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Abstract. Application technology for biological insecticides like entomopathogenic nematodes (EPN) 
has been a relatively neglected area. One of the major considerations involved with the selection and 
use of an application system should be the application distribution pattern. While completely uniform 
distribution of the nematodes is not entirely essential to their success in soil applications, because 
there the nematodes can move short distances on their own, a uniform distribution is more important 
in foliar EPN applications. The present study examined the volumetric distribution pattern of 
Steinernema feltiae beneath a single standard flat fan, air induction, deflector and twinjet spray 
nozzle. A comparison with the distribution of a chemical tracer was made to reveal possible 
distribution problems. Droplet size spectra of the nozzles were measured and linked with the 
distribution results. A theoretical calculation of the coefficient of variation of the nematode distribution 
beneath a spray boom was performed. Finally, the actual spray pattern of the EPN on a horizontal 
surface beneath a spray boom was studied. We can conclude that the volumetric distribution pattern 
of EPN is influenced by nozzle type and is different from the volumetric distribution pattern of a 
chemical compound. By the spray overlap using a spray boom, differences in nematode distribution 
are however decreased to an acceptable level. Nozzle type significantly influences the number of 
nematodes deposited on a horizontal Petri dish and their distribution within the droplets. Future 
experiments are needed to reveal if the measured differences in coverage due to nozzle type will 
result in significant differences in pest control. 

 

Keywords. Entomopathogenic nematodes, spray liquid distribution, foliar application, nozzle type, 
spray pattern, droplet size distribution 



 

2 

Introduction 
Since the early 1980s, a group of parasitic nematodes in the families Steinernematidae and 
Heterorhabdititae has received considerable attention from researchers because they possess 
many favorable attributes as biological pest control agents (Kaya and Gaugler, 1993). The 
steinernematid and heterorhabditid nematodes have similar life cycles; they have a free-living 
stage, the infective juvenile (IJ) that enters its insect host through natural openings. Once in the 
insect’s body cavity, the infective juvenile releases a mutualistic bacterium in its intestine. The 
symbiotic bacteria multiply rapidly causing host mortality within 48 hours (Kaya and 
Koppenhöfer, 1999). 

Entomopathogenic nematodes (EPN) have been applied using practically every device available 
in the agricultural and urban environment (Shapiro-Ilan, 2006). Numerous studies indicate that 
some methods of application are superior to others in facilitating pest control efficacy. Research 
on this topic can be divided in two groups, i.e. studies comparing different application 
techniques or different parts of the application equipment and studies on the important physical 
factors that act on EPN within a spray system (Shapiro-Ilan, 2006). Until now, little attention has 
been paid to assessing the efficacy of spraying systems in how they deposit the IJ onto the 
target substrate (Lello et al., 1996). While a completely uniform distribution of the nematodes is 
not entirely essential to their success in soil applications, because nematodes can move short 
distances on their own, a uniform distribution is more important in foliar EPN applications. 

The spray nozzle is the primary link between the active ingredient in the spray tank and proper 
application to the target. Spray uniformity depends on the individual spray pattern profiles (Azimi 
et al., 1985). Moreover, Krueger and Reichard (1985) and Spanoghe et al. (2007) have shown 
that the chemical composition of the spray liquid affects the shape of the pattern. Lello et al. 
(1996) examined the output of a range of hydraulic nozzles and a spinning disc and showed that 
choice of application method had a significant impact on the deposition of the IJ and on a 
subsequent infection and mortality of larvae of the diamondback moth. The type of nozzle, flow 
rates and pressure were important factors in nematode delivery. The higher output nozzles 
deposited the greatest number of IJ onto leaves and gave the greatest insect mortality. The 
nozzles involved in this research were low output flat fan and full cone nozzles with 02, 03 and 
04 ISO nozzle sizes. However, the high flow rates (1000 L ha-1) advised by the EPN selling 
companies, demand high output nozzles to enable field applications. Therefore, present study 
examined the volumetric distribution pattern of Steinernema feltiae beneath an ISO 08 standard 
flat fan (Teejet XR 110 08), air induction flat fan (Teejet AI 110 08), drift reducing deflector type 
nozzle (Teejet TT 110 08) and twinjet spray nozzle (Teejet TJ60 110 08). A comparison with the 
distribution of a chemical tracer was made to reveal possible distribution problems. Droplet size 
spectra of the nozzles were measured and linked with the distribution results. In practice, spray 
applications of EPN are often performed with a spray boom. Therefore, the uniformity of 
nematode distribution beneath a spray boom was assessed by calculating the coefficient of 
variation of the nematode distribution and compared with the coefficient of variation of the 
distribution of the chemical tracer. The volumetric distribution of EPN measured beneath a 
nozzle only reveals the number of nematodes present at different places in the spray cloud. 
However, the distribution of EPN in the droplets should also be investigated. Therefore, the 
actual spray pattern of the EPN on a horizontal surface beneath a spray boom was studied. 

