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a b s t r a c t

An air measurement campaign was carried out at a green-waste composting site in the South of Ireland
during Spring 2016. The aim was to quantify and identify the levels of Primary Biological Aerosol Particles
(PBAP) that were present using the traditional off-line, impaction/optical microscopy method alongside
an on-line, spectroscopic approach termed WIBS (Wideband Integrated Bioaerosol Sensor), which can
provide number concentrations, sizes and ‘‘shapes” of airborne PBAP in real-time by use of Light
Induced Fluorescence (LIF). The results from the two techniques were compared in order to validate
the use of the spectroscopic method for determining the releases of the wide-range of PBAP present there
as a function of site activity and meteorological conditions. The seven-day monitoring period undertaken
was much longer than any real-time studies that have been previously performed and allowed due com-
parison between weekday (working) activities at the site and weekend (closed) releases. The time-span
also allowed relationships between site activities like turning, agitation or waste delivery and the WIBS
data to be determined in a quantitative manner. This information cannot be obtained with the Andersen
Sampling methods generally employed at green-waste management sites. Furthermore, few specific
bioaerosol types other than Aspergillus fumigatus, are identified using the traditional protocols employed
for site licensing purposes. Here though the co-location of WIBS with the impaction instrument made it
possible to identify the real-time release behaviour of a specific plant pathogenic spore, Ustilago maydis,
present after green-waste deliveries were made by a local distillery.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The air quality determined for indoor or outdoor ambient or
occupational environments is significantly affected by the levels
of particulate matter present. The health risks associated with par-
ticulate matter (PM10, PM2.5 and PM1), mainly generated by com-
bustion processes and from non-exhaust vehicle emissions, are
well known (Pöschl, 2005, Cohen et al., 2005). Although the effects
on humans and plant life of corresponding biological particulate
matter (termed Primary Biological Aerosol Particles, PBAP, or
bioaerosols) have been studied for many years (Pinnick et al.,
1995, Després et al., 2012, Poehlker et al., 2012), the real-time
monitoring of this type of airborne material at known ‘‘hot-spot”
locations such as composting sites has lagged behind. Hence there

are few studies published that quantify the number and type of
fungal spores being released at places where individuals (particu-
larly those who are immuno-compromised) are present or where
susceptible crops may be affected on a routine basis. Green-
waste management sites are a good example of such outdoor
spaces that are often found in rural areas close to crops, served
by staff and visited by customers. There are licensing guidelines
set by national and regional environmental agencies for commer-
cial composting operations. These primarily focus on people inhab-
iting the surrounding areas and for site workers themselves. On
Irish compost sites the monitoring of a limited number of harmful
biological particles like Aspergillus fumigatus, are performed off-site
just once a year for a short time period with the results returned
some days later to the local management (Williams et al., 2013,
O’Connor et al., 2015). Therefore no indication of minute-to-
minute or hour-to-hour changes in bioaerosol releases are made
even when the normal agitation processes associated with the
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composting process occur or when deliveries are made. The Eng-
lish Environment Agency guidance specifies that to be deemed
acceptable, monitoring should be carried out at times of high site
activity e.g. turning, shredding, screening.

One of the most important aims of the waste industry is to max-
imise the benefit that can be recovered from global waste. Com-
posting is a method of waste management that is based on the
biological degradation and stabilisation of organic matter per-
formed under aerobic conditions (Sanchez-Monedero et al., 2005,
Wéry, 2014, Avery et al., 2012, Beffa et al., 1998, Hryhorczuk
et al., 2001). However, it has now become an important industrial
activity, which impacts on waste management targets. Therefore, a
substantial increase, throughout the world, has become apparent
for the use of local composting facilities to manage and utilize
green- and food-waste (Hryhorczuk et al., 2001, Wéry, 2014,
Recer et al., 2001).

Many of the microbial processes involved in the degradation
and transformation processes from green-waste to fertilizer are
now understood and airborne bioaerosols are a natural, unavoid-
able outcome of the processing. Hence there can be major releases
of sometimes pathogenic and irritant bioaerosols at composting
sites especially during activities involving the vigorous movement
of material such as shredding, compost pile turning and compost
screening (Wéry, 2014, Taha et al., 2006, Sanchez-Monedero
et al., 2005, Hryhorczuk et al., 2001, Millner et al., 1980, Taha
et al., 2005, Gillum and Levetin, 2008, Sanchez-Monedero and
Stentiford, 2003, Pankhurst et al., 2011). The increased emissions
of bioaerosols are currently causing concerns related to potential,
occupational health impacts on the workers, visitors to commercial
composting facilities and nearby residents (Sanchez-Monedero
et al., 2005, Wéry, 2014, Van der Werf, 1996). Furthermore, certain
crops in the site vicinity have the potential to be harmed. Of course,
the human health aspect is the reason why licensing authorities
have put in place (although only in some countries) regimes where
monitoring techniques involving the impaction of viable microor-
ganisms onto a culture e.g. Andersen Sampling must be used to
measure levels of mesophilic bacteria and the fungal spore Asper-
gillus fumigatus (Williams et al., 2013, Pankhurst et al., 2011).

