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Abstract 
Bioaerosol emissions from animal feeding operation (AFO) facilities are of increasing interest due 
to the magnitude of the emissions and their potential health effect on local communities. There is 
limited information about fate and transport of AFO bioaerosol emissions. In this study, concen-
trations of airborne bacteria and fungi were measured at four ambient stations in four wind direc-
tions surrounding an egg production farm through winter, spring and summer using Andersen 
six-stage samplers. Mean concentrations of ambient bacteria and fungi ranged from 8.7 × 102 CFU 
m−3 to 1.3 × 103 CFU m−3 and from 2.8 × 102 CFU m−3 to 1.4 × 103 CFU m−3, respectively. Ambient 
bacterial concentrations were not significantly different over the seasons, while ambient fungal 
concentrations were the highest in summer and the lowest in winter. There were significant dif-
ferences between downwind and upwind bacterial concentrations (p < 0.0001). Downwind bac-
terial and fungal concentrations responded differently to the influencing factors. Bacterial con-
centrations were quadratically correlated with wind vector (combined effects of wind speed and 
direction) and emission rate, were positively correlated with temperature, and were negatively 
correlated with solar radiation. Fungal concentrations were positively correlated with tempera-
ture, RH, and emission rate, and were negatively correlated with wind vector. 
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1. Introduction 
While providing food for human-beings, animal feeding operations (AFOs) also emit significant amounts of 
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bioaerosols. By definition, bioaerosols are airborne biological particles that may consist of bacteria, fungi, and 
other microorganisms. Once emitted, bioaerosols can travel short and long distances in the air [1]-[4]. Concen-
trations of bioaerosols are usually higher than background levels in the surrounding areas of AFO facilities that 
may lead to higher exposure levels to people living nearby.  

Like other aerosols, the concentrations of bioaerosol in the ambient air vary due to the spatial and temporal 
effects [5]. Normally bioaerosol concentration decreases with increasing distance from the emission source [2], 
[6]. Another factor that affects bioaerosol concentrations is inactivation [5]. Bioaerosols lose their viability over 
time due to the conditions to which they are exposed [7]-[9]. Meteorological factors (i.e., temperature, relative 
humidity, and solar radiation) affect the fate and transport of bioaerosols in ambient air. Bioaerosols tend to lose 
their original particle size and shape, and even lose their viability in low RH due to dehydration. Some gram- 
negative bacteria are most stable at an intermediate RH of 60%, and some species show a greater survival at 
high RH levels [10] [11]. On the other hand, several studies reported increased death rates for some species of 
gram-negative bacteria at RH levels above 50% (50% - 90%) [12] [13]. The viability of airborne microorgan-
isms will also depend on the range of temperature. Microbes will decrease their viability as temperature increas-
es; they may also lose viability under extremely low temperatures [7]. Generally, bacteria survival rate decreased 
at temperatures above 24˚C [10]. In contrast, airborne fungi seem to prefer higher temperatures. Sabariego et al. 
[14] has reported optimum temperature for several fungal species to range from 13˚C to 29˚C. Studies confirmed 
that fungi concentrations were positively correlated with higher RHs and temperatures [13]. Solar radiation is 
another important factor for the outdoor airborne microorganisms. Ulevičius et al.’s [15] study showed a lethal 
effect of solar radiation on airborne fungi in ambient air.  

Although characterizing bioaerosols in animal production environments has been a topic for numerous studies 
[2]-[4] [16]-[23], knowledge gaps exist in how the ambient concentrations of bioaerosols are affected by emis-
sion rate, meteorological conditions, and other influencing factors. The objectives of this research were to quan-
tify bacterial and fungal concentrations in the vicinity of the sources and to identify the relationships between 
ambient bacterial and fungal concentrations and possible influencing factors. The newly gained knowledge will 
provide fundamental information for studies on fate and transport of bioaerosols emitted from AFOs as well as 
for assessment of potential health effect of AFO bioaerosol emissions to the people living nearby the AFO facil-
ities. 