Safety Emphasis 
Entomopathogenic nematodes (EPN) are exceptionally safe biological control agents. They are 
certainly more specific and are less of a threat to the environment than chemical insecticides 
(Ehlers and Peters, 1995). The use of EPN is safe. These nematodes and their associated 
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bacteria cause no detrimental effect to mammals or plants (Ehlers, 2005). A joint workshop 
supported by the European Co-operation in the Field of Scientific and Technical Research (EU 
COST Action 819), which met in 1995 to discuss potential risks related with the use of EPN in 
biocontrol, concluded that EPN are safe to production and application personnel and to the 
consumers of agricultural products treated with EPN (Ehlers, 2005).   

Materials and Methods 

Volumetric Distribution Pattern 

Entomopathogenic Nematodes 
Infective juveniles of S. feltiae (Koppert B.V., Berkel en Rodenrijs, the Netherlands) were used 
in the experiments. Approximately 30 min before every test, a package of 250 million IJ was 
suspended in 10 L of water before it was added to 50 L of water in a spray tank of a greenhouse 
sprayer. Eventually, the tank was filled to a volume of 100 L to obtain a suspension of 
approximately 2500 IJ mL-1. Before every test, the tank solution was mixed during 5 min to 
ensure an equal distribution of EPN in the spray tank (Brusselman et al., 2010a), after which a 
sample was taken at the top of the tank. For every sample, the number of nematodes was 
counted using a microscope in three 125 µL subsamples. 

Chemical Tracer 
As a chemical tracer Brilliant Sulfo Flavine (BSF, Waldeck-Gmbh & Co KG, Muenster, 
Germany) was used. By adding 1 g of BSF to the 100 L spray solution, a concentration of 
approximately 0.01 g L-1 was achieved. The exact concentration of BSF in the spray tank was 
measured using a fluorimeter Fluostar Optima (Isogen Life Science, De Meern, the 
Netherlands). 

Spray Patternator 
The volumetric distribution pattern of the EPN beneath a spray nozzle was measured using a 
spray patternator*. The sprayed liquid was intercepted in channels with a width of 0.025 m and 
collected in graduated collecting tubes. Spray liquid was collected in the centre of the table by 
40 tubes with a maximum volume of 100 mL. Adjacent on both sides, 40 smaller tubes with a 
maximum volume of 50 mL collected the spray liquid. 

The spray tank solution was sprayed at 50 cm above the spray patternator at a pressure of 4.0 
bar. When a stable spray cone was formed, the collecting tubes were put in measuring position. 
A measurement was ended when the central tubes were almost completely full. The duration of 
each measurement was timed; the volume of spray liquid collected in every tube was recorded. 
The contents of the tubes was collected in a recipient. To restrict the number of analyses, large 
tubes were joined per two, small tubes per three. To prevent the loss of sedimented nematodes, 
the tubes were rinsed. The rinsing water was added to the respective recipient. 

For every recipient the number of nematodes was counted using a microscope in three 125 µL 
subsamples. Based on the spray volume in the tubes and the volume of rinsing water added, 
the original nematode concentration in the tubes could be calculated. BSF concentration in the 
samples was measured using a fluorimeter Fluostar Optima. 

                                                 
* The patternator is in accordance with the ISO 5682-1 standard ‘Equipment for crop protection – 
Spraying equipment – Part 1: Test methods for sprayer nozzles’. 
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Four nozzle types were tested: XR 110 08, AI 110 08, TT 110 08 and TJ60 110 08 (Teejet, 
Springfield, USA). For every nozzle type, three repetitions were performed with the same 
nozzle.  