Typical mass concentrations for fungal spores of �1 mg m�3 are
found in continental boundary layer air with estimated global
emissions being �50 Tg/yr (Poehlker et al., 2012, Elbert et al.,
2007). Fungal spores are the most abundant of the PBAP to be
found in many local environments (Després et al., 2012, Elbert
et al., 2007, Womiloju et al., 2003) and occur wherever decaying
vegetation is present as it provides a food/energy source. The aver-
age size of these spores sits in the range between 2 and 10 mm
(PM2.5 and PM10) (Simon-Nobbe et al., 2007) and therefore poten-
tially have adverse health effects on humans. For example their
presence has long been associated with asthma and other reactive
airway diseases such as allergic bronchopulmonary mycoses, rhini-
tis, allergic sinusitis, hypersensitivity pneumonitis and allergic
aspergillosis (Simon-Nobbe et al., 2007, Chaudhary and Marr,
2011). Deterioration in the pulmonary function of people with
chronic asthma and cystic fibrosis and pathogenicity in immune-
compromised people e.g. patients undergoing chemotherapies for
cancer are of particular concern to the medical community.

The current regulation set by the English Environment Agency
(and adopted by the Irish EPA) is for compost sites to demonstrate
‘‘acceptable levels” of mesophilic bacteria (103 CFU m�3) and the
fungal spore Aspergillus fumigatus (500 CFU m�3) (Williams et al.,
2013, Pankhurst et al., 2011). The benchmarks have been set as a
�10 factor relative to outdoor ambient levels. Aspergillus fumigatus
is monitored as a total marker for fungal spore emissions on com-
post sites. It is a known human pathogen (Simon-Nobbe et al.,
2007, Horner et al., 1995, Fischer et al., 1998, Abba, 2004) with

compost heaps being an environmental source of the spore due
not only to the self-heating process but also to the intrinsic
thermo-tolerance of the spore (Vincken and Roels, 1984, Gillum
and Levetin, 2008, Van der Werf, 1996, Millner et al., 1977). Hence
composting plant operations must be located 250 m from any
other property in the vicinity (Sanchez-Monedero et al., 2005).

Andersen sampling is the current method of choice used for
determining the concentrations of mesophilic bacteria and Asper-
gillus fumigatus at compost sites although IOM or CEN filters fol-
lowed by culture in the laboratory may also be used. It is a
traditional off-line technique for monitoring bioaerosols and relies
on pumped air impaction onto an agar gel. The collected samples
are then returned to the laboratory for further cultivation
(Després et al., 2012). The technique has two major limitations:
(i) it only measures the spores and bacteria that are viable for its
specific media and (ii) it only collects a small volume of air, off-
site, for a short period of time (Hryhorczuk et al., 2001). The reason
for making collections over 2–10 min spans is because, as the
micro-organisms are impacted directly onto the agar surface, there
is a danger of the plate becoming overloaded in environments that
give rise to high concentrations. Compost sites are a good example
of this possibility and so sampling is never performed on-site when
using Andersen sampling, rather 100–250 m upwind and down-
wind from the source in Ireland (Cartwright et al., 2009, Eduarda
and Heederik, 1998, Williams et al., 2013).

Andersen sampling does not provide a comprehensive list of
fungal spores that may be emitted from a green-waste site and
in order to undertake such a counting and identification regime
an impaction/optical microscopy approach was used in this cam-
paign. The equipment was set up, on site and adjacent to a real-
time monitor for biological/fluorescent particulates. This novel
approach gave a direct comparison between the traditional aerobi-
ological method that provided unequivocal information about the
number and identity of many fungal spores in local air with an
instrumental technique, based on intrinsic fluorescence and optical
scatter measurements of airborne particulates, termed the Wide-
band Integrated Bioaerosol Sensor (WIBS). The model used on this
campaign (WIBS-4A) was manufactured by Droplet Measurement
Technologies.

The WIBS instrument has now been utilized in many field cam-
paigns directed to the measurement of bioaerosols. It has been
deployed in a number of locations around the world from tropical
rainforests (Gabey et al., 2010) to urban/rural and coastal sites to
measure outdoor ambient air (Healy et al., 2014, Crawford et al.,
2014). However, it has only been deployed and reported in the lit-
erature once before in an outdoor green-waste occupational set-
ting, albeit for a very short period of time (1–2 days) (O’Connor
et al., 2015).

In the seven-day, outdoor, on-site campaign reported here on-
line continual measurements of fluorescent and non-fluorescent
particles released from a green-waste site have been quantified
using the WIBS method. The data obtained are then compared to
those obtained using a Hirst-type, impaction device (followed by
analysis using optical microscopy). The monitoring period under-
taken was much longer than any real-time studies that have been
previously performed and allowed due comparison between week-
day (working) activities at the site and weekend (closed) releases.
The time-span also allowed relationships between site activities
like turning, agitation or waste delivery and the WIBS data to be
determined in a quantitative manner. This information cannot be
obtained with the Andersen Sampling methods generally
employed at green-waste management sites. Furthermore, few
specific bioaerosol types other than Aspergillus fumigatus, are iden-
tified using the traditional protocols employed for site licensing
purposes. Here though the co-location of WIBS with the impaction
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instrument made it possible to identify the real-time release beha-
viour of a specific plant pathogenic spore, Ustilago maydis, present
after green-waste deliveries were made by a local distillery.

