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ABSTRACT 
Hydraulic spray systems are widely used for application of agrochemicals due to ease of operation and consistent performance, despite 
relative inefficiency in delivering pest-control products to intended targets. Frequently, spray parameters are optimized for maximum 
product deposition and retention, although success of this strategy is case dependant. There is limited information on application improve-
ments for microbial pesticides (biopesticides). Biopesticides, especially those that employ a fungus as the active ingredient, are generally 
applied with a liquid carrier but their deposition or retention has rarely been characterized. Depending on the size of microbe and plant 
morphology or architecture, interactions among spray parameters can be complex in terms of the impact on retention, distribution and 
performance of the biopesticide agent. Extrapolation of information from chemical pesticide applications may not always be appropriate. 
This review, based primarily on authors’ experience in spray retention involving three bioherbicide-weed systems, is aimed to highlight 
the impact of spray parameters and additives (adjuvants) on deposition, retention, and efficacy of bioherbicide agents. Information from 
additional bioherbicide agents is also considered for different sizes of fungal inoculum or characteristics of target plants. Although the 
focus is on potential bioherbicides, the information may also be useful to application of other microbe-based biopesticide agents. Stra-
tegies for maximizing biocontrol efficacy through optimization of spray parameters as well as other application technologies are discussed. 
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INTRODUCTION 
 
In foliar application of either synthetic or microbial pesti-
cides (biopesticides hereafter), the primary goal is to achieve 
maximum spray deposition, retention and target coverage. 
Most systems used to deliver biopesticides employ tech-
niques and equipment developed originally for conventional 
pesticides (Smith and Bouse 1981; Bateman 1999), and this 
is unlikely to change significantly in the foreseeable future. 
Hydraulic nozzles, usually a tapered flat-fan design, are the 
primary means of applying herbicides because they provide 
a uniform spray pattern and a mix of droplet sizes that have 
historically been efficacious. Air-induced versions of these 
nozzles produce coarser droplets and are becoming more 
widely used for herbicide applications to minimize spray 
drift (Wolf et al. 2000) and for control of disease and insect 
pests in orchids (Knewitz et al. 2002). However, some as-
pects of spray targeting may be compromised if water vol-
umes are not sufficiently high to maintain adequate droplet 
densities (Jensen et al. 2001; Howarth et al. 2004). 

Biopesticide sprays involve delivery of microbial pro-
pagules usually suspended in a liquid carrier. Depending on 

the propagule size and target weed, inoculum deposition 
and retention can vary substantially (Jones 1998). Addition-
ally, biopesticides often contain living microbial inoculum 
that may be subjected to shear-force impact of conventional 
spray equipment (Fife et al. 2005a, 2005b; Peng et al. 2005b; 
Byer et al. 2006b), and special formulations or spray consi-
derations may be required to maximize survival. Unfortu-
nately, the effect of spray parameters on retention of bio-
pesticide propagules is rarely documented. For some bio-
herbicides, targeting specific weed tissues may be of greater 
importance for efficacy. For example, BioMal�, a fungal 
bioherbicide against round-leaved mallow (Malva pusilla), 
caused more severe damage to the weed when infection 
occurred on stems and petioles than on leaves (Mortensen 
1998), and therefore would be more efficacious if most 
fungal inoculum were deposited and retained on weed 
stems during application. Grasses can often be difficult to 
control with bioherbicide agents because their meristem tis-
sues are protected by leaf sheaths (Greaves and MacQueen 
1992) from direct infection. Severe damage to lower leaves 
of green foxtail by the fungal biocontrol agent Pyricularia 
setariae only retarded plant development temporarily and it 
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is the destruction of the young top leaf that interfered with 
the apical meristem most effectively and resulted in plant 
death (Peng et al. 2004). However, insufficient amounts of 
fungal inoculum may be deposited or retained on the ver-
tically positioned top leaf when common spray devices and 
carrier volumes are used; frequently, only light disease 
damage occurs on the top leaf that continues to support the 
development from the apical meristem (Peng et al. 2005b). 

Bioherbicide propagules generally can not be translo-
cated after landing on plant surfaces, and therefore it is im-
portant to ensure that the inoculum is deposited and retained 
at critical sites of action in adequate quantities to kill or 
suppress the target (Lawrie et al. 1997; Bateman 1999). In 
laboratory studies, a type of aerosol sprayer is commonly 
used and a bioherbicide agent is applied to the point of run-
off for maximum dose and coverage. This method of ap-
plication results in extremely high retention volumes on the 
plant, a level achievable only with unrealistic carrier vol-
umes (>2,000 L/ha) for most field spray equipment (Peng et 
al. 2005b). As a result, many lab test results tend to overes-
timate the potential of bioherbicide candidates (Greaves et 
al. 2000) because under controlled conditions, extremely 
high inoculum doses may allow even low-virulent patho-
gens to cause sufficient damage to the target weed (Lawrie 
et al. 2002a). In other cases, excessive spray volumes and 
subsequent runoff have been considered counterproductive 
for microbial inoculum retention due to the possibility that 
the propagules may be washed off the leaf (Greaves et al. 
1998). There have been few studies that examine the reten-
tion of microbial propagules in relation to various spray 
parameters. Applications using aerosol sprayers in the lab 
likely have little relevance to field scenarios in which spray 
volumes are generally below 200 L/ha and even 600 L/ha 
would be considered highly impractical (Matthews 1992). 
Aerosol sprayers may also generate a high proportion of 
fine droplets that can be either ‘empty’ (Jones 1998) or not 
reaching the target under field conditions due to the impact 
of atmospheric factors (Knoche 1994). 

Although much can be learned from herbicide applica-
tions, studies specifically targeting the enhancement of bio-
control efficacy through optimization of spray parameters 
and other application technologies could also be useful 
(Boyetchko and Peng 2004). Spray retention is often used 
as an indicator for herbicide dose transfer that can be 
closely related to efficacy (Hart et al. 1992; Moerkerk and 
Combellack 1992). Retention characteristics, however, may 
vary with weed species or even biotypes and, can also be 
influenced by droplet size, travel speed, and spray adjuvants 
(Wisniewska 1991; Hart et al. 1992; Moerkerk and Com-
bellack 1992; Gillespie 1994; Stamm Katovich et al. 1996). 
For example, Feng et al. (2003) observed only slightly in-
crease of retention on corn (Zea mays) using fine- (Volume 
Median Diameter - VMD 175 �m) as opposed to coarse-
droplet (VMD 491 �m) sprays, whereas Peng et al. (2005b) 
found about 40% greater retention on green foxtail (Setaria 
viridis) for fine droplets (VMD 207 �m) against coarse 
droplets (VMD 325 �m) when the same application volume 
was used. On different weed targets, Wolf et al. (2000) also 
reported that an increase in spray coarseness reduced the 
retention on giant foxtail (Setaria faberi) while exhibited 
little effect on smooth pigweed (Amaranthus hybridus). It 
was believed that larger droplets were more likely to re-
bound from giant foxtail leaves that are difficult to wet due 
to the surface roughness caused by wax crystals and a large 
number of trichomes (Wolf et al. 2000). Similar observa-
tions were reported with young leaves of wild oat (Avena 
fatua) on which only droplets about 100 �m could be rea-
dily retained (Lake 1977). These variations due to surface 
characteristics of weed targets and droplet spectra, coupled 
with different sizes of microbial propagules involved, can 
greatly complicate the effort aimed at optimizing the ef-
ficiency and effectiveness of bioherbicide delivery. This re-
view will focus on application technologies deemed impor-
tant to deposition, retention, and performance of fungal bio-
herbicide inoculum on weed targets. 

Enhancing retention of bioherbicides by 
manipulation of spray parameters 
 
Atomization of a spray liquid by a hydraulic nozzle produ-
ces a mix of droplet sizes ranging from 5 to over 1000 �m 
in diameter (Chapple et al. 1993). Droplet sizes contained 
in sprays are often described using the parameter VMD, 
which is the diameter that marks the 50th percentile of the 
spray’s cumulative volume distribution. There is a substan-
tial literature on the relationship between droplet size and 
product rates, carrier volumes, and canopy penetration by 
herbicides (Hislop 1987; Knoche 1994; Mathews 2000; 
Wolf et al. 2000). Several techniques are available for mea-
suring droplet sizes, either in flight after leaving the nozzle 
or after deposition on artificial surfaces in the target zone 
(Bateman 1999; Wolf and Caldwell 2004). Laser particle-
size analyzers provide a rapid, precise estimate of spray 
droplet size spectra (Bateman 1993). 

The behaviour of droplets in the spray cloud begins 
with deceleration and evaporation. After exiting the nozzle 
at approximately 20 m/s, aerodynamic drag forces reduce 
droplet speed in relation to their mass. Smaller droplets 
reach terminal velocity first. For example, a 50-�m droplet 
will be at terminal velocity after travelling only 6.8 cm, 
whereas a 300-�m droplet will not reach terminal velocity 
for 1.45 m (Bache and Johnstone 1992). These characteris-
tics help shed light on spray interception behaviour of drop-
lets. Smaller droplets (< 200 �m) tend to move with predo-
minant air flows, whereas the trajectory of larger droplets is 
more related to their initial velocity and inertia, and to gra-
vity. As a result, the movement of smaller droplets is to a 
large degree dependent on prevailing meteorological condi-
tions, plant canopies, and individual plant parts (Spillman 
1984), and to a lesser degree on the atomizer pressure or 
orientation. For example, small droplets tend not to be inter-
cepted by large targets such as mature leaves, due to the 
droplets’ inherently low kinetic energy, which allows them 
to move with airflows that go around such targets. On the 
other hand, the same small droplets are more efficiently col-
lected on small targets such as stems or petioles. In order to 
better understand or predict spray movement into and 
through a canopy, spray quality may need to be described in 
terms of the proportion of the total volume (dose) available 
in specific size fractions that match the aerodynamic cha-
racteristics of the cropping or application situation in ques-
tion. 

