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1.1

1.1.17

1.71.2

1.1.3

1. SUMMARY AND EVALUATION, CONCLUSIONS
AND RECOMMENDATIONS

Summary and evaluation
Identity, proparties, and analytical methods

Carbaryl is the common name for the carbamic acid derivative
1-naphthy! N-methylcarbamate. The technical grade product is a
white crystalline solid, with a low volatility; it is poorly soluble in
water, which is stable to light and heat, but easily hydrolysed in
alkaline media, The FAO has established a2 minimum specification
of 98% purity, with an impurity limit of 0.05% for S-naphthyl
N-methylcarbamate.

Carbaryl and its metabolites are analysed using numerous
analytical procedures, such as thin-layer chromatography, spectro-
photometry, gas chromatography, high pressure liquid chroma-
tography, and chemical tonization mass spectrometry. Detection
limits of below ope nanogram are achievable and recovery is usually
more than 80%.

Production and vses

Carbaryl has been used for about 30 years as a contact and
ingestion insecticide with some systemic properties and controls a
wide range of pests. The principal production plant is in the USA,
Carbaryl is processed by more than 290 formulators into over 1500
different products.

Environmental transport, distribution, and transformation

Under most conditions, carbaryl is not persistent in the
environment. In water, the hydrolysis half-iife is dependent on the
temperature, pH, and the initial concentration, and varies from
several minutes to several weeks. The major degradation product is
1-naphthol.

Accumulation of carbaryl, expressed as a bioconcentration factor
in the aguatic environment, has been studied in freshwater fish and
found to be in the range of 14-75. Carbaryl is adsorbed more readily
on soils with a high organic content than on sandy soils. At the
usual application rates, under ‘‘good agricuitural practice’,
dissipation is rapid, with a half-tife of 8 days to ! month under

13



7.1.4

1.1.5

Summary and evaluation. conclusions and recommeandations

pormal conditions. Carbaryl may occasionally be carried by rainfail
and soil cultivation from the surface into the subsoil (one metre from
the surface).

Carbaryl contaminates vegetation, either during spraying, or by
migrating through contaminated soil into plants.

The degradation of carbaryl in the environment is determined by
the extent of the volatiization, photodecomposition, and chemical and
microbial degradation occurring in soil, water, and plants. The rate
of decomposition is more rapid under hot climatic conditions.

Environmental levels and Auman exposure

Food represents the major source of carbaryl intake for the
general population.

Residues in totat dietary samples are relatively low, ranging from
trace amounts to 0.05 mg/kg. In the USA, the daily intake during
the first years of carbaryl application was 0.15 mg/day per person (in
7.4% of the composites); this decreased to 0.003 mg/day per person
in 1969 (in only 0.8% of the composites). During the period of
application, carbaryl may be found, occasionally, in surface water
and reservoirs.

The general population can be exposed to carbaryl during pest
cantrol operations in hoth the home and recreation areas.

Woarkers can be exposed to carbaryl daring its manaefacture,
formulation, packing, transportation, storage, and during and after
application. Concentrations in the working-air environment during
production varied from <1 mg/m’ to 30 mg/m’. Significant dermat
exposure may occur in industrial and agricultural workers if
protective measures are inadequate.

Kinetics and metabolism

Carbary! is rapidly absorbed in the lungs and digestive tract. In
human volunteers, dermal absorpiion of 45% of an applied dose in
acetone occurred in 8 h. However, in vitre dermal penetration data
and toxicity data indicate that dermal absorption usually occurs at a
much lower rate.

14
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The principal metabolic pathways of carbaryl are ring
hydroxylation and hydrolysis. As a result, numerous metabolites are
formed and subjected to conjugation with the formation of water-
soluble sulfates, glucuronides, and mercapturates, excreted in the
urine, Hydrolysis resuits in the formation of 1-naphthol, carbon
dioxide, and methylamine. Hydroxylation produces 4-hydroxy-
carbaryl, 5-hydroxycarbaryl, N-hydroxymethylcarbary!, 5-6-dihydro-
5-6-dihydroxycarbaryl, and 1,4-naphthalendiol.  The principal
metabolite in humans is [-naphthol.