2. Methodology

2.1. WIBS instrumentation

The WIBS-4A instrument (Droplet Measurement Technologies,
Boulder, Colorado, USA) is a robust, compact, portable on-line Light
Induced Fluorescence (LIF) and optical scattering instrument (Kaye
and Stanley, 2014). Although it counts all particles in the 0.5–15
lm range it is able to detect specifically those that are fluorescent.
Information about their size and ‘‘shape” is also collected (Kaye
and Stanley, 2014, Healy et al., 2012). Particle shape (asphericity)
is determined by measurement of the forward scattered light onto
a quadrant PMT detector. An Asymmetry Factor (AF) is calculated
taking values between 1 and 100 where 1 is assigned to a perfect
sphere and where rod-like, fibres have a value of 100 (Gabey
et al., 2013, Toprak and Schnaiter, 2013). In terms of its operation,
two xenon flash lamps are used to excite PBAP biofluorophores at
280 nm and 370 nm with emission captured in two ranges, 310–
400 nm and 420–650 nm (Healy et al., 2012, Kaye and Stanley,
2014, Gabey et al., 2010, Kaye et al., 2004, Toprak and Schnaiter,
2013). This arrangement leads to three detection channels which
are called the FL1, FL2 and FL3 detection channels. On the FL1
channel the particle is excited at 280 nm and emission is detected
in the 310–400 nm detector. The FL2 channel excites the particle at
370 nm and emission is detected on the 420–650 nm waveband
detector. The FL3 channel excites particles at 370 nm and emission
is detected on the 420–650 nm waveband detector (Toprak and
Schnaiter, 2013). There is a low level of background fluorescence
present in the optical chamber of the WIBS. Hence the base-line
fluorescence intensity must be determined. Forced trigger values
are calculated to determine this base-line fluorescence intensity
for each WIBS fluorescence channel, FL1, FL2 and FL3. This is
achieved by running the instrument without the pump on and thus
the fluorescence levels of the optical chamber are determined. If a
sampled particle has an intensity higher than the average baselines
plus three times the standard deviation it is classed as a fluorescent
particle (Toprak and Schnaiter, 2013, Gabey et al., 2010). Full
descriptions of the operating parameters of the WIBS technique
have been given elsewhere (Gabey et al., 2010, Toprak and
Schnaiter, 2013, Kaye and Stanley, 2014). Field campaigns using
the WIBS have also been described in several previous reports
along with the limitations encountered when applying the
methodology (Toprak and Schnaiter, 2013, Gabey et al., 2010,
Gabey et al., 2013, Crawford et al., 2014, Healy et al., 2014,
O’Connor et al., 2015).

2.2. SporeWatch/optical microscopy

The ‘‘SporeWatch: Electronic Spore and Pollen Sampler” which
is manufactured by Burkard Scientific, UK, was also used on this
campaign. It was positioned 3 m from the ground. A narrow orifice
is directed into the wind which sucks in fungal spores onto a sili-
cone tape surface that is moved across the orifice at 2 mm/h with
a suction rate of 10 L/min. The silicone tape is adhered onto a rotat-
ing drum, it has a 7-day sampling period. At the end of the sam-
pling period the drum was returned to the laboratory and the
tape cut into 7 equal segments, each representing a 24-h period
i.e. A sample comprising of one day of collection is then deposited
on a tape area of 48 � 14 mm (Hirst, 1952), which is then affixed to
a microscope slide. The microscope slides were prepared, stored in
a protective casing and sent to the University of Extremadura,

Badajoz in Spain where the counting was performed by members
of their Aerobiology research group. The optical microscope used
for counting was a Nikon Eclypse model with a magnification of
�1000. The movement of the sticky tape surface at a constant rate
shows the changes in spore concentration with respect to time. The
correlation with time also leads to a correlation with weather
parameters i.e. rain, humidity, wind speed and direction.

2.3. Campaign

The monitoring campaign took place over a one week period
from Monday 29th February to Monday 7th of March 2016. The
monitoring campaign was carried out at a green-waste composting
site that was located in a remote, rural location in the South of Ire-
land, approximately 6 km due North of the Irish coastline
(O’Connor et al., 2015). A schematic of the site is presented in
Fig. 1. The site has a 6000 tonne capacity per year for source segre-
gated green-wastes from different municipalities in the surround-
ing areas. At the site, the green-waste was shredded mechanically
and stored in compost windrows, both in open air and in compost-
ing vessels where the compost was left to mature. During the mat-
uration phase the agitation and turning of the windrows were
performed using the bucket from front-end loaders which were
active throughout the site for the duration of the working day.
After the maturation phase the compost was mechanically
screened in order to separate it into coarse and fine products. After
the screening the compost was temporarily stored in a shed near
the entrance of the site before it was sold to commercial or private
customers. The typical working week for the employees at the
facility are Monday to Thursday 08:30–17:00 and 08:30–16:00
on a Friday. The compost site was closed at the weekend. During
the operating hours of the facility there was constant on-site activ-
ity from the deliveries of green-waste to the site to the loading of
finished compost for sale. Front-end loaders were also regularly in
use for either sorting deliveries, loading compost sales, loading the
green-waste to the shredder, pile turning or the loading of the
screening machine to separate the oversize waste from the
compost.

The SporeWatch and the WIBS-4A were co-located at one sam-
pling point at the North corner on the composting site. The WIBS-
4A was housed in a mobile trailer with an air inlet. The SporeWatch
was attached to the roof of the trailer. They were approximately 1
m away from each other. Both instruments were therefore essen-
tially measuring the same air samples. To the east of the trailer
there was a ditch separating it from a farm which was �30 m in
distance away. There was a compost windrow to the south of the
trailer and a screener machine was located to the west. The largest
compost shed on-site was located north-west of the trailer and the
bio-filter was to the north. Deliveries arrived and were unloaded
�100 m to the south-southwest direction of the trailer. There
was a machine for shredding green waste located by the delivery
area of the site (see schematic) however it was inactive for the
duration of the campaign.

