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faecal contamination which had been undetectable
in background air samples. Trajectory modelling
suggested that atmospheric residence times and dispersion pathways were dependent on the time of day
at which fertilization was performed. Measurements
in a wind tunnel indicated that airborne bacterial
emission ﬂuxes from freshly fertilized soil under
local climatic conditions on average were 100-fold
higher than a previous estimate of average emissions from land. Faecal bacteria collected from soil
and dust up to seven weeks after fertilization could
be traced to their origins in the poultry barn by
genomic sequencing. Comparative analyses of 16S
rRNA gene sequences from manure, soil and dust
showed that manure bacteria got aerosolized preferably, likely due to their attachment to low-density
manure particles. Our data show that fertilization
with manure may cause substantial increases of bacterial emissions from agricultural land. After
mechanical incorporation of manure into soil, however, the associated risk of airborne infection is low.

Summary

Introduction

This is the ﬁrst study to quantify the dependence on
wind velocity of airborne bacterial emission ﬂuxes
from soil. It demonstrates that manure bacteria get
aerosolized from fertilized soil more easily than soil
bacteria, and it applies bacterial genomic sequencing for the ﬁrst time to trace environmental faecal
contamination back to its source in the chicken barn.
We report quantitative, airborne emission ﬂuxes of
bacteria during and following the fertilization of agricultural soil with manure from broiler chickens. During the fertilization process, the concentration of
airborne bacteria culturable on blood agar medium
increased more than 600 000-fold, and 1 m3 of air
carried 2.9 × 105 viable enterococci, i.e. indicators of

Ambient air carries diverse bacteria at average concentrations of ~ 104 m−3 (Despres et al., 2012). Airborne
bacteria have been studied for their potential adverse
health effects (Fröhlich-Nowoisky et al., 2016) and for
their impact on precipitation, as they may function as
effective nuclei for cloud condensation and ice formation
(Möhler et al., 2007). Most airborne bacteria are
attached to other particles, e.g. soil fragments or
agglomerates of other bacterial cells, with a median
aerodynamic diameter of 4 µm (Despres et al., 2012).
Due to their small size, bacteria remain suspended in
the atmosphere for an average period of several days,
and they can get transported over long distances (up to
thousands of kilometres) during this time (Despres et al.,
2012). For example, the long-distance transport of large
quantities of dust derived from arid soils in Africa and
Asia and its high microbial load upon deposition has
been documented (Kellog and Grifﬁn, 2006). Molecular
studies detected considerable microbial diversity associated with such desert dust (Yamaguchi et al., 2012; Barberan et al., 2014), and viable bacteria have been
cultivated from it, including opportunistic pathogens
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(Kellog et al., 2004; Prospero et al., 2005; Hervas et al.,
2009). However, bacterial emission ﬂuxes from biologically more active regions, including grasslands and
plant-covered agricultural ﬁelds, are many times stronger
than those from desert soils, as indicated by direct measurements (Lindemann et al., 1982; Lighthart and Shaffer, 1994) and by ﬂux modelling (Burrows et al., 2009b).
Estimates for global bacterial emissions range from
0.7 to 28 million tons annually (Despres et al., 2012).
While concentrations and speciﬁc identities of airborne
bacteria vary greatly over space and time (Burrows
et al., 2009a; Bowers et al., 2011; Caliz et al., 2018), the
spatial and temporal variation of emission rates has
been studied very little, limiting the precision of current
numerical models of microbial transport (Burrows et al.,
2009b; Despres et al., 2012). Moreover, aerosolized
microorganisms have rarely been linked to their speciﬁc
sources (Bowers et al., 2011), hindering investigations
into the mechanisms and dynamics of microbial emission, transport and deposition. As a consequence, microbiology currently lacks a quantitative and mechanistic
understanding of the aerial dispersal of environmental
bacteria.
In the European Union, 14.5 million tons of chicken
meat are produced annually and there are an additional
400 million laying hens (https://ec.europa.eu/agriculture),
resulting in the production of approximately 22 million
tons of chicken litter per year (Chastain et al., 2002).
The majority of this manure is disposed of as fertilizer
onto agricultural land without any prior treatment. Solid
manure from poultry production is prone to dust emissions due to its high dry matter content and small particle sizes (Kabelitz et al., 2020). It is currently not clear,
however, which quantities of faecal bacteria from
chicken manure get aerosolized during and after soil fertilization, over which distances these microorganisms
may get transported atmospherically, or if they pose a
risk of infection.
We here present quantitative measurements of bacterial emissions from soil fertilized with broiler manure,
based on ﬁeld trials and wind tunnel experiments. We
assess the contribution of agricultural fertilization to bacterial emissions by modelling emission ﬂuxes and transport routes of airborne bacteria and demonstrate how
genomic sequencing can be applied to trace emitted faecal bacteria back to their sources. Finally, we provide an
assessment of infection risk based on this data.
Results
Pathogenic bacteria in chicken faeces and manure
We sampled chicken faeces from two intensive broiler
fattening farms and tested them for the presence of a
variety of pathogenic bacteria by enrichment and by