Under normal exposure conditions, the accumulation of carbaryl
in animals is unlikely. Carbaryl is excreted primarily via the urine,
since the product of its hydrolysis, !-naphthol, is mainly detoxified
to water-soluble conjugates. Enterohepatic cycling of carbaryl
metabolites is also considerable, especially after oral administration.

The hydrolysis product, N-naphthol carbamic acid, is
spontaneously decomposed to methylamine and carbon dioxide. The
methylamine moiety is later demethylated to carbon dioxide and
formate, the latter being excreted mainly in the urine.

Carbaryl metabolites are also present in a smali percentage of the
absorbed doses in saliva and milk.

Effects an organisms in the environmernt

LC,, values for crustacea vary from 5 o 9 pg/litre (water fleas,
mysid shrimps), 8 to 25 pg/litre (scud), and 500 o 2500 pg/iitre
(crayfish).  Aquatic insects have a similar range of sensitivity.
Plecoptera and Ephemeroptera (stoneflies and mayflies) are the most
sensitive groups. Molluscs are less susceptible with ECys in the
range of a few mg/litre. For fish, most LCy, vaiues are between |
and 30 mg/litre. Salmonids are the most sensitive group.

The acute toxicity for birds is low. The LD, for waterfowl and
game birds is > 1000 mg/kg. The most susceptible bird tested is the
red-winged blackbird (LDg= 56 mg/kg). There was no evidence of
field effects on birds in forest areas sprayed with 1.1 kg carbaryl/ha.

Carbaryl is very toxic for honey-bees and earthworms. The oral
LDy, for the former is 0.18 pg/bee (about 1-2 mg/kg).

There are indications that carbaryl may temporarily influence the
species composition of both tervestrial and aquatic ecosystems.  For

15



1.1.7

1.1.7.1

Summary and evaluafion, conclusions and recommendations

instance, one study showed that effects on certain terrestrial
invertebrate communities may persist for at least 10 months following
a single application,

Effects on experimental animals and in vitro test systams

The acute toxicity, expressed as the LDy, varies considerably
according to species, formulation, and vehicle. Estimates of the oral
1D, for the rat range from 200 to 850 mg/kg. Cats are more
sensitive with an LDy of 150 mg/kg. Pigs and monkeys are less
sensitive with an LD of > 1000 mg/kg.

The maximum achievable aerosol concentration of carbaryl of
792 mg a.i./m’ during a 4-h exposure resulted in the mortality of one
out of five female rats. Carbaryl aerosols, at concentrations of
20 mg/m’, decreased cholinesterase activity (ChEA) in cats during
single 4-h exposures, but this concentration did not have any
observable effects in rats.

Carbaryl is 2 mild eye irritant and has little or no sensitizing
potential. During long-term studies, the NOEL was 10 mg/kg body
weight (200 mg/kg diet) for rats, and 1.8 mg/kg body weight
(100 mg/kg diet) for dogs. The long-term inhalation NOEL for cats
is 0.16 mg/m®. Carbaryl has a low cumulative potential.

Reproduction

Carbaryl has been shown to atfect mammalian reproduction and
perinatal development adversely in a number of species. Effects on
reproduction include impairment of fertility, decreased litter size, and
reduced postnatal viapility. Developmental toxicity is seen as
increased in utero death, reduced fetal weight, and the occurrence of
malformation. With the exception of a small number of studies, all
adverse reproductive and developmental effects were noted only at
doses that caused overt maternal toxicity, and, in a number of cases,
the maternal animal was more sensitive to carbaryl than the
conceptus. The maternal toxic effects included lethality, decreased
growth, and dystocia. Data indicate that the reproductive and
developmental processes of mammals are not especially sensitive to
carbaryl compared with the susceptibility of the aduit organism.

16
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1.71.7.2 Mutagenicity

Carbaryl has been evaluated for its potential mutagenicity in a
number of in vitro and in vivo tests, in bacterial, yeast, plant, insect,
and mammalian systems, testing a variety of end-points.

