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Background and problem formulation

After the Q-Fever epidemic in The Netherlands, there is a growing interest in the potential risks
zoonotic pathogens that may be emitted from farms pose to the health of nearby residents by air.
Such pathogens may be viruses or bacteria. In order to carry out assessments of such risks for
specific pathogens present on farms, it is often necessary to quantify the concentration of airborne
viable pathogens that is emitted from a farm per unit of time.

For many viruses and bacteria it is very difficult to directly or reliably measure the concentrations
of viable pathogens in the ventilation air. This difficulty arises because of low concentrations.

For many microorganisms circulating in animals good information is available on concentrations in
excreta, such as feces and (in diseased animals) urine. Therefore it is relevant to investigate
whether concentrations of viable pathogens, emitted with the ventilation air, can be calculated
from this information. To that end, a model could be developed that uses the information on
excreted concentrations, information on the concentration of dust particles, their composition in
terms of excreta and other materials in the house, and the rate of inactivation of the
microorganisms before and during aerosolization. As part of this model development, the available
knowledge on these processes has to be reviewed, more specifically: which measurement data are
available for quantification of the processes, and what are the current knowledge gaps.

Based on the above reasoning the following study problems were identified:

a. Which quantitative data are available on concentrations of dust particles emitted with the
ventilation air by different types of farms, and on the composition of those particles?

b. Which quantitative data are available for relevant zoonotic pathogens on concentrations in
excreta and secreta and on inactivation during aerosolization?

c. |Is it possible to reliably calculate the concentration of emitted viable airborne pathogens,
based on characteristics of the type of animal production and type of housing system,
based on the data reviewed in a and b, by using a mathematical model for the processes
involved? If not, what are the knowledge gaps?

Approach

As shown in Chapter 6 of the main text, it is possible to perform informative air-sampling
measurements on indicator organisms (E. Coli and Staphylococci) that are present in outgoing
ventilation air of poultry and pig houses. This opens the possibility to investigate whether, for these
specific organisms, a model could calculate the concentrations in ventilation air on the basis of
underlying processes in a satisfactorily accurate way.

The following approach was chosen to study the problems a-c, as given above:

a. Based on a literature study and some new (unpublished) data, an overview was made of
the available quantitative data on concentrations of aerosolized dust in the ventilation air
and the composition of these aerosols for different types of animals houses. This overview
took the form of an Excel database with quantitative data and references to the
corresponding scientific publications.

b. Based on a literature study and some new (unpublished) data, an overview was made of
the available quantitative data on pathogen concentrations in excreta and their inactivation
rate when aerosolized, for a number of relevant zoonotic pathogens including avian
influenza. Again, this overview took the form of an Excel database with quantitative data
and references to the corresponding scientific publications.

c. A model (or model framework) was constructed for the calculation of emission
concentrations of microorganisms based on the quantitative data gathered in parts a and b.
By scrutinizing the overviews a and b from the structured perspective of the model we
identified important knowledge gaps. The model was used to calculate/predict the
concentration of the indicator organisms E. Coli and Staphylococci in outgoing ventilation
air. A comparison of these predictions with measured concentrations was used to judge the
current feasibility to make useful model predictions for emitted pathogen concentrations for
the indicator organisms, and possibly for relevant zoonotic pathogens, and to articulate the
most important knowledge gaps.



Materials and methods

Data collection

The data was collected from peer reviewed papers, field data generated by partners within the VGO
project and grey data from field and experimental work carried out at WLR or WBVR. Data
collection focussed on poultry and pig farms.

The following data types affecting emission of aerosols carrying microorganisms were included in
the database:

1) Shedding: The shedding routes and corresponding concentration levels (measured e.g. in
colony-forming units per gram feces (CFU/g) for bacteria and EID50/g for viruses) for the
microorganisms of interest to the environment. The shedding routes are specific for the
host-pathogen combination. As lllustrated in Fig 1, the route of shedding determines
whether deposition on the floor is a necessary step before aerosolization may occur.

2) Survival: Survival rates of microorganisms during aerosolization;

3) Composition: Aerosol composition and particle-size characteristics;

4) Concentrations: Aerosolised dust concentrations (and emission rates) from livestock houses

el By

Figure 1. Routes of shedding of pathogens and source of bio-aerosols: 1. Exhaled bio-aerosols
(respiratory infections, e.g. influenza virus), 2. Bio-aerosols from exhaled or secreted (saliva) pathogens
deposited on the floor (e.g. influenza virus), 3. Bio-aerosols from skin feathers (influenza virus), 4. Bio-
aerosols generated from pathogens excreted via feces or urine.

An Excel database was created which contained different worksheets for the collection of
information for the different data types listed above. The data collection for the data types 1 and 2
was mainly focussed on Escherichia coli (gram negative), Staphylococcus aureus (gram positive)
and avian influenza virus (AlV). Data searches mainly but not exclusively targeted these
microorganisms. When relevant information was limited for any of these microorganisms but
available for other e.g. gram positive/negative bacteria, this information was recorded in the
database. Further details on the four data types considered are as follows:

e Shedding. One dataset was created where information of the route of shedding and shedding
concentrations for the reference pathogens was created. This dataset collected information on
the host (species, production type, etc), the pathogen (species, serotype/type, etc), the route
of excretion and level of shedding (mean, peak and length of shedding). Because there is an
extensive body of literature on avian influenza, a comprehensive systematic review was
performed to summarise data on shedding of this pathogen in poultry: A review protocol was
built, consisting of an electronic search strategy, relevance screening, quality assessment and
data collection. Studies describing virus shedding patterns of avian influenza in poultry were
identified. The online databases of Pubmed, CAB Abstracts, AGRICOLA and Biological Abstracts
were used to identify literature. A relevance screening was performed, followed by a quality
assessment of the resulting citations, based on several criteria concerning experimental
procedures. For example, inoculation route and sampling interval of virus shedding
measurements must be described. Data was used to develop linear regression models
predicting virus shedding levels for different combinations of avian influenza serotypes, poultry



species and shedding route. Parametric survival models were developed to quantify virus
shedding length. For more details on the methods we refer to Sanders (2016).

e Survival. This dataset was created to collect information on survival of microorganisms in
aerosol form. The focus of the review was on pathogen survival during the first stage of
aerosolization (very short time, i.e. within the first minute of aerosol formation). Results on
pathogen survival during the second stage of aerosolization (after the first minute) are given in
the main text.

e Composition. A dataset was created where information on the sources of airborne dust were
collated. The collected data describe the composition in terms of fraction of aerosolised dust
originated from feces, bedding material, feathers/skin particles, urine, feed. Clearly, aerosol
composition is dependent on factors such as the production system, type of housing, type of
bedding/floor materials. Therefore these factors were taken into account in the data collection.

e Emission. Here three datasets were created. These datasets were created to collate information
on (i) aerosol dust concentration in exhaust air of livestock houses, (ii) aerosol dust emission
rates and (iii) concentration of indicator organisms in bio-aerosols in exhaust air of livestock
houses. Also here the factors mentioned under “Composition” above will have an influence, and
were therefore taken into account in the data collection.

Modelling perspective
A standard structuring for assessment of health and environmental risks consists of partitioning the
risk chain in three consecutive groups of processes: risk release processes, exposure processes and
consequence processes. In Figure 2 we apply this partitioning to the zoonotic pathogen related
health risk chain from livestock to local residents. Figure 2 distinguishes all risk release, exposure
and consequence processes that may, to a certain level of detail, be considered relevant as building
blocks of the risk chain. It presents a guiding line for the build-up of a modelling framework,
representing and ordering the processes in the risk chain, and indicating relevant internal and
external factors that influence the processes. In this report we are zooming into the risk release
processes. We define “emission” as the concentration of viable microorganisms emitted by the farm
(through time). We consider the emission process as a resultant of four risk release processes:
excretion of biological material by the animals, aerosolization of dust containing such biological
material (which results in bio-aerosols), transport of the bio-aerosols through ventilation to the air
outflow of the farm, and (if present) a reduction of the outgoing bio-aerosol concentration though
“end-of-pipe” reduction methods such as air filters.
The formulation of the specific models developed is based on the above process-oriented
perspective in combination with considering the type of quantitative data on shedding, survival,
dust composition and emission that is available to feed into a model. The desired output quantities
of the modelling are:

e  Number of microorganisms emitted per unit of time (= Emission level)

e Concentration of microorganisms in the exhaust air of the animal house. This quantity can

be calculated from the emission level and the ventilation rate (for details see Results).
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assessment framework for public health risks associated with zoonotic
pathogen contained in bio-aerosols from livestock farming.

We first discuss the data overview for shedding and survival data of microorganisms, subsequently
address the data available for dust composition, emission levels and concentrations in exhaust air,
and finally present the data overview for the concentrations of indicator organisms in exhaust air.
Whereas the first two data overviews are mainly composed of published data (published in the
scientific literature), the last one consists of recent measurements that were carried out within the
VGO research project and have therefore not yet been published up until the publication of this

report.



Data overview: Shedding and survival

The literature data on shedding in feces of the enterobacteria E. Coli and Staphylococcus aureus in
poultry and swine production systems contain both field and experimental data. As can be seen in
the overview in Table 1, several field study results are available for fecal shedding of E. Coli in
broilers. The mean or median shedding across different samplings (which may be either animal
swab based, based on a pool of swabs, or pen-droppings based depending on the study) ranges
between 6.4 and 7.5 logl0 CFU/g, with minimum and maximum values of 4 and 8.4 logs,
respectively. The observed variation between samples is thus quite large (a range of more than 4
logs). In the study by Horton et al. (2011) samples were collected from chicken cecal contents at
13 different abattoirs in the United Kingdom and it is not clear which part of the variation arises
from differences between animals and which part from differences between flocks. However, in the
study by Pleydell et al. (2007) the samples were collected from one single farm, and the variation
in concentration is across a very similar range. Thus, when we are interested in the overall
shedding level of many animals within one flock, the reported mean shedding levels of the studies
ranging between 6.4 and 7.5 log10 CFU/g may be a good indication of the order of magnitude. The
experimental study results by Van Bunnik et al. (2014) are in line with the field results. In the
experimental study by Geidam et al. (2015) a pathogenic E. Coli strain was used, and a higher
mean shedding (log10 10.8) was observed under these conditions.

