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ABSTRACT

Reynolds, K. M., Madden, L. V., Reichard, D. L., and Ellis, M. A. 1987. Methods for study of raindrop impact on plant surfaces with application to

predicting inoculum dispersal by rain. Phytopathology 77:226-232.

A drop-generating and photographic system has been developed to
obtain detailed information on splash dispersal events. Uniform drops
0.18-1.89 mm in diameter are produced by a piczoelectric crystal that is
activate a microprocessor-controlled timing circuit that can trigger up to
mm are produced by a solenoid pump. Both drop generators can produce
single drops on demand. The drop generator activation signal is used to

activate a microprocessor-controlled timing circuit that can trigger-up
seven strobe lamps for use in multiple-exposure photography. A primary,
programmable delay is used to control the start of the flash sequence. Delay
between flashes is controlled by the frequency of an oscillator signal input
to the timer. Strobe sequences can be used to determine the velocity, size,
and number of droplets formed by a splash crown.

The importance of rain impact as a mechanism for the liberation
and dispersal of inoculum of many fungal and bacterial plant
pathogens has been recognized since the early pioneering work of
Faulwetter (4,5) and Stepanov (30). Effective dispersal of plant
pathogens by rain splash has been shown to occur in the absence of
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wind (4-9,11-13,28,29,31). Most studies of splash dispersal have
focused on the role of rain impact in inoculum liberation and on
descriptions of dispersal and infection gradients that result from
splash dispersal (10). Several studies indicate that in the absence of
insects that can serve as agents of dispersal, rain splash is a virtual
requirement for successful liberation of some fungal spores or
bacterial cells (11,17,27). In such systems, wind may augment
dispersal, but it cannot initiate the process. Even for propagules
that are characteristically liberated by dry wind, liberation by
impact of raindrops or drip from the canopy may become a
requirement when inoculum is held in a surface film of water (27).



Characteristics of the inoculum-bearing surface that affect
dispersal, such as the presence of moisture, rigidity, and angle of
inclination, have been investigated (11,28). However, detailed
information on the entrainment of inoculum in splash droplets that
are produced by impacting raindrops is lacking. This lack of
information is due, in part, to the difficulties of producing
individual drop impact events. A greater depth of understanding of
the mechanics of splash dispersal would be possible if the events of
a single drop impact were more completely understood. A further
limitation of previous methods that have been used to study splash
phenomena has been the drop delivery system. The standard
technique for generating drops has involved the use of syringe
needles that depend on gravity feed. Only drops larger than 2 mm
in diameter can be produced by this type of drop generator. Large
drops constitute a small fraction of incident raindrops (3,19,21).
Eighty percent of drops ina S-mm-hr ' shower, for example, have a
diameter << 1 mm, and drops with diameters >3 mm are quite rare
(21). Small drops have been produced with an aspirated syringe
system, but it requires the production of a drop stream (14).

A device that could produce single drops of uniform size on
demand would facilitate the type of detailed study that is necessary.
Such drop generators can be fabricated using a piezoelectric crystal
to dispense the drops. Reichard et al (25) used a model 3050 droplet
generator (TSI Inc., St. Paul, MN) containing a piezoelectric
crystal to produce streams of small-diameter drops of uniform size
for use in the study of spray drop impact on foliage.

The present study describes modifications to the drop
production methods of Reichard et al (25) that allow production
on demand of single drops of desired size that represent the entire
raindrop spectrum. High-speed cinematography has frequently
been used to study the behavior of falling drops or drop impact
(15,16,20). The cinematographic technique has proven to be
extremely valuable because details of a single event can be recorded
in great detail. However, a distinct disadvantage of cinematography
is the relatively high cost of recording a single event. Consequently,
methods for multiple exposure, high-speed still photography of
individual drop impact events, employing microprocessor-
controlled strobe lamps, are also described. These new methods
facilitate the simultaneous determination of drop number, drop
size, and drop velocity.