The available evidence indicates that carbaryl does not have any
DNA-damaging properties. There have been no reports of confirmed
induction of mitotic recombination, gene conversion, and UDS in
prokaryotes (H. influenzae, B. subtilis) and eukaryotes (S. cerevisiae,
A. nidulans, cultured human lymphocytes, and rat hepatocytes) in
vitro.

Negative results were obtained in tests for gene mutations in a
large number of bacterial assays, with the exception of two cases.
In several studies of gene mutations in mammalian cells in vitro,
carbaryl produced only one equivocal positive result in a cell culture
study. However, the study had several shortcomings and the result
has not been confirmed in any other comparable studies.

Chromosomal damage with high dosages of carbaryl has been
reported in vitro in human, rat, and hamster cells, and in plants. No
such effects have been observed in mammalian tests in vivo, even at
doses as high as 1000 mg/kg.

Carbaryl has been shown to induce disturbances in the spindle
fibre mechanism in plant and mammalian cells in vitro. The
relevance of plant assays for extrapolation to humans is unclear.

It can be concluded that the available data-base does not support
the presumption that carbaryl poses a risk of inducing genetic
changes in either the somatic or the germinal tissue of humans,

The nitrosated product of carbaryl, N-nitrosocarbaryl, is capable
of inducing mitotic recombination and gene conversion in prokaryotes
(H. influenzae, B. subtilis) and eukaryotes (S. cerevisiae) in vitro,
and gives positive results in E. coli spot tests.

Furthermore, experimental results indicate that N-nitrosocarbaryl
binds to DNA, causing alkali-sensitive bonds and single-strand
breakage,

Nitrosocarbaryl has not been established as a clastogen in vivo
(bone marrow and germ cells), even at high toxic doses.
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1.1.7.3

1.1.7.4

Summary and avaluation, conclusions and recommendations

Carcinogenicity

Carbaryl has been studied for its carcinogenic potential in
numerous studies on rats and mice. The results of most of these
studies were negative, but the studies were old and did not meet
contemporary standards. However, new studies on mice and rats,
which meet modern standards, are in progress.*

The latest IARC evaluation (IARC, 1987) concluded that there
were no data on cancer in humans and that the evidence of
carcinpgenicity in experimental animals was inadequate. Carbaryl
could not be classified as to its carcinogenicity for humans
(Group 3).

N-nitrosocarbaryl has been shown to induce tumours locally in
rats (either sarcoma at the site of injection or forestomach squamous
cell carcinoma, when given by the oral route). Given the human
chemistry of carbaryl, the risk of N-nitrosocarbaryl carcinogenicity
in humans from carbaryl exposure can be judged as negligible.

Effects on different organs and systems
(a) Nervous system

The effects of carbaryl on the nervous system are primarily
related to cholinesterase inhibition and are usually transitory. The
effects on the central nervous system were studied in rats and
monkeys. Oral doses of 10-20 mg carbaryl/kg for 50 days were
reported to disrupt learning and performance in rats.

In a small study on pigs, carbaryl (150 mg/kg body weight in the
diet for 72-82 days) was reported to produce a number of
neuromuscular effects, Reversible leg weakness was noticed in
chickens given high doses of carbaryl. No evidence of demyelination
was observed in the brain, sciatic nerve, or in spinal cord sections
examined microscopically. Similar effects were not observed in
long-term rodent studies.

#These studies have not yet been reviewed by the IPCS. The company perfarming
these studies has indicated that there is a significant increase in tumcurs at the
highest dose in both species.
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(b) Immune system

Carbaryl, when administered in vive, at doses causing overt
clinical signs, has been reported to produce a variety of effects on the
immune system. Many of the effects described were detected at
doses close to the LD,,. Most studies on rabbits and mice at doses
permitting survival have not produced significant effects on the
immune system. Shortcomings of several of these studies were a
lack of consistency and, sometimes, overt contradiction between
results, which prevents the description of a defined immunotoxic
mechanism,

(¢) Blood

Carbaryl has been reported to affect coagulation, but there are
conflicts about the direction of the effect. In glucose-6-phosphate
dehydrogenase-deficient sheep erythrocytes, carbaryl produced a
dose-dependent increase in methaemoglobin (Met-Hb) formation.
Human serum albumin reacted in vitro with the ester group of
carbaryl. Carbaryl binds free blood amino acids.