For E. Coli shedding in layers, only one field study is listed in Table 1, with a mean shedding level
of 6.5 logl0 CFU/g, a value that is very similar to the observed means/medians for broilers. We
note that since layer farms are emitting much more dust than broiler farms (see below for details),
the layer farm type is one of prime interest for modelling the emission of pathogens. In this
context, and given the fact that E. Coli is important for this modelling as an indicator organism, the
availability of only one study on fecal shedding in layers, despite the similarity of its results to
those of the studies in broilers, is a rather narrow basis.

In the context of pig farming, two field studies are available with results for E. Coli fecal shedding,
both for fattening farms. The one published field study by Horton et al. (2011) observations ranged
between 6.0 and 7.64 logl0 CFU/g, whereas in the VGO study two feces samples taken in the
stables (i.e. not directly from the animals) yielded concentrations close to 3 logl0CFU/g. VGO
study results on Staphylococci fecal shedding in fatteners, based on three fecal samples taken in
the stables yield a mean concentration of 6.78 log10 CFU/g.

For avian influenza (Al) virus the literature on shedding in poultry is abundant. This all relates to
small-scale infection or transmission experiments, which have been carried out for many different
subtypes of highly pathogenic Al (HPAI) and Low Pathogenic Al (LPAI) viruses. As avian influenza
is exotic to Dutch poultry, it occurs in poultry in an outbreak-wise fashion. This means that it is not
being shed throughout the production period, as is the case for the indicator bacteria discussed
above; furthermore the shedding level may change through the shedding period of an animal. For
that reason we also extracted all information on the length of the shedding period and the peak
shedding level from the literature. Using the systematic review approach with electronic search
strategy, relevance screening and quality assessment, out of 2644 evaluated citations, 83 studies
were used for data extraction. Chicken was the most commonly investigated species, while HSN1
was the most common serotype. A large heterogeneity existed in experimental methods used,
including 14 different inoculation routes, 9 different sample sites and a range of different
inoculation doses. A meta-analysis was performed on 47 studies reporting virus shedding levels as
50% egg infectious doses (EID50/ml), quantified by real-time polymerase chain reaction or virus
isolation. This yielded a comprehensive summary of shedding patterns. The mean shedding level of
HPAI (Table 2) is variable between studies with an overall mean close to 3 log10 EID50/ml; peak
shedding is roughly 3.5 logl0 on average EID50/ml. For LPAIl the results of mean and peak
shedding are very similar to HPAI (Table 3). Several factors including the virus subtype and the
inoculation/infection method used influence the shedding pattern. These factors were identified by
analysing shedding level using linear regression models and analysing shedding length using
parametric survival models. For more details on the results we refer to Sanders (2016).

The published data on survival of various microorganisms is summarized in Tables 4 and 5. In
Table 4 the data for microorganisms (including bacteria and viruses) are stratified by broad
categories and in Table 5 these data are stratified by bacterial genus. All these data are from wet



aerosolization experiments, and relate to the survival in the first stage of aerosolization (<first
minute). The distinction of two phases in the aerosolization is a very important aspect. In all these
experimental data one can observe these two phases, with a comparatively strong inactivation
within the first minute after spraying, and a less strong inactivation in a second, more stable,
stage. Whereas the survival for the second stage observed in these experiments is thought to be
most relevant for the pathogen survival during outdoor spread of the bio-aerosols emitted by
livestock farms, the first stage is thought to be relevant to the process of aerosolization itself
taking place when dust particles in livestock houses become airborne, and may be the dominant
determinant of the total survival of microorganisms during aerosolization and the subsequent
period of time that aerosols spend in the livestock house before being emitted. However, an
important consideration here is that the latter process is a form of dry aerosolization, as opposed
to the wet aerolisation technique used in the experiments. In Tables 4 and 5 we observe that
humidity and temperature typically have a strong influence on survival during the first stage of
(wet) aerosolization. Given the strong effects of humidity one may also expect substantial
differences between the experimental results and the actual survival under (dry) field conditions. In
addition, we observe large variation in survival rates estimated from different samples in the
experiments. For example, as listed in Table 4, the observed survival percentage for E. Coli at 15-
25 degrees Celsius temperature range and 40-70% humidity range varies between a minimum of
0.01% and a maximum of 86%o, i.e. over three orders of magnitude.

Some insight into the potential difference in pathogen survival rates between wet and dry
aerosolization conditions, may be obtained from dry and wet aerosolization experiments that have
been performed for E. mundtii (Hoeksma et al. 2015). The results of these experiments are listed
in Table 6, and suggest that for E. mundtii, the difference in survival between the wet and dry
aerosolization conditions is very small. It should be noted, however, that the dry particles were
prepared under lab conditions according the procedure as described by Hoeksma et al. (2015). The
main treatment within this procedure was the freeze drying of the suspension of dust and bacteria
solution. Furthermore, the survival rate may differ for other bacteria, such as gram-negative
bacteria.

Table 1. Fecal shedding (log10 CFU/g) of viable indicator bacteria (determined by culture) in livestock.

Livestock Age (d) Bacteria Mean/median**  SD Min Max n Type of data Ref
Poultry

layers 280 E. Coli 6.53 9 Field 1
broilers 28 E. Coli 6.5 12 Field 2
broilers 35 E. Coli 6.5 15 Field 3
broilers 46 E. Coli 7.54 4.90 9 32 Field 4
broilers 32 E. Coli 6.9 4 8.3 20 Field 5
broilers 59 E. Coli 6.4 51 8.2 20 Field 5
broilers 72 E. Coli 6.6 4.5 8.3 20 Field 5
broilers 14 E. Coli 7.3 094 5.63 7.48 9 Experimental 6
broilers* 10 E. Coli 10.77 10 Experimental 7
Pigs

fattening E. Coli 6.88 6 7.64 20 Field 4
fattening E. Coli 297 0.14 2.87 3.07 2 Field 8
fattening Staphylococci 6.78 0.71 5.96 7.27 3 Field 8
*This experiment used a pathogenic strain. **Median when Min/Max are given but SD is not given. Mean when no

SD nor Min/Max are given or when SD is given.

References for Table 1:

1. Zhang ZF, Kim IH. Effects of probiotic supplementation in different energy and nutrient density diets on
performance, egg quality, excreta microflora, excreta noxious gas emission, and serum cholesterol
concentrations in laying hens. (2013). J Anim Sci. 91, 4781-7.

2. Cho JH, Kim IH. Effects of lactulose supplementation on performance, blood profiles, excreta microbial
shedding of Lactobacillus and Escherichia coli, relative organ weight and excreta noxious gas contents in
broilers. (2014). J Anim Physiol Anim Nutr (Berl). 98, 424-30.



3. Zhang ZF, Kim IH. Effects of multistrain probiotics on growth performance, apparent ileal nutrient
digestibility, blood characteristics, cecal microbial shedding, and excreta odor contents in broilers. (2014).
Poult Sci. 93, 364-70.

4. Horton RA, Randall LP, Snary EL, Cockrem H, Lotz S, Wearing H, Duncan D, Rabie A, McLaren |, Watson E,
La Ragione RM, Coldham NG. Fecal carriage and shedding density of CTX-M extended-spectrum {beta}-
lactamase-producing escherichia coli in cattle, chickens, and pigs: implications for environmental
contamination and food production. (2011). Appl Environ Microbiol. 77, 3715-9.

5. Pleydell EJ, Brown PE, Woodward MJ, Davies RH, French NP. Sources of variation in the ampicillin-resistant
Escherichia coli concentration in the feces of organic broiler chickens. (2007). Appl Environ Microbiol. 73,
203-10.

6. Van Bunnik BAD, Ssematimba A, Hagenaars TJ, Nodelijk G, Haverkate MR, Bonten MJM, Hayden MK,
Weinstein RA, Bootsma MCJ, De Jong MCM. (2014). Small distances can keep bacteria at bay for days.
PNAS 111, 3556—3560.

7. Geidam YA, Ambali AG, Onyeyili PA, Tijjani MB, Gambo HI, Gulani IA. Antibacterial efficacy of ethyl acetate
fraction of Psidium guajava leaf aqueous extract on experimental Escherichia coli (O78) infection in
chickens. (2015). Vet World. 8, 358-62.

8. Unpublished data from the VGO research project.

Table 2. Highly pathogenic avian influenza virus shedding: Mean shedding, peak shedding and length of
shedding. The units are EID50 per ml solution, and this in good approximation corresponds to EID50
per gram feces in case of fecal shedding. The data is a combination of virus isolation and qt-PCR

results, as the results of these two methods were found to be highly similar.

