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Abstract : Eþ ects of droplet size and carrier volume on foliar uptake and translocation of gibberellic

acid and 2,4-D were investigated. Simulated spray droplets were applied to primary leaves of(GA
3
)

10-day-old Phaseolus vulgaris (cv Nerina) in droplet sizes and carrier volumes ranging from 0.5 to

10 ll and 10 to 200 ll per leaf, respectively. Doses of (2 lg per leaf) and 2,4-D (100 lg per leaf) wereGA
3

held constant. Total uptake of approached a penetration equilibrium within 24 h after applica-GA
3

tion, but uptake of 2,4-D continued to increase. Decreasing droplet size and/or increasing carrier

volume increased and 2,4-D uptake.GA
3

Translocation to stem and roots was positively related to total uptake. A positive linear relationship

between the logarithm of the total droplet/leaf surface interface area and 2,4-D uptake or trans-

location was found, but for this relationship was quadratic. Potential mechanisms of the eþ ectsGA
3

of spray application factors on foliar uptake are discussed.
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1 INTRODUCTION

Spray application is an eþective but often inefficient
method for applying agrochemicals to crop plants
and thus there is considerable economic and ecologi-
cal interest in increasing efficacy.1,2 First, low effi-
cacy of spray application may lead to contamination
of the environment. Second, agrochemicals represent
a signiücant portion of production costs. Third, inte-
grated pest management practices require efficient
use and judicious placement of agrochemicals to
maximize natural control systems.

Spray application is a complex process consisting
of a series of sequential transfer stages.3,4 Droplets
generated by spray nozzles must be transferred,
impact on and be retained by the target. For growth
regulators and other systemic agrochemicals, the
active ingredient (AI) must also be absorbed and
transported to the receptor site before a biological
response may be induced. Within limits, the ünal
amount of binding to the receptor site is expected to
be positively related to performance. Efficient spray
application therefore requires optimizing individual
transfer processes.5

Droplet size and carrier volume are two important
application factors aþecting efficacy. Both may alter
performance by aþecting droplet transfer to and/or

retention on the plant, but less is known about their
eþects on foliar uptake and subsequent events.5,6
Decreasing droplet size and/or increasing carrier
volume improved performance of daminozide, gib-
berellic acid and 2,4-D as measured by bio-(GA3)
logical response.7 Further, response was closely
related to the interface area between droplets and leaf
surface.7 Qualitatively, similar data on carrier
volume eþects on performance were obtained when
daminozide and were applied as foliar spraysGA3
under üeld conditions (Bukovac M J unpublished
and Reference 3).

The objective of this study was to establish the
eþects of droplet size and carrier volume on foliar
uptake and subsequent translocation of and 2,4-GA3
D using bean (Phaseolus vulgaris L) seedlings as a
model system. To permit comparison of these uptake
data to biological response, a parallel study was per-
formed using the same experimental design and plant
system.7

2 EXPERIMENTAL METHODS

2.1 Plant material

Phaseolus vulgaris L (cv Nerina) was sown in plastic
pots (9cm diam., one seed per pot) ülled with a
mixture of a commercial natural growing medium

* Corres pondence: Knoche, Ins titute for Agronomy andMoritz

Crop Department of Horticulture, Martin-Luther-Science,

Univers ity of Halle-Wittenberg, 06099 Halle, Germany.

Contract/grant s pons or : Dutch Minis try of Agriculture
(Received 15 April 1998 ; revis ed vers ion received 17 September

1998; accepted 14 October 1998)

( 1999 Society of Chemical Industry. Pestic Sci 0031–613X/99/$17.50 166



Spray factors in foliar uptake of gibberellic acid and 2,4-D

(Triomf potgrond No. 17, Trio bv, Westerhaar, NL)
and quartz sand (2] 1 by volume). Plants were
raised in a growth chamber at 23/19 (^2)¡C day/
night temperature and 75/75 (^5)% relative humid-
ity. Light was provided during a 14-h photoperiod at
400lmol m~2 s~1 photosynthetic active radiation
(PAR) at the plant level. Plants were selected for uni-
formity and freedom of defects nine days after
seeding and transferred to a growth chamber in the
isotope laboratory. Here, growing conditions were
similar, except that light intensity was only
200lmol m~2 s~1 PAR. Plants were watered daily
using a diluted nutrient solution.