The real-time data recorded by the WIBS was also correlated
with weather parameters. The weather data from the site was
measured with a Casella Nomad Weather Station.

2.4. Data analysis

The conversions and data analysis of the impacted spores were
carried out using Microsoft Excel 2013 and graphing is presented
with Igor Pro 6.37.

The WIBS-4A recorded its raw data on excel files. A single excel
file contained a maximum of 30,000 particles or up to a maximum
time duration of 3 h. Throughout the one-week measurement per-
iod (29th February – 6th March) there was a total of 273 raw excel
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files collected. These data were imported into MATLAB (Math
Works Inc., USA) and processed further into appropriate files, sub-
sets and matrices. They were then analysed with Microsoft Excel
2013 and graphed using Igor Pro 6.37.

3. Results and discussion

The spores measured by the SporeWatch/Optical microscope
combination are presented below as hourly concentrations for
the seven-day measurement campaign. A total of 169 hourly con-
centrations were recorded.

The following 23 different species of fungal spores were mea-
sured on-site and identified by appearance: Aspergillus/Penicillium,
Ustilago maydis, Coprinus, Leptosphaeria, Coprinus, Cladosporium cla-
dosporioides, Ustilago cynodontis, Diatrype, Arthrinium, Cladospo-
rium herbarum, Venturia, Pleospora, Alternaria, Drechslera,
Xanthoria, Massaria, Agrocybe, Oidium, Epicoccum, Ganoderma, Tele-
phora, Stemphylium solani and Curvularia.

Aspergillus and Penicillium were grouped together when count-
ing. This is common protocol as they are similar in size and indis-
tinguishable under an optical microscope (Hryhorczuk et al., 2001,
Gillum and Levetin, 2008). Aspergillus fumigatus is a dominant fun-
gal spore where there is decaying vegetation i.e. compost piles as it
is a thermo-tolerant spore which enables it to survive the high
temperatures reached in the composting process (Fischer et al.,
1998, Millner et al., 1980, Sugui et al., 2011). However Penicillium
has also been measured in moderate amounts on composting sites
using Andersen Sampling (Hryhorczuk et al., 2001, Fischer, 2000).

The six most dominant spores, with their contributing percent-
ages in relation to total spore numbers are displayed in Fig. 2. A
table of descriptive statistics (mean, mode, median, standard devi-
ation) for their hourly concentrations is presented Table 1.

Clearly, Aspergillus/Penicillium gave rise to the highest airborne
concentrations similar to that found previously in a study at a com-
posting facility using Andersen Sampling in a 10-day campaign
(Hryhorczuk et al., 2001). In fact the spores here contributed
32.80% of the total spores measured over the full campaign show-
ing an average hourly concentration of 319 spores/m3 and a total of
53,942 spores.

The spore with the second highest concentration measured on
the compost-site was Ustilago maydis which made up 25.25% of
the total spores measured over the entire campaign. Ustilago may-
dis is a Basidiospore in the class Ustomycetes in the order Ustilagi-
nales or smuts (Carlile et al., 2001). The total number of spores
measured over the campaign was 41,530 with an average hourly
concentration of 246 spores/m3. The standard deviation from the
average was very high at 1672, which indicated that large varia-
tions occurred from the average hourly concentrations. This obser-
vation is likely because the spore was measured mainly at certain
major spore release plumes; its concentrations were low at other
times throughout the campaign. The behaviour is discussed below.

Coprinus Porate, Coprinus, Leptoshaeria and Cladosporium cla-
dosporioides occurred at much lower concentrations with a per-
centage of total spores of 8.26%, 4.58%, 5.32% and 4.32%
respectively.

Fungal spore time-series profiles were constructed to relate the
SporeWatch measurements with site activity. Such graphs, span-
ning the entire campaign (29th February 13:30 – 7th March
13:30) were completed for the six dominant spores on the compost
site and also for total spores. The data are displayed in Figs. 3a–3c.

Fig. 3a clearly shows that, as expected for the location, spores
were present throughout the campaign. Most strikingly there
was a major spore release measured on Thursday the 3rd March
at 16:00–17:00. It had a value of over 20,000 spores/m3 and dom-
inated the time series for the campaign. Notable peaks also
occurred on Monday 29th at 14:00, Tuesday 1st from 09:00 to
10:00 and Friday the 4th at 09:00 which were all inside the work-
ing hours of the compost site.

Fig. 3b shows the time series for the three spores with the high-
est concentrations i.e. Aspergillus/Penicillium, Ustilago maydis and
Coprinus porate. The data for the most abundant group shows that
it occurred with an irregular presence throughout the campaign.
The reason for such apparent behaviour is likely due to the spores
being present in large chains/clumps that were contained in bub-
bles on the adhesive substrate. This phenomenon was apparent
when viewing the microscope slides with the optical microscope.

