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An advanced slit-type volumetric spore trap for monitoring bioaerosols;
new methods for identifying fungal spores
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Abstract. A new slit-type volumetric spore trap (STVS) was developed to be inexpensive, light weight and reliable
for sampling fungal diseases in Eucalyptus globulus plantations. It was designed with as few parts as possible to
reduce the potential for mechanical failure. A simple toggle switch allowed quick changes in sampling period from
24 h to 7 days (without changing the entire sampling drum mechanism). The sampler was powered either by mains
power supply or by a 12 V battery linked to a solar panel. The new STVS trap was validated alongside the industry
standard Burkard spore trap. There was a highly significant correlation in spore counts (p = 0.992, P < 0.001)
between the two spore traps and no significant (P < 0.001) differences. The new STVS trap was further tested under
field conditions over a 20 month period as part of a larger epidemiological study on Mycosphaerella diseases in
E. globulus plantations. During the trial, the spore trap was exposed to harsh weather conditions with temperatures
ranging from 2.5 to 39.9°C, wind speeds up to 38 km/h, and monthly rainfall up to 292 mm. A newly developed
adhesive for spore collection allowed Mycosphaerella spores to be germinated directly on the matrix. Species were
then differentiated using the new germination method.
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identification method, total spore counts.

Introduction

Over 70% of all major crop diseases are caused by fungi
and over 1000 fungi have been identified as plant pathogens
(Levetin 1997). Epidemiological studies are critical to our
understanding and prediction of plant disease outbreaks. A
range of spore traps have been used to correlate spore release
with the stage of crop development and environmental
factors such as dew point, relative humidity, rainfall and
temperature (Hirst 1953; Deacon 1997). This knowledge
assists in the application of appropriate control measures at
strategic times of the pathogen’s life cycle and to reduce
economic and environmental costs of fungicide treatments.

There are three main types of spore sampling devices
commercially available; passive samplers, rotary-impact
type and slit-type volumetric spore (STVS) traps. The latter
are superior for detecting and monitoring airborne fungal
spores and pollen (Lacey 1988; Smith 1990; Deacon 1997).
STVS traps also permit time-discrimination for particle
collection times. STVS traps have a constant flow suction
mechanism that is attached to a wind vane; hence the orifice
always faces into the wind. Air is sucked in through a narrow
orifice and spores and pollen are impacted onto a sticky
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matrix. Commercially available STVS traps include the
Burkard spore trap (the industry standard), the Quest
volumetric spore trap and the Andersen sampler, the
Kramer-Collins spore sampler, the Lanzoni sampler and the
SAMPLEAIR. In 1991, Burkard Manufacturing introduced
the Burkard Cyclonic sampler, which draws particles out of
the air into a 1.5 mL Eppendorf vial. This device was tested
by Larson et al. (2001) for its efficiency to collect ascospores
and has subsequently been recommended for use by plant
pathologists. However, since all the spores were collected
inside a single aluminium vortex chamber, it has not been
possible to detect variations in hourly or daily spore
numbers. This makes it difficult to determine when, and
under what conditions, fungal spores have been released to
the atmosphere (Larson et al. 2001).

In order to monitor pathogenic spore loads in remote
plantations in Australia, a new light weight STVS device was
developed. The trap was designed to be operational on 12 V
battery power maintained by a solar panel. To the authors
knowledge this is the first STV trap that can be run on solar
energy. It is easy to assemble and maintain in the field, it is
switchable between 1-day and 7-day sampling periods using
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the same drum in different rotating speeds (without the need
to change the spore impaction drum mechanism). For
example, the Burkard sampler uses a slide for the 1-day
samples and a drum for 7-days, not allowing different
sampling periods, while the drum on the new STVS can be
set to any rotation speed as desired. This allows adjustments
to the sampler to avoid ‘overcrowding’ of the matrix in times
of excessive spore loads. The STVS also had to withstand
harsh weather conditions in extreme environments with lots
of dust or flooding.