Sample site Variable Level Mean shedding™* Peak shedding™ Median length*
(95% CI) (95% CI) (95% CI)
Cloacal Species Chicken 3,25 (2,05-4,45) 3,43(2,20-4,66) 1,21 (0,24-6,16)
Duck 2,70 (1,47-3,93) 2,88 (1,61-4,15) 4,05 (0,80-20,58)
Goose 3,27 (1,27-5,27) 3,75 (1,67-5,83) 3,74 (0,73-19,02)
Serotype H5N1 3,25 (2,05-4,45)  3,43(2,20-4,66) 1,21 (0,24-6,16)
H5N8 2,52 (0,87-4,17) 3,02 (1,31-4,73) 1,21 (0,24-6,16)
H7N3 2,18 (0,32-4,04) 2,93 (1,03-4,83) 1,21 (0,24-6,16)
H7N7 1,65 (0,00-3,79) 2,23 (0,07-4,39) 1,21 (0,24-6,16)
Tracheal Species Chicken 4.26 (3.05-5.47) 4.48 (3.23-5.73)
Duck 3.71 (2.45-4.97)  3.93 (2.61-5.24) 4.97 (0.98-25.28)
Goose 4.28 (2.26-6.29)  4.80 (2.70-6.90) 4.59 (0.90-23.35)
Serotype H5N1 4.26 (3.05-5.47)  4.48 (3.23-5.73)  1.49 (0.29-7.56)
H5N8 3.52 (1.86-5.19)  4.06 (2.33-5.79) 1.49 (0.29-7.56)
H7N3 3.19 (1.31-5.07)  3.97 (2.05-5.90) 1.49 (0.29-7.56)
H7N7 2.66 (0.52-4.80) 3.27 (1.12-5.43) 1.49 (0.29-7.56)

*Values are overall adjusted means. E.g. mean shedding for chickens is adjusted for virus serotype, inoculation
route (not shown), age (not shown) and inoculation dose (not shown). Shedding values for each serotype are
average expected values in poultry. These values were adjusted for poultry species, inoculation route, etc.



Table 3. Low pathogenic avian influenza virus shedding: Mean shedding, peak shedding (EID50/ml)
and length of shedding (days). The data is a combination of virus isolation and qt-PCR results, as the
results of these two methods were found to be highly similar.

Sample

. Variable
site

Level

Mean shedding™
(95% CI)

Peak shedding™*
(95% CI)

Median length* (95%
CI)

Cloacal Species

Serotype

Inoculation
route

Tracheal Species

Serotype

Inoculation
route

Chicken
Duck
Quail
Turkey
H5N1
H5N2
H5N3
H7N1
H7N2
H7N7
H7N9
HON2

Contact

Intrachoanal

Intranasal
(pooled)

Chicken
Duck
Quail
Turkey
H5N1
H5N2
H5N3
H7N1
H7N2
H7N7
H7N9
HON2

Contact

Intrachoanal

Intranasal
(pooled)

2.75 (1.64-3.83)
2.76 (1.64-3.88)
3.03 (1.56-4.50)
3.01 (1.91-4.11)
4.08 (2.91-5.26)
2.75 (1.67-3.83)
2.61 (1.49-3.73)
2.61 (1.43-3.79)
2.04 (0.84-3.24)
3.56 (1.25-5.87)
3.05 (1.83-4.27)
2.75 (1.67-3.83)

2.21 (1.11-3.31)
2.41 (1.31-3.51)
2.75 (1.67-3.83)

3.09 (2.00-4.19)
3.11 (1.97-4.25)
3.38 (1.90-4.86)
3.35 (5.25-4.46)
4.43 (3.25-5.62)
3.09 (2.00-4.19)
2.96 (1.84-4.08)
2.96 (1.84-4.08)
2.39 (1.18-3.60)
3.90 (1.60-6.22)
3.40 (2.18-4.62)
3.94 (3.17-4.70)

2.55 (1.51-3.60)
2.76 (1.64-3.88)
3.09 (2.00-4.19)

2.79 (1.71-3.87)
2.72 (1.56-3.88)
4.10 (2.49-5.71)
3.19 (2.09-4.29)
4.18 (2.95-5.41)
2.79 (1.71-3.87)
2.62 (1.48-3.76)
2.74 (1.51-3.97)
2.36 (1.09-3.63)
4.79 (2.42-7.16)
3.28 (1.95-4.61)
4.02 (3.24-4.80)

2.26 (1.03-3.50)
2.52 (1.40-3.64)
2.79 (1.71-3.87)

3.17 (2.07-4.28)
3.11 (1.94-4.29)
4.49 (2.86-6.12)
3.58 (2.45-4.71
4.57 (3.32-5.82)
3.17 (2.07-4.28)
3.01 (1.86-4.16)
3.12 (1.86-4.38)
2.74 (1.45-4.05)
5.17 (2.80-7.74)
3.67 (2.33-5.00)
4.41 (3.60-5.22)

2.64 (1.53-3.76)
2.91 (1.78-4.04)
3.17 (2.07-4.28)

3.48 (1.45-8.34)
1.44 (0.60-3.45)

2.56 (1.07-6.15)
3.40 (1.42-8.14)
3.48 (1.45-8.33)
2.18 (0.91-5.23)
4.04 (1.68-9.69)
9.73 (4.06-23.3)
4.83 (2.02-11.58)
9.28 (3.87-22.25)
6.86 (2.86-16.45)

2.39 (1.00-5.72)
3.48 (1.45-8.34)

4.16 (1.74-9.98)
1.72 (0.72-4.13)

3.07 (1.28-7.36)
4.07 (1.70-9.75)
4.16 (1.74-9.98)
2.62 (1.09-6.26)
4.83 (2.02-11.59)
11.65 (4.86-27.93)
5.78 (2.41-13.87)
11.11 (4.63-26.64)
8.22 (3.43-19.71)

2.86 (1.19-6.85)
4.16 (1.74-9.98)

*Values are overall adjusted means. E.g. mean shedding for chickens is adjusted for virus serotype,
inoculation route, age (not shown) and inoculation dose (not shown). Shedding values for each serotype are
average expected values in poultry. These values were adjusted for poultry species, inoculation route, etc.



Table 4. Survival percentage of bacteria categories and viruses after the first
stage of aerosolization (within the first 1.0 min).

Pathogen temperature RH% Survival %
Median Min Max

Bacteria

Gram negative (0,15] (0,40] 4.33 0 41.8
(0,15] (40,70] 9.75 0.02 38
(0,15] (70,100] 8.28 0.03 26.7
(15,25] (0,40] 4.7 0 79.1
(15,25] (40,70] 74.1 0.01 87.8
(15,25] (70,100] 46.8 0 81.1
(25,35] (0,40] 0.9 0 4.27
(25,35] (40,70] 0.24 0 6.5
(25,35] (70,100] 0.47 0 20.9

Gram positive (0,15] (0,40] 0.91 0.91 0.91
(0,15] (40,70] 0.01 0.01 0.01
(0,15] (70,100] 4.17 4.17 4.17
(15,25] (0,40] 0.54 0.54 0.54
(15,25] (40,70] 2.24 2.24 2.24
(15,25] (70,100] 6.5 0.7 51.29
(25,35] (0,40] 1.07 1.07 1.07
(25,35] (40,70] 14.45 14.45 14.45
(25,35] (70,100] 3.39 3.39 3.39

Virus

Gumboro (0,15] (0,40] 6 6 6

Non enveloped (0,15] (40,70] 19.7 19.7 19.7
(15,25] (0,40] 2.2 2.2 2.2
(15,25] (40,70] 6 6 6
(25,35] (0,40] 0.1 0.1 0.1
(25,35] (40,70] 0.2 0.2 0.2

Influenza (15,25] (0,40] 1.7 1.7 1.7

Enveloped (15,25] (40,70] 15 3 19




Table 5. Survival of bacteria during the first stage of aerosolization (< first minute).

Genus temperature RH% Survival %
Median Min Max
Campylobacter (15,25] (70,100] 27.03 27.03 27.03
Chlamydia (15,25] (70,100] 15.9 15.9 15.9
Chlamydophila (0,15] (0,40] 25.1 8.4 41.8
(0,15] (40,70] 9.75 55 14
(0,15] (70,100] 21.6 16.5 26.7
(15,25] (0,40] 4.7 4.7 4.7
(15,25] (40,70] 8.2 8.2 8.2
(15,25] (70,100] 46 46 46
(25,35] (0,40] 0.9 0.9 0.9
(25,35] (40,70] 0.2 0.2 0.2
(25,35] (70,100] 20.9 20.9 20.9
Enterococcus (0,15] (0,40] 0.91 0.91 0.91
(0,15] (40,70] 0.01 0.01 0.01
(0,15] (70,100] 4.17 4.17 4.17
(15,25] (0,40] 0.54 0.54 0.54
(15,25] (40,70] 2.24 2.24 2.24
(15,25] (70,100] 31.8 12.3 51.29
(25,35] (0,40] 1.07 1.07 1.07
(25,35] (40,70] 14.45 14.45 14.45
(25,35] (70,100] 3.39 3.39 3.39
Escherichia (0,15] (0,40] 0.26 0.26 0.26
(0,15] (40,70] 34.2 1.82 38
(0,15] (70,100] 0.03 0.03 0.03
(15,25] (0,40] 1.45 1.45 1.45
(15,25] (40,70] 77.9 0.01 86.1
(15,25] (70,100] 62.5 0 63.73
(25,35] (0,40] 4.27 4.27 4.27
(25,35] (40,70] 3.25 0 6.5
(25,35] (70,100] 0 0 0
Klebsiella (15,25] (70,100] 46.8 46.8 46.8
Mycoplasma (0,15] (0,40] 0 0 0
(0,15] (40,70] 0.02 0.02 0.02
(0,15] (70,100] 0.05 0.05 0.05
(15,25] (0,40] 0 0 0
(15,25] (40,70] 3.63 3.63 3.63
(15,25] (70,100] 39.29 0.29 78.3
(25,35] (0,40] 0 0 0
(25,35] (40,70] 0.28 0.28 0.28
(25,35] (70,100] 0.47 0.47 0.47
Pasteurella (15,25] (0,40] 72.45 65.8 79.1
(15,25] (40,70] 78.3 78.3 78.3
(15,25] (70,100] 81.1 81.1 81.1
Pseudomona (15,25] (40,70] 74.1 64.4 87.8
Serratia (15,25] (70,100] 69.77 69.77 69.77

Streptococcus (15,25] (70,100] 0.7 0.7 0.7




Table 6. Survival of E. mundtii during the first stage of aerosolization from dry or wet
aerosols. The main treatment within the experimental procedure for dry aerosolization
was freeze drying of the suspension of dust and bacteria solution.