2.2 Chemicals

Spray solutions were prepared one day prior to treat-
ment using deionized water and non-labelled GA3

content [ 90%, Sigma Chemical Company, St.(GA3
Louis, MO 63178, USA) and 2,4-D (99%, Aldrich
Chemie Benelux, 1030 Brussel, Belgium). The 2,4-D
was converted to the triethanolamine salt by adding
an equimolar quantity of triethanolamine (98%,
Sigma Chemical Corp.).8 Spray solutions were
radiolabelled with [1,7,12,18-14C] (sp actGA3 ,
259MBq mmol~1, radiochemical purity 77.3% by
HPLC; Amersham Arlington Heights, IL 60005,
USA) and 2,4-dichloro[14C]phenoxy acetic acid (sp
act 747MBq mmol~1, radiochemical purity by
HPLC[ 98% ; Sigma Chemical Corp), respectively.
Speciüc activities of spray solutions diþered among
spray volumes and, to improve counting statistics,
were adjusted such that the amount of radioactivity
applied per plant was [3500dpm.

A polar 14C-contaminant was present in the GA3
that eluted from a reversed-phase column atC18
shorter retention times than (solvent system:GA3
solvent A : methanol ] water (20] 80 by volume),
B: methanol (100%), solvents A and B acidiüed with
50kl litre~1 of concentrated acetic acid, linear gra-
dient from 100% A to 100% B). Uptake was com-
pared from a puriüed fraction with the original (as
received) in a preliminary experiment using bean leaf
discs (n \ 15) ýoated on deionized water over 24h.

penetration from the non-puriüed and puriüedGA3
averaged 28.8(^1.5) and 30.6(^2.5)%, respec-GA3

tively, and was not signiücantly diþerent. Hence, no
attempt was made to purify the entire lot. DueGA3
to the limited supply of radiolabeled solutionsGA3 ,
were prepared at one time and used for all GA3-

experiments, which were conducted within auptake
seven-day period. Solutions were stored at 4¡C.

2.3 Experiments

Droplets of the spray solutions were applied to one
(2,4-D) or both of the primary leaves of(GA3)
10-day-old bean seedlings using microlitre syringes
ütted with mechanical dispensers (Hamilton
Bonaduz AF, 7402 Bonaduz, Switzerland). Plants
were returned to the growth chamber immediately
following treatment. For sampling, treated primary

leaves were excised at the base of the petiole. Droplet
deposits (droplet residues after drying) were
removed from the leaf surface by rinsing with a
solvent mixture and carefully brushing the deposit
area using a soft camel’s hair brush. Since efficacy of
deposit removal may be related to the surface area
covered by the deposit, the rinsing procedure was
optimized. Eþects of composition and volume of
rinse solution were evaluated and efficiency of
recovery, immediately after droplet drying, was
monitored in preliminary studies. The following pro-
cedure was established. Leaves were rinsed once
with acetone ] water (7] 3 by volume; 15ml).8,9 A
1-ml aliquot of the rinse solution was used to deter-
mine radioactivity by liquid scintillation spectrom-
etry (LSC). The remainder of the plant was excised
at the root/hypocotyl transition zone using a razor
blade. Roots were removed and cleaned of adhering
growing medium by sonication in deionized water
for about 30s. Leaves, stems and roots were dried at
70¡C for a minimum of 48h and oxidized. The
evolved [14C]carbon dioxide was trapped in a scintil-
lation liquid containing Carbosorb and radioactivity
was quantiüed. A mass balance was determined on
an individual plant basis.

To establish if radioactivity was lost to the root
medium, preliminary experiments were conducted in
nutrient solution. No radioactivity was found in the
nutrient solution, thus subsequent experiments were
carried out using a commercial growing medium.

Penetration was followed during a 168-h or(GA3)
a 24-h (2,4-D) time-course. In our previous study
on eþects of application factors on biological
response, performance of and 2,4-D was assess-GA3
ed at 168 and 24h after treatment, respectively (see
Fig. 1 in Knoche et al.7). Hence, these time periods
were also selected for the time-course of foliar
uptake. Primary leaves were treated with 10] 1-ll
droplets per leaf. Solution concentrations were 0.2
and 10g litre~1 for and 2,4-D, respectively.GA3
Plants were sampled and radioactivity was deter-
mined as described above. Average recoveries of
radioactivity were 99.6 and 100.3% for and 2,4-GA3
D, respectively.