(d) Liver

Disturbances have been reported in the carbohydrate metabolism
and protein synthesis and detoxification function of the liver in
mammals. Carbaryl is a weak inducer of hepatic microsomal drug-
metabolizing activity. Phenobarbital sleeping time is shortened. The
hepatic levels of cytochrome P-450 and by are increased. Changes
in liver metabolism may account in part for the three-fold increase of
the carbaryl LDy in carbaryl-pretreated rats.

(e) Gonadotropic function

Carbaryl has been reported to increase the gonadotropic function
of the hypophysis of rats.

Primary mechanism of toxicity
Carbaryl is an inhibitor of cholinesterase activity. This effect is

dose-related and quickly reversible. There was no aging of the
carbamylated cholinesterase. All identified metabolites of carbaryl
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1.1.8

Summary and evaluation, conclusions and recommendations

are appreciably less active cholinesterase inhibitors than carbaryl
itself.

Effects on humans

Carbaryl is easily absorbed through inhalation and via the oral
route and less readily by the dermal route. Since the inhibition of
cholinesterase (ChE) is the principal mechanism of carbaryl action,
the clinical picture of intoxication is dominated by ChE inhibition
symptoms, such as: increased bronchial secretion, excessive
sweating, salivation, and lacrimation; pinpoint pupils,
bronchoconstriction, abdominal cramps (vomiting and diarrhoea);
bradycardia; fasciculation of fine muscies (in severe cases, diaphragm
and respiratory muscles also involved); tachycardia; headache,
dizziness, anxiety, mental confusion, convulsions, and coma; and
depression of the respiratory centre. Signs of intoxication develop
quickly after absorption and disappear rapidly after exposure ends.

In controlled studies on human volunteers, single doses of less
than 2 mg/kg were well tolerated. A single dose of 250 mg
(2.8 mg/kg) produced moderate ChE inhibition symptoms (epigastric
pain and sweating) within 20 min. Complete recovery occurred
within 2 h of treatment with atropine sulfate.

In cases of occupational overexposure to carbaryl, mild
symptoms are observed long before a dangerous dose is absorbed,
which is why severe cases of occupational intoxication with carbaryl
are rare. During agricultural application, dermal exposure may play
an important role. No local irritative effect is usually observed,
however, the appearance of a skin rash after accidental splashing with
carbaryl formulations has been described.

There are conflicting data about the effects of carbaryl on sperm
count and changes in sperm morphology in plant workers. No
adverse effects on reproduction have been reported.

The most sensitive biological indicator of carbaryl exposure is
the appearance of l-naphthol in the urine and a decrease in ChE
activity in the blood. Levels of 1- naphthol in the urine can be used
as a biological indicator, if there is no I-naphthoi in the working
environment. During occupational exposure, 40% of the urine
samples contained more than 10 mg total 1-naphthol/litre. In one
case of acute intoxication, 31 mg/iitre was found in the urine. The
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EHC 153: Carbaryl

hazard level is > 10 mg/litre and the symptomatic level 30 mg
{-naphthol/litre urine (Data sheet on carbaryl, WHO, 1973
VBC/DS/75.3).

Measurement of the ChE activity can be a very sensitive test for
monitoring, provided that measurement is carried out soon after
exposure.

Conclusions

The hazards of carbaryl for human beings are judged to be low,
because of its low vapour pressure, rapid degradation, rapid
spontaneous recovery of inhibited cholinesterase, and the fact that
symptoms usually appear well before a dangerous dose has
accumulated in the body. Good carcinogenicity studies, which meet
modern standards, are not yet available.