Droplet Size and Velocity Characteristics 
Droplet size spectra were measured with a PDPA laser (Phase Doppler Particle Analyser). The 
measuring protocol used was described earlier by Nuyttens et al. (2007, 2009). The spray cloud 
was scanned on the horizontal long axis at 50 cm beneath the spray nozzle in 10 cm intervals. 
The percentage of liquid by volume produced for each droplet size interval, the volume median 
diameter (VMD) and the vvol50 were determined. The VMD is commonly used to describe droplet 
size and provides an indication of the size of droplets produced in relation to the proportion of 
the total volume (Matthews, 2000). The vvol50 is the vertical droplet velocity below which slower 
droplets constitute 50% of the total volume (Nuyttens et al., 2009). 

Four nozzle types were analyzed: XR 110 08, AI 110 08, TT 110 08 and TJ60 110 08 (Teejet, 
Springfield, USA). For every nozzle type, three repetitions were performed with three different 
nozzles, using water as spray mixture. 

Theoretical Nematode Distribution beneath a Spray Boom 
Spray liquid distribution over the width of a spray boom is dependent on nozzle spacing, boom 
height, and the single nozzle spray distribution. Ideally, the distribution of EPN beneath the 
spray boom should be uniform. According to the European standard EN 12761-2 that specifies 
the requirements for design and performances of a field crop sprayer, a spray distribution is 
uniform if the coefficient of variation (CV) does not exceed 7% at one boom height and one 
pressure. CV was calculated on the flow of EPN and BSF for a width of 1.4 m, 0.50 m beneath a 
theoretical spray boom consisting out of 5 nozzles mounted at a distance of 0.50 m, using the 
measured single nozzle distribution pattern. 

Spray Pattern beneath Spray Boom 

Entomopathogenic Nematodes 
Infective juveniles of S. feltiae (Koppert B.V., Berkel en Rodenrijs, the Netherlands) were used 
in the experiments. Approximately 30 min before every test, two packages of 50 million IJ were 
suspended in 10 L of water before it was added to 20 L of water in a spray tank of a greenhouse 
sprayer. Eventually, the tank was filled to a volume of 40 L to obtain a suspension of 
approximately 2500 IJ mL-1. Before every test, the tank solution was mixed during 5 min to 
ensure an equal distribution of EPN in the spray tank, after which a sample was taken at the top 
of the tank. For every sample, the number of nematodes was counted using a microscope in 
three 100 µL subsamples. 

Spray Equipment 
Nematodes were applied using a greenhouse sprayer connected with a 5 nozzle spray boom. 
The spray boom was mounted on a spray track (Foqué and Nuyttens, 2010a, 2010b) and 
reached a speed of 1.1 m s-1. Spray deposits were collected on 5 empty Petri dishes and 5 
dishes filled with 3 mL of water with a diameter of 3.4 cm (Figure 1). These dishes were placed 
on a horizontal rolling bench in twos, i.e. one empty and one filled with water, in the shape of a 
cross with one axis parallel and the other perpendicular to the spray boom. The distance 
between the two central dishes and the others was 70 cm. Four nozzle types were tested at a 
spray pressure of 4.0 bar: XR 110 08, AI 110 08, TT 110 08 and TJ60 110 08 (Teejet, 
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Springfield, USA) at 0.50 m height. For every nozzle type, three repetitions were performed with 
the same nozzle set. 

Driving direction 

Spray boom 

Empty Petri dish 

Petri dish filled with 3 ml of water

Nozzle 2 Nozzle 1  Nozzle 3  Nozzle 4  Nozzle 5 

1 1

5 52 2

3 3

4  4 

x

x

 
Figure 1. Schematic of the experimental set-up to measure the spray pattern of 

entomopathogenic nematodes on a horizontal surface at 0.50 m beneath a horizontal spray 
boom 

 

After spraying, the total number of nematodes was counted microscopically in the dishes filled 
with water. The relative coverage (RC, %) was calculated based on the theoretical maximum 
coverage that could be obtained in the Petri dishes using the following equation, 

100×=
ca

s
n

RC  

where n is the number of nematodes counted in the Petri dish, s is the surface area of the Petri 
dish (cm²), a is the application rate (mL cm-2) and c is the concentration of nematodes measured 
in the spray tank (EPN mL-1). 