Herbicide effectiveness is related to the quantity of ac-
tive ingredient reaching the susceptible target site of weed 
to be controlled, but this quantity is impractical to measure 
routinely. Instead, applicators rely on assumptions or ap-
proximations to predict the relative effectiveness of various 
application or formulation methods. The most common ap-
proaches used for herbicides are to measure the amount of 
spray retained by target plants (Hislop et al. 1993) or to 
quantify uptake and translocation of the active ingredient 
(Tsuda et al. 2004). Although these measurements can go a 
long way toward explaining efficacy changes, both these 
approaches tend to oversimplify the processes involved and 
frequently do not fully account for efficacy changes ob-
served in the field. Examples of application methods that 
increase deposition but have no positive impact on ef-
fectiveness abound (Cooke et al. 1986; Nicholls et al. 1995), 
indicating that other elements also affect efficacy. These 
factors need to be identified and incorporated into experi-
mental methods. For example, more uniform spray deposi-
tion decreases waste by reducing the frequency of over- or 
under-dosing the target. High deposit variability has been 
associated with reduced control of insects (Uk and Cour-
shee 1982; Cooke et al. 1986). However useful the quantifi-
cation of spatial/temporal variability structures of spray de-
posits and their impact on field-scale dose responses may be 
(Dorr and Pannell 1992), actual assessment of spray deposit 
variability is rare (Nordbo et al. 1993; Wolf et al. 1993). 
Further complications arise due to the heterogeneous nature 
of weed, and populations in different regions may have 

71



Spray retention and bioherbicide efficacy. Peng and Wolf 

 

unique anatomical and physiological features that can affect 
retention (Merritt 1982). 

Studies of spray deposits on plant surfaces (Hess et al. 
1974) (Uk 1977) are required to identify application para-
meters critical to pesticide or biopesticide efficacy. It is 
clear that the form of deposit has relevance to activity, 
although no general statements are appropriate for all 
products or weeds. Small droplets are widely acknowledged 
to improve efficacy of many insecticides and herbicides 
(Adams et al. 1990), due to increased spray coverage, 
under-leaf placement, and pest/droplet encounter frequency 
(Ford and Salt 1987). Deposit quality is important when 
considering the impact of droplet size on drying rates (Hall 
et al. 1994), which affect subsequent uptake by plants (Ste-
vens et al. 1988). Mixture models can be used to determine 
the relationship of deposit structure (droplet size, number, 
and pesticide concentration) on pest mortality. Improved 
understanding of this relationship helped explain the dif-
ferences in the efficacy of fine sprays between laboratory 
and field (Ebert et al. 1999). However, many current efforts 
suffer from their dependence on artificial targets (such as 
water-sensitive papers) for spray deposition analyses and a 
general lack of assessment of biological performance (Oz-
kan et al. 2006). 

In recent years, spray nozzle design has undergone sig-
nificant advances and many new options are available to 
applicators. In addition to traditional flat fan and hollow 
cone nozzles that have been used to apply high pressure, 
high volume, fine spray qualities in orchard and vine crops 
(Doll et al. 2005), applicators can now choose from an 
array of spray qualities, orientations, and air amendments. 
The principle that finer droplets allowed for higher droplet 
densities (Walklate 1992) was used to justify lower spray 
volumes (Cross et al. 2001). Sophisticated air-assist spray-
ers, which enclose the crop canopy and use multiple fans to 
direct the spray into the canopy from a number of directions 
simultaneously, may further enhance the value of this 
approach. Whether this type of approach translates to dose 
transfer of biopesticide propagules, which may be them-
selves larger than these fine droplets, is questionable. Elec-
trostatic sprays have also been used to apply biopesticides 
(Law 2005), with significant improvements in total spray 
retention, particularly on difficult-to-reach plant parts such 
as flower parts, even with low carrier volumes (Scherm 
2007). The authors applied bacterial suspensions in electro-
static sprays with a VMD of about 30 μm. Opportunities 
with larger propagules, however, were not discussed. 

Improved deposit uniformity throughout the canopy can 
also be achieved without increasing water volume by uti-
lizing a high volume, low-velocity airflow approach (Fur-
ness et al. 2003). Concerns about spray drift have prompted 
studying coarser and air-induced sprays in tree crops, with 
improved on-target deposition observed under a wide win-
dow of application conditions. These technologies have 
been shown to maintain or even improve disease control in 
orchards and vineyards (Lesnik et al. 2005), due to in-
creased timeliness and effectiveness of application. 

For boom sprayers, the advantage of finer droplets has 
been placed in question. In one study, there was no im-
provement in deposition of fungicide on edible bean plants 
when hollow cone nozzles were used (Maze et al. 1992). In 
fact, uniformity and overall spray recovery on artificial col-
lectors was even reduced when compared to conventional 
nozzles. In another study, no differences in sclerotinia stem 
rot incidence, severity, canola yield or seed quality were ob-
served between hollow cone (fine) and flat-fan nozzles 
(Kutcher and Wolf 2006). These results from studies in 
Canada are in agreement with others that reported no ad-
vantage to hollow cone nozzles over flat-fan nozzles for 
fungicide applications in other crops (Kucharek et al. 1986; 
Egel and Harmon 2001). In most row crop conditions, very 
fine droplets generated by hollow-cone nozzles likely are of 
limited advantage for increasing spray deposition. 

Protocols for studying liquid spray retention (Wolf et al. 
2000) have been used for studying microbial retention; a 

dye is dissolved in a spray carrier to estimate liquid vol-
umes retained on the weed target (Wolf et al. 2000; Zhu 
2004). After spraying, the dye solution is washed off from 
plants and the amount determined using a spectrophoto-
meter. There is a substantial amount of information on spray 
drop sizes for herbicides to achieve optimal rates, carrier 
volume, and canopy penetration in a range of weed/pro-
duction systems (Knoche 1994; Wolf et al. 2000; Feng et al. 
2003; Zhu 2004; Zhu et al. 2004). In addition, technologies 
have been adopted for measuring droplet sizes, either in 
flight or after deposition on artificial surfaces in a target 
zone (Bateman 1999; Wolf and Caldwell 2004). Laser parti-
cle size analyzers provide a rapid means to measure spray 
droplet size spectrum and the data can be processed electro-
nically for extensive analyses. Estimates of the number of 
droplets in each size class are deduced from the data (Bate-
man 1993), which is useful for optimization of formulations 
or product dilution for the final tank mix. These protocols 
may be used to study retention of bioherbicide inoculum 
provided the size of droplets and microbial propagules are 
appropriate. Bateman (1999) presented a theoretical distri-
bution of microbial inoculum in the spray droplet size spec-
trum generated with different nozzles by converting droplet 
diameters to volumes and multiplying by the numbers of 
microbial propagules per unit volume in the spray tank. 
This provides an estimated drop size range in which there is 
a high chance for a droplet to contain at least one microbial 
propagule. Bioherbicide concentrations used for field ap-
plications may range from 106 to 108 spores/L (Masangkay 
et al. 1999; Zhang et al. 2002; Bailey et al. 2004; Rosskopf 
et al. 2005), and these concentrations will likely provide 
most droplets >150 �m diameter with more than one infec-
tive propagule (Bateman 1999). These theoretical models 
generally hold for microbial propagules up to 20 �m but 
may break down when propagules are much bigger or mic-
robial concentrations are decreased dramatically (Bateman, 
pers. comm.). 

Although fine sprays may enhance retention on some 
target weeds, too fine droplets may contain few fungal 
spores or even be “empty” (Jones 1998). On green foxtail, 
retention of Pyricularia setariae spores (30 � 10 �m, length 
� width) generally followed a pattern of liquid retention 
(Fig. 1), and therefore the liquid retention in this case 
serves as a valid indicator of spore retention (Peng et al. 
2005b). However, when conidial suspensions of Alternaria 
alternata were applied to pigweed (Amaranthus retroflexus), 
spore retention did not follow that of the liquid and the 
majority of spores either failed to reach the target or was 
not retained on the plant (Lawrie et al. 2002b). Although 
the exact cause of the spore loss was not determined during 
this study, spore size/concentration and spray droplet size 
are likely the factors. Larger spores or higher spore concen-
trations tend to result in fewer than expected spores in spray 
drops. Based on liquid retention volume on pigweed, a sig-
nificantly large portion of A. alternata spores were unac-
counted for (Lawrie et al. 2002a). Depending on the nozzle 
type, often small droplets (<150 �m) make up more than 
50% of the volume applied (Bateman 1999) and 20% or 
more of these droplets contain no microbial propagules, 
whereas more than 60% of larger droplets may each contain 
a wasteful amount of inoculum (Lawrie et al. 1997) which 
adds little to the severity of disease damage at the same in-
fection site. 

Despite the fact that protocols for liquid retention stu-
dies are readily available, it may often be necessary to ve-
rify the retention of a bioherbicide agent depending on pro-
pagule size, concentration, and spray-droplet spectrum. The 
following case studies are used to show retention charac-
teristics of selected bioherbicide agents as affected by va-
rying application methods, spray parameters, and weed tar-
gets. 
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Case study I – retention of Pyricularia setariae 
conidia (spores) on green foxtail 
 
The host-specific fungal pathogen P. setariae (Ps) is a can-
didate for biocontrol of green foxtail (Peng et al. 2004). 
When spore suspensions were applied using an airbrush 
sprayer until runoff, the fungus caused a high level of weed 
mortality under controlled environment. This delivery me-
thod, however, tended to maximize spray retention volumes 
on plants (Peng et al. 2005b), consequently exaggerating 
the potential of biocontrol efficacy (Greaves et al. 2000). 
Lower efficacy occurred when the fungal inoculum was ap-
plied using conventional flat-fan hydraulic nozzles at 100-
800 L/ha carrier volumes (Peng et al. 2001). A further study, 
based on liquid volumes retained on the plant, revealed that 
2,000 L/ha sprays would be required for hydraulic nozzles 
to transfer a similar dose volume resulted from the airbrush 
spraying (Peng et al. 2005b). This indicates that the poorer 
efficacy is likely related to lower dose volumes delivered 
with hydraulic nozzles. Efficacy of the airbrush treatment 
could easily be matched by hydraulic-nozzle sprays as long 
as application volumes of the latter were increased to 
deposit an equivalent liquid volume on the plant (Peng et al. 
2001). A carrier volume at 2,000 L/ha is obviously imprac-
tical for most field applications but a potential way of miti-
gating this is to increase the bioherbicide concentration. 
This strategy was successful on green foxtail, on which the 
carry volume of Ps was reduced from 2000 L/ha to 250 
L/ha without compromising weed control (Peng et al. 2001). 
Higher inoculum concentrations may increase the number 
of fungal spores in spray drops as well as reduce the num-
ber of ‘empty’ droplets (Jones 1998). This also led us to be-
lieve that 250 L/ha provided sufficient coverage of green 
foxtail and that it was the spore dose, not the carrier volume 
that governed the ultimate efficacy of green foxtail control 
by P. setariae (Peng et al. 2001). 