MATERIALS AND METHODS

Production of single, uniform drops. Drops with diameters of
0.18-1.89 mm were produced with a drop generator containing a
piezoelectric crystal (model 60690 PZT unimorph, Vernitron
Piezoelectric Division, Cleveland, OH) (Fig. 1A). Piezoelectric
crystals are electromechanical transducers that are deformed when
a current is applied across their surface (1) and have been used in
applications such as ultrasonic cleaners and ink-jet printers (1).
The generator was similar in design to generators used for ink-jet
printers and generators made by Young (32) at ICI and
Qian et al (23). The outlet of the chamber that houses the crystal
was machined to a Luer taper (five degrees) to accept Luer-lok
needles, Plastic needle covers with a Luer taper, to which electron
microscope apertures (Fisher Scientific, Pittsburg, PA) were
cemented, also were used as apertures. Liquid is ejected from the
chamber orifice when a DC voltage is applied across the crystal. A
pulse generator (model 214A, Hewlett Packard Corp., Palo Alto,
CA) provided a DC voltage signal to the crystal (Fig. 2). Pulse
width and amplitude of the generator signal were adjusted so thata
pulse to the crystal would produce a single drop.

The maximum drop diameter that could be produced by the
crystal was about 1.89 mm. (Maximum displacement of water
volume resulting from deformation of the crystal is limited to
about 2.5 mm’.) Larger diameter drops (2.16-3.24 mm) were
produced by a solenoid pump (model SV515, Valcor Engineering
Corp., Springfield, NJ) (Fig. 1B). Power was supplied to the
solenoid pump by a 038V Kepco Corp. power supply (model
PR-38-5, Kepco Corp., Flushing, NY). The outlet of the pump was
machined to a Luer taper to accept Luer-lok needles (Fisher
Scientific, Pittsburg, PA). Single, uniform drops were produced by
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Fig. 1. Schematics of drop-gencrating devices. A, Piezoelectric drop
generator. Application of voltage across the piezoelectric crystal (pz),
causes the crystal to deform, which produces a downward flexure of the
crystal into the liquid chamber (Ic) formed by the housing base (b), resulting
in the displacement of liquid from the Luer-tapered chamber outlet (It).
Water is supplied to the chamber through the inlet (i). Other components
illustrated are: chamber top (1), screw cap (c), and rubber O-ring seal (0). B,
Solenoid pump drop generator, activated by applying voltage to the
solenoid coil (sc), which draws the piston (p) downward against a return
spring (s), resulting in the ejection of liquid from the outlet (0). A vacuum-
operated check valve (cv) at the top of the lower liquid chamber (Ic) opens
as the piston moves downward, recharging the lower chamber through the
liquid inlet (i). The upper liquid chamber (uc) is recharged as the piston is
forced upward by the return spring. The volume of a drop produced by the
generator is controlled by voltage amplitude and the combined size of the
lower and upper chambers. The latter is adjusted by a checknut (cn) at the
top of the generator. Alsoshown isa rubber O-ring (or) that allows smooth
piston operation.
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adjusting the power supply voltage and stroke length of the pump.

Photographic system. Voltage signals that were used to activate
the drop generators were also applied to a microprocessor-
controlled timing circuit (Figs. 2 and 3) to control the firing
sequence of one to seven stroboscopic flash units (Fig. 2). Four
flash units were used. The voltage signal to the piezoelectric drop
generator activated an initial strobe-firing delay mechanism that
was controlled by a type 1531-PZ timer (GenRad Corp., Concord,
MA). At the end of the primary delay, the microprocessor timing
unit fired the four flash units at intervals controlled by the
frequency of the oscillator signal (Fig. 2). A photoelectric pick-off
unit (model 1536, GenRad Corp., Concord, MA) was used to
trigger the primary strobe delay when using the solenoid pump,
because the signal emitted by this generator was too variable for
accurate strobe timing.

Previous experience with high-speed movies of drop impact
indicated that backlighting of the impacting drops was necessary
(25). The flash units were mounted together, behind the
photographic stage, so that each lamp was 23 cm from a frosted-
glass diffusion screen. The diffusion screen was 2.5 cm behind the
photographic stage.

All photographs were taken with a Pentax MX 35-mm single-
lens reflex camera with the shutter speed set on bulb and the
aperture set at fl1 or fl16 (for magnifications of 2 and IX,
respectively). To achieve magnifications of 1-3X on the film plane,
a 50-mm focal-length lens was mounted in reverse position with a
reversing ring on a Pentax bellows unit. The film used was Kodak
Technical Pan.