Ustilago maydis, as seen in Fig. 3b, was released on only a few
occasions and accounted for the large spore event measured on
Thursday 3rd March (16:00–17:00), which is evident when com-

Fig. 1. Schematic of the green waste composting site with location of the measurement instruments highlighted in red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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paring its specific time series with that of total spores (Fig. 3a). This
species of fungus is a parasite occurring on maize, which was one
of the green-waste types delivered to the compost site. Upon
examination of the delivery logbook it was found that there were

regular deliveries from a local distillery. It was determined that
waste products from the distillation process included wheat, bar-
ley and maize and therefore represented the most likely source
of the Ustilago maydis smut fungus determined on-site. The main

Fig. 2. 6 most common spores released from the composting site.

Table 1
Descriptive statistics of the hourly concentrations (Spores/m3) of the six most common spore types measured at the composting site.

Total spores
(Spore/m3)

Aspergillus/Penicillium
(Spore/m3)

Cladosporium cladosporioide
(Spore/m3)

Leptosphaeria
(Spore/m3)

Coprinus
(Spore/m3)

C. Porate
(Spore/m3)

Ustilago maydis
(Spore/m3)

Sum 164,477 53,942 7107 8752 7532 13,578 41,530
Mean 973 319 42 52 45 80 246
Median 530 53 0 0 0 53 0
Mode 212 0 0 0 0 0 0
Standard

deviation
2077 568 131 115 103 110 1672

Minimum 0 0 0 0 0 0 0
Maximum 21,057 3342 1485 849 583 530 17,026

20x103

15

10

5

0

Sp
or

es
/m

3

01/03/2016 02/03/2016 03/03/2016 04/03/2016 05/03/2016 06/03/2016 07/03/2016

Date

Fig. 3a. Time series graph of Total Spores vs. Time.
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measurements of it were Thursday 3rd March between 16:00–
17:00 and Friday 4th March at 09:00. There were minor measure-
ments made Tuesday 1st March from 09:00 to 14:00.

The concentrations of Coprinus Porate (a mushroom fungus) as
illustrated in Fig. 3b occurred with an irregular pattern. It was pre-
sent at much lower concentrations than Aspergillus/Penicillium and
Ustilago maydis and had an average hourly concentration of 80
spores/m3.

Fig. 3c presents the time series for Leptosphaeria, Coprinus and
Cladosporium cladosporioides, which had average hourly concentra-
tions of 52, 45 and 42 spores/m3 respectively.

A similar monitoring campaign using a SporeWatch has been
performed previously. However the impactor was located 710 m
downwind from the composting site rather than on-site as in the
current study. Aspergillus/Penicillium, smut spores (in which Usti-
lago maydis were grouped) and Cladosporium cladosporioides were
all detected during the monitoring campaign although Coprinus,
Coprinus Porate and Leptosphaeria were not recorded (Gillum and
Levetin, 2008).

The Fluorescence Aerosol Particle (FAP) data obtained from the
WIBS measurement campaign were used to construct profiles that
were complementary to the spore count numbers. The treatment
includes measurements of: (i) time series; (ii) size distributions;

(iii) accumulated concentration diurnal plots; (iv) correlations
with meteorology data.

A total of 3,482,073 particles (fluorescent and non-fluorescent)
were measured over the campaign from 29th February (13:30) to
6th March (23:59). FAP were defined by applying the measured
forced trigger threshold values. The total FAP measured were
516,172 particles. This value represents 14.8% of the overall parti-
cles measured at the site. Two separate FAP site profiles were con-
structed for the measurement campaign. One was for the weekday
period (Monday – Friday) over which time the compost site was
operational during the working hours of 08:30–17:00 and the
other an FAP site profile for the weekend period (Saturday – Sun-
day) when the compost site was formally closed and locked up.

The weekday FAP site profile was obtained over the period
29/02/2016 (13:30) to 04/03/2016 (23:59). The weekend measure-
ment period was from Saturday (00:00) to Sunday (23:59). The
weekend period was analysed separately as the measurements
made were not affected by the various weekday working opera-
tions at the compost site.

Time series graphs for each period were constructed and are
shown in Figs. 4a and 4b. The graphs also provided information
on size and fluorescence intensities measured in the FL1 channel.
Each time series was constructed with a one-hour resolution.
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Fig. 4a shows that there was a major fluorescent particle event
which occurred on Thursday 3rd March at 15:00. This feature coin-
cides with the Ustilago maydis event recorded by the SporeWatch
and shown in Fig. 3b albeit with far greater time resolution. The
fluorescence intensity of the particles was high and ranged from
�400 to 800 for particles <4 mm. This event dominated the time
series for the full weekday period. The strongest fluorescent inten-
sities >1400 were all associated with larger particles (>4 mm) and
were measured in much lower number concentrations than the
smaller ones.

Fig. 4b illustrates that there was a large number concentration
of FAP measured on Sunday from 07:00 to 11:00. The majority of
the spores released were <3 mm and had low intensity fluores-
cence. The higher intensity fluorescence was associated with
somewhat larger particles with their moderate fluorescence shown
with the turquoise colour. Particles with very intense fluorescence
(indicated on the graph with a deep red/crimson colour) occurred
late on Sunday night, they were even larger particles ranging in
size from 4 to 10 mm and were present in a very low concentration.

To investigate the size of the particles measured over the week-
day and weekend periods, accumulated hourly concentration diur-
nal image plots of size (mm) vs time (h) with the FAP counts in a
colour key were constructed for both the weekday and weekend
periods as seen in Figs. 5a and 5b.