The new device was validated against the Burkard
volumetric spore trap in a field station at Murdoch
University (Perth, Western Australia) and was run
continuously in E. globulus plantations in south-western
Australia over a 20 month period. The study focused on
detecting spores of Mycosphaerella spp. Members of this
genus are the cause of serious leaf blights in Eucalyptus
plantations. Worldwide, there are ~30 Mycosphaerella
species associated with Mycosphaerella leaf blight (MLB) in
eucalypt foliage (Crous 1998). However, the role of airborne
spores in the aetiology of MLB is poorly understood. Use of
the new STVS trap, together with an appropriate adhesive,
allowed the monitoring of Mycosphaerella spp. by
identifying spore germination patterns directly on the
adhesive matrix (i.e. without inoculating to a secondary
culture medium).

The aim of this study was to develop and validate a new
STVS trap to monitor fungal species in E. globulus
plantations.

Section diagram of the new slit-type volumetric spore trap.

Methods
Design of the new STVS trap

A number of studies have been conducted on how to construct
STVS trapping devices (Nevalainen et al. 1992; Thompson et al. 1994).
The STVS trap developed in the current study overcame a number of
design problems. The most critical were both to maintain a constant
revolution rate of the drum and to ensure that the volume of air intake
through the orifice was as accurate as possible.

The new spore trap (Fig. 1) was designed as a slit-type volumetric
spore sampling device. The trap consists of a vertical cylindrical
chamber and an attached wind vane mounted on a vertical axle pivot to
ensure that the slit-shaped orifice is always directed into the wind. An
electric fan drawing air at a fixed rate through the slit-shaped orifice
allowed the air to impact onto a coated adhesive matrix attached to a
rotating drum.

The physical specifications of the spore sampler were height 37 cm,
and weight 5 kg. The intake airflow was through a 14 x 2 mm orifice
set to 10 L/min. The intake was calibrated by an adjustment screw
controlling airflow.

The distance between the orifice and the spore drum was set at
1 mm, which is the minimum distance to obtain 100% collection
efficiency according to studies by Marple and Liu (1974). To ensure
reliability, all parts were manufactured from stainless steel, marine
grade aluminium alloy and high-grade engineering plastics.

The quantity of insects collected on the matrix complicated
microscopic analysis. Therefore, a stainless steel mesh (0.5 mm) casing
was fitted over the intake nozzle. Recalibration showed there was no
influence on the quantity of spores collected or the airflow rate. The
screen design was based on the maximum size of particles captured
(5 mm) and the aperture of the screen to be 15% higher than this
maximum size (Grinshpun et al. 1994).

The spore sampler was designed to be either pole mounted (standard
42 mm scaffolding pipe) at any height or set on a circular base plate for
sampling close to ground level and for sampling indoor air. The weight
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of the sampling device was kept to 5 kg (compared with the Burkard
which weighs 16 kg), which was important for transport and for
stability of the supporting pipe.

Drive mechanisms and accuracy

To obtain accurate timing of the drum revolutions, a custom cut
crystal-controlled oscillator (+ 1 x 107 s) was developed to drive the
stepper motor mechanism (Radio Spares, Australia) turning the drum.
The precision of a crystal’s oscillation is the best means to ensure the
highest accuracy of drum speed revolutions (Nevalainen ef al. 1992).

The drive unit was an industrial stepper motor/gearbox combination
(Conrad Electronics, Germany) and was designed to be easily switched
from 1 revolution/day to 1 revolution/week. The stepper motor used in
the new STVS trap can be set to any speed from 1 h to 1 month. This is
an important improvement on previous spore trap designs as it allows
the adjustment of the drum rotation rate to match the expected
concentrations of bioaerosols. This can be used to avoid crowding of
spores on the adhesive matrix during peak periods and allows the
reading of diurnal differences.

This design is in contrast to the other samplers, which are driven by
a clockwork mechanism. Other samplers also do not allow the drum
rotation rate to be changed and usually requires manual rewinding
every 8 days (Burkard Manufacturing Company Ltd 1998). The
changing of sampling period for the other samplers requires the entire
drum device to be changed.