The size of spray droplets may be optimized to enhance 
retention efficacy on target weeds and many studies repor-
ted that finer droplets tended to result in higher retention 
efficiency on plant foliage (Knoche 1994; Wolf et al. 2000; 
Feng et al. 2003; Zhu 2004). The spectrum of spray droplets 
also affected liquid retention on green foxtail, with finer 
drops (VMD 207 �m) producing approximately 40% grea-
ter liquid volumes in comparison to coarse drops (VMD 
325 �m) when application volumes were kept the same 
(Peng et al. 2005b). This increased spray retention may 
potentially cause higher weed-control efficacy or lower 
dose requirement for the biocontrol agent. Naturally, the 
question is whether this increased liquid retention has much 
bearing on bioherbicide loads, which has more direct im-
pact on weed-control efficacy. The retention of Ps cor-

related strongly to that of liquid on green foxtail, but bio-
logical effects of these retention increases were harder to 
determine and the 40% higher retention with finer sprays 
did not consistently translate into more effective weed con-
trol (Peng et al. 2005b). 

There may be several reasons for this: a) Disease res-
ponses to increased doses of the bioherbicide agent may be 
nonlinear and substantially higher inoculum doses can be 
required for noticeable efficacy improvements (Graham et 
al. 2004). Occasionally greater efficacy was seen with Ps 
applied in finer droplets, but the scale was generally less 
than that of spray retention increases. b) The greater liquid 
retention resulted from finer droplets may fail to increase 
the bioherbicide inoculum on plants because hydraulic flat-
fan nozzles tend to generate a greater proportion of small 
drops (<150 �m) and most of them may not carry any fun-
gal spores (Lawrie et al. 1997; Jones 1998). Other small 
drops with only a few spores may have low probability of 
causing successful infection (Jones 1998), especially for 
those fungal strains with low infection efficiency (Evans et 
al. 1996; Fujimoto et al. 2002). Fungal agents with large 
spores, such as Drechslera gigantean or Exserohilum ros-
tratum used for biocontrol of green foxtail and other grassy 
weeds (Chandramohan et al. 2002; Peng and Boyetchko 
2006), would likely suffer even greater inoculum losses if 
applied in fine drops. For example, in applications of Myco-
centospora acerina for biocontrol of field violet (Viola ar-
vensis), more than 78% of fine droplets generated by a 
hydraulic nozzle contained no fungal spores (Lawrie et al. 
1997). On average, the size of M. acerina conidia is 100-
250 � 14 �m. c) In a biological system involving pathogens 
and plants, host susceptibility and post-application condi-
tions likely overweigh even impressive gains in spray reten-
tion and this was seen even with chemical pesticide applica-
tions in which increased retention sometimes failed to en-
hance efficacy in the field due to complex interactions 
among varying biological factors (Wolf and Caldwell 2004). 
It should also be pointed out that there are practical limita-
tions for using too fine drops due to atmospheric interferen-
ces causing rapid evaporation and increased spray drift 
(Grover et al. 1997). Protective shields may help reduce 
off-target spray drift for fine drops, especially under high-
wind conditions (Wolf et al. 1993) but this design has not 
been widely adopted in practice. One of the key messages 
from this study is that incremental increases of spray reten-
tion can be achieved with finer spray drops but this en-
hancement alone may not be sufficient to enhance Ps ef-
ficacy consistently against green foxtail. 
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Fig. 1 Retention of Rhodamine WT dye and P. seta-
riae spores on green foxtail applied using a broadcast 
sprayer at 500, 1,000, and 2,000 L/ha. Data were fitted 
with regression lines for which the correlation coeffici-
ents were calculated. From Peng G, Wolf TM, Byer KN, 
Caldwell B (2005) Spray retention on green foxtail (Setaria 
viridis) and its effect on weed control efficacy by Pyricularia 
setariae. Weed Technology 19, 86-93. 
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Case study II – retention of Colletotrichum spp. 
spores 
 
The fungi C. truncatum (Ct) and C. gloeosporioides f. sp. 
malvae (Cgm) are bioherbicide candidates for scentless cha-
momile (Matricaria perforata) and round-leaved mallow 
(Malva pusilla), respectively (Makowski and Mortensen 
1992; Mortensen 1988; Peng et al. 2005a). Although both 
weeds are considered the “broadleaf” type, they differ con-
siderably in plant morphology and branch architecture. 
Scentless chamomile produces finely divided needle-like 
leaves, whereas round-leaved mallow has more typical 
broad leaves that are flat and present a greater surface area 
that intercepts vertically directed sprays efficiently (Byer et 
al. 2006a). Spores of Colletotrichum spp. are smaller than 
those of Ps, with Ct averaged 17�5 �m and Cgm 10�6 �m, 
respectively (Byer et al. 2006b). These relatively small 
spores are less likely to be affected by droplet size spectra, 
as reported in several previous studies (Egley et al. 1993; 
Lawrie et al. 2002a). Data repeatedly showed a similar 
trend for spores and liquid retention on both weeds, except 
that on round-leaved mallow both liquid and spore reten-
tions peaked at about 1,000 L/ha and further increases of 
the application volume did not boost retention on the plant. 

The retention saturation on round-leaved mallow at 
lower application volumes may be due to the plant morpho-
logy and architecture (Byer et al. 2006b). Although variable 
retention characteristics have been known with different 
plant species or even biotypes (Verity et al. 1981; Wisniew-

ska 1991; Gillespie 1994), there have rarely been reports 
specifically targeting bioherbicide applications. Coarse 
drops may be successfully captured by relatively large and 
horizontally positioned leaves of round-leaved mallow due 
to more vertical travel direction of spray drops (Matthews 
2000) while smaller droplets may also be retained effici-
ently because of their low kinetic energy (Spillman 1984; 
Chapple et al. 1996) (Hartley and Brunskill 1958) sug-
gested the tendency of reflection for large drops would also 
depend on contact angle and droplets with smaller than 400 
�m in diameter were less likely be reflected if the contact 
angle were not much greater than 90°. Efficient spray inter-
ception by round-leaved mallow plants might have resulted 
in earlier retention peak and possibly runoff at 1000 L/ha, 
due to hydrophobic waxy leaf surfaces (Matthews 1992). 
The potential for runoff may also be affected by leaf age, 
size and plant architecture at the time of application (Lawrie 
et al. 2002b). The relationship between observed and ex-
pected spores was linear on scentless chamomile but curvi-
linear on round-leaved mallow when application volumes 
increased from 500 to 2,000 L/ha (Fig. 2). This curvilinear 
relationship implied that at high application volumes, there 
is a greater loss of Cgm spores than the liquid carrier. Ex-
cessively high application volumes may therefore be coun-
terproductive for retention of microbial inoculum in some 
cases (Greaves et al. 1998). 

Despite different plant morphology/architecture as well 
as the retention efficiency, scentless chamomile and round-
leaved mallow showed similar retention attributes in res-
ponse to varying spray droplet spectra; finer drops generally 
resulted in higher retention than did coarse drops when the 
same spray volume was applied (Byer et al. 2006a). This 
retention trait was also similar to that observed on green 
foxtail (Peng et al. 2005b). When biocontrol efficacy was 
examined in relation to droplet size and retention efficiency, 
however, different patterns were shown between scentless 
chamomile and round-leaved mallow; Ct applied in fine 
droplets (VMD 207 �m) caused greater weed control than 
did the fungus delivered in medium (VMD 267 �m) or 
coarse drops (VMD 325 �m). In contrast, Cgm efficacy was 
less responsive to the droplet size used and treatments in 
finer droplets, although generally giving higher liquid reten-
tion on round-leaved mallow, failed to achieved more ef-
fective weed control when compared to the treatments using 
coarse sprays (Byer et al. 2006a). Finer droplets frequently 
produce higher spray retention of chemical herbicides on 
weeds (Hartley and Brunskill 1958; Reichard 1988) and 
greater efficacy (Knoche 1994). The uncoupling of droplet 
size or spray retention with biocontrol efficacy of Cgm is 
probably due to inefficient delivery of fungal inoculum to 
lower weed stems, the critical infection site for bioherbicide 
efficacy, where severe diseases can girdle the main stem 
and cause the plant to collapse (Mortensen 1988; Mortensen 
and Makowski 1995). The increased spray retention on the 
whole plant of round-leaved mallow may have limited rele-
vance to biocontrol because those large and horizontally po-
sitioned leaves might have intercepted a much greater pro-
portion of the spray than does the lower stem. In this case, 
accurate delivery of the bioherbicide inoculum in droplets 
carrying optimal number of fungal propagules to the most 
vulnerable site of the weed would be of greater impact on 
efficacy (Amsellem et al. 1990; Doll et al. 2005) and ought 
to have been measured. 