Measurement of drop diameters and estimation of drop spread
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Fig. 2. Schematic of integrated piezoelectric drop generator and
microprocessor-controlled strobe timing systems. A 200V amplitude signal
from the pulse generator induces a change in the piezoelectric crystal
structure, which is housed in the drop generator, resulting in the flexure of
the crystal and ejection of a water drop. Signal amplitude and pulse width
are monitored on a dual trace oscilloscope. The pulse generator signal is
also used to trigger the GenRad (primary) timing device that controls the
starting time of a flash sequence. At the end of its timing cycle, the GenRad
timer produces a signal that activates the multiflash (secondary) timer that
controls the intervals between strobe lamp flashes. The solenoid pump
system is similar to the one illustrated, except a constant DC current
voltage supply is used in place of the pulse generator. In addition, the signal
to the GenRad timer is supplied by a separate photoelectric pick-off unit.

228 PHYTOPATHOLOGY

factors on water-sensitive paper. Drops were collected | cm below
the orifice of each drop generator. Drop diameter was determined
microscopically for drops<<2 mm in diameter by catching 20 drops
in a two-layer silicone gel preparation (Dow Corning 200 fluid) ina
10-cm-diameter petri dish. The top and bottom gel layers were 100
and 20,000 Cs viscosity, respectively. Microscopic determinations
of drop size were completed within 5 min of drop collection to
minimize errors resulting from drop dissolution in the silicone gel.

Drops >2 mm in diameter were collected in a petri dish, then
weighed to the nearest milligram and their equivalent diameter
(ED) determined from their calculated volume. Drops >2 mm in
diameter do not maintain a strictly spherical shape because of
gravitational force acting on their mass (22). ED refers to the
diameter of a drop if the drop volume were in fact spherical (22).
The definition of ED also is applied to circular areas. Twenty drops
were collected in four replicate samples of five drops each. Each
sample was collected and weighed in a total time of 20 sec to
minimize measurement errors resulting from drop evaporation. To
estimate the standard deviation of drop diameter for drops > 2 mm
in diameter, the calculated mean ED was determined for the four
replicate samples. The standard deviation of the four mean EDs
was then used as an estimate of the standard error of mean ED in
the expression:

SD=\/nse, (n

in which SD = standard deviation of drop diameter, n= 5 (sample
size), and se ;) = standard error of mean ED.

Drops were collected on water-sensitive paper (WSP) (Spraying
Systems Inc., Wheaton, IL) during the same test run in which
drops were collected for determination of diameter. The diameters
of drop traces left on WSP were determined with an image-
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Fig. 3. Diagram of microprocessor-controlled secondary timing circuit
used to control the strobe lamp flash interval. The system clock signal is a
sine wave generated by an audio oscillator. The oscillator signal is
converted to a positive square wave pulse by the first comparator in the
1C339 chip. The first comparator continuously transmits the clock signal to
the 1C4015 static shift register. The 35V incoming GenRad timer signal
(DELAY INPUT), which is used to initiate the secondary timing system
(see also Fig. 2), is first conditioned as illustrated under SYSTEM
TRIGGER, and then input (DELAY OUTPUT) to the second comparator
in the 1C339 chip via the barrel and ring phone jack connection, When
triggered, the 1C339 in turn triggers the 1C555 monostable vibrator, which
transmits a pulse to the 1C4015, allowing the 1C339 clock signal to
sequentially activate the 1C4015 static registers at the clock frequency
output by the audio oscillator. At activation, each static register outputs a
signal that is first conditioned by a 2N2222 transistor and then inverted.
The modified signal causes an attached strobe lamp to fire. The 1C555
monostable vibrator signal drops to 0V after about 5 sec and resets the
1C4015 static registers to 0V, Up to seven strobe lamps can be connected to
the system.



analyzing computer (Dapple Systems Inc., Sunnyvale, CA). The
computer program reports the area of individual drops from which
drop EDs were calculated. For many purposes, it is more efficient
to collect, count, and measure large numbers of drops on WSP
than in silicone gel preparations. WSP can also be stored for
extended periods of time after use.

Estimation of drop velocity. Multiple-exposure photographs
were taken of drops at a distance of 6 cm below the orifice of the
drop generators. A millimeter scale, included in the photograph,
was used to calculate drop velocity, given the microprocessor-
controlled time interval between strobe flashes. Two determinations
of velocity were made for each drop diameter.

