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Distribution and Persistence of Aerially Sprayed Permethrin in Some 
Terrestrial Components of a Boreal Plantation Forest 

Kanth M. S. Sundaram,* Blair V. Helson, and Nicholas J. Payne 

Forest Pest Management Institute, Forestry Canada, Box 490, 
Sault Ste. Marie, Ontario, Canada P6A 5M7 

An aqueous emulsion of permethrin was applied aerially at a dosage rate of 70 g of active ingredient 
(ai)/ha over a mixed boreal plantation forest near Sault Ste. Marie, ON, Canada. The initial residues 
after spray in soil and litter were low, 0.025 and 0.033 pg/g, respectively, and dissipated to  levels below 
0.005 pg/g within 6 days in soil and 16 days in litter. Initial residues (micrograms per gram) in foliage 
of four tree species were ca. 100 times higher than those in soil and litter. The  broad leaves of aspen 
showed, on average, slightly higher residues than the conifer needles, probably due to a higher surface 
area-to-mass ratio. The bark samples of all species showed consistently lower residues than the foliage, 
but the persistence did not differ markedly for the two substrates. Little relationship existed between 
the initial residues and lipid content of the substrates. Low levels of permethrin overwintered in foliage 
and bark of all species, but these dissipated to values below 0.005 pg/g a t  431 days after spray. The  
study showed that despite the initial rapid disappearance of the soil and litter residues, some 
contamination of the environment can still occur from leaf-fall but only with trace amounts of permethrin 
in the fallen leaves. 

INTRODUCTION 
Permethrin [&phenoxybenzyl (I-RS)-cis,trans-3-(2,2- 

dichlorovinyl)-2,2-dimethylcyclopropanecarboxylatel, one 
of the synthetic pyrethroid insecticides, is used to control 
various insect pests in agriculture, forestry, horticulture, 
and stored products, and in animal and human health 
areas (Elliott et  al., 1978). As an insecticide, the chemical 
has certain desirable properties such as a high knockdown 
rate against target insects (FMC Corp., 19841, good residual 
activity with moderate persistence (Chipman, Inc., 1981; 
Hirano, 1989), low mammalian and bird toxicity (Bradbury 
and Coats, 19891, absence of toxic metabolites (Menzie, 
1980), and a ready availability at a reasonable cost 
(Watkinson, 1989). 

Aerial field trials conducted by DeBoo (1980), Zylstra 
and Obarymskyj (19811, and Helson e t  al. (1989) dem- 
onstrated the efficacy of permethrin to control forest 
defoliators such as the eastern spruce budworm, Chori- 
stoneura fumiferana (Clemens), and the spruce budmoth, 
Zeiraphera canadensis (Mut. and Free.). Permethrin is 
currently registered for spruce budworm control in Canada 
by ground application. Before it can be sprayed aerially 
for plantation pest control in Canada, i t  must be registered 
under the Pest  Control Products Act for aerial application. 
To meet this requirement, the environmental safety and 
ecological acceptability of permethrin need to  be examined 
in field dissipation studies (Forest Pest Management 
Institute, 1990) under Canadian environmental conditions 
using the intended maximum dosage. With this objective 
in mind, an  aerial spray trial was conducted in 1989 to  
investigate the distribution and persistence of permethrin 
in forest litter, soil, deciduous and conifer foliage, and 
their respective barks after aerial application a t  70 g of 
active ingredient (ai)/ha. The  results of the study are 
reported here. 
EXPERIMENTAL PROCEDURES 

Spray Block, Sample Trees, Soil and Litter Plots. The 
spray block (400 x 400 m) chosen was in a mixed, semimature 
(trees, 3.5 i 0.8 m high), and open plantation forest. The block 

* Author to  whom correspondence should be addressed. 

was located 3 km northwest of Thessalon, ON, Canada, near grid 
reference 46O 21’ N and 83O 35’ W. Tree species in the sampling 
site (ca. 280 X 280 m) (Figure l), approximately in the center of 
the block, included jack pine (Pinus banksiana Lamb.), red pine 
(Pinus resinosa Ait.), white spruce [Piceaglauca (Moench) Voss] 
(referred to as spruce hereafter), and trembling aspen (Populus 
tremuloides Michx.) (referred to as aspen), occasionally inter- 
spersed with white pine (Pinus strobus L.). The ground was 
nearly flat and largely covered with grass species. The soil was 
primarily sandy (bulk density 1.25 g/cm3, pH 6.4, moisture content 
25%), containing 89% coarse sand, 8% silt, and 3% clay with 
low organic matter (OM) (<1%) content (Kalra and Maynard, 
1991) (it is customary to omit the moisture and organic matter 
from the total content). The litter layer (bulk density0.95 g/cm3, 
pH 6.1, moisture content 19%) had higher OM (9%); otherwise, 
its composition was very similar to that of the soil. 

