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Abstract 8 

Intensive farming is widespread throughout the UK and yet the health effects of bioaerosols 9 

which may be generated by these sites are currently not well researched. A scoping study was 10 

established to measure bioaerosols emitted from intensive pig (n = 3) and poultry farms (n = 11 

3) during the period 2014-2015. The concentration of culturable mesophilic bacteria, Gram-12 

negative bacteria, Staphylococcus spp., and fungi selecting for presumptive Aspergillus 13 

fumigatus were measured using single-stage impaction Andersen samplers, whilst endotoxin 14 

and (1→3)-β-D-glucan was undertaken using inhalable personal samplers. Particulate matter 15 

concentration was determined using an optical particulate monitor. Results showed that 16 

culturable bacteria, fungi, presumptive Staphylococcus aureus (confirmed only as 17 

Staphylococcus spp.) and endotoxin concentrations were elevated above background 18 

concentrations for distances of up to 250 m downwind of the source. Of all the culturable 19 

bioaerosols measured, bacteria and Staphylococcus spp. were identified as the most 20 

significant, exceeding published or proposed bioaerosol guidelines in the UK. In particular, 21 

culturable Staphylococcus spp. downwind was at least 61 times higher than background at 22 

the boundary and at least 8 times higher 70m downwind on the four farms tested.  This 23 

research represents a novel dataset of intensive farm emissions within the UK.  Future 24 

research should exploit the use of innovative culture-independent methods such as next 25 

generation sequencing to develop deeper insights into the make-up of microbial communities 26 

emitted from intensive farming facilities and which would better inform species of interest from 27 

a public health perspective. 28 

 29 
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Introduction 32 

The use of intensive animal farming is widespread throughout the UK. There are 217,000 33 

agricultural holdings within the UK employing approximately 474,000 people (Department of 34 

Environment, Food and Rural Affairs (Defra), 2018). There are some five million pigs and 182 35 
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million birds, 118 million of which are ‘table chicken’ e.g. broilers (Defra, 2018), distributed 36 

across approximately 10,900 pig farms (AHDB 2018) and 2,500 poultry farms (British Poultry 37 

Council, 2018). 38 

Agricultural production and concentrated animal feeding operations can emit a range of 39 

pollutants to the atmosphere including odour, greenhouse gases, ammonia, volatile organic 40 

compounds and particulate matter (Defra 2018, Douglas et al., 2018, Hayes et al., 2006; 41 

Cambra-López et al., 2010; Tilman et al., 2002). Whilst some studies have investigated the 42 

effect of particulate matter on the heath of livestock workers (Andersen et al., 2004; Cambra-43 

López et al., 2010), less is known about the exposure of the general population to bioaerosol 44 

emissions from such farming, either in the UK or elsewhere.  In a systematic review to address 45 

these knowledge gaps Douglas et al., (2018) reported that a range of papers illustrated farm 46 

workers experienced respiratory and gastrointestinal problems and that negative health 47 

effects had been linked to surrounding populations and that further research was needed.  48 

This study concentrates on bioaerosols, particulate matter from a biological origin, which are 49 

of concern as they can cause infection and an inflammatory response in the lungs, particularly 50 

in high risk groups such as the immunosuppressed or those with an existing respiratory 51 

disease (Biermann et al., 2013; Bünger et al., 2007; O'Gorman, 2011). Bioaerosols 52 

investigated here included  microorganisms such as bacteria, fungi and their components 53 

endotoxin from the cell wall of Gram-negative bacteria and (1→3)-β-D-glucan from the cell 54 

wall of fungi (Gutarowska et al., 2015, Swan et al., 2003, Searl, 2008). 55 

Bioaerosols have previously been associated with farming operations such as manure 56 

spreading, where it was concluded they could pose a risk to downwind receptors (Jahne et 57 

al., 2015). Elevated concentrations of bacteria, fungi, endotoxin and antibiotic resistant 58 

bacteria have also been reported downwind of intensive swine and poultry farms (Defra, 2009; 59 

Gibbs et al., 2006; Ko et al., 2008; Schulz et al., 2012). For example, Staphylococcus aureus 60 

has previously been identified as a potential indicator organism for emissions from chicken 61 

broiler houses (Schulz et al., 2011) and occupationally on pig farms (Masclaux et al., 2013). 62 