Fig. 5a highlights that a high density of particles was measured
during the weekday operational hours of the site (08:30–17:00) as
can be seen by the light blue/green colour region. This finding was

consistent with a similar image plot constructed from measure-
ments made on the same composting site over a one-day period
(O’Connor et al., 2015). There was also an extremely high concen-
tration of particles determined at 16:00 which dominated the
image plot with its deep red/crimson colour profile. This trend
can be attributed to a large FAP event measured on Thursday 3rd
March from 15:00 to 16:00. The size range of the particles mea-
sured during the working day period (08:30–17:00) were mostly
in the 1–3 mm size range, which is a dominant size range when
monitoring FAP (O’Connor et al., 2015, Toprak and Schnaiter,
2013, Gabey et al., 2013), with highest levels at �1.7 mm. An
increased number of these particles were measured from 21:00
to 24:00, most prominently at 21:00. The image plot clearly
demonstrates that the compost sites activities had a major impact
on FAP concentrations when it was operational (08:30–17:00)
especially in the Aspergillus fumigatus and mesophilic bacteria size
ranges; this finding has been demonstrated on many previous
campaigns (Van der Werf, 1996, Taha et al., 2005, Sanchez-
Monedero and Stentiford, 2003, Recer et al., 2001).

Fig. 5b illustrates that most of the higher accumulated concen-
trations occurred from 00:00 to 13:00 as can be seen by the light
blue/green colour. It is important to note that the colour scales
for Figs. 5a and 5b represent different concentration i.e. Fig. 5a
has much higher concentrations than Fig. 5b. The concentrations
were low during the hours of 14:00–22:00 and then they increased
from 23:00 onwards. The higher concentrations of FAP occurred
during the night and morning and low measurements were

Fig. 4a. A time series profile of size and FL1 intensity for the weekdays.

Fig. 4b. A time series graph with size and fluorescence intensity for the weekend.
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recorded in the afternoon and evening. Most of the particles mea-
sured were in the 1–3 mm size range. A very large number-
concentration of FAP was measured at 11:00 in the size range
between 1.4 and 2.1 mm which was indicated by the red/crimson
colour. There was a stark difference between both FAP profiles as
the weekday period is dominated by the activities of the compost
site leading to higher concentration of FAP whereas the weekend
appears to revert to a more rural profile in which fungal spores
are mainly released at night (Toprak and Schnaiter, 2013,
Crawford et al., 2014).

Figs. 6a and 6b show histograms for size distributions vs fluo-
rescence count for the particles measured over the full weekday
period (Monday to Friday) and also the weekend period. The sizes
of the particles ranged between 0.8 and 15 mm. Clearly particles <3
mm dominated the counts and displayed a bimodal size distribu-
tion for both periods. Previous FAP measurement campaigns that
have used the WIBS also indicate that the highest concentrations
of FAP occur with sizes <3 mm (Toprak and Schnaiter, 2013,
Gabey et al., 2013, O’Connor et al., 2015). The two size groupings,
which had the highest number concentrations were maximised
at �1.1 mm and �2.1 mm.

Due to the high time resolution of the WIBS it was possible to
construct a profile of FAP trends with meteorological conditions.
The Weather Station recorded weather parameters such as rainfall,

temperature and humidity at 5 min intervals. These were then
averaged to one-hour resolution periods and plotted along with
the one-hour particle bins for the WIBS-4A. The values for wind
speed and wind direction were taken from the site weather station
at 15-min intervals which were also averaged into one-hour
intervals.

Diurnal weather/particle concentration profiles for the mea-
surement campaign were constructed for the campaign period
and are presented in Fig. 7.

Fig. 7 shows the relationship between the average diurnal con-
centrations of FAP (in one-hour time bins) with the averaged diur-
nal hourly measurements for the weather parameters of wind
speed, temperature and relative humidity throughout the mea-
surement campaign. No striking relationship was recorded. The
occupational activities (such as agitation) which are evident from
09:00 to 17:00 in the local environment appear to overwhelm
any effect that meteorological conditions may have had on FAP
concentrations.

Fig. 8 (a) presents a profile of wind speed and direction for the
duration of the campaign. These parameters are important as they
determine which direction the bioaerosols are dispersed (Recer
et al., 2001). It has been previously found that wind speed caused
major variation in concentrations of bioaerosols measured with a
WIBS at this particular compost site (O’Connor et al., 2015). Wind

Fig. 5a. Diurnal image plot over the weekday period.

Fig. 5b. Diurnal image plot over the weekend period.
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speed and direction measurements were recorded from the site
weather station, which was located on the roof of the site office
�20 m from ground level and therefore remote from any obstruc-
tions. The prevalent winds in the current study were from the
west-northwest, northwest and north-northwest directions. The
equipment on the compost site was positioned in the following
arrangement: (i) the trailer, which houses the WIBS-4A was in
the northern corner of the compost site; (ii) to the east there was
a ditch separating it from a farm, which was approximately 30 m
away; (iii) there was a compost wind row to the south of the trailer
and the screener was located to the west. This latter machine was
used to separate fine and coarse compost and, in operation,
required rigorous agitation of the compost. Clearly such an activity
would lead to large FAP concentrations in the surrounding air. The
largest compost shed on-site was located north-west of the trailer
and the bio-filter was due north.

Fig. 8(b) illustrates that the highest concentrations of FAP orig-
inated from the west-northwest and northwest direction, which
was one of the three prevailing wind directions. The screening
machine was west of the trailer and many of the FAP emissions
from the screener would have been carried by the North-West
wind into the path of the WIBS-4A.