The initial empty dishes were analyzed using an image processing system (Brusselman et al., 
2010b). With the time lapse function of the camera, a sequence of five images at 2-sec intervals 
was taken of the droplets in the Petri dish. The images were analyzed using the freeware 
program ImageJ (Rasband, 2008). They were converted into 8-bit pictures and put together in a 
stack†. Displaying the five images in sequence allowed for the easy recognition of mobile 
nematodes. A grid was placed with area per point 74272 pixels². A square of 4 by 4 points in the 
centre of the image, corresponding with a surface of 1.96 cm², was duplicated and used for the 
analysis. All droplets with minimum one EPN were cleared (turned white), all nematodes without 
surrounding water were counted (Z), than filled (turned black). Droplets without nematodes were 
also filled. After manually setting a threshold value, a particle analysis was performed, resulting 
in the number of droplets containing one or more nematodes (N), the mean size of these 

                                                 
† ImageJ can display multiple spatially or temporally related images in a single window. These image sets 
are called stacks. 
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droplets (S) and the surface fraction covered with droplets containing one or more nematodes 
(O) in an area of 1.96 cm². 

Statistics 
The experiments were statistically analyzed using Statistica (StatSoft, Statistica 8.0., Tulsa, 
USA). The measured concentration data for BSF and S. feltiae obtained in the volumetric 
distribution pattern experiment were divided by the corresponding concentrations measured in 
the spray tank. These relative concentrations were expressed as percentages and analyzed for 
every nozzle separately by a factorial ANOVA with tracer (BSF, EPN) and position as fixed 
factors with an interaction term. The mean relative concentrations measured were analyzed for 
every nozzle separately by a T-test by groups with tracer (BSF, EPN) as grouping factor. 

The measurement of the droplet size spectra resulted in VMD and vvol50 results for different 
positions along the long horizontal axis of the spray fan. The effect of nozzle type on the mean 
values of these parameters was analyzed using a one-way ANOVA.  

In the spray pattern experiment relative coverage was analyzed using a factorial ANOVA with 
position and nozzle type as fixed factors with an interaction term. The parameters resulting from 
the image processing (Z, N, S and O) were analyzed by a factorial ANOVA with position and 
nozzle type as fixed factors with an interaction term. 

Significant differences were assessed by Tukey’s post hoc test. A P-value <0.05 was 
considered to be statistically significant. 

Results 

Volumetric Distribution Pattern 
All nozzle types show a narrower distribution of EPN compared with the chemical tracer BSF 
(Figure 2). The difference between the distribution of BSF and EPN was lowest for the XR 110 
08 and the AI 110 08 nozzle. Respectively 87.5% and 81.5% of the sampled positions did not 
show a significant difference in relative BSF and EPN concentrations. For the TT 110 08, only 
25% of the relative concentrations measured, did not differ. At 68% of the sampling positions, 
no significant difference between relative BSF and EPN concentrations were measured for the 
TJ60 110 08 nozzle. The mean relative concentrations measured beneath the different Teejet 
nozzles were significantly different for every nozzle type (Table 1). 

 

Table 1. Relative concentration (mean ± SD) (%) of BSF and EPN measured at 0.50 m beneath 
different Teejet nozzle types. 

Nozzle type BSF EPN 

XR 110 08 97.86 ± 15.26  80.43 ± 28.88  

AI 110 08 91.65 ± 28.87  75.17 ± 36.44  

TT 110 08 97.72 ± 18.68  48.95 ± 33.98  

TJ60 110 08 100.44 ± 20.69  73.18 ± 35.61 
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Figure 2. Concentration of BSF and EPN relative to the concentration in the spray tank, 

measured 0.50 m beneath the nozzle at different horizontal positions within the spray fan, after 
spraying at 4.0 bar. 

Droplet Size Spectra 
For the same nozzle size (ISO 08) and pressure (4.0 bar), the AI 110 08 nozzle produced on 
average a coarser spray compared with the other nozzles (Table 2, Figure 3). The XR 110 08 
and the TT 110 08 nozzles produced a very similar spray with a mean VMD of 335.78 ± 5.22 µm 
and 314.45 ± 9.46 µm respectively. The TJ60 110 08 nozzle showed the finest spray with a 
significantly lower VMD of 244.70 ± 15.56 µm. The difference in VMD between the AI 110 08 
and the other nozzles is significant for every position along the fan width (Figure 4, left). In 
contrast, the difference between the TJ60 110 08 nozzle and the XR 110 08 and TT 110 08 
nozzles is only significant in the close region below the centre of the nozzle. On the edges of the 
fans, differences in VMD disappear.  