2. Materials and Methods 
Airborne bacteria and fungi samples were collected at five locationson a commercial egg production farm (also 
known as the layer farm) in North Carolina. As illustrated in Figure 1, this layer farm consisted of fourtunnel 
ventilated high-rise houses (houses 1 - 4); two cross ventilated high-rise houses (houses 5 - 6) and two naturally 
ventilated shallow-pit houses (houses 93 and 103). Sampling station 1 (ST1) was located immediately upstream 
of the primary representative exhaust fan inside house 4, a tunnel-ventilated high-rise barn holding approx-
imately 95,000 hens on the upper floor of the house. Manure fell down into the first floor and was stored there 
for up to one year [24]. The other four sampling stations (ST2-ST5) were in the ambient locations surrounding 
the farm in four different directions. A 10 m weather tower was located between house 2 and house 3 at the east 
end. Solar radiation (Model LI-200SL, LiCOR, Lincoln, NE), wind speed and direction (Model 05103L, R.M. 
Young Company, Michigan), ambient temperature and relative humidity (Vaisala HMT100, Vaisala Inc., Wo-
burn, MA) sensors were mounted on the top of the tower to take continuous measurements at one-minute inter-
val. All the sensors were approximately 1.5 m higher than the building ridgelines. 

To investigate temporal and spatial variations on ambient bioaerosol concentrations, a total of 14 sampling 
events (days) were conducted in winter (December 2010-January 2011), spring (March-May 2011), and summer 
(June-July 2011). During each sampling event, 12 sampling tests with 6 tests for bacteria and 6 tests for fungi 
were conducted from 10:00 a.m. to 2:25 p.m. The sample sizes are listed in Table 1. More information about the 
sampling schedules is reported in Hu [25]. 

Andersen six-stage samplers (Tisch 1 ACFM Six-stage Viable Particle Sampler, Tisch Environmental, Inc., 
Village of Cleves, OH.) were used for the field bacteria and fungi sampling. To ensure the performance of the 
viable samplers, the samplers’ flow rates were calibrated to the design flow rate at 28.3 l∙min−1 before each sam-
pling event, and were checked after sampling using a digital flow meter, Bios DryCal Defender 510-H (0.3 - 30 
LPM) (Bios International Corporation, Butler, NJ). Sampling duration at all ambient locations was set for 10  
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Figure 1. The layer farm layout and the bioaerosol sampling stations [24].                                                     

 
Table 1. Bioaerosol sampling events and sample sizes (plates)*.                                                            

 
Winter (5 days) Spring (4 days) Summer (5 days) 

Source Ambient Source Ambient Source Ambient 

Bacteria 180 360 144 288 180 360 

Fungi 180 360 144 282 180 360 
*Sample sizes (plates) are the products of [sampling day × test/day × 6 plates/test]. 

 
min per test for both bacteria and fungi samples without encountering any overloading issues. 

The collection media for total bacteria was R2A agar, which is a non-selective agar that has been found to al-
low the culturing of many species of bacteria. The collection media for total fungi was Malt Extract Agar 
(MEA), which is commonly used for the isolation of fungi. To prevent bacteria growth on MEA agar, 1 ml 
1000× streptomycin sulfate was added to each 1 L MEA agar after cooling and before dispensing. The final 
concentration of streptomycin sulfate in the plates was 0.1%. The prepared agar plates were labeled and stored at 
4˚C until use to avoid background contamination. 

As a quality control/quality assurance (QA/QC) procedure, a set of lab and field blanks for both collection 
media, R2A and MEA, were used on each sampling date. They were randomly chosen from the prepared plates 
before each sampling event. The lab blanks were stored in the refrigerator in the lab where the agar plates were 
prepared. The filed blanks were transported to the sampling site with other sampling plates in coolers at each 
sampling event. The blanks were settled without covers being removed and were incubated with all other sam-
pled plates after sampling. 

After each sampling event, the bacteria and fungi samples collected at the farm were transported back to the 
lab on the same day in coolers with ice packs. The samples were then incubated immediately after arrival in the 
lab under consistent temperatures to allow the colonies to grow. Bacteria samples were incubated for 48 hours at 
30˚C, and fungi samples were incubated for 72 hours at 25˚C [26]. After incubation, colony counting was con-
ducted under magnification and with the aid of a colony counter (Quebec Darkfield Manual Colony Counter, 
Reichert, Inc.). More details about bioaerosol sampling and analysis methods may be found in Hu [25] and Hu et 
al. [27]. 