Eþects of droplet size and carrier volume on foliar
uptake were studied using the same experimental
design as previously reported.7 Brieýy, the dose of
AI per plant was held constant and thus concentra-
tion of simulated spray solutions diþered according
to carrier volume. and 2,4-D doses were 2 andGA3
100lg per leaf, respectively. Assuming an average
leaf size of 50cm2 and a leaf area index of one, these
dose rates corresponded to 4 and 200g ha~1. Droplet
sizes were 0.5 (2,4-D), 1, 2, 5 and 10ll (2,4-D and

Carrier volume was varied from 10 to 100 (2,GA3).
4-D) and 10 to 200 ll per leaf by varying(GA3)
droplet numbers. The corresponding carrier volume
ranges on a per hectare basis were 20–200 and
20–400 litre ha~1 for and 2,4-D, respectively.GA3
Droplets were evenly distributed on adaxial leaf sur-
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faces and care was taken to avoid major veins. There
was no coalescence of droplets. Plants were sampled
24h after treatment and processed as described
above. Average recoveries of radioactivity were 101.5
and 98.0% for and 2,4-D, respectively.GA3

2.4 Terminology

The amount of radioactivity recovered from the stem
and root fraction is referred to as ‘translocation’. No
attempt was made to characterize the nature of the
molecules associated with the radiolabel and, hence,
the radiolabel may be associated with the original
molecule, metabolites or both. Droplet residues
formed after evaporation of the aqueous phase are
referred to as deposits. However, the apparently dry
deposit may be hydrated to some degree.

2.5 Statistics

Complete randomized experimental designs were
used. Time-course penetration studies were con-
ducted with a minimum of eight replications, while
experiments on droplet size and carrier volume
eþects were performed with three replications per
experiment and each was repeated three times
(n \ 9). Data are presented as means ^ standard
errors. Where standard errors are not shown in
ügures, they were smaller than data symbols. Foliar
uptake data, expressed as percentage of applied, were
transformed (arcsine) and subjected to analysis of
variance. Treatment means were compared at
P \ 0.05 using Duncan’s multiple range test. Unless
speciüed otherwise, regression analysis was carried
out using treatment means. Signiücance of regres-
sion coefficient at P \ 0.05, 0.01 and 0.001 is indi-
cated by *, ** and ***, respectively.

3 RESULTS

Time-courses of and 2,4-D penetration wereGA3
characterized by rapid initial uptake followed by
uptake at decreasing rates (Fig 1). Initial rates (0–8h)
of penetration estimated by linear regression analysis
were 1.1 and 2.1% h~1 for and 2,4-D, respec-GA3
tively. However, droplets appeared dry within 1h
after application and uptake after 1h averaged 2.4
and 1.9% for and 2,4-D, respectively. This cor-GA3
responded to 11.4 and 6.9% of ünal uptake, respec-
tively, and, hence, most uptake occurred from the
apparently dry deposits. Total penetration averaged
20.7% for (168h) and 27.0% for 2,4-D (24h).GA3

penetration approached an asymptote withinGA3
24h, but uptake of 2,4-D continued to increase at
this time.

2,4-D translocation to stem and roots increased
throughout the experimental period, averaging 7.1%
of the amount applied at 24h (corresponding to 26%
of uptake at 24h), but translocation approachedGA3
an asymptote after 168h at 7.9% (corresponding to
37.9% of uptake at 168h ; Fig 1).

Figure 1. Time-cours e of uptake and trans location of

foliar-applied (A) and (B) 2,4-D inPhas eolus vulgaris .GA
3

Droplet size and/or carrier volume signiücantly
aþected uptake of both and 2,4-D 24h afterGA3
treatment (Tables 1 and 2). There were no signiü-
cant interactions among application factors. GA3
uptake was greatest at a carrier volume of 100ll per
leaf, but droplet size had no signiücant eþect (Table
1). In contrast, 2,4-D uptake was aþected by both
droplet size and carrier volume, uptake increasing
with decreasing droplet size and increasing carrier
volume (Table 2). Qualitatively similar relationships
have been observed for the amount of radiolabel
translocated to stem and roots (Knoche M,
unpublished).

Plotting uptake against translocation yielded posi-
tive linear relationships for and 2,4-D (Fig 2AGA3
and B; Table 3). Similarly, translocation efficacy,
calculated as translocation in percentage of uptake,
was positively related to uptake for and 2,4-DGA3
(Table 3).

In our earlier study we determined eþects of
droplet size and carrier volume on the interfacial area
between spray solution and leaf surface.7 Since the
experimental system was identical to that in the
present study (AIs, concentrations, droplet sizes,
carrier volumes, plant species and cultivar), these
data were employed to investigate the relationship
between interfacial area and uptake or translocation
(Fig 3). The analysis revealed that eþects of applica-
tion factors on uptake and translocation were related
to their eþect on the interfacial area between spray
solution and leaf surface (Fig 3). For anGA3 ,
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Droplet Size (kl ) Uptake (% of applied)

Volume (kl per leaf )
10 20 50 100 200 Meana

1 15.3 34.1 30.0 35.0 24.3 27.8a

2 14.1 28.1 30.3 40.2 31.5 28.8a

5 34.6 29.1 25.6 36.3 26.5 30.4a

10 13.8 17.6 31.5 29.9 29.3 24.4a

Meana 19.5c 27.2b 29.4ab 35.4a 27.9b

a Means followed by the s ame letter are not s ignificantly different at P\ 0.05, Duncan’s multiple
range tes t.