Six trees each of jack pine, white pine, spruce, and aspen of 
approximately uniform size, with a height of 3.5 h 0.5 m, were 
selected in the sampling site (Figure 1) for foliage collection. 
Ground vegetation and nearby trees were cleared prior to spraying 
to enhance exposure of the tree crown to the spray cloud. The 
intention wm touse the “worst case scenario” toobtain the highest 
amount of deposits. 

To collect forest litter, three plots, each 2.0 mz, were randomly 
selected in the open areas of the 8-ha sampling site (Figure 1). 
All fallen branches, twigs, and stones were removed from the 
surface to expose the litter layer, and the litter was leveled and 
packed to the original condition. Similarly, three soil plots of 
the same size were selected, and in addition to the fallen branches, 
twigs, and stones, the litter layer was also removed to expose the 
underlying soil layer. Again, the intention was to obtain 
maximum possible deposits on soil and litter. 

Spray Application. The spray mix consisted of 4.50 g (or 
4.05 mL) of Pounce EC (384 g/L of permethrin; Chemagro Ltd., 
Canada), 0.40 g of Rhodamine dye (in 0.85 mL of ethanol), and 
95.10 mL of water. The mix was sprayed at an application rate 
of 70 g of ai in 4.0 Llha, on June 24,1989, over the block using 
a Cessna 188B aircraft equipped with four Micronair AU3000 
atomizers. Marker flags and helium-filled balloons were placed 
at intervals along the boundaries of the block for aircraft guidance. 
A meteorological station was established near the edge of the 
spray block to provide wind speed, wind direction, temperature, 
and relative humidity. Details are given in Table I. 

Sampling and Analysis. A t  each sampling interval, one 
branch tip (ca. 25 cm long) from each of the four midcrown 
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Figure 1. Locations of sample trees of four species, soil and 
litter plots in the sampling area (280 X 280 m), situated within 
the spray block (400 X 400 m). (X) Jack pine 1-6; (0) white 
pine 1-6; ( S r )  white spruce 1-6; (*) trembling aspen 1-6; (S) soil 
plots; (L) litter plots. (Foliage from trees 1 and 2 of the same 
species was pooled to obtain one composite sample. Similarly, 
samples of trees 3 and 4, and 5 and 6 were pooled to obtain two 
more composite samples.) 

Table I. Meteorological Conditions and Application 
Parameters in Aerial Spray Trials of Permethrin near 
Thessalon, Ontario, in June 1989 

application date June 24,1989 
application time 
spray block size, ha 16 

aircraft type Cessna 188B 
atomizer units four Micronair AU3000 
blade angle setting, deg 35 
aircraft speed,' km/h 175 
application rate,' g of ai 
emission rate,' L/min 30 
swath width,' m 25 

spra {eight' 
windspeed,' m/s 
temp, "C 
relative humidity, ?4 
cloud cover 1/10 
precipitation nil 

Average values are reported. 

835 p.m. (start)-900 p.m. (finish) 

sampling plot size, ha 8 

70, in 4 L/ha 

canop height,' m 7 
11 m above canopy 
1.0, at 6 m above ground 
19 f 0.6,6 m above ground 
52 f 4,6 m above ground 

quadrants of each tree was clipped with a pole pruner. The eight 
branch tips collected from two of six trees (i.e., trees 1 and 2; 3 
and 4; and 5 and 6 in Figure 1) were pooled after the new growth 
was removed and discarded, to provide one composite sample. 
In this manner, the 24 branches from the 6 trees of the same 
species were pooled to provide three composite samples for 
triplicate analysis of foliar residues. Each sample was packed in 
aluminum foil, labeled, put in plastic bags, sealed, stored 
immediately at 0 "C, and transported to the residue laboratory 
in Sault Ste. Marie. In the laboratory, the 1-year-old conifer 
needles from each sample were clipped with scissors (cleaned 
between samples), mixed well, and stored in glass bottles at -20 
OC until analysis. The bark of each branch tip corresponding to 
the sample was carefully removed using sharp blades, pooled, 
mixed well, and stored as above. For aspen, fullydeveloped leaves 
were collected from the branch tips for analysis. The bark samples 
of aspen were collected and stored as described for conifers. 

Because of the soil's sandy nature, the conventional soil auger 
(Sundaram, 1991a) could not be used, and therefore, litter and 
soil cores, each 19.65 cm2 area X 2 cm deep, were collected by 
driving an inverted cylindrical stainless steel (SS) cup into the 
ground and lifting the contents carefully with a wide SS spatula. 
Two soil and litter cores were collected from each plot at each 

Table 11. Permethrin Residues (w/g of Wet Weight) in 
Forest Soil and Litter, following Aerial Spraying at 70 g of 
Active Ingrediedha in Ontario, June 1989 

intermittant 
time after spray soil litter rainfall,m mm 
prespray ND' ND nil 
l h  0.025 (0.014)b 0.033 (0.012) nil 
15 h 0.023 (0.006) 0.028 (0.008) nil 
36 h 0.014 (0.012) 0.025 (0.010) 0.8 
4 days 0.007 (0.007) 0.018 (0.004) nil 
6 days T' 0.014 (0.006) 1.8 
10 days ND 0.008 (0.003) nil 
16 days ND T nil 
24 days NSk ND nil 

rate const 0.3316 0.1373 
coeff detr (R2)f 0.978 0.997 
DTM,~ days 2.1 5.0 
lipid content: % 0.75 1.85 

