim of eradicating the disease. Annually, between 20 and 30 people in Denmark are infected with
Salmonella Dublin. These are not necessarily large numbers but Salmonella Dublin is one of the most
dangerous types of Salmonella as it leads to more serious human infections than other types of
Salmonella and with a higher human mortality estimated to be around one third of the infected.

Salmonella Dublin is also known to cause production losses in dairy farms. The expected production
losses related to Salmonella Dublin include milk yield loss as well as increased calf mortality, increased
abortion rates and increased susceptibility of calves towards other diseases. In order to mitigate the
production losses, increased production costs due to increased use of antibiotics, labour and other
types of expenditures could be expected.

Objective
The objective of the report is to investigate the relationship between Salmonella Dublin infections in
Danish dairy herds and production losses (herd level analyses).

Data and method

We used 10 years of data from the cattle database with information regarding herd size and
production statistics. Salmonella Dublin infections in dairy cows were approximated using herd level
data of registered Salmonella antibodies (Optical Density Counts, ODC) in the tank milk. The effect of
Salmonella Dublin on milk yield was estimated using three-way fixed effects models where we
included farm fixed effect, quarter-of-year fixed effect, and farm by year fixed effect. By capturing
farm and time specific trends in the fixed effects, the estimated relationship between ODC and the
dependent variable (for example, milk yield at herd level) is at least to a large degree adjusted for time
invariant farm fixed effects, time varying effects common to all herds and yearly varying farm specific
effects. Two kinds of data aggregations were used: For estimating production losses in terms of milk
yield loss, calf mortality and antibiotics use at herd level, the data were aggregated to quarterly level.
For estimating implications of Salmonella Dublin on various types of variable costs, the data were
aggregated to a yearly basis. Note, that we distinguish between herd level and farm level (where a
farm often consists of several herds). We have focused on dairy herds and thereby excluded analyses
of potential production losses in beef production.

Results

Firstly, we compared milk yield for herds with ODC equal to 0 in a given quarter with herds with other
levels of ODC in a given quarter. We found that even small levels of ODC affect milk yield but not of
considerable amounts. For example, on average, herds with strictly positive ODC but below 10 ODC
percentage points compared with herds with ODC levels of zero were estimated to have around 8 kg
lower milk yield per month per cow. Larger ODC levels were found to be associated with larger drops
in milk yield but at decreasing rates. For example, we found milk yield loss of up to 15 kg milk on
average per cow per month for herds with ODC levels above 55 compared to herds with ODC levels of
zero. This is equivalent to a reduction in average milk yield of % a litre per cow per day which is around
2 per cent drop in milk yield for a herd with an ODC above 55 in the tank milk.



Secondly, ODC in the tank milk was found to have a small but statistically significant effect on calf
mortality in a dairy herd — the effect was found to be statistically significant but not of a considerable
size. We found very small increases in calf mortality (higher among bull calves than heifer calves). For
example, it was estimated that a herd with ODC above 55 experiences 14 dead heifer calves more out
of 1000 live born heifer calves than a herd with ODC of 0. We found very little correlation between
ODC and antibiotics use — none for calves and very small positive correlation in one of the models for
cows. Altogether, the results of the antibiotics models were rather sensitive to model specifications
and therefore not conclusive.

Thirdly, using farm account data for the same 10-year period, we found that Salmonella Dublin had a
statically significant effect on variable costs. We found that variable costs were higher for farms even
for small levels of ODC. More specifically, having a strictly positive ODC increased variable costs by
DKK 362 per cow per year compared to a farm with zero ODC. We also found that there is a non-linear
relationship between ODC and variable production costs. We note in particular, that a small increase
in ODC from 0 to up to 10 ODC percentage points is accompanied by an increase in variable costs of
DKK 312 per cow per year. Moreover, the variable costs on a farm with an average ODC between 25
and 40 over a year were DKK 616 higher per cow per year than variable costs on a farm with ODC
equal to 0 during a year. Less intuitively, we found that for ODC levels higher than 40, the variable
costs increased by less than for the lower levels of ODC (around DKK 300 per cow per year compared
to farms with a zero level ODC).

Discussion

Overall, the analyses were performed at herd level where neither Salmonella Dublin antibodies nor
milk yield can be linked to individual cow-level but are average values at herd level. Thereby, the
results represent an image of a herd at a given point in time rather than a dynamic picture of the
development at herd level of the correlation between Salmonella antibodies, milk yield, mortality, and
production costs. The analyses of production costs at farm level were only carried out at yearly basis
as farm account data are only available on yearly basis.

Our findings indicate somewhat lower production losses than indicated by Nielsen (2012) and Nielsen
et al. (2012a; 2012b; 2013). The analyses differ in a number of ways and should therefore not be
compared too closely. First, the object in focus differed, where the earlier studies followed milk yield
at cow level over a period of time whereas the present analyses follow milk yield at herd level over a
period of time. In both types of analyses, antibodies of Salmonella Dublin in the tank milk were used
as indicators Salmonella Dublin infections. Secondly, while using similar data sets, the previous
analyses were based on data from 2005 to 2009 whereas the analyses in the present report are based
on data from 2011 to 2020. While it is difficult to compare the analyses too closely as they differ in a
number of ways, one potential explanation could be that farmers have changed behaviour over the
time and that more mitigating initiatives are implemented today whereby production losses are lower
but farm costs are higher. This possible explanation is supported by the increases in production costs
at farm level that were found in the economic analyses in the present study.

Conclusion

We highlight three results. Firstly, looking across herds, the loss in milk yield due to Salmonella Dublin
in dairy herds was found to be up to 15 kg per cow per month corresponding to a drop of 2 per cent
for herds with ODC above 55 as compared to herds with ODC of zero. Secondly, we found that a drop
in milk yield started already for low levels of infection. That is, it started for ODC levels up to 10 as



compared to ODC levels of zero. Thirdly, we found that variable farm level costs increased up to DKK
600 per cow per year corresponding to an increase of 3 per cent for farms with ODC above 55 as
compared to Salmonella Dublin free farms. In short, the production loss at herd level due to
Salmonella Dublin was found to be statistically significant in a number of models but not of
considerable economic value and therefore not necessarily providing sufficient incentives for farmers
to avoid introduction or eradication of an existing Salmonella Dublin infection in their herds.

1. Introduction

1.1 Background

Salmonella Dublin is a strain of Salmonella mainly found in cattle. Infections with Salmonella
Dublin can cause production losses such as reduced milk yield, increased calf mortality, calf
diarrhoea, increased abortion rates and increased susceptibility of calves towards other
diseases (SEGES, 2022). In order to mitigate the production losses, increased production costs
in terms of increased use of antibiotics, increased labour, increased veterinary expenses as
well as other types of expenditures related to mitigating production losses can be expected.
Salmonella Dublin can cause acute and severe illness but can also be latently present in a herd
over a longer period of time in clinically healthy animals (SEGES, 2022). Salmonella Dublin is
often introduced in a herd by trade with infected animals and it can easily be spread within a
herd by animal contacts or through manure. Moreover, Salmonella Dublin is a zoonosis that
spreads from animal and animal products to humans. Every year between 20 and 30 persons
in Denmark are infected with Salmonella Dublin (Figure 1.1). These are not large numbers but
Salmonella Dublin can lead to more serious human infections than other types of Salmonella
and with a higher human mortality estimated to be around one third of the infected.
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Figure 1.1. Registered human infections with Salmonella Dublin

Source:
https://statistik.ssi.dk//sygdomsdata#!/?sygdomskode=SALM&stype=9&xaxis=Aar&show=Graph&datatype=La
boratory

The surveillance of Salmonella Dublin in Danish cattle herds started around 20 years ago when the
Danish Food and Veterinary Administration (DVFA) initiated a monitoring scheme. In 2008, the
monitoring scheme was followed by implementation of the first Danish action plan for Salmonella
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Dublin in cattle herds! with the aim of eradicating the disease. As part of the action plan, all cattle
herds are categorized according to their Salmonella Dublin status with different criteria for milk
producing herds and non-milk producing herds. Dairy herds are required to test the tank milk for
Salmonella Dublin antibodies (measured by their ODC level) at least every quarter. Herds with no or
low levels of Salmonella Dublin are placed in level 1. If the ODC levels exceed 25 (as an average over
the past 4 quarters), the herd is placed in level 2. A herd can also be categorized as a level 2 herd if
the trading patterns are considered being risky. Roughly speaking, a herd is categorized as a level 3
herd if clinical infection with Salmonellosis is observed in the herd. More details about categorizations
can be found in BEK (2018). Herds in level 2 are required to receive additional control visits by the
DVFA, implementing individual actions plans for the herds, taking blood samples, they are not allowed
to sell animal, etc. In 2021, a new order was issued with strengthened requirements for level 2 herds
and strengthened criteria for regaining status as level 1 herd (BEK, 2021). Another change is that level
2 and 3 were collapsed so that there are now only two levels of Salmonella Dublin (1 for low or zero
risk herds and 2 for other herds).

According to Danish Veterinary and Food Administration (2020), the prevalence of Salmonella Dublin
has been reduced from being found in 25 per cent of the Danish dairy herds in 2002 to around 8 per
cent of the herds where it has stagnated from 2018 to 2020. The most resent plan from 2021 is aiming
to eradicate Salmonella Dublin within 5 years (Danish Veterinary and Food Administration, 2020). The
prevalence in beef has been around 0.4 per cent since 2016 (Ministry of Veterinary and Food, 2020)

From a regulatory perspective, knowledge about the production economic consequences of
Salmonella Dublin in dairy herds is important to guide the choice of regulatory measures. In example,
let us say that we find that Salmonella Dublin causes considerable economic production losses for the
farmer then it is important to obtain more detailed information about such relations and using
information about how to eradicate the disease will be an important and potentially sufficient
regulatory tool to motivate farmers to reduce prevalence of Salmonella Dublin. On the other side, let
us say that we find no or insignificant production losses related to Salmonella Dublin then stronger
incentives than information are needed in order to motivate farmers to eradicate Salmonella Dublin
in their herds.

1.2 Previous studies

We focus on studies that have been carried out in a Danish context. Important contributions were
made in 2012 and 2013 where the effect of Salmonella Dublin in Danish dairy herds on milk yield and
calf mortality were investigated (Nielsen, 2012; Nielsen et al., 2012a; 2012b; 2013). They studied the
relationship between Salmonella Dublin antibodies in tank milk measured as ODC and milk yield per
cow (using registrations from the ‘yield control’ database ‘ydelseskontrollen’). Thereby, their analyses
were based on Salmonella Dublin infections measured at herd level (with a frequency of
approximately every third month) and milk yield measured at cow level (with a monthly frequency).
Their data period covered a five year period from January 2005 to December 2009. They focused on
testing the effect of Salmonella Dublin in newly infected herds which they defined as herds
experiencing a relatively large increase in ODC coming from a very low level of ODC. A newly infected
herd was defined as a herd having had ODC < 10 during the past year followed by a test value of at
least 70 ODC followed by a test value of at least 25 ODC. This definition was used to secure that the

1 https://www.foedevarestyrelsen.dk/Leksikon/Sider/Kv%C3%A6g-og-salmonella.aspx
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infected herds are newly and heavily infected and that the infection is not a false positive. A total of
28 conventional Holstein herds were selected as ‘newly infected herds’ based on these criteria out of
a sample of 3,300 dairy herds. A control group of 40 conventional Holstein herds with at least 40 cows
were selected randomly from herds with an ODC below 10 during the whole period. They used energy
corrected milk to represent milk yield.

Nielsen et al. (2012 a; 2012b) found a milk yield loss of 1 — 3 kg EKM per cow per day in the infected
herds for 1 to 2 years after the herd had been infected, with the lowest loss for young cows and highest
loss for older cows. If the farmer receives 2.8 DKK per litre of milk then a loss of 1 kg of milk per day
for a cow would result in a loss of DKK 1,000 in a year for that cow.