After the plate reading, bacterial or fungal concentration (C) in CFU m−3 was calculated using the following 
equation [25] [27]: 
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s

CFUC=
t Q×

                                          (1) 

where, CFU is the colony forming unit, which indicates the numbers of total bacteria or fungi counts on the 
sampled plate; t is sampling duration; and Qs is sampler flow rate, the average value of pre-sampling flow rate 
and post-sampling flow rate.  

Bacterial and fungal emission rates were calculated based upon measured in-house concentrations and the 
house ventilation rate. Often times, higher ventilation rate in hot weather led to higher emission rates. Detailed 
information about emission rate calculation and emission rate results is reported in Hu, et al. [27]. 

In total, 1512 non-selective bacterial sample plates and 1326 non-selective fungal sample plates were col-
lected and analyzed over 3 seasons (winter, spring, and summer) at all four ambient stations to examine tempor-
al and spatial variations on ambient bioaerosols concentrations under different meteorological conditions. 
ANOVA tests were applied to test the seasonal, time, and spatial variations of bioaerosol concentrations in the 
vicinity. Statistical analysis was applied to identify the significant influencing factors affecting ambient bacterial 
and fungal concentrations. Temperature, RH, wind vector (i.e., wind speed/direction), solar radiation, and emis-
sion rate were used as the five indicators to predict downwind bacterial and fungal concentrations in the vicinity. 
Statistical model was developed and selected through the following steps: 
1) Plotted the relationship between the log-transformed downwind bioaerosol concentrations and each of the 

influencing factors.  
2) Based on the relationship shown in the plotting, introduced transformed influencing factors as potential sig-

nificant predictors. 
3) Developed all possible regression models. 
4) Model with the largest R-square and the smallest C(p) value was selected as the best predicting model. 

All the statistical analyses were conducted using SAS9.2 software (SAS Institute, Inc., Cary, NC).  

3. Results and Discussion 
3.1. Seasonal Effects 
The mean concentrations of bacteria and fungi for all ambient stations (ST2-ST5) were computed by season. 
The mean concentrations ± SDs of bacteria were 869 ± 1003 CFU m−3, 1263 ±1955 CFU m−3, and 1193 ± 1497 
CFU m−3 for winter, spring and summer, respectively. An ANOVA test indicates that there was no significant 
difference in ambient bacterial concentrations among three seasons (p = 0.33). The mean concentrations ± SDs 
of fungi were 280 ± 373 CFU m−3, 1403 ± 1461 CFU m−3, and 2558 ± 2276 CFU m−3 for winter, spring and 
summer, respectively. Mean ambient fungal concentrations were the highest in summer and the lowest in winter 
(p < 0.0001). 

The lowest fungal concentration in winter may be due to the inactivation of fungi at low temperature and RH 
levels. Fungal concentrations were higher in summer than in spring although solar radiations were significantly 
higher in summer than in spring (p < 0.0001). Bacterial concentrations did not vary with season although at-
mospheric conditions changed significantly (Table 2). 

Bacterial and fungal concentrations at each ambient station were averaged by season to illustrate the seasonal 
effects at different stations. Table 3 and Table 4 show the mean values of bacterial and fungal concentrations at 
four ambient stations (ST2-ST5) in three seasons (winter, spring and summer). As shown in these tables, sea-
sonal variations of bacterial concentrations varied at ambient stations. At ST2 and ST5, bacterial concentrations 
were the highest in spring and the lowest in winter, while at ST3 and ST4, bacterial concentrations were the 
lowest in spring and higher in winter and summer. This observation may suggest that wind played an important 
role in affecting ambient airborne bacterial concentration because there was significant difference (p < 0.0001) 
between concentrations at downwind locations and upwind locations. Unlike bacterial, fungal concentrations 
showed coincident pattern of seasonal variations at all four ambient stations. Fungal concentrations were the 
lowest in winter and increased from winter to summer. 