The other two prevailing wind directions originated from the
North-West and North-North-West directions. Surprisingly the
concentrations associated with the latter two directions were rela-
tively low as can be seen from the colour key (low concentrations
indicated by a red colour). This observation can be explained by the
location of the compost shed North-West of the trailer because it
was obstructing winds from blowing FAP in the direction of the
trailer.

Therefore wind speeds and directions do obviously play a part
in naturally moving FAP around the site (O’Connor et al., 2015,
Recer et al., 2001) but are less relevant when site activities are
occurring.

Fig. 9 shows time series graphs constructed to summarise the
daily concentrations recorded using the two approaches. Each
hourly concentration was summed over the individual 24-h
periods.

Fig. 9 shows consistent trends for the two contrasting methods.
There were clearly increases and decreases of particulates that
tracked for both FAP and spore measurements over the whole
seven-day period. The largest discrepancy in measurements were
found mid-week on 2nd March when optical microscopy revealed
few PBAP but only a small decrease in levels were observed for the

Fig. 6a. A histogram of the size distribution of the fluorescent particles measured over the weekday period.

Fig. 6b. A histogram of the size distribution of the fluorescent particles measured over the weekend.
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WIBS-4A. This could be due to loading being associated with PBAP
< 2 mm in size. The largest concentration of FAP/Spores measured
by both techniques was observed on Thursday 3rd March. The
levels measured that day were very large and tracked decreases
in number concentrations were measured for both instruments
over the following days. Of particular note is the fact that there
is generally a large difference in the FAP concentrations by compar-
ison with the measured spore concentrations. In fact, there is
�200� the number of FAP measured by the WIBS approach than
spores counted by optical microscopy. In part the observation
can be explained by the differing size regimes that the two tech-

niques monitor. The WIBS can measure bacteria (Hernandez
et al., 2016) that is present on the compost site. Due to magnifica-
tion limitations associated with many optical microscopes the
SporeWatch has a low efficiency for measuring microorganisms
less than 2 mm. This makes it a poor method for measuring bacteria
(Eduarda and Heederik, 1998, Cartwright et al., 2009). There are
numerous, potential fluorescent interferents that are often present
on a rural green-waste sites. For example, HUmic LIke Substances
(HULIS) originating from soil fugitives, primary particles with a
transport origin and/or Secondary Organic Aerosols (SOA) from
diesel exhausts. In principle then false positives can be monitored
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by WIBS (Gabey et al., 2013, Poehlker et al., 2012) but the fluores-
cence quantum yields of interferents are very low (Poehlker et al.,
2012) in comparison to the PBAP biofluorophores (Poehlker et al.,
2012, Healy et al., 2012, Gabey et al., 2013).

To provide a more detailed statistical treatment of the counting
by the two contrasting techniques, linear regression was applied to
the data as shown in Fig. 10. Hence, a co-efficient of determination,
correlation coefficient and variance were calculated.

The resulting coefficient of determination (R2 value) was 0.7. An
important source of this variance was associated with the very low
measurements made using the SporeWatch on Wednesday 2nd
March. This observation may be due to the high wind speeds
recorded on Wednesday, with an average speed of 24 m/s, thereby
interfering with its impaction sampling ability. The correlation co-
efficient was 0.84. This was reflected by the reasonably good over-
all trends in daily concentrations shown in Fig. 9.

Linear regression was then used to further compare the correla-
tions obtained for the hourly concentrations of total spores mea-
sured by optical microscopy (y-axis) and FAP measured by the
WIBS-4A (x-axis). This relationship is presented in Fig. 11.

The coefficient of determination (R2 value) for the hourly mea-
surements was 0.45. The correlation coefficient was 0.67. Both val-
ues were smaller than their daily concentration counterparts
because the time resolution for the data collected on the WIBS-
4A was much shorter than that possible with the SporeWatch/opti-
cal microscopy measurements. This difference would be expected
to lead to an increase in variance. However, it is of note that the
two methodologies are based on such different detection/counting
techniques and time-resolutions that statistical comparisons may
be of little relevance. They are presented here because so few stud-
ies have been performed previously and should help in the con-
struction of any future data-bases for monitoring biowaste
facilities.

An important spore counted on the compost site was Ustilago
maydis, a smut fungus that is pathogenic on maize (Carlile et al.,
2001, Brefort et al., 2009). It is therefore associated with the type
of green-waste delivered by brewers and distillers.

Major measurements of it were recorded on 1st, 3rd and 4th
March as shown in Fig. 12. Its size range is generally �8–10 mm
and spherical in morphology. It was determined with microscopy
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that the Ustilago maydis does not agglomerate into clusters, as
observed for Aspergillus fumigatus. Hence a size range filter of 8–
12 mm was applied to the WIBS-4A fluorescence measurements.
(Particles in the 11 and 12 mm size range were included to ensure
that any potentially larger Ustilago maydis spores were measured).

There is poor correlation between the results on 1st March
when the presence of Ustilago maydis was recorded over several
hours. However, there was much on-site activity over that day as
it was the first in the working week and, as might be expected
under such conditions, many fluorescent particles were recorded
by WIBS-4A.