The relationship between Salmonella Dublin and milk yield is complicated by the uncertainties
surrounding the relationship between the time that a cow (or herd) is infected, the time that
antibodies show up in the tank milk as increased ODC, and the time point for a drop in milk yield. In
Nielsen et al. (2012a; 2012b), they defined cow infection date as 61 days before the increase in ODC
in the tank milk. Using quarter-dummies, they found the largest milk yield loss between 7 and 15
months after infection date for newly infected herds (corresponding to between 5 and 13 months
after the increase to over ODC 70 in the tank milk). In Nielsen et al. (2013), they adjusted these time
lines as newer studies had indicated that infection time is rather 8 months than 2 months before an
increase in ODC is detected in tank milk. According to this update, a drop in milk yield as found in
Nielsen et al. (2012a; 2012b) would occur almost the same time as the ODC level rises (milk yield drops
between 1 month prior to increase in ODC to 7 months after increase in ODC).

In 2020, preliminary analyses were carried out on a newer data set involving milk yield data at herd
level from the cattle database from 2015 to 2020 combined with information on OCD in tank milk for
the same period (Olsen et al., 2020). These analyses found loss in milk yield of lower magnitudes than
the studies from 2012 and 2013. Monthly data from the cattle database were combined with quarterly
data on ODC where the latter was adjusted to represent monthly averages. Using a one-way farm
fixed effect model and modelling ODC as a continuous variable (thereby using a linear model), they
found small but statistically significant decrease in milk yield for increasing ODC. To illustrate the
outcome of the preliminary analyses, a reduction of 1 kg of energy corrected milk (ECM) per cow per
month if ODC increased by 25 per cent points. Also, a decrease in milk yield of 10 EKM per cow per
month was found in a model not adjusting for farm effect (simple regression) and therefore believed
to overstate the correlation.

Regarding other production effects, earlier studies have found increased risk of abortion of 15 per
cent.

2. Objectives

The main objective is to investigate the production loss related to Salmonella Dublin in dairy herds.
Specifically, the report aims to address the following research questions:

1) What is the effect of Salmonella Dublin infections on milk yield, calf mortality and the use of
antibiotics, respectively?
2) What is the effect of Salmonella Dublin infections on production costs?

The analyses are guided by the following hypotheses:



Hypotheses regarding milk yield (H1)

e H11: Salmonella Dublin in a dairy herd reduces milk yield

e H12: Salmonella Dublin in a dairy herd reduces milk yield more in a newly infected herd than in

a long term infected herd

Hypotheses regarding calf mortality (H2)

e H21: Salmonella Dublin in a dairy herd increases heifer calf mortality

e H22:Salmonella Dublin in a dairy herd increases bull calf mortality

e H23: Salmonella Dublin in a dairy herd increases calf mortality
Hypothesis regarding the use of antibiotics

e H3: Salmonella Dublin in a dairy herd increases the use of antibiotics
Hypothesis regarding farm costs

e H4: Salmonella Dublin in a dairy herd increases variable production costs

The analyses are based on a unique Danish panel dataset to establish the effect of Salmonella Dublin
on economic performance at herd level.

3. Data description

3.1 Description of data sets

The study uses five datasets: The Danish cattle database (SEGES, 2021a), the ODC data set (SEGES,
2021a), the economic accounts dataset (SEGES, 2021b), VetStat (Danish Veterinary and Food
Administration, 2021; 2022a), Central Husbandry Register (CHR) (Danish Veterinary and Food
Administration, 2022b; SEGES, 2021c).

The Danish cattle database contains for all herds in Denmark information regarding the number and
type of cattle, import and export of animals to and from the herd, milk yield, etc. We have monthly
herd-level data for more than 10 years. More precisely, the period from January 2011 through March
2021 corresponding to 123 months or 41 quarters. The variables from the cattle database used in the
present project can be seen in Table 3.1 (see Table 3.6 for descriptive statistics).

Table 3.1. Overview of variables from the cattle database used in the analyses

Variable frequency of observations

CHRkey Pseudomized herd identification (Central Herd Registration)

Maaned Month and year indication Monthly

KGMLK Milk delivered to the dairy processing plant Monthly

Fedt Fat content in milk in per cent multiplied by a factor 100 Monthly

Fodt_kvier Number of heifers born in the given month Monthly

Fodt_tyre Number of bulls born in the given month

Dode_kvier Number of dead heifers in the given month Monthly

Dode_tyre Number of dead bulls in the given month

Antaldyrl Number of bull calves less than a half a year the first day of | Monthly
the month

Antaldyr2 Number of bull calves more than a half a year the first day Monthly
of the month

Antaldyr4 Number of heifer calves less than a half a year the first day Monthly
of the month

Antaldyr5 Number of heifer calves more than a half a year the first Monthly
day of the month

Antaldyr6 Number of cows the first day of the month Monthly




The ODC dataset contains information about the antibody level registered as Optical Density Count
(ODC) in cattle herds analysed in the tank milk. The maximum time interval between two tests are
three months due to legal requirements. Some farms, though, choose to pay more for receiving data
more often, say every month. We speculate that there can be various reasons for choosing to increase
frequency of ODC tests above the legal requirements. The reasons range from farmers being
particularly careful to stay free from Salmonella Dublin, farmers being located close to infected herds,
farmers being close to having their herds categorized as level 2 herds or farmers with level 2 herd that
are anxious to be tested free from Salmonella Dublin as quickly as possible. The variables from the
ODC dataset used in the present project can be seen in Table 3.2.

Table 3.2. Overview of variables from the ODC database used in the analyses

Variable Description Frequency of observations
CHRkey Pseudomized herd identification (Central Herd

Registration)
Udtagdato | Date, when the milk sample is taken at least every quarter
Analysedata | Antibody level measured as ODC per cent same frequency as 'Udtagdato’

The economic accounts dataset of individual farmers are collected by SEGES. The farm account dataset
contains accounting information at farm (CVR) level. A farm can consist of multiple herds and it is not
possible to segregate the data from farm to the individual herds. Hence, for the economic analyses,
all the data are merged from herd level to farm level in order to be merged with farm accounts data.
As another challenge in merging data, the accounting information is available on a yearly basis.
Therefore, for the economic analyses, all data are aggregated to yearly data. Description of relevant
data from the economic account database are shown in Table 3.6.

The VetStat dataset contains real-time prescription dataset for veterinary drugs. By ‘real-time’, we
mean that information is entered directly to the database by veterinarians when they prescribe
medicine to animals and pharmacies register the sold antibiotics. VetStat contains herd level
prescription information for antibiotics and vaccines. The variables from VetStat used in the present
project can be seen in Table 3.3 (data on the use of vaccines are not used in the analyses). The variable
‘ADD_kveeg’ is not registered regularly as several prescriptions for an individual herd could be
prescribed within a month just as there can be months without prescriptions. In the analysis we
aggregated data (or averaged out the data) to monthly data keeping track of prescriptions for adult
and young animals, respectively.

Table 3.3. Overview of variables from the VetStat database used in the analyses

Variable Description

CHRkey Pseudomized herd identification (Central Herd Registration)
Maaned Month indication

Ar Year indication

Dyreart Type of animal

ADD_kveeg ADD total for the CHR-number in the given prescription period

Note: The variable ADD_kvaeg is transformed to monthly data.



The last dataset is referred to as CHR database which contains ownership information about the herd,
i.e. the relationship between the herds and the farms. We have used the variables to merge the herd
information with farm level data (accounting information on variable costs).

3.2. Description of variables

Most of the variables from the cattle database are registered on a monthly basis (such as information
about the milk yield and number of new born, dead, etc.) whereas the ODC information is of a
quarterly nature. In the analyses of production loss related to Salmonella Dublin, the monthly data are
aggregated to a quarterly level. There are advantages and disadvantages of analysing the data as
monthly versus quarterly data. If the ODC data were modelled as monthly data, the analyses would
indicate more precision regarding time correlations than they are. A further advantage of using
quarterly data was that by choosing to aggregate milk yield to a quarterly basis, we reduced the
uncertainty related to how many times a month the milk is delivered to the dairy. On the other hand,
we throw away some information about variation between months by aggregating to a quarterly basis.
As farm account data are only registered on a yearly basis, the economics analyses of Salmonella
Dublinin dairy farms use data aggregated to yearly data to be aligned with the accounting information.
Below, we describe some of the variables in more detail.

Milk yield

The H1 hypotheses are concerned with the potential relationship between Salmonella Dublin and milk
yield. The milk yield is measured as the quantity of milk from a herd delivered to the dairy processing
plant in a given month. There might be a small difference between milk delivered and produced in a
month among others because some farmers only have their milk collected by the dairy every second
day whereby the number of milk deliveries in a given month can vary from 14 to 16. Also, some milk
might be given to calves and thereby is not included in the milk delivered to the dairy. However, these
are considered to be minor differences independent from Salmonella Dublin infections. The
distribution of milk yield in Danish dairy herds included in the analyses is shown in Figure 3.1.
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Figure 3.1. Distribution of milk yield per cow per month

Note: Based on 118,441 quarterly observations at herd level. Altogether 39 observations with milk yield per cow
per months above 2000 litres were removed from the analyses as they are regarded as typing errors. Data from
2011-2021 extracted from the cattle database.
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Regarding the choice of using energy corrected milk yield or simply milk yield, we were guided by our
intention to use fixed effects models. As differences at herd level in fat and protein content are
captured by the fixed component, we chose to use the original milk yield variable. For herds that
change their composition of cows, say regarding the share of Holstein and Jersey in the herd, there
will be a change in the fat or protein content in the milk which would be better accounted for using
ECM. However, as we expect that only few herds will change the type of cows during the period, we
use milk yield per month at herd level delivered to the dairy to analyse the relationship between ODC
and milk yield.

Another limitation of the chosen approach is that we do not have data on milk produced but milk
delivered to the dairy. However, it is expected that the milk used for feeding calves is an insignificant
share of the total milk yield. Also, we only have milk yield data at herd level. Milk yield at cow level is
registered for around 2000 farms in another database which would provide useful information of the
milk yield for the individual cow. However, for a number of reasons, we choose not to pursue that
dataset: Firstly they are not based on a representative sample, secondly the ODC level is not registered
at cow level anyway and thirdly, the purpose of the study was to assess herd level effects.

Calf mortality

The H2 hypotheses concerns calf mortality. In a situation where the farm is infected with Salmonella
Dublin, there are multiple guidelines from the farmers’ organizations as well as authorities for how to
limit the disease spread within farms, between farms and for how to eradicate the bacteria from the
herd all together. The main recommendation is to start to avoid infecting new born calves with
Salmonella Dublin and avoid spread among calves. There might be systematic differences in farmers’
efforts to reduce spread in the heifer calves, where many are intended to be used for replacements,
and bull calves, that are either sold to be fed up for slaughter or fed up at the farm, As a consequence,
we chose to model mortality separately for heifer calves and bull calves. The mortality rate for heifers
is measured as dead heifers divided by born heifers within a month and analogously for bull calves.
Calf mortality is presented per 1000 calves. Jersey bull calves are not included in the analyses as there
is a practice of killing new born Jersey bull calves for purely economic reasons with the present price
incentives. A Jersey herd is identified through the fat content in the milk where we have used fat
content more than 5 per cent as a marker for being a Jersey herd.

Antibiotics

Antibiotics use is hypothesized to be affected by infections with Salmonella Dublin (H3). We chose to
measure the antibiotics use as the average daily dose (ADD) per 1000 animal per 100 days or
equivalently, as ADD per 100,000 animals. The calculation is diverting from the officially published
indicator because the measure used in our analysis is just prescriptions within a given month. The
official indicator is a moving average over 9 months. The herd-size used to calculate the consumption
of antibiotics per animal is from the cattle-database and hence regarded as more valid than the herd
size used in the official indicator.