cultivation on selective agar media following dilution to
extinction. All faeces samples carried Ent. faecium and
ESBL-producing E. coli. No MRSA was detected, even
by using a two-step enrichment procedure. As expected,
manure delivered to the ﬁeld site 13 days later contained
abundant enterococci (Table 1). Interestingly, however,
we were unable to recover any ESBL-producing E. coli
from this manure, even though they had been abundant
in chicken faeces just a few days before. Results from
cultivation-independent analyses are described below.
Emissions during manure application and incorporation
We measured emissions of dust and associated microorganisms during the application and incorporation of poultry manure in a ﬁeld experiment. Details on the
characteristics of particulate emissions from this experiment will be reported elsewhere (Münch et al., in press).
Brieﬂy, the total measured PM10 concentrations consisted of the regional background and additional dust
from agricultural activities. The background was measured and used to adjust PM10 concentrations for the
share released by manure application and incorporation.
Each time the dust plume emitting from the tractor hit
the measuring instruments, PM10 concentrations
increased for a few seconds, to maximally 160 µg m−3
during
manure
application
and
to
maximally
1300 µg m−3 during manure incorporation respectively
(Fig. S2). Concentrations in dust plumes were used to
calculate source strengths (Mafﬁa et al., 2020) (Equations 2 and 3), and total PM10 emissions were inferred
considering processing times, assuming constant dust
release (Table 2).
In parallel to recording particulate emissions, air samples were collected for microbiological analyses by
impingement. The concentration of bacteria culturable on
agar plates (blood agar counts) increased 600 000-fold
to 7.3 × 107 per m3 of air during application activity and
7000-fold to 8.4 × 105 per m3 during incorporation of fertilizer into soil respectively (Table 1). Enterococci had
not been detected at all in background air samples, but
were found at concentrations of up to 2.9 × 105 per m3
of air during manure application and 9.4 × 103 per m3
during tillage (Table 1). Bacterial concentrations per
gram of dust were consistently higher than per gram of
soil or manure, respectively (Table 1), indicating the preferred aerosolization of bacteria.
Microscopic cell counts and agar counts decreased
with increasing distance from the dust sources (Fig. 1).
Of note, enterococcal and blood agar counts were
almost 10-fold higher during manure application than
during subsequent incorporation into the soil, even
though PM10 emissions were lower (Fig. 1). Based on
dust concentrations and a Gaussian dispersion model,
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Table 1. Bacterial concentrations in soil, manure and dust.
Total bacteria (microscopy)
Manure, per g
Unfertilized soil, per g
Fertilized soil, per g
Background air, per m3
Dust, manure application, per m3
Dust, manure incorporation, per m3
Dust from manure application, per g
Dust from manure incorporation, per g

2.4
1.0
1.3
1.2
4.9
2.9
3.2
1.7

×
×
×
×
×
×
×
×

1010  1.4 × 1010
109  3.9 × 108
109  3.1 × 108
106b
108  1.5 × 108
107  3.0 × 106
1013  7.5 × 1012
1011  2.6 × 1010

Blood agar counts (CFU)

Enterococci (CFU)

5.2 ×
1.9 ×
5.3 ×
113b
7.3 ×
8.4 ×
5.1 ×
4.5 ×

8.6 × 106  3.6 × 106
1.5 × 103  5.7 × 102
1.1 × 105  6.4 × 104
< Detection limit
2.9 × 105  6.2 × 104
9.4 × 103a
2.1 × 1010  4.8 × 109
8.7 × 107a

108  1.4 × 108
106  4.0 × 105
106  1.3 × 106
107  1.8 × 107
105  1.6 × 105
1012  1.1 × 1012
109  6.0 × 108

Means and standard errors from three replicate samples are indicated.
a. For enterococcal concentrations in dust during manure incorporation, triplicate measurements were not available due to contamination of agar
plates.
b. Background air was sampled only once.

Table 2. PM10 emissions and bacterial emission ﬂuxes.a

PM10
Fertilizer application
Tillage
Wind-driven emission,
immediately following
fertilizationb
Wind-driven emission, four
weeks after fertilizationc

per ha
per ha
per ha per month
per m2 per
second
per ha per month
per m2 per
second

Bacterial cell counts
(epiﬂuor. microscopy)

0.18  0.12 kg
1.15  0.59 kg
6.1 kg (41 kg)

5.5
1.8
9.6
3.6

×
×
×
×

6.1 kg (41 kg)

4.7 × 1014 (3.2 × 1015)
1.8 × 104 (1.2 × 105)

1016  3.6 × 1016
1014  9.3 × 1013
1014 (6.4 × 1015)
104 (2.5 × 105)

Blood agar CFU

KAA agar CFU
(Enterococci)

8.5 × 1015  5.7 × 1015
5.0 × 1012  2.6 × 1012
2.7 × 1013 (1.8 × 1014)
1 × 103 (7.1 × 103)

3.5
2.9
1.5
5.9

3.9 × 1011 (2.6 × 1012)
15 (100)

5.3 × 109 (3.6 × 1010)
0.2 (1.3)

× 1013  2.4 × 1013
× 1010  1.5 × 1010
× 1011 (1.0 × 1012)
(38)

a. Emissions during fertilizer application and tillage were measured in the ﬁeld. Wind-driven emissions were measured in a wind tunnel and projected to the ﬁeld site considering long-term weather data.
b. Long-term mean (maximum) for March (Fig. 6_PM10release), based on bacterial load measured during tillage.
c. Long-term mean (maximum) for March (Fig. 6_PM10release), based on bacterial load measured 4 weeks after fertilization.

5.5 × 1016  3.6 × 1016 total bacteria (as counted microscopically), including 3.5 × 1013  2.4 × 1013 culturable
enterococci, were emitted per hectare during the fertilizer
application process, and 1.8 × 1014  9.3 × 1013 bacteria and 2.9 × 1010  1.5 × 1010 enterococci were emitted per hectare during subsequent tillage activities
(Table 2).
Modelling of dust transport
The transport of dust emitted during manure application
and incorporation was simulated by using a dispersion
model (Fig. 2). The turbulent nature of the atmospheric
boundary layer resulted in an upward mixing of particles
to up to 2500 m above ground level, and particles were
removed from the atmosphere due to their gravitational
settling and turbulent processes depending on their size.
The results showed that the maximum number of dust
particles released during manure application got deposited within a distance of 20 km, whereas this maximum
was at 200 km during subsequent manure incorporation
due to a more mature atmospheric boundary layer in the
afternoon (Fig. 2). However, during both manure