Table 1. Effect of droplet

s ize and application volume

at cons tant dos e (2lg perGA
3

leaf) on uptake byGA
3

Phas eolus vulgaris

Droplet Size (kl ) Uptake (% of applied)

Volume (kl per leaf )
10 20 50 100 Meana

0.5 20.4 30.2 36.9 41.4 32.2a

1 15.4 29.5 36.7 39.1 30.2a

2 17.4 18.5 32.8 36.6 26.3b

5 14.3 17.9 27.0 33.8 23.3bc

10 15.2 13.7 25.3 30.2 21.1c

Meana 16.5d 21.9c 31.7b 36.2a

a Means followed by the s ame letter are not s ignificantly different at P\ 0.05, Duncan’s multiple
range tes t.

Table 2. Effect of droplet

s ize and application volume at

cons tant 2,4-D dos e (100lg
per leaf) on 2,4-D uptake by

Phas eolus vulgaris

optimum-type relationship of uptake with the
logarithm of the interfacial area was found, while
2,4-D uptake was linearly related to log interfacial
area. Regression equations for the relationship
between the logarithm of the total droplet/leaf inter-

Figure 2. Trans location of foliar-applied (A) and (B) 2,4-D toGA
3

s hoot and root of Phas eolus vulgaris as a function of uptake.

facial area (mm2) and total uptake (% of applied)
were:

Uptake \ [57.6] 71.0] (log area)

[ 14.1] (log area)2, r2\ 0.425**

Figure 3. Uptake and trans location of foliar-applied (A) andGA
3

(B) 2,4-D to s hoot and root of Phas eolus vulgaris as affected by

the droplet/leaf interfacial area.
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Fraction Coefficient of correlationa

(% of applied)
Fraction

(% of applied) (% of uptake)

Leaf Stem Root Stem]Root Stem]Root

GA
3

Total 0.99*** 0.77*** 0.67*** 0.77*** 0.15*
Leaf 0.66*** 0.57*** 0.66*** 0.02

Stem 0.84*** 0.99*** 0.62***
Root 0.90*** 0.72***
Stem]Root 0.66***
2,4-D

Total 0.92*** Èb È 0.78*** 0.12

Leaf È 0.47*** [0.25***
Stem]Root 0.66***

a Significance of the coefficient of correlation at P\ 0.05, 0.01 and 0.001 is indicated by *, ** and
***, res pectively (n\ 180 within growth regulators ).
b Not determined.

Table 3. Correlations among

various and 2,4-D uptakeGA
3

fractions

and

Uptake \ [17.8] 21.4] (log area), r2\ 0.917***

for GA3 and 2,4-D, respectively.

Similarly, translocation of radiolabel to stem and
roots was related to interfacial area (Fig 3) as was
efficiency of translocation (Fig 4). Regression equa-
tions for the relationship between the logarithm of

Figure 4. Effect of droplet/leaf interfacial area on the efficiency of
trans location of foliar-applied (A) and (B) 2,4-D.GA

3
Trans location efficiency was calculated by dividing quantity

trans located (% of applied) out of treated leaves by uptake
(% of applied).

the interfacial area (mm2) and translocation effi-
ciency (% of uptake) were:

Translocation \ 4.3] 5.0] (log area),

r2\ 0.599***

and

Translocation \ 3.4] 14.1] (log area),

r2\ 0.501***

for and 2,4-D, respectively.GA3

4 DISCUSSION

Our data established that droplet size and/or carrier
volume aþected foliar uptake, translocation and bio-
logical response, and that their eþects were related to
the interfacial area between spray solution and leaf
surface.7 These ündings were derived under highly
controlled conditions in the absence of confounding
factors. Clearly, the experimental conditions are
somewhat remote from spray application in the üeld.
First, droplet numbers per unit area applied by a
hand-held microsyringe are signiücantly lower than
those applied by spray nozzles. Second, only the
smaller droplets in our studies are of comparable size
to some droplets in the spray pattern created by
high-volume orchard sprayers or modern anti-drift
nozzles (for example for TurboDrop Nozzles oper-
ated at 275kPa, values ranging from 909 toD90
1147lm have been reported).10 Third, our droplets
were carefully placed on the leaf blade, avoiding
major veins above which the cuticle has been shown
to diþer in polarity, and totally excluding the shoot
as a target. Also, there was no droplet coalescence or
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Table 4. Comparis on of s elected characteris tics of s pray depos its applied either by hand us ing a micros yringe in our s ys tem7 (s yringe) or

by micros prayer us ing a monos ize droplet applicator in the s ys tem of Stevens and Bukovac8 (s prayer)