When aggregating the antibiotics use from months to quarters, we use the simple average and when
aggregating the ODC from quarters to years we use the simple average. Finally, when aggregating the
ODC from multiple herds belonging to one farm, we use the geometric average (weighted average).
Our measure of milk yield is calculated as monthly averages per cow throughout the analysis.
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Herd size

Similar to earlier studies, we included herd size as an explanatory variable. We use the average
number of cows in the herd for the quarter or year to capture herd size. Thereby, we do not include
calves and heifers in the definition of herd size. The choice of using number of cows to define herd
size is based on the assumption that milk yield as well as the number of new born calves are highly
correlated with the number of cows whereas there are many different ways to manage older calves
(keeping in herd, selling off, placing on separate location, etc.).

Salmonella Dublin

Biologically, potential production loss is linked to infection not to the antibodies in the tank milk.
However, as we do not have data on infections in the herd, the ODC level in tank milk is used as an
indicator of Salmonella Dublin in a dairy herd. This has also been done in earlier studies (Nielsen et al.,
2012a; 2012b; 2013). There are many important time points for analysing the relation between
Salmonella Dublin and milk yield: occurrence of first infection in the herd, occurrence of first infection
in a milking cow, incubation period and thereby when animals show clinical science of salmonellosis,
time from infection to drop in milk yield, time from infection to increase in ODC in tank milk, etc. A
detailed analysis at cow level where these relationship and dynamics between infection, ODC in tank
milk and milk yield were investigated would provide important information about the biological
relationships. It is beyond the scope of our analyses to address these issues and instead, we focus on
identifying relationships at herd level.

Trying to establish the time lag between introduction of Salmonella Dublin into a herd and rise in ODC
in tank milk is complex. Among others because Salmonella Dublin might not infect all sections, and
hence all animals, at the same time. Also, there could be a time lag from cows being infected to an
increase in ODC per cent in the tank milk because just a few of the cows are infected so a potential
drop in milk yield at herd level would not be detected. It is outside the scope of this study to establish
this link.

First and foremost, we use Salmonella Dublin antibodies in tank milk as an approximation of the herd
being infected with Salmonella Dublin. Thereby, we do not try to link production losses to actual
infection levels in the herds. We have access to the officially registered Salmonella levels at herd level
(taking the values 1, 2, or 3). In the official registrations of Salmonella level, some herds are
categorized as level two herds because they have traded cattle with positive farms thereby being at
risk of being infected but not actually being tested as having a high ODC in the tank milk. If a herd is
not infected but only at risk of being infected due to risky trading behaviour, then we do not expect
to see a production response. Therefore, we chose to use the ODC level as an indicator of Salmonella
Dublin infection not the levels 1, 2, or 3.

Different approaches to model a rise in ODC

e Linear effect. If one is interested in estimating the average marginal effect of ODC on a
dependent variable across the whole range of possible ODC values, then the ODC level can be
included in the model as a continuous independent variable. Thereby, the marginal effects of
ODC on the dependent variable is estimated (a linear model). We include this model in our
analyses.

o Non-linear effect. If one is interested in estimating the relationship between the ODC and the
dependent variable but expect that the relationship is not the same across all levels of ODC then
a non-linear model can be used. For example, say that increasing ODC from 0 to 25 does not
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have an impact on the dependent variable, increases from 25 to 50 have a small impact and
that Salmonella Dublin levels above 50 have a large impact on the dependent variable. Such a
relationship can be captured in a non-linear model whereas a linear model would be able to
capture only the average effect across these three intervals. There are various ways to identify
non-linear effects. Basically, a non-linear effect of ODC can be modelled using a non-linear
functional form or ODC can be included as a discrete variable. In the example above, the discrete
variable would entail that three values for the effect of ODC on the dependent variable would
be estimated: The average effect of ODC on the dependent variable in each of the intervals 0-
25, 25-50 and >50. We have chosen to include different definitions of discrete variables to
capture potential non-linearity.

Infected herds

Based on previous studies (among others Nielsen et al., 2012a; 2012b; 2013) we expect that
newly infected herds would have a larger drop in productivity than herds where Salmonella
Dublin had been present for a longer period. We used five different ways to identify herds that
are infected (two where we tried to capture the description of a newly infected herd).

Newly infected 1: This definition is inspired by the legal definition of Salmonella level 2 herds.
Herds having an ODC = 0 for 2 consecutive quarters followed by two quarters with ODC > 25 are
defined as ‘newly infected 1’. The restriction that the ODC should have an ODC for 2 quarters
was to avoid including false positive herds.

Newly infected 2: Inspired by studies by Nielsen et al. (2012a), ‘newly infected 2’ is defined as a
herd with an ODC < 10 for 2 quarters in a row followed by a quarter with ODC > 70. Using this
approach, an ODC < 10 indicates non-infection based on an assumption of thereby avoiding
false positives. Unlike Nielsen et al. (2012a), we did not include the requirement that a quarter
with an ODC > 70 should be followed by a quarter with ODC > 25 because of lack of degrees of
freedom in the fixed effects model that we used.

Infected 1: A linear model where the marginal effect of ODC on milk yield is analysed

Infected 2: The definition simply categorized any ODC > 0 as infected (a discrete variable).
Infected 3: The definition allowed for a non-linear relationship by estimating the effect of ODC
on the dependent variable for ODC intervals 0, 0 < ODC £ 10, 10 < ODC < 25, 25 < ODC £ 40, 40
< 0ODC <55, ODC > 55. The intervals are chosen based on the logic that 10 was used as cut-off
in earlier studies (e.g. Nielsen et al., 2012a), 25 is a central cut-off in legislation, while the
intermediate cut-off’s 40 and 55 where chosen more arbitrarily based on creating cut-off’s with
equal-sized intervals of 15 ODC points.

Reference herds

In the discrete model we generally use herds that are not infected in a given quarter as control group.

It is specified as table notes how the reference herds are defined in each of the presented models.

Outliers

A number of observations were removed before the analyses. In Table 3.4, we identified realistic cut-

offs for individual variables and the number of removed outliers related to these cut-offs are shown.
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Table 3.4. Overview of cut-off points and removed observations (outliers)

Variable Number of Outliers | Upper Cut-off
Milk yield (per cow per month) 39 2,000
Feed cost (DKK per cow per year) 32 50,000
Veterinary & medical cost (DKK per cow per year) 20 3,000
Miscellaneous cost (DKK per cow per year) 61 6,000
Electricity (DKK per cow per year) 47 2,000
Hired labour cost (DKK per cow per year) 8 20,000
Hired labour (hours per cow per year) 363 15,000
Total variable costs (DKK per cow per year) 58 60,000

Table 3.5 shows the intervals for ODC used in the analyses together with the average ODC and number
of observations within each interval. The 118,402 observations consist of quarterly observations over
a period of 10 years for around 3,000 herds. We see that almost 80 per cent of the observations have
ODC = 0. Put differently, across all herds over the ten-year period 80 per cent of herds had an ODC =
0in a given quarter. Altogether 8 per cent of the observations have an ODC level between 0 and 10; 5
per cent of the observations have ODC levels between 10 and 25. The remaining 7 per cent of the
observations have and ODC higher than 25.

Table 3.5. Overview of quarterly herd observations categorized according to ODC levels

Full sample Study sample
oDC Mean SD Min Max N | Mean SD Min Max N
0 0 0 0 0 94,327 0 0 0 0| 94,304
0<0DC<10 4.17 2.94 0.17 10 9,248 4.17 2.94 0.17 10 9,236
10<0DC<25 16.9 4.22 10.2 25 5,499 16.93 | 4.218 10.2 25 5,496
25<0DC<40 32.28 429 | 25.12 40 3,592 | 32.28 429 | 25.17 40 3,591
40<0DC<55 47.41 4.34 | 40.14 55 2,465 | 47.41 434 | 40.14 55 2,465
ODC>55 76.11 | 18.50 | 55.14 | 168.2 3,310 | 76.10 | 18.50 | 55.14 | 168.2 3,310
Total 5.20 | 15.49 0| 168.2 | 118,441 5.20 | 15.49 0| 168.2 | 118,402

Note: Summary statistics for the sample used for the analyses regarding milk yield loss, mortality and antibiotics
based on quarterly observations at herd level

Table 3.6 shows the number of farms categorized according to their ODC levels for the farms merged
with farm account information. A total of 31,309 observations of farm-years constitute the total
unbalanced dataset. The analyses of variable costs include 18,636 farms-years as only farms that are
in the dataset for the whole period are included in the analyses (balanced dataset).

Table 3.6. Overview of yearly farm observations categorized according to ODC levels

OoDC Mean SD Min Max N
0 0 0 0 0 23,044
0-10 2.7 2.6 0.02 10 4,319
10-25 16.8 4.3 10.1 25 1,501
25-40 32.1 4.3 25.0 40 957
40-55 47.1 4.2 40.1 55 729
>55 72.3 15.9 55.0 154.4 759
Total 5.0 14.4 0 154.4 31,309

Note: Summary statistics for the unbalanced data set where information on ODC is merged with farm account
data. The ODC values in the table are yearly averages). The dataset is used for the economic analyses regarding
variable costs based on yearly observations at farm level.
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The variable costs include feed costs, veterinary and antibiotics costs, miscellaneous costs, electricity
costs and hired labour costs. More specifically, feed costs include feed grain, concentrates, other feed
bought, own produced roughage, and other own produced feed. Veterinary and medicine costs
include costs for veterinary visit and antibiotics consumption and costs of vaccinations. Miscellaneous
costs is costs for e.g. fuel, advising on husbandry issues and other miscellaneous variable costs related
to husbandry not covered by other categories. Electricity costs for the farm can also include electricity
for plant production. Hired labour costs covers all costs for labour including employee insurance and
other employee related costs. Owner labour cost are not included. Not because they are not relevant
but because it would include an extra workload to define owner costs and specifying assumptions of
how the owners labour costs should be calculated — which was considered to be outside the scope of
the analyses in the present study.

Observations are aggregated to a yearly basis and aggregated to farm level. For each type of cost
variable, the relationship between ODC and costs is analysed in a model using farm fixed effect and
year fixed effect. All costs are presented per cow.

Descriptive statistics of important variables from the datasets are shown in Table 3.7. An average
Danish dairy cow produces around 10,000 kg of milk per year — corresponding to 833 litres per month.
Jersey cows produce less milk but with higher energy content. We see that the average milk yield in
the sample is 742 kg per cow per month not correcting for breed or energy level. The average herd
size is 172 cows and average total variable costs per cow per year is 21,000 DKK (of these costs 14,500
DKK are feed costs). We also notice that there are fewer observations for the economic key figures as
the farm accounts are only registered at a yearly basis, for a fewer number of farms — and registered
at farm level (not herd level).

Table 3.7. Descriptive statistics in the balanced sample used for the milk yield and cost
analyses

Variable Mean SD | Min Max N
Milk yield per cow per month (average per 242 161 16 1932 | 118,402
quarter) (kg)

ODC (average per year) 5 14.4 0 154 | 31,309
Herd size (number of milking cows per year) 172 | 1343 3 2,420 | 31,309
Feed cost (DKK per cow per year) 14,421 4,153 101 49,630 18,604
Veterinary & medical cost (DKK per cow per 709 311 0 2957 | 18,616
year)

Miscellaneous cost (DKK per cow per year) 1,791 714 12 5,972 | 18,575
Electricity (DKK per cow per year) 614 256 0 1,993 | 18,589
Hired labour cost (DKK per cow per year) 2,617 | 2,067 0 19,533 18,628
Hired labour (hours per cow per year) 2,838 | 2,845 0 14,984 | 18,273
Total variable costs (DKK per cow per year) 20,750 | 5,782 | 1,682 5,9766.5 | 18,578

Note: 118,402 are monthly observations aggregated to yearly observations to be compatible with farm account
data. 31,309 is the unbalanced farm account dataset based on yearly data. The 18,636 observations constitute
the balanced part of the farm account observations (from which outliers are removed).
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4. Empirical strategy

A number of different approaches can be used to address the complexity of the relationship between
Salmonella Dublin at herd level and economic performance.