3.2. Time of Day Effects 
Ambient temperature and RH changed not only with season, but also with time of day on each sampling day. In  
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Table 2. Meteorological data in the vicinity in three seasons.                                                               

Season 
Temperature (˚C) RH (%) Solar Radiation (W/m2) 

Mean* SD Mean SD Mean SD 

Winter 5 4 39 15 366 156 

Spring 15 5 62 13 454 218 

Summer 34 3 54 11 783 189 
*Mean of 166 measurement points. 
 
Table 3. Mean concentrations (CFU m−3) and SDs of bacteria at ambient stations in three seasons*.                               

Season Sampling Location Mean SD N 

Winter 

ST2 377 533 15 

ST3 1525 1039 15 

ST4 1484 1044 15 

ST5 91 77 15 

Spring 

ST2 2827 2257 12 

ST3 555 1013 15 

ST4 100 75 9 

ST5 1456 2329 12 

Summer 

ST2 761 1034 15 

ST3 1258 1995 14 

ST4 1671 1396 15 

ST5 1087 1452 15 
*From the two-way ANOVA test, it is shown that the weather and location were not significant (p = 0.46 and 0.25, respectively), but the interaction 
between them was significant (p = 1.83E−8). 
 
Table 4. Mean concentrations (CFU m−3) and SDs of fungi at ambient stations in three seasons*.                                

Season Sampling Location Mean SD N 

Winter 

ST2 611 623 15 

ST3 213 146 15 

ST4 163 110 15 

ST5 132 61 15 

Spring 

ST2 1205 708 11 

ST3 1550 2305 15 

ST4 1617 1068 9 

ST5 1241 864 12 

Summer 

ST2 2510 1558 15 

ST3 2889 1368 15 

ST4 1515 842 15 

ST5 3317 3862 15 
*From the two-way ANOVA test, it is shown that the weather was significant (p = 3.28E−13), while the location and the interaction between them 
were not significant (p = 0.43 and 0.10, respectively). 
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order to estimate the time effect on ambient bioaerosol concentrations in different seasons, mean concentrations 
of bacteria and fungi at different times of day were computed by season. Table 5 and Table 6 list the mean 
concentrations of bacteria and fungi at ambient locations (ST2-5) in three seasons at different times of day. In 
winter, due to the low temperature and RH, concentrations of bacteria and fungi were low and changed only  

 
Table 5. Ambient bacterial concentrations (CFU m−3) and SDs at different times of day separated by season.                        

Season Time of Day Mean* SD N 

Winter 

10:00 AM 869 860 10 
10:30 AM 818 1146 10 
11:00 AM 781 878 10 
1:00 PM 955 1138 10 
1:30 PM 972 1131 10 
2:00 PM 819 1075 10 

Spring 

10:00 AM 1410 2002 8 
10:30 AM 1372 2480 8 
11:00 AM 2014 2636 8 
1:00 PM 1360 2280 8 
1:30 PM 702 1015 8 
2:00 PM 720 966 8 

Summer 

10:00 AM 1296 1651 10 
10:30 AM 777 1161 10 
11:00 AM 898 1138 10 
1:00 PM 1119 1185 9 
1:30 PM 1361 1345 10 
2:00 PM 1702 2320 10 

*Mean was calculated using measured concentrations at all four ambient stations. **From the two-way ANOVA test, it is shown that the time, weather, 
and the interaction were not significant (p = 0.99, 0.30, and 0.66, respectively). 

 
Table 6. Ambient fungal concentrations (CFU m−3) and SDs at different times of day separated by season.                        

