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ABSTRACT The quantity and composition of bioaero-
sols in a typical automated chicken egg layer management
system (LMS) with a controlled internal climate (B) and
without (A) were compared. The LMS-A used a fecal
matter disposal system featuring a central opening in the
floor through which the matter automatically dropped to
an open-air lower level; the LMS-B used a conveyer belt
below each hen battery set, which removed the fecal mat-
ter frequently. Bioaerosols were collected by impaction
on agar. Humidity, wind velocity, temperature, and dust
particle concentration were also analyzed at several loca-
tions in the LMS. The average bioaerosol concentrations
(total viable aerobic bacteria) associated with the inside
of LMS-A reached χ = 1.1 × 105 cfu/m3 with counts in
LMS-B being χ = 9.2 × 104 cfu/m3. In both systems, the
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INTRODUCTION

Modern methods for the mass production of chicken
eggs are founded on advances toward increased produc-
tion with minimum labor requirements. These advanced
layer management systems (LMS) are usually confined
structures that are densely stocked with egg-laying hens.
Whereas earlier systems relied on manual labor, modern
layer houses feature mechanical feeding, egg removal,
and fecal waste disposal systems. Egg production and
chicken health are maintained by regulating or simulating
optimum environmental conditions (temperature and hu-
midity), leaving biosecurity control strategies, breed, and
health of the introduced chicken factorial in egg quality
and production (Ensminger, 1992; Salatin, 1993).

In these densely populated and enclosed buildings, mi-
croorganisms originating from fecal matter or feeding
material accumulate if not controlled, and are easily aero-
solized. Resulting viable airborne contaminants (bioaero-
sols) may be solid, liquid, borne by other particles, or
suspended in liquid droplets. Contaminants may contain
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bacterial counts were significantly higher on the inside
of the LMS than the outside. The LMS-A showed yeast
counts of χ = 6.7 × 101 cfu/m3 with none detectable in
LMS-B. Total culturable mold counts were χ = 7.0 × 102

cfu/m3, with significantly higher presumptive Salmonella
spp. counts (χ = 6.6 × 101 cfu/m3) inside both LMS when
compared with the outside. Escherichia coli and total cult-
urable gram-negative counts were significantly higher in
LMS-B at concentrations of χ = 3.6 × 101 cfu/m3. These
counts were significantly higher compared with the out-
side environment. We concluded that the live birds were
the major source of bioaerosols in both LMS, with the
fecal matter disposal systems attributing to the difference
in bioaerosol composition. Modifications to the operation
protocols of both LMS to limit the contamination of eggs
by bioaerosols are suggested.

bacteria, bacterial spores, fungi or fungal spores, antigens,
toxins, viruses, plant pollens, and fecal matter. Bioaero-
sols are potential product contaminants and may affect
employee health (Donham et al., 1986; American Confer-
ence of Governmental Industrial Hygienists, 1989).

Organisms regularly associated with bioaerosols origi-
nating from densely populated environments such as
swine houses have been shown to reach levels of 105 to 107

cfu/m3 (Clark et al., 1983; Donham et al., 1986; Cormier et
al., 1990; Crook et al., 1991). The aerosolized populations
include fungi at levels of up to 104 cfu/m3, as well as
bacteria, predominantly gram-positive species. In poultry
slaughtering plants, the identified bacteria within bioaer-
osols followed a similar trend and were reported to be
predominantly gram-positive. This group included Bacil-
lus spp. and Staphylococcus spp., whereas the gram-nega-
tive bacteria included genera such as Acenetobacter,
Proteus, and E. coli (Lenhart et al., 1982). According to
Lenhart et al. (1982), the major source of bioaerosol within
these plants was the live birds. Furthermore, the authors
noted that 62% of the isolated bacilli were E. coli, a bacte-
rium of fecal origin.