Previous studies have shown that large parts of the variations in data are farm specific and therefore
should not be attributed to changes in ODC levels but to farm specific characteristics (Nielsen et al.,
2012a; 2012b; 2013). Therefore, we include farm fixed effects as they control for any time-invariant
factors leading to unobserved heterogeneity across individual farms. Examples of a farm fixed effect
could be the size of the house of operation, location, breed, etc.

We have chosen to use fixed effect estimation strategy to establish a potential relationship between
ODC and a dependent variable (either production outcome or economic outcome), as our basic model.
The basic model adopts a fixed effects estimation strategy with the following regression specification:

yiq=ﬁ0+ﬁ1'SDiq+.82'xiq+nq+ai+l9zt+£iq (1)

Where y;, is the dependent variable (milk yield, mortality, level of antibiotic use or variable costs) of
herd i in quarter q. The variable SD (Salmonella Dublin) captures the ODC count in the tank milk of
herd i in quarter g and is used as an indicator of the level of salmonella Dublin infection in the herd.
Xiq stands for various controls, such as variables that account for different variations in herd size in

herd i in quarter g . n, and @; constitute quarter and farm fixed effects, respectively. 9, is the herd

by year fixed effect and ¢;, is the random error term.

The quarter fixed effects 1, are included to account for any secular trends that affect all farms similarly
in a given quarter (e.g., environmental regulations, credit constraints or technological progress similar
to all cattle farms).

All model specifications include farm fixed effects, B, which controls for systematic differences
between farms due to e.g. management differences.

To capture potential non-linearities in the fixed effects, almost all of the specifications include

interaction the term ‘year-of-sample by farm fixed effects’, 3,

i.e., allowing for interactions between
farm and year fixed effects. The interaction captures any year varying farm-specific systematic change,
e.g., yearly change in size of a farm, yearly disease outbreak in a given farm, etc. The straight forward
choice of interaction effect in a model that includes farm fixed effect and quarter fixed effect would
have been farm fixed effect interacted with quarter fixed effect but this would require more data
(there were not enough degrees of freedom in these models) which led us to use farm fixed effect

interacted with year fixed effect instead.

Finally, the error term &jq accounts for unobserved random variations in farms’ economic or
production performance across quarters.

To illustrate the logic in a fixed effect model, we have run a farm fixed effect model where the Jersey
herds are separated from non-Jersey herds (see Appendix Figure Al). The figure illustrates that the
average fixed effects for Jersey herds are around 200 litres of milk lower per cow per month than for
non-Jersey herds throughout the period. A similar model is illustrated in Appendix Figure A1 modelling
the development in the farm by year fixed effect.
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To examine the potential mechanisms through which the Salmonella Dublin infection may influence
the economic performance of dairy farmers, the study also estimates the effect of Salmonella Dublin
on the cost of relevant inputs: feed costs and other variable costs which includes cost of veterinary
visits and medicine, electricity, miscellaneous and hired labour. Hired labour is included separately,
because the family labour is not observed nor registered in the data. Fuel costs are not included. A
further argument for not trying to include owner labour in the analyses is that the farm fixed effect
captures the family labour input and if (substantial) more labour is needed, e.g. as an effect of
Salmonella Dublin outbreak, this is expected to be hired labour. As the cost analyses are based on
farm accounts with only yearly observations, the time fixed effects are included as yearly effects in all
analyses of cost.

One limitation of the farm fixed effects approach is that it does not provide details of which farm
specific factors that are the most important ones in the fixed effects term (say, whether it is the age
of the farm house, the farm size, the use of automated milking machines or the breed that is the main
reason for a given farm to have a lower average milk yield than other farms). Another potential
limitation is that the fixed effect approach does not allow us to estimate the effect of say, herd size,
on milk yield as herd size is included as one of many factors in the fixed effect term. However, it is
possible to include ‘herd size” as an explanatory variable alongside ‘ODC’. Caution with interpreting
the variable ‘herd size’ here is needed though, because by including the variable ‘herd size’ in a farm
fixed effect model it is possible to capture any systematic effects of (not herd size but) variation in
herd size on the dependent variable.

Another modelling strategy is a so-called difference-in-difference strategy where the logic is to
compare the average change over time in the outcome variable for the treatment group (e.g. herd
with Salmonella Dublin) to the average change over time for the control group (e.g. herds without
Salmonella Dublin). In a multiple period setting, Difference-in-difference is essentially an estimator of
two way fixed effects, i.e., farm and quarter fixed effects.

5. Results

The presentation of our analysis of the effects of the salmonella infection is structured as follows: 1)
graphic analysis 2) effect of ODC on milk yield 3) effect of ODC on heifer and bull mortality 4) effect of
ODC on antibiotic use for cows and for calves 5) effect of ODC on farm costs. Overview of result tables
where tables with an ‘A’ are placed in Appendix.

Results regarding the effect of ODC on milk yield:

e Table 5.1: marginal effects of ODC on milk yield

e Table 5.2: discrete effects of ODC on milk yield

e Table Al: marginal effect of ODC on milk yield (shown as median instead of mean)

o Table A2: effect of having a strictly positive ODC (compared to ODC = 0) on milk yield

o Table A3: effect of having ODC > 25 on milk yield

e Table A4: effect of being newly infected on milk yield (newly infected defined as the following
sequence of ODC level in subsequent quarters: ODC =0, ODC =0, ODC > 25, ODC > 25)

e Table A5: effect of being newly infected on milk yield (newly infected defined as the following
sequence of ODC level quarters: ODC < 10, ODC < 10, ODC 2 70 — inspired by the definitions
used in Nielsen et al. (2012a)).
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Results regarding the effect of ODC on heifer and bull calf mortality:

e Table 5.3: discrete effects of ODC on heifer, bull and all calves mortality

e Table A6: marginal effects of ODC on heifer, bull and all calves mortality

o Table A7: effect of having a strictly positive ODC (compared to ODC = 0) on heifer and bull calf
mortality

o Table A8: effect of having ODC > 25 on heifer and bull calf mortality (inspired by the definition
of Salmonella level 2 but not completely replicating the definition)

o Table A9: effect of being newly infected on heifer and bull calf mortality (newly infected defined
as the following sequence of ODC level quarters: ODC = 0, ODC = 0, ODC = 25, ODC = 25)

e Table A10: effect of being newly infected on heifer and bull mortality (newly infected defined
as the following sequence of ODC level quarters: ODC < 10, ODC < 10, ODC = 70 — inspired by
the definitions used in Nielsen et al. (2012a) but not replication their definition due to lack of
data)

Results regarding the effect of ODC and the use of antibiotics:

e Table 5.4: discrete effects of the use of antibiotics for calves
e Table 5.5: discrete effects of the use of antibiotics for cows
e Tables A11-A20: additional analyses on the use of antibiotics

Results regarding the effect of ODC on costs:

e Table 5.6: effect of having a strictly positive ODC (compared to ODC = 0) on the variable costs
e Table 5.7: marginal effects of ODC on the variable costs
e Table 5.8: discrete effects of ODC on the variable costs

In all analyses we show four different modelling approaches highlighting in bold the best model fit.
The models vary according to whether they include farm fixed effect, quarter fixed effect, farm and
year fixed effect and whether they include herd size as an explanatory variable.

5.1 Graphic analysis

Figure 5.1 shows the average quarterly development in ODC and milk yield from 2011 to 2021. We
see a vague pattern that might indicate that high ODC is correlated with low milk yield in a herd.
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Figure 5.1. Development of milk yield and ODC from 2011-2021 (quarterly herd level data)

Note: Based on 118,402 observations. One observation from the 4" quarter in 2012 was showed unrealistically
high milk yield, it was considered an outlier and removed from the dataset. In Figure A3, a similar development
can be seen before removal of the outlier observation. Development of milk yield is presented as kg per cow
per month, and ODC as percentages from 2011-2021 (quarterly herd level data).

5.2 Milk yield

The three-way fixed effect models (with farm fixed effect, quarter fixed effect and interaction
effects between farm and year fixed effects) and including herd size as explanatory variable provide
the best fit. The main result is that a statistically significant negative effect of ODC on milk yield at
herd level is found but the effect is not considered economically significant. We found that the drop
in mild yield occurs even for small level of ODC. In a non-linear model, the milk yield loss in a herd
is estimated to be of decreasing magnitudes for increasing levels of ODC. In example, an average
loss of milk yield of 8 kg per cow per month is found if the ODC is positive but maximum 10 in a
given quarter compared to a herd with ODC = 0 in a given quarter. Further, an average milk yield
loss of 10 kg per cow per month for herds with ODC between 10 and 25 as compared to a herd with
ODC = 0. A herd with ODC above 55 in a given quarter was estimated to have on average a milk
yield loss of around 15 kg per cow per month compared to a herd with a zero ODC in a given quarter.
The non-linear model is able to capture that the largest change in milk yield occurs when herds
change status from ODC = 0 to ODC > 0 and that even small ODC levels are associated with
reductions in milk yield.

Herd size is found to have a small but statistically significant effect on milk yield per cow. For
example, our results indicate that milk yield per cow per month increases by 0.7 kg per cow per
month if herd size increases by 10 cows.

Table 5.1 and Table 5.2 differ from each other by Table 5.1 showing results of a linear model (ODC is
modelled as a continuous variable) whereas Table 5.2 shows the results of a non-linear model (ODC is
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modelled as a discrete variable). In both analyses, model (4) that includes farm and quarter fixed
effects as well as interaction farm and year fixed effects and herd size provide the highest explanation
of variation (R? = 0.934) and are seen as the models providing the best fit. Models (1) - (3) are included
for easy reference and indication of robustness with respect to difference in model specification.

The results in Table 5.1 and Table 5.2 indicate that an average cow in the sample produces around 730
kg of milk per cow per month when ODC = 0. These results are in line with what we expected. Note,
the figures represent kg of milk not corrected for energy nor for breed. The main result from Tables
5.1 and 5.2 is that a statistically negative effect of ODC on milk yield per cow is found.

Table 5.1 tells us that the marginal effect of ODC on milk yield is estimated to be a drop in milk yield
by 0.164 kg milk per percentage point increase in ODC. Based on this estimate, an increase in ODC of
10 ODC points would result in a decrease in milk yield of 1.6 kg per cow per month; an increase in ODC
of 25 ODC points would result in a decrease in milk yield of 4.1 kg per cow per month, an increase in
ODC of 70 ODC points in a herd is accompanied by a decrease in milk yield of 11 kg per cow per month
compared to a herd with an ODC =0, etc.

In Table A1, the median marginal value is estimated to be -0.129 which is a little higher than the mean
that was -0.164.

Table 5.2 tells us that the milk yield loss is significantly different from 0 for all positive levels of ODC
and that the milk yield loss increases as a function of ODC but at a decreasing rate. In example, an
average of 8 kg per cow per month if the ODC is positive but below ODC = 10 in a given quarter
compared to a herd with ODC = 0 in a given quarter. Further, an average milk yield loss of 10 kg per
cow per month for herds with ODC between 10 and 25 as compared to a herd with ODC = 0. A herd
with ODC above 70 in a given quarter was estimated to have on average a milk yield loss of around 15
kg per cow per month compared to a herd with a zero ODC in a given quarter. This is equivalent to a
reduction in average milk yield of % a litre per cow per day which is around 2 per cent drop in milk
yield for a herd with an ODC above 55 in the tank milk.