Season Time of day Mean* SD N 

Winter 

10:00 AM 453 575 10 
10:30 AM 317 489 10 
11:00 AM 341 484 10 
1:00 PM 217 121 10 
1:30 PM 168 66 10 
2:00 PM 167 104 10 

Spring 

10:00 AM 1099 512 8 
10:30 AM 2307 3063 8 
11:00 AM 1131 598 8 
1:00 PM 914 489 8 
1:30 PM 1140 600 8 

2:00 PM 2295 1403 8 

Summer 

10:00 AM 2596 1444 10 

10:30 AM 2368 1181 10 
11:00 AM 1812 1083 10 
1:00 PM 2009 1150 9 
1:30 PM 2705 2724 10 
2:00 PM 3558 4317 10 

*Mean was calculated using measured concentrations at all four ambient stations. **From the two-way ANOVA test, it is shown that the weather was 
significant (p = 2.44E−12), while the time and the interaction between them were not significant (p = 0.14 and 0.57, respectively). 
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slightly during the day. In spring, there was no consistent pattern observed for both bacteria and fungi. Bacteria 
concentrations were the lowest in afternoon, while fungi concentrations were the lowest in early morning and at 
noon. In summer, bacteria and fungi variations showed a similar pattern. 

To investigate diurnal time effects on bacterial and fungal concentrations at different locations, mean concen-
trations of bacteria and fungi at different times of day were calculated by station. Table 7 and Table 8 show the 
time of day effects at different ambient stations. Bacterial and fungal concentrations over time varied greatly at 
different stations. At ST2 and ST3, bacterial concentrations were higher in the afternoons than mornings. At ST4 
and ST5, bacterial concentrations were higher in the mornings than afternoons. At ST2 and ST4, fungal concen-
tration decreased from morning to afternoon. At ST3, fungal concentrations were the highest at noon. At ST5, 
fungal concentrations were the lowest at noon. Bacterial and fungal concentrations displayed variations with 
time at different stations, which was mainly because of the spatial effects. 

3.3. Spatial Variation 
To investigate spatial effects, data were grouped into the upwind and downwind classes. The overall mean con-
centrations of bacteria and fungi at downwind locations were 1856 ± 1688 CFU m−3 and 1155 ± 1179 CFU m−3, 
respectively. The overall mean concentrations of bacteria and fungi at upwind locations were 291 ± 606 CFU 
m−3 and 1690 ± 2321 CFU m−3, respectively. Mean concentration of bacteria was significantly higher downwind 
than upwind (p < 0.0001). In contrast, mean concentration of fungi at downwind was not significantly different 
from upwind (p = 0.1206). This observation indicated that wind vector (i.e., combined effects of wind direction  

 
Table 7. Ambient bacterial concentrations (CFU m−3) and SDs at different times of day separated by station.                       

Station Time of Day Mean* SD N 

ST2 

10:00 AM 1300 1868 8 

10:30 AM 709 1296 8 

11:00 AM 1116 1929 8 

1:00 PM 2184 2234 6 

1:30 PM 1273 874 6 

2:00 PM 876 965 6 

ST3 

10:00 AM 1121 949 7 

10:30 AM 350 291 7 

11:00 AM 1371 1242 7 

1:00 PM 1247 1530 8 

1:30 PM 863 1076 7 

2:00 PM 1612 2152 8 

ST4 

10:00 AM 1592 1551 7 

10:30 AM 1675 1457 7 

11:00 AM 1068 1058 7 

1:00 PM 1153 1061 6 

1:30 PM 990 832 6 

2:00 PM 836 788 6 

ST5 

10:00 AM 590 1025 6 

10:30 AM 1179 2346 6 

11:00 AM 1150 2096 6 

1:00 PM 556 616 8 

1:30 PM 674 1125 8 

2:00 PM 975 1645 8 
*Mean was calculated using measured concentrations over three seasons at any given station stations. **From the two-way ANOVA test, it is shown 
that the time, weather, and the interaction between them were not significant (p = 0.94, 0.53, and 0.72, respectively). 
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Table 8. Ambient fungal concentrations (CFU m−3) and SDs at different times of day separated by station.                           

