
7
8

1

Research Article
Received: 16 September 2008 Revised: 22 December 2008 Accepted: 23 December 2008 Published online in Wiley Interscience: 26 March 2009

(www.interscience.wiley.com) DOI 10.1002/ps.1755

Potential dermal pesticide exposure affected
by greenhouse spray application technique
David Nuyttens,∗ Pascal Braekman, Stijn Windey and Bart Sonck

Abstract

BACKGROUND: Operator safety is still one of the main problems concerning greenhouse spray applications in South European
horticulture. The main objective of this study was to compare potential dermal exposure (PDE) between traditional handheld
spray application techniques (i.e. a standard spray gun walking forwards, a spray lance walking forwards and backwards) and
novel spray application techniques with spray booms (i.e. a trolley, the Fumimatic and the Fumicar).

RESULTS: PDE varied from 19.7 mL h−1 for the Fumimatic to 460 mL h−1 for the spray lance walking forwards. Walking backwards
reduced PDE by a factor 7. With the trolley, Fumimatic and Fumicar, PDE was respectively 20, 60 and 8 times lower than with the
standard spray gun. With the spray lance, PDE was about 2.5 times higher than with the spray gun. Pesticide distribution over
the operator’s body was non-uniform and correlated strongly with the application technique. With the traditional techniques,
exposure to the legs and feet represents 60–80% of the total exposure.

CONCLUSIONS: Novel spray application techniques using spray booms greatly decrease operator exposure because the operator
is not walking directly into the spray cloud and the sprayed crop, and because of their higher capacity. Depending on the type
of spray application, different parts of the body need to be protected most.
c© 2009 Society of Chemical Industry
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1 INTRODUCTION
In Southern Europe, greenhouse spraying applications still cause
problems regarding operator safety because of the high potential
operator exposure and the lack of personal protective equipment
and modern application techniques.

Estimates of exposure have been reported for several classes
of pesticide1 and for diverse types of application equipment.2 – 5

These applicator studies vary in emphasis on assessing inhalation
and dermal exposure, absorbed dose based on plasma or
urine analysis and factors affecting extent of exposure, such
as type of application equipment, type of protective clothing
and crop type.6,7 The majority of these studies indicate that
dermal exposure is the main route of exposure for pesticide
applicators, irrespective of the type of spray application.8 – 13

Different authors have observed an important non-uniformity
of dermal exposure from different kinds of spray application
technique.14 – 18 Most studies confirm that the region of the body
most exposed is the hands.15,19,20 That is why Fenske et al.21

studied the efficiency of removal of pesticides from the operator’s
hands. This non-uniform pesticide deposition presents a major
complication for the development of accurate dermal exposure
sampling strategies.22 As the exposure pattern is also strongly
related to crop architecture,7 this exacerbates the latter problem.

All the above-mentioned studies have raised concerns about
the need for greater protection of operators and for improved
spray application techniques. The use of chemical protective
clothing as a method of exposure mitigation among pesticide
applicators has been studied in detail by different researchers23 – 33

for different types of spray application equipment such as aircraft34

and helicopters,35 field sprayers,4,15 orchard sprayers,32 vineyard
sprayers36 – 39 and different types of hand-operated sprayers.20,35,40

Of these techniques, the use of handheld spraying equipment
creates the highest exposure risk for the operator, especially
compared with other techniques where the operator is well
protected inside the tractor cab. With a handheld sprayer, the
operator walks into the area that is being treated and can be
covered with spray, particularly when treating large and dense
crops such as cucumber and tomatoes.5,11,20 Moreover, droplet
size, which is closely related to the applied spray application
technique and pressure,41 was generally found to be one of the
critical factors in determining operator contamination.18,20

Particularly for the application of pesticides in greenhouses,
a wide range of spray application techniques are used42 that
all have their specific characteristics with regard to operator
exposure.20,43,44 At this moment, there is still a lack of data on
operator exposure levels during different types of spray application
in greenhouses.20 Moreover, operator exposure data can be helpful
in further development of exposure models and databases for
risk assessment and pesticide registration,3,11,45,46 such as the
European Predictive Operator Exposure Model (EUROPOEM),47
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Figure 1. Different spray application techniques evaluated in this study: (a) standard spray gun; (b) spray lance, walking forwards; (c) spray lance, walking
backwards; (d) manually pulled trolley; (e) Fumimatic; (f) Fumicar.

the Pesticide Handlers Exposure Database (PHED)48 and the
Agricultural Handlers Exposure Database (AHED).49 All of these
are important because pesticides are known to have carcinogenic,
neurological, reproductive and other adverse health effects
in humans.50,51 That is why there is a need for site-specific
occupational hygiene advice.12 Although care is also needed
before4,52 and after spraying,53 the main objective of this study
was to compare the potential dermal exposure (PDE) of various
parts of the body between novel and traditional greenhouse spray
equipment under actual working conditions when spraying large
plants. This potential dermal exposure provides vital information
on the quantity of a plant protection product that contaminates
uncovered body regions and clothing worn by the operator.54

In this study, operator exposure measurements were performed
under field conditions in Almeria (Spain) in 2004 and in Crete
(Greece) in 2006 using a patch sampling technique.55,56

2 MATERIALS AND METHODS
2.1 Spray application techniques
In total, six different spray application techniques were evaluated:
(a) a spray gun, (b) a spray lance walking forwards, (c) a spray lance
walking backwards, (d) a manually pulled trolley, (e) the Fumimatic
and (f) the Fumicar (Fig. 1). The manually pulled trolley and the
self-propelled Fumimatic (IDM-Agrometal,57 Almeria, Spain) were
both equipped with vertical spray booms (12 standard flat-
fan nozzles),58 while the manually pulled Fumicar (NOVI-FAM,59

Almeria, Spain) was equipped with two short horizontal spray
booms carrying eight hollow cone (disc-core) nozzles that moved
vertically. With the last three techniques (d, e and f), both sides of
the row were sprayed simultaneously. With techniques a, b and c,
the operator was always spraying the left side of the row, going to
the end of the row and back in accordance with normal practice.
Techniques a, b, c, d and e were tested in Almeria (Spain, 2004) by
four different operators; techniques a and f were tested in Crete
(Greece, 2006) by four other operators. In both cases, the standard
spray gun (technique a), still common practice, was used as a
reference for a comparative assessment of the different techniques.