Power supply

All parts of the circuitry were protected against lightning strike. To
provide a constant airflow through the orifice, the power supply to the
fan drive was stabilised to ensure a constant flow rate, even during the
discharge cycle of the deep-cycle battery (Yuasa, Japan). The power
consumption during sampling was 300 mA at 12 V DC (4 W). A
standard 12 V, 500 mA DC Adaptor (Plug pack) can be used to provide
power for sampling near a normal electricity supply or sampling
indoors. In remote locations, the battery power was supplied to the unit
through slip rings from a 12 V deep-cycle battery; in turn, the battery
was charged by a 40 W solar panel (Model Number 230, British Petrol)
and a regulator (Radio Spares, Australia). The selection of power rating
of the solar panel/battery combination was largely dependent on the
climatic conditions at the sampling site.

Power supply in remote locations

A minimum of 7 days reserve power from a 12 V deep-cycle battery
(without charging) had to be given in case of solar panel failure or the
complete absence of sunshine to recharge the battery. The solar panel
power rating was a 40 W (Model Number 230, British Petrol). The
solar-cells on the panel were connected in series, which meant that any
shading of the panel reduced the power output of the panel by 95%.
Over time, the trees in the field site grew so much that partial shading
of the solar panel occurred. Therefore, the solar panel was moved out to
the edge of the plantation in order to avoid shading.

Fluctuations in the output voltages were avoided by a stabilised fan
drive which ensured a constant air flow regardless of the charge level of
the battery. During the initial sampling period, the spore trap was not
unloaded on time due to adverse weather conditions, resulting in the
spore drum continuing to revolve and collect spores, making the
samples worthless. After this experience, a kill switch was installed
next to the drum to shut off power automatically once the daily or
weekly cycle was completed. Currently, a wind generator is being
designed for additional power. This could be used to run a weather
station alongside the spore trap or as a back-up for extreme weather
conditions, especially during winter months.
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Spore matrix and sample drum

The spore matrix was a double sided sticky tape or Melinex tape
(Burkard Manufacturing Company Ltd 1998) and was attached to the
circumference of the drum to trap all airborne particles sucked through
the orifice. This drum revolved at 1 revolution/week or 1 revolution/day
via the stepper motor attached to a 6000:1 ratio gear drive and to the
custom made crystal-controlled oscillator.

Calibration

It was necessary to check that the airflow rate remained constant at
10 L/min every time the spore capture drum was changed. This
involved placing a field rotameter (4-20 L/m + 3%) over the intake
orifice whilst the new STVS trap was in ‘run’ mode. Flow rate was
corrected by adjusting a small calibration screw on the side of the
sampler housing (Fig. 1). Once the spore sampler was calibrated, no
further adjustment was found to be necessary.

Preparation of matrix and adhesive

The Melinex tape was used as the spore collection matrix and
measured to the circumference of the drum. Both the drum and tape
were cleaned and disinfected with 70% ethanol. The tape was then laid
on a sterile surface and the adhesive Diacorm 280A (Diacorm,
Australia) mixed with 10% toluene (Merck) was applied evenly to its
surface using the edge of a Pasteur pipette. The prepared tape was laid
around the drum using double-sided tape to adhere the start and finish
ends of the tape onto the drum. An alignment indicator and an arrow on
the drum indicate the sampling start point and the direction the drum
rotates.

Field trial set-up

The drum with the mounted matrix was transported in a dust proof
case to the field site to avoid contamination. At the field site, the
weather vane (1 in Fig. 1), weather vane boom (2 in Fig. 1) and weather
shield (4 in Fig. 1) were removed by unscrewing the wing nuts (3 in
Fig. 1). The drum was inserted into the sample housing (5 in Fig. 1) and
was held in place by a screw. It was important to position the alignment
indicator on the drum in line with centre of the intake nozzle. An arrow
on top of the drum shows the direction of drum rotation. The switch for
changing the cycle period of the drum proved useful in the field as it
avoided having to change the whole sampler housing.