In contrast two excellent correlations between Ustilago maydis
optical microscopy counts and FAP counts were observed over
much shorter time scales on 3rd and 4th March at 16.00 and
09.00 respectively. The 4th March measurement corresponded
with a green-waste delivery made by a local distillery. The source

of the spore is therefore likely associated with wheat, barley and
maize. This finding is important because it shows that the WIBS
approach can provide an early warning signal for Ustillago maydis,
which is an important plant pathogen of maize. Monitoring of
other occupational environments such as farms, brewers and dis-
tillers may therefore prove instructive.

The advantage of co-locating the SporeWatch with the WIBS-4A
was that the traditional impaction approach determined Ustilago
maydis to be present and their counts tracked FAP counts in the
appropriate size range. The former measurements took days to
become available whereas the WIBS-4A results were immediately
available and with a much superior time resolution. Fig. 13a shows
the real-time emissions of FAP over a short (18 min.) period on the
3rd of March from 15:26 to 15:44. Fig. 13b presents a shorter per-
iod (4 min.) on the 4th of March from 09:06 to 09:10. This treat-
ment highlights the excellent time-resolution capabilities of
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WIBS (seconds) for real-time analysis compared to impaction/
microscopy with a 1 h resolution. High time resolution resolution
data provides the opportunity to apply appropriate averaging
times for different situations with regards to emissions.

The fluorescence trends of the Ustilago maydis spores were
investigated across the FL1, FL2 and FL3 channels. Their intensities
were graphed as shown in Figs. 14a and 14b for the time periods
over which their emissions were highest e.g. 3rd and 4th March.

It is clear from Figs. 14a and 14b that the FL1 channel was the dom-
inant channel with much higher intensities than the FL2 and FL3
channels. Indeed the FL2 and FL3 intensities tracked closely to each
other. Detailed cluster analysis (e.g. K-means) combining fluores-
cence intensities (FL1, FL2 and FL3) with size and shape data could,
in principle, be used to selectively distinguish what types of fluo-
rescent particles are present e.g. Ustilago maydis, however this pro-
cedure is outside the scope of this report.
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4. Conclusion

There were somewhat higher number concentrations of spores
recorded by impaction/optical microscopy on weekdays at the
green-waste site, with average hourly concentrations of 361
spores/m3, as opposed to the weekend, which had average hourly
concentrations of 252 spores/m3. However, looking at the averages
neglects the fact that the release patterns of fungal sporeswere seen
to be different between both periods. During the weekdays the
highest concentrations of spores occurred during theworking hours

of the compost site (08:30–17:00) with an average hourly concen-
tration of (2098 spores/m3) and can be attributed to the disturbance
of spores by necessary activities such as deliveries or turning, shred-
ding and screening of compost (O’Gorman, 2011, Recer et al., 2001,
Van der Werf, 1996, Millner et al., 1980, Gillum and Levetin, 2008).
The increasedmeasurement between 07:00 and 11:00 on Sunday is
worth mentioning as the site was formally closed at that time. To
account for this observation it is possible that there was unmoni-
tored on-site, activity then or that the effects from the one dry day
experienced the day before caused the dispersal.
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The WIBS-4A instrumentation is capable of providing a far
superior time-resolution for detecting on-site FAP (and therefore
potential PBAP) than the traditionally employed off-site, technique
i.e. Andersen sampling. The fluorescence spectroscopy measure-
ments were able to provide data with a one second time resolution
rather than hours. Such a real-time, on-site approach should be of
particular interest and assistance when investigating specific
events that may occur from time to time when producing compost
not only from commercial green-waste sites but also from domes-
tic composting. The PBAP events recorded here could not be picked
up as a function of time using traditional sampling of culturable
organisms. An example here is the measurement of high levels of
FAP recorded on 3rd March at 15:26–15:44.

It would be possible to leave a WIBS-4A deployed full-time at
any commercially operated compost site or occupational environ-
ment for an indefinite period of time. The data were collected in
this study using remote off-site, computer control. This approach
enables more descriptive temporal profiles of spore release even
when the facility is closed. Furthermore the technique readily pro-
vides a more accurate profile of all bioaerosols (as well as non-
fluorescent particles) as a function of normal working activities.
Indeed the deployment of the WIBS apparatus indoors in the stor-
age facilities and the staff cabins might be expected to prove to be
of particular use for occupational health requirements.

A total FAP loading to determine whether a composting license
should be issued or not might prove useful especially if it is activity
dependent. Although not strictly equivalent to Aspergillus fumiga-
tus CFU counts that currently underpin regulations in UK and Ire-
land it could be argued that all PM2.5, particularly examples that
are fluorescent in nature are likely to lead to adverse health effects.
Perhaps the WIBS could be used as a research tool to inform and
improve standard site sampling regime designs. A current limita-
tion of the WIBS as a regulatory instrument is that it measures
all organism alive, dead and culturable whereas current regulatory
methods are based on viable organisms’ counts (Williams et al.,
2013, Pankhurst et al., 2011). Further inter-comparisons of WIBS
with these methods would be necessary and should be pursued.
This limitation, of course, is also true for monitoring campaigns
using q-PCR (Williams et al., 2013) and other sequencing methods
(Le Goff et al., 2010).

In the work presented here, specific to Ustilago maydis, it is pos-
sible to propose a future measurement campaign near an agricul-
tural environment in which maize is grown. There is a strong
potential to monitor Ustilago maydis in real-time. As the spore is
pathogenic on this crop it would be of importance to producers
of maize to determine the concentrations of this spore in the ambi-
ent air around the crop. The measurements could lead to an indica-
tion of the contamination of the fungus on their crops.
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