2.2 Experimental set-up
Operator exposure experiments were performed in four single
pepper greenhouses in Spain60 and Greece with different
experienced operators to gain an insight into the potential
exposure under realistic field conditions. Peppers are very common
and valuable crops in these countries. The standard spray gun
(technique a) was tested by eight experienced operators, and the
other techniques (b to f) by four experienced operators, totalling 28
sprayings. For each spraying, a distance of 100–130 m of crop was
treated, corresponding to a surface of 0.025–0.030 ha. The rows

in each greenhouse were equivalent to 4000–5000 m ha−1. The
plants were positioned in single rows with a crop height of about
2.2 m. In a preliminary experiment, the driving and walking speeds
for the different techniques (spray gun forwards and backwards
and spray lance: ∼0.5–0.6 m s−1, trolley: ∼1 m s−1; Fumimatic:
∼1.5–1.8 m s−1; Fumicar: ∼0.5–0.7 m s−1) were measured to
determine the desired flowrate to attain a volume rate of about
1000 L ha−1 of greenhouse area by changing nozzle type and spray
pressure. This resulted in an effective application time varying
from about 7 min for the spray lance and gun to about 1 min
for the Fumimatic. All exposure measurements were normalised
to a volume rate of 1000 L ha−1. This is a typical dose for many
greenhouse spray applications, theoretically corresponding to
about 50 mL spray liquid m−2 crop surface, which is below the
level that would cause run-off.60 – 62

The timing and locations of the measurements were organised
in such a way that the different sprayings did not interfere with
each other. Because another chelate was used for each application
technique, the operators could use the same collectors for the
different techniques.

2.3 Potential dermal exposure measurements
The potential dermal exposure (PDE) was assessed at 15 different
places (Table 1)4,63 on a Tyvek (DuPont) coverall with patches
and on gloves using different mineral chelates (Mn, Co, Mo, Zn and
B, Chelal; BMS Micro-Nutrients NV, Belgium) as tracer elements
according to the OECD guidelines.64 Tannahill et al.65 concluded
that the patch method is suited for estimating PDE.

Table 1. Overview of the different parts of the body and their
corresponding surfaces4,63

Part of
body

Surface
(cm2)

% of total
body Part of body

Surface
(cm2)

% of total
body

Head 1300 6.2 Upper leg right 1910 9.05

Back 3810 18 Lower leg left 1160 5.65

Chest 3550 16.8 Lower leg right 1160 5.65

Upper arm
left

1455 6.9 Left foot 655 3.1

Upper arm
right

1455 6.9 Right foot 655 3.1

Fore arm
left

605 2.85 Left hand (cotton
glove)

410 1.95

Fore arm
right

605 2.85 Right hand
(cotton glove)

410 1.95

Upper leg
left

1910 9.05 Total 21 050 100
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Table 2. Operational spray application parameters of the different sprayings

Speed (m s−1) Spray volume (L ha−1)

Spray application technique Nozzles Pressure (bar) Total flowrate (L min−1) Avg SD Avg SD

Standard spray gun One disc-core nozzle 21.0a 3.6 0.51 0.08 1091 276

Spray lance forwards Three disc-core nozzles 19.0a 3.6 0.57 0.06 1060 118

Spray lance backwards Three disc-core nozzles 19.0a 3.6 0.57 0.07 1074 144

Trolley 12 TeeJet XR 8002 4.8b 12.0 1.07 0.14 946 121

Fumimatic 12 TeeJet XR 8005 3.1b 24.0 1.64 0.14 1227 99

Fumicar Eight disc-core nozzles 8.0b 6.2 0.61 0.10 720 140

a Pressure at the pump.
b Pressure at the nozzles.

A total of 13 patches (head, back, chest, upper arms, forearms,
upper legs, lower legs and feet), each measuring 10×10 cm2, were
attached to each operator’s coverall to collect spray deposits. Each
patch was composed of different layers, i.e. one layer of strong
paper, one layer of plastic foil, two layers of Schleicher & Schuell
filter paper (type 751; Filter Service NV) and one thin layer of
gauze.66 The plastic foil prevented the penetration of spray liquid
through the patches to the coverall. As suggested by Fenske,16

the patches were big enough to be a representative sample of the
part of the body to which they were attached and to minimise
potential error.56 Each operator was also wearing a pair of cotton
gloves with an average surface of about 410 cm2 (Table 1) above
a pair of latex gloves which prevented penetration to the skin. The
exposure of the different patches was determined by measuring
the amount of chelates on a surface of 10×10 cm2. For the gloves,
the amount of chelates was derived from the total surface of the
gloves. The average surface of one glove is about 410 cm2 instead
of 10×10 cm2. The amount of chelates on the gloves was therefore
corrected by multiplying by a correction factor of 0.244. Similar
methodologies using patches and gloves have been used before
in previous studies to estimate PDE.3 – 5,9,11,15,32,35

Based on these individual exposure measurements, the PDE,
defined as the total amount of spray liquid landing on the body
including clothing, was calculated using the measured exposure of
the patches and the standard surfaces of the corresponding parts
of the body (Table 1). PDE is expressed both as mL spray liquid h−1

application5,7,67,68 and as mL spray liquid 1000 L−1 spray applied.69

In practice, volumetric pesticide concentrations in peppers might
vary from 0.2 to 20 mL L−1, depending on the type of product.70