The droplets coming out of the TJ60 110 08 nozzle have the lowest speed. The droplets 
produced by the XR 110 08 nozzle have a comparable speed as the droplets produced by the 
AI 110 08 nozzle (Table 2). For all nozzles, except for the TJ60 110 08 nozzle, droplets have 
the highest speed in the region below the centre of the nozzle (Figure 4, right). Comparable to 
the VMD, the differences in vvol50 disappear on the edges of the fans. 
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Table 2. Volume Median Diameter (VMD) (mean ± SE) and vertical droplet velocity below which 
slower droplets constitute 50% of the total spray volume (vvol50) (mean ± SE) for different Teejet 
nozzles measured using water at a pressure of 4.0 bar. Means followed by the same letter are 
not significantly different (F=28.21;df=3;P<0.000001) 

Nozzle type VMD (µm) vvol50 (m s-1) 

XR 110 08 335.78 ± 5.22 a 8.29 ± 0.57 a 

AI 110 08 513.62 ± 5.49 b 7.04 ± 0.39 a 

TT 110 08 314.45 ± 9.46 a 5.24 ± 0.35 b 

TJ60 110 08 244.70 ± 15.56 c 3.33 ± 0.18 c 
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Figure 3. Volumetric droplet size spectrum for different Teejet nozzles measured with a PDPA 
laser using water at a pressure of 4.0 bar and by scanning along the horizontal long axis at 50 

cm beneath the spray nozzle in 10 cm intervals. 
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Figure 4. Volume Median Diameter (VMD, µm) (left) and vertical droplet velocity below which 

slower droplets constitute 50% of the total spray volume (vvol50, m s-1) (right) for different Teejet 
nozzles at different horizontal positions within the spray fan, measured with a PDPA laser using 

water at a pressure of 4.0 bar. 
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Theoretical Nematode Distribution beneath a Spray Boom 
The coefficient of variation varied between 3.64% for the distribution of BSF beneath a spray 
boom with TT 110 08 nozzles and 7.07% for the distribution of EPN beneath a spray boom with 
TJ60 110 08 nozzles (Table 3). For the XR 110 08 and the AI 110 08 nozzles, a lower 
coefficient of variation was calculated for the distribution of EPN compared with BSF. The 
opposite was found for the TT 110 08 and the TJ60 110 08 nozzles. 

  

Table 3. Coefficient of variation calculated on the single nozzle distribution of BSF and EPN 
over a length of 1.4 m beneath a theoretical spray boom with 5 nozzles. 

Nozzle type BSF (%) EPN (%) 

XR 110 08 5.68 5.40 

AI 110 08 4.05 3.85 

TT 110 08 3.64 6.94 

TJ60 110 08 5.99 7.07 

 

Spray Pattern beneath Spray Boom 

Relative Coverage 
Relative coverage was significantly influenced by position (F=12.21;df=4;P=0.000001) and 
nozzle type (F=5.73;df=3;P=0.0023). On position 3, a significantly higher deposition was 
measured compared to the other positions (Table 4). Position 3 was situated at the end of the 
spray track. When the spraying machine was not turned off immediately after spraying, 
collectors at this position received more spray liquid than intended. The results of this position 
were therefore considered as outliers and removed for the analysis of the effect of nozzle type 
on relative coverage (Table 5). With the AI 110 08 nozzle the highest relative coverage was 
obtained, i.e. 88.43 ± 3.43%. This coverage was significantly higher than the one measured with 
the XR 110 08 nozzle (76.88 ± 3.26%). 

 

Table 4. Relative coverage (RC) (mean ± SE) of S. feltiae on horizontal Petri dishes measured 
at different positions beneath a spray boom equipped with several Teejet nozzle types (XR 110 
08, AI 110 08, TT 110 08 and TJ60 110 08). Means followed by the same letter are not 
significantly different (F=12.21;df=4;P=0.000001). 