Media for Temperature RH% Survival %
aerosolization

Median Min Max

Dry 10 40 51.86 3.44 100
10 60 58.49 9.3 100

10 80 50.94 1.58 100

20 40 50.16 0.09 100

20 60 59.97 7.49 100

20 80 56.2 10.1 100

30 40 52.51 3.09 100

30 60 51.08 0.53 100

30 80 56.63 8.34 100

Wet 10 40 50.74 0.17 100
10 60 50.22 0] 100

10 80 52.76 2.02 100

20 40 50.35 0.33 100

20 60 51.14 1.69 100

20 80 56.89 5.61 100

30 40 51.63 0.05 100

30 60 57.98 7.5 100

30 80 52.15 1.53 100

Data overview: Composition and concentrations

Fairly good information is available in the scientific literature on the composition of airborne dust in
different farm types. This information is summarized in Table 7, distinguishing different production
categories and housing types. The collected data describes the composition in terms of fraction of
aerosolised dust originated from feces/manure, bedding materials, feed, feathers and/or skin, and
“outside” dust, i.e. dust particles originating from outside the animal house.

Most of this information is originating from the study by Cambra-Lopez et al. (2011). There the
data were interpreted using two alternative methods of analysis: classification rules and multiple
linear regression. Although the overall correlation between the results of the two alternative
models is good, for some specific farm types the percentage contributions of different sources may
differ substantially (e.g. 13 vs. 72 percent manure contribution to PM2.5 dust in broilers on litter).
This adds to the uncertainties in other parameters, although these uncertainties occur on a linear
scale. For our modelling we used the results of the multiple regression method reported by
Cambra-Lopez et al. (2011), because we are mainly interested in the quantitative contribution of
each source to the airborne dust mass and not to the number of particles. In our opinion the
method based on classification rules is very suitable for determining the contribution of each source
to the number of particles, but less to estimate the contribution to mass, when compared with the
multiple regression method. Given the logarithmic scale on which the concentrations and emission
levels are expressed, the sensitivity to the uncertainties in composition of a model prediction for
concentrations and emission levels is likely to be relatively minor.

Regarding dust concentrations (Tables 8 and 9) and, correspondingly, dust emission levels (Tables
10 and 11) information is available for a range of different production poultry and pig systems. In
Table 11 we also include the available information for cattle and goats. An interesting comparison
is that between caged layers and other types of layer housing: the caged production type, now
forbidden in The Netherlands for animal welfare reasons, emits much less dust than the other

types.



Table 7. Sources of dust in livestock houses determined within studies in NW Europe.

Type of livestock house

Dust sources

Category Housing fSrIaZ((:etion Manure Bedding Feed Feathers/skin  Outside El?';.e;
broilers litter PM2.5 13% 30% 14% 17% 25% 1;a
broilers litter PM2.5 72% 6% 0% 21% 1% 1;b
broilers litter PM10-2.5 47% 38% 2% 9% 3% 1;a
broilers litter PM10-2.5 96% 0% 0% 4% 0% 1; b
broilers litter inhalable >10% 0% <1% >10% 0% 2;c
layer aviary PM2.5 77% 0% 1% 22% 1% 1;a
layer aviary PM2.5 64% 0% 0% 36% 0% 1; b
layer aviary PM10-2.5 64% 0% 1% 32% 3% 1;a
layer aviary PM10-2.5 70% 0% 0% 30% 0% 1; b
layer cage inhalable 8% 0% 90% 12% 0% 3;d
layer perchery/floor PM2.5 26% 0% 3% 68% 4% 1;a
layer perchery/floor PM2.5 54% 0% 23% 17% 6% 1; b
layer perchery/floor PM10-2.5 57% 0% 4% 38% 1% 1;a
layer perchery/floor PM10-2.5 86% 0% 0% 15% 0% 1; b
layer perchery/floor inhalable 8% 68% 0% 12% 0% 3;d
fattening litter PM2.5 6% 28% 3% 30% 34% 1;a
fattening litter PM2.5 35% 26% 0% 39% 0% 1; b
fattening litter PM10-2.5 31% 14% 2% 49% 4% 1;a
fattening litter PM10-2.5 52% 23% 0% 25% 0% 1; b
dry/pregnant sows  slatted PM2.5 14% 0% 36% 49% 1% 1;a
dry/pregnant sows  slatted PM2.5 17% 0% 4% 79% 0% 1; b
dry/pregnant sows  slatted PM10-2.5 41% 0% 3% 55% 2% 1;a
dry/pregnant sows  slatted PM10-2.5 29% 0% 0% 71% 0% 1; b
fattening litter inhalable 24% 33% 5% 38% 0% 4; e
fattening slatted PM2.5 65% 0% 2% 29% 4% 1;a
fattening slatted PM2.5 93% 0% 1% 6% 1% 1; b
fattening slatted PM10-2.5 23% 0% 1% 68% 8% 1;a
fattening slatted PM10-2.5 30% 0% 1% 69% 0% 1; b
fattening slatted inhalable 30% 0% 30% 40% 0% 4; e
fattening slatted/litter inhalable 21% 28% 9% 42% 0% 4; e
rearing slatted PM2.5 62% 0% 4% 31% 3% 1;a
rearing slatted PM2.5 95% 0% 0% 0% 5% 1; b
rearing slatted PM10-2.5 31% 0% 6% 59% 4% 1;a
rearing slatted PM10-2.5 92% 0% 8% 0% 0% 1; b
rearing partially slatted inhalable 2-6% 0% >10% >10% 0% 2; f

a: using classification rules; b: using multiple linear regression; c: lower values & also >10% crystalline dust;

d: upper values; e: mean values week 1, 4 and 7 after start fattening; f: lower values & also 1% crystalline

dust.
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Table 8. Dust concentrations (mg/m3) in exhaust air of livestock houses determined within studies in NW

Europe: poultry.

Type of livestock house

Dust concentrations in mg/m3

Category Housing Country PM2.5 PM10 Respirable Inhalable Ref.
broiler litter Netherlands 1.05 10.36 1
broiler litter England 1.14 9.92 1
broiler litter Denmark 0.42 3.83 1
broiler litter Germany 0.63 4.49 1
broiler litter Netherlands 0.137 1.931 4.392 2
broiler litter Netherlands 0.094 1.746 3
broiler litter Netherlands 0.058 0.989 3
broiler litter Netherlands 0.06 1.13 4
broiler litter Netherlands 0.12 2.33 5
broiler litter Netherlands 7.44 6
broiler litter Netherlands 1.4—1.9 8.2—9 7
broiler breeder perchery Netherlands 0.12 1.703 2
chickens unknown Netherlands 0.48 3.88 1
layer aviary Netherlands 0.217 3.362 2
layer aviary Netherlands 0.166 2.885 8
layer aviary Netherlands 0.179 2.775 8
layer aviary Netherlands 0.261 4.06 9
layer aviary Netherlands 0.23 2.33 10
layer cage Netherlands 0.09 0.75 1
layer cage England 0.21 1.53 1
layer cage Denmark 0.23 1.64 1
layer cage Germany 0.97 1
layer perchery Netherlands 1.26 8.78 1
layer perchery England 0.35 2.19 1
layer perchery Denmark 0.92 4.86 1
layer perchery/aviary Netherlands 0.32 4.21 11
layer perchery/floor housing Netherlands 0.175 3.143 8.175 2
fattening male turkey litter Netherlands 0.351 1.28




Table 9. Dust concentrations (mg/m3) in exhaust air of livestock houses determined in studies in NW

Europe: pigs.
Type of livestock house Dust concentrations in mg/m3
Category Housing Country PM2.5 PM10  Respirable Inhalable Ref.
fattening pig litter England 0.15 1.38 1
fattening pig litter Denmark 0.1 1.21 1
fattening pig slats Netherlands 0.24 2.61 1
fattening pig slats England 0.29 2.67 1
fattening pig slats Denmark 0.16 2.08 1
fattening pig slats Germany 0.18 0.839 1
fattening pig litter Netherlands 0.16—0.71 2.08—5.67 12
fattening pig slatted Netherlands 0.23—0.34 2.14—2.94 12
fattening pig slatted/litter Netherlands 0.18—0.43 1.64—3.76 12
fattening pig slats/low-emission/dry feed Netherlands 0.0527 0.963 3.282 2
fattening pig slats/low-emission/wet feed Netherlands 0.0415 0.714 2
fattening pig slats/traditional Netherlands 0.0478 0.662 2.203 2
pregnant sow slats/group housing Netherlands 0.0378 0.415 2
pregnant sow slats/individual housing Netherlands 0.0535 0.485 1.245 2
Sow litter England 0.16 0.63 1
Sow litter Germany 0.12 1.64 1
Sow slats Netherlands 0.13 1.2 1
Sow slats England 0.09 0.86 1
Sow slats Denmark 0.46 3.49 1
Sow slats Germany 0.11 1.13 1
weaner fully slatted Netherlands 0.0511 1.091 2
weaner partially slatted Netherlands 0.0397 0.988 3.616 2
weaner slats Netherlands 0.32 3.74 1
weaner slats England 0.43 5.05 1