Observed drop velocities at 6 cm below the orifice were
compared with theoretical values obtained by assuming an initial
velocity of 0 em' s ' at the orifice. The theoretical relation for
velocity at time 1 (v,) is:

v, = Vp(l—e ™), (2)

in which ¥, = terminal velocity (cmrs '), ¢ = time (sec), and 7 =
relaxation time (sec).
Values for V', were obtained from the relation:

V,=880.0[1 — exp(—((d+0.115)/1.718)!3%)], 3)

in which d = drop diameter (mm). Equation 3 is an empirical fit to
values for ¥V, calculated from a much more complicated set of
theoretical relations given by Beard (2), where nonlinear R’ =
0.999, P[F(3,46) = 992.6] < 0.0001.

Relaxation time (r) was calculated as:

7=0.2733+ 0.1153 log(d). (4)

Eq. 4 also was an empirical relation developed from experimental
values and a theoretical relation for 7 given by Pruppacher (23),
where R* = 0.992, P[F(1,5) = 624.6] < 0.0001).

Time to reach a distance of 6 cm below the orifice was calculated
iteratively from the relation:

X=Vi(@ttre" 1), (5)

in which X, = distance of fall in time 1. Note that eq. 5 is just the
definite integral of eq. 2. v, was then calculated by substituting the
value for 1 into eq. 2.

RESULTS

Production of single, uniform drops. A range of drop sizes can
be produced with either the piezoelectric drop generator or the
solenoid pump drop generator (Table 1). In preliminary tests of the
solenoid pump, it was found that this generator could produce
single, uniform drops as small as 0.2 mm in diameter. However,
production of such small drops was both easier and more reliable
with the piezoelectric crystal.

Three phenomena that have been observed with ink-jet printers
(18) were also observed with both of our drop generators. First, if
the water supply was tap water, mineral deposits built up at the
drop generator’s orifice and altered the drops’ trajectories.
Consequently, reliable operation of either drop generator required
the use of deionized water to prevent occlusion of the aperture.
Second, air pockets in the chamber of either drop generator
resulted in the production of nonuniform drops and erratic drop
output. However, the formation of air pockets was minimized by
selecting generator operating parameters that minimized recoil of
the liquid volume from the orifice (Table 1). Third, if the volume of
liquid displaced by the generator was too large relative to the size of
the aperture, small satellite drops also were produced. Appropriate
selection of the generator’s operating parameters minimized
difficulties in this case as well,

In general, selection of the optimum set of drop generator
operating parameters was achieved by trial and error. For the
piezoelectric drop generator, production of single, uniform drops
was controlled by an appropriate combination of generator
aperture diameter, hydraulic head height of the water reservoir,
and signal pulse width (Table 1). The effect of variation in
generator voltage level could not be examined in this study because
voltage level was not adjustable in the range 100-200V.,

Drops could not be produced with any of the apertures at the
next lowest selectable voltage level of 100V even when hydraulic
head height and generator pulse width were set to their maximum
levels. For a given aperture diameter, drop diameter could be
altered by varying generator pulse width and hydraulic head height
of the water reservoir supplying the generator. However, the most
reliable drop production was obtained by adjusting head height so
that it was just sufficient to hold water in the generator chamber
against gravitational flow (Table 1).

System operating parameters given in Table | should only be

TABLE I. Operating parameters of piezoelectric and solenoid pump drop generators required for production of specific drop sizes

Drop diameter

Ensid Aperture Voltage Pulse Head Stroke

Generator diameter amplitude” width height" length

Mean cv! type” (mm) (V) (msec) (mm) (mm)
0.18 22 P 0.060 (1) 200 2.30 25 NA'
0.24 2.0 P 0.100 (u) 200 1.16 40 NA
0.36 1.3 P 0.254 (n) 200 220 69 NA
0.53 1.4 P 0.250 (u) 200 0.96 25 NA
0.65 1.8 P 0.400 (u) 200 1.36 25 NA
0.72 1.1 P 0.305 (n) 200 2.20 59 NA
0.93 0.8 P 0.500 (u) 200 1.80 25 NA
0.95 1.3 P 0.406 (n) 200 375 37 NA
1.34 1.6 P 0.584 (n) 200 2.60 27 NA
1.55 4.8 P 0.838 (n) 200 3.50 18 NA
1.89 1.4 P 1.194 (n) 200 3.50 15 NA
2.16 3.6 S 1.194 (n) 322 NA NA 8.64
3.24 0.8 S 1.194 (u) 235 NA NA 7.34

'P = piezoelectric crystal, S = solenoid pump.