Depos it characteris tic GA
3

2,4-D Daminozide

Syringe Sprayer Syringe Sprayer Syringe Sprayer

Dos e rate (g haÉ1) 4 n.aa 200 4–421 200 5–215

Carrier volume (litre haÉ1) 20–400 n.a 20–200 21–188 20–400 11–91

Droplet diameter (lm) 1241–2673 n.a 985–2673 56–771 1241–2673 51–771

Droplet number per unit area (cmÉ2) 0.02–4 n.a 0.02–4 2–6018 0.02–4 2–3681

Coverage (% leaf area) 0.3–10.6 n.a 0.5–11.3 2–58 0.3–10.6 3–37

Amount of Al depos ited per unit

wetted area (gmÉ2) 0.004–0.15 n.a 0.18–4.3 0.0002–0.94 0.19–7.6 0.0003–0.45

a Not applied in experiments utilizing the micros prayer.8

overstrike, which often occurs during spray appli-
cation. Further, to avoid confounding between
eþects of application factors and eþects of formula-
tion on uptake and translocation, which may be spe-
ciüc for the factors being investigated (ie plant
species,11 AI12), we selected in our study PGRs that
are usually applied in aqueous solutions without
spray additives. These diþerences must be kept in
mind when attempting to extrapolate our ündings to
spray application of other AIs. Published informa-
tion on eþects of droplet size and carrier volume on
herbicide performance has been compiled and
reviewed recently and those interested in üeld per-
formance are referred to those reports.5,13

In the present discussion, we will focus on (1)
theoretical aspects of application factors in an ideal
system and (2) how our data relate to ündings
derived from other studies under comparably con-
trolled conditions. For the latter comparison we
selected a study by Stevens and Bukovac8 who used
a similar system, but extended the drop-size range
far below the one investigated in this and our pre-
vious contribution,7 thereby more closely simulating
spray application in the üeld (Table 4). Further, in
contrast to the data presented in this and our pre-
vious paper, Stevens and Bukovac8 did not detect an
eþect of droplet size or carrier volume on uptake and
translocation of 2,4-D or daminozide by üeld bean.
Later studies on carrier volume eþects on 2,4-D per-
formance in üeld bean conürmed these ündings.14

According to Hartley and Graham-Bryce,15 pen-
etration from a small donor reservoir of volume Vdon
through an interfacing membrane into a large recei-
ver reservoir of volume is given by eqn (1):Vrec

[P \ A \ t

V
don

\ ln
AC

don
C0

B
(1)

the interfacial area (A) between and theVdon , Vdon
membrane and the permeance (P), a measure of
membrane conductance, were all assumed to be con-
stant and independent of time. The receiver concen-

tration was assumed to be negligibly low. Further,
the hypothetical membrane was assumed to be of
zero thickness. represented the fraction ofCdon/C0
AI remaining in the donor at time t. Accordingly,

corresponded to the AI fraction that pen-1-Cdon/C0
etrated the membrane. Plotting versus t1-Cdon/C0
for various A values yielded the hypothetical pen-
etration time-courses depicted in Fig 5. Provided
that the initial donor concentration at t \ 0 did(C0)
not exceed the AI solubility, the ratio of Cdon/C0
decayed exponentially with time, while the fraction
penetrated (1- increased at a decreasing rate.Cdon/C0)
Plotting the logarithm of versus t yielded aCdon/C0
linear relationship, where the slope corresponded to
the ürst-order rate constant (k) give by eqn (2) (Fig
5, inset):

k \ [P \ A

V
don

(2)

At constant and constant P the rate of penetrat-Vdon
ion is proportional to A. Thus, increasing interfacial
area at constant dose is expected to increase the rate

Figure 5. Time-cours e of fractional penetration (1-C
don

/C
0
)

through an ideal membrane at different contact areas A. Ins et :

Plot of logarithm of the AI fraction remaining in the donor vers us

time at different contact areas . For details s ee text.
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of penetration and decrease the time to reach pen-
etration equilibrium. The eþect of increasing A on
penetration rates will decrease as penetration
approaches an equilibrium. Finally, at equilibrium
the amount penetrated is expected to be independent
of A.