S. aureus is a potential human pathogen and antibiotic resistant S. aureus has also previously 63 

been identified in air samples up to 150 m from pig feeding operations (Gibbs et al., 2006). 64 

Whilst much of the existing evidence shows that intensive farming produces bioaerosols, the 65 

distances at which concentrations return to background are unclear. A comprehensive study 66 

of poultry farms by Defra (2009) concluded that bioaerosols approached background values 67 

at 100 m downwind. However, other studies have identified drug and antibiotic resistant 68 

bacteria up to 150 m downwind of the source (Gibbs et al., 2006; Schulz et al., 2012).  69 
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It has also been identified that bioaerosol components, such as endotoxin, are present in high 70 

concentrations in air samples close to livestock farms (Schulze et al., 2006; Thorne et al., 71 

2009; Ko et al., 2008) and that air pollutants from swine farms can cause acute respiratory 72 

symptoms in people living within 1.5 miles of swine operations (Schinasi et al., 2011).  Schulze 73 

et al., (2006) reported endotoxin concentrations up to 23.2 EU/m3 in gardens close to intensive 74 

farms compared to 0.7 EU/m3 at a reference site. Endotoxin at concentrations associated with 75 

adverse health effects have since been found downwind of swine livestock operations (Thorne 76 

et al., 2009; Schinasi et al., 2011). 77 

However, the health risk that livestock farms may pose to the general public remains uncertain. 78 

The Health Council of the Netherlands (2012) reported that “there is clear evidence that local 79 

residents can be exposed to microorganisms and substances derived from them”. Outbreaks 80 

of Q-fever, caused by Coxiella burnetti, in both the Netherlands and the UK have been 81 

attributed to nearby livestock farms (van der Hoek et al., 2010; Wallensten et al., 2010). Radon 82 

et al., (2007) found an increased prevalence of wheezing with an increasing number of animal 83 

houses in the surrounding area. In contrast, a systemic review concluded that there were 84 

insufficient dose response data to draw conclusions about the impact of animal feeding 85 

operations on community health (O’Connor et al., 2010). However, Smit et al., (2012) 86 

determined there was an increased pneumonia incidence associated with the presence of 87 

poultry within 1 km in adults, but a later paper (Smit et al., 2014) determined there was a 88 

statistically significant negative association with farm related PM10 and all health outcomes. 89 

For regulatory purposes an endotoxin exposure limit for the general public of 30 EU/m3 has 90 

been proposed in the Netherlands (Health Council of the Netherlands, 2010), but the UK has 91 

no limit. However, environmental trigger levels have been in force in the UK since 2009 for 92 

environmental concentrations of non-speciated bacteria and Aspergillus fumigatus at 1000 93 

and 500 CFU/m3 downwind of waste composting (Drew et al., 2009).  There is also the 94 

potential that glucan can cause airway inflammation when present above 10 ng/m3 (Rylander, 95 

1997). For environmental particulate matter, PM10 has a European air quality target value of 96 

50 µg/m3 (as a 24 hour running mean) and PM2.5 a target value of 25 µg/m3 (Defra 2012). 97 

This study was designed as a first investigation of bioaerosols downwind from intensive 98 

farming to evaluate emissions within a regulatory context.  Hence bioaerosol sampling was 99 

carried out up and downwind of three poultry and three swine farms within the UK to determine 100 

particulate matter, endotoxin, bacterial and fungal concentrations in emissions. This 101 

investigation was designed to measure bioaerosols using culture-dependent microbiology, 102 

and endotoxin and glucan, at all sites using the same methodology, to increase understanding 103 

of the scale and composition of viable bioaerosols associated with intensive livestock farming. 104 
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The aim of this study was to improve the regulatory science evidence base needed to inform 105 

future decision-making and inform risk assessment regarding emissions from these facilities.   106 

Methods 107 

Study design  108 

During 2014 and 2015 three chicken and three pig farms covered by the Environmental 109 

Permitting Regulations (2010) within the UK were selected for a pilot investigation as seen in 110 

Table 1. Sampling was undertaken on 12 separate days – each farm received two visits. Two 111 

farms were visited twice in spring 2014, and four farms twice in spring 2015. 112 