In the field trials, the spore sampler was operated only on a DC
power supply with a solar panel, regulator and battery. The solar panel
was mounted on a 1.55 m high scaffolding pipe next to the spore
sampler. A specially designed computer program (CAD Solarsales Pty
Ltd, Perth, Western Australia) was used to determine the optimum angle
at which to place the solar panel to capture the maximum amount of
sunlight at a particular longitude and latitude. The solar panels powered
a 60 A/h deep-cycle battery. To secure the whole device, a battery box
with lock was installed and bolted to the scaffolding pipe. The cables
running between the battery and the solar panel were encased in plastic
conduit to protect from damage by animals. Moisture accumulation
within the casing of the sample housing was overcome by insulating the
lid cover.

Comparison tests

The new spore trap was validated against a Burkard spore trap. Both
traps were placed side by side in the plantation over a period of 4 weeks
using identical materials including matrix, adhesive and airflow rate.
The 1 week cycle was repeated 3 times and the 1-day cycle was repeated
7 times. Finally, four of the new STVS traps were tested alongside each
other to investigate whether there was a consistent performance
between the samplers. All experiments where conducted at an
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Fig. 2. Field trial set-up of the new slit-type volumetric spore trap in
the Eucalytpus globulus plantation in south-western Australia.
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experimental E. globulus plantation on the Murdoch University campus
in Perth, Western Australia.

Plantation sampling site

Mpycosphaerella spores were collected using the new STVS trap in
a 3-year-old E. globulus plantation located near Albany, Western
Australia (35°0'S; 117°35'E, elevation 68 m above sea level). The
STVS trap was placed in the middle of the plantation with its intake
valve located 1.5 m above the ground (Fig. 2). It was attached to a solar
panel to provide a constant power source. The temperature on site
ranged between 2.5 and 39.9°C. The average monthly rainfall in the
area was between 23.0 mm in summer and 145.3 mm in winter (max.
292.0 mm) and the average wind speed was 11.9 km/h (max. 38.0 km/h)
(data collected at the regional office of the Bureau of Meteorology at
Albany airport, site number 009741, 34°56'35’S, 117°48'03’E,
elevation 68 m).

Preparation of spore matrix for microscopy

After each 1-day or 7-day sampling period, the spore drum was
retrieved from the spore trap and returned to the laboratory in a dust
proof case. The tape (336 mm) was removed from the drum and placed
onto a stainless steel cutting board with lid to be placed over the tape.
The lid of the cutting board contains grooves along its length to
represent 1 h or 7-day sampling periods, respectively (Fig. 3).
Alongside each groove, a small hole (0.01 mm) was placed to allow the
insertion of a pin to punch the tape. The punch holes allowed the
orientation of each daily segment to be maintained and avoided any
confusion between the days once the tape had been cut into segments.
Each segment was cut with a sterile scalpel using the grooves in the
cutting board. Each segment of tape was then placed in a Petri dish onto
a wet paper towel, with the lid closed to maintain a high relative
humidity. The unsealed Petri dishes were incubated at 24 + 2°C in the
dark for 24 h. After incubation, the Petri dishes were placed in an oven
at 40°C (for 20 min) to remove any moisture on top of the spore matrix.

Analysis and scoring of Mycosphaerella spores

The incubated segments of tape were placed on a microscope slide,
stained with lacto-glycerol blue and covered with a 22 x 50 mm
coverslip. Coverslips were sealed onto the slides with nail polish.
Germinated spores were identified and counted in seven random fields
of view under 400x magnification for three sampling periods,

Locating dowels

Spore tape alignment channel

Fig. 3. Spore matrix 7-day marking and cutting board.
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Table 1. Comparison of total spore counts between the new slit-type volumetric spore trap and the Burkard spore trap

Sampler Number of spore Mean number of Standard Standard error Minimum Maximum
counts spores deviation

New STVS trap 21 154.5 143.2 31.2 BDLA 406.0

Burkard spore trap 21 143.8 137.9 30.1 BDL 382.0

ABDL = below detectable limit.
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spore trap and the Burkard spore trap.

0900-1200, 1500-1700 and 2200-2300 hours, using germination
patterns to differentiate between Mycosphaerella taxa. These times
were located on the Melinex tape using the graticule scale on the
microscope. Counting was performed using
mechanism.