application and incorporation, approximately 10% of dust
got transported over > 300 km into a Southeastern
direction, and 0.4% or 0.5%, respectively, got transported over > 1000 km (Fig. 2).
Estimation of the potential for wind erosion induced
PM10 emissions from the test ﬁeld
We measured PM10 emissions and the associated release
of bacteria from fertilized soil in wind tunnel experiments,
assuming wind erosion occurs shortly after application
and incorporation of manure (Fig. 3). Above the ﬁeldspeciﬁc threshold wind velocity of 7.0 m s−1, particles
were released that initiated the so-called avalanching
effect, resulting in an exponential increase of transport
intensity at increasing wind velocity (Figs 3 and 4A).
Based on this correlation, we used historic weather data
to calculate potential PM10 emissions from this ﬁeld at an
hourly basis for the period 1992 to 2018. Large differences
between years were evident, with 0–354 kg of PM10 emitted from this ﬁeld annually (Fig. 4B). Calculated PM10
emissions correlated with the yearly course of the wind
speed, with the highest values inferred for winter and
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Fig. 1. PM10 (top) and microbial emissions (bottom) captured by the measuring instruments during manure application and incorporation processes at increasing distances to the tractor engine. Air samples were collected over 10 min for each distance, and particulate concentrations
were monitored in parallel at a height of 1.5 m. Total bacteria were determined as microscopic cell counts, culturable bacteria as blood agar
counts and enterococci as counts on KAA medium.

spring (October to April; Fig. 4C). Fertilization is usually
performed in spring (March to April) in this area. During
this time period, we estimated that 6  15 kg (April; mean,
standard deviation) to 13  23 kg (March) of PM10 got
emitted from the test ﬁeld per month in previous years
(Fig. 4C). Due to weather variation between years, these
estimates ranged from 0 kg to 268 kg per month and
therefore were associated with large standard errors when
averaged over 27 years. If the ﬁeld had been fertilized
with poultry manure as investigated here, these average
dust emissions had been associated with emission ﬂuxes
of 3.6 × 104 m−2s−1 total bacteria (based on microscopic
counts; range, 0–2.5 × 105 m−2s−1), 103 m−2s−1 bacteria
culturable on blood agar (range, 0–7.1 × 103 m−2s−1) and
5.9 m−2s−1 enterococci (range, 0–38) respectively
(Table 2).
Survival of manure-derived enterococci in soil. We
monitored numbers of bacteria (microscopy, blood agar
counts) and enterococci (KAA agar) in soil prior to

fertilization and thereafter in 2–5 weeks intervals until
19 weeks after fertilization (Fig. 5). In manure,
microscopic cell counts were 50-fold larger than blood
agar counts, indicating around 2% culturability of manure
bacteria (Table 1). In contrast, culturability of soil
bacteria was approximately 0.2% (Table 1). The number
of enterococci was 8.6 × 106  3.6 × 106 CFU g−1 in
manure and 1.5 × 103  5.7 × 102 CFU g−1 in nonfertilized soil (Table 1). Fertilization increased the
number of enterococci in soil by more than 70-fold to
1.1 × 105  6.4 × 104 CFU g−1 (Table 1). Seven weeks
later, enterococci counts had decreased to background
level (Figure 5).
The enteric pathogen Ent. faecium had not been found in
soil samples prior to fertilization, but was consistently identiﬁed by species-speciﬁc PCR among enterococcal isolates from fertilized soil until 50 days after fertilization.
Other predominant enterococci species were Ent. faecalis
and Ent. casseliﬂavus (identiﬁed by mass spectroscopy).
Genomes from 92 Ent. faecium isolates, which had been
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Fig. 2. Simulation of dust transport during ﬁeld experiment. Probability densities for the height over ground and the distance from the emission
source are shown.
A. Simulation for emissions during manure application in the morning (10:49–12:15) of 31 May 2017.
B. Simulation for emissions during incorporation of manure into soil (13:33–14:45).

collected from chicken stables (faeces), manure, fertilized
soil and dust, got sequenced by using Illumina technology.
While genome analyses indicated considerable phylogenetic diversity, encompassing multiple multilocus
sequence types (STs), the Ent. faecium isolates were not
closely related to strains which frequently cause healthcare-associated human infections (i.e. STs 17, 18, 117, 80,
192; Fig. 6). Importantly, we found multiple identical or
near-identical Ent. faecium genomes (maximum difference, one core-genome allele; clades I to VI in Fig. 6)
across all samples, including faeces, manure, fertilized soil

and dust. Therefore, viable Ent. faecium detected in fertilized soil and dust indeed originated from applied manure,
rather than from any environmental sources.
Bacterial diversity
To investigate the composition of bacterial communities
in the different samples, we extracted their total DNA and
PCR-ampliﬁed and sequenced the V4 region of 16S
rDNA (Caporaso et al., 2011). Background air did not
provide sufﬁcient DNA for PCR ampliﬁcation (not shown).

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1631–1647

1636

N. Thiel et al.

Fig. 3. Wind tunnel simulation of wind-driven release of bacteria from soil four weeks after fertilization. PM10 concentrations, microscopic cell
counts and CFU for bacteria on blood agar and for enterococci at four different wind velocities and for background measurements (at 0 m s−1)
are depicted; means and standard deviations from three replicate experiments.

The resulting 4.68 × 106 quality-ﬁltered sequencing reads
from 19 samples were assigned to 2.59 × 104 unique
amplicon sequence variants (SV). Rarefaction analysis
demonstrated that the sequencing depth for manure and
almost all dust samples was sufﬁcient to achieve saturation of the number of SVs (Fig. S3). Soil and dust (from
wind tunnel experiments) carried greater bacterial diversity than chicken manure (Fig. 7). While only 775  89
SVs were found in manure, numbers of SVs were consistently greater than 3000 in soil and soil-derived dust
(Fig. 7, Fig. S3). Large bacterial diversity in soil and dust
samples was also reﬂected by Shannon and Simpson
indices (Fig. 7) and by the number of bacterial phyla and
genera detected (Figs S4 and S5).
At the level of individual sequence variants (SVs), 47
predominant SVs, afﬁliated to nine bacterial families,
together accounted for 96% of 16S rDNA sequences
from manure (Fig. 8). These SVs accounted for < 0.2%
of 16S rDNA from soil prior to fertilization and for 2% of
16S rDNA from freshly fertilized soil (Fig. 8). Four weeks
after fertilization, these 16S rDNA sequences had
decreased to 0.7% in soil, yet they got enriched to up to
12% in dust emitted from this soil (Fig. 8).