ND, not detectable (limit of detection is 0.002 pg/g). Total of 
cis + trans isomers; each value is the mean of triplicate samples (and 
i one SD is given in parentheses). Residues were calculated per 
gram of wet weight of sample. e T, trace (0.002 C T C 0.005 pglg). 
'The constant C is for the exponential equation E = 
f Coefficient of determination R2 is for the equation 2.303 loglo ( E  - 
Eo) = -Ct. 8 The time required for 50% of the initial residues to 
dissipate. j Lipid content is expressed in w/w % dry weight of 
substrates. NS, not sampled. Data obtained from Environment 
Canada for the region containing the spray block. 

sampling period, and the two cores were pooled to provide one 
composite sample. Thus, the six cores of each matrix collected 
from the three plots provided three composite samples for residue 
analysis. All samples were wrapped in aluminum foil and brought 
to the residue laboratory as described previously for foliage. The 
litter samples were finely chopped using a blender, sieved (2." 
opening), mixed well, and stored at  -20 "C until analysis. The 
soil samples were sieved without further grinding and stored as 
above. 

Samples of soil, litter, foliage, and bark were collected at  1,15, 
and 36 h and at  4,6,10,16, and 24 days after permethrin treatment 
(Table II), with the foliage and bark sampled for a longer period 
including 30, 40, 51, 60, 73, 93, 110, 125, 363, and 431 days 
postapray (Tables 111-VI). 

The stored foliage, bark, forest litter, and soil samples were 
further processed (Sundaram, 1987), and permethrin residues 
were analyzed by gas chromatography (GC) after solvent ex- 
traction and column cleanup (Sundaram, 1990). An aliquot of 
each substrate was homogenized in a Polytron with anhydrous 
NazSOr (A-SS) and n-hexane (HEX). The pooled extract of each 
sample was evaporated to dryness under nitrogen, and the residue 
was dissolved in HEX. The crude extract (Cr-E) was cleaned 
using a double microcolumn to remove the coextractives. The 
first column (Fl-C) was packed with A-SS, followed by Florisil 
and topped with A-SS. The second column (Ch-C) was packed 
with A-SS, followed by charcoal-cellulose, and topped with A-SS. 
The columns were prewashed with HEX. An aliquot of the Cr-E 
was transferred first to the Fl-C column and eluted with 
dichloromethane (DCM). The eluate was concentrated, trans- 
ferred to the Ch-C column, and allowed to percolate. The column 
was washed with DCM/HEX (2080 by volume), and the washings 
were discarded. The permethrin was then eluted with DCM, 
and the eluate was flash-evaporated to dryness under nitrogen. 
The residue was dissolved in HEX for GC analysis. 

Aliquots (2-5 pL) of the cleaned extract were injected into a 
Hewlett-Packard (HP) Model 5890A gas chromatograph with a 
63Ni electron capture detector and a HP3392A electronic inte- 
grator. External standards were interspersed among the samples 
to check consistency of chromatographic response. The minimum 
detection limit (MDL) for soil and litter samples was 0.002 pg/g 
and for the plant substrates 0.005 pglg. The mean * SD (n = 
4) percent recoveries obtained after fortification (prior to the 
addition of the extracting solvent) of the prespray or control 
samples at concentration levels (1.0, 0.1, and 0.01 pg/g) relevant 
for this study were 96 5 for soil and litter and 91 * 7 for plant 
substrates. Residue data reported in Tables 11-VI include the 
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Table 111. Permethrin Residues (M/g of Fresh Weight) in Jack Pine Needles and Bark, following Spray Application at  70 g 
of Active Inmdient/ha in Ontario, 1989 
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intermittant 
time after spray needles amt lost bark amt lost rainfalLm mm 
prespray NDa ND nil 
l h  3.466 (0.916Ib 0.818 (0.062) nil 
15 h 3.670 (0.662) -0.204 0.913 (0.163) -0.095 nil 
36h 3.120 (0.363) 0.550 0.625 (0.138) 0.288 0.8 
4 days 2.449 (0.612) 0.671 0.384 (0.152) 0.241 nil 
6 days 2.194 (0.681) 0.255 0.352 (0.038) 0.032 1.8 
10 days 1.453 (0.719) 0.741 0.232 (0.037) 0.120 nil 
16 days 0.573 (0.216) 0.880 0.090 (0.038) 0.142 nil 
24 days 0.497 (0.211) 0.076 0.083 (0.043) 0.007 nil 
30 days 0.375 (0.113) 0.122 0.059 (0.020) 0.024 3.4 
40 days 0.192 (0.056) 0.183 0.060 (0.022) -0.001 8.8 
51 days 0.078 (0.025) 0.114 0.058 (0.019) 0.002 14.2 
60 days 0.044 (0.016) 0.034 0.050 (0.014) 0.008 22.4 
73 days 0.038 (0.019) 0.006 0.050 (0.014) O.Oo0 32.5 
93 days 0.037 (0.009) 0.001 0.046 (0.007) 0.004 45.6 
110 days 0.036 (0.007) 0.001 0.044 (0.005) 0.002 50.1 
125 days 0.034 (0.007) 0.002 0.043 (0.005) 0.001 49.0 
363 days 0.037 (0.008) -0.003 0.048 (0.012) -0.005 
431 days ND T' 