General population exposure

Residue levels of carbaryl in food and drinking-water, which
remain afier its normal use in agriculture, are far below the
acceptable daily intake (ADI) (0.01 mg/kg body weight per day) and
are not likely to produce health hazards in the general population.

Subpopulations at high risk

Use of carbaryl for public health purposes in the home or in
recreation areas may create overexposure, if the rules for its
application are neglected.

Occupational exposure

By enforcing reasonable work practices, including safety
precautions, personnel protection, and proper supervision,
occupational exposure during the manufacture, formulation, and
application of carbaryl will not create hazards.  Undiluted
concentrations must be handled with great care, because improper
work practices may cause skin contamination. Air concentrations in
the workplace should not exceed 5 mg/m’.
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1.3

Summary and evaluation, conclusions and recommendations

Environmental effects

Carbaryl is toxic for honey-bees and earthworms. It should not

be applied to crops during flowering.

With normal use, carbary! should not cause environmental

concern. Carbaryl is adsorbed on soil to a great extent and does not
readily leach into ground water. It is rapidly degraded in the
environment and therefore is not persistent. Use of carbaryl should
not result in harmful short-term effects on the ecosystem.

Recommendations

22

The handling and application of carbaryl should be accomplished
with the care given to all pesticides. Instructions for proper
usage, provided on the package containing the chemical, should
be carefully followed.

The manufacture, formulation, use, and disposal of carbaryl
should be carefully managed to minimize contamination of the
environment.

Regularly exposed worker populations should receive periodic
health evaluations.

The application of carbaryl should be timed to avoid effects on
non-target species.,

Carcinogenicity studies that meet modern standards should be
conducted.



2. IDENTITY, PHYSICAL AND CHEMICAL
PROPERTIES, ANALYTICAL METHODS

2.1 Identity
Structural formula OCO.NHCH,
.
Molecular formula: C,,H,,NO,
Common name: Carbaryl (BSI)
CAS chemical name: 1-naphthalenylmethylcarbamate
(9Cn
CAS registry number; 63-25-2
RTECS registry number: FC5950000

Common synonyms:

alpha-naftyl-N-methylkarbamat, alpha-naphthalenyl
methylcarbamate, alpha-naphthyl methylcarbamate, alpha-
naphthyi N-methylcarbamate, carbamic acid, methyl-, 1-naphthyl
ester, N-methyl-alpha-naphthyl-urethan, N-methyl-1-naftyl-
carbamaat, N-methyl-1-naphthyl-naphthyl carbamate. N-methyl-
1-naphthyl-carbamat, N-methylcarbamate de 1-naphtyle, N-metil-
1-naftil-carbammato, 1-naphthol N-methyl-carbamate, 1-naphthyl
methylcarbamate, | naphthyl-N-methyl-karbamat

The most commonly used chemical name is I-naphthyl-
N-methyl-carbamate.

Common trade names:
Arilat, Arilate, Arylam, Atoxan. Bercema, Caprolin, Carbacine,

Carbatox, Carbavur, Carbomate. Carpolin, Denapon, Dicarbam,
Dyna-carbyl, Karbaryl, Karbatox, Karbosep, Menaphtam,
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Ifdentity. physical and chemical properties, analytical methods

Monsur, Mugan, Murvin, Oltitox, Panam, Pomex, Prosevor,
Ravyon, Seffein, Sevimol, Sevin, Vioxan

The most commonly used trade name is Sevin.
Previous codes:

Compound 7744, ENT 23,969, ENT 23969, Experimental
insecticide 7744, Germain’s HSDB 952, NAC, NMC 50,
Union Carbide 7744

Purity:

The technical product is principally manufactured in the USA;
however, there are other minor sources in other parts of the
world.

The technical product manufactured in the USA is produced to
a minimum purity of 99% w/w carbaryl with a <0.05% w/w
content of the 2-naphthyl carbamate isomer (sometimes known
as "beta-carbaryl”).

FAO specifies a minimum purity of 98% w/w carbaryl with
<0.05% w/w content of the 2-naphthyl carbamate isomer.