Discussion
Dust-associated bacterial emissions during fertilizer
application and tillage operations
Emissions of PM10 during the process of manure application accounted for total losses of only 0.003% of the
12 tons of manure applied. Considerable numbers of
viable bacteria were associated with these particulate
emissions, however. Twenty metres downwind from the
application site, the concentration in air of bacteria culturable on blood agar medium increased more than 105fold compared to background levels. One m3 of air carried 2.9 x 105 enterococci, which had been undetectable
in background air.
Comparable data in the literature are scarce, and previously reported concentrations of aerosolized bacteria
during the process of spreading liquid manure (cattle
slurry) varied by ﬁve orders of magnitude, from 2 × 103
culturable bacteria per m3 (Boutin et al., 1988) to 108
enterobacteria per m3 (Hobbs et al., 2004). Our measurements were at the high range compared to this literature data, which were to be expected because poultry
litter is dryer (29% water content) and therefore more
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Fig. 4. Emissions of PM10 from the test ﬁeld. (A) Calculated PM10
emission from wind tunnel experiments was plotted against wind
velocity. (B,C) Estimated PM10 emissions from the test ﬁeld (2.1 ha)
in the last 26 years. (B) Annual sum, the dashed line indicates the
mean annual emission, (C) monthly mean.

prone to aerosolization than liquid slurry (Kabelitz et al.,
2020).
Measurements of airborne bacterial emissions during tillage operations have not previously been reported. In our
ﬁeld experiment, the quantities of particulate emissions
during tillage activities incorporating fertilizer into the soil
were in the range to be expected for a sandy clay loam
soil with a water content of 9%. Tillage aerosolized 6.4
times larger amounts of PM10 than the preceding fertilizer
spreading procedure. This larger amount of dust, however, carried less than 1% of the microscopically counted
bacterial cells and only small fractions (< 0.1%) of blood
agar plate counts and enterococcal (i.e. KAA agar) plate
counts, compared to dust from fertilizer spread (Table 2).
Obviously, tillage resulted in a dilution of manure in the
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soil. As a consequence, the majority of dust released during tillage was derived from the soil and hence contained
a large proportion of inanimate mineral particles.
Not surprisingly, our sequence analyses of bacterial
16S rRNA genes revealed drastically different taxonomic
compositions of the bacterial communities in soil and
manure (Figs 7 and 8). In the past, low culturability from
soil dust had been ascribed to high proportions of dead
bacterial cells (Lighthart, 1997). More recently, however,
it has been well documented that the majority of soil
bacteria cannot be readily cultivated on nutrient-rich agar
media (Hugenholtz et al., 1998; Janssen et al., 2002).
While 2% of bacteria from manure were successfully cultivated on blood agar in our hands, culturability of bacteria from soil was 10 times lower, at about 0.2%
(Table 1). Hence, while large amounts of dust got emitted during tillage operations, it carried comparatively low
concentrations of bacteria and particularly low numbers
of those microorganisms that could be readily cultivated
under standard conditions, including faecal bacteria. We
conclude that the atmospheric release of manure-derived
faecal bacteria during fertilizer spread was more quantitatively relevant than during subsequent tillage operations (more than 1000-fold in our experiments).
Considering real weather conditions on the day of the
ﬁeld experiment, modelling of dust transport indicated that
the residence time of aerosolized microorganisms
depended strongly on the boundary layer conditions during the emission and during transport. Afternoon conditions favoured the elevation of aerosolized bacteria to
greater altitudes. However, large proportions of dust particles released from both manure application and incorporation were predicted to have prevailed in the atmosphere
for several days and got transported over several hundred
kilometres (Fig. 2), and fractions of 0.01% reached the
Black Sea (1,600 km from the source) within 48 h.
Assuming a survival rate that was previously measured
for airborne Pseudomonas ﬂuorescens, 0.3‰ of aerosolized bacteria would survive a two days atmospheric journey (Amato et al., 2015). This model suggests that of the
blood agar detectable bacteria that got aerosolized from
our test ﬁeld during manure application activities
(Table 2), 3 × 107 reached the Black Sea in a viable state,
including 1 × 105 enterococci. Likewise, 2 × 108 of the
total bacteria (microscopic counts) would have had a
chance to survive this aerial transport, even though it is
not known what proportion of these organisms had been
viable when they got lifted from the soil.
Strong wind-driven bacterial emission ﬂuxes from
fertilized soil
Very few quantitative measurements of aerial microbial
emission ﬂuxes from soil have been reported throughout
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Fig. 5. Survival of enterococci in soil after fertilization. Mean bacterial counts from samples collected from three distinct spots on the ﬁeld site;
error bars: standard deviation. LoD, limit of detection; LoQ, limit of quantiﬁcation.

the literature. Available studies had presented point measurements, whereas the dependence on wind velocity
and on weather conditions had not been investigated in
the past. Our wind tunnel experiments provided soilspeciﬁc parameters for the functional relationship
between wind velocity and bacterial emissions. Considering long-term precipitation and wind conditions, our
data showed that bacterial emission ﬂuxes from freshly
fertilized soil, based on epiﬂuorescence microscopy and
averaged over 26 years, were 100-fold higher than previous mean estimates of ﬂuxes from land (Lindemann
et al., 1982; Burrows et al., 2009b). Peak bacterial ﬂuxes
during high-wind months were again almost seven-fold
higher than the long-term average. Immediately following
fertilization, even blood agar counts were eight-fold
higher than previous cultivation-based estimates (Lindemann et al., 1982), although our cultivation conditions
(blood agar, incubated aerobically at 37°C) were not
ideal for soil bacteria.