Spray deposition is normally highest when targets are 
perpendicular to the droplet trajectory (Elliott and Mann 
1997; Richardson and Newton 2000). Nozzle angling and 
travel speed may be adjusted to enhance horizontal spray 
trajectory, hence reducing the contact angle to stems and 
improving deposition/retention on the vertical surfaces 
(Nordbo et al. 1993; Wolf and Caldwell 2004; Doll et al. 
2005). This case study shows varying retention efficiency 
on weed targets influenced by plant morphology and archi-
tecture, as well as the opportunities to adjust drop size, 
carrier volume, and nozzle angling to optimize application 
efficiency and biocontrol efficacy. 
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Fig. 2 Mean spore retention regressed against expected values 
based on liquid retention measurements on scentless chamomile (A) 
and round-leaved mallow (B). From Byer KN, Peng G, Wolf TM, Cald-
well BC (2006) Spray retention for liquid and mycoherbicide inoculum in three 
weed-biocontrol systems. Biocontrol Science and Technology 16, 815-823. 
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Improving canopy penetration for better targeting 
lower stems 
 
Although in many cases spray droplets of bioherbicide sus-
pensions may behave similarly to those of chemical herbi-
cides, efficacy of these droplets may vary substantially de-
pending on whether a sufficient amount of inoculum can 
reach critical parts of the target. Bioherbicide agents gene-
rally can not be translocated after landing on the target 
(Lawrie et al. 2002a) and it would be most efficient to di-
rect most of the spray to vulnerable target sites for maxi-
mum impact. Aggressive weeds can often tolerate signifi-
cant amounts of defoliation (McBrien and Harmsen 1987; 
Meyer 1998; Peng et al. 2001), and therefore many bioher-
bicide candidates have been directed towards lower stems 
of the weed (Daniel et al. 1973; Auld et al. 1988; Makowski 
and Mortensen 1989; Mortensen 1988; Boyette et al. 1993; 
Winder and Watson 1994; Peng et al. 2005a) where coales-
cing lesions may girdle the stem, causing the plant to col-
lapse. From the weed control point of view, this is an ef-
ficient strategy. However, conventional spray systems, i.e. 
vertically positioned hydraulic nozzles, are generally not ef-
ficient in targeting lower stems, mainly due to interception 
of spray drops by the upper canopy, and possibly poor 
retention (Chapple et al. 1996). Although much research 
has been directed to novel spraying systems, it is clear that 
hydraulic nozzles will not be replaced any time soon due to 
their practicality and versatility in delivering all classes of 
agrichemicals. Spinning-disc sprayers may be a good exam-
ple to the point. Such devices generate a narrow spectrum 
of droplet sizes with VMDs usually below 200 �m and 
often less than 100 μm to achieve coverage at relatively low 
application volumes (Bateman 1999). Such sprays can, 
however, have unpredictable trajectories, are generally poor 
for canopy penetration, and prone to spray drift (Schaefer 
and Allsopp 1983). Although lowering the disc speed can 
enlarge droplet size (Hewitt 1992) and in-canopy applica-
tions enhance deposition on plant lower stems, the majority 
of the spray volume still falls in droplets under 125 �m in 
diameter (Bateman et al. 1998) and vertical distribution was 
generally uneven with insufficient amounts deposited at 
plant lower stems (Stonehouse 1993). In reality, spinning 
disc sprayers have not been used commonly, especially for 
application of herbicides. It may be advisable that, for 
broadest adoption, common spray equipment should be 
considered for application of most biopesticide agents and 
dramatic modification of spray systems will more likely 
reduce rather than add to the likelihood of success (Chapple 
and Bateman 1997). 

If hydraulic nozzles are the mainstay for agrichemical 
applications, what modifications may possibly be consi-
dered practical to enhance the deposition and/or retention of 
bioherbicide inoculum targeting weed stems? Chapple et al. 
(1996) proposed a “double nozzle” design to improve bio-
pesticide applications over conventional nozzle systems. 
This device requires only a minor change over current spray 
equipment by adding a set of fine nozzles at an angle in the 
travel direction of the boom to apply biopesticide inoculum 
into the clouds of water droplets produced with medium or 
coarse nozzles mounted in a vertical position. Spray drops 
larger that 150 �m are considered more efficient carriers for 
many biopesticide propagules (Chapple et al. 1996; Bate-
man 1999) and too large drops may contain a wasteful 
amount of inoculum. The advantage of this double-nozzle 
system is to minimize the number of “inefficient” large 
drops for biopesticide delivery, which may account for over 
80% of the carrier volume in a coarse spray. This system 
also reduces drift of “biologically efficient” fine droplets 
that contain bioherbicide inoculum because these fine drop-
lets will be entrained into coarse water drop clouds and 
together they produce the overall deposition and retention 
characteristics of coarse sprays (Chapple et al. 1997). Tar-
get loading can be increased by this system, especially on 
vertical surfaces and at the base of a canopy (Taylor and 
Andersen 1997). This modification is considered relatively 

simple and flexible; all the main features of a conventional 
sprayer are retained and where using “double nozzles” is 
not required, the fine nozzles can be shut off and the single-
nozzle system restored quickly. In a study where glyphosate 
was applied with the “double-nozzles” onto soybeans, the 
efficacy was higher than that of coarse sprays alone and the 
herbicide rate could be reduced substantially (Hall et al. 
1996). Nozzle spacing and angling are important to provide 
uniform distribution of droplets when using the double-
nozzle system (Chapple et al. 1996). The drawback of this 
system is potential requirements for a larger volume of 
water as well as the generation of droplets in a broad size 
spectrum. The latter may result in unpredictable behaviors 
of spray drops during field applications (Matthews 2000). 

As suggested earlier, larger drops may be more effective 
for canopy penetration but often poor for retention on verti-
cal surfaces due to droplet’s kinetic energy and large contact 
angle (Lake 1977; Chapple et al. 1996). In applying the bio-
herbicide fungus Microsphaeropsis amaranthi to water-
hemp (Amaranthus rudis), (Doll et al. 2005) examined vari-
ous types of hydraulic nozzles and found that a hollow cone 
nozzle, often used for directed applications of fungicides 
and insecticides in air blast sprays in orchards, can generate 
a finely atomized spray pattern that provides excellent 
coverage of the target plant due to large numbers of fine 
droplets swirling around within the plant canopy. As a result, 
maximum spray retention and disease severity was obtained, 
particularly on stems. Although hollow cone nozzles are not 
commonly used for herbicide application, the better spray 
retention on stems and more efficacious weed control 
underscore the efficiency of these small droplets in carrying 
a sufficient number of fungal propagules and getting them 
onto vertical surfaces. To reduce spray drift, the boom may 
be lowered into the canopy. This may also increase the 
chance of loading “biologically efficient” small droplets at 
the stem base (Hislop 1987; Stonehouse 1993; Hall et al. 
1996). 

Nozzle angling may be used to increase spray deposi-
tion on vertical surfaces because the target in a perpendi-
cular position to droplet trajectory is most efficient for 
spray collection and retention (Elliott and Mann 1997; Ri-
chardson and Newton 2000). Travel speed may also be in-
creased to enhance horizontal trajectory for improved reten-
tion on weed stems (Nordbo et al. 1993; Wolf and Caldwell 
2004; Doll et al. 2005). In a study using a double-nozzle 
boom to optimize spray retention on simulated wheat spikes 
for fungicide treatment against head blight, Wolf and Cald-
well (2004) found that this nozzle configuration, arranged 
in front and back with a 60° angle from the vertical, had 
potential to increase spray deposition as well as uniformity 
over the conventional single-nozzle system on the vertical 
target. Faster travel speeds also increased overall spray de-
posits, mostly from the contribution of the front nozzle. The 
authors concluded that a combined use of double nozzles, 
coarser sprays, and faster travel speeds could increase spray 
retention on vertically positioned wheat spikes by more 
than 100% when compared to a conventional sprayer (Wolf 
and Caldwell 2004). They also believed that the collection 
efficiency might be further enhanced on wheat spikes by 
increasing spray droplet velocity and this view is shared by 
others for better targeting vertical surfaces (Zhu et al. 1996). 
This strategy may also be applicable to the delivery of che-
mical herbicides, especially for weeds with more vertically 
positioned leaves (Wolf and Caldwell 2004). A comparable 
double-nozzle configuration was also evaluated for applica-
tion of P. setariae to increase retention of the bioherbicide 
agent on the vertical top leaf of green foxtail, which was 
considered critical to regrowth from the apical meristem tis-
sue (Peng et al. 2004). Improved weed control was achieved 
with this device over conventional vertically positioned 
nozzles (Peng et al. 2001). 

Lawrie et al. (2002) reported that airbrush sprays, even 
at low volumes, consistently resulted in greater retention 
and better coverage on stems of redroot pigweed (Amaran-
thus retroflexus) when compared to applications using hyd-
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raulic nozzles. They attributed this partially to much finer 
droplets generated by the airbrush sprayer that would not 
bounce off the target easily. At the same time, they also 
pointed out that a more horizontally directed angle with the 
airbrush spraying would likely contribute to the high depo-
sition on the stem. Similar to previous examples, angling 
hydraulic nozzles also increased deposition or retention on 
vertical surfaces of the pigweed, including stems and apices. 
This was deemed useful for the bioherbicide agent Alterna-
ria alternate because, as in the case of round-leaved mallow 
(Byer et al. 2006b), stem girdling by coalesced lesions is 
also critical to effective biocontrol of the pigweed (Lawrie 
et al. 2002a). In general, vertical surfaces of weeds may be 
best targeted with spray droplets projected as horizontally 
as possible (Wolf and Caldwell 2004). 
 
Enhancing spray retention and bioherbicide 
efficacy with adjuvants 
 
Spray adjuvants are frequently used to alter the physioche-
mical properties of the spray liquid to improve deposition/ 
retention during application of agrichemicals. These ad-
ditives can change spray drop-size spectrum and velocity, 
in-flight and/or impaction behavior, and deposit-target inter-
actions, consequently influencing retention of agrichemicals 
and final biological effects on the target (Miller et al. 2001). 
Adjuvants can be classified as stickers, spreaders, wetters, 
drift retardants, anti-oxidants, anti-evaporants, etc. (Hall et 
al. 1993) and these names are fairly descriptive of their 
functions in aiding pesticide applications. Despite the fact 
that more adjuvants have become available in recent years, 
it is still unclear which should be used in what conditions 
because there are multiple steps from atomization to final 
biological effect during the application process and adju-
vants may potentially impact on many of the steps (Hall et 
al. 1993). Screening trials are generally necessary for a spe-
cific target weed to evaluate the effect of droplet traits and 
behavior on deposition/retention efficiency as affected by 
different adjuvants. Beside spray quality, swath pattern can 
also be affected dramatically with use of adjuvants (Chap-
ple et al. 1993) and this impact is often concentration –de-
pendent, due largely to changes in viscosity of the spray 
solution (Wolf et al. 1997). There is also potential phyto-
toxicity of adjuvants depending on the amount of material 
deposited per unit area on plant surfaces, penetration of the 
material into the leaf, and cellular toxicity. Often this direct 
phytotoxicity is related to the adjuvant chemistry and con-
centration used in a liquid carrier (de Ruiter et al. 2001). 
 