Station Time of Day Mean* SD N 

ST2 

10:00 AM 1713 1268 8 

10:30 AM 1799 1896 8 

11:00 AM 1369 1090 8 

1:00 PM 1799 1896 8 

1:30 PM 1369 1090 8 

2:00 PM 725 516 8 

ST3 

10:00 AM 1394 1301 7 

10:30 AM 1177 1051 7 

11:00 AM 2524 3369 7 

1:00 PM 1273 1441 8 

1:30 PM 1452 1864 8 

2:00 PM 1539 1788 8 

ST4 

10:00 AM 1064 863 7 

10:30 AM 1210 1361 7 

11:00 AM 917 828 7 

1:00 PM 770 477 7 

1:30 PM 694 488 6 

2:00 PM 1435 1596 6 

ST5 

10:00 AM 1181 1190 6 

10:30 AM 1564 1716 6 

11:00 AM 1135 1222 6 

1:00 PM 1025 1001 8 

1:30 PM 1888 2967 8 

2:00 PM 2506 5142 8 
*Mean was calculated using measured concentrations over three seasons at any given station stations. **From the two-way ANOVA test, it is shown 
that the time, weather, and the interaction between them were not significant (p = 0.94, 0.53, and 0.72, respectively). 
 
and wind speed) played an important role in affecting bacterial and fungal concentrations in the vicinity of the 
farm. 

The overall mean concentrations of bacteria and fungi at downwind locations were computed by season. Ta-
ble 9 shows concentrations of bacteria and fungi at downwind location in three seasons. Downwind concentra-
tions of bacteria were not significantly different in three seasons (p = 0.51). Fungi concentration at downwind 
were the highest in summer and the lowest in winter (p < 0.0001). The variations in downwind bacterial and 
fungal concentrations followed the same patterns as the overall mean bacterial and fungal concentrations in the 
vicinity of the farm did. 

The average downwind and upwind concentrations of bacteria and fungi at each ambient station were calcu-
lated to illustrate the spatial variation of their concentrations at different locations (Table 10). Mean concentra-
tions of bacteria at each station were higher downwind than upwind (ST2: p = 0.0005, ST3: p = 0.0004, ST4: 
p = 0.0002, ST5: p = 0.0016), which was in agreement with the variations of overall mean ambient bacteria 
concentration. The mean concentrations of downwind bacteria at four ambient stations were not significantly 
different (p = 0.70). Similarly, there was no significant difference among the mean concentrations of upwind 
bacteria at four ambient stations (p = 0.36). In contrast, there were no significant differences between upwind 
and downwind fungi concentration at any station but ST3 (ST2: p = 0.64, ST3: p = 0.0019, ST4: p = 0.15, ST5: 
p = 0.92). This observation suggests that wind direction and speed seemed to have lower impact on fungal con-
centration variations than bacteria. The mean concentrations of downwind fungi at ST5 and ST2 were higher 
than those at ST3 and ST4 (p = 0.03). The mean concentrations of upwind fungi at four ambient stations were  
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Table 9. Bacterial and fungal concentrations (CFU m−3) and SDs at downwind separated by season.                                

Season Mean* SD N 

Bacteria 

Winter 1629a 916 30 

Spring 2421a 2235 24 

Summer 1732a 1748 30 

Fungi 

Winter 185b 130 30 

Spring 1131c 803.7631 25 

Summer 2113d 1346.257 31 
*Means with the same letter are not significantly different. 

 
Table 10. Concentrations of bacteria & fungi (CFU m−3) at ambient stations under downwind & upwind conditions.                    

Location 

Bacteria Fungi 

Downwind Upwind Downwind Upwind 

Mean* SD N Mean SD N Mean SD N Mean SD N 

ST2 2223b 2045 18 457a 850 24 1585c,d 1278 17 1393d 1390 24 

ST3 1737b 1547 25 284a 685 19 870c 1421 27 2727d 2022 18 

ST4 1911b 1175 26 266a 370 13 776c,d 591 23 1368d 997 15 

ST5 1611b 2042 20 133a 224 22 1636c,d 969 19 1685d 3574 23 
*Means with the same letter are not significantly different. 