The chelates are normally used as horticultural leaf fertilisers,
and hence their use does not damage the crop and is no risk to
the operator. For each application method, another chelate in tap
water was used. The concentration of each mineral in the tank
mixture was about 1500 mg L−1. Besides these minerals, no other
active ingredients or additives were used. Before and after each
spraying, a tank sample was taken to know the exact concentration
and to adjust the exposure results. All experiments were performed
with a spray unit equipped with a continuous hydraulic mixing
system. Inductively coupled plasma (ICP) analysis (VISTA-PRO;
Varian, Palo Alto, CA) was used throughout to determine the
amount of metals on the collectors after extraction with 0.14 M

nitric acid (Merck Chemicals). Earlier experiments proved that there
is no interference between these minerals, which is important for
the ICP analysis. The detection limits in nitric acid for Mn, Co, Mo,
Zn and B are very low, respectively 10, 5, 19, 10 and 12 ppb. The
minerals used are therefore detectable in very small quantities.

Table 3. Comparison of the potential dermal exposure (PDE) of the
different techniques with the standard spray gun set as 100% (±
standard deviation)

PDE (mL spray liquid
h−1 application)

PDE (mL spray liquid
1000 L−1 spray applied)

Spray application
technique % SD % SD

Standard spray gun 100.0 ±42.0 100.0 ±42.0

Spray lance forwards 251.6 ±74.0 251.6 ±74.0

Spray lance backwards 37.9 ±6.5 37.9 ±6.5

Trolley 16.0 ±5.9 4.8 ±1.8

Fumimatic 10.7 ±6.1 1.6 ±0.9

Fumicar 22.1 ±20.2 12.6 ±11.6

Furthermore, mineral chelates are stable, and for each of them a
high recovery can be reached.71 No detectable amount of Mn, Co,
Mo, Zn and B was found in a blank sample.

3 RESULTS AND DISCUSSION
3.1 Operational spray application parameters
Measured operational spray application parameters for the
different sprayings are presented in Table 2, based on flowrate
and spray time measurements and greenhouse characteristics.
Exposure measurements were normalised to a spray volume of
1000 L ha−1, taking into account variations in tank concentration
and actual spray volume (varying from 720 to 1227 L ha−1).

3.2 Total potential dermal exposure
Average total potential dermal exposure (PDE), expressed both as
mL spray liquid h−1 application and as mL spray liquid 1000 L−1

spray applied, for the different techniques is presented in Fig. 2,
together with the corresponding 95% confidence intervals. A con-
siderable variation in exposure values between the different expe-
rienced operators for the same spraying technique was observed,
which is comparable with other studies5 or even better.72 This vari-
ation is typical for exposure studies and is caused by differences
in the way of spraying, the size and behaviour of the operators
and the crop and greenhouse characteristics. Within this context,
Calumpang3 reports that a fully outstretched arm, a minimal body
twisting and smooth hand movements reduce operator exposure.

In Table 3, PDE values for the different spray application
techniques are compared relative to the standard technique,
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Figure 2. Average total potential dermal exposure expressed both as mL spray liquid h−1 application (values followed by the same Greek letter are not
significantly different at the 0.05 level) and as mL spray liquid 1000 L−1 spray applied (values followed by the same Roman letter are not significantly
different at the 0.05 level) for the different techniques, together with the corresponding 95% confidence intervals.

the spray gun, set as 100%. These results demonstrate that the
difference in PDE between the different techniques was very high.
PDE varies from 19.7 mL h−1 spray application (10.7%) for the
Fumimatic to about 460 mL h−1 (251.6%) for the spray lance
walking forwards. In similar studies, Hughes et al.7,73 observed
PDE values with a knapsack sprayer of 12, 78 and 140 mL h−1

spray time for Swiss chard, lettuce and broccoli respectively.
In maize, researchers have reported values ranging from 25 to
258 mL h−1.6,7,74 PDE values between 116 and 173 mL h−1 were
found for a handheld spray application of Barberton daisy,68 and
of 113 mL h−1 in green beans.75 For handheld applications in
tomatoes, PDE levels ranged from 22.4 to 62.5 mL h−1,18,20,50

and in mandarins values between 550 and 1180 mL h−1 were
measured.5 The above-mentioned important differences in PDE
values can mainly be attributed to differences in crop architecture
(i.e. vertical versus horizontal crops)7 and application technique.

Because of the higher capacity of spraying techniques using
spray booms, differences among the spraying techniques are even
more pronounced per 1000 L of spray applied, with PDE values
ranging from 13.7 mL (1.6%) for the Fumimatic up to 2139.2 mL
(251.6%) for the spray lance walking forwards, corresponding to
0.0014 and 0.21% of the spray liquid applied. For handheld spray
applications in tomatoes, Machera et al.20 measured PDE values
ranging from 0.05 to 0.07% of the applied spray volume for a low
spray pressure, and from 0.09 to 0.19% for a high spray pressure.

With the standard spray gun, a technique comparable with
the spray lance, PDE was less than half that with the spray lance
walking forwards (100% versus 251%) (Table 3), corresponding to
0.08% of the applied spray solution. The main reasons for this
difference were the difference in length between the spray gun
and the spray lance (40 cm), the ease with which the spray gun was
handled compared with the spray lance and the fact that the spray
lance had three nozzles, each spraying in a different direction and
producing a finer, slower and bigger spray cloud.