In our study the apparently dry deposits served as
donors, since most penetration occurred after the
droplets appeared dry. This is supported by other
studies which demonstrated that deposits from
dried-down droplets serve as eþective donors for
subsequent penetration.16h18 Since dose was held
constant in our study, (following dropletVdon
drying) was constant even when the initial carrier
volume was varied. The assumption of a non-
saturated deposit in the above model, however, is
somewhat unrealistic. First, deposits appeared
macroscopically dry. Second, deposits of 2,4-D at
low interfacial areas appeared white and powdery,
suggesting that some crystallization of the AI
occurred, while those of were translucent. If AIGA3
concentration in the donor deposit exceeded solu-
bility during the drying process, precipitation and
crystallization of the AI would occur. Assuming that
the precipitated AI was solubilized, replacing any AI
that penetrated, would remain constant until theCdon
AI precipitate became exhausted. At this point Cdon
and, hence, penetration rates would decrease expo-
nentially until the entire amount of AI available for
uptake had penetrated the membrane. Under these
circumstances, the initial phase of penetration would
be characterized by a constant penetration rate, lev-
elling oþ only after the precipitated AI in the deposit
was exhausted. Thus, increasing A would be
expected to (1) increase initial rates of penetration,
(2) decrease the time to reach penetration equi-
librium and (3) not alter the total amount penetrat-
ing, provided that solubilization of the precipitated
AI in the deposit equalled (ie replaced) the amount
that penetrated. Therefore, the expected eþects of
application factors on uptake are qualitatively identi-
cal, irrespective of whether deposits with or without
precipitated AI serve as the donor.

Our uptake data and those of Stevens and
Bukovac8 are in general agreement with this qualit-
ative eþect predicted by the above models, provided
that uptake at 24 h in the study of Stevens and
Bukovac,8 but not in our study, had reached equi-
librium. Further, based on the above considerations
and the smaller eþect that interface area had on GA3
compared with 2,4-D uptake (Fig 3), we would also
expect penetration to be closer to equilibrium.GA3
While direct evidence is limited, there is some indi-
rect evidence supporting this hypothesis. First, for
compounds that do not aþect their own transport
one would expect AI translocation to stem and roots
to be a constant fraction of the amount taken up, ie
translocation efficiency to be constant, if the system
was at equilibrium.19 This was the case for the study
by Stevens and Bukovac,8 while, in our study, trans-

location to shoot and roots (calculated as percentage
of uptake) depended on the amount taken up.
Further, for the x-axis intercept of a plot ofGA3
uptake (% of applied) versus translocation (% of
applied) was at 4.0% uptake, but for 2,4-D at 10.4%
(Fig 2A and B). If the system had reached equi-
librium, both regression lines should intercept the
origin. Also, rates of penetration in our time-course
study averaged 0.3 (8–24h) and 0.8% h~1 (12–24h)
for and 2,4-D, respectively (Fig 1A and B).GA3
These data indeed suggest that was closer toGA3
reaching a penetration equilibrium than was 2,4-D.
Second, coverage and, hence, interfacial area was
larger in the study by Stevens and Bukovac8 and,
thus, penetration should indeed reach equilibrium
earlier.

Although the models presented above were consis-
tent with our and the published data on eþects of
application factors on uptake and translocation,
several questions remain to be answered:

First, what is the basis for the optimum-type
relationship between coverage and uptakeGA3
(Table 1, Fig 3A)? Since (1) high coverage was
achieved at large carrier volumes (equivalent to low
concentrations), (2) solutions were not buþeredGA3
and hence, pH increased from 3.4 at 10ll per leaf to
4.7 at 100ll per leaf and (3) uptake decreased asGA3
pH increased,9 the apparent decrease of uptake at
high carrier volumes may have been a reýection of
the change in pH.

Second, penetration equilibria signiücantly below
100% are difficult to explain based on the above
models, but have been reported in many studies9,20
on foliar uptake, including that of Stevens and
Bukovac8 and the present one. Possible explanations
include partition characteristics between deposit and
cuticle that favour the AI remaining in the
deposit17,21 or AI crystallization upon droplet
drying.

Third, at present it is not clear whether penetrat-
ion at equilibrium is aþected by variation of applica-
tion factors. If was independent of applicationVdon
factors (eg the deposit represented the donor and
dose was held constant) and the entire amount of AI
in the deposit was available for uptake, a change in A
would be unlikely to aþect the penetration equi-
librium.

Fourth, assuming a constant P implied that (1) the
deposit/cuticle and the cuticle/water partition coeffi-
cients and respectively) and (2) the(Kdep@cut Kcut@water ,
diþusion coefficient (D) were independent of con-
centration. Indeed, many sorption and diþusion
studies have shown that and D are indepen-Kcut@water
dent of concentration (for review see
references18,22,23). However, most of these studies
have been limited to dilute solutions, while deposits
represent highly concentrated mixtures/solutions of
an AI in a deposit.24 Also, many formulations of
agrochemicals contain surfactants, some of which
alter the D of an AI in a concentration-dependent
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manner.25 Since a decrease in A at constant dose
increased the amount of AI deposited per unit inter-
face area, the amount of surfactant in the cuticle and,
hence, the D of an AI may be inversely related to A.
Consequently, decreasing A under these circum-
stances may increase penetration.