rate const (CI)e 0.1112 0.1375 
coeff detr (R2)f 0.977 0.975 
DTm-IP days 6.2 5.0 

rate const (CII)" 0.0426 0.0082 
coeff detr (R2)f 0.885 0.790 
DTm-II,Idays 16.3 84.6 

lipid content( % 8.7 11.3 
a ND, not detectable (limit of detection is 0.005 pg/g). b J J p m  See footnote of Table 11. T, trace (0.005 < T < 0.010 pg/g). ea The constants 

CI and DTm-I are for the initial rapid dissipation up to 16 days postapray, whereas CII and DTw-11, are for the slow dissipation during the 
later stages. 

correction for recovery efficiency. Each value represents the mean 
i SD of three replicate samples and provides the total of two 
geometric isomers (cis + trans) of permethrin. None of the 
prespray or control samples contained permethrin, and there 
was no evidence of coextracted materials causing interference 
with the identification and quantification of the chemical. 
Information on rainfall (obtained from Environment Canada) 
during the postapray period is given in Tables I1 and 111. 

Lipid Contents of Substrates. Literature information 
suggesta the influence of lipid content of substrates on spray 
deposition and persistence of polar pesticides (Hess, 1987). 
Permethrin is sparingly soluble in water [0.2 mg/L at  25 "C 
(Worthing and Walker, 1983)l but is lipophilic (Rawn et al., 1982; 
NRCC, 1986) (log KOW = 3.5-6.5). Therefore, the lipid contents 
of substrates would likely provide an indication of their ability 
to solubilize the chemical within the lipids and retain it for a 
considerably long time. Consequently, the lipid contents of 
prespray samples of the substrates were determined according 
to the method of Wang et al. (1969). 

Aliquota of samples were soaked in a mixture of aqueous 
(1.25 % ) hydrochloric and hydrofluoric acids for 48 h and filtered, 
and the filtrate was discarded. The substrate was washed with 
water until free of acid and shaken with chloroform plus methanol 
(2 + 1, by volume) solvent for 1 h. The liquid layer was removed 
by filtration and flash-evaporated to dryness at 40 "C. The 
residue was taken in n-hexane and centrifuged at 13000g for 20 
min. The supernatant liquid containing the lipid components 
was decanted and evaporated to dryness and the residue weighed. 
The moisture content of the substrates was determined by drying 
aliquota of samples at 65 OC in a vacuum desiccator to constant 
weight. The lipid content was calculated using the dry weight 
of each substrate (Tables II-VI). 

RESULTS AND DISCUSSION 

Residues in Forest Litter and Soil. Permethrin 
residues in forest soil and litter (micrograms per gram of 
wet weight) a t  various time intervals after treatment are 
given in Table 11. To minimize variability in results, all 
residues were measured on a dry weight basis but were 

adjusted to the constant, prespray moisture levels of the 
substrates (soil, 25 76 ; litter, 19 7% ). The initial residues in 
soil (0.025 pg/g) and litter (0.033 rg/g) were similar to 
those obtained for a mexacarbate emulsion (0.020 and 0.060 
pg/g, respectively) applied at  an equivalent dosage rate 
(70 g of ai/ha) in an earlier study (Sundaram and Nott, 
1985). 

Analysis of variance (Ryan et  al., 1985) of initial deposits 
on the two substrates (using the three replicate samples 
analyzed) showed no significant difference (ANOVA P > 
0.05) between the two values. The residues in soil degraded 
more rapidly than those in litter. For example, within 10 
days after treatment, the soil residues had dissipated to 
levels below the detection limit of 0.002 pg/g. In contrast, 
the residues in litter lingered at  0.008 pg/g until the 10th 
day after treatment and diminished to nondektable levels 
on the 24th day after spray. Contrary to this, Kingsbury 
and Kreutzweiser (1980) found that at  a dosage rate of 
17.5 g of ai/ha, initial deposita ranged from 0.04 to 0.07 
pg/g (wet wt) in soil and from 0.04 to 0.21 pg/g in litter and 
were relatively stable over a 58-day period after treatment 
in both substrates. The shorter persistence observed in 
the present study could be due to irreversible binding of 
permethrin to the substrates or its rapid degradation by 
chemical (Chapman et al., 1981) and/or microbial means 
(Menzie, 1980). 