"DC voltage signal for piezoelectric crystal was a pulse with adjustable width, whereas the solenoid pump received a continuous pulse width of about

100-150 msec.
“Height of reservoir above generator aperture.
YC.V. = coefficient of variation.

“n = Aperture was a needle that had been cut off to a length of 8 mm, u = aperture was an uncut needle.

"NA indicates not applicable.
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regarded asapproximate. Drop size also was found to vary slightly
with change in O-ring pressure on the piezoelectric disk produced
by screwing the generator cap to different torque specifications.
Rather than quantifying cap torque, we found that for a fixed head
height, pulse width could be adjusted so that it was possible to
reproduce drop sizes between experimental setups with an error of
no more than 5%.

The solenoid pump contained a check-valve that ensured
positive displacement of the liquid volume in the chamber (Fig.
IB). Therefore, control of the hydraulic head of the water reservoir
was not necessary. In this system, drop size was controlled by
piston stroke length, aperture diameter, and DC voltage (Table ).

Measurement of drop diameters and estimation of drop spread
factors on WSP. The estimated coefficient of variation (C.V.) for
each drop diameter produced by either the piezoelectric or
solenoid pump drop generator was so small that all drops were
considered uniform in size (Table 1). Although only four replicate
samples of five drops were used to estimate mean diameter for
drops produced by the solenoid pump generator, the estimated
C.V.s for these drops are comparable to those for the piezoelectric
generator (Table 1), indicating that the sample size used to estimate
drop diameter by weighing was quite adequate.

A significant linear relationship between diameter of the drop
trace on WSP and original drop diameter was obtained with linear
regression analysis (Fig. 4). The model accounted for 99% of
experimental variation: P[F(1,222)= 15,269]<0.0001. An analysis
performed previously on 178 preliminary observations yielded an

TABLE 2. Drop velocity at 6 cm below the drop generator aperture

Observed Predicted
Drop drop drop

diameter velocity velocity®

(mm) {em-s™") (cm's™")
0.24 85.5 723
0.53 1047 92.7
0.65 102.3 99.6
0.73 96.8 103.2
0.93 103.1 112.0
0.95 95.7 112.7
1.34 106.7 1249
1.55 76.3 129.7
1.89 103.7 135.4
2.16 116.5 138.7
3.25 156.3 144.0

“Based on equations 2 and 5 in text.

3t D = 0.008 + @. 44B=T
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Fig. 4. Relationship between diameter of drop trace on water-sensitive
paper and diameter of drop as determined by microscopic measurement of
drops in silicone gel (<2 mm diameter) or weighing 20 drops collected ina
petri dish (> 2 mm diameter).
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almost identical model to the one presented (Fig. 4).

Estimation of drop velocity. Drop velocities measured at 6 cm
below the drop generator orifice agreed well with predicted
velocities (Table 2). Observed velocities for drops =0.654 mm in
diameter slightly exceeded predicted values, so initial velocity must
be nonzero for these drops. In contrast, drops with diameters
< 0.654 mm had observed velocities slightly lower than predicted
values. Reichard et al (25) have observed that the process of drop
release involves the formation of a liquid ligament. Release occurs
when the ligament is broken. Surface tension forces, acting during
this process, have been observed to impart a small acceleration in
the positive vertical direction (Reichard, unpublished).

Drop impact on a surface. Drops 1.8 mm in diameter were
produced by the piezoelectric drop generator and allowed to
impact on an immature strawberry fruit (Fragaria X ananassa).
Single drops were released from a height of 50 cm. Drops were
aimed at the fruit so that the point of impact on the fruit surface
would lie in a vertical plane that bisected the fruit and that was
parallel to the film plane. The primary flash unit delay was visually
determined. All photographs were taken with a 2 msec strobe flash
interval (Fig. 5). The primary delay was initially set to record two
exposures of incident drop travel just before drop impact on the
fruit surface (Fig. 5A). An early stage in the production of the
splash droplets can also be seen. The velocity of drop impact, as
determined from the photographic record of drop travel, was
estimated to be 273.9 cm's™' (Fig, 5A).