Desirable adjuvants for bioherbicide delivery 
 
In addition to maximizing deposition or retention as in the 
case of agrichemical application, adjuvant selection for bio-
herbicides may also need to consider some unique require-
ments by the living organism. Bio-agents will have to sur-
vive the process of application as well as the duration from 
landing on the plant surface to the occurrence of environ-
mental conditions that are conducive for the microbial ino-
culum to germinate and subsequently infect the weed. Ide-
ally, adjuvants for bioherbicides should not only optimize 
deposition/retention efficiency, but also maintain the survi-
val of microbial inoculum during the period post applica-
tion (Zidack and Quimby 1998; Bateman and Chapple 2001). 
To meet this criterion, adjuvants selected should, first of all, 
be compatible with the bioherbicide agent. 

In a study evaluating commercial surfactants/adjuvants 
for potential formulation of the bioherbicide agents Colleto-
trichum spp. and Phoma spp. Zhang et al. (2003) found that 
the surfactant Tween� 20 reduced conidial germination of 
several fungal strains, whereas Tween� 40 or Tween� 80 
stimulated the germination. It was observed that the latter 
two surfactants helped release Colletotrichum spp. conidia 
from self-inhibition of germination at high inoculum con-
centrations. Caution should be exercised when inferring the 
compatibility of an adjuvant because results can vary sub-

stantially depending on the agent or specific biological 
event in question. For example, Bailey et al. (2004) exa-
mined several adjuvants to aid application of the bioherbi-
cide agent Pleospora papaveracea against opium poppy 
(Papaver somniferum) and found that the surfactant Tween� 
80 inhibited appressorium formation but not conidial germi-
nation of the fungus. Most commercially available adju-
vants are designed to facilitate application of agrichemicals 
and it would not be surprising that many of these products 
are somewhat too harsh to microbial inoculum, hence un-
suitable for use with bioherbicide agents. 

Prasad (1994) evaluated nine commercial adjuvants for 
potential formulation of Chondrostereum purpureum, a bio-
herbicide agent for control of deciduous shrubs in forest 
vegetation management in Canada (Harper et al. 1999; Pitt 
et al. 1999), and found that seven of the products were toxic 
to the fungus. These adjuvants included some of the com-
mon surfactants used in agrichemical applications, including 
Silwet L-77 and Triton X-100. If these surfactants were 
diluted from 0.1 to 0.01% in the formulation, however, the 
toxic effect would be significantly alleviated although the 
functionality of the surfactant may also be reduced. On the 
other hand, Silwet L-77 used in an oil-in-water emulsion 
made of unrefined corn oil showed little negative impact on 
spores of Colletotrichum truncatum for biocontrol of hemp 
sesbania (Sesbania exaltata) and this formulation notice-
ably enhanced the efficacy of weed control over the fungal 
inoculum suspended in water. This emulsion stimulated fun-
gal germination and appressorial formation, consequently 
lessening the dew requirement under field conditions. It was 
believed that the oil protected the spores from desiccation 
during the dew-free period and the surfactant Silwet L-77 
promoted rapid germination and appressorium formation 
once the dew materializes (Boyette et al. 2007). A single 
application of this oil-based fungal formulation with a tank 
mix of 0.2% (v/v) Silwet L-77 controlled hemp sesbania by 
95% in soybean fields when compared to the adjuvant alone, 
which had no visible effect. This formulation is also bene-
ficial to a similar bioherbicide agent, C. gloeosporioides, 
used for control of sicklepod (Senna obtusifolia); the ad-
juvant Silwet L-77 reduced the requirement of wetness 
duration for successful fungal infection from 16 h to 8 h 
(Boyette 2006). Direct effects of this adjuvant on spray re-
tention were not reported. However, Silwet L-77 is con-
sidered an excellent wetting/spreading agent that can reduce 
the VMD of spray droplets when high-flow nozzles and low 
pressure are used (Stevens 1993). Finer droplets may have 
greater retention efficiency on certain weeds (Peng et al. 
2005; Byer et al. 2006b). By reducing surface tension of the 
carrier, Silwet L-77 may also improve adherence of spray 
droplets to highly water repellent leaf surfaces (Stevens 
1993). These retention features may provide the above Col-
letotrichum spp. bioherbicide agents with double benefits; 
increasing the spray or retention efficiency as well as pro-
moting rapid germination and infection on the host. Avail-
able information clearly indicates a possibility of using ad-
juvants to improve spray retention efficiency. The key ques-
tion is whether the improvement will be substantial enough 
to make a material difference in biocontrol efficacy. Of 
course, adjuvants to be considered for this type of applica-
tion will have to be compatible with the bioherbicide inocu-
lum. With these objectives, we carried out the following 
study to identify promising additives for tank-mix applica-
tions with P. setariae and C. truncatum for enhancement of 
spray deposition/retention efficiency and biocontrol efficacy 
against green foxtail and scentless chamomile. 
 
Case study III – Evaluation of spray adjuvants for 
bioherbicide delivery 
 
P. setariae and C. truncatum were selected as a model sys-
tem in this study because retention patterns of their fungal 
propagules were similar to that of liquid carrier on respec-
tive weed targets (Byer et al. 2006b). More than 20 com-
mercial adjuvants (Table 1), with advertised features as sur-
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factants, thickeners, binders, stickers, spreaders, or humec-
tants were selected and evaluated using a medium spray 
quality (VMD 267 �m) at 200 L/ha spray volume. Each ad-
juvant was tested at 0.1 and 1% (v/v) concentrations. Pro-
ducts or concentrations that substantially increased spray 
retention over water controls were assessed further for com-
patibility with the fungal agents and potential to improve 
biocontrol efficacy. 

Most adjuvants did not change spray retention volumes 
substantially when compared to water controls. Some in-
creased the volume on green foxtail by 58 to 185% (Table 
2), but none did so on scentless chamomile. Although me-
chanisms for the higher retention were not determined, 
these adjuvants may possibly have had an impact on spray 
quality (Chapple et al. 1993; Stevens 1993), which may in 
turn affect retention efficiency on green foxtail (Peng et al. 
2005b) (Wolf et al. 1997) pointed out that the influence of 
an adjuvant on retention can be concentration dependant if 
the change in concentration affects dynamic surface tension 
of the spray mixture. In this study, adjuvant at the higher 
concentration often resulted in greater retention on green 
foxtail when compared to the lower concentration, but there 
were also practical limits due to changes in the carriers’ 
physical properties. For example, a gum made of the leg-
ume crop fenugreek (at 1.0% concentration) noticeably in-
creased the viscosity of Ps suspensions as well as retention 
of spray on green foxtail plants when the treatment was ap-
plied with an airbrush sprayer. Consequently, this adjuvant 
mix increased the weed control when compared to the fun-
gus delivered in the Tween� 80 surfactant (Fig. 3). However, 
this benefit could not be demonstrated with hydraulic flat-
fan nozzles. Although viscous forces within the drop can act 
to absorb kinetic energy during the process of flattening and 

recoil on target surfaces and reduce rebound (Hall et al. 
1993), the fenugreek gum at this concentration completely 
collapsed the spray pattern of flat-fan nozzles, resulting in 
uneven distribution. Novel atomizers such as twin-fluid 
nozzles have been suggested to overcome limiting physico-
chemical properties (Egley et al. 1993), but their lack of 
general availability has limited broad adoption. 

Most of the adjuvants that had significant retention im-
provement appeared compatible with Ps, with no major im-
pact on spore germination (Table 2). This indicated that 
these products were suitable for tank mixing with the fun-
gus for the purpose of spore retention improvement on 
green foxtail. However, application of the fungal inoculum 
at a sub-lethal dose with most of these adjuvants did not 
achieve more effective weed control when compared to the 
fungus applied in water. Tween� 80 was the only exception, 
doubling disease severity (Table 2). The use of “Intac” 
caused even less disease than the fungus in water, a cir-
cumstance that may be associated with the slight reduction 
in spore germination by this adjuvant. This is another exam-
ple which demonstrates that gains in spray retention may 
not necessarily be translated into substantial increases in 
weed biocontrol. It is not clear if any of the adjuvants inter-
fered with other biological events of the fungus during in-

Table 1 Adjuvants evaluated for potential enhancement of spray retention on green foxtail and scentless chamomile. 
Product name Functional ingredient Property Source 
Alginate Sodium alginate Thickener Fisher Scientifics Canada, Inc. 
Amigo Polyoxyalkylated alkyl phosphate ester Surfactant Bayer CropScience 
Assist Paraffin oil Surfactant BASF Canada Inc. 
Bond Synthetic latex primary aliphatic oxyalkylated alcohol Spreader, sticker Loveland Industries Inc. UK 
Canplus 411 Crop oil concentrate Surfactant Syngenta Crop Protection Canada, Inc. 
DR2000 Complex carbohydrate polymer Thickener Bayer CropScience 
Dura-Gel� Gelatinized starch Sticker Ingredient Warehouse, USA 
Ekol Vegetable oil Surfactant JIZA a spol. v.o.s., Czech Republic 
Fenugreek gum A plant-based biopolymer Humectant Agriculture and Agri-Food Canada, Saskatoon, SK
Gelatin Collagen protein Sticker Lipton Inc. Canada 
Glycerin Glycerol Humectant Fish Scientifics Canada, Inc 
Intac Polyacrylamide polymer Thickener Loveland Industries Inc. UK 
LI 700 Surfactant blend Thickener United Agri Products, USA 
Merge Proprietary surfactant blend Surfactant BASF Canada Inc. 
Metamucil Psyllium hydrophilic mucilloid Humectant Procter & Gamble Canada Inc. 
Prevail C Mineral oil Surfactant Dow AgroScience Canada Inc. 
Score Petroleum hydrocarbons Surfactant Syngenta Crop Protection Canada, Inc 
Soydex Proprietary Surfactant Helena Chemical Co. USA 
Turbocharge Mineral oil plus surfactant bland Surfactant Syngenta Crop Protection Canada, Inc 
Tween 80 Sorbitan monooleate Surfactant Fisher Scientific Canada, Inc. 
Watersorb Acrylic acid /acrylamide polymer Humectant Polymers Inc. USA 
Water Lock G400 Biopolymers Humectant Grain Processing Co. USA 
Xanthan Bacterial polysaccharides Thickener Sigma Chemical Co. USA 

 

Table 2 Effect of selected adjuvants on retention, spore germination and 
efficacy of Pyricularia setariae against green foxtail. 
Adjuvant Retention 

(�l/mg) 
Compatibility 
(% germination) 

Efficacy 
(% disease)

Control (spores in water ) 2.6 75 12 
Bond (1.0%) 4.1 ** a 69 16 
Ekol (1.0%) 6.6 ** 73 18 
Intac (1.0%) 7.4 ** 61 ** a 5 ** a 
Tween 80 (1.0%) 6.5 ** 74 27 ** 
Xanthan (1.0%) 4.8 ** 83 ** 13 

a Treatment means are significantly different from the control (LSD, P < 0.05). 