The dissipation of residues in soil and litter as a function 
of time was fitted with the exponential equation 

B = Boe-ct 

where B is the amount present at  time t (in days), BO is 
the amount initially present, and C is the rate constant. 
Logarithmic transformation yielded the linear equation 
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Table IV. Permethrin Residues (pg/g of Fresh Weight) in 
White Pine Needles and Bark, following Spray Application 
at 70 of Active Ingredient/ha in Ontario, 1989 

Sundaram et el. 

time after spray needles amt lost bark 
prespray NDa ND 
l h  3.125 (0.322)b 0.240 (0.027) 
15h 3.261 (0.280) -0.136 0.234 (0.027) 
36 h 2.620 (0.372) 0.641 0.206 (0.042) 
4 days 2.175 (0.118) 0.445 0.178 (0.034) 
6 days 1.685 (0.159) 0.490 0.124 (0.031) 
10 days 0.961 (0.131) 0.724 0.088 (0.021) 
16 days 0.448 (0.129) 0.513 0.043 (0.008) 
24 days 0.415 (0.042) 0.033 0.050 (0.013) 
30 days 0.186 (0.048) 0.229 0.043 (0.016) 
40 days 0.102 (0.028) 0.084 0.016 (0.017) 
51 days 0.028 (0.016) 0.074 0.015 (0.004) 
60 days 0.035 (0.013) -0.007 0.012 (0.006) 
73 days 0.031 (0.016) 0.004 0.012 (0.008) 
93 days 0.021 (0.012) 0.010 0.018 (0.009) 
110 days 0.019 (0.011) 0.002 0.022 (0.014) 
125 days 0.022 (0.014) -0.003 0.019 (0.011) 
363 days 0.021 (0.018) 0.001 0.021 (0.015) 
431 days ND ND 

Table V. Permethrin Residues (ag/g of Fresh Weight) in 
White Spruce Needles and Bark, following Spray 
Application at 70 g of Active Ingredient/ha in Ontario, 1989 

amt lost time after mrav needles amt lost bark amt lost 

0.006 
0.028 
0.028 
0.054 
0.036 
0.045 

-0.007 
0.007 
0.027 
0.001 
0.003 
O.OO0 

-0.006 
-0,004 
0.003 

-0,002 

rate const (CI)I 0.1244 
coeff detr (RZ)f 0.994 
DT~0-11Bdays 5.6 

rate const (CII)e 0.0435 
coeff detr (It2)( 0.834 
DTM-II,~ days 15.9 

0.1082 
0.993 
6.4 

0.0174 
0.558 
40.0 

lipid contentj 74 7.7 10.2 
a,eg See footnote of Table 111. b f J  See footnote of Table 11. 

2.303 log,, (B  - Bo) = -Ct 

Regression analysis of the residues remaining at  time t 
indicated a good fit with R2 values (the coefficient of 
determination) >0.97. Values of DTw (i.e., the time 
required for 50% of the initial deposits to dissipate) were 
computed (Table 11) using 

DT, = (2.303 log,, 2)lC (3) 
The DTm values are ca. 2.5 times higher for litter than for 
soil, indicating a longer persistence in the litter. Never- 
theless, permethrin showed shorter persistence in both 
substrates (residue levels reached below the MDL value 
in less than 24 days) than in foliage and bark samples 
(residues persisted up to 363 days) (see Tables 111-VI). 
This is likely due to the higher initial residues (ca. 100 
times greater) obtained in foliage and bark than in soil 
and litter, because a direct relationship has been reported 
in previous studies (Lichtenstein, 1972; Sundaram, 1991a) 
between initial residues and duration of persistence. 

The difference in persistence between the soil and litter 
residues observed in the present study could be due to the 
chemical nature of the two substrates. The higher organic 
matter (OM) content (ca. 9%)  in litter than in soil (<1% 1, 
combined with the higher lipid content (more than twice) 
(Table 11), could have caused adsorption and solubilization 
of permethrin in the litter (Armson, 1977; NRCC, 1986), 
thus extending ita persistence (Demoute, 1989). In a recent 
study (Sundaram, 1991b), permethrin uptake and per- 
sistence in aquatic substrates were shown to be influenced 
by their lipophilic nature. Alternatively, different levels 
of microbial activity caused by different moisture contents 
could explain the difference in persistence (Menzie, 1980). 