Last, deposits may be far more complex than the
simple homogenous deposit solutions assumed in the
discussion presented above. For example, droplets
upon drying frequently form annular deposits on the
leaf surface, where the amount of AI per unit inter-
face area within a deposit diþers markedly.26h29 The
contact area covered by such deposits is signiücantly
smaller than the original droplet footprint at equi-
librium.29 Further, in such deposits, A may change
with time as the deposit center becomes depleted as
penetration proceeds. Additional complications may
arise from phase separation of AI and spray additives
during droplet drying which has been demonstrated
by Falk and Schulke30 and Bukovac et al.31 Little is
known about the donor characteristics of such depos-
its.

5 CONCLUSION

Clearly, further studies are necessary to provide a
mechanistic understanding of eþects of application
factors on uptake and performance of systemic agro-
chemicals. The data presented herein demonstrate
that application factors may alter performance by
aþecting foliar uptake. There is some evidence that
droplet geometry is critical and, hence, using spray
droplet sizes that are common to agricultural sprays
is highly desirable. However, at present there is no
satisfactory application technique commercially
available that permits precise placement of small,
individual, mono-size droplets in deüned patterns
within a small deüned area such that the dose
applied is maintained constant. These criteria are
essential for critical investigation of the eþect of
application factors on uptake of radiolabeled pesti-
cides. Further research eþorts should also focus on
the role of deposits in foliar penetration. There is
increasing evidence that the deposit may represent a
signiücant and, for some AI, perhaps the primary
donor for penetration. Critical properties of deposits
with respect to penetration are (1) the interface area
A of the deposit with the leaf surface, (2) the parti-
tion coefficient between deposit components and
cuticle, (3) the volume and composition of the
deposit and (4) the AI concentration and distribution
within the deposit. Thus far, deposits of spray drop-
lets have received relatively little attention and, con-
sequently, limited information is available on their
physical/chemical characteristics relevant to pen-
etration. A detailed understanding of these charac-
teristics and how they are aþected by application
factors is necessary to provide a basis for increasing
efficacy of spray application by optimizing the
factors of droplet size and carrier volume.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the technical
assistance provided by PJ Pikaar, AJM Uffing, Cvd
Weerd and JCM Withagen. We thank Dr W Jordi
and G Stoopen (AB-DLO) for the gift of radiolabe-
led and for performing HPLC analysis. ThisGA3
study was supported by the Multi-Year Crop Protec-
tion Program of the Dutch Ministry of Agriculture.

REFERENCES
1 Hislop EC, for eþective and efficient pesticideRequirements

in Rational Pesticide Use, ed by Brent KJ andapplication,
Atkin RT, University Press, Cambridge. pp 51–71 (1987).

2 Pimentel D, McLaughlin L, Zepp A, Lakitan B, Kraus T,
Kleinman P, Vancini F, Roach WJ, Graap E, Keeton WS
and Selig G, Environmental and economic eþects of
reducing pesticide use. BioScience 41:402–409 (1991).

3 Bukovac MJ, application of plant growth sub-Low-volume
stances to fruit in Proc 21st International Horticulturaltrees,
Congress 1:107–121 (1982).

4 Young BW, Pesticide application – can we improve ourHow
understanding and control of the in Application andprocess,
Biology, ed by Southcombe ESE, British Crop Protection
Council. Monograph No 28, Farnham, UK. pp 163–172
(1985).

5 Knoche M, Eþect of droplet size and carrier volume on herbi-
cide performance. A review. Crop Prot 13:163–178 (1994).

6 Baker EA, Hayes AL and Hunt GM, Factors controlling the
uptake and transport of foliar-applied xenobiotics : An over-
view, Acta Hortic 239:27–42 (1989).

7 Knoche M, Bukovac MJ, Nakagawa S and Crabtree GD,
Spray application factors and plant growth regulator per-
formance: I. Bioassays and biological response. Pestic Sci

54:168–178 (1998).
8 Stevens PJG and Bukovac MJ, Eþects of spray application

parameters on foliar uptake and translocation of daminozide
and 2,4-D-triethanolamine in Vicia faba. Crop Prot 6:163–
170 (1987).

9 Knoche M, Lownds NK and Bukovac MJ, Factors aþecting
the absorption of gibberellin by sour cherry leaves. CropA3
Prot 11:57–63 (1992).

10 Womac AR, Goodwin JC and Hart WE, Comprehensive
evaluation of droplet spectra from drift reduction nozzles.
1997 Annual International ASAE Meeting, Paper No
971069.