Abbreviation Key: LMS = layer management system; LMS-A = layer
management system without controlled internal climate; LMS-B = layer
management system with controlled internal climate.
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Sources of bioaerosols unrelated to the chickens also
occur in egg production plants. These include contami-
nants from waste treatment systems, building mainte-
nance, and bacterial or fungal growth in the environment.
Facility workers may be a source of bioaerosol contami-
nants carried to work on clothes or skin. Fecal contami-
nants of human origin may also be introduced into the
workplace because of poor personal hygiene practices
(Lutgring et al., 1997). Another major factor in the aerosol-
ization and distribution of airborne microorganisms is
the ventilation system. The ventilation system directly
affects factors such as relative humidity and temperature
and influences the viability of bioaerosols present, the
time spent airborne, and the size of carrier droplets. All
of these factors determine the bioaerosol composition and
contamination levels of exposed food products (Held-
man, 1974).

Given the differences in LMS facility design (controlled
climate or open air) and variations in facility ventilation
(filtered or nonfiltered air inlets), the effect of these factors
on the concentration, distribution, and composition of
bioaerosols is not completely understood when consider-
ing the quality of the eggs produced. In the South African
chicken egg industry, information on the dispersion of
bioaerosols in the different types of LMS is lacking, lead-
ing to considerable expenditure on facility design without
the knowledge of the effect on bioaerosol dispersion. The
aim of this study was to determine the level and distribu-
tion of viable airborne microorganisms in 2 commonly
used systems, and to evaluate the effects of different envi-
ronmental factors on the bioaerosol composition. Finally,
the 2 systems are compared with respect to their ability
to control the bioaerosol compositions.

MATERIALS AND METHODS

Sampling Protocol

A typical chicken egg farm with 2 types of LMS, one
with a controlled internal climate (LMS-B, producing ±
20,000 eggs/d) and another with an uncontrolled internal
climate (LMS-A, similar production capacity as the for-
mer) was selected for this study. Bioaerosol samples were
collected 1.5 m above the floor of the parallel walkways
between the high-rise battery sets of both LMS as well
as from the outside environment (Figure 1) (Chang et al.,
2001). Temperature, relative humidity, wind velocity, and
dust particle concentration were measured at the same
height as the bioaerosols using direct reading instruments
(temperature: area heat stress monitor;2 relative humidity:
LMS automated humidity meter; wind velocity: anemom-
eter;3 airborne particle concentration: handheld aerosol
monitor4 (Chang et al. 2001)).

2Questemp, South Africa.
3Airflow Instrumentation, South Africa.
4PPM Enterprises, Inc., South Africa.

FIGURE 1. Facility design, direction of internal airflow (all arrows),
extraction fans present (a-operative, e-nonoperative), high-rise hen bat-
tery sets (b), floor opening to lower fecal catchment level (c), inlet water
cooled air filters (d), egg grading, quality control, packaging unit (f),
external wind direction (g) of a layer management system with an
uncontrolled internal climate (LMS-A), and a system with a controlled
internal climate (LMS-B). All numbers represent sampling locations.

LMS Characteristics

The LMS-A (Figure 1A) was a dual level structure with
several rows of high-rise hen batteries on the upper level,
and was equipped with an automated egg removal sys-
tem. The upper level of LMS-A was further enclosed with
sheet metal roofs and walls. The fecal matter disposal
system featured a central opening in the floor through
which the matter automatically dropped to the open-
air lower level. Accumulated fecal waste was removed
bimonthly. Other than extraction fans at one end of the
upper level and air vents in the roof, no ventilation or
climate control systems were present. An enclosed
(smooth brick wall) and mechanically ventilated egg
grading, quality control, and packaging unit was situated
adjacent to the LMS. One section of this unit served LMS-
A (Figure 1A, (10)), and the other section (Figure 1A, (11))
served LMS-B.

The LMS-B (Figure 1B) was similar to LMS-A except
that it was a single level structure enclosed with smooth
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brick walls and had an automated fecal matter removal
system. This system included a conveyer belt below each
hen battery set, which moved the fecal matter each morn-
ing to one end of LMS-B, from where it was loaded onto
a truck. A fully automated climate control system in LMS-
B regulated temperature and humidity by means of wa-
ter-cooled filters located in the walls at one end and ex-
traction fans at the opposite end.