Table 1 Summary of Farm characteristics 113 

Farm 
ID 

Type 
Farm animal 

Capacity 
Ventilation Activity 

1 Chicken 
layers 

590,000 Automatic temperature 
control 

Normal running and 
deliveries 

2 Chicken 
broilers 

205,000 Roof vents, 16 automatic 
fans per shed 

Normal running chickens/ 
mucking out 

3 Chicken 
broilers 

150,000 Roof fans Normal running of 
chickens/mucking out 

4 Pig 7,000 Mix of automatic fans and 
passive door and roof vents 

Movement of pigs onsite 

5 Pig 6,480 Side vented fans Normal running of pigs 

6 Pig 3,510 Passive door and roof vents, 
1-2 fans on older sheds 

Normal running of pigs 

 114 

Sampling was carried out at chicken farms at the peak of the cycle e.g. all animals were 115 

present in the houses and when there was activity on site, pigs were cycled continuously and 116 

therefore both represented peak intensive production. Sampling locations were selected at 117 

least 5-10 m from the nearest buildings with no overhanging trees. At each site samples were 118 

taken upwind (10-50+ m), onsite (0 m), at the downwind boundary (10-31 m) and downwind 119 

(40-250 m) consisting of between four and five sampling points sequentially per farm per day.  120 

Downwind locations were determined by wind direction (verified by anemometer) and access 121 

considerations.  All farms were surrounded by open flat farm land though this was often not in 122 

the ownership or control of the farms, hence compromises were made with distance. There 123 

were no other local sources of bioaerosols at any of the sites. 124 

Each farm was monitored for particulates, viable (selected) microorganisms (following the 125 

AfOR Protocol (2009), endotoxin and glucan at each sample point.  Viable Staphylococcus 126 

sp. was carried out on four of the farms (two chicken, two pig) as an indicator of animal origin.  127 

Information on replicates is given below. 128 
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 129 

Particulate sampling and enumeration 130 

An Osiris particulate monitor (Turnkey Instruments, Cheshire UK) was used to measure 131 

particulate concentrations.  The Osiris uses a light-scattering technique to determine the 132 

concentration of airborne particles.  The monitor was operated at 0.6 L/min for at least 30 133 

minutes at each sample location concurrently with bioaerosol sampling (each data point 134 

consists of a 30 minute run from which is calculated an average). Total suspended particulates 135 

(TSP), particulate matter with a diameter less than or equal to 10 µm (PM10) and particulate 136 

matter with a diameter less than or equal to 2.5 µm (PM2.5) was enumerated by this method.  137 

 138 

Weather Conditions 139 

Weather conditions such as cloud cover were noted manually.  The Osiris was also used to 140 

log temperature, relative humidity, and wind speed and wind direction (from an inline 141 

anemometer placed at 1.8m) every minute of the sampling period. 142 

 143 

Sampling and analysis of culturable microorganisms 144 

Sampling of culturable microorganisms was undertaken using the impaction method with four 145 

single-stage Andersen samplers with a hemi-cylindrical baffle in accordance with the 146 

Association for Organics Recycling Protocol (AfOR, 2009). Nutrient agar (NA), MacConkey 147 

agar No. 3 (MAC) and malt extract agar (MEA) plates were prepared as outlined in the AfOR 148 

Protocol (2009) to determine concentrations of culturable bacteria, Gram-negative bacteria 149 

and fungi selecting for Aspergillus fumigatus. Mannitol salt agar (MSA) was used for the 150 

collection of Staphylococcus spp. and prepared according to the manufacturer’s instructions. 151 

All media were obtained from Oxoid Ltd. (Basingstoke, UK) and supplements from Fisher 152 

Scientific (Loughborough, UK) and Sigma Aldrich (Dorset, UK). Each petri dish contained 40 153 

mL of media aseptically in advance of sampling and stored at 4°C, and were loaded on-site 154 

aseptically and connected to a vacuum pump. An inline-flow meter was used to calibrate the 155 

pump to 28.3 L/min. Plates were exposed for 2 minutes (NA, MAC and MSA) or 10 minutes 156 