Table 10. Dust emissions (mg/(h.animal)) in livestock houses determined within studies in NW Europe:

poultry.
Type of livestock house Dust emissions in mg/(h.animal)
Category Housing Country PM2.5 PM10 Respirable Inhalable Ref.
broiler litter Netherlands 1.94 13.4 1
broiler litter England 1.69 14.8 1
broiler litter Denmark 0.99 7.5 1
broiler litter Germany 0.97 6.9 1
broiler litter Netherlands 0.31 4.1 2
broiler litter Netherlands 0.25 6.0 3
broiler litter Netherlands 0.14 2.8 3
broiler litter Netherlands 0.28 4.9 4
broiler breeder perchery Netherlands 0.43 5.8 2
layer aviary Netherlands 0.46 7.9 2
layer aviary Netherlands 0.44 7.8 8
layer aviary Netherlands 0.84 13.6 9
layer aviary Netherlands 0.91 9.7 10
layer cage Netherlands 0.18 1.6 1
layer cage England 0.68 3.7 1
layer cage Denmark 0.29 2.3 1
layer cage Germany 0.08 2.2 1
layer perchery Netherlands 2.60 16.5 1
layer perchery England 1.95 7.4 1
layer perchery Denmark 2.24 11.0 1
layer perchery Netherlands 0.57 10.6 28.3 2
layer perchery/aviary Netherlands 0.81 11.1 11
fattening male turkey litter Netherlands 3.86 15.1 2




Table 11. Dust emissions (mg/(h.animal)) in livestock houses determined within studies in NW Europe:

pigs, cattle and goats.

Type of livestock house

Dust emissions in mg/(h.animal)

Category Housing Country PM2.5 PM10 Respirable Inhalable Ref.
fatteners litter England 5.52 42.4 1
fatteners litter Denmark 7.25 93.5 1
fatteners slats Netherlands 7.42 77.5 1
fatteners slats England 9.49 63.9 1
fatteners slats Denmark 7.08 75.0 1
fatteners slats Germany 4.37 68.3 1
fattening pig slats/low-emission/dry feed Netherlands 1.02 23.8 96.8 2
fattening pig slats/low-emission/wet feed  Netherlands 0.77 17.5 265.0 2
fattening pig slats/traditional Netherlands 0.83 16.4 53.0 2
pregnant sows slats/group housing Netherlands 1.41 19.8 2
pregnant sows slats/individual housing Netherlands 1.69 22.2 77.1 2
sow litter England 19.96 58.6 1
sow litter Germany 18.38 300.9 1
sow slats Netherlands 7.51 63.0 1
sow slats England 6.23 58.0 1
sow slats Denmark 60.51 796.5 1
sow slats Germany 5.09 43.4 1
weaner fully slatted Netherlands 0.26 7.6 2
weaner partially slatted Netherlands 0.24 9.5 34.2 2
weaner slats Netherlands 4.13 44.3 1
weaner slats England 1.49 17.1 1
weaner slats Denmark 1.50 40.0 1
weaner slats Germany 2.34 24.5 1
beef litter England 26.22 36.3 1
beef litter Germany 3.65 82.1 1
beef slats Netherlands 23.32 115.8 1
beef slats Denmark 3.22 50.3 1
beef slats Germany 6.53 109.1 1
calves litter England 7.11 16.3 1
calves litter Denmark 4.48 60.8 1
calves litter Germany 8.71 30.9 1
calves slats Netherlands 7.73 28.6 1
calves slats Germany 3.95 34.5 1
dairy cubicle Netherlands 1.65 8.5 2
dairy cubicle Netherlands 61.08 244.3 1
dairy cubicle England 21.38 24.9 1
dairy cubicle Denmark 15.22 134.6 1
dairy cubicle Germany 32.77 382.0 1
dairy litter Netherlands 14.23 65.7 1
dairy litter England 101.45 171.5 1
dairy litter Denmark 10.19 89.5 1
dairy litter Germany 6.91 87.6 1
milking goat deep bedding Netherlands 0.19 5.3 13
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Data overview: aerosolization factor

An interesting parameter that allows to compare the potential of different production system to
bring fecal material into the air is the aerosolization factor. This factor is defined as the amount (in
g) of dry matter dust (PM10) aerosolized per g feces. If assuming that the dry matter content of
PM10 and of the feed are the same, the aerosolization factor can be calculated as the ratio of the
amount (in g) of dust (PM10, dry + wet) aerosolized originating from feces and amount of feces
excreted, e.g. both per animal. The amount (in g) of dust (PM10, dry + wet) aerosolized
originating from feces can be calculated from the PM10 emission level and the PM10 composition.
The amount of feces excreted can be calculated based on average feed intake per day per pig and
the digestibility coefficient of dry matter in the feed. Calculations based on an average feed intake
of 2.1 kg/d per growing-finishing pig and an average feed intake of 110 g/d per broiler indicate
that the aerosolization factor of a broiler house is approximately six times as large as that of a
house with fattening pigs. This is the net result of differences between these production types in
terms of processes that promote the aerosolization of fecal material, such as drying out of feces
and animal movement.

Concentration data for indicator organisms

In Table 12 we summarize the concentrations measured for the indicator organisms in the VGO
samples of exhaust air in four different productions systems: pigs (sows & piglets), fattening pigs,
sows, broilers and layers.



Table 12. Summary statistics for bio-aerosol concentration of indicator organisms (CFU/m®) in exhaust
air of livestock houses, as measured in the VGO study and (if noted by a reference) in the literature.

Culture (CFU/m?®) PCR (eCFU/m®)
Pathogen Production n
Mean Sd Mean Sd
E. coli broilers 2,01 1,02 6,9 0,48 11
layers 1,55 0,97 6,01 0,27 23
pigs 0 0 0 0 3
fatteners 0 0 4,25 0,45 6
fatteners™* 3,29 2.92-3.41
Sows 0,34 0,63 4,75 0,8 6
Staphylococcus broilers 6,91 0,57 8,44 0,19 11
broilers” 6,87 5.77-7.52 4
layers 6,44 0,33 8,1 0,52 26
pigs 4,09 0,31 6,44 0,18
fatteners 3,6 0,4 6,09 0,39
fatteners and sows** 4,15 3.50 - 5.50 23
fatteners and sows (winter)** 3,35 3.30-3.60 6,54 4.78-8.60 7 (11)
fatteners and sows (summer)** 2,51 2.00-3.23 5,63 4.77-7.67 5 (23)
Sows 4,88 0,45 6,26 0,39 6

*von Salviati et al. Veterinary Microbiology 175 (2015) 77—84. **Friese et al. Veterinary Microbiology 158
(2012) 129-135. “Friese et al. Applied and Environmental Microbiology 79 (2013) 2759-2766. “*Masclaux et al.
Ann Occup Hyg, 57 (2013) 550-557. Number of samples given in brackets are the samples PCR positive.

Modelling

Based on the above literature overview, we identify three types of data that could be used as a
basis for a model calculation of inactivated + viable (i.e. PCR measured) microorganisms: data on
shedding of microorganisms, data on dust emission/concentrations, and data on the composition of
dust. Furthermore, data on survival of micro-organisms during aerosolization is available. A naive
modelling approach based on working along the flow direction indicated in Figure 2, would be to
explicitly describe the aerosolization process of dust (and microorganisms contained in the dust
bio-aerosols) for each possible dust source, and calculate the overall dust bio-aerosol composition
from there. However this requires much more quantitative insight in aerosolization rates of
different materials under the specific conditions of the (type of) animal house in question than is
available. Instead we note that the data available on dust composition allow us to directly work
with the measured composition of dust that results from all the detailed aerosolization processes of
the relevant different materials in the (type of) animal house considered. Furthermore, the
measured PM10 dust concentration and emission data is a quantification of the absolute dust
concentration and emission. Therefore we arrive at the following tentative modelling approach. We
first consider the emission of inactivated + viable (i.e. PCR measured) microorganisms in PM10
dust bio-aerosols in the outgoing ventilation air. The level of such emission equals the PM10
emission level (in terms of PM10 mass per time unit) times the weighted average value for the
inactivated + viable pathogen concentration in dust (in terms of pathogen units per mass unit),
where the weighting is across dust sources and is performed using the percentage contributions of
all the relevant materials that contribute to the dust, based on the available dust composition data.
This model can be written in words and in mathematical terms as follows:

(PM10 Emission Rate) x SumOverDustComponents
[PercentageContributionOfComponent™* ]
ConcentrationinComponent] (I e{manure,feathers,...})

Emission Rate of Microorganism = ER... = ER Z fc
MO — PM10 ivi
i

When the pathogen concentrations are measured in log units, the corresponding formula reads:



Emission Rate of Microorganism =
Log((PM10 Emission Rate) < SumOverDustComponents ERyo =109 ERPMmz f,10°
[PercentageContributionOfComponent™* 0

ConcentrationlnComponent]) .
(i e{manure feathers,...})

Using the ventilation rate (VR) of the animal house we may convert the emission rate to a
concentration (in terms of pathogen units per m®):

Emission Concentration = ERMO

(Emission Rate) / (Ventilation Rate) CMO = VR

When the emission concentration is measured in log units, the corresponding formula reads:
Emission Concentration = ER

Log ((Emission Rate) / (Ventilation Rate)) CMO = Iog VII\QAO

In order to calculate the emission (or concentration in exhaust air) of viable-only microorganisms,
we need to account for the survival of the pathogen between shedding by the animals and emission
of the dust bio-aerosols from the animal house. More precisely, the relevant survival for each
particular dust source is the percentage of surviving pathogen between the moment at which the
concentration shed (as in the shedding data overview) was determined, and the moment the
exhaust air leaves the animal house. The model including the survival percentage reads as follows:

(PM10 Emission Rate) x SumOverDustComponents
[PercentageContributionOfComponent™* ]
ConcentrationlnComponent*SurvivingPercentagelnComponent] (I e{manure,feathers,...})

Emission Rate of Microorganism = ERyo = ERPMlOZ f.cs,
i

Or when the concentrations in the components are measured in log units:

Emission Rate of Microorganism = ER.  —ER £.10%

o = . S.