Both systems housed chickens of similar age (40 wk),
and breed (Highline Silvers), and birds in both LMS were
housed at the same cage density (3 birds/cage; ± 25,000
birds/LMS). Both systems used the same type of cages
(4 levels in the high-rise) and biosecurity plans. Both
manure removal systems (although different) are classi-
fied as dry removal systems, not flush systems.

Bioaerosol Sampling and Analysis

Microbial bioaerosols were measured by impaction on
agar plates using a single stage SAS Super 90 air sampler5

(Clark et al., 1983; Donham et al., 1986; Haglind and
Rylander, 1987; Donham et al., 1989; Cormier et al., 1990;
Heederik et al., 1991; Thorne et al., 1992). The air sampler
was calibrated at 28.3 L/min before sampling and all
removable components of the air sampler were auto-
claved and disinfected with 70% ethanol between each
sampling run. The air sampler operated by directly col-
lecting airborne microbes onto 55-mm RODAC plates
containing plate count agar, MacConkey agar, potato dex-
trose agar (pH 4), or Chromocult coliform agar, at each
sampling location.6 These media were used for the selec-
tive cultivation and enumeration of the total viable aero-
bic bacteria (plate count agar, Martley et al., 1970), total
viable gram-negative bacteria (MacConkey agar, Atlas,
1993), total viable yeast and molds (potato dextrose agar,
Beever and Bollard, 1970), total E. coli, and presumptive
Salmonella spp. (Chromocult coliform agar, Kilian and
Bülow, 1976; Frampton et al., 1988; Manafi and Kneifel,
1989). All evaluations were conducted in duplicate in
addition to field blank samples (sampler not operating)
at all sampling locations. The plates were incubated at
37°C for 48 h for Chromocult coliform agar, and at 25°C
for 24 to 48 h for plate count agar, MacConkey agar, and
potato dextrose agar plates (Beever and Bollard, 1970;
Martley et al., 1970; Kilian and Bülow, 1976; Frampton et
al., 1988; Manafi and Kneifel, 1989; Atlas, 1993). Colonies
were differentiated by morphology and color, followed
by enumeration using a colony counter7 (Manafi and
Kneifel, 1989). The positive-hole method was applied to
the results from the air sampler for corrections of micro-
bial coincidence (Macher, 1989).

Environmental Factors

Temperature, wind velocity, and relative humidity
were recorded from 1030 to 1600 h for both sampling

5International PBI, Milan, Italy.
6Merck NT, Gauteng, South Africa.
7Gerber Instruments, Effretikon, Switzerland.

FIGURE 2. The levels of different environmental factors encountered
inside and outside a layer management system with an uncontrolled
inner climate (A to C) and one with a controlled inner climate (D to F).

sites using the direct reading instruments described pre-
viously. All readings were recorded in duplicate.

Statistical Analysis

Data reported are the means of duplicate repetitions (2
plates) at each sampling point and were collected twice
in each LMS. Minitab (version 12) software was used to
test the normality of original and transformed data. For
normally distributed data, ANOVA was performed to
detect significant difference among means of contami-
nants at various measurement sites. Nonparametric anal-
ysis was carried out for nonnormally distributed data.
Significance was set at P ≤ 0.05.

RESULTS

Environmental Factors

The wind velocity, temperature, and airborne particle
concentration at each sampling location are shown in
Figure 2. The wind direction in LMS-A was toward the
extraction fans from the lower fecal catchment level, and
in LMS-B, it was toward the extraction fans from the
embedded wall filters. No significant differences were
noted between environmental factors of LMS-A and LMS-
B: Wind velocity inside (P = 0.197), outside (P = 0.322);
airborne particles inside (P = 0.129), outside (P = 0.213);
temperature inside (P = 0.057), outside (P = 0.291). There
was little difference in the relative humidity between the
2 types of LMS (χ = 43 ± 1.5 for LMS-A; χ = 45 ± 0.5 for
LMS-B) and their separate effects on the bioaerosol con-
centration were therefore considered negligible. The wind
velocity inside the LMS-A was below 0.5 m/s on average,
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other than at sampling point 9. The extraction fan located
closest to sampling point 9 was inoperative at the time
of sampling and acted as a window for incoming air from
the outside. Little dispersion and dilution of airborne
contaminants occurred by the low wind force from the
lower level toward the upper level as well as throughout
this system (Figure 2A). The limited dilution effect is
evident from the elevated concentration of airborne parti-
cles between the high-rise battery sets (Figure 2B, sam-
pling points 2 to 4, and 6 to 8). The lower airborne particle
counts detected within the egg grading, quality control,
and packaging area as well as outside indicate that chick-
ens, fodder, and feces are the major sources of airborne
particles. These results support those of Lenhart et al.
(1982), who identified the live birds in poultry slaughter-
ing plants as the major source of bioaerosols.