(MEA). Four duplicate samples were taken at each location, with field blanks unloaded without 157 

exposure and control plates were left in a sealed bag onsite. All samples were returned to the 158 

laboratory for incubation on the same day as sampling. Plates were incubated for 48 hours 159 

and checked again after 3-4 days at 37 °C for bacteria and 40 °C for fungi to favour 160 

thermotolerant fungi such as A. fumigatus as per the AfOR (2009) protocol.  161 
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After incubation, emerging colonies on the plates were counted and positive hole correlation, 162 

(Macher, 1989), was applied where colonies exceeded 20 on a plate. Results are expressed 163 

as colony forming units per cubic metre of air sampled (cfu/m3). The limit of detection (LOD) 164 

for the Andersens were 18 cfu/m3 for bacteria and Staphylococcus spp. and 4 CFU/m3 for 165 

fungi.  Each data point consists of the average of the four samples (if samples were within 166 

25% of each other).  Field blanks were used to confirm that contamination of either the media 167 

or handling of the sampler were below 2 colonies per plate. 168 

 169 

Sampling and analysis of endotoxin and (1→3)-β-D-glucan 170 

Samples for endotoxin and (1→3)-β-D-glucan were collected in triplicate using pre-sterilised 171 

Institute of Occupational Medicine (IOM) personal sampling heads operated as per the AfOR 172 

(2009) protocol. IOM cassettes were loaded with 25 mm 0.8 µm polycarbonate filters and 173 

operated with a pump at 2.0 L/min for 30 minutes. Samplers were deployed in duplicate and 174 

pre-calibrated at 2.0 L/min. Field blanks were loaded but not exposed, and two control 175 

cassettes were unopened. Cassettes were returned to the laboratory and stored overnight at 176 

4°C. Material from the filters were then extracted into 5 mL of pyrogen free water (PFW) by 177 

shaking at 100 rpm for 30 minutes. Samples were stored at -20° prior to processing.  178 

Endotoxin and (1→3)-β-D-glucan were quantified using a kinetic chromogenic Limulus 179 

amebocyte lysate (LAL) assay (ACC Associates of Cape Cod) at 37°C with an automated 180 

microplate reader (BioTek ELx808, Swindon, UK) as per manufacturer instructions. Kinetic 181 

readings were recorded every 30 seconds for 90 minutes. For endotoxin, five concentrations 182 

of control standard endotoxin (CSE) were prepared within the range 50 – 0.005 Endotoxin 183 

Units (EU)/mL using serial dilutions. LAL (Pyrotell-T) was reconstituted with glucashield buffer 184 

(to prevent glucan interference). The LOD was 0.42 EU/m3. For (1→3)-β-D-glucan, six 185 

concentrations of glucan standard were prepared in the range 100 – 3.125 pg/mL using serial 186 

dilutions. Glucatell lysate reconstituted with pyrogen free water and pyrosol buffer was added 187 

to each well. The LOD was 0.26 ng/m3. Each data point for endotoxin and glucan were the 188 

result of the average of three filters (where analysis was replicated in triplicate for each filter). 189 

 190 

Statistical analysis  191 

Statistical analysis was performed in R 3.3.0 (R Core Team 2016). To determine whether there 192 

were any differences between farm type, ANOVA was performed on log transformed 193 

downwind data followed by Tukey’s pairwise comparison. The non-parametric Kruskal 194 

Wallace test was used on untransformed data to test the significance of the sampling location. 195 
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This was followed by the post-hoc Dunn test of multiple comparisons using rank sums. Mean 196 

impact range was calculated as described by CEN (2015). Where results were below the limit 197 

of detection (LOD), it was planned to use half the LOD value for statistical analysis, in practice 198 

this was unnecessary for all except viable fungi.  199 

 200 

Results 201 

Environmental Conditions 202 

Meteorological measurements (day averages) are presented in Table 2. 203 

Farm 
ID/visit 

Type Weather 
Temp 
(°C) 

Relative Humidity 
(%) 

Wind speed (metres 
per second) 