The rapid dissipation of permethrin from soil and litter 
is in agreement with findings reported in the literature. 
Kaufman et al. (1977), Kaneko et al. (1978), and Jordan 
et al. (1982) demonstrated the role of chemical and 
microbial action on loss of permethrin from litter and soil. 

prespray 
l h  
15 h 
36 h 
4 days 
6 days 
10 days 
16 days 
24 days 
30 days 
40 days 
51 days 
60 days 
73 days 
93 days 
110 days 
125 days 
363 days 
431 days 

rate const (CI)e 
coeff detr (R2)f 
DT~-I,gdays 

rate const (CIW 
coeff detr (Rz)f 
DT50-11: days 

lipid contentj 76 

NDa 
2.573 (0.435)b 
2.720 (0.294) 
2.300 (0.191) 
1.715 (0.210) 
1.294 (0.241) 
0.699 (0.117) 
0.509 (0.112) 
0.456 (0.110) 
0.281 (0.014) 
0.247 (0.030) 
0.236 (0.034) 
0.215 (0.017) 
0.172 (0.029) 
0.137 (0.012) 
0.079 (0.008) 
0.050 (0.005) 
0.039 (0.009) 
T' 

0.1117 
0.970 
6.2 

0.0162 
0.899 
42.8 

10.3 

-0.147 
0.420 
0.585 
0.421 
0.595 
0.190 
0.053 
0.175 
0.034 
0.011 
0.021 
0.043 
0.035 
0.058 
0.029 
0.011 

ND 
0.409 (0.034) 
0.432 (0.041) 
0.342 (0.035) 
0.225 (0.049) 
0.170 (0.025) 
0.148 (0.009) 
0.086 (0.026) 
0.083 (0.011) 
0.049 (0.019) 
0.036 (0.012) 
0.024 (0.009) 
0.032 (0.007) 
0.027 (0.012) 
0.025 (0.005) 
0.022 (0.005) 
0.016 (0.011) 
0.017 (0.015) 
ND 

0.1OO0 
0.946 
6.9 

0.0167 
0.720 
41.5 

11.7 

-0.023 
0.090 
0.117 
0.055 
0.022 
0.062 
0.003 
0.034 
0.013 
0.012 

-0.008 
0.005 
0.002 
0.003 
0.006 
0.001 

a,c,eg See footnote of Table 111. b , fJ  See footnote of Table 11. 

Table VI. Permethrin Residues (pg/g of Fresh Weight) in 
Trembling Aspen Foliage and Bark, following Spray 
Application at 70 g of Active Ingredient/ha in Ontario, 1989 

time after spray foliage amt lost bark amt lost 
prespray NDa ND 
l h  4.542 (0.311)b 1.646 (0.175) 
15h 4.565 (0.477) -0.023 1.672 (0.170) -0.026 
36 h 4.150 (0.301) 0.415 1.046 (0.103) 0.626 
4 days 3.172 (0.319) 0.978 0.722 (0.097) 0.324 
6 days 2.207 (0.223) 0.965 0.695 (0.106) 0.027 
10 days 2.028 (0.324) 0.179 0.563 (0.121) 0.132 
16 days 1.108 (0.127) 0.920 0.426 (0.090) 0.137 
24 days 0.711 (0.097) 0.397 0.367 (0.071) 0.059 
30 days 0.664 (0.089) 0.047 0.325 (0.051) 0.042 
40 days 0.590 (0.060) 0.074 0.161 (0.042) 0.164 
51 days 0.421 (0.054) 0.169 0.130 (0.021) 0.031 
60 days 0.363 (0.024) 0.058 0.056 (0.015) 0.074 
73 days 0.344 (0.037) 0.019 0.101 (0.018) -0.045 
93 days 0.210 (0.050) 0.134 0.058 (0.008) 0.043 
110 days 0.230 (0.035)k -0.020 0.046 (0.018) 0.012 
125 days 0.241 (0.044)k -0.011 0.039 (0.019) 0.007 
363 days 0.261 (0.037)" -0.020 0.029 (0.009) 0.010 
431 days ND ND 

rate const (We 0.0894 0.0824 
coeff detr (R2)f 0.971 0.834 
DTm-I,gdays 7.8 8.4 

rate const (CIIIe 0.0194 0.0281 
coeff detr (R2)f 0.958 0.832 
DT~o-II ,~ days 35.7 24.6 
lipid content,, 7% 4.8 7.2 

See footnote of Table 111. bh See footnote of Table 11. Dry 
foliage collected from forest floor around the sampling trees after the 
autumn leaf-fall. The residue levels were corrected for the moisture 
content that would be equivalent to that of the fresh foliage collected 
at 93 days postspray. Foliage samples collected from the forest 
floor in the late spring of the following year. The residue levels were 
corrected for the moisture content as described above. 

Several reasons have been suggested for this rapid 
dissipation: Hill (1985) and Demoute (1989) indicated 
the formation of bound residues (i.e., those tightly bound 
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to the soil and litter matrices and hence unextractable), 
whereas Ruzo and Casida (1980) pointed out the role of 
photolytic degradation. Grayson (1975) and Fujie (1975) 
found that permethrin hydrolyzes in water even at  acidic 
and neutral pH conditions. In the present study, the 
slightly acidic pH of the soil (6.4) and litter (6.1) could 
have contributed to some loss by hydrolysis. Volatilization 
[vapor pressure of permethrin, 261 mPa at  30 "C (Worthing 
and Walker, 198313 is also one of the routes of disappearance 
from the environment (NRCC, 1986). Permethrin is 
known to be relatively immobile in soils (NRCC, 19861, 
and therefore the 2.60 mm of intermittent rainfall that 
occurred during the 15-h-16-day postspray period (Table 
11) would have contributed little to its dissipation by 
leaching. 