Position RC (%) 

1 80.35 ± 3.55 a 

2 85.12 ± 2.69 a 

3 102.66 ± 5.16 b

4 83.99 ± 3.85 a 

5 73.90 ± 2.03 a 
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Table 5. Relative coverage (RC) (mean ± SE) of S. feltiae on horizontal Petri dishes measured 
beneath a spray boom equipped with different Teejet nozzle types. Means followed by the same 
letter are not significantly different (F=3.05;df=3;P=0.0428). 

Nozzle type RC (%) 

XR 110 08 76.88 ± 3.26 a  

AI 110 08 88.43 ± 3.43 b  

TT 110 08 79.67 ± 2.03 ab  

TJ60 110 08 78.38  ± 3.44 ab  

 

Image Processing 
The position of the dishes did not significantly affect any parameter (N, O, S and Z) 
(F=0.962;df=20;P=0.5120). Nozzle type significantly affected N, S and O. The number of 
droplets containing minimum one nematode in an area of 1.96 cm², the mean size of these 
droplets and the surface covered with these droplets were significantly affected by the nozzle 
type used (Table 6). The spray boom equipped with the TT 110 08 and the TJ60 110 08 nozzles 
delivered significantly more droplets with minimum one nematode than the other nozzles. The 
TT 110 08 nozzle, however, produced smaller droplets, resulting in a covered surface fraction 
that was not different from the XR 110 08 and the AI 110 08 nozzle. The surface of the dishes 
covered with these droplets was significantly higher with the TJ60 110 08 nozzle. No effect of 
nozzle type on the parameter Z was found. Z varied from 0 to 7 with a mean of 2 nematodes. 

Table 6. Number of droplets with minimum one nematode (N) in an area of 1.96 cm², the mean 
size of these droplets (S) and fraction of the surface covered with droplets containing minimum 
one nematode (O) for different Teejet nozzle types. 

Nozzle type N (-) S (pixels²)a O (%) 

XR 110 08 19.36 ± 0.99 a 9075 ± 683 a 14.17 ± 0.67 a 

AI 110 08 16.67 ± 0.73 a 10830 ± 562 a 15.01 ± 0.76 a 

TT 110 08 23.53 ± 1.01 b 5600 ± 231 b 11.07± 0.53 a 

TJ60 110 08 26.20 ± 1.10 b 10120 ± 616 a 22.58 ± 1.82 b 
a 10000 pixels² ~ 0.0165 cm² 

Discussion 
Since agrochemicals dominate crop protection, biopesticides like entomopathogenic nematodes 
must be applied with conventional application systems. When EPN are to be applied in broad-
acre crops, boom sprayers equipped with hydraulic nozzles will be used. According to Chapple 
(1999), the spray cloud produced by these nozzles has two components of interest to the 
applicator: one is droplet size distribution; the other is the spray pattern, i.e. the volumetric 
distribution across the swath created by the nozzles on the spray boom of the application 
system. For the application of nematodes, the primary requirement is to produce an even 
deposit pattern across the spray swath. Although some nematode spp. can travel substantial 
distances through the soil, others do not. In either case, an even distribution across the target 
surface is important, and even more so for foliar applications where the nematodes should be 
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able to penetrate a host and escape from the detrimental conditions on the foliage as quick as 
possible (Chapple, 1999). 

The measurement of the volumetric distribution pattern revealed a significant difference 
between the distribution of S. feltiae and the chemical tracer BSF beneath one spray nozzle. All 
nozzle types show a narrower distribution of EPN compared with BSF. From this result we can 
conclude that the nematodes are distributed in a different way in the same spray than a 
chemical compound. Moreover, the difference between the distribution of EPN and BSF is 
larger for a deflector nozzle, than for a twinjet nozzle. The smallest difference was measured for 
the flat fan and the air induction nozzle. If we assume that there is a minimum droplet diameter 
needed to accommodate an IJ, for S. feltiae this would be 360 µm (Chapple, 1999), we should 
see a correlation between droplet size spectrum and the volumetric distribution pattern. 
However, this correlation was not found. For example, the deflector nozzle produces a very 
similar spray as the flat fan nozzle. The distribution of the EPN, however, is totally different 
underneath these nozzles. The lack of correlation could mean that the droplet size spectrum 
changes by adding the nematodes, BSF or both, or that droplet size is not responsible for the 
difference in distribution. In the first case, this would mean that the droplet size spectra 
measured with water are irrelevant. In the future, droplet size spectra should, therefore, be 
measured with the tank solution used in the volumetric distribution pattern experiment. Chapple 
(1999) stated that droplet size spectra can largely be ignored when applying nematodes. The 
nematodes do not “queue up” at the edge of the sheet of liquid produced by the nozzle, but 
themselves act as the foci for drop production. As we have seen differences in the distribution of 
S. feltiae beneath different nozzle types of the same size, tested at the same spray pressure, 
this statement cannot be entirely correct. We assume that there is an effect of nozzle type on 
the droplet size spectra. 