The germination patterns of Mycosphaerella spp. spores, as
described by Park and Keane (1982), Crous (1998) and Maxwell et al.
(2002), were used to group the Mycosphaerella spores on the matrix
into 13 taxa. In order to confirm the findings from the spore trap, leaf
samples were taken from the plantation trees and the fungi on these
leaves were differentiated using the cultivation technique described by
Crous (1998).

a multi-counter

Statistical analyses

Scatter plots were created using Microsoft Excel 2002. Pearson’s
Correlation coefficients (p) were calculated using SPSS Version 10.0
(SPSS Inc.) for Windows. Box plots, Andersen-Darling test for
significant departures from normality, paired #-test analysis for
significant differences (o = 0.05), homogeneity of variance test and the
Mann-Whitney test for significant differences in standard deviations
were performed using the statistical software package MINITAB
(Release 12, Minitab Inc., State College, PA, USA).

Box plot showing no significant differences in spore counts between the new slit-type volumetric

Results
Comparison trials

The comparison trials showed equal performance
between the new STVS trap sampler and the Burkard spore
trap (Table 1). There was a highly significant correlation
(p=0.992, P<0.001) in total spore counts between the new
STVS trap and the Burkard spore trap (Fig. 5). The 1-day
cycles showed that the new STVS trap collected slightly
more spores than the Burkard sampler.

It should be noted that the total spore counts detected by
both samplers showed a significant departure from normality
(P £ 0.01), which could not be corrected using Log normal
transformation. The homogeneity of variance test showed
there were no significant differences in their standard
deviations (P = 0.87). t-tests confirmed there was no
significant (P = 0.017) differences in total spore numbers
detected during the 7-day cycle trials (Fig. 4). No significant
(P £0.001) differences were found between four replicates
of the new STV'S samplers tested alongside each other.
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Field trials

The new STVS trap performed consistently and without
failure in the remote sampling locations and under harsh
weather conditions. After the trials, the apparatus showed no
signs of corrosion or material fatigue. Recharging of the
battery with solar power for constant power supply was
successful. Airborne spores were continuously collected
over the 20 months of the field trials.

Differentiation of fungal spores and other bioaerosols

In addition to sampling fungal spores, the trap also
collected pollen, plant hairs, fibres, protozoa, algae, sand,
bark, salt and small insects on the spore matrix. However,
fungal spores dominated the samples and were readily
visible microscopically after staining (Fig. 6).

The new 24 h germination technique was successful in
differentiating Mycosphaerella spores to species level
directly on the Melinex tape, even if they were trapped
during periods of extreme weather conditions. Using the new
germination patterns (Fig. 6), the spores from M. cryptica
and M. marksii were easily differentiated to species level. An
important feature of the new method was that no other spores
from other fungal species were observed to germinate during
the initial 24 h of incubation.

Testing of incubation conditions

In order to find the optimal incubation parameters for the
tape, several incubation conditions were tested. The best
temperature for in vitro germination of Mycosphaerella

ascospores isolated from lesions on E. globulus leaves was
determined to be 20°C, while light and dark cycles had no
influence. Park (1988a, 1988b) found that most ascospores
germinate between 24 and 48 h while Luley and McNabb
(1989) found that Mycosphaerella populorum germinated
after 4 h. The current experiment showed that after 24 h in
the dark, the majority of Mycosphaerella spores had
germinated, while most of the other fungal spores had not yet
germinated. However, germination of Mycosphaerella
spores varied, which may be dependent on seasonal factors.
There remains a need for long-term investigations to
determine ideal incubation parameters because several
samples of Mycosphaerella spores failed to germinate at all
and the reasons for these failures remain unsolved.

Discussion
Performance of the new STVS trap

The new STVS trap proved to be reliable, simple to use
and maintain and remained weather-proof even under
extreme conditions. The design was also inexpensive to
build, at a total cost of less than US$2500.