Regarding the effect of herd size, in the continuous as well as discrete models, herd size is found to
have a small but statistically significant effect on milk yield per cow. In example, our results indicate
that milk yield per cow per month increases by 0.7 kg per cow per month if herd size increases by 10
cows (and 7 kg per month per cow for a herd that increases herd size by 100 cows). This indicates that
farmers who are expanding are typically farmers who can achieve higher milk yield than farmers who
do not expand. We cannot say which direction the causality has but most likely it is in the direction
that farmers who are able to increase milk yields per cow are more likely to want to expand their herd.
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Table 5.1. Relationship between milk yield per cow per month with ODC modelled as a
continuous variable in farm and time fixed effect model

(1) (2) (3) (4)
Milk yield per Milk yield per Milk yield per Milk yield per
cow per month  cow per month  cow per month  cow per month

oDC -0.0705™" -0.164™" -0.0884™" -0.164™"
(0.0188) (0.0258) (0.0187) (0.0258)

Herd size 0.182"" 0.0747"
(0.00547) (0.0162)

Constant 74247 742.8™" 710.1"" 729.5™
(0.220) (0.196) (0.996) (2.886)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.828 0.934 0.829 0.934
Number of obs. 118333 115378 118333 115378

Notes: All estimated effects are relative to herds with ODC = 0 in a quarter. Standard errors in parentheses.
*p<0.10," p<0.05 " p<0.01

Table 5.2. Relationship between milk yield per cow per month and Salmonella Dublin
modelled as a discrete ODC variable in fixed effect model

(1) (2) (3) (4)

oDC Milk yield per Milk yield per Milk yield per Milk yield per
cow per month cow per month cow per month  cow per month

0<0DC<10 -6.538™" -8.222°" -6.882"" -8.200""
(0.857) (0.907) (0.853) (0.907)

10<0DC<25 -4.955™"" -9.976™" -5.494™" -9.966"""
(1.155) (1.415) (1.149) (1.415)

25<0DC<40 -8.161°" -12.63™ -8.174™ -12.56™"
(1.421) (1.780) (1.414) (1.780)

40<0DC<55 -5.618""" -13.42™ -6.278"" -13.40™
(1.674) (2.020) (1.666) (2.019)

0ODC>55 -5.819™"" -15.57"" -7.703"" -15.59""
(1.559) (2.049) (1.553) (2.049)

Herd size 0.182"" 0.0737""
(0.00547) (0.0162)

Constant 743.3™ 7441 710.9" 731.0"™
(0.251) (0.260) (1.003) (2.891)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.828 0.934 0.829 0.934
Number of obs. 118333 115378 118333 115378

Notes: All estimated effects are relative to herds with ODC = 0 in a quarter. Standard errors in parentheses.
*p<0.10, " p<0.05 " p<0.01

Also in the model where ODC is only divided into two categories ODC = 0 and ODC > 0, we estimated
a loss in milk yield in herds with a strictly positive ODC as compared to the milk yield in herds with
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ODC = 0. This result is shown in Table A2. The milk yield loss is estimated to be almost 9 kg smaller per
cow per month in herds with positive ODC in a quarter compared to herds with ODC = 0 in a quarter.

Distinguishing between herds with ODC above or below 25 showed comparable results. Table A3
showed a statistically significant reduction in milk yield of 9 kg per cow per months in herds with an
ODC > 25 as compared with herds with ODC < 25. The interaction term between having an ODC > 25
and the marginal ODC has approximately the same magnitude as the marginal ODC estimate but with
opposite signs. The interpretation is that the increase in ODC above 25 does not contribute
substantially with an increase in milk loss.

Two models where only newly infected herds are investigated (Table A4 and A5) showed small and
statistically insignificant reductions in milk yield compared to herds ‘not being newly infected’. The
small effect of being newly infected could partly be because the reference group includes all herds
that are not defined as newly infected. That means that the reference group also includes herds with
a constant high levels of ODC. Another source of explanation for the lack of effect in these models
could be because the number of newly infected herds is relatively small.

Together, these results validate the discrete model presented in Table 5.2 and confirm that the drop
in milk yield is affected by even a small positive ODC in the tank milk — the milk yield drop does not
only occur for ODC > 25 or higher thresholds.

5.3 Mortality

We find that herds with higher ODC have statistically significantly higher calf mortality than herds
with lower ODC but not of a magnitude that is economically significant. And, that the bull calf
mortality is estimated to be twice as high as the heifer calf mortality.

Interestingly, the discrete model indicates that the ODC does not affect calf mortality for lower
levels of ODC but for ODC > 25 there is an effect. It is estimated that there are 9 dead heifer calves
more per 1000 born heifer calves in a herd with an ODC between 25 and 40 as compared to a herd
with ODC = 0. Further, it is estimated that a herd with ODC above 55 experiences 14 dead heifer
calves more out of 1000 live born heifer calves than a herd with ODC of 0.

In a linear model, taking an increase in 50 ODC percentage points as an example, the effect of ODC
on heifer calf mortality is estimated to be an increase in heifer mortality of 1 per cent for herds with
an ODC = 50 compared to herds with ODC = 0.

Table 5.3 shows the estimations of the correlation between ODC in the tank milk and calf mortality in
a non-linear model. Mortality is measured per 1000 calves and defined as ‘dead calves/born calves’.
In the non-linear model, the reference group is herds with ODC = 0 in a given quarter.

Herd size is statistically significant and positive (though, a very small number) in the three-way fixed
effects model (farm fixed effect is interacted with year-fixed effect in addition to farm fixed effects
and quarter fixed effects, model 4). The positive estimate indicates a small increase in calf mortality
for larger herds. For example, a coefficient for herd size of 0.097 indicates that 0.097 heifer calves per
1000 cows die for each cow extra in the herd. For a herd with 100 extra cows this would correspond
to an increased mortality of approximately 0.1 per cent (= 0.097/1000*100) irrespective of the level
of Salmonella Dublin.
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The constant is around 19 indicating that 19 calves dies per 1000 calves born equivalent to 1.9 per
cent dead calves on average as a simple average over herds —in herds with ODC = 0 in a given quarter.
The constant is double size (around 36) when the interaction term of farm and year fixed effects is not
included — or if herd size is not included as an individual explanatory variable.

We find that high ODC in a dairy herd is correlated with high calf mortality — statistically significant but
the economic significance is of a small magnitude.

The non-linear models in Table 5.3 indicate that there is no effect of low ODC levels whereas herds
with ODC above 25 have higher calf mortality than herds with ODC of 0. In example, herds with ODC
between 25 and 40 have 9 more dead heifer calves out of 1000 heifer calves than a herd with ODC =
0 corresponding to an over-mortality of 0.9 per cent compared to herds with ODC = 0. Further, that
herds with ODC above 55 are estimated to experience 14 more dead heifer calves out of 1000 live
born heifer calves (corresponding to 1.4 per cent) and 29 more dead bull calves out of 1000 live born
bull calves compared to herds with ODC =0 (corresponding to 2.9 per cent).

A linear model is shown in Table A6. The linear model indicates that heifer calf mortality increases by
a little less than 0.2 heifer calf per 1000 born heifer calves per ODC point. Or put differently, if a herd
has an ODC of 50 it is predicted to have 10 dead heifer calves more per 1000 born heifer calves
(equivalent to a 1 percentage point increase in mortality). The linearity also implies an estimated 0.5
per cent increase in heifer mortality in herds with ODC = 25. Bull calf mortality is twice as high as heifer
calf mortality indicating that a herd with ODC of 50 has a bull calf mortality of 2 per cent higher than
herds with ODC = 0. This difference between heifer and bull calf mortality could indicate that less
consideration is given to bull calves. Note that Jersey bull calves are not included in this estimate
(because killed Jersey bull calves are given a code indicating that they are not registered as dead but
they cannot die subsequently). Results of other model specifications for analysing the correlation
between ODC in tank milk and calf mortality are shown in Tables A7-A10.
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Table 5.3. Relationship between calf mortality per 1000 live born calves and Salmonella Dublin modelled as discrete variable ODC in three-way
fixed effect models (non-linear model)

Heifer mortality

Bull calves mortality

All calves mortality

(1) (2) 3) (4) (1) (2) (3) (4) (1) (2) (3) (4)
0<0DC<10 1.126 1.638 1.108 1.657 0.614 -2.585 0.600 -2.565 0.769 0.394 0.746 0.412
(1.108) (1.578) (1.109) (1.578) (1.925) (2.743) (1.925) (2.743) (0.983) (1.357) (0.983) (1.356)
10<0DC<25 0.0603 1.676 0.0376 1.706 0.410 1.869 0.394 1.917 -0.786 2.754 -0.811 2.793
(1.496) (2.462) (1.496) (2.462) (2.537) (4.135) (2.537) (4.135) (1.294) (2.043) (1.294) (2.042)
25<0DC<40 4.015™ 8.874™" 4.015™ 8.953"" 10.817" 15.807"" 10.817"" 15.89"" 2.182 8.310™ 2.185 8.385™"
(1.851) (3.108) (1.851) (3.108) (3.135) (5.185) (3.135) (5.185) (1.599) (2.562) (1.599) (2.562)
40<0DC<55 6.240™" 9.697"" 6.202"" 9.717*" 13.77"" 18.71" 13.74™ 18.75™" 7.125™" 11.77" 7.076™" 11.80""
(2.175) (3.521) (2.175) (3.521) (3.685) (5.873) (3.686) (5.873) (1.877) (2.898) (1.878) (2.897)
0ODC>55 7.266™" 13.95™" 7.172" 13.93"" 21.60™" 29.48"™ 21.52" 29.43™" 9.151™" 17.23™ 9.029"™ 17.19"
(2.019) (3.557) (2.020) (3.557) (3.400) (5.928) (3.403) (5.928) (1.731) (2.923) (1.732) (2.923)
Herd Size 0.0094 0.097"* 0.00682 0.132"*" 0.0110" 0.102""*
(0.007) (0.0289) (0.0125)  (0.0494) (0.0064)  (0.0244)
Constant 37.24™ 36.48"" 35.56"" 19.017" 42,52 41.63™ 41.30™ 18.07™ 38.52" 37.51" 36.56"" 19.28™
(0.323) (0.447) (1.333) (5.203) (0.563) (0.778) (2.295) (8.859) (0.288) (0.386) (1.174) (4.391)
Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes
Year FE
R squared 0.146 0.411 0.146 0.411 0.0960 0.372 0.0960 0.372 0.191 0.458 0.191 0.458
Number of 114,960 111,945 114,960 111,945 102,139 99,432 102,139 99,432 101,813 99,069 101,813 99,069
obs.

Notes: All estimated effects are relative to herds with ODC = 0 in a quarter. Estimates are presented per 1000 calves. Jersey herds are not included in the estimation of bull
calf mortality and all calves mortality. Jersey herds are identified as herds having fat contents above 5 per cent in the tank milk. Standard errors are shown in parentheses
*p<0.10, " p<0.05 " p<0.01
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5.4 Antibiotics use

We only find vague correlation between the use of antibiotics and ODC at herd level. Overall, for
calves, the models for antibiotics use show no statistically significant relations indicating that
Salmonella Dublin does not influence the antibiotics use for calves at herd level. A small positive
and statistically significant correlation was found between ODC and antibiotics use for cows at herd
level - but not of a magnitude that is economically important. In the linear model, the ODC
parameter estimate of 1.1 indicate an increased antibiotics use of 1 dose per ODC point per 1000
cows per 100 days.