Residues in Foliage and Bark Samples. Permethrin 
residues (micrograms per gram of fresh weight) in foliage 
and bark samples of conifers and aspen at  various time 
intervals after treatment are given in Tables 111-VI. The 
residues in plant substrates were much higher than those 
in soil and litter. The ratio of permethrin residues in foliage 
to those in bark found at  1 h after spray varied markedly 
among the tree species studied. For example, the ratios 
in jack pine, white pine, spruce, and aspen were, respec- 
tively, 4.2:1,13.0:1,6.3:1, and 2.81. This variation could 
be related to the shape of the tree crown, foliar morphology, 
canopy density, the open space between trees, or other 
factors (Sundaram, 1991~). The 15-h-postspray samples 
of foliage and bark contained slightly higher amounts of 
permethrin than the 1-h samples, although this increase 
was not statistically significant (ANOVA P > 0.05). 

The initial residues found on aspen foliage (mean value 
of ca. 4.54 pg/g) and bark (ca. 1.65 pg/g) a t  1-h postspray 
were higher than those on conifer needles (mean values 
of 2.57-3.47 pg/g) and bark (0.24-0.82 pg/g) of the other 
three species. Analysis of variance showed significant 
difference between the foliar and bark re&idues of aspen 
and conifer species (ANOVA P < 0.05). The present 
observation of higher residues of permethrin in deciduous 
foliage than in conifers is in agreement with the findings 
of Kingsbury and McLeod (1979) and Kingsbury and 
Kreutzweiser (1980). This is likely due to higher surface 
area-to-mass ratio of the deciduous foliage than that of 
the conifer needles (NRCC, 1986). Similar findings were 
reported in previous aerial spray trials with other polar, 
lipophilic pesticides: in a trial near Searchmont, ON, 
Sundaram et al. (1989) reported higher fenitrothion 
residues on birch foliage than on fir needles. Similarly, 
in another trial near Kaladar, ON, Sundaram (1991a) found 
higher diflubenzuron residues on maple leaves than on 
white pine foliage. Furthermore, Sundaram (1991d) found 
higher residues of phosphamidon on the leaves of white 
birch and red maple than on the foliage of five conifer 
species. Several reasons (apart from the higher surface 
area-to-mass ratio) could be offered for this behavior: (i) 
the open canopy of broad-leaf trees causes a greater leaf 
area to be exposed to the spray cloud than the dense canopy 
of conifers; (ii) the presence of pubescence on the deciduous 
leaves causes more droplets to be trapped than the smooth 
surface of the conifer needles; (iii) the different micro- 
meteorological factors associated with the two types of 
crown geometrics influence spray deposition (Y ates and 
Akesson, 1973; Cramer and Boyle, 1976); (iv) the deciduous 
leaves move more along the wind flow than the conifer 
needles; and (v) differences in the lipid content of the 
foliar types contribute to differences in droplet interception 
and retention (Hess, 1987). Among the factors mentioned, 
only one factor was investigated in the present study, i.e., 
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the lipid content of substrates (Tables 111-VI). It is evident 
that little relationship exists between the lipid contents 
and initial deposits on the substrates, thus indicating the 
complexity of droplet interception and retention. 

Generally, the disappearance of permethrin was slower 
from foliage than from the bark during the initial stages. 
For instance, within 4 days after treatment, 30-33% of 
the initial residues were lost from the foliage, as opposed 
to the loss from the bark of 45-56 % . The only exception 
was the bark of white pine, which showed a low value of 
26%. This could be due to the gradual occlusion of 
permethrin in the white pine bark, as reported previously 
by Naumov et al. (1989). After the initial stage, the 
dissipation of the chemical was gradual, and the percent 
losses at 10 days after treatment were 55-73 for foliage 
and 63-72 for bark samples. The residues then tapered 
off slowly, and at  60 days posttreatment, nearly 99% of 
the initial deposits were lost from foliage of the two pine 
species and 92 % was lost from spruce and aspen foliage. 
The corresponding values from the bark samples of the 
two pine species were 94 and 95% and for spruce and 
aspen were 92 and 97%, respectively. Kingsbury and 
Kreutzweiser (1980) reported a similar pattern of persis- 
tence in deciduous and conifer foliage: residues were 
detectable even 57 days after spray application. Low 
amounts of residues overwintered in the present study 
and persisted in foliage and bark samples of the three 
conifer species up to 363 days after treatment (Tables 
111-V). However, by 431 days only trace (ca. 0.005 wg/g) 
amounts were present. The aspen leaves, collected from 
the forest floor after the autumn leaf-fall and the winter, 
still contained measurable amounts of permethrin, thus 
indicating a slow rate of dissipation (Table VI). 