While walking backwards with the spray lance, PDE was only
37.9% (SD = 6.5%) compared with the standard spray gun,
corresponding to a PDE of 69.5 mL h−1 or 322.0 mL 1000 L−1

spray. This means that walking backwards reduces the exposure
by a factor of about 7, mainly because the operator does not walk
into the spray cloud. In addition, it is an easy technique that does
not require any investment. Similar conclusions were reached by
Thornhill et al.76 and Bjugstad and Torgrimsen,11 who measured a
reduction in operator exposure by a factor varying from 4 to 20 for
different application techniques (knapsack mistblower, knapsack
sprayer, spray gun and CDA spinning disc sprayer) in cucumbers11

and on grassland.76 From these data it might be assumed that
walking backwards using a spray gun would have been the best
low-technology application method in terms of total potential
dermal exposure.

PDE with the novel techniques using spray booms was very
low compared with the spray gun, namely 4.8% (SD ± 1.8) for the
trolley, 1.6% (SD ± 0.9) for the Fumimatic and 14.6% (SD ± 7.5)
for the Fumicar per 1000 L of spray applied (Table 3). This means
a reduction by a factor of about 20 for the trolley, by a factor of
about 60 for the Fumimatic and by a factor of about 8 for the
Fumicar compared with the standard spray gun. Because of the
higher capacity of these techniques, reduction factors are lower
per hour of spray application, namely about 6 for the trolley, 9 for
the Fumimatic and 5 for the Fumicar. Compared with the ‘worst’
technique, i.e. the spray lance and walking forwards, all reduction
factors are about 2.5 times higher. Earlier studies had already
indicated that placing the nozzle behind the operator significantly
reduced operator exposure because the operator was not walking
directly into the spray cloud and the sprayed crop.77

The important differences in exposure, per 1000 L of spray
applied, between the Fumimatic, the trolley and the Fumicar are,
among other things, caused by the differences in operating speed
(∼1.5–1.8 m s−1, ∼1 m s−1 and ∼0.5–0.7 m s−1 respectively),
which affect the exposure time. That is why exposure differences
among these three techniques are less pronounced per hour
of spray application. Additionally, the disc-core nozzles from
the Fumicar produced a finer spray than the standard flat-fan
nozzles from the Fumimatic and the trolley.41 Besides their effect
on operator exposure reduction, these techniques additionally

www.interscience.wiley.com/journal/ps c© 2009 Society of Chemical Industry Pest Manag Sci 2009; 65: 781–790
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Table 4. Amount of spray liquid (mean ± SD) for the different parts of the body on an area of 10 × 10 cm2 per hour of spray application

Spray gun Spray lance forwards Spray lance backwards Trolley Fumimatic Fumicar

Part of the body Mean (mL) SD Mean (mL) SD Mean (mL) SD Mean (mL) SD Mean (mL) SD Mean (mL) SD

Head 0.12 ±0.10 1.84 ±1.34 0.39 ±0.55 0.08 ±0.08 0.11 ±0.08 0.42 ±0.85

Back 0.04 ±0.02 0.20 ±0.15 0.07 ±0.03 0.07 ±0.07 0.05 ±0.04 0.18 ±0.37

Chest 0.07 ±0.04 0.39 ±0.47 0.10 ±0.11 0.05 ±0.02 0.03 ±0.04 0.14 ±0.21

Upper arm left 1.32 ±1.70 1.50 ±1.24 0.18 ±0.21 0.16 ±0.14 0.04 ±0.05 0.07 ±0.15

Upper arm right 0.30 ±0.41 1.03 ±1.38 0.13 ±0.11 0.16 ±0.15 0.04 ±0.05 0.11 ±0.13

Forearm left 0.72 ±1.21 0.39 ±0.32 0.29 ±0.34 0.12 ±0.08 0.05 ±0.06 0.05 ±0.09

Forearm right 0.43 ±0.35 1.46 ±1.18 0.23 ±0.05 0.11 ±0.07 0.01 ±0.02 0.04 ±0.08

Upper leg left 0.59 ±0.52 0.72 ±0.53 0.09 ±0.01 0.09 ±0.03 0.01 ±0.03 0.08 ±0.09

Upper leg right 0.50 ±0.74 2.15 ±2.30 0.33 ±0.29 0.08 ±0.02 0.01 ±0.02 0.23 ±0.33

Lower leg left 2.80 ±2.37 8.58 ±2.93 0.57 ±0.29 0.18 ±0.04 0.03 ±0.05 0.04 ±0.08

Lower leg right 1.23 ±0.64 5.43 ±1.95 0.83 ±0.55 0.17 ±0.06 0.01 ±0.02 0.04 ±0.08

Left foot 8.42 ±4.89 13.86 ±5.57 1.61 ±0.74 0.47 ±0.18 0.11 ±0.17 0.21 ±0.08

Right foot 3.43 ±2.04 6.99 ±1.91 0.92 ±0.54 0.25 ±0.03 0.07 ±0.12 0.35 ±0.18

Left hand 0.31 ±0.16 1.42 ±1.50 0.41 ±0.19 0.82 ±0.53 1.63 ±1.30 1.02 ±0.63

Right hand 0.32 ±0.20 2.15 ±1.59 1.95 ±1.41 0.63 ±0.17 1.19 ±1.00 1.30 ±0.45
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Figure 3. Exposure of the upper parts of the body on an area of 10 × 10 cm2 per 1000 L of spray applied (± SD) for the different techniques.

increase productivity, reduce labour costs and give a better spray
distribution.60

3.3 Exposure of the different parts of the body
Table 4 presents the exposure results expressed as the amount of
spray liquid found on an area of 10 × 10 cm2 per hour of spray
application, and Figs 3, 4 and 5 per 1000 L of spray applied. Note
that different scales have been used, indicating the important
non-uniformity of dermal exposure, as suggested in previous
studies.14 – 16,18,78 Table 5 gives the relative contributions of each
part of the body to the total PDE.