The development in average the use of antibiotics for calves and cows, respectively, are shown in
Figure 5.2 and 5.3. Figure 5.2 shows that there is an increase in ODC in the winter quarters in 2011-
2014. There seems to be an outlier in the 1% quarter of 2018 — a positive peak for the use of antibiotics
for calves and a negative peak for cows which could indicate that the antibiotics use for this quarter
has falsely been registered for calves instead of for cows.
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Figure 5.2. Development in average antibiotics use in calves and ODC in tank milk from 2011
to 2021 (herd level data)

Note: Based on 51,240 number of observations
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Figure 5.3. Development in average antibiotics use for dairy cows and ODC in tank milk from
2011 to 2021 (herd level data)

Note: Based on 72,773 of observations

Table 5.4 shows the result for the statistical models for the use of antibiotics for calves of the non-
linear three-way fixed effect model (farm, quarter and farm by year fixed effects). Overall, for calves,
the models for antibiotics use show no statistically significant relations indicating that Salmonella
Dublin does not influence the antibiotics use for calves. A significant relation is found for the use of
antibiotics in calves in herds with ODC between 25 and 40 as compared to ODC = 0 — but the coefficient
is negative which is not easily interpreted. Consequently, we will not include this as a robust result.

In Table 5.5, the use of antibiotics for cows are modelled as function of herd level ODC in non-linear
models. The constant is 818 in the preferred model (model 4). The interpretation of a constant of 818
is that for every 1000 cows the antibiotics use is 816 does per 100 days. This is equivalent to saying
that one cow is prescribed with almost one dose every 100" day. In the non-linear model the ODC is
not found to be statistically significant for applying antibiotics to cows.

The results of other specifications are found in Tables A11-A20, almost all showing non-significant
relations between ODC and the use of antibiotics. An exception is the result of the linear model shown
in Table A12. In the linear model, the ODC parameter estimate of 1.1 indicates an increased antibiotics
use of 1 dose per ODC point per 1000 cows per 100 days. Even though it is statistically significant it is
not economically significant.

26



Table 5.4. Relationship between antibiotics use for 1000 calves for 100 days and Salmonella
Dublin modelled as discrete variable ODC in farm and time fixed effect model (non-linear
model)

(1) (2) 3) (4)

ADDCALF ADDCALF ADDCALF ADDCALF
0<0DC<10 55.79 6.095 47.38 6.370
(64.48) (98.74) (64.42) (98.74)

10<0DC<25 341.1°" 213.9 329.7°" 214.5
(83.19) (147.9) (83.12) (147.9)

25<0DC<40 -32.60 -589.7""" -38.70 -587.6"""
(99.02) (178.4) (98.93) (178.5)

40<0DC<55 68.72 -306.4 52.71 -304.9
(113.5) (195.8) (113.4) (195.8)

0ODC>55 37.71 -261.5 -2.411 -260.2
(106.1) (197.9) (106.1) (197.9)

Herd size 3.397°" 1.121
(0.349) (1.487)

Constant 297.4™ 357.0"" -485.1""" 90.10
(19.70) (31.33) (82.88) (355.6)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.0971 0.505 0.0989 0.505
Number of obs. 51,049 44,316 51,049 44,316

Note: All estimated effects are relative to herds with ODC = 0 in a quarter. Standard errors in parentheses
"p<0.10, " p<0.05 " p<0.01

Table 5.5. Relationship between antibiotics use for 1000 cows for 100 days and Salmonella
Dublin modelled as discrete variable ODC in farm and time fixed effect model (non-linear model)

(1) () (3) (4)

ADDcow ADDcow ADDcow ADDcow

0<0DC<10 3.943 5.621 4.643 5.562
(15.70) (24.93) (15.70) (24.93)

10<0DC<25 5.291 5.351 6.446 5.296
(20.51) (38.29) (20.51) (38.29)

25<0DC<40 10.49 35.87 11.12 34.90
(24.59) (46.86) (24.59) (46.86)

40<0DC<55 -14.18 -31.48 -11.60 -31.69
(27.00) (51.23) (27.00) (51.23)

0ODC>55 56.19" 84.60 61.02" 84.24
(28.82) (55.61) (28.84) (55.60)

Herd size -0.376™" -0.951""
(0.0871) (0.386)

Constant 596.6"" 608.0"" 679.0"" 818.6™"
(4.632) (7.446) (19.66) (85.91)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.197 0.363 0.198 0.363
Number of obs. 72,664 68,886 72,664 68,886

Note: All estimated effects are relative to herds with ODC = 0 in a quarter. Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01
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5.5 Costs

Salmonella Dublin was found to have a statically significant effect on variable costs of a size that
can also be expected to be economically significant. As expected, feed costs constitute the major
part of variable costs.

On average, having a strictly positive ODC increased variable costs by DKK 362 per cow per year
compared to a farm with ODC = 0 over a year. However, we found that the variable costs for a farm
with average ODC above 0 to have a non-linear effect. Relative to a farm with ODC = 0 in the tank
milk, the variable costs for a farm with a positive ODC level between 0 and 25 was around DKK 312
higher per cow per year. And, for farms with ODC between 25 and 40 percentage points, the costs
were estimated to be up to DKK 616 per cow per year higher than the costs per cow for farms with
ODC = 0 over a year. The total variable costs for ODC levels higher than 40 were found to increase
less (around DKK 300 per cow per year) than costs per cow per year for farms with ODC = 0 over a
year.

Note that all costs are presented per cow. The three tables present three different ways of modelling
ODC. All three ways of modelling ODC show a significant effect of ODC on variable costs and all cost
components are affected by increasing ODC.

In Table 5.6, ODC is modelled as a dummy variable where ODC can take the value zero or larger than
zero. The estimated coefficients shall be interpreted relative to a farm with ODC = 0. Table 5.6 shows
that total variable costs per cow per year for a farm without Salmonella Dublin on average is around
DKK 21,000 with average feed costs of around DKK 14,400. A farm with positive Salmonella Dublin
level (ODC > 0) as compared with a farm with ODC = 0 has variable costs that are DKK 362 higher per
cow per year which is almost 2 per cent increase in total variable costs.

Table 5.6. Relationship between various cost variables and Salmonella Dublin modelled as
dummy effect in a two-way fixed effect model (non-linear model) (measured in DKK per cow
per year)

(1) (2) 3) (4) (5) (6) (7)

Total Feed cost  Veterinary Miscella-  Electricity Hired Hired
variable & medical neous cost labour labour
cost cost cost
oDC>0 362.1"" 198.4" 24.31™ 25.39"" 8.0™ 102.3™ 40.3
(75.3) (58.9) (4.2) (9.7) (3.6) (23.1) (24.9)
Constant 20655.4"" 143789 701.6™" 1783.0"" 611.6™" 2585.6""" 2828.2"""
(30.5) (23.9) (1.7) (3.9) (1.5) (9.4) (10.0)
Farm FE Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes
R squared 0.766 0.720 0.755 0.749 0.724 0.828 0.898
Number 18,329 18,355 18,368 18,328 18,340 18,380 18,029

of obs.

Note: All estimated effects are relative to herds with ODC = 0 in a year. Standard errors in parentheses.
*p<0.10, " p<0.05 " p<0.01

In Table 5.7, ODC is modelled as a continuous variable thereby estimating an average marginal effect
of ODC on the various cost variables. In the linear model, ODC did not have a statistically significant
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effect on total variable costs (Table 5.7). Only, veterinary and medical costs at farm level were was
significantly affected by ODC level.

Table 5.7. Relationship between various cost variables and Salmonella Dublin modelled as
the marginal ODC effect in two-way fixed effect model (linear model) (measured in DKK per
cow per year)

(1) (2) (3) (4) (5) (6) (7)

Total Feed cost Veterinary Miscella- Electri- Hired Hired
variable & medical neous cost city labour labour
cost cost cost
oDC 3.8 2.9 0.5 0.1 0.03 0.009 0.9
(2.3) (1.8) (0.1) (0.3) (0.1) (0.7) (0.8)
Constant 20735.4™"  14417.9™ 705.7"" 1789.5™" 613.6™" 2614.2"" 2834.5™
(25.7) (20.1) (1.4) (3.3) (1.2) (7.9) (8.4)
Farm FE Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes
R squared 0.766 0.719 0.754 0.749 0.723 0.828 0.898
Number 18,329 18,355 18,368 18,328 18,340 18,380 18,029

of obs.

sk ok

Note: Standard errors in parentheses. “p <0.10, " p <0.05, " p < 0.01

Finally, in Table 5.8, ODC is measured as a discrete variable for five intervals of ODC thereby enabling
us to identify potential non-linearities in how increasing ODC levels might affect variable costs. In the
non-linear model where ODC is modelled as a discrete variable, we estimated a significant effect of
ODC larger than. We found that total variable costs for a farm with strictly positive ODC to be in the
range of DKK 312 to DKK 616 higher per cow per year than a farm with ODC = 0. We note in particular,
that even a small increase in ODC from 0 to up to 10 ODC percentage points are accompanied by an
increase in costs of DKK 312 per cow per year. A little surprising, we found that for values of ODC > 55,
the variable costs per cow per year did not increase as much compared to farms with ODC = 0 as for
farms with ODC percentage points between ODC = 10 and ODC = 40. In particular, the variable costs
for ODC levels higher than 40 were found to increase around DKK 300 per cow per year compared to
costs per cow per year for farms with ODC = 0 over a year.
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Table 5.8. Relationship between various cost variables and Salmonella Dublin modelled as
discrete variable ODC in two-way fixed effect model (non-linear model) (measured in DKK

per cow per year)
(1) (2) (3) (4) (5) (6) (7)
Total Feed cost  Veterinary Miscella- Electri- Hired Hired
variable & medical neous cost city labour cost labour
cost cost
0<0DC<10 312.1™ 169.0"" 22.15™ 16.78 7.215" 93.52™" 18.60
(81.11) (63.47) (4.476) (10.44) (3.934) (24.91) (26.86)
10<0DC<25 554.6™" 259.4™ 22.60"" 63.43"" 13.99" 176.2"" 129.9"
(130.8) (102.3) (7.210) (16.80) (6.330) (40.12) (43.48)
25<0DC<40 616.3"" 447.9™ 35.45™" 65.60""" 12.86 111.6™ 83.55
(163.5) (127.8) (9.017) (21.02) (7.896) (50.14) (54.80)
40<0DC<55 316.3" 158.4 35.78™" 20.92 -5.958 78.45 43,98
(182.0) (142.4) (10.02) (23.36) (8.798) (55.69) (60.40)
0ODC>55 323.0° 231.6 41.87"" 1.784 11.27 21.98 73.37
(188.9) (147.9) (10.42) (24.28) (9.144) (57.94) (63.47)
Constant 20646.4™"  14371.8™ 700.9"" 1781.7"""  611.5™"  2585.5""  2824.4™"
(31.39) (24.57) (1.733) (4.039) (1.522) (9.653) (10.31)
Farm FE Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes
R squared 0.766 0.720 0.755 0.749 0.724 0.828 0.898
Number of 18,329 18,355 18,368 18,328 18,340 18,380 18,029
obs.

Note: All estimated effects are relative to herds with ODC = 0 in a year. Standard errors in parentheses. * p <

sokk

0.10, " p <0.05, " p < 0.01

6. Discussion

6.1 Economic consequences

Firstly, we illustrate the economic impact of reduced milk yield with the following example. Our results
indicate that herds can experience milk yield loss up to 15 kg per cow per month if they have
Salmonella Dublin. This is found in the three-way fixed effect discrete model in herds with ODC above
55 in a quarter compared to herds with ODC of 0 in a quarter. Comparing the estimated milk yield loss
with an average milk yield of 833 kg per cow per month shows that the milk yield loss is estimated to
be up to almost 2 per cent.