(PM10 Emission Rate) x SumOverDustComponents MO P'V'loz i |
1

[PercentageContributionOfComponent™

ConcentrationlnComponent*SurvivingPercentagelnComponent] (i e{manure,feathers,...})

As argued in the data overview above, the most important part of the total inactivation between
these two moments is taking place during the phase in which the material is drying out and small
dusty particles are formed and/or the phase in which these particles are being aerosolized. Once
the particles are air-borne for longer than roughly one minute, further inactivation typically occurs
at a comparatively low rate. However, depending on the ventilation rate the second-stage
inactivation may still make a relevant contribution in some cases. We will perform our scenario
calculations ignoring this second stage, but consider the possible contribution of the second stage
in the discussion of the comparison between model prediction and observations.

We note that the emission of a farm is time-dependent: its variability can be considerable (spikes
and/or seasonal variability). This aspect is ignored by the above model, which is based on the
emission data that may be viewed as time-average values. The aerosolization rates are influenced
strongly by the level of animal activity, and thus variation in animal activity through time will cause
time-dependencies in emission strength. In addition, the rate of aerosolization of dust is known to
be influenced by the ventilation rate, which is known to vary through a production round and/or
between seasons. The dust emission rate values of Tables 10 and 11 are based on a measured
ventilation rate, concentrations in ingoing air and concentrations in outgoing air.

For microorganisms that are not always present on the farm, but only in periods of an outbreak,
the stage of microorganism spread in the farm, for example measured by the number of animals
infected, adds a factor that causes variation to other such factors present. In our explorative
calculations below we assume that the emission scales with a within-herd prevalence P which is set
to 1 for commensal bacteria, and to a fractional value for outbreak pathogens. This corresponds to
changing the model equations to:



Emission Rate of Microorganism = _
rga ERyo =P x ERpyyo Y i€,
Prevalence x (PM10 Emission Rate) < SumOverDustComponents i

[PercentageContributionOfComponent™* )

ConcentrationinComponent] (I e{manure,feathers,...})

and similarly for the other equations above. The model input parameters and their units are
summarized in Table 13.

Clearly the parameters P, C; and S, depend on the type of microorganism, whereas the parameters
f.. ER, VR are related to the production system and housing system, and are independent of the

type of microorganism. In order to account for the uncertainties in model parameters, stochastic
model calculations (iterations) were performed in which model parameter values were sampled
from probability distributions. Each iteration used a random assignment of model parameter values
based on their joint probability distribution, and 10 000 iterations were performed to generate a
distribution of outcomes, thereby providing insight into the uncertainty of the model prediction.
These calculations were carried out using the @Risk software package. The probability distributions
for the values of three production and housing-system related parameters used in our model
calculations are listed in Table 14.

Table 13. Definition and notation of the model parameters.

Parameter Symbol Units

Within-herd prevalence P none

Concentration of microorganisms excreted in C. log cfu/g (bacteria), log EID50/ml
excreta/secreta i e.g. feces : (viruses)

Fraction of microorganism that survives during S; none

aerosolization

Fraction excreta/secreta i, in dust particles f; none

Emission rate of dust particles (PM10) of the housing ER g/h/animal

system

Ventilation rate of the housing system VR m3/h/animal

Table 14. Input values for model parameters related to the production and housing system: Proportion of
feces in dust particles ( f.), emission rate (ER) (mg/h/animal), and ventilation rate (VR) (m3/h/animal).

Source: Cambra-Lopez et al. 2011 ( f.); Winkel et al. 2015 (ER and VR). The ER input values are based
on log-transformed data (Table 4 in Winkel et al. (2015)).

Animal species  Housing system fF ER VR

Fattening pigs Part. slatted Normal(0.298,0.033) eNormal(2.66,0.18) Pert(6.6,28,49.3)

Sows Group housing, 0.291 eNormal(2.9,0.27) Pert(22.2,50.8,75.9)
slatted floor

Layers Floor housing Normal(0.855,0.145)* eNormal(2.16,0.18) Pert(1.1,3.5,9)

Broilers Not specified Normal(0.956,0.017) eNormal(0.81,0.18) Pert(0.1,2.1,9.6)

2 Distribution bounded between 0 and 1.

Model predictions for indicator organisms

We used the model to calculate/predict the concentration of the indicator organisms E. Coli and
Staphylococci in outgoing ventilation air based on bacterial concentrations in feces. These feces
were sampled in the same farms for which the concentration of bacteria was measured by sampling
the exhaust air, thus enabling a comparison of the predictions to the measured concentrations.
Such paired data were available for (fattening) pig farms (E. Coli and Staphylococci), and for two
types of poultry farms (E. Coli only): layers and broilers. For these indicator bacteria, as they are
commensurate bacteria, the within-herd prevalence parameter P was set to 1. The production and
housing system related parameter distributions were those listed in Table 14. For both indicator
bacteria, of the set of model parameters fi we only used fF. For E. Coli we consider this to be a

good approximation, assuming that the main dust source in which bacteria may be contained is
feces. For Staphylococci it is not expected to be a good approximation, but rather a first step given
a lack of quantitative data on concentrations in other dust sources, in particular nasal discharge
and skin which are both expected to carry the bacteria.



Staphylococci in fattening pigs

Based on the VGO field data (see Table 1) the concentration of inactivated + viable Staphylococci
in feces was modelled by a normal distribution with mean 6.78 log10 CFU/g and standard deviation
of 0.71 log10 CFU/g. We assumed that in feces most of the bacteria are viable, and therefore used
the VGO field data, which are based on culture of feces samples and thus measured viable
Staphylococci only, as a measure for inactivated + viable.

The model result for the concentration of inactivated + viable Staphylococci in exhaust air is given
in red in Fig. 3. The variation indicated across more than 2 logs is due to the variation observed in
measurements of the four underlying quantities: concentration of Staphylococci in feces, fraction
feces in dust particles, emission rate and ventilation rate. In blue the measured concentration in
PCR (i.e inactivated + viable) is displayed as a normal distribution based on mean and standard
deviation calculated for the measurements (Here the PCR result for total dust was multiplied by
0.34 based on Mosquera et al. (2010) to convert it to a concentration based on PM10). The
predicted mean concentration is approximately 2.5 logs lower than the measured concentration,
which is a large discrepancy. This discrepancy, or part of it, could perhaps be explained by the
contributions of skin and nasal discharge not being included in the model. Apart from that,
replacing in the model the concentration in terms of CFU per gram feces by that in terms of CFU
per gram dry matter in feces, would reduce the discrepancy by approximately 0.5 log. In addition,
there are four input quantities that need to be considered in explaining the discrepancy: (possible
inaccuracies in) the concentration shed in feces, the percentage of dust originating from feces, the
emission rate and the ventilation rate. Inaccuracies in the latter two quantities are unlikely to
contribute substantially to the observed discrepancy. The ratio of these is the dust concentration in
the outgoing air, and the value for this ratio resulting from the literature values of the emission
rate and the ventilation rate turns out to closely match the PM10 concentrations measured in
parallel with the sampling for the indicator microorganisms. The quantity ‘percentage of dust
originating from feces’ could also possibly only explain a small part of the discrepancy: the mean of
this quantity is assumed to be 29,8% so that given a maximum of 100% the scope for
underestimation is at most only 0.5 log. The concentration of Staphylococci shed in feces is an
input quantity with much more scope for causing a large part of the discrepancy. If the value used
(mean concentration of 6.78 logl0 CFU/g) would be underestimating the true concentration in
feces by 2 logs, that true concentration would need to be close to 9 logs. Clearly, further work
would be needed to better understand how to reconcile measured concentrations in feces and in
outgoing air. In addition, the predicted variation of the concentration is wider than the variation
observed in the measurements. A plausible explanation for this would be that in samples of dust
particles the contributions of feces of many different individual animals are included, such that
much of the variation in concentration observed between individual fecal samples is averaged out.
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Figure 3. Concentration of inactivated + viable Staphylococci in exhaust air of a house of fattening pigs:
model prediction (red) and summary of measurements (blue).

Based on a survival fraction of 0.0224 for gram-positive bacteria in the first stage of aerosolization
in the 15-25 degrees Celsius temperature range and the 40%-70% humidity range (taken from
Table 4), we also used the model to predict the concentration of viable Staphylococci in the
exhaust air. This was again based on assuming that the full bacteria concentration as determined
in feces corresponded to viable bacteria. Here we observe a discrepancy between predicted and
modelled concentration of close to 1.5 logs, with the model underestimating the measured viable
bacteria concentration. Comparison of the measured viable Staphylococci in the exhaust air with
the PCR results in Figure 3 indicates that the survival is roughly 1 log worse than described by the
literature value of 0.0224 used. This is also more directly displayed in Table 15 in which the
experimentally observed survival is compared to the one that may be deduced from the VGO
culture versus PCR results on the same air samplings. As discussed above and apparent from Table
4, survival of gram-positive bacteria as measured experimentally is strongly dependent on the
temperature and the humidity. This indicates that also in the field the survival in the first stage of
aerosolization is rather sensitive to the precise conditions, and thereby also that differences
between the experimental wet aerosolization conditions under which the results of Table 4 were
obtained in the field can have a major effect on the survival. We note that in addition, second-
stage inactivation (i.e. during the time the bio-aerosols spend in the house before being emitted)
may explain part of the discrepancy of approximately 1 log.
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Figure 4. Concentration of viable Staphylococci in exhaust air of a house of fattening pigs: model
prediction (red) and measurements (blue).