 

Fig. 3 Effect of fenugreek gum on biocontrol efficacy of Pyricularia 
setariae against green foxtail under greenhouse conditions. From left to 
right: control (blank), fungus in Tween� 80 (1.0%), and fungus in fenu-
greek gum (1.0%). 
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fection process, including appressorium formation and pen-
etration. However, experience reminds us that spray reten-
tion alone often influences the efficacy of bioherbicide 
agents incrementally (Peng et al. 2005b). The outcome of 
weed control may be influenced more profoundly by formu-
lation additives that facilitate the process of plant infection 
by the bioherbicide agent (Auld et al. 2003; Boyetchko and 
Peng 2004; Hynes and Boyetchko 2006). 
 
CONCLUDING REMARKS 
 
The traditional approach to herbicide application, “the dose 
makes the poison”, is reflected in the magnitude of research 
dedicated to understanding and increasing the amount of 
product on the target plant. Some of the successful ap-
proaches include changes in spray quality, spray trajectory, 
atomizers, and use of adjuvants to achieve this goal. Due to 
the heterogeneous nature of crop canopies, weed morpho-
logies, and modes of action of active ingredients, a certain 
degree of customization in spray parameters/additives is 
often required for the full benefit to be realized. In the case 
of bioherbicides, a significant number of complicating fac-
tors conspire to make the task significantly more challen-
ging and less well understood. The first is that the dose res-
ponse of many bioherbicides cannot be compared to tradi-
tional herbicides. In the former, often much greater gains 
have to be made for an efficacy benefit to be appreciable, 
largely due to the mechanism of biocontrol agents. Second, 
bioherbicide dose is not uniformly distributed within the 
atomized droplets in a spray cloud. In fact, unlike soluble 
synthetic herbicides, the larger the agent propagules, the 
less likely they will be delivered to the target in small drop-
lets. This poses a fundamental difficulty when combined 
with the third challenge, namely that there are specific sites 
of infection on the target plant that may be favoured over 
other sites for biological control. For example, the delivery 
of a large propagule to a plant stem is made more difficult 
given that the finer, not coarser droplets are better at rea-
ching and being retained by stems. A fourth complicating 
factor is the fate of the bioherbicide propagule after it has 
been delivered to the plant. Its ability to infect the host will 
depend not only on a range of environmental factors, but 
also on the physical compatibility of the carrier with the 
propagule and the host tissue. It is important to ensure that 
adjuvants that enhance retention efficiency will not de-
crease germination or appressorial formation of the biocon-
trol agent. Otherwise, gains in spray retention can easily be 
negated. 

Indeed, improvements in the performance of bioherbi-
cides through enhancement of spray retention can be elu-
sive. Substantial gains will come with considerable ad-
ditional investment in research on all fronts including strain 
selection and formulation. Breakthroughs will more likely 
be case-specific, depending on technological, economical, 
and market successes. It is incumbent on the biocontrol re-
search community to continue investing in fundamental as-
pects of the delivery technology to improve the effective-
ness and efficiency of biopesticides. 
 
REFERENCES 
 
Adams AJ, Chapple AC, Hall FR (1990) Agricultural sprays: lessons and im-

plications of drop size spectra and biological effects. In: Bode LE, Hazen JL, 
Chasin DG (Eds) Pesticide Formulations and Application Systems, American 
Society for Testing and Materials, Philadelphia, USA, pp 156-169 

Amsellem Z, Sharon A, Gressel J, Quimby PC Jr. (1990) Complete abolition 
of high inoculum threshold of two mycoherbicides (Alternaria cassiae and A. 
crassa) when applied in invert emulsion. Phytopathology 80, 925-929 

Auld BA, Hetherington SD, Smith HE (2003) Advances in bioherbicide for-
mulation. Weed Biology and Management 3, 61-67 

Auld BA, McRae CF, Say MM (1988) Possible control of Xanthium spinosum 
by a fungus. Agriculture, Ecosystems and Environment 21, 219-223 

Bache DH, Johnstone DR (1992) Microclimate and Spray Dispersion, Ellis 
Horwood Ltd., Chichester, UK, 239 pp 

Bailey BA, O’Neill NR, Anderson JD (2004) Influence of adjuvants on disease 
development by Pleospora papaveracea on opium poppy (Papaver somni-

ferum). Weed Science 52, 424-432 
Bateman R (1993) Simple, standardized methods for recording droplet mea-

surements and estimation of deposits from controlled droplet applications. 
Crop Protection 12, 201-206 

Bateman RP (1999) Delivery systems and protocols for biopesticides. In: Hall 
FR, Menn JJ (Eds) Biopesticides: Use and Delivery, Humana Press, Totowa, 
NJ, USA, pp 509-528 

 Bateman RP, Chapple AC (2001) The spray application of mycopesticide 
formulations. In: Butt TM, Jackson C, Magan N (Eds) Fungi as Biocontrol 
Agents, CABI Publishing, Wallingford, UK, pp 289-309 

Bateman RP, Douro-Kpindou OK, Kooyman C, Lomer C, Ouambama Z 
(1998) Some observations on the dose transfer of mycoinsecticide sprays to 
desert locusts. Crop Protection 17, 151-158 

Boyetchko S, Peng G (2004) Challenges and strategies for development of 
mycoherbicides. In: Arora DK (Ed) Fungal Biotechnology in Agricultural, 
Food, and Environmental Applications, Marcel Dekker Inc., New York, NY, 
pp 111-121 

Boyette CD (2006) Adjuvants enhance the biological control potential of an 
isolate of Colletotrichum gloeosporioides for biological control of sicklepod 
(Senna obtusifolia). Biocontrol Science and Technology 16, 1057-1066 

Boyette CD, Hoagland RE, Weaver MA (2007) Biocontrol efficacy of Col-
letotrichum truncatum for hemp sesbania (Sesbania exaltata) is enhanced 
with unrefined corn oil and surfactant. Weed Biology and Management 7, 70-
76 

Boyette CD, Quimby PC Jr., Bryson CT, Egley GH, Fulgham FE (1993) 
Biological control of hemp sesbania (Sesbania exaltata) under field condi-
tions with Colletotrichum truncatum formulated in an invert emulsion. Weed 
Science 41, 497-500 

Byer KN, Peng G, Wolf TM, Caldwell BC (2006a) Spray retention and its 
effect on weed control by mycoherbicides. Biological Control 37, 307-313 

Byer KN, Peng G, Wolf TM, Caldwell BC (2006b) Spray retention for liquid 
and mycoherbicide inoculum in three weed-biocontrol systems. Biocontrol 
Science and Technology 16, 815-823 

Chandramohan S, Charudattan R, Sonoda R, MandSingh M (2002) Field 
evaluation of a fungal pathogen mixture for the control of seven weedy 
grasses. Weed Science 50, 204-213 

Chapple AC, Bateman RP (1997) Application systems for microbial pesti-
cides: necessity not novelty. In: Proceedings of a Symposium on Microbial 
Insecticides: Novelty or Necessity? April 16-18, 1997, University of Warwick, 
Coventry, UK, pp 181-190 

Chapple AC, Downer RA, Hall FR (1993) Effects of spray adjuvants on swath 
patterns and droplet spectra for a flat-fan hydraulic nozzle. Crop Protection 
12, 579-590 

Chapple AC, Downer RA, Wolf TM, Taylor RAJ, Hall FE (1996) The ap-
plication of biological pesticides: limitations and a practical solution. Ento-
mophaga 41, 465-474 

Chapple AC, Wolf TM, Downer RA, Taylor RAJ, Hall FR (1997) Use of 
nozzle-induced air-entrainment to reduce active ingredient requirements for 
pest control. Crop Protection 16, 323-330 

Cooke BK, Hislop EC, Herrington PJ, Western NM, Jones KG, Woodley 
SE, Chapple AC (1986) Physical, chemical and biological appraisal of alter-
native spray techniques in cereals. Crop Protection 5, 155-164 

Cross JV, Walklate PJ, Murray RA, Richardson GM (2001) Spray deposits 
and losses in different sized apple trees from an axial fan orchard sprayer: 2. 
Effects of spray quality. Crop Protection 20, 333-343 

Daniel JT, Templeton GE, Smith RJ Jr., Fox WT (1973) Biological control 
of northern jointvetch in rice with an endemic fungal disease. Weed Science 
21, 303-307 

de Ruiter H, Nijhuis E, Wllenweber HW, Mainx HG (2001) Cellular toxicity 
of different classes of adjuvants. In: Mueninghoff JC, Viets AK, Downer RA 
(Eds) Pesticide Formulations and Application Systems: a New Century for 
Agricultural Formulations, American Society for Testing and Materials, West 
Conshohocken, PA, USA, pp 3-10 

Doll DA, Sojka PE, Hallett SG (2005) Effect of nozzle type and pressure on 
the efficacy of spray applications of the bioherbicidal fungus Microsphaerop-
sis amaranthi. Weed Technology 19, 918-923 

Dorr GJ, Pannell DJ (1992) Economics of improved spatial distribution of 
herbicide for weed control in crops. Crop Protection 11, 385-391 

Ebert TA, Taylor RAJ, Downer RA, Hall FR (1999) Deposit structure and ef-
ficacy of pesticide application: 1. Interactions between deposit size, toxicant 
concentration and deposit number. Pesticide Science 55, 783-792 