 
not significantly different (p = 0.28). The variations might be mainly because of the location of each station. As 
shown in Figure 1, ST2 was the furthest away from the production houses and close to a local road and a waste 
water spray field. There was also a line of trees between ST2 and the houses that might block transport of bio-
aerosol from the production houses to ST2. However, ST2 had a higher mean value of fungi downwind concen-
tration. It was probably that the spray field, instead of the farm, was the largest source of fungi for ST2. ST3 was 
very close to the cross-ventilated house (House 6), and the fans of house 6 could blow bioaerosols directly to-
ward ST3. ST4 was close to a large waste treatment lagoon. ST5 was further away from the production houses 
than ST3 and ST4. In addition, there was an egg packing plant located between the production houses and ST5. 
However, upwind bacteria and upwind fungi concentrations at ST5 were not lower than other ambient stations, 
and downwind fungi concentrations were even higher than ST3 and ST4. There might be other source of air-
borne fungi that had impact on bioaerosol concentrations at ST5. The upwind concentrations should be consi-
dered the concentrations that were impacted by the sources other than the house emissions.  

3.4. Influencing Factors 
In comparison to bacterial and fungal concentrations at source (ST1), there were more factors affecting the con-
centrations at ambient stations in the vicinity of the farm. While various meteorological variables and emission 
rate were selected to examine their impact on downwind concentrations, distance from the source was not due to 
lack of resource and accessibility to the neighboring properties. By all means this fact should be included in fu-
ture studies of fate and transport of bioaerosols. 

Figure 2 and Figure 3 illustrate the impacts of meteorological factors and emission rate on ambient bacterial 
and fungal concentrations at downwind locations. 

As shown in Figure 2, no obvious linear relationships between downwind bacterial concentrations and air 
temperature (Figure 2(a)), RH (Figure 2(b)), or solar radiation (Figure 2(d)) were observed from the plots. 
High concentrations of bacteria were more likely to be detected at temperatures from 20˚C to 40˚C; medium to 
high RH levels (40% to 80%) resulted in higher bacterial concentrations. Higher concentrations of bacteria were 
detected with moderate to strong solar radiation (>300 W/m2). Bacterial concentrations were observed to be po-
sitively related to wind vector (W) (Figure 2(c)) and emission rate (Figure 2(e)). On the other hand, downwind  
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Figure 2. Responses of downwind bacterial concentrations (CFU m−3) to various influencing 
factors: (a) = temperature (T), (b) = RH, (c) = wind vector (W), (d) = solar radiation (S), (e) = 
emission rate (ER).                                                                               

 
fungal concentrations were positively related to T, RH, solar radiation, and emission rate (Figure 3(a), Figure 
3(b), Figure 3(d)), and were negatively related to wind vector (W) (Figure 3(c)). Both bacterial and fungal 
concentrations were found to be higher at stronger solar radiation (Figure 2(d), Figure 3(d)), although solar 
radiation was reported to cause bioaerosol damage [15]. This might be because that strong solar radiation with 
low wind speed (<5 m/s) resulted in unstable to very unstable atmosphere, and the consequent unstable atmos-
phere caused high bacterial and fungal concentrations at local downwind locations (<2 km away from the 
sources). 

For bacterial concentration analysis, the linear regression analysis suggests that downwind bacterial concen-
tration was only linearly dependent on wind vector, W (p = 0.0046) at a significant level of 0.05. However, it did 
not mean that other influencing factors (i.e., T, RH, solar radiation, and emission rate) were not important in 
impacting downwind bacterial concentration, because there were strong linear dependencies between them. 
Tests of the linear dependencies between the six variables indicate that T had significant linear dependencies 
with RH (p = 0.0022), solar radiation (p < 0.0001), and emission rate (p < 0.0001); RH had significant linear 
dependencies with T, wind vector W (p = 0.0022), and emission rate (p = 0.0169); wind vector W had signifi-
cant linear dependencies with RH; solar radiation had significant linear dependencies with T and emission rate 
(p = 0.0002); and emission rate had significant linear dependencies with T, RH, and solar radiation.  