11 Knoche M and Bukovac MJ, Interaction of surfactant and leaf
surface in glyphosate absorption. Weed Sci 41:87–93 (1993).

12 Stevens PJG and Bukovac MJ, Studies on octylphenoxy sur-
factants. Part 2: Eþects on foliar uptake and translocation.
Pestic Sci 20:37–52 (1987).

13 Combellack JH, Herbicide application: a review of ground
application techniques. Crop Prot 3:9–34 (1984).

14 Knoche M, Eþect of carrier volume on dose response of broad
bean (Vicia faba) to foliage-applied 2,4-D-triethanolamine.
Med Fac Landbouw Rijksuniversiteit Gent 60/2a:197–204
(1995).

15 Hartley GS and Graham-Bryce IJ , Physical Principles of Pesti-

cide Behaviour, Vol II, Academic Press, London (1980).
16 Greene DW and Bukovac MJ, Factors inýuencing the pen-

etration of naphthaleneacetamide into leaves of pear (Pyrus
communis L.). J Amer Soc Hortic Sci 96:240–246 (1971).

17 Scho� nherr J and Baur P, Modelling penetration of plant cut-
icles by crop protection agents and eþects of adjuvants on
their rates of penetration. Pestic Sci 42:185–208 (1994).

18 Bukovac MJ and Petracek PD, Characterizing pesticide and
surfactant penetration with isolated plant cuticles. Pestic Sci

37:179–194 (1993).
19 Kleier DA, Phloem mobility of xenobiotics. I. Mathematical

model unifying the weak acid and intermediate permeability
theories. Plant Physiol 86:803–810 (1988).

Pestic Sci 55 :166–174 (1999) 173



M Knoche, MJ Bukovac

20 Baker EA, Hayes AL and Butler RC, Physicochemical proper-
ties of agrochemicals : Their eþects on foliar penetration.
Pestic Sci 34:167–182 (1992).

21 Shafer WE and Bukovac MJ, Phytotoxicity of octylphenoxye-
thanol (Triton X) surfactants on selected plant species. Proc

Plant Growth Regul Soc Amer 15:163–172 (1988).
22 Bukovac MJ, Petracek PD and Fader RG, Sorption of organic

compounds by plant cuticles. Weed Sci 38:289–298 (1990).
23 Scho� nherr J and Riederer M, Foliar penetration and accumu-

lation of organic chemicals in plant cuticles. Rev Environ

Contam Toxicol 108:1–70 (1989).
24 Holloway PJ and Stock D, aþecting the activation ofFactors

foliar uptake of agrochemicals by in Industrialsurfactants,
Applications of Surfactants, Vol II. ed by Karsa DR, Special
Publication 77, Royal Society of Chemistry, Cambridge. pp
303–337 (1990).

25 Knoche M and Bukovac MJ, Studies on octylphenoxy sur-
factants : XI. Eþect on NAA diþusion through the isolated
tomato fruit cuticular membrane. Pestic Sci 38:211–217
(1993).

26 Baker EA, Hunt GM and Stevens PJG, Studies of plant
cuticle and spray droplet interactions : A fresh approach.
Pestic Sci 14:645–658 (1983).

27 Bukovac MJ, Reichard DL and Whitmoyer RE, The spray
application process : Central for the efficient use of growth
regulators in tree fruits. Acta Hortic 179:33–45 (1986).

28 Hart CA, Use of scanning electron microscope and cathodolu-
minescence in studying the application of pesticides to
plants. Pestic Sci 10:341–357 (1979).

29 Knoche M and Bukovac MJ, Studies on octylphenoxy sur-
factants : IX. Eþect of oxyethylene chain length on GA3
absorption by sour cherry leaves. J Plant Growth Regul

10:173–177 (1991).
30 Falk RH and Schulke G, patterns of surfactant–Partition

herbicide mixtures on plant surfaces using scanning electron
microscopy and X-ray in Book of Abstracts,microanalysis,
Seventh Internat Cong Pestic Chem, Vol II, ed by Frehse H,
Kessler-Schmitz E and Conway S, Hamburg, 5–10 August
1990 p 39.

31 Bukovac MJ, Leon J, Cooper JA, Whitmoyer RE, Reichard
DL and Brazee RD, droplet : plant surface interactionSpray
and deposit formation as related to surfactants and spray

in Fourth Internat Symp on Adjuvants for Agroche-volume,
micals, ed by Gaskin RE, New Zealand Forest Research
Institute, Rotorua, New Zealand, Bull 193. pp 177–185
(1995).

174 Pestic Sci 55 :166–174 (1999)