Previous investigations that had relied on bacterial cultivation on agar media alone (Lindemann et al., 1982;
Lighthart and Shaffer, 1994) likely underestimated bacterial emission ﬂuxes from soil severely. Our microscopic
bacterial cell counts were up to three orders of magnitude
higher than cultivation-based numbers (i.e. agar counts;
Table 2), corroborating previous ﬁndings on the low culturability of soil bacteria by standard methods (Janssen
et al., 2002). Our microscopic counts matched previously
reported data from quantitative PCR, targeting bacterial
16S rRNA genes from aerosolized bacteria, which had
been collected above agricultural soil following the
spread of liquid dairy manure (Jahne et al., 2015).
Our data showed that wind-driven bacterial emissions
from manure-fertilized soil were lower than those released
during manure application, but were quantitatively about
equally relevant as emissions caused by tillage (Table 2).
Long-term weather data suggested that conditions for particulate and bacterial emissions from soil were most

Fig. 6. Genome-based phylogenetic relationships among Ent. faecium isolates. A neighbour-joining tree was reconstructed from a matrix of
core-genome allelic distances. Colours indicate the sampling sources as indicated. Six clusters with multiple near-identical genomes each (distance ≤ 1 core-genome allele) are labelled with roman numerals.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1631–1647

Airborne bacterial emission ﬂuxes from soil

1639

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1631–1647

1640

N. Thiel et al.

(A)

(B)

% predominant manure-derived
16S rDNA sequences

Fig. 7. Diversity analyses based on 16S rRNA gene sequencing. Colours indicate types of samples.
A. Alpha diversity measures.
B. Principal coordinate analysis of weighted UniFrac distances between samples.
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Fig. 8. Aggregated abundances of 47 sequence variants that each
accounted for > 0.1% of 16S rRNA sequencing reads in chicken
manure. These sequence variants were afﬁliated to Staphylococcaceae, Lactobacillaceae, Leuconostocaceae, Brevibacteriaceae,
Corynebacteriaceae, Dermabacteraceae, Nocardiopsaceae, Bacillaceae, Enterobacteriaceae, Ruminococcaceae and Streptococcaceae (in the order of their proportional abundance in manure).

favourable during winter and spring, i.e. at times, when protective vegetation cover is scarce and fertilization gets performed. Temporal variations of climatic conditions and
vegetation may alter the emission strength of soil and
thereby contribute to the global, seasonal ﬂuctuations of
bacterial air concentrations that had been observed previously (Burrows et al., 2009b). This seasonal variability has
as yet not been incorporated in atmospheric models of bacterial transport. Additional investigations are warranted to
elucidate the dependence of bacterial emissions on soil
type and soil moisture, which are known to inﬂuence particulate emissions (Funk et al., 2008).

We conclude that current models (Burrows et al.,
2009b) underestimate bacterial emission ﬂuxes from manure-fertilized agricultural soil about 100-fold to 670-fold,
depending on actual weather conditions. Very likely, fertilization increased bacterial emission ﬂuxes due to alterations of the soil composition. We observed that manurederived bacteria got aerosolized preferably, which was
probably due to their attachment to organic manure particles. Wind-driven erosion of soil causes organic matter to
get suspended into the air more easily than mineral particles, leading to its relative enrichment at increasing height
above ground (Iturri et al., 2017; Nerger et al., 2017).
Risk of infection
Enterococci are indicators of faecal contamination (Boehm
and Sassoubre, 2014). Our comparative analysis of genome sequences demonstrated that Ent. faecium in fertilized soil up to seven weeks after manure application and in
emitted dust originated from chicken faeces. While similar
persistence of enterococci in manure-fertilized soil had
been reported previously (Stocker et al., 2015; Hodgson
et al., 2016), bacterial genome sequencing had not been
applied in the past to trace any faecal contamination back
to their source. Genome sequencing provides signiﬁcantly
better discriminatory power and speciﬁcity than analyses of
16S rRNA genes, which are more commonly applied for
this purpose (Unno et al., 2018).
Surprisingly, ESBL-producing E. coli was below the
detection limit in manure and dust, even though it had
been abundant in litter collected from chicken barns. However, recent experiments conﬁrmed a rapid decline of
ESBL-producing E. coli under aerobic composting conditions in manure heaps, suggesting that storage of poultry
manure for 72 h was sufﬁcient to effectively inactivate the
majority of drug-resistant E. coli (Siller et al., 2020).
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Most previous investigations of infection risks associated
with the application of manure as agricultural fertilizer considered environmental contamination due to microbial runoff and impairment of stream and ground water quality
(Bradford et al., 2013; Blaustein et al., 2015). Only limited
research has measured emissions of bioaerosols from cattle and pig slurry during its land application (Boutin et al.,
1988; Hobbs et al., 2004). One recent study had recommended a minimum distance of 160 m between manure
application sites and any ﬁelds growing food crops, to avoid
contamination with pathogens from manure (Jahne et al.,
2016). Our atmospheric modelling results suggested, however, that transport trajectories of emissions depend on
prevailing atmospheric conditions, which could change
during the day and result in the transport of manure particles over hundreds of kilometres. In another study, the
same authors had assessed the risk of airborne infection
from a ﬁeld fertilized with cattle manure, considering the
exposure to manure-associated gastrointestinal pathogens through swallowing of inhaled bacteria after their
deposition in the upper respiratory tract (Jahne et al.,
2015). While that study reported a combined probability of
infection of 1:500 at a distance of 100 m from the manure
application site (Jahne et al., 2015), our measurements
indicated 200-fold higher concentrations of enterococci
within the dust plume during fertilizer application, suggesting an increased risk for those directly exposed, e.g. agricultural workers. In contrast, emissions of faecal bacterial
were much lower during tillage and afterwards, indicating
that the risk of airborne infection from properly prepared
ﬁelds was low. Incorporation of manure into soil within few
hours after application is required by law in Germany, to
minimize runoff and gaseous emissions. Obviously, this
policy also reduces the risk of airborne infection effectively.
Experimental procedures
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obtained from an intensive poultry-fattening farm in
Brandenburg, housing about 19 000 animals per stable
on wood pellets. Chicken housings had been sampled
by collecting 30 chicken droppings from each stable. At
the end of a fattening period, the stables were mucked
out and the accumulated manure (water content, 30%)
was transported to the ﬁeld site, where it was stored in
a heap overnight. From 10:49 h to 12:15 h (Central
European Summer Time), 12 tons of manure got applied
using a manure spreader ‘Strautmann BE4’ (spreading
width 3 m). From 13:33 h to 14:45 h, the manure was
incorporated into the soil by applying a ﬁeld cultivator
‘Lemken Smaragd 9’ (working depth 8 cm, working width
3 m). Aerial samples were collected at the leeward side
of the ﬁeld when the tractor reached distances of 20, 50
and 100 m to the measuring point (Fig. S1). The experimental set-up consisted of two dust monitors (Environmental Dust Monitor EDM #164; Grimm AerosolTechnik, Germany) at 1.50 m and 3.80 m height, each
measuring particle concentrations continuously every 6 s
at a ﬂow rate of 1.2 l min−1, and an XMX-CV aerosol
collection system (Dycor, Canada) at 1.50 m, capturing
particles by impingement into 5 ml phosphate-buffered
saline (PBS) at a ﬂow rate of 530 l min−1 for 10 min.
After 10 min, the collection buffer was exchanged. Air
temperature and relative humidity, wind velocity and
wind direction were recorded by using a mobile weather
station. Prior to and following fertilization, soil samples
were collected at three representative, equally separated
spots on the ﬁeld site. Each of these samples was a
mixture of ﬁve shovels of soil taken in a star-shaped
pattern around the sampling spot. The same spots were
sampled afterwards several times until October 2017 to
determine the persistence of bacteria in the soil. Samples were stored at 4°C for up to 24 h until they were
analysed for microbial content.