For the upper parts of the body – the chest, back and head
(Fig. 3) – the exposure was low compared with the other parts
of the body and varied from 0.02 mL (Fumimatic, chest, 4.9% of

total PDE) to 8.53 mL (spray lance forwards, head, 5.2% of total)
on 10 × 10 cm2 per 1000 L of spray applied. For all techniques,
exposure of the head was higher than that of the back and chest
and ranged from 0.8% (spray gun) to 13.5% (Fumicar) of the
total PDE (Table 5). Furthermore, the exposure with the traditional
techniques (i.e. spray gun and lance) was higher on the chest than
on the back, even when walking backwards. Both effects can be
attributed to the heights of the plants, the small distance between
head and spray cloud and the operator walking directly into the
spray cloud.

Among the different techniques, for the trunk and head the
exposure with the spray lance walking forwards was clearly the
highest, and the exposure with the Fumimatic the lowest. It is
remarkable that the exposure figures for these upper parts of the

Pest Manag Sci 2009; 65: 781–790 c© 2009 Society of Chemical Industry www.interscience.wiley.com/journal/ps
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Figure 4. Exposure of the arms and hands on an area of 10 × 10 cm2 per 1000 L of spray applied (± SD) for the different techniques.
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Figure 5. Exposure of the lower parts of the body on an area of 10 × 10 cm2 per 1000 L of spray applied (± SD) for the different techniques.

body are clearly lower for the spray gun and walking forwards
than for the spray lance and walking backwards. Exposure differed
by a factor of about 6 for back and chest, and by about 15 for
the head. Reasons for this high exposure with the spray lance
were mentioned above. The exposure of the upper parts of the
body with the Fumicar is roughly one order of magnitude higher
than the exposure with the trolley and Fumimatic. Again, this is
probably caused by the finer spray, the higher exposure time and
the smaller distance between body and spray cloud.

Looking at the exposure of the hands and arms (Fig. 4), the
highest exposure of the hands was again highest with the spray
lance walking forwards for the left as well as for the right hand,

respectively 6.57 and 9.97 mL on 10 × 10 cm2 per 1000 L of spray
applied, although exposure of the hands only accounted for 3.2%
of the total PDE (Table 5). The considerable difference between the
left and the right hand using the spray lance was mainly caused
by the formation of a large and fine spray cloud close to the right
hand. Walking backwards with the spray lance, the exposure of
the arms was strongly reduced except for the right hand.

With the spray gun, the exposure of the hands was relatively low
compared with the rest of the arms and with the exposure with the
spray lance. Exposure was comparable with that with the trolley or
the Fumimatic, and even lower than the exposure of the hands with
the Fumicar. With these innovative techniques using spray booms,
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Table 5. Relative contribution (%) of each part of the body in the total PDE for the different application techniques

Spray gun
Spray lance

forwards
Spray lance
backwards Trolley Fumimatic Fumicar

Head 0.8 5.2 7.3 3.5 7.2 13.5

Back 0.7 1.6 4.1 8.7 10.5 17.3

Chest 1.3 3.0 5.2 6.1 4.9 12.2

Upper arm left 10.5 4.7 3.7 8.1 3.0 2.7

Upper arm right 2.4 3.3 2.8 7.9 3.2 4.0

Forearm left 2.4 0.5 2.5 2.4 1.5 0.7

Forearm right 1.4 1.9 2.0 2.2 0.4 0.6

Upper leg left 6.1 3.0 2.5 5.6 1.2 3.6

Upper leg right 5.2 8.9 9.0 5.5 1.0 10.6

Lower leg left 17.7 21.5 9.5 6.9 1.6 1.1

Lower leg right 7.8 13.6 13.8 6.7 0.7 1.1

Left foot 30.0 19.6 15.2 10.6 3.8 3.4

Right foot 12.2 9.9 8.6 5.6 2.2 5.7

Left hand 0.7 1.3 2.4 11.4 33.9 10.3

Right hand 0.7 1.9 11.5 8.8 24.8 13.1

Total 100.0 100.0 100.0 100.0 100.0 100.0

the exposure of the hands was higher than that of the other parts
of the arms and the body and represented 20.2% (trolley), 58.7%
(Fumimatic) and 23.4% (Fumicar) of the total PDE (Table 5). The
main reason for this was probably that most of the spray deposits
on the hands did not come from the spray cloud or the drift but
from touching the spraying equipment, as was also suggested by
Landers.79 Because the hands are involved in all essential aspects
of spraying, the use of protective gloves is strongly recommended,
irrespective of the type of spray application.4,15,80,81

With the spray gun there was also a substantial difference
between the left and the right arm, which was not the case
for the hands. For example, exposure of the left upper arm was
about 4 times higher than exposure of the right upper arm and
represented 10.5% of the total PDE. One reason for this difference
was the fact that the operators sprayed the left side of the row,
and consequently the spray cloud mainly touched the left side of
the body. An additional factor is indirect contamination through
contact with the sprayed plants.5,7,18 Spraying the left side of the
row while moving forwards is the normal practice in Southern
European horticulture and was used by all the operators. Because
of the short length of the spray gun, it is even possible that some
liquid was sprayed directly on the left side of the operator. For the
left arm, the exposure with the spray gun was in the same range
as that with the spray lance, which was not the case for the other
parts of the body. For the right arm, the exposure with the spray
gun was about 3.4 times lower than with the spray lance walking
forwards, again an indication of a small spray cloud and only a
little drift.

With the Fumimatic, the exposure of the arms was almost nil
because the spray cloud and the operator were separated by the
tank, and the arms of the operator were situated in front of him
while driving the Fumimatic. Using the trolley and the Fumicar
greatly reduces the exposure of the arms, but some spray liquid
(0.11–0.30 mL on 10 × 10 cm2 per 1000 L of spray applied) was
still found because the arms of the operator were relatively close
to the spray cloud and there was no real separation between the
spray cloud and the operator.