The economic effect of reduced milk yield of 15 kg with a price of DKK 3 is DKK 45 per cow per month
or DKK 540 per cow per year. For a herd with 200 milking cows, the income would decrease by DKK
9,000 per month (3*15*200) compared to a similar herd without Salmonella Dublin. Further, if a herd
experiences ODC > 55 for a period of 6 months it is estimated reduce income by DKK 54,600 — and if a
herd experiences ODC > 55 for a whole year, a reduction in income of DKK 108,000 can be expected.

Secondly, we illustrate the magnitudes of the increased variable costs with the following example.
Again looking at a typical farm with 200 milking cows. A small positive level of ODC between 0 and 10
in a herd, is estimated to result in increased yearly variable cost for the herd of DDK 52,000 (DKK 262
* 200 cows) compared to the variable costs in a herd with ODC = 0. A larger level of ODC between 25
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and 40 is estimated to result in additional variable costs for the farm of DKK 123,000 in a year
compared to a herd without Salmonella Dublin (DKK 616 * 200 cows).

To put the total variable cost of DKK 262-616 per cow per year due to Salmonella Dublin infections
into perspective, we relate them to total variable costs per cow per year of DKK 21,000. Thereby, the
increased variable costs for farms with Salmonella Dublin corresponds 1 to 3 per cent.

6.2 Perspectives

The analyses were complex because even though we had access to a considerable amount of good
data, they were instrumental to the real purpose of the study, namely capturing the relationship
between a cow being infected with Salmonella Dublin and production losses. Firstly, because we used
antibodies in tank milk (a herd level observation) as an indicator of Salmonella Dublin infections (a
cow level observation). Secondly, we did not have daily registrations of milk yield but milk yield
registered as delivered monthly quantity to the dairy. Thirdly, we did preliminary analyses using
monthly data to investigate to what extend a time lag could be detected between change in ODC and
change in milk yield but found neither indications of lead nor lag. This findings is in line with the
updated findings in Nielsen et al. (2013) but we acknowledge that there are uncertainties in the
relationships between ODC and change in production output that we have not been able to capture
in our herd level models.

We did not attempt to include disease dynamics at herd level as done in Nielsen et al. (2013) nor did
we include possible effects of the duration of a high level of ODC for milk yield.

Using the fixed effects model provide strong evidence of the explanatory power of ODC on production
outcomes. A disadvantage of a fixed effects model is the ‘hidden’ effect of which individual factors
besides ODC are predictors of milk yield loss in a herd. As the focus in the present analyses has been
on the effect of ODC we propose that the effect of other factors on production output will be
investigated in future analyses.

The analyses presented in Nielsen et al. (2012a; 2012b; 2013) where more significant milk yield losses
were found than in the present analyses were based on data from 2005 to 2009 whereas the analyses
in the present report are based on data from 2011 to 2020. It is difficult to compare the analyses too
closely as they differ in a number of ways. In example, the analyses from 2012-2013 were based on
cow level milk yield data whereas the analyses presented here are based on herd level milk yield. The
2012-2013 analyses investigated a small sample of Holstein dairy herds with a significant increase in
ODC level as compared to a control group with a continuous level of ODC of zero. The differences in
sample size could possibly explain some of the difference between the results. Another potential
explanation could be that farmers have changed behaviour over the time and that more mitigating
initiatives are implemented whereby production losses are lower but farm costs are higher.

Although we have added new information about the effects of Salmonella Dublin on farm economics,
future analyses to increase robustness of the results and to improve the level of detail at cow level
will indeed be fruitful for better understanding.

Both milk yield and total variable costs were found to be affected by Salmonella Dublin at herd level.
It is our expectation that milk yield loss is easier for the farmer to detect than say, higher feed costs.
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7. Conclusion

This study uses a long panel dataset involving data for a 10 year period. The data provide information
of production related figures such as delivered milk at individual herd level and calf mortality,
information from farm accounts on costs and revenues and information of Salmonella Dublin
antibodies in the tank milk (represented by ODC levels). The large data set enabled us to reduce
endogeneity problems by using fixed effects models.

We found that there is a statistically significant correlation between milk yield and Salmonella Dublin.
The loss is estimated to be around 8 kg of milk per cow per month in a herd with a non-zero ODC in
the tank milk as compared to herds with an ODC = 0. Also, for herds with ODC levels above 55, the
average milk yield was estimated to be 15 kg lower per cow per month compared to a herd with an
ODC of zero. The latter would correspond to income loss of DKK 540 per cow if ODC stayed above 55
for a year (at milk price of DKK 3 per kg).

We found that milk yield dropped even for small positive levels of ODC such as below 10 ODC which
indicates that the cut-off of 25 is more of an administrative cut-off point than a production related
cut-off. Moreover, we found no specific production losses for newly infected herds which indicates
that Salmonella Dublin does reduce productivity as soon as the ODC is positive regardless of whether
the herd is newly infected or not.

We found very small increases in calf mortality (higher among bull calves than heifer calves). For
example, it was estimated that a herd with ODC above 55 experiences 14 extra dead heifer calves out
of 1000 live born heifer calves than a herd with ODC of 0.

We found no statistically significant relations between the use of antibiotics and ODC for calves. We
found a small statistically significant positive correlation between the use of antibiotics for cows and
ODC at herd level in a linear model, but the antibiotics models were very sensitive to model
specifications and therefore the results are not robust.

We are not convinced that these production losses are large enough to be detected by the farmers.
Therefore, the production losses cannot be expected to provide sufficient incentives for the farmer to
introduce mitigating initiatives for eradicating Salmonella Dublin in their herds. Hence stronger
incentives in terms of more knowledge or stronger economic incentives seem to be needed if the goal
is to eradicate Salmonella Dublin in dairy herds.

However, our approach does not isolate the effect of Salmonella Dublin from other changes that are
implemented at the same time at herd level. Hence, if farmers are successful in mitigating the milk
yield loss due to changed management then the isolated effect of Salmonella Dublin in a herd could
be larger than the ones we have estimated. The analyses of expenditures indicate exactly this
mechanism, as the increased expenditures at herd level are of a significant size.
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Figure A1l. Jersey versus other farms, Farm fixed effects
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Figure A3. Development of milk yield and ODC 2011-2021 (quarterly herd level data) (whole

sample)

Table Al. Milk yield per cow per month (at median value)

Milk yield per cow per month (at

median)
oDC -0.129™

(0.0550)
Herd size 0.0000743

(0.0502)
Farm FE Yes
Quarter FE Yes
Number of obs. 118,402

Note: Standard errors in parentheses

*p<0.10, " p < 0.05,

sk

p<0.01

Table A2. Milk yield per cow month where ODC is measured as a discrete variable (ODC > 0

versus ODC =0)

(1) (2) (3) (4)

ODC=1 (ODC>0) -6.265™"" -8.855™" -6.746™"" -8.834™"
(0.732) (0.877) (0.728) (0.877)

Herd size 0.182"" 0.0736™""
(0.00546) (0.0162)

Constant 743.3"" 743.7°"" 710.9"*" 730.7°"
(0.247) (0.229) (1.002) (2.889)
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(1)

(2)

3)

(4)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.828 0.934 0.829 0.934
Number of obs. 118,333 115,378 118,333 115,378
Note: Standard errors in parentheses
"p<0.10, " p<0.05 " p<0.01
Table A3. Milk yield per cow month where ODC is measured as a discrete variable (ODC > 25
versus ODC < 25)
(1) (2) 3) (4)
oDC -0.292™" -0.521™" -0.317°" -0.520™"
(0.0646) (0.0835) (0.0643) (0.0835)
Level2 -6.695™"" -9.282™" -5.981"" -9.180™"
(2.032) (2.420) (2.023) (2.420)
Level2*0ODC 0.312" 0.447"" 0.310"" 0.445™"
(0.0733) (0.0941) (0.0730) (0.0941)
Herd size 0.182"™ 0.0743™"
(0.00547) (0.0162)
Constant 742.8" 743.5™ 710.5™ 730.4™"
(0.239) (0.253) (1.001) (2.891)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.828 0.934 0.829 0.934
Number of obs. 118,333 115,378 118,333 115,378
Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01
Table A4. Milk yield per cow month where the ODC variable is designed to capture ‘new
infections1’ (ODC 2 25 as compared to herds with ODC = O for four quarters)
(1) (2) (3) (4)
ODCnewinfecl -7.432° -2.874 -7.862° -2.828
(4.313) (6.076) (4.293) (6.076)
Herd size 0.195™" 0.0371
(0.00726) (0.0226)
Constant 747.17 748.9"™ 714.8™ 742.8™
(0.223) (0.168) (1.220) (3.728)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.846 0.937 0.847 0.937
Number of obs. 82,919 78,675 82,919 78,675

Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01

36



Table A5. Milk yield per cow month where the ODC variable is designed to capture ‘new
infections2’ (ODC > 70 after 2 quarters with ODC < 10 as compared with herds with ODC = 0
for four quarters)

(1) (2) 3) (4)

ODCnewinfec2 -0.157 -3.518 -1.261 -3.448
(6.295) (8.811) (6.266) (8.811)

Herd size 0.196™"" 0.0372"
(0.00729) (0.0226)

Constant 747.17" 748.9"" 714.7°" 742.8™
(0.223) (0.168) (1.224) (3.728)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.846 0.937 0.847 0.937
Number of obs. 82,781 78,571 82,781 78,571

Note: Standard errors in parentheses
"p<0.10, " p<0.05 " p<0.01
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Table A6. Relationship between calf mortality per 1000 live born calves and Salmonella Dublin modelled as marginal ODC in three-way fixed
effect models (linear model)

Heifers mortality

Bull calves mortality

All calves mortality

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)
oDC 0.0955" 0.179"" 0.0946" 0.178™" 0.284™"  0.420™° 0.284" 0.419"" 0.1207° 0.233"" 0.118"" 0.232""
(0.0243) (0.0447) (0.0243) (0.0447) (0.0409) (0.0742) (0.0409) (0.0742) (0.0208) (0.0366) (0.0208) (0.0366)
Herd Size 0.00941 0.0970™*" 0.00684  0.132™ 0.0112°  0.102™
(0.0072) (0.0289) (0.0125) (0.0494) (0.0064) (0.0244)
Constant 37.29""  36.62"" 35607 19.21"" 42317 41.01""  41.09™ 17.49" 38.39""  37.44™ 3639 19.21™
(0.284) (0.337) (1.325) (5.192) (0.492) (0.581) (2.278) (8.840) (0.251) (0.288) (1.166) (4.382)
Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes
Year FE
R squared 0.146 0.411 0.146 0.411 0.0959 0.372 0.0959 0.372 0.191 0.458 0.191 0.458
Number of 114,960 111,945 114,960 111,945 102,139 99,432 102,139 99,432 101,813 99,069 101,813 99,069

obs.

Notes: Estimates are presented per 1000 calves. Jersey herds are not included in the estimation of bull calf mortality and all calves mortality. Jersey herds are identified as
herds having fat contents above 5 per cent in the tank milk. Standard errors are shown in parentheses
*p<0.10, " p<0.05 " p<0.01
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Table A7. Mortality

Heifer mortality

Bull calves mortality

All calves mortality

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)
oDC=1 1.897" 2.386 1.872" 2.407 3.875" 0.0339 3.851"" 0.0577 1.576" 1.727 1.543" 1.747
(ODC>0)
(0.946) (1.527) (0.946) (1.527) (1.633) (2.647) (1.634) (2.647) (0.834) (1.309) (0.834) (1.309)
Herd size 0.00994  0.0975"" 0.00910 0.133™ 0.0121° 0.102™"
(0.00721) (0.0289) (0.0125) (0.0494) (0.00635) (0.0244)
Constant 37.40"" 37.05™" 35.62"" 19.55™" 43.05™"  43.26™"  41.42™ 19.56" 38.71""" 38.34™" 36.54™"  19.99"**
(0.318) (0.394) (1.332) (5.198) (0.554) (0.691) (2.293) (8.853) (0.284) (0.343) (1.173) (4.388)
Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes
Year FE
R squared 0.145 0.411 0.145 0.411 0.0955 0.371 0.0955 0.371 0.190 0.457 0.190 0.457
Number of 114,960 111,945 114,960 111,945 102,139 99,432 102,139 99,432 101,813 99,069 101,813 99,069
obs.