1/1 Chicken 
layers 

Sun 
10.6 66.7 0.6 

1/2 Chicken 
layers 

Sun 
14.6 48.8 2.6 

2/1 Chicken 
broilers 

Sun 
14.3 54.1 0.7 

2/2 Chicken 
broilers 

Sun 
12.4 73.9 1.6 

3/1 Chicken 
broilers 

Cloudy 
16.5 79.4 

1.2 

3/1 Chicken 
broilers 

Sun 
24.1 51.1 

1.3 

4/1 Pig Sun 14.8 57.3 5.5 

4/2 Pig Cloudy 14.6 78.9 2.3 

5/1 Pig Sun 24.2 58.0 0.7 

5/2 Pig Cloudy 18.9 91.1 1.6 

6/1 Pig Sun 13.5 49.3 4.9 

6/2 Pig Cloudy 13.9 79.7 3.3 

 204 

Meteorological measurements showed some variation between sampling visits.  Sampling 205 

was only undertaken during dry weather. Temperatures ranged from 10.6 °C to 24.2 °C. 206 

Average daily wind speeds ranged from 0.6 – 5.5 m/s.  207 

 208 

Bioaerosols 209 

Bioaerosols were detected in all sites as seen in Figure 1. Of the culturable bioaerosols 210 

bacteria and Staphylococcus spp. were identified as the most significant, exceeding published 211 

or proposed bioaerosol guidelines (1000 cfu/m3 proposed by Drew et al., 2009) and having 212 
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higher concentrations downwind compared to upwind. Staphylococcus spp. were found in 213 

significant culturable concentrations (up to 1.4 x 104 cfu/m3) at farm boundaries and at 70 m 214 

downwind (up to 1.9 x 103 cfu/m3). General fungi, presumptive Gram-negative bacteria and A. 215 

fumigatus were all detected across all sites but at low concentrations and mostly with no 216 

significant increase in concentration in downwind compared to upwind samples (Figure 1).  217 

Broadly the source impact range was in most cases between -50m (upwind) and 50-100m 218 

(downwind).  The incidence of occasional high concentrations upwind of source may suggest 219 

that upwind sampling points were too close to source and subject to a source influence, as 220 

other sources were not seen within 250m. 221 

 

 

  

 

 

Figure 1 Culturable bioaerosol concentrations from different types of farm. Dashed lines indicate mean 222 
upwind concentration plus 2 standard deviations. Note Staphylococcus spp. are results from four farms, 223 

the remaining graphs are results from all six farms. 224 



9 
 

 225 

The bioaerosol components and particulates tested are displayed in Figure 2 (average of 226 

replicates). Endotoxin concentrations exceeded proposed guidelines (30 EU/m3 (Health 227 

Council of the Netherlands, 2010) in both upwind and downwind samples up to 62 m from the 228 

source. Values for total suspended particulates (TSP) were below 250 µg/m3 with the 229 

exception of one sampling location at a layer farm where values averaged 379 µg/m3 at 230 

source. There was no significant difference between farm type or between sampling location 231 

for any of the particulate measurements taken (p>0.05). 232 
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Figure 2 Bioaerosol components and particulate concentrations from different types of farm. Dashed 233 
lines indicate mean upwind concentration plus 2 standard deviations   234 

 235 

Bioaerosols showed a clear reduction in concentration with location. Generally upwind 236 

samples had relatively low concentrations of bioaerosol and were significantly different from 237 

source and downwind samples for bacteria and Staphylococcus spp. (P < 0.05) illustrated in 238 

Figure 3. However there was no significant difference in endotoxin across the different 239 

locations (P > 0.05). The source type had a small impact on the amount of bioaerosol emitted. 240 

Significantly less endotoxin was measured from the broilers (8.61 EU/m3) compared to layers 241 

(52.18 EU/m3) but there was no difference for swine compared to broilers or Staphylococcus 242 

spp. (Table 3). Whilst broiler emissions resulted in apparent higher concentrations of bacteria, 243 

there was no significant difference when compared to the other farm types.  244 

Table 3 Mean bioaerosols concentration by location and source type. Values in parenthesis indicate 245 
concentration range and letters indicate groups of statistical similarity.  246 

 Sampling Location Source Type (Downwind data) 

 Upwind Source Downwind* Layers Broilers Swine 

Bacteria (CFU/m3) 
479(141 – 

1608) 

3,674 (141 

– 10,870)a 

2631 (124 – 

15,600)a 
2,421 (177 
– 10,870)d 

5,795 (265 
– 15,601)de 

1,246 (124 
-4,329)e 

Staphylococcus 

Spp. (CFU/m3) 

75 (18 – 

230) 