Because the lower parts of the body come easily into contact
with the falling droplets and spray cloud, the measured exposures

on the lower legs and the feet were clearly the highest of the entire
body, especially using the spray gun and spray lance (Fig. 5), which
is confirmed, among others, by Bjugstad and Torgrimsen,11 Camisa
et al.68 and Vidal et al.44 Exposure of the legs and feet represented
80, 78 and 60% of the total PDE, respectively, for the spray gun,
the spray lance forwards and the spray lance backwards (Table 5).
In previous studies, very similar results were found for different
types of handheld non-agricultural pesticide application,82 for a
greenhouse fogger83 and for a knapsack sprayer equipped with
controlled droplet applicators (CDA).84 For the trolley, Fumimatic
and Fumicar, exposure of the legs and feet was only 43, 11 and
26% respectively.

The highest exposure was found on the left foot using the
spray lance forwards, i.e. 64.1 mL (SD ± 25.8) on 10 × 10 cm2 per
1000 L of spray applied, which is about 100 times higher than the
theoretical plant deposit and represents 19.6% of the total PDE.
Moreover, there was a general trend that, the lower the position
on the legs, the higher was the exposure. That is why Machado-
Neto et al.74 suggested protecting the legs and feet of the users
of knapsack sprayers applying paraquat. With the spray gun and
lance, exposure of the left foot was generally higher than exposure
of the right foot, again because the operator sprayed on the left
side. Once again, the exposure with the spray gun was lower than
with the spray lance walking forwards.

Walking backwards reduced exposure of the legs and feet by a
factor of about 9. In this case, the difference between the left and
the right side of the body was less clear because some operators
sprayed the right side of the crop while walking backwards owing
to their lack of experience with this specific technique. With the
trolley and Fumicar, very small amounts of spray liquid were found
on the legs and feet, varying from 0.10 to 0.90 mL on 10 × 10 cm2

per 1000 L of spray, and hence were within the same order of
magnitude as the theoretical plant deposits. The exposure of
the legs with the Fumimatic was almost nil. Exposure results of
these individual parts of the body, combined with toxicological
and physicochemical information on the pesticides used, can be
helpful in advising growers what protective clothing they should
wear.
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4 CONCLUSIONS
The operator exposure experiments demonstrated that the
difference in total body exposure between the different spray
application techniques in large plants (peppers) was very high.
Potential dermal exposure (PDE) varied from 19.7 mL h−1 for the
Fumimatic to 460 mL h−1 for the spray lance walking forwards.
Walking backwards, an easy technique that does not require any
investment, reduced PDE by a factor of 7. Walking forwards, PDE
with the spray lance was about 2.5 times higher than with the
spray gun.

With the trolley, Fumimatic and Fumicar, PDE for a constant
spray volume was respectively 20, 60 and 8 times lower than with
the standard spray gun, mainly because the operator was not
walking directly into the spray cloud and the sprayed crop and
because of the higher capacity of techniques using spray booms.
In addition, these techniques might increase productivity, reduce
labour costs and give a better spray distribution.

Besides a very large difference in total PDE among the different
techniques, pesticide distribution over the operator’s body was
found to be non-uniform and strongly related to the application
technique. Hence, depending on the type of spray application,
different parts of the body need to be protected most. With the
traditional handheld application techniques, exposure of the legs
and feet represents 60–80% of the total PDE because these body
parts easily come into contact with the falling droplets and spray
cloud. The lower the position on the body, the higher is the
exposure. In the worst case, estimated exposure was about 100
times higher than the theoretical plant deposit after spraying 1 ha.
Besides the lower parts of the body, there was also a relatively high
exposure of the hands, the forearms and the head. Depending on
the side of the row that was sprayed with the lance or gun, there
was a difference in exposure between the left and the right side of
the body.

With the manually pulled trolley, the Fumicar and the Fumimatic,
the exposure was the highest for the hands, representing,
respectively, 20.2, 58.7 and 23.4% of the total body exposure.
For these techniques, most of the spray deposits on the hands did
not come from the spray cloud or the drift but from touching
the spraying equipment. That is why the use of protective
gloves is strongly recommended, irrespective of the type of
spray application. The obtained exposure data can be helpful
in developing exposure models and databases for risk assessment
and pesticide registration.

ACKNOWLEDGEMENTS
This study was supported by CropLife International (www.
croplife.org). The authors wish to thank Hans Felber, Emilia Volpe,
Miguel Devesa, Francesca Ydraiou and Maria Gaspari for their
collaboration in this study. Review of the manuscript by Frank
Lunn was greatly appreciated. Special thanks to the participating
farmers and workers, IDM and Novifam who volunteered for this
study in Greece and Spain.

REFERENCES
1 Hatzilazarou SP, Charizopoulos ET, Papadopoulou-Mourkidou E and

Economou AS, Dissipation of three organochlorine and four
pyrethroid pesticides sprayed in a greenhouse environment during
hydroponic cultivation of gerbera. Pest Manag Sci 60:1197–1204
(2004).

2 Honeycutt RC, Zweig G and Ragsdale NN, Dermal Exposure Related to
Pesticide Use. ACS Symposium Series No. 273. American Chemical
Society, Washington, DC, 529 pp. (1985).

3 Calumpang SMF, Exposure of four Filipino farmers to parathion-
methyl while spraying string beans. Pestic Sci 46:93–102 (1996).

4 Cessna AJ and Grover R, Exposure of ground-rig applicators to the
herbicide bromoxynil applied as a 1 : 1 mixture of butyrate and
octanoate. Arch Environ Contam Toxicol 42:369–382 (2002).