In the second case, we can assume that another factor influences the nematode distribution 
pattern. Droplets containing nematodes are heavier than droplets without them. This could 
result in a higher vertical speed due to influence of gravity and hence less droplets with 
nematodes in the outer regions of the spray cloud. 

Next to droplet size, the speed of the droplets was also measured using water. Again, no 
correlation was found between this parameter and the distribution of EPN beneath the spray 
nozzle. For example, the air induction and the deflector nozzle have a comparable droplet 
velocity distribution, while the distribution of EPN beneath both nozzles is totally different. 
Measurements of droplet velocity distribution with a tank solution containing EPN and BSF are 
necessary to confirm a possible relationship. 

The measurement of volume distribution patterns for individual nozzles is important for 
assessing the variation in liquid volume and consequently in number of nematodes applied 
across the boom (Miller and Butler Ellis, 2000). Ideally, the distribution of EPN beneath the 
spray boom should be uniform. For all nozzles, except for the twin jet nozzle where the CV was 
slightly above 7% for the coefficient of variation, an acceptable value for this coefficient was 
found. The comparable coverage of Petri dishes with nematodes placed at three different 
positions (2, 4 and 5) underneath the spray boom confirmed that the distribution of the 
nematodes is more or less uniform for all tested nozzle types. 

The highest relative coverage with nematodes on the horizontal Petri dishes underneath the 
spray boom was obtained with the air induction nozzle and was significantly different from the 
lowest coverage obtained with the flat fan nozzle. This difference could be attributed to an effect 
of droplet reflection on the Petri dish surface. Whether a droplet is retained or reflected by a 
plant or an artificial surface is a function of the properties of the spray solution (surface tension 
and viscosity), spray pattern (droplet size and velocity), and the surface morphology and 
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chemistry of surface functional groups of the target surface (Reichard et al., 1998). In our 
experiment, the tank solution and collecting surface was not changed, therefore an effect of 
droplet size and velocity can be retained. It has been suggested that the presence of air bubbles 
in the large droplets, produced by the air induction nozzle, reduces the risk of droplets bouncing 
off a leaf surface (Matthews, 2000). Cooper and Taylor (1999) found higher deposition on 
horizontal targets with air induction nozzles, compared with standard fan nozzles. This effect will 
depend on the surface morphology and the position of the target. Therefore, in future research, 
deposition experiments should be performed with the crop of interest. 

Image processing of the spray deposits on horizontal Petri dishes revealed that nematodes are 
distributed in the spray differently, depending on the nozzle type used. The highest fraction of 
the surface covered with droplets containing minimum one nematode was obtained using the 
twinjet nozzle. This is the result of the higher number of droplets with minimum one nematode 
produced by this nozzle. Since the twinjet nozzle produces the finest spray compared with the 
other nozzles, droplet size cannot be assigned as the restricting factor for the delivery of EPN in 
this case. We tested nozzles with a large output (3.65 L min-1 at 4.0 bar). This conclusion could 
be different for smaller sized nozzles. 

Future experiments are needed to reveal if the measured differences in coverage due to nozzle 
type will result in significant differences in pest control. This will probably depend on the 
selected nematode species, plague characteristics and crop type. 

Conclusion 
We can conclude that the volumetric distribution pattern of EPN is influenced by nozzle type and 
is different from the volumetric distribution pattern of a chemical compound. By the spray 
overlap using a spray boom, differences in nematode distribution are however decreased to an 
acceptable level. Nozzle type significantly influences the number of nematodes deposited on a 
horizontal Petri dish and their distribution within the droplets. Future experiments are needed to 
reveal if the measured differences in coverage due to nozzle type will result in significant 
differences in pest control. 
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