3995 (177 – 

10,390)b 

2471 (35 –

14,700)b 
1,608 (71 – 

6,343)f 
7,374 (35 –

14,700)f 
1,468 (177 
– 3,693)f 

Endotoxin (EU/m3) 
14.89 (0.60 

– 82.71)c 

33.03 

(0.220 – 

158.70)c 

19.71 (0.22 – 

82.97)c 
52.18 (3.03 
– 158.70)g 

8.61 (0.22 –
32.84)h 

25.58 
(0.45 –
82.70)gh 

* From on-site to furthest sampling point pooled 247 
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All field blanks and controls were clear of contamination and recorded concentrations below 248 

the limit of detection. 249 

Discussion 250 

This is the first data collection of bioaerosols from intensive pig and poultry sites utilising a 251 

standardised sampling approach (AfOR Protocol 2009), which has simultaneously sampled 252 

for and enumerated culturable microorganisms, endotoxin, and (1→3)-β-D-glucan within the 253 

UK.  This is a unique dataset regarding emissions from intensive farming, and in a recent 254 

systematic review it was reported that studies of exposure downwind from intensive farming 255 

were much rarer than occupational in a ratio of 1:21 (Douglas et al., 2018). 256 

This research measured the distance bioaerosols travelled from source before returning to 257 

background. Previous work in the UK (Defra 2009) examined culturable bioaerosols, 258 

endotoxin and particulates at poultry houses and determined that these bioaerosols were 259 

reduced to background within 100 m from source.  However, Gibbs et al., (2006) found that 260 

concentrations  were significantly higher than upwind up to 150 m from source.  Our study 261 

found that particulate concentrations were elevated close to source at both chicken and pig 262 

farms but returned to background concentrations within 150 m from source (Figure 2).  263 

However, some concentrations of bacteria and Staphylococcus spp. remained elevated above 264 

background concentrations potentially to 250m.  Smit et al., (2014) modelled health outcomes 265 

based on PM10, but in this study it was not clear whether particulate matter was a good 266 

predictor of bioaerosol concentrations downwind. Douglas et al., (2018) report that farms are 267 

required to carry out a bioaerosol risk assessment if sensitive receptors (such as people living 268 

or working nearby) are within 100m, which contrasts to the requirement at waste composting 269 

sites which is 250m.  This study indicates that distances travelled by organisms such as 270 

Staphylococcus spp. were found to be up to 250m, hence farms should be required to carry 271 

out an assessment to match that currently required of waste composting, though perhaps 272 

targeted at bacteria, which is discussed further below. 273 

In terms of the composition of the bioaerosols, although there was significant between-site (of 274 

different farm types) and within-site (of the same farm types) variability, there was evidence 275 

that culturable bacteria concentrations can be significantly elevated at both chicken and pig 276 

farms.  However, culturable fungi, particularly A. fumigatus, are much lower and are therefore 277 

not likely to pose a significant concern or be a useful indicator organism in these 278 

circumstances. Ko, et al., (2008) demonstrated bacteria had a stronger downwind signature 279 

in relation to upwind concentrations compared to fungi at farm sites and Defra (2009) found 280 

that the emission profile of bacteria was consistently higher than for fungi.  This finding 281 

contrasts with the findings of studies at biowaste sites where fungi are consistently detected 282 
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in higher concentrations (Swan, et al., 2003, Searl, 2008, Gutarowska, et al., 2015) and 283 

indicates a different emission spectrum at intensive farms compared to organic waste 284 

processing facilities. 285 

Staphylococcus species were elevated at source on site on all four farms studied, in particular 286 

on broiler and layer chicken sites with concentrations exceeding 1.4 x 104 cfu/m3 in individual 287 

replicates.  The highest upwind/background samples on farms showed Staphylococcus spp. 288 

at concentrations of 230 cfu/m3 but more often below 100 cfu/m3, i.e. downwind were 61 times 289 

higher than background at the boundary and 8 times higher 70m downwind on the four farms 290 

tested.  It is also possible the upwind samples were on occasion contaminated by the farm 291 

site due to restrictions in upwind sampling distance, hence the differences may in fact have 292 

been more marked compared to background.  The vast majority of colonies were presumptive 293 