5 Choi H, Moon JK, Liu KH, Park HW, Ihm YB, Park BS, et al, Risk
assessment of human exposure to cypermethrin during treatment
of mandarin fields. Arch Environ Contam Toxicol 50:437–442 (2006).

6 Hughes EA, Zalts A, Ojeda JJ, Flores AP, Glass RC and Montserrat JM,
Analytical method for assessing potential dermal exposure to
captan, using whole body dosimetry, in small vegetable production
units in Argentina. Pest Manag Sci 62:811–818 (2006).

7 Hughes EA, Flores AP, Ramos LM, Zalts A, Glass RC and Montserrat JM,
Potential dermal exposure to deltamethrin and risk assessment for
manual sprayers: influence of crop type. Sci Total Environ 391:34–40
(2008).

8 Nigg HN and Stamper JH, Exposure of spray applicators and mixer-
loaders to chloro-benzilate miticide in Florida citrus groves. Arch
Environ Contam Toxicol 12:477–482 (1983).

9 Hussain M, Yoshida K, Atiemo M and Johnston D, Occupational
exposure of grain farmers to carbofuran. Arch Environ Contam
Toxicol 19:197–204 (1990).

10 Fenske RA and Elkner KP, Multi-route exposure assessment and
biological monitoring of urban pesticide applicators during
structural control treatments with chlorpyrifos. Toxicol Ind Health
6:349–371 (1990).

11 Bjugstad N and Torgrimsen T, Operator safety and plant deposits
when using pesticides in greenhouses. J Agric Eng Res 65:205–212
(1996).

12 Illing HPA, The management of pesticide exposure in greenhouses.
Indoor and Built Environment 6:254–263 (1997).

13 Brand R, McMahon L, Jendrzejewski J and Charron A, Transdermal
absorption of the herbicide 5,4-dichlorophenoxyacetic acid is
enhanced by both ethanol consumption and sunscreen application.
Food Chem Toxicol 45:93–97 (2007).

14 Wojeck GA, Nigg HN, Stamper JH and Bradway DE, Worker exposure
to ethion in Florida citrus. Arch Environ Contam Toxicol 14:622–633
(1981).

15 Grover R, Cessna AJ, Muir NI, Riedel D and Franklin CA, Factors
affecting the exposure of ground-rig applicators to 2,4-D dimethyl-
amine salt. Arch Environ Contam Toxicol 15:677–686 (1986).

16 Fenske RA, Nonuniform dermal deposition patterns during
occupational exposure to pesticides. Arch Environ Contam Toxicol
19:332–337 (1990).

17 Van Hemmen JJ, Agricultural pesticide exposure database for risk
assessment. Rev Environ Contam Toxicol 126:1–85 (1992).

18 Machera K, Kapetanakis E, Charistou A, Goumenaki E and Glass RC,
Evaluation of potential dermal exposure of pesticide spray operators
in greenhouses by use of visible tracers. J Environ Sci Health, Part B
37:113–121 (2002).

19 Calumpang SMF, Applicator exposure to the insecticides delta-
methrin, cypermethrin, imidacloprid and profenofos sprayed on
crop of different canopy heights. Philippine Agricultural Scientist
86:266–281 (2003).

20 Machera K, Goumenou M, Kapetanakis E, Kalamarakis A and Glass RC,
Determination of potential derma and inhalation operator exposure
to malathion in greenhouses with the whole body dosimetry
method. Ann Occ Hyg 47:61–70 (2003).

21 Fenske RA, Schulter C, Lu C and Allen EH, Incomplete removal of
the pesticide captan from skin by standard handwash exposure
assessment procedures. Bull Environ Contam Toxicol 61:194–201
(1998).

22 Van Hemmen JJ and Brouwer DH, Assessment of dermal exposure to
chemicals. Sci Total Environ 168:131–141 (1995).

23 Nielsen AP and Moraski RV, Protective clothing and the agricultural
worker, in Performance of Protective Clothing, ed. by Barker RL and
Coletta GC. ASTM Special Technical Publication 900, pp. 95–102
(1986).

24 DeJonge JO and Easter E, Laboratory evaluation of pesticide spray
penetration and thermal comfort of protective apparel for
pesticide application. Final report. US EPA Cooperative Agreement
No. 812486-01-0, US Environmental Protection Agency, Office
of Research and Development, Risk Reduction Engineering
Laboratory, Cincinnatti, OH (1989).

25 Easter EP and Nigg HN, Pesticide protective clothing. Rev Environ
Contam Toxicol 129:1–16 (1992).

www.interscience.wiley.com/journal/ps c© 2009 Society of Chemical Industry Pest Manag Sci 2009; 65: 781–790



7
8

9

Pesticide exposure affected by greenhouse spray application technique www.soci.org

26 Nigg HN, Stamper JH, Easter E and DeJonge JO, Field evaluation of
coverall fabrics: heat stress and pesticide penetration. Arch Environ
Contam Toxicol 23:281–288 (1992).

27 Nigg HN, Stamper JH, Easter E and DeJonge JO, Protection afforded
greenhouse pesticide applicators by coveralls: a field test. Arch
Environ Contam Toxicol 25:529–533 (1993).

28 Methner MM and Fenske RA, Pesticide exposure during greenhouse
applications: II. Chemical permeation through protective clothing
in contact with treated foliage. Appl Occup Environ Hyg 9:567–574
(1994).

29 Canning KM, McQuillan P and Jablonski W, Laboratory simulation of
splashes and spills of organophosphate insecticides on chemically
protective gloves used in agriculture. Ann Agric Environ Med
5:155–167 (1998).

30 Shaw A, Nomula R and Patel B, Protective clothing and application
controls for pesticide application in India: a field study, in
Performance of Protective Clothing: Issues and Priorities for the 21st
Century, ed. by Nelson CN and Henry NW. ASTM Special Technical
Publication 1386, Vol. 7, pp. 342–353 (2000).