Egley GH, Hanks JE, Boyette CD (1993) Invert emulsion droplet size and 
mycoherbicidal activity of Colletotrichum truncatum. Weed Technology 7, 
417-424 

Elliott RH, Mann LW (1997) Control of wheat midge, Sitodiplosis mosellana 
(Gehin), at lower chemical rates with small-capacity sprayer nozzles. Crop 
Protection 16, 235-242 

Evans CK, Hunger RM, Siegerist WC (1996) Inoculum density and infection 
efficiency of conidia and conidiophores of isolates of Pyrenophora tritici-
repentis. Plant Disease 80, 505-512 

Feng PCC, Chiu T, Sammons RD, Ryerse JS (2003) Droplet size affects gly-
phosate retention, absorption, and translocation in corn. Weed Science 51, 
443-448 

78



Pest Technology 2 (2), 70-80 ©2008 Global Science Books 

 

Fife JP, Okan HE, Derksen RC, Grewal PS, Krause CR (2005) Viability of a 
biological pest control agent through hydraulic nozzles. Transactions of 
ASAE 48, 45-54 

Ford MG, Salt DW (1987) Behaviour of insecticide deposits and their transfer 
from plant to insect surfaces. In: Cottrell HJ (Ed) Pesticides on Plant Sur-
faces, John Wiley and Sons, New York, USA, pp 26-81 

Fujimoto D, Shi Y, Christian D, Mantanguihan JB, Leung H (2002) Tagging 
quantitative loci controlling pathogenicity in Magnaporthe grisea by inser-
tional mutagenesis. Physiological and Molecular Plant Pathology 61, 77-88 

Furness G, Bollenhagen L, Packer J (2003) Commercialisation of the new 
SARDI fan: the influence of fan design on power efficiency, spray coverage 
and work rate with multi-fan sprayers. The Australian and New Zealand 
Grape Grower and Winemaker 478, 64-74 

Gillespie GR (1994) Basis for the differential response of quackgrass (Elytrigia 
repens) biotypes to primisulfuron. Weed Science 42, 8-12 

Graham GL, Peng G, Bailey KL,Holm, FA (2004) Effect of dew temperature, 
post-inoculation condition, and pathogen concentration on infection and 
disease caused by Colletotrichum truncatum on scentless chamomile (Abstr.). 
Canadian Journal of Plant Pathology 26, 225 

Greaves MP, Dutton L, Lawrie J (2000) Formulation of microbial herbicides. 
Aspects of Applied Biology 57, 171-177 

Greaves MP, Holloway PJ, Auld BA (1998) Formulation of microbial herbi-
cides. In: Burges HD (Ed) Formulation of Microbial Biopesticides: Benefi-
cial Microorganisms, Nematodes and Seed Treatments, Kluwer Academic 
Publishers, Dordrecht, The Netherlands, pp 203-233 

Greaves MP, MacQueen MD (1992) Bioherbicides: Their role in tomorrow’s 
agriculture. In: Denholm I, Devonshire AL, Hollomon DW (Eds) Achieve-
ments and Developments in Combating Pesticide Resistance, Elsevier Ap-
plied Science, London, UK, pp 295-306 

Grover R, Maybank J, Caldwell BC, Wolf, TM (1997) Airborne off-target 
losses and deposition characteristics from a self-propelled, high speed and 
high clearance ground sprayer. Canadian Journal of Plant Science 77, 493-
500 

Hall FR, Chapple AC, Downer RA, Kirchner LM, Thacker JRM (1993) 
Pesticide application as affected by spray modifiers. Pesticide Science 38, 
123-133 

Hall FR, Downer RA, Wolf TM, Chapple AC (1996) The "Double Nozzle" - a 
new way of reducing drift and improving dose transfer? In: Hopkinson MJ, 
Collins HM, Goss R (Ed) Pesticide Formulations and Application Systems 
(Vol 16). American Society for Testing and Materials, Philadelphia, USA, pp 
114-125 

Hall FR, Kirchner LM, Downer RA (1994) Measurement of evaporation from 
adjuvant solutions using a volumetric method. Pesticide Science 40, 17-24 

Harper GJ, Comeau PG, Hintz W, Wall RE, Prasad R, Becker E (1999) 
Chondrostereum purpureum as a biological control agent in forest vegetation 
management: II. Efficacy on Sitka alder and aspen in western Canada. Cana-
dian Journal of Forest Research 29, 852-858 

Hart SE, Kells JJ, Penner D (1992) Influence of adjuvants on the efficacy, ab-
sorption, and spray retention of primisulfuron. Weed Technology 6, 592-598 

Hartley GS Brunskill RT (1958) Reflection of water drops from surfaces. In: 
Danielli JF, Parkhurst KGA, Giddiford AC (Eds) Surface Phenomena in Che-
mistry and Biology, Pergamon Press, London, UK, pp 214-223 

Hess FD, Bayer DE, Falk RH (1974) Herbicide dispersal patterns: 1. As a 
function of leaf surface. Weed Science 22, 394-401 

Hewitt AJ (1992) Droplet size spectra produced by the X15 stacked spinning-
disc atomizer of the Ulvamast Mark II sprayer. Crop Protection 11, 221-224 

Hislop EC (1987) Can we define and achieve optimum pesticide deposit? As-
pects of Applied Biology 14, 153-166 

Hislop EC, Western NM, Cooke BK, Butler R (1993) Experimental air-as-
sisted spraying of young cereal plants under controlled conditions. Crop Pro-
tection 12,193-200 

Howarth GM, Holm FA, Wolf TM (2004) Interaction of droplet size and car-
rier volume for coverage and efficacy. Aspects of Applied Biology 71, 231-
238 

Hynes RK, Boyetchko SM (2006) Research initiatives in the art and science of 
biopesticide formulations. Soil Biology and Biochemistry 38, 845-849 

Jensen PK, Jorgensen LN, Kirknel E (2001) Biological efficacy of herbicides 
and fungicides applied with low-drift and twin-fluid nozzles. Crop Protection 
20, 57-64 

Jones KA (1998) Spray application criteria. In: Burges HD (Ed) Formulation of 
Microbial Biopesticides: Beneficial Microorganisms, Nematodes, and Seed 
Treatments, Kluwer Academic Publishers, Dordrecht, the Netherlands, pp 
367-375 

Knewitz H, Weisser P, Koch H (2002) Drift-reducing spray application in or-
chards and biological efficacy of pesticides. Aspects of Applied Biology 66, 
231-236 

Knoche M (1994) Effect of droplet size and carrier volume on performance of 
foliage-applied herbicides. Crop Protection 13, 163-178 

Lake JR (1977) The effect of drop size and velocity on the performance of 
agricultural sprays. Pesticide Science 8, 515-520 

Law SE, Scherm H (2005) Electrostatic application of a plant-disease biocon-
trol agent for prevention of fungal infection through the stigmatic surfaces of 
blueberry flowers. Journal of Electrostatics 63, 399-408 

Lawrie J, Greaves MP, Down VM (1997) Some effects of spray droplet size 
on distribution, germination of and infection by mycoherbicide spores. In: 
Western NM, Cross JV, Lavers A, Miller PCH, Robinson, TH (Eds) Aspects 
of Applied Biology: Optimising Pesticide Applications. Association of Ap-
plied Biologists, Wellesbourne, UK, pp 175-182 

Lawrie J, Greaves MP, Down VM, Western NM (2002a) Studies of spray ap-
plication of microbial herbicides in relation to conidial propagule content of 
spray droplets and retention on target. Biocontrol Science and Technology 12, 
107-119 

Lawrie J, Greaves MP, Down VM, Western NM, Jaques SJ (2002b) Investi-
gation of spray application of microbial herbicides using Alternaria alternata 
on Amaranthus retroflexus. Biocontrol Science and Technology 12, 469-479 

Lesnik M, Vajs S, Kac M, Kosir I (2005) Comparison of efficiency of apple 
pest and disease control with plant protection products applied with standard 
or drift-reducing nozzles. Proceedings 7th Slovenian Conference on Plant 
Protection, March 8-10, 2005, Ljubljana, Slovenia. Drustvo za varstvo rastlin 
Slovenije, Zrece, Slovenia, pp 41-50 

Makowski RMD, Mortensen K (1989) Colletotrichum gloeosporioides f. sp. 
malvae as a bioherbicide for round-leaved mallow (Malva pusilla): Condi-
tions for successful control in the field. In: Delfosse ES (Ed) Proceedings VII 
International Symposium on Biological Control of Weeds, March 6-11, 1988, 
Rome, Italy, pp 513-522 

Makowski RMD, Mortensen K (1992) The first mycoherbicide in Canada: 
Colletotrichum gloeosporioides f. sp. malvae for round-leaved mallow con-
trol. In: Proceedings of the 1st International Weed Science Congress, Feb-
ruary 17-21, 1992, Melbourne, Australia. Weed Science Society of Victoria 
Inc., Melbourne, Australia, pp 298-300 

Masangkay RF, Paulitz TC, Hallett SG, Watson AK (1999) Factors influ-
encing biological control of Sphenoclea zeylanica with Alternaria alternata f. 
sp. sphenocleae. Plant Disease 83, 1019-1024 

Matthews GA (1992) Pesticide Application Methods (2nd Edn), John Wiley & 
Sons, Inc., New York, NY, 405 pp 

Matthews GA (2000) Pesticide Application Methods (3rd Edn), Blackwell Sci-
ence Ltd., Oxford, UK, 432 pp 

Maze RC, Atkins , RP, Clark GO, Lees BM (1992) Fungicide application to 
edible beans. Proc. Pacific Northwest Section ASAE/CSAE 47th Annual 
Meeting, September 16–18, 1992, Bozeman, MT, Paper PNW92-125, 14 pp 

McBrien HL, Harmsen R (1987) Growth response of goldenrod, Solidago 
canadensis (Asteraceae), to periodic defoliation. Canadian Journal of Botany 
65, 1478-1481 

Merritt CR (1982) The influence of form of deposit on the phytotoxicity of 
MCPA, paraquat and glyphosate applied as individual drops. Annals of Ap-
plied Biology 101, 527-532 