The disappearance of permethrin from foliage and bark 
samples appeared to be biphasic, evident from the amount 
lost between the various time intervals (Tables 111-VI). 
Initially (i.e., during 16 days postspray), the chemical was 
lost rapidly but underwent a gradual loss during the later 
stages. Consequently, the residue data were analyzed by 
using two types of exponential relationships (Sundaram 
and Sundaram, 1987), viz., eq 4 for the initial stage and 
eq 5 for the later stages 

B = B,e4" (4) 

(5) 

where CI and CII are the rate constants for the initial 
rapid loss and for the gradual loss, respectively. Loga- 
rithmic transformation and regression analysis yielded 
numerical values for the constants CI and CII for the foliage 
and bark samples (Tables 111-VI). The dissipation times, 
DT50-1 (the days required for dissipation of 50% of the 
initial residues during 16 days postspray) and DTBo-I1 (the 
days required for dissipation of 50% of the residues 
remaining on the 16th day), were computed using 

DTSO-I = (2.303 loglo 2)/CI (6) 

D = 

DT5,-II = (2.303 log,, 2)/CII (7) 

The DT50-I values during the initial 16-day period (Tables 
111-VI) were low for all four species (ranging from 5 to 8.4 
days) and indicated similar rates of dissipation from both 
foliage and bark substrates. In view of the low amount of 
rainfall (2.6 mm) during the initial period (Table 111), the 
rapid loss could largely be due to photolysis or photoin- 
duced transformation (Leahey, 1985). The present DTw-I 
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values are similar to those reported in bean and cotton 
plants (DTm of 7-9 days) (Ohkawa et al., 1977; Gaughan 
and Casida, 1978). During the later stages, however, the 
DTM-I1 values were high (ranging from 15.9 to 84.6 days 
after the 16-dayperiod), indicating slow rate of dissipation. 

Differences were observed in the DTM-I values between 
the conifer and deciduous species. For example, the initial 
half-lives of disappearance from the foliage and bark 
samples of the aspen (7.8 and 8.4 days, respectively) were 
significantly higher than for the three conifer species (5- 
6.9 days) (ANOVA P < 0.05). This could be due to the 
higher initial residues obtained (Lichtenstein, 1972) on 
the aspen. In contrast, no significant difference was 
observed between the DTM-I1 values of the conifer and 
deciduous species for the later stage of dissipation. This 
is probably due to the large variability obtained in the 
data [values ranged from 15.9 to 84.6 (Tables 111-VI)], 
which made it difficult to detect significant differences in 
the DTM-IIvalues. Such large variability in half-lives have 
been reported in studies where extremely low levels of 
residues were encountered (Muir et al., 19921, and the 
authors attributed their findings to the low reproducibility 
of the analytical methods at  very low residue levels. 

Permethrin is not a systemic insecticide because little 
translocation occurs after foliar application or trunk 
injection (Ohkawa et al., 1977; Gaughan and Casida, 1978). 
Therefore, the dissipation from foliage can only involve 
various physicochemical means (Van Middelem, 1966; 
NRCC, 1986; Demoute, 1989), such as sloughing, codis- 
tillation, volatilization, photolysis, hydrolysis, weathering 
action by wind, rain etc., and/or metabolic or microbial 
activity. Apart from an occasional light drizzle, no heavy 
rain occurred during the initial 16 days postspray. How- 
ever, during the 16-125-day period, the cumulative rainfall 
was 226 mm (Table 1111, yet the data show only a gradual 
loss of residues from foliage and bark. Such a slow 
dissipation was likely due to volatilization (NRCC, 1986) 
and metabolic attack (Ohkawa et al., 1977; Gaughan and 
Casida, 1978) of permethrin that was absorbed and 
embedded into the lipophilic waxes of the foliage and bark 
(Schonherr and Riederer, 1989). The lipophilicity of 
permethrin (NRCC, 1986) seems to facilitate absorption 
into the lipid components of the substrates, thus resisting 
dissipation and degradation. 

It is worth noting that the total lipid content of the 
substrates does not seem to influence the persistence 
during the initial stage. The fresh bark samples, despite 
their higher lipid contents (Tables 111-VI), failed to retain 
permethrin longer than the foliar samples, which had lower 
lipid contents (in fact, persistence was lower in bark 
samples than in foliage of two species). Moreover, within 
the four foliage types, the spruce needles showed the 
highest lipid content, while the aspen leaves showed the 
lowest, yet the persistence was longer in aspen than in 
conifers. Thus, the present results emphasize the complex 
phenomenon of spray deposition and ai retention in foliage 
rather than a simple relationship between lipid contents 
and ai retention. 

In conclusion, the present study indicated that, under 
the experimental conditions used, permethrin residues 
were higher and persisted longer in the foliage and bark 
at  the forest tree canopy level than on the soil and litter 
at the forest ground level. Despite the initial rapid 
disappearance of the soil and litter residues, some con- 
tamination of the environment can still occur from leaf- 
fall due to the prolonged persistence in foliage. Further 
investigations are required to determine the toxicological 
and environmental consequences of persistence in foliage. 

Sunderam et al. 
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