The new STVS trap design and similarly designed traps
have a major advantage over passive sampling, which has the
major problems with the high wind speeds that often occur
outdoors. This is an important feature as the capture of
bioaerosols is dependent on particle size, which can lead to a
biased selection of unwanted particles such as larger fungal
spores (Ingold 1971; Deacon 1997). The new STVS trap
successfully addressed these issues and its performance was
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Fig. 6. Photomicrograph of spore matrix after 24 h of incubation

(examples are marked with arrows); the short germination tubes of
Mpycosphaerella cryptica (centre and lower left) and the longer
germination tubes of M. marksii (top) were visible after incubation.
Bar =20 pum.

equal to, if not slightly better than, the industry standard
spore trap and, therefore, to other sampler designs
(Nevalainen et al. 1992; Thompson et al. 1994).

New germinating technique for quantification of fungi

The new 24 h germination technique for fungal spores on
Melinex tape proved to be simple and quick at differentiating
and counting total spores for Mycosphaerella species and
other fungal taxa. This is an important innovation for
extremely slow growing fungal species on agar media (such
as Mycosphaerella) as it circumvents the problems of being
out-competed by faster growing environmental fungal
species (e.g. Penicillium, Cladosporium and Aspergillus).

Improved total spore counting method

The spore counting method was further improved by
counting a single longitudinal traverse on the slide as
suggested by Sterling et al. (1999). This was found to be
more time saving as a wider area of the slide could be
examined. The quantification of Mycosphaerella species in
the field tests using the new STVS trap were comparable
with numbers reported in other field trials published in the
literature (Hunter et al. 1999; Inman et al. 1999; Bathgate
and Loughmann 2001).

Development of new adhesive and matrix for microscopy

When capturing bioaerosols on a spore matrix, it is
important to consider the transparency of the capture
medium for subsequent microscopic examination (Burge
1995; Galan and Dominguez-Vilches 1997). If the surface is
too hard the spores deflect off the adhesive. If it is too soft,
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the spores become deeply embedded and microscopic
examination is difficult.

Vaseline has been widely used as a capture medium as it
is easy to coat by dipping in solution. However, there are
known difficulties with uniform application of Vaseline to
Melinex tape (Burkard Manufacturing Company Ltd 1998).
Disadvantages of using Vaseline are the wvariations in
adhesiveness and viscosity with changes in ambient
temperatures (Galan and Dominguez-Vilches 1997).
Vaseline was found to be thermally unstable and, therefore,
unsuitable for hot climates such as those experienced in
Western Australia during summer.

The studies by Galan and Dominguez-Vilches (1997)
compared the adhesive efficiency of Vaseline, white
petroleum and silicone fluid (silicone/carbon tetrachloride)
and concluded that the silicone based fluid was the most
stable and readily applied adhesive. This study found a
standard adhesive and modified it to allow spores to
germinate on the matrix. Diacorme 280A (DiaCorm,
Australia) was the validated adhesive that allowed spore
germination (Galan and Dominguez-Vilches 1997). In the
case of Mycosphaerella species, spore germination patterns
were essential for their identification to a species level.
Therefore, it was critical that spores could germinate on the
adhesive medium being used and that it withstood harsh
environmental conditions.

The authors are aware of only one study where adhesives
used as a capture medium have been examined to determine
whether spores will germinate (Hunter et al. 1999). While
another study on Mycosphaerella incubated the spore matrix
on 1.2% water agar (Hunter er al. 1999), to the authors’
knowledge, the current study is the first time that
Mpycosphaerella spores have been germinated directly on the
tape surface.

The new STVS trap proved to be inexpensive, reliable and
was validated as an accurate and precise sampling device for
collecting bioaerosols, even in severe weather conditions. It
is simple to assemble and maintain without special training
or tools. Furthermore, the newly developed incubation
methods allowed the quick identification of Mycosphaerella
spores directly on the matrix, which overcomes the major
limitation where these slower growing species are normally
out-competed by faster growing species.

Interest in the new STVS suggests it has a wide range of
research and commercial applications including indoor air
investigations, outdoor air pollution studies particularly at
facilities such as waste management plants, and in remote
locations such as the monitoring of plant pathogens in timber
plantations, crops and in orchards.
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