Staphylococci in sows

The model results for the concentration of inactivated + viable Staphylococci in exhaust air of a
sow house is given in red in Fig. 5. The concentration of inactivated + viable Staphylococci in feces
was modelled again based on the VGO field data for fattening pigs, by a normal distribution with
mean 6.78 logl0 CFU/g and standard deviation of 0.71 logl0 CFU/g. In blue the measured
concentration in PCR (i.e. inactivated + viable) is displayed as a normal distribution based on mean
and standard deviation calculated for the measurements. We observe a similar discrepancy
between prediction and measured concentration to the one observed for Staphylococci in fattening
pigs. Comparing the predicted and measured mean concentration shows that the model
underestimates the mean by about 3 logs, which would be reduced to approximately 2.5 logs if
correcting for dry matter content in feces as described above. Again this discrepancy, or part of it,
could perhaps be explained by the contributions of skin and nasal discharge not being included in
the model. If the contribution of feces would be dominant however, the only input quantity that
could plausibly be responsible for most of the discrepancy is the concentration of Staphylococci in
feces.

Based again on a survival fraction of 0.0224 for gram-positive bacteria in the first stage of
aerosolization in the 15-25 degrees Celsius temperature range and the 40%-70% humidity range
(taken from Table 4), we also used the model to predict the concentration of viable Staphylococci
(see Figure 6). Comparison with Figure 5 shows that in this case the survival fraction of 0.0224
seems to give a better description of the observed survival than for fattening pigs. This is also
more directly displayed in Table 15 in which the experimentally observed survival is compared to
the one that may be deduced from the VGO culture versus PCR results on the same air samplings.
The latter value is slightly higher, a difference which would increase after the contribution of
second-stage inactivation (i.e. during the time the bio-aerosols spend in the house before being
emitted) would be taken into account.
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Figure 5. Concentration of inactivated + viable Staphylococci in exhaust air of a house of sows: model
prediction (red) and measurements (blue).
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Figure 6. Concentration of viable Staphylococci in exhaust air of a house of sows: model prediction (red)
and measurements (blue).

E. Coli in pigs

The concentration of E. Coli in feces was modelled by a Pert distribution with mean (min, max)
6.88 (6.0,7.64) logl0 CFU/g based on the study by Horton et al. (2011) listed in Table 1. The
model result for the concentration of inactivated + viable E. Coli in exhaust air is given in red in
Fig. 7A (fattening pigs) and 7B (sows). The mean concentrations measured in the VGO field study
are also displayed, and these were obtained by multiplying the PCR result for total dust by 0.34
based on Mosquera et al. (2010) to convert it to a concentration based on PM10. We again observe
a large discrepancy between predicted and measured mean concentrations: 1 log for fatteners and
1.5 logs for sows. Again, replacing in the model the concentration in terms of CFU per gram feces
by that in terms of CFU per gram dry matter in feces, would reduce the discrepancy by



approximately 0.5 log. Thus, the discrepancies are much smaller than in the calculations above for
Staphylococci. However, we note that if the VGO field data for E. Coli in pig feces were used (see
Table 1), the discrepancy would be even (almost) 4 logs larger. Regarding the variation in
outcome, in contrast to what is observed for Staphylococci in pigs, the predicted variation in
outcome is smaller than the one observed.

Based on a survival fraction modelled by Pert(0.0001,0.779,0.861) for E. Coli in the first stage of
aerosolization in the 15-25 degrees Celsius temperature range and the 40%-70% humidity range
(taken from Table 5), we also used the model to predict the concentration of viable E. Coli in the
exhaust air. This was again based on assuming that the full bacteria concentration as determined
in feces corresponded to viable bacteria. The result are shown in Figure 8A (fattening pigs) and 8B
(sows). Comparison between Figures 7B and 8B shows that according to the measurements, the
survival rate of E. Coli is much lower than suggested by the literature value. The difference for
sows is 4 logs, as can be also seen in Table 15 where the rates are directly compared. For fattening
pigs no viable E. Coli was measured in the outgoing ventilation air in the VGO field study (Table
10). This result is consistent with the fact that in experiments using dry aerosolisation, no viable E.
Coli was recovered (Hoeksma et al. 2015).
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Figure 7A. Concentration of inactivated + viable E. Coli in exhaust air of a house of fattening pigs: model
prediction (red) and measurements (blue).
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Figure 7B. Concentration of inactivated + viable E. Coli in exhaust air of a house of sows: model
prediction (red) and measurements (blue).
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Figure 8A. Concentration of viable E. Coli in exhaust air of a house of fattening pigs: model prediction
(red). In this study no viable E. Coli was measured in exhaust air from fattening pig stables (Table 10).
In the study by Von Salviati et al. (2015) (see also Table 10) a positive culture result was obtained in 4
out of 63 air samplings.
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Figure 8B. Concentration of viable E. Coli in exhaust air of a house of sows: model prediction (red) and
measurements (blue).

E. Coli in poultry

The concentration of E. Coli in feces was modelled for layers by Pert(4.9,6.53,9.0) based on Zhang
& Kim, 2013; Horton et al. (2011) and for broilers by Pert(4.9,7.54,8.4) based on Horton et al.
(2011); see also Table 1. The model result for the concentration of inactivated + viable E. Coli in
exhaust air is given in red in Fig. 9A (layers) and 9B (broilers). The mean concentrations measured
in the VGO field study are also displayed, and these were obtained by multiplying the PCR result for
total dust by 0.37 based on Mosquera et al. (2009) (layers) and 0.49 based on Winkel et al. (2009)
(broilers) to convert it to a concentration based on PM10. Comparing the predicted and measured
mean concentration shows that the model underestimates the mean by about 2 logs in both types
of poultry, and for layers the variation in the observed concentrations is much less wide than
predicted. Again, replacing in the model the concentration in terms of CFU per gram feces by that
in terms of CFU per gram dry matter in feces, would reduce the discrepancy by approximately 0.5
log. Also again, inaccuracies in the emission rate and the ventilation rate are unlikely to contribute
substantially to the observed discrepancy, and the distributions assumed for the quantity
‘percentage of dust originating from feces’ (as listed in Table 12) leave no scope for any substantial
contribution to the discrepancy. Therefore, again the concentration shed in feces is the only input
quantity with sufficient scope of inaccuracy to explain a large part of the discrepancy. Further work
would be needed to better understand how to reconcile measured concentrations in feces and in
outgoing air.

Based on a survival fraction modelled by Pert(0.0001,0.779,0.861) for E. Coli in the first stage of
aerosolization in the 15-25 degrees Celsius temperature range and the 40%-70% humidity range
(taken from Table 5), we also used the model to predict the concentration of viable E. Coli in the
exhaust air. This was again based on assuming that the full bacteria concentration as determined
in feces corresponded to viable bacteria. The result are shown in Figure 10A (layers) and 10B
(broilers). Here we observe a discrepancy between prediction and observations and in contrast to
the results for inactivated + viable in Figures 9A and 9B now we find that the measured data are
much higher than the modelled data. Based on the comparison between Figures 9 and 10 we
conclude that the survival of E. Coli is much lower than the mean literature value suggests. As is
shown in Table 15, the survival based on the comparing the VGO culture versus PCR results is
more than 4 logs lower for both layer and broiler farms. This result is again consistent with the fact
that in experiments using dry aerosolisation, no viable E. Coli was recovered (Hoeksma et al.
2015).
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Figure 9A. Concentration of inactivated + viable E. Coli in exhaust air of a house of layers: model
prediction (red) and measurements (blue).
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Figure 9B. Concentration of inactivated + viable E. Coli in exhaust air of a house of broilers: model
prediction (red) and measurements (blue).
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Figure 10A. Concentration of viable E. Coli in exhaust air of a house of layers: model prediction (red) and
measurements (blue).
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Figure 10B. Concentration of viable E. Coli in exhaust air of a house of broilers: model prediction (red)
and measurements (blue).

Table 15. Survival percentages of indicator organisms based on wet aerosolization experiments vs. based
on comparing the culture versus PCR results of VGO field data.

Organism

Farm type

Survival percentage:
Literature value based on
wet aerosolization (%)

Survival percentage:
Deduced from VGO field
sampling analyses (%)

Staphylococci
Staphylococci
E. Coli
E. Coli
E. Coli
E. Coli

Fattening pigs
Sows
Fattening Pigs
Sows

Layers
Broilers

2.24
2.24

77.9 (0.01-86.1)
77.9 (0.01-86.1)
77.9 (0.01-86.1)
77.9 (0.01-86.1)

0.45 (0.11 — 1)
4.53 (2.09 — 8.13)
0.0

0.02 (0.00 — 0.13)
0.03 (0.00 — 0.19)
0.01 (0.00 — 0.04)




Model application to other microorganisms

Given the failure of our model to explain the measurements for the indicator organisms, there
currently seems no firm basis to apply the model to other microorganisms, in particular zoonotic
pathogens.

It is however of interest to discuss the specific current data and data gaps related to modelling the
emission regarding two zoonotic pathogens of particular interest: HPAI and Campylobacter.