For fungal concentration analysis, Pearson correlation coefficients suggested that downwind fungal concen-
tration was significantly linearly dependent on all five influencing factors at a 0.05 level. Similarly, there were 
strong linear dependencies between the influencing factors. Temperature had significant linear dependencies  
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Figure 3. Responses of downwind fungal concentrations (CFU m−3) to various influencing 
factors: (a) = temperature (T), (b) = RH, (c) = wind vector (W), (d) = solar radiation (S), (e) = 
emission rate (ER).                                                                              

 
with RH (p = 0.0062), solar radiation (p < 0.0001), and emission rate (p < 0.0001); RH had significant linear 
dependencies with T and wind vector, W (p = 0.0488); wind vector W had significant linear dependencies with 
RH; solar radiation had significant linear dependencies with T and emission rate (p < 0.0001); and emission rate 
had significant linear dependencies with T and solar radiation.  

The linear correlation between variables might cause some predictors to be not important when fitted in a li-
near regression model. To better study the impacts of influencing factors on downwind bacterial and fungal 
concentrations, log transformed bacterial and fungal concentrations were used as new responses. As suggested 
by residual plots (not shown), emission rate was also log transformed. Quadratic forms of wind vector (W2) and 
emission rate (emission2) were introduced as two new predictors for predicting downwind bacterial concentra-
tion. Among all subset models, the model included T, W, W2, solar radiation, emission rate, and emission2 was 
preferred by R-square and Mallow’s CP selections. For predicting downwind fungal concentration, residual 
plots suggested that the relationships between fungal downwind concentration and emission or wind vector (W) 
were not quadratic. Among all subset models, the model included every influencing factor but solar radiation 
was preferred by R-square and Mallow’s CP selections. Table 11 lists the results of the selective regression 
models. As shown in this table, wind vector, W had different effects on bacterial and fungal concentrations. On 
the one hand, high speed wind might bring more bacteria and fungi to a sampling station more quickly; on the 
other hand, strong wind might also cause damage to bacteria and fungi. Therefore, increasing wind vector re-
sulted in increasing in bacterial concentrations and decreasing in fungal concentrations. For the influencing fac-
tors that were not included in the regression models, it does not mean that they were not important. The results  
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Table 11. Selected models for downwind bacterial and fungal concentration prediction.                                       

 Estimate Std. Error p-Value 

Bacteria* 

Intercept 56 19 0.0040 

T 0.034 0.016 0.037 

W 3.0 0.46 <0.0001 

W2 −0.62 0.13 <0.0001 

Solar Radiation −0.0016 0.00058 0.0064 

Emission Rate −6.0 2.3 0.0099 

 Emission2 0.17 0.067 0.0131 

Fungi** 

Intercept 2.0 1.1 0.060 

T 0.045 0.013 0.0006 

RH 0.021 0.0047 <0.0001 

W −0.19 0.078 0.0187 

Emission Rate 0.24 0.11 0.0231 
*Model DF = 6, total DF = 85, R2 = 0.5221; **Model DF = 4, total DF = 85, R2 = 0.7481. 

 
of the models only indicated that when other factors were controlled, RH was no longer an important predictor 
of bacterial concentration downwind while solar radiation was no longer an important predictor of fungal con-
centration downwind. Due to the differences in size and specie characteristics, bacteria and fungi responded dif-
ferently to the influencing factors. Temperature, wind vector, and emission rate were important predictors for 
both bacterial and fungal variations. 

4. Conclusion 
In this project, concentrations of non-selective bacteria and fungi were measured using Andersen six-stage 
sampler in the vicinity (4 stations) of an AFO facility for three seasons. Mean concentrations of ambient bacteria 
and fungi ranged from 8.7 × 102 CFU m−3 to 1.3 × 103 CFU m−3 and from 2.8 × 102 CFU m−3 to 1.4 × 103 CFU 
m−3, respectively. Ambient bacterial concentrations did not vary with season although atmospheric conditions 
changed significantly. The lowest ambient fungal concentration was observed in winter time. Ambient fungal 
concentrations were higher in summer than in spring although solar radiation was significantly higher in summer. 
There were significant differences between downwind and upwind bacterial and fungal concentrations. Down-
wind bacterial and fungal concentrations responded differently to the influencing factors. Bacteria concentra-
tions were quadratic in response to wind vector and emission rate, positively correlated with temperature, and 
negatively correlated with solar radiation. Fungal concentrations were positively correlated with temperature, 
RH, and emission rate, and were negatively correlated with wind vector. 
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