Similar levels of wind velocity were detected in LMS-
B (Figure 2D), with the exception of sampling sites 5 to 8,
which were in close proximity to the inlet filters. Samples
collected among the high-rise egg batteries of LMS-B
showed low wind velocities, again with little dispersion
and dilution of airborne contaminants. The elevated wind
velocity noted at sampling points 5 to 8 (Figure 2D),
together with the lower temperatures and airborne parti-
cle concentration (Figure 2E, F), indicated a constant feed
of outside air into LMS-B, because the temperature and
airborne particle counts were similar to those of the out-
side environment (sampling points 14 and 15). Elevated
airborne particle concentrations among the high-rise bat-
tery sets of the LMS again implicate the birds as the major
source of bioaerosols.

Culturable Airborne
Microorganisms—LMS-A

The average bioaerosol concentrations associated with
LMS-A are shown in Figure 3. The total culturable bacte-
ria ranged from 8.1 × 103 to 3.6 × 105 cfu/m3 (χ = 1.1 ×
105 cfu/m3) (Figure 3A) across sampling points 1 to 9.
These concentrations were higher (P = 0.026) than those
of the outside environment (7.0 × 102 to 3.9 × 103 cfu/
m3; χ = 2.3 × 103 cfu/m3) at sampling points 12 to 14.
Culturable yeast collected from LMS-A ranged from 0 to
2.0 × 102 cfu/m3 (χ = 6.7 × 101 cfu/m3) and did not differ
from samples collected from the outside environment
(Figure 3B). This was also the case with culturable molds
ranging from 0 to 4.3 × 103 cfu/m3 (χ = 7.0 × 102 cfu/m3)
(Figure 3C). Presumptive Salmonella counts, although low,
ranged from 0 to 1.0 × 102 cfu/m3 (χ = 6.6 × 101 cfu/m3)
on the inside and from 0 to 3.3 × 101 cfu/m3 (χ = 1.1 ×
101 cfu/m3) on the outside (P = 0.006) (Figure 3D). E. coli
counts were only observed in one sample at a concentra-
tion of 6.6 × 101 cfu/m3 on the inside of LMS-A with
similar counts on the outside (Figure 3E). The adjacent egg
grading, quality control, and packaging unit (sampling
points 10 and 11) showed no evidence of E. coli. The total
culturable gram-negative bacterial levels ranged from 0
to 6.6 × 101 cfu/m3 (χ = 1.5 × 101 cfu/m3) inside LMS-A
(Figure 3F) with similar results in the egg grading, quality

control, and packaging unit, and in the outside envi-
ronment.

Culturable Airborne
Microorganisms—LMS-B

Figure 3 shows the average bioaerosol concentrations
inside and outside LMS-B. The total culturable bacteria
obtained inside LMS-B (sampling points 1 to 13) ranged
from 9.0 × 102 to 1.6 × 105 cfu/m3 (χ = 9.2 × 104 cfu/m3),
and are significantly (P = 0.0002) higher compared with
the outside environment (1.1 × 103 to 1.4 × 103 cfu/m3;
χ = 1.3 × 103 cfu/m3) at sampling points 14 to 15. No
culturable yeast was detected inside LMS-B. Culturable
molds ranged from 0 to 3.0 × 102 cfu/m3 (χ = 6.2 × 101

cfu/m3), showing a significant (P = 0.0002) difference
compared with the outside (Figure 3C). Culturable pre-
sumptive Salmonella concentrations ranged from 0 to 2.0
× 102 cfu/m3 (χ = 7.4 × 101 cfu/m3) on the inside with
none detectable on the outside (Figure 3D). Similarly, E.
coli counts ranged from 0 to 1.0 × 102 cfu/m3 (χ = 3.6 ×
101 cfu/m3) on the inside, with none detectable on the
outside (Figure 3E). The total culturable gram-negative
bacteria levels ranged from 0 to 1.3 × 102 cfu/m3 (χ = 4.8
× 101 cfu/m3) inside LMS-B compared with the outside
environment, where no gram-negative bacteria were de-
tected (Figure 3F).