Field experiment
A ﬁeld experiment was performed on 31 May 2017 on
2.1 hectares of fallow land near Müncheberg-Friedrichshof (Brandenburg, Germany). The ﬁeld consisted of
sandy loam and had not been fertilized with animal
waste for 15 years. Two days before the experiment, the
test ﬁeld was pretreated with a chisel plow to subvert
the plant cover. Manure for the ﬁeld experiment was

Gaussian dispersion model
To calculate the amount of dust produced during manure
application and incorporation, a ‘Gaussian dispersion
model’ was used, which describes the ambient air concentration of a pollutant from a continuous emitting point
source including a deposition term (Weber, 1976; Anonymous, 1986; Seinfeld and Pandis, 2006):
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ﬁeld experiment (Münch et al., in press). In order to repwhere c [µg m−3] is the dust concentration, x [m], y [m]
resent the different meteorological conditions during
and z [m] are the distances from the source in downmanure application and incorporation, respectively, two
wind, crosswind and vertical directions, Q [µg s−1] is the
48 h simulations were performed: 31 May 2017 at 10:50
source strength (manure spreader or cultivator, respecand 13:30 (local time). Meteorological boundary data
tively), uh [m s−1] is the wind speed at height h [m], σy
were taken from the European Center for Medium-range
[m] and σz [m] are the dispersion of dust in horizontal
Weather Forecast ERA5 dataset.
and vertical directions, Vdi [m s−1] is the deposition
velocity of particles with different size classes
(Vdi(PM10) = 0.07 m s−1), and ξ is a non-dimensional
Wind tunnel experiments
stability parameter. Further, a = σz2 is for tillage opera2
As measurements of wind erosion at the ﬁeld site are
tions and a = 2σz for manure application. For tillage, the
quite uncertain due to unsteady weather conditions, we
vertical dispersion parameter a is reduced to σz2,
decided to investigate the test ﬁeld soil’s susceptibility to
because dust from tillage is emitted just above the
wind erosion in a wind tunnel as described previously
ground and the dust plume develops only vertically
(Funk et al., 2019). The boundary layer wind tunnel was
upwards. Rearranging Equation (1) enables the determioperated as an open-circuit system, receiving ambient
nation of the source strength from the concentration
air from outside of the building. Twenty-eight days after
measurements:
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The released dust during each operation at the ﬁeld is
ﬁnally calculated by
EF ¼

Q t
A

(3)

where EF [kg ha−1] is the emission factor per unit area, t [s]
is the duration of the operation, and A [ha] is the ﬁeld size.
Modelling atmospheric transport of dust particles
Trajectory calculations are a commonly applied method
to investigate the pathway of a particle through the atmosphere. In order to account for the atmosphere’s strong
turbulent ﬂuctuations such as changes in wind speed
and direction over time and space, a set of trajectories is
calculated. Thereby, a single trajectory represents one
statistically possible path of a group of particles. Consequently, a large number of trajectories together represent
the most likely transport pathway of all particles emitted
from one individual source through the atmosphere. In
other words, this results in a distribution of likely dispersion pathways. In the framework of this study, we used
the Lagrangian particle simulation module ‘itpas’ (M.
Faust and K. Schepanski, unpublished data) based on
the COSMO-Model trajectory module (Miltenberger
et al., 2013) to calculate the dispersion of dust-like particles (diameter, 1–10 µm) within the atmospheric boundary layer (lowest kilometres of the atmosphere). In order
to describe the particle dust emission ﬂux and particle
size distribution, the model was initialized by particle size
distributions and emission ﬂuxes measured during the