Meyer GA (1998) Mechanisms promoting recovery from defoliation in golden-
rod (Solidago altissima). Canadian Journal of Botany 76, 450-459 

Miller CH, Hewitt AJ, Bagley WE (2001) Adjuvant effects on spray charac-
teristics and drift potential. In: Mueninghoff JC, Viets AK, Downer RA (Eds) 
Pesticide Formulations and Application Systems: A New Century for Agricul-
tural Formulations, American Society for Testing and Materials, West Con-
shohocken, PA, USA, pp 175-184 

Moerkerk MR, Combellack JH (1992) The relationship between spray reten-
tion and herbicidal efficacy of diclofop-methyl. In: Foy CL (Ed) Adjuvants 
for Agrichemicals, CRC Press, Boco Raton, FL, USA, pp 311-317 

Mortensen K (1988) The potential of an endemic fungus, Colletotrichum gloe-
osporioides, for biological control of round-leaved mallow (Malva pusilla) 
and velvetleaf (Abutilon theophrasti). Weed Science 36, 473-478 

Mortensen K (1998) Biological control of weeds using microorganisms. In: 
Boland GJ, Kuykendall LD (Eds) Plant-Microbe Interactions and Biological 
Control, Marcel Dekker, Inc., New York, NY, pp 223-247 

Mortensen K, Makowski RMD (1995) Tolerance of strawberries to Colleto-
trichum gloeosporioides f. sp. malvae, a mycoherbicide for control of round-
leaved mallow (Malva pusilla). Weed Science 43, 429-433 

Nicholls JW, Combellack JH, Hallam ND (1995) A comparison of herbicide 
retentions on natural and artificial targets and their relationship to efficacy. 
In: Gaskin RE (Ed) Proc. 4th International Symposium on Adjuvants for 
Agrochemicals, October 3-6, 1995, Melbourne, Australia. New Zealand For-
est Research Institute, Rotorua, NZ, pp 160-165 

Nordbo E, Kristensen K, Kirknel E (1993) Effects of wind direction, wind 
speed and travel speed on spray deposition. Pesticide Science 3, 33-41 

Ozkan HE, Zhu H, Derksen RC, Guler H, Krause C (2006) Evaluation of 
various spraying equipment for effective application of fungicides to control 
Asian soybean rust. Aspects of Applied Biology - International Advances in 
Pesticide Application 77, 423-432 

Peng G, Bailey KL, Hinz HL, Byer KN (2005a) Colletotrichum sp: A potential 
candidate for biocontrol of scentless chamomile (Matricaria perforata) in 
western Canada. Biocontrol Science and Technology 15, 497-511 

Peng G, Boyetchko SM (2006) Effect of variable dew temperatures on infec-
tion of green foxtail by Pyricularia setariae, Drechslera gigantea, and Ex-
serohilum rostratum. Biological Control 39, 539-546 

Peng G, Byer KN, Bailey KL (2004) Pyricularia setariae: A potential bioher-
bicide agent for control of green foxtail (Setaria viridis). Weed Science 52, 
105-114 

Peng G, Wolf TM, Byer KN, Caldwell B (2001) Spray retention on green fox-

79



Spray retention and bioherbicide efficacy. Peng and Wolf 

 

tail (Setaria viridis) using airbrush and broadcast sprayers and its impact on 
the efficacy of a mycoherbicide agent. In: Ni HW, Zhen GY (Eds) Procee-
dings of the 18th Asian-Pacific Weed Science Society Conference, May 28-
June 2, 2001, Beijing, China. Standard Press, Beijing, China, pp 699-706 

Peng G, Wolf TM, Byer KN, Caldwell B (2005b) Spray retention on green 
foxtail (Setaria viridis) and its effect on weed control efficacy by Pyricularia 
setariae. Weed Technology 19, 86-93 

Pitt DG, Dumas MT, Wall RE, Thompson DG, Lanteigne L, Hintz W, 
Sampson G, Wagner RG (1999) Chondrostereum purpureum as a biological 
control agent in forest vegetation management: I. Efficacy on speckled alder, 
red maple, and aspen in eastern Canada. Canadian Journal of Forest Re-
search 29, 841-851 

Prasad R (1994) Influences of several pesticides and adjuvants on Chondroste-
reum purpureum - a bioherbicide agent for control of forest weeds. Weed 
Technology 8, 445-449 

Reichard DL (1988) Drop formation and impaction on the plant. Weed Tech-
nology 2, 82-87 

Richardson B, Newton M (2000) Spray deposition within plant canopies. New 
Zealand Plant Protection 53, 248-252 

Rosskopf EN, Yandoc CB, Charudattan R, DeValerio JT (2005) Influence of 
epidemiological factors on the bioherbicidal efficacy of Phomopsis amaran-
thicola on Amaranthus hybridus. Plant Disease 89, 1295-1300 

Schaefer GW, Allsopp K (1983) Spray droplet behaviour above and within the 
crop. In: Proceedings of the 10th International Congress of Plant Protection - 
Plant Protection for Human Welfare (Vol 3), November 20-25, 1983, Brigh-
ton, UK. British Crop Protection Council, Brighton, UK, pp 1057-1065 

Scherm H, Savelle AT, Law SE (2007) Effect of electrostatic spray parameters 
on the viability of two bacterial biocontrol agents and their deposition on 
blueberry flower stigmas. Biocontrol Science and Technology 17,285-293 

Smith DB, Bouse LF (1981) Machinery and factors that affect the application 
of pathogens. In: Burges HD (Ed) Microbial Control of Pests and Plant Dis-
eases 1970-1980, Academic Press, Toronto, Canada, pp 635-653 

Spillman JJ (1984) Spray impaction, retention and adhesion: An introduction 
to basic characteristics. Pesticide Science 15, 97-106 

Stamm Katovich EJ, Becker RL, Kinkaid BD (1996) Influence of nontarget 
neighbours and spray volume on retention and efficacy of triclopyr in purple 
loosestrife (Lythrum salicaria). Weed Science 44, 143-147 

Stevens JG (1993) Organosilicone surfactants as adjuvants for agrochemicals. 
Pesticide Science 38, 103-122 

Stevens JG, Baker EA, Anderson NH (1988) Factors affecting the foliar ab-
sorption and redistribution of pesticides: 2. Physicochemical properties of the 
active ingredient and the role of surfactant. Pesticide Science 24, 31-53 

Stonehouse JM (1993) Studies of the distribution of ultra low volume spray 
applied within a crop canopy. Journal of Agricultural Engineering Research 
54, 201-210 

Taylor WA, Andersen PG (1997) A review of benefits of air assisted spraying 
trials in arable crops. Aspects of Applied Biology 48, 163-173 

Tsuda M, Itoh H, Kato S (2004) Evaluation of the systemic activity of sime-

conazole in comparison with that of other DMI fungicides. Pest Management 
Science 60, 875–880 

Uk S (1977) Tracing insecticide spray droplets by sizes on natural surfaces - 
The state of the art and its value. Pesticide Science 8, 501-509 

Uk S, Courshee RJ (1982) Distribution and likely effectiveness of spray depo-
sits within a cotton canopy from fine ultra low-volume spray applied by air-
craft. Pesticide Science 13, 529-536 

Verity J, Walker A, Drennan DSH (1981) Aspects of the selective phytotoxi-
city of methazole: 1. Measurements of species response, spray retention and 
leaf surface characteristics. Weed Research 21, 243-253 

Walklate PJ (1992) A simulation study of pesticide drift from an air-assisted 
orchard sprayer. Journal of Agricultural Engineering Research 51, 263-283 

Winder RS, Watson AK (1994) A potential microbial control for fireweed 
(Epilobium angustifolium). Phytoprotection 75, 19-33 

Wisniewska H (1991) Effect of spray volume, plant species and surfactant on 
spray retention. Vegetable Crops Research Bulletin 37, 149-160 

Wolf TM, Caldwell BC (2004) Evaluation of double nozzle spray deposits on 
vertical targets. In: Bateman RP, Cooper SE, Cross JV, Glass CR, Robinson 
TH, Stock D, Taylor WA, Thornhill EW, Walklate PJ (Eds) Aspects of Ap-
plied Biology 71, International Advances in Pesticide Application. Associa-
tion of Applied Biologists, Wellesbourne, UK, pp 99-106 

Wolf TM, Grover R, Wallace K, Shewchuk SR, Maybank J (1993) Effect of 
protective shields on drift and deposition characteristics of field sprayers. 
Canadian Journal of Plant Science 73, 1261-1273 

Wolf TM, Harrison SK, Hall FR, Cooper J (2000) Optimizing post-emer-
gence herbicide deposition and efficacy through application variables in no-
till systems. Weed Science 48, 761-768 

Wolf TM, Liu SH, Caldwell BC, Hsiao AI (1997) Calibration of greenhouse 
spray chambers - the importance of dynamic nozzle patternation. Weed Tech-
nology 11, 428-435 

Zhang W, Sulz M, Bailey KL (2002) Evaluation of Plectosporium tabacinum 
for control of herbicide-resistant and herbicide-susceptible false cleavers. 
Weed Science 50, 79-85 

Zhang W, Wolf TM, Bailey KL, Mortensen K, Boyetchko SM (2003) 
Screening of adjuvants for bioherbicide formulations with Colletotrichum 
spp. and Phoma spp. Biological Control 26, 95-108 

Zhu H, Reichard DL, Fox RD, Brazee RD, Ozkan HE (1996) Collection ef-
ficiency of spray droplets on vertical targets. Transactions of the ASAE 39, 
415-422 

Zhu JW (2004) Influence of droplet sizes and spray volume on deposition of 
chlorpyrifos on cotton leaves. Cotton Science 16, 123-125 

Zhu JW, Wu HM, Sun LF, Zhu GN (2004) Influence of leaf incline angle, 
droplet size and spray volume on deposition of chlorpyrifos on rice plants. 
Acta Phytophylacica Sinica 31, 259-263 

Zidack NK, Quimby PC Jr. (1998) Formulation and application of plant pa-
thogens for biological weed control. In: Hall FR, Menn JJ (Eds) Methods in 
Biotechnology, Humana Press Inc., Totowa, NJ, USA, pp 371-381 

 
 

80