The total culturable bacterial counts were lower, on
average, in both types of LMS than have previously been
reported (Lenhart et al., 1982; Clark et al., 1983; Donham
et al., 1986; Cormier et al., 1990; Crook et al., 1991). The
total plate counts, presented in figure 3A, showed similar
results throughout the sampling spectrum with only the
samples collected from the outside environment pres-
enting lower levels. The total bacterial counts in the out-
side environment were significantly lower than the
insides of both LMS and significant contamination of the
eggs (while in the LMS) from this source is thus im-
probable.

Comparison Between LMS-A and LMS-B

When comparing the indoor bioaerosol composition of
the 2 types of LMS, distinctive differences were noted.
Aerosolized yeast was only detected in LMS-A, whereas
molds were present in the bioaerosol of both LMS. Like-
wise, presumptive Salmonella counts revealed a high de-
gree of similarity between the 2 LMS, whereas E. coli
counts were higher in LMS-B (P = 0.015). This difference
is probably due to the fecal waste that is scraped each
morning in LMS-B, thus producing higher concentrations
of aerosolized particles of fecal origin. The total culturable
gram-negative bacteria supports this observation, in that
LMS-B presented higher counts of these microbiota (P =
0.011). Relatively low counts of viable gram-negative bac-
teria were detected compared with the results obtained
from the Chromocult coliform agar. This low sensitivity
supports the report by Chang et al. (2001), who noted
relatively low counts of gram-negative bacteria compared
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FIGURE 3. The average culturable airborne microorganism concentrations in a layer management system with an uncontrolled inner climate
(LMS-A) and one with a controlled inner climate (LMS-B). Bioaerosol concentrations: A = total viable aerobic bacteria; B = total viable yeast; C =
total viable molds; D = total viable presumptive Salmonella spp. counts; E = total viable Escherichia coli counts; F = total viable gram-negative
bacterial counts; TPC = total plate count; MCA = MacConkey agar. Sampling locations correspond to the sampling points illustrated in Figure 1
as follows: LMS-A, inside (points 1 to 9); outside (points 12 to 14); packaging (points 10 and 11) and LMS-B, inside (points 1 to 13); outside (points
14 and 15).

with previous reports (Clark et al., 1983; Donham et al.,
1986; Cormier et al., 1990; Crook et al., 1991).

In conclusion, airborne culturable bacterial levels in
both types of LMS were lower than those cited in previous
studies. Structural differences between the 2 types of LMS
might influence the quality of the eggs produced as well
as the quality of air inhaled by workers. The major benefit
of an automated fecal matter disposal system, compared
with the open-air lower catchment level, is the decrease
in labor requirements; however, in this study it was
shown to be a significant source of bioaerosols. To limit
the negative effect of this system on the quality of the
eggs, the LMS should be set to extract laid eggs before
the fecal matter is scraped from the conveyer belts. Al-
though the control of environmental conditions (tempera-
ture and relative humidity) are said to increase the levels
of egg production (Webster and Czarick, 2000), differ-
ences noted in the concentration of bioaerosols from both
systems were not due to different environmental condi-
tions. Therefore, although an LMS with a climate control
system requires considerable financial investment, which
small-scale farmers in Africa often cannot afford, the same
quality of bioaerosols could be achieved with systems

that are technologically less advanced. The direct effect
of airborne contamination on the quality of eggs produced
in these types of LMS has however not been evaluated.
Further research to establish the direct effect of airborne
contamination on egg shelf life and quality is thus re-
quired.
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