manure application and incorporation, soil (500 l) from
the upper 8 cm of the test ﬁeld was collected and ﬁlled
into the tunnel’s working section of 7 m length × 0.7 m
width, resulting in a soil layer of 0.1 m thickness. A
EDM164 and a Dycor aerosol collector were placed in
the tunnel’s suspension chamber (Funk et al., 2019). For
each experiment, dust (PM10) and bacterial emissions
were measured at wind velocities of 7.2, 10.2, 13.7 and
15.2 m s−1. The wind velocity was increased within 30 s
to the appropriate value and kept constant for 15 min.
Because of the limited availability of erodible fractions of
the soil, the surface was exhausted after a certain time,
which always happened within the 10 min measuring
interval of the Dycor. We estimated the wind velocity-dependent emissions as sum of the PM10 emitted during
the 15 min runs in relation to the total tunnel ﬂoor
(4.9 m2) as mass per area. After each experiment, the
soil surface was refreshed by mixing it with a rake.
Estimation of the potential for wind erosion induced
PM10 emissions from the test ﬁeld
Based on the wind tunnel tests, the following equation was
derived, which follows the typical form of sand transport
equations to describe the exponential increase of transport
intensity q with increasing wind velocity u or friction velocity
u* (Funk and Engel, 2015; Jarrah et al., 2020), with
q ¼ Au  ðu   u  t Þ2 for u  >u  t

(4)

where q, soil ﬂux [kg m−2 s−1]; u*,u*t, friction velocity and
threshold friction velocity [ms−1]; A, summarized
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coefﬁcient of several empirical and physical parameter of
inﬂuence.
As dust emissions arise from sand transport, there is
a direct relationship between both transport modes (Marticorena and Bergametti, 1995). In the wind tunnel experiments, most parameters were kept constant, including
soil composition and moisture, aggregation and roughness, so a simpliﬁed correlation between wind velocity
(u) and PM10 emissions (FPM10), which represents a
speciﬁc part of the total soil ﬂux q, was obtained by nonlinear regression:
F PM10 ¼ Au ðu  u t Þ1:69

(5)
−3

where FPM10 was calculated from concentration [µg m ],
air ﬂow rate [m3 s−1], wind tunnel ﬂoor area (4.9 m2) and
time [s]. A = 1, will change if initial parameters are
changed.
The wind tunnel results were transferred to natural
open land conditions by converting wind velocities measured in the wind tunnel to the standard wind velocity at
a measuring height of 10 m. The threshold wind velocity
ut was 7.0 m s−1, valid for that ﬁeld with a dry surface
and roughness as after seedbed preparation (Funk and
Engel, 2015). The total PM10 emissions of the test ﬁeld
were estimated considering its area of 21 000 m2. On
the basis of historic weather data [i.e. hourly values of
wind velocity, precipitation, temperature, solar irradiation,
air humidity from 1992 to 2018 (DWD, 2019)], we estimated the potential extent of PM10 emissions from the
test ﬁeld during the last 27 years. Wind erosion and
associated PM10 emissions were assumed when wind
velocity exceeded the threshold of 7.0 m s−1, and there
had been no precipitation during the preceding 24 h (or
when evapotranspiration was higher than precipitation).
The vegetation cover was not considered for these
estimations.
Cultivation-based enumeration of bacteria from manure,
soil and dust samples
For enumeration of bacteria in manure and soil samples,
10 g of sample material was mixed with 90 g LB medium
(Carl Roth). Samples were homogenized for 30 s with a
bag mixer (Interscience, St. Nom la Bretèche, France)
and left for sedimentation of coarse particles (30 min,
room temperature). Dilutions of the supernatants and of
impingement suspensions from the aerosol collector
were diluted to extinction and streaked on Columbian
blood agar (Oxoid) for quantiﬁcation of total aerobe colony forming units (CFU) and on kanamycin-aesculin
agar (KAA; Oxoid) for selection and quantiﬁcation of
Enterococci spp. Subsequent species identiﬁcation of
Enterococcus faecium was achieved by using a species-
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speciﬁc PCR (Cheng et al., 1997) and veriﬁed by
MALDI-TOF mass spectroscopy. Samples for mass
spectroscopy were prepared by ethanol-formic acid
extraction as described previously (Schumann and
Maier, 2014) (Protocol 3), and spectra were recorded,
evaluated and identiﬁed by using a MALDI Biotyper
Smart System GP (Bruker Daltonik, Bremen, Germany).
In addition, supernatants were streaked on ‘Chromagar
VRE’ (Chromagar, France) for vancomycin-resistant
enterococci and on ‘Chromagar MRSA’ (Chromagar,
France) for methicillin-resistant Staphylococcus aureus
(MRSA). Extended-spectrum beta-lactamase producing
E. coli were isolated on McConkey agar No. 3 (Oxoid)
supplemented with 1 mg l−1 cefotaxime, and species
identiﬁcation of E. coli was achieved by MALDI-TOF
mass spectroscopy.
The limit of detection (LoD, 1 count per agar plate)
was 102 CFU g−1 for soil and manure samples and
9.43 CFU m−3 for dust impingement samples. Accordingly, the limit of quantiﬁcation (LoQ, 30 counts per agar
plate) was 3 × 103 CFU g−1 for soil and 283 CFU m−3
for dust.
Microscopy
For determination of total bacterial counts, an aliquot of
each sample was ﬁxed in 1% glutardialdehyde and
stored at 4°C until analysis. Samples were stained with
SYBR Green and ﬁltered onto black 0.2 µm isopore
membrane ﬁlters (Merck Millipore, Darmstadt, Germany)
(Vieira et al., 2019). Filters were placed between object
slide and coverslip and sealed with nail polish, and
images were monitored employing a Nikon Eclipse Ti
inverted microscope with GFP (485/20-525/30) ﬁlters.
Fluorescence z-stacks were taken using a Nikon N Plan
Apochromat λ × 100/1.45 oil objective and an ORCA
FLASH 4.0 HAMAMATSU camera. At least 10 ﬁelds of
view (17 404.19 µm2) per sample were recorded. For
quantiﬁcation, ten ﬁelds of view were analysed using the
NIS-Elements software 4.30 (Nikon). Bacterial cells were
identiﬁed automatically by using the object count tools
(smooth: 4×, clean: 4×, ﬁll holes: on, separate: 4×) and
manually examined to account for background variation.
DNA extraction and 16S rRNA gene sequencing
Extraction of DNA from manure, soil and dust samples
and subsequent PCR ampliﬁcation of 16S rRNA gene
segments were performed according to the 16S rDNA
amplicon protocol of the Earth Microbiome Project (http://
www.earthmicrobiome.org/protocols-and-standards/16s/).
In brief, DNA was extracted using the DNeasy PowerSoil
Kit (Qiagen, Hilden, Germany) according to the manufac-
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turer’s instructions. Primers used for ampliﬁcation of the
V4 region of the 16S rRNA gene were published previously (Caporaso et al., 2011; Parada et al., 2016). Forward primers contained sample-speciﬁc barcodes to
enable multiplexing. PCR reactions were performed in
triplicates, containing 0.8 x Platinum Hot Start PCR Master Mix (Thermo Fisher Scientiﬁc), 0.2 µM each of forward and reverse primer, and 1 ng of template DNA
under the following conditions: 3 min at 94°C, 35 cycles
at 94°C for 45 s, 50°C for 60 s, 72°C for 90 s and a ﬁnal
extension step at 72°C for 10 min. Equimolar amounts of
merged triplicates were pooled, puriﬁed by using QIAquick PCR puriﬁcation columns (Qiagen) and sequenced
on the MiSeq platform (MiSeq Reagent Kit v3, 600 cycle;
Illumina).