Staphylococcus aureus (as identified by colony colour on MSA) on selective agar. Schulz et 294 

al., (2012) also found significant differences in the amount of Staphylococcus species upwind 295 

compared to downwind (as MRSA) from farms. 296 

Previous work, and this research, shows that culturable Staphylococcus species appear to be 297 

a reliable indicator of animal house emissions at both chicken and pig farms. Since there is 298 

not an equivalent Staphylococcus species dataset for biowaste facilities in England, as they 299 

are not considered indicator organisms in the AfOR (2009) protocol, it is not known if 300 

Staphylococcus species are also indicative of emissions from such sites. It is a limitation of 301 

this study that confirmation was not carried out on the presumptive culturable Staphylococcus 302 

spp. found, and future studies require further microbiological analysis to confirm 303 

Staphylococcus species. 304 

In addition to the health concerns a pathogen such as Staphylococcus aureus poses, it also 305 

has the potential to be a source of antibiotic resistance which could contribute to the presence 306 

of such organisms within the environment around farms. Previous work identified that 307 

Staphylococcus species isolated both on pig farms (Masclaux et al., 2013) and downwind of 308 

farms (Schulz, et al., 2012) were antibiotic resistant strains such as MRSA.  Future work on 309 

UK farms should consider this possibility. 310 

For other organisms, culturable Gram-negative bacteria were around the limit of detection 311 

around all sites. Generally it appears that culturable Gram-negatives remain low in other 312 

settings such as waste management (Gladding and Gwyther 2017) and is not included as a 313 

parameter in the replacement to the AfOR Protocol (2009), known as M9 (Environment 314 

Agency 2017), within the UK.  However, concerns have grown over recent years because of 315 

the emergence of antibiotic resistant Enterobacteriacaea among livestock (Seiffert et al., 316 

2013), and further work should perhaps be targeted on these as additional indicators. 317 
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Endotoxin appears to be elevated downwind in this study at concentrations exceeding the 318 

suggested environmental limit of 30 EU/m3 at distances of up to 62m, even though culturable 319 

Gram-negative bacteria were low.  Schulz, et al., (2006) found elevated concentrations of 320 

endotoxin in the vicinity of intensive farming, though with some spatial variability.  Defra (2009) 321 

also reported a significant emission profile of endotoxin from poultry farms as did Thorne, et 322 

al., (2009) from swine farming. In contrast, the concentrations of (1→3)-β-D-glucan found in 323 

this study are low, which corresponds to the lower signature of culturable fungi. There is no 324 

comparable dataset on (1→3)-β-D-glucan emissions from intensive farming in the literature. 325 

Further work is needed regarding dispersion from farms incorporating boundary and 326 

distance sampling.  The downwind distances sampled in this study were limited by 327 

practicalities of access at the sites studied.  Future studies should aim to capture distances 328 

further downwind, simultaneously to upwind, to assess the extent of the dispersion decay 329 

curves and the point at which they approach background concentrations, although it is 330 

acknowledged access is often difficult. Finally, this study was limited to targeted viable 331 

microorganisms, but initial scoping work on the non-viable component (not reported here 332 

due to limitations in methodological design) indicate that the diversity of species being 333 

emitted from intensive pig and poultry farms warrants further investigation. 334 

 335 

Conclusions 336 

Intensive pig and poultry farming has a measurable impact on the bioaerosols concentration 337 

downwind of facilities. Viable cultivation revealed that bacteria, culturable fungi, and 338 

Staphylococcus spp., and endotoxin, were elevated above background levels at source and 339 

for varying distances of up to 250 m downwind.  In conclusion, this study found that from a 340 

regulatory perspective, the suite of indicator organisms used to monitor biowaste sites is not 341 

directly transferable to intensive farms.  There is also evidence to suggest that bioaerosol 342 

concentrations remain elevated for a greater distance downwind of animal houses than was 343 

found in a previous UK study but commensurate with that found at biowaste facilities, 344 

indicating that the requirement to carry out a risk assessment downwind should be harmonised 345 

between farms and waste sites.  Further monitoring work should be targeted at particle size, 346 

and distribution and dispersion. Future research should also exploit more innovative culture-347 

independent technology such as next generation sequencing to provide a more 348 

comprehensive understanding of the species of interest from a public health perspective to 349 

inform new targets for cultivation. 350 

 351 
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