For HPAI there is much information in the literature on concentrations in feces and oral fluids
(tracheal samples). However, estimating the impact of oral shedding on HPAI emission from the
farm is complicated by the absence of data on the fraction that the wet aerosols represent in total
bio-aerosols. Although the proportion of PM10 dust originating from feathers has been estimated,
lack of shedding data for feathers precludes taking the contribution of feathers into account. For
Campylobacter there is relatively good information on fecal shedding levels, which may range
between 6 and 10 logl0 CFU/g (see e.g., Seliwiorstow et al. 2016) but there is no good
quantification of its (low) survival during aerosolization under dry conditions. In the only study
attempting to measure viable Campylobacter in the air, no culturable Campylobacter was
recovered, although this might have been partly due to the low number of animals shedding
Campylobacter in this experiment (Zhao et al. 2011). The possibility of a viable but non-culturable
(VBNC) state adds to the difficulty in quantifying viable Campylobacter emission levels from
infected flocks.

Conclusions

Based on the results of this study it can be concluded that at present one cannot satisfactorily
predict, on the basis of other quantifications, the measured concentrations of the indicator micro-
organisms Staphylococci and E. Coli in the outgoing air of pig farms, nor those of E. Coli in poultry
farms. The details of the mismatch of the model to observations is informative however, as
together with the data overview these details give clues on which elements of the pathway from
shedding to emission need to be better understood. In detail, referring to the research questions of
this study, the conclusions are as follows:

a. Which quantitative data are available on concentrations of dust particles emitted with the

ventilation by different types of farms, and on the composition of those particles?
Answer: Good field measurement data on time-average concentrations of dust particles
emitted is available for most livestock production and housing systems. Variation in time
can however be substantial; time-varying profiles are not yet fully characterized. The
composition of dust has been studied for a wide range of production and housing types;
although the estimated source contributions to dust are subject to some uncertainty, the
linear scale of this aspect ensures that inaccuracies have a comparatively minor effect on
calculations of concentrations of emitted micro-organisms.

b. Which quantitative data are available for relevant zoonotic pathogens on concentrations in

excreta and secreta and on inactivation during aerosolization?
Answer: The available data differs greatly between pathogens. For avian influenza, much
information is available on the fecal and oral shedding levels, and some information on
survival during aerosolization and/or when in the air. For Campylobacter there is relatively
good information on fecal shedding levels but there is no good quantification of its (very
low) survival during aerosolization.

c. Is it possible to reliably calculate the concentration of viable pathogens that is emitted with
the ventilation air based on the characteristics of the animal production and housing and
using the data reviewed in a and b, and using a mathematical model for the processes
involved? If not, what are the knowledge gaps?

Answer: At present we are unable yet to reliably predict emitted concentrations of viable
pathogens. The model analyses for indicator bacteria E. Coli and Staphylococci are very
informative. Comparison of the model predictions with the measured concentrations in
outgoing ventilation air shows substantial discrepancies between the two. When assuming
that the PCR results of the VGO study are valid, the model results for E. Coli indicate that
literature values of bacterial counts in feces as well as unpublished data substantially



underestimate the total shedding level of viable + inactivated bacteria. In addition,
literature values of the survival percentage of these indicator bacteria during aerosolization
turn out to be inaccurate to describe the field situations, in particular for E. Coli. This
parameter is difficult to determine experimentally due to difficulties to simulate the drying
process under lab conditions. The differences between laboratory and field conditions seem
to have a particularly strong impact on survival for gram-negative bacteria.

All in all, the results show that the main knowledge gaps for predicting the concentrations of

microorganisms in air emitted by farms are:

e At present there is generally insufficient insight in the concentration of (inactivated as well as
viable) micro-organisms in excreta and secreta of farm animals and in other materials present
in the animal house. For the indicator-organisms E. Coli and Staphylococci there is much
variation between animal and between studies in measured viable concentrations in feces, and
the modelling study here indicates that the concentrations measured strongly underestimate
the true concentrations of inactivated + viable microorganisms in feces.

e At present there is insufficient insight in the inactivation rate of microorganisms during and
preceding aerosolization of feces and other dust constituents. Experimentally determined
inactivation rates during aerosolization mostly concerns wet aerosolization, whilst the
aerosolization under field conditions occurs after feces and other materials have dried out. For
the experimental approaches to study dry aerosolization it is unclear whether they present a
satisfactory model of the field conditions. Our results also suggest that the housing system
influences the the aerosolization process and the concurrent inactivation of microorganisms.
The experimental studies show that inactivation rates can be strongly dependent on
temperature and humidity during aerosolization. This suggests that the detailed field conditions
may also have a strong influence.

To address these knowledge gaps it is desirable to carry out quantitative field studies on the

concentrations of microorganisms in feces and other dust constituents and the inactivation rates of

these microorganisms preceding and during aerosolization.

Acknowledgements

The authors thank Ingmar Janse, Marjolijn Schalk and Ana Maria de Roda Husman (RIVM) for
discussions and for access to the measurement data of the indicator organisms in outgoing
ventilation air and in feces samples. They also thank Pim Sanders for his contribution through his
MSc thesis and Mart de Jong (Wageningen University) for supervision of this thesis.

References
Van Bunnik BAD, Ssematimba A, Hagenaars TJ, Nodelijk G, Haverkate MR, Bonten MJM, Hayden MK,

Weinstein RA, Bootsma MCJ, De Jong MCM. (2014). Small distances can keep bacteria at bay for days.
PNAS 111, 3556—3560.

Cambra-Lépez M, Hermosilla T, Lai HT, Aarnink AJA, Ogink NWM. (2011). Particulate matter emitted
from livestock houses: On-farm source identification and quantification. Transactions of the ASABE 54,
629-642.

Geidam YA, Ambali AG, Onyeyili PA, Tijjani MB, Gambo HI, Gulani IA. Antibacterial efficacy of ethyl
acetate fraction of Psidium guajava leaf aqueous extract on experimental Escherichia coli (O78) infection
in chickens. (2015). Vet World. 8, 358-62.

Hoeksma P, Aarnink A, Ogink N. Effect of temperature and relative humidity on the survival of airborne
bacteria. Livestock Research Report 864. Wageningen, April 2015.

Horton RA, Randall LP, Snary EL, Cockrem H, Lotz S, Wearing H, Duncan D, Rabie A, McLaren |, Watson
E, La Ragione RM, Coldham NG. Fecal carriage and shedding density of CTX-M extended-spectrum beta-
lactamase-producing escherichia coli in cattle, chickens, and pigs: implications for environmental
contamination and food production. (2011). Appl Environ Microbiol. 77, 3715-9.



Mosquera J, Winkel A, Dousma F, Lovink E, Ogink NWM, Aarnink AJA. (2009). Dust emission from animal
houses: layer hens in floor housing. Lelystad: Wageningen UR Livestock Research (Report / Wageningen
UR Livestock Research 279) - 26 p.

Mosquera J, Hol JMG, Winkel A, Lovink E, Ogink NWM, Aarnink AJA. (2010). Fijnstofemissie uit stallen:
vleesvarkens = Dust emission from animal houses: growing and finishing pigs. Lelystad: Wageningen UR
Livestock Research (Rapport / Wageningen UR Livestock Research 292) - 37 p.

Mosquera J, Hol JMG, Winkel A, Nijeboer GM, Ogink NWM, Aarnink AJA. (2010). Dust emission from
animal houses: pregnant sows. Lelystad: Wageningen UR Livestock Research (Rapport / Wageningen UR
Livestock Research 294) - 26 p.

Pleydell EJ, Brown PE, Woodward MJ, Davies RH, French NP. Sources of variation in the ampicillin-
resistant Escherichia coli concentration in the feces of organic broiler chickens. (2007). Appl Environ
Microbiol. 73, 203-10.

Von Salviati C, Laube H, Guerra B, Roesler U, Friese A. (2015). Emission of ESBL/AmpC-producing
Escherichia coli from pig fattening farms to surrounding areas. Veterinary Microbiology 175, 77—84.

Sanders P (2016). Virus shedding of avian influenza in poultry: a systematic review and meta-analysis,
MSc Thesis Animal Sciences, Wageningen University).

Seliwiorstow T, Baré J, Berkvens D, Van Damme I, Uyttendaele M, De Zutter L. (2016). Identification of
risk factors for Campylobacter contamination levels on broiler carcasses during the slaughter process.
International Journal of Food Microbiology 226, 26—32.

Winkel A, Mosquera J, Kwikkel RK, Gerrits, FA, Ogink NWM, Aarnink AJA. (2009). Dust emission from
animal houses: broilers. Lelystad : Wageningen UR Livestock Research (Rapport / Wageningen UR
Livestock Research 275) - 23 p.

Winkel A, Mosquera Losada J, Groot Koerkamp PWG, Ogink NWM, Aarnink AJA. (2015). Emissions of
particulate matter from animal houses in the Netherlands. Atmospheric Environment, 111, 202-212.

Zhang ZF, Kim IH. Effects of probiotic supplementation in different energy and nutrient density diets on
performance, egg quality, excreta microflora, excreta noxious gas emission, and serum cholesterol
concentrations in laying hens. (2013). J Anim Sci. 91, 4781-7.

Zhao Y, Aarnink AJA, Groot Koerkamp PWG, Hagenaars TJ, Katsma WEA, De Jong MCM. (2011).
Detection of Airborne Campylobacter with Three Bioaerosol Samplers for Alarming Bacteria Transmission
in Broilers. Biological Engineering 3: 177-186.



	Table of contents
	Background and problem formulation
	Approach
	Materials and methods
	Data collection
	Modelling perspective

	Results
	Data overview
	Data overview: Shedding and survival
	Data overview: Composition and concentrations
	Data overview: aerosolization factor
	Concentration data for indicator organisms

	Modelling
	Model predictions for indicator organisms
	Staphylococci in fattening pigs
	Staphylococci in sows
	E. Coli in pigs
	E. Coli in poultry

	Model application to other microorganisms


	Conclusions
	Acknowledgements
	References