45 min at 37°C. Sequencing libraries were prepared using
a modiﬁed Nextera XT protocol (Baym et al., 2015; Steglich
et al., 2018). The libraries were sequenced on a NextSeq
machine with a NextSeq 500/550 midoutput v2 kit (Illumina). Illumina sequencing reads were assembled by
using SPADES v3.13.0, and resulting contigs were processed in SEQSPHERE 6.0.2 for cgMLST allele calling and
for determination of cgMLST-based complex types and
classical MLST sequence types (STs; de Been et al.,
2015). Distances between cgMLST allelic proﬁles were
used to construct a neighbour-joining phylogenetic tree,
which was subsequently annotated with iTOL 4.0.3 (Letunic and Bork, 2016). Genome sequencing read data from
92 Enterococcus faecium isolates were submitted to the
European Nucleotide Archive under accession number
PRJEB36824.

Processing of 16S rRNA gene sequences
Amplicon sequences were analysed via the plugin-based
QIIME2 pipeline (version 2018.4; Bolyen, 2018). Demultiplexed forward reads were trimmed to 260 bases
according to quality parameters using FASTX_TRIMMER
(FASTX Toolkit Version 0.0.14). Truncated reads were
loaded into the Qiime2 environment and processed by
using implemented software tools. By using Deblur (Amir
et al., 2017), sequences were error-ﬁltered and unique
sequence variants (SV) identiﬁed. Sequences were
aligned with MAFFT (Katoh and Standley, 2013) and
used to build a phylogenetic tree with FASTTREE (Price
et al., 2009). Taxonomy was assigned to the respective
SVs by alignment with the SILVA reference database,
release 128 (Quast et al., 2013). Resulting BIOMtable,
taxonomy and rooted tree were exported and further processed with R (version 3.4.3, available at https://www.Rproject.org/) using the R package ‘phyloseq’ (McMurdie
and Holmes, 2013). Rarefaction analysis was performed
by plotting the number of SVs versus sequencing depth
with the R package ‘ranacapa’ (version 0.1.0). For normalization, sequence counts were rareﬁed to the read
count of the sample with the lowest total number of
reads after error ﬁltering (1.23 × 105 reads). As alpha
diversity estimates, richness (observed number of SVs
per sample) and Shannon and Simpson indices were
computed. For estimation of beta diversity, unweighted
and weighted UniFrac distance matrices were determined and subjected to principal coordinate analysis
(PCoA) using the ‘phyloseq’ package.
Genome sequencing and phylogenetic analysis
DNA was puriﬁed from plate-grown Ent. faecium using the
DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s instructions, except that bacterial cell lysis was
performed with lysozyme (90 000 U) in 1% Triton X-100 for
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Möhler, O., DeMott, P.J., Vali, G., and Levin, Z. (2007)
Microbiology and atmospheric processes: the role of biological particles in cloud physics. Biogeosciences 4:
1059–1071.
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Fig. S1. Experimental set-up. (A) Satellite image of test ﬁeld
in Brandenburg near Müncheberg. The blue arrow indicates
the predominant wind direction on the day of the test ﬁeld,
the asterisk indicates the position of the measuring equipment, and the dotted lines mark the tractor tracks during air
sample collection. (B) Tractor equipped with manure spreader during manure application. (C) Tractor equipped with
ﬁeld cultivator during manure incorporation. (D) Measuring
equipment consisted of two dust monitors at different
heights and an aerosol collection device. (E) Wind tunnel.
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Fig. S2. PM10 concentrations measured during manure
application and incorporation at heights of 3.80 m and
1.50 m, as indicated. Light blue shading indicates time periods of aerosol collection by impingement.
Fig. S3. Rarefaction curves indicating the number of 16S
rDNA sequence variants (SV) detected as a function of
sequencing depth. The dotted line highlights the number of
reads used for rarefying (normalization, N = 120 000).
Fig. S4. Taxonomic composition of 16S rDNA sequencing
data at phylum level.
Fig. S5. Taxonomic composition of 16S rDNA sequencing
data at genus level.
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