Note: Standard errors in parentheses

*p<0.10, " p < 0.05,

*okk

p<0.01
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Table A8. Mortality

Heifer mortality

Bull calves mortality

All calves mortality

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)

obDC -0.00715 0.102 -0.00822 0.105 0.0808 0.264 0.0800 0.267 -0.0283 0.198" -0.0295 0.201"

(0.0838) (0.146) (0.0838) (0.146) (0.142) (0.243) (0.142) (0.243) (0.0724) (0.120) (0.0724) (0.120)

Level2 1.921 4.897 1.958 5.038 4.021 7.994 4.053 8.159 -1.140 3.106 -1.091 3.231

(2.640) (4.222) (2.641) (4.222) (4.449) (7.033) (4.449) (7.033) (2.267) (3.473) (2.267) (3.473)

Level2xODC 0.0742 0.0170 0.0738 0.0123 0.144 0.0566 0.144 0.0512 0.161"" -0.00291 0.161" -0.00714

(0.0950) (0.164) (0.0950) (0.164) (0.161) (0.274) (0.161) (0.274) (0.0819) (0.135) (0.0819) (0.135)

Herd size 0.00951  0.0973"*" 0.00705  0.132™" 0.0112" 0.102***

(0.00721) (0.0289) (0.0125) (0.0494) (0.00635) (0.0244)

Constant 37377  36.56™" 35.66""" 19.09™" 4247  40.96™" 41.21™ 17.35 3859 37.38" 36.59"" 19.12"*"

(0.307) (0.435) (1.331) (5.202) (0.535) (0.751) (2.289) (8.857) (0.274) (0.373) (1.172) (4.390)

Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes
Year FE

R squared 0.146 0.411 0.146 0.411 0.0960 0.372 0.0960 0.372 0.191 0.458 0.191 0.458

Number of 114,960 111,945 114,960 111,945 102,139 99,432 102,139 99,432 101,813 99,069 101,813 99,069

obs.

Note: Standard errors in parentheses

*p<0.10, " p < 0.05,

EETY

p<0.01
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Table A9. Mortality (with new infections)

Heifer mortality Bull calves mortality All calves mortality

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)

ODCnewinf -6.364 16.44 -6.760 16.69 18.58 13.98 18.21 14.52 3.264 7.123 2.961 7.621
ecl

(9.455) (62.16) (9.457) (62.15) (11.32) (58.57) (11.32) (58.56) (7.811) (41.88) (7.813) (41.87)

Herd size 0.0195" 0.138™ 0.0189 0.133" 0.0157° 0.123"

(0.0105) (0.0480) (0.0125) (0.0548) (0.00865) (0.0391)

Constant 34.29""  33.80"" 3112 11.42 37.85° 3698 34777 15.46° 34.78"" 34.13"" 32227  14.18"

(0.331) (0.339) (1.747) (7.776) (0.404) (0.393) (2.077) (8.867) (0.280) (0.282) (1.439) (6.365)

Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes

Year FE

R squared 0.138 0.398 0.138 0.398 0.139 0.423 0.139 0.423 0.187 0.444 0.187 0.445

Number of 72,506 67,724 72,506 67,724 63,906 59,656 63,906 59,656 63,618 59,349 63,618 59,349
obs.

Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01



Table A10. Mortality (with new infections)

Heifer morality

Bull calves mortality

All calves mortality

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)
ODCnewinfe 13.30 56.60"" 13.14 57.43" 31.44™ 79.19"" 31.27°"  80.00"" 16.52" 51.40™ 16.38" 52.14""
c2
(8.122) (22.66) (8.123) (22.66) (9.663) (24.68) (9.664) (24.68) (6.679) (17.64) (6.679) (17.64)
Herd size 0.0181° 0.131™ 0.0169 0.128™ 0.0141 0.116™"
(0.0106) (0.0479) (0.0126) (0.0548) (0.00867) (0.0391)
Constant 34.26™" 33.74™ 31.32"" 12.58 37.81"" 36.91°" 35.07°" 16.26" 34.76"" 34.07°" 32.45™ 15.30™
(0.331) (0.339) (1.750) (7.770) (0.405) (0.393) (2.082) (8.865) (0.280) (0.282) (1.442) (6.360)
Farm FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Farm FE x No Yes No Yes No Yes No Yes No Yes No Yes
Year FE
R squared 0.137 0.397 0.137 0.398 0.139 0.423 0.139 0.423 0.187 0.444 0.187 0.444
Number of 72,555 67,796 72,555 67,796 63,962 59,729 63,962 59,729 63,671 59,420 63,671 59,420
obs.

Note: Standard errors in parenth
*p<0.10, " p<0.05 " p<0.01

eses
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Table A11. Relationship between antibiotics use for 1000 calves for 100 days and Salmonella
Dublin modelled as the marginal ODC effect in farm and time fixed effect model (linear model)

(1) (2) (3) (4)

ADDCALF ADDCALF ADDCALF ADDCALF

oDC 0.245 -1.728 -0.152 -1.711
(1.278) (2.407) (1.277) (2.408)

Herd size 3.406™"" 1.223
(0.349) (1.488)

Constant 320.2" 339.5™ -465.3" 48.30
(16.78) (221.99) (82.31) (354.9)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.0968 0.504 0.0985 0.504
Number of obs. 51,049 44,316 51,049 44,316

Note: Standard errors in parentheses
"p<0.10, " p<0.05 " p<0.01

Table A12. Relationship between antibiotics use for 1000 cows for 100 days and Salmonella
Dublin modelled as the marginal ODC effect in farm and time fixed effect model (linear model)

(1) (2) (3) (4)

ADDcow ADDcow ADDcow ADDcow

oDC 0.389 1.141" 0.439 1.138"
(0.326) (0.664) (0.326) (0.664)

Herd Size -0.374™ -0.955™
(0.0871) (0.386)

Constant 596.3""" 604.6""" 678.3"" 816.1""
(4.006) (5.436) (19.53) (85.74)

Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.197 0.363 0.198 0.363
Number of obs. 72,664 68,886 72,664 68,886

Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01

43



Table A13. Antibiotic use in calves

(1) (2) (3) (4)
ADDCALF ADDCALF ADDCALF ADDCALF
ODC=1 (ODC>0) 104.9" -10.21 92.90° -9.730
(54.46) (95.18) (54.42) (95.19)
Herd size 3.391" 1.232
(0.349) (1.488)
Constant 297.4™ 330.3" -484.4™" 37.16
(19.30) (27.21) (82.81) (355.2)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.0968 0.504 0.0986 0.504
Number of obs. 51,049 44,316 51,049 44,316
Note: Standard errors in parentheses
*p<0.10," p<0.05 " p<0.01
Table A14. Antibiotic use in calves
(1) (2) (3) (4)
ADDCALF ADDCALF ADDCALF ADDCALF
oDC 18.41"" 8.733 17.89™" 8.750
(4.625) (8.521) (4.621) (8.522)
Level2 -48.91 -850.3™" -40.30 -848.5™
(138.9) (236.9) (138.7) (236.9)
Level2xodc -17.08™" -0.592 -17.07°" -0.612
(5.186) (9.499) (5.181) (9.499)
Herd size 3.398™" 1.131
(0.349) (1.487)
Constant 297.17 361.5"" -486.6" 92.08
(18.59) (30.13) (82.69) (355.4)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.0971 0.505 0.0989 0.505
Number of obs. 51,049 44,316 51,049 44,316

Note: Standard errors in parentheses

*p<0.10, " p < 0.05,

EETY

p<0.01
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Table A15. Antibiotic use in calves

(1) (2) (3) (4)
ADDCALF ADDCALF ADDCALF ADDCALF
ODCnewinfec 119.7° 1.592 120.2" -2.221
(63.28) (353.5) (63.29) (353.6)
Herd size -0.0214 -0.279
(0.0625) (0.263)
Constant 290.3™ 290.5™ 294.8™ 351.1""
(2.368) (2.296) (13.37) (57.02)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.303 0.588 0.303 0.588
Number of obs. 30,085 23,974 30,085 23,974
Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01
Table A16. Antibiotic use in calves
(1) (2) (3) (4)
ADDCALF ADDCALF ADDCALF ADDCALF
ODCcnewinfec2 192.17" 7.160 192.1°" 4.781
(50.78) (109.2) (50.78) (109.2)
Herd size -0.00923 -0.246
(0.0636) (0.262)
Constant 290.3"" 290.8"" 292.2"" 344.1°"
(2.402) (2.292) (13.60) (56.89)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.305 0.588 0.305 0.588
Number of obs. 30,136 24,024 30,136 24,024

Note: Standard errors in parentheses
*p<0.10," p<0.05 " p<0.01
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Table A17. Antibiotic use in cows

(1) 2) (3) (4)
ADDcow ADDcow ADDcow ADDcow
ODC=1 (0ODC>0) 7.039 7.702 8.218 7.606
(13.29) (24.12) (13.29) (24.12)
Herd size -0.371°" -0.957"
(0.0871) (0.386)
Constant 597.0""" 609.5"" 678.4"" 821.3"
(4.546) (6.472) (19.65) (85.82)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.197 0.363 0.198 0.363
Number of Obs. 72,664 68,886 72,664 68,886
Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01
Table A18. Antibiotic use in cows
(1) (2) (3) (4)
ADDcow ADDcow ADDcow ADDcow
oDC -0.0380 -0.698 0.00716 -0.697
(1.139) (2.248) (1.139) (2.248)
Level2 -22.94 -59.52 -24.30 -60.47
(34.90) (62.91) (34.89) (62.91)
Level2*ODC 0.738 2.402 0.761 2.409
(1.286) (2.510) (1.286) (2.510)
Herd size -0.375™ -0.957"
(0.0871) (0.386)
Constant 597.4™" 609.4"" 679.6"" 821.4™
(4.392) (7.295) (19.62) (85.90)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.197 0.363 0.198 0.363
Number of obs. 72,664 68,886 72,664 68,886

Note: Standard errors in parentheses
*p<0.10," p<0.05 " p<0.01
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Table A19. Antibiotic use in cows

(1) (2) (3) (4)
ADDcow ADDcow ADDcow ADDcow
ODCnewinfec 64.89" -32.92 67.86" -34.61
(35.79) (56.18) (35.77) (56.18)
Herd size -0.340™ -0.672™
(0.0534) (0.185)
Constant 583.9""" 594.2"*" 653.5"" 732.4°"
(1.835) (1.546) (11.07) (37.99)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.456 0.666 0.456 0.667
Number of obs. 50451 46782 50451 46782
Note: Standard errors in parentheses
*p<0.10, " p<0.05 " p<0.01
Table A20. Antibiotic use in cows
(1) (2) (3) (4)
ADDcow ADDcow ADDcow ADDcow
ODCnewinfec2 -7.400 -99.27 -6.485 -101.8
(50.52) (76.73) (50.50) (76.72)
Herd size -0.341™" -0.670"™"
(0.0535) (0.185)
Constant 584.0""" 594.1"" 653.7""" 732.0""
(1.835) (1.546) (11.10) (38.00)
Farm FE Yes Yes Yes Yes
Quarter FE Yes Yes Yes Yes
Farm FE x Year FE No Yes No Yes
R squared 0.456 0.666 0.456 0.667
Number of obs. 50,366 46,726 50,366 46,726

Note: Standard errors in parentheses
*p<0.10," p<0.05 " p<0.01
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