The effects of incident drop diameter, velocity, and angle of
impact on the number, diameters, and velocities of splash droplets
produced are readily determined with high-speed still
photography. An example of splash droplet production after
impact of a I.8-mm-diameter drop falling from a height of 50 cm is
given in Figure 5B. Two pairs of droplets were specifically
identified for which diameter and velocity could be measured.
However, at least five such droplet pairs can be seen (Fig. 5SB).

The angle of drop impact on the fruit surface (a) can be defined
as the angle between the trajectory of the incident drop (i) and the
vector (n), which is normal to the tangent vector (¢) at the point of
drop impact (Fig. 5B). The mean angle of droplet flight (b) along
trajectory o can also be defined relative to the normal vector, n
(Fig. 5B). Defining the incident drop trajectory and the mean
droplet takeoff trajectory in this manner conveniently relates the
mean droplet trajectory to the vector that is tangent to the point of
incident drop impact.

DISCUSSION

The drop-generating and photographic system that has been
developed allows detailed examination of phenomena associated
with the impact of raindrops or drips from the plant canopy.
High-speed cinematography has frequently been employed for
studying drop impact events (15,16,20). However, the size,
number, and velocity of droplets produced by a splash impact can
be easily recorded with our methods at a small fraction of the cost
entailed in cinematographic methods. Furthermore, the analysis of
drop sizes produced by either the piezoelectric or solenoid pump
drop generators demonstrated that drops in the range of 0.18-3.24
mm diameter can be produced with acceptable uniformity (Table
1).

Fitt et al (8) provided a thorough discussion of methods
previously employed for determining the size and distribution of
splash droplets. Among the methods described is the use of fixed
photographic film for determining size and distribution of droplets
(5). Our tests show that WSP can also be used for assessing the
distribution of splash droplets (Fig. 4). A disadvantage of using
WSP, as opposed to fixed photographic film, is that propagule
numbers within droplets cannot be determined simultaneously.
However, use of WSP offers the advantage of speed in analysis of
droplet distributions when used in conjunction with computer
image analysis.

Large drops are probably important in splash droplet
production because of their high kinetic energy (10,24,26). The
solenoid pump used in our drop-generating system can produce



drops up to 3.24 mm in diameter (Table 1). Drops formed by
canopy drip may be up to 6 or 7 mm in diameter (24). However,
pumps with sufficient displacement to produce drops up to 7 mmin
diameter are also available. It is also important to be able to study

Fig. 5. Production of splash droplets after impact of a 1.8-mm-diameter
drop on an immature strawberry fruit. Single drops were released from a
height of 50 cm. Flash intervals were 2 msec. A, Incident drop just before
impact with fruit surface. B, Formation of splash droplets after drop
impact with fruit surface. Two drops (1 and 2) are shown from which
diameter and velocity can be determined. Also shown are vectors for
incident drop trajectory (i), the tangent to the surface at the point of impact
(1), the vector, n, that is normal to t, and the mean trajectory of the splash
droplets. Angles a and b indicate the departures of i and o from n,
respectively.

splash events that simulate impacts produced from canopy drip.
Our data on initial drop velocities demonstrate that our drop
generators are suitable for studying such events (Table 2).

Because a bellows unit was used on the camera, the
photographic depth of field was extremely narrow (0.71-3.23 mm
for magnifications of 3 down to IX, respectively). At IX, we have
found that the depth of field is sufficient for accurate
determination of droplet number and size (Fig. 5). However,
takeoff velocities can only be measured for droplets whose
trajectories are parallel to the film plane because of the loss of
information that results from projecting a three-dimensional
image onto a plane. As a result, multiple photographs will be
required to obtain sufficient data to accurately estimate takeoff
velocity fora given incident drop size and velocity. The cost of data
acquisition using high-speed cinematography would be
substantial. For comparison, we estimate that data acquisition
costs can be reduced by 959% using the systems described.

The drop production and photographic systems that have been
described provide the ability to observe splash events in detail and
allow measurement of the size and number of droplets produced as
well as their takeoff velocities. Availability of such information,
together with observations on resulting droplet distributions, can
be used to develop and validate explanatory models of observed
distributions of splash-dispersed inoculum. We are currently using
these procedures to study the dispersal of Phytophthora cactorum,
which was previously shown to be splash-dispersed from infected
strawberry fruit (13).
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