31 Evans PG, McAlinden JJ and Griffin P, Personal protective equipment
and dermal exposure. J Appl Env Hyg 16:334–337 (2001).

32 Fenske RA, Birnbaum SG, Methner MM, Lu C and Nigg HN, Fluorescent
tracer evaluation of chemical protective clothing during pesticide
applications in Central Florida citrus groves. J Agric Saf Health
8:319–331 (2002).

33 van der Jagt K, Tielemans E, Links I, Brouwer D and van Hemmen J,
Effectiveness of personal protective equipment: relevance of dermal
and inhalation exposure to chloropyrifos among pest control
operators. J Occ Env Hyg 1:355–362 (2004).

34 Ramesh A and Ravi PE, Determination of residues of endosulfan
in human blood by a negative ion chemical ionization gas
chromatographic/mass spectrometric method: impact of long-term
aerial spray exposure. Pest Manag Sci 59:252–258 (2003).

35 Lavy TL, Mattice JD, Massey JH and Skulman BW, Measurements
of year-long exposure to tree nursery workers using multiple
pesticides. Arch Environ Contam Toxicol 24:123–144 (1993).

36 Forbess RC, Morris JR, Lavy TL, Talbert RE and Flynn RR, Exposure
measurements of applicators who mix and spray paraquat in grape
vineyards. Hortscience 17:955–956 (1982).

37 Coffman CW, Obendorf SK and Derksen RC, Pesticide deposition on
coveralls during vineyard applications. Arch Environ Contam Toxicol
37:273–279 (1999).

38 Derksen RC, Coffman CW, Jiang C and Gulyas SW, Influence of
hooded and air-assist vineyard applications on plant and operator
protection. Trans ASAE 42:31–36 (1999).

39 Baldi I, Lebailly P, Jean S, Rougetet L, Dulaurent S and Marquet P,
Pesticide contamination of workers in vineyards in France. J Expo
Sci Environ Epidemiol 16:115–124 (2006).

40 Nigg HN, Stamper JH and Mahon WD, Handgun applicator exposure
to ethion in Florida citrus. Bull Environ Contam Toxicol 45:463–468
(1990).

41 Nuyttens D, Baetens K, De Schampheleire M and Sonck B, Effect of
nozzle type, size and pressure on spray droplet characteristics.
Biosyst Eng 97:333–345 (2007).

42 Braekman P and Sonck B, A review of the current spray applications
techniques in various ornamental plant production systems in
Flanders, Belgium. Asp Appl Biol 84:303–308 (2008).

43 Stewart P, Fears T, Nicholson HF, Kross BC, Ogilvie LK, Zahm SH, et al,
Exposure received from application of animal insecticides. Am Ind
Hyg Assoc J 60:208–212 (1999).

44 Vidal JLM, Gonzalez FJE, Frenich AG, Galera MM, Aguilera PA and
Carrique EL, Assessment of relevant factors and relationships
concerning human dermal exposure to pesticides in greenhouse
applications. Pest Manag Sci 58:784–790 (2002).

45 Blair A and Zahm SH, Methodologic issues in exposure for case-control
studies of cancer and herbicides. Am J Ind Med 18:285–293 (1990).

46 Stewart PA, Prince JK, Colt JS and Ward MH, A method for assessing
occupational pesticide exposures for farmworkers. Am J Ind Med
40:561–570 (2001).

47 Gilbert AJ, Analysis of exposure to pesticides applied in a regulated
environment, in Pesticides – Developments, Impacts and Controls, ed.
by Best GA and Ruthven AD. Royal Society of Chemistry, Cambridge,
UK, pp. 43–53 (1995).

48 Krieger RI, Pesticide exposure assessment. Toxicol Lett 82:65–72
(1995).

49 Van Hemmen JJ and van der Jagt KE, Generic operator exposure
databases, in Occupational and Residential Exposure Assessment for
Pesticides, ed. by Franklin CA and Worgan JP. John Wiley & Sons,
Ltd, Chichester, UK, pp. 173–208 (2005).

50 Mattison DR, Bogumil RJ, Chapin R, Hatch M, Hendrickx A, Jarrell J,
et al, Reproductive toxicology of pesticides, in Advances in Modern
Environmental Toxicology, ed. by Baker SR and Wilkinson CF.
Princeton Scientific Publishing, Princeton, NJ, Ch. 6 (1990).

51 Blair A and Zahm SH, Agricultural exposures and cancers. Environ
Health Perspect 110:205–208 (1995).

52 Wolf TM, Gallender KS, Downer RA, Hall FR, Fraley FW and Pompeo MP,
Contribution of aerosols generated during mixing and loading of
pesticides to operator inhalation exposure. Toxicol Lett 105:31–38
(1999).

53 Ramwell CT, Johnson PD, Boxall ABA and Rimmer DA, Pesticide
residues on the external surfaces of field crop sprayers:
environmental impact. Pest Manag Sci 60:795–802 (2004).

54 Glass CR, Martinez Vidal JL, Delgado Cobos P, Moreira JF, Meuling W,
Machera K, et al, Second annual report to the European Commission
DGXII, EU SMT project contract number SMT4-CT96-2048 (1999).

55 Machera K, Gonzalez FJE, Kapetanakis E, Castro Cano ML and Glass CR,
Measurement of potential dermal exposure in Greece and Spain
with patch and whole body dosimetry techniques, in Proc 9th
Internat Congr Pestic Chem, Abstract 8C 006 (1998).

56 Soutar A, Semple S, Aitken RJ and Robertson A, Use of patches and
whole body sampling for the assessments of dermal exposure. Ann
Occ Hyg 44:511–518 (2000).
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