2.2 Physical and chemical properties
Some of the physical properties of carbaryl are listed in Table 1.

Pure carbaryl is a white crystalline solid without odour.

The explosion limit for dust (finely divided particles) in air is
20.3 g/m® (approximately 2500 ppm). It is non-corrosive (Weston,
1982).

The volatility may increase 4-fold when the relative humidity is
increased from 8 to 80%.
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Table 1. Physical properties

Maelting point {°C) 142

Boiling point {°C} dacomposing
Solubility in water {30 °C) 40 mg/litre
Specific density {20 °C) 1.23

Ralative vapour density

Vapour pressure 1.17 x 10°%3.1 x 107
mmHg at 24-25 °C

Flash point 183 °C

Qctanol/water partition 1.59-2.3

coefficiant (log K,)
Flammability {explosive) limits

Relative molecular mass 201

The solubility of carbaryl increases with temperature (Bowman
& Sans, 1985). In sea water at 18 °C, the solubility is 31 mg/litre
(Karinen et al., 1967). Carbaryl is soluble to some extent in most
organic solvents, and it is soluble in corn oil. Tt is lipophilic
(Kanazawa, 1981).

Tt is stable to light and heat (up to 70 °C) and acids, but easily
hydrolysed by alkaline materials (Dittert & Higuchi, 1963). Itis a
strong oxidizer.

The quality of carbaryl depends upon the purity of the precursor,
1-naphthol. The amount of the 2-naphthylcarbamate isomer found as
a contaminant in the final product is directly related to the purity of
this precursor. 1-Naphthol, free of 2-naphthol (undetectable), is
produced in the USA today through the catalytic conversion of
naphthalene. However, 1-naphthol produced by other manufacturing
processes may contain 2-naphthol as a byproduct.

High pressure liquid chromatography (HPLC) has been used to
determine 1- and 2-naphthol in their mixtures in ratios 500:1, in
order to check for traces of contamination in samples of a
commercially important insecticide.  The results have been
summarized in Table 2 (Argauer & Warthen, 1975).
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Table 2. 2-Naphthol racovered fram carbaryl samples®

Sample and size Amount of 2-naphthyl Amount of
methylcarbamate added 2-naphthol found
for racovery check

USA produced

250 mg Unicn Carbide None Undetectable
99.66% active

500 mg Ortho Sevin None Undetectabfe
$0% wottable powder

570 mg Union Carbide None Undetectable
44% aqueous slurry

310 mg Union Carbide None Undetectable
80% wettable powder

310 mg Union Carbide 2.5 mg 1.7 mg
B0% wettable powder

310 mg Union Carbide 0.50 mg 0.33 mg
80% woettable powdar

Foreign origin

250 mg Sample A- None 2.3 mg
technical

250 mg Sample B- None 14 mg
technical

500 mg Sample C- Nonae 12.4mg

50% wettable powder

500 mg Sample D- None 1.3 mg
50% wattable powder

®From: Argauer & Warthen {1975}.
2.3 Conversion factors

I ppm = 8.22 mg/m’ of air;
1 mg/m* = 0.12 ppm.
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EHC 153: Carbaryl

2.4 Analytical methods

The methods used to determine carbaryl are summarized in
Table 3. They vary considerably in relation to the equipment used.
As an alternative to chemical analysis, Bowman et al. {(1982) used a
simple bioassay system procedure to determine foliar residues for a
safe re-entry period and to screen food for residues. Daphnia and
Hyalella were used as highly sensitive test organisms.

The Joint FAQO/WHO Codex Alimentarius Commission has given
recommendations for the methods of analysis to be used for the
determination of carbaryl residues (FAO/WHO 1986a).
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3. SOURCES OF HUMAN AND ENVIRONMENTAL
EXPOSURE

Carbaryl was {irst synthesized in 1953 and, in 1958, the Union
Carbide Corporation began its commercial production. Carbaryl is
now processed by more than 290 formulators into 1537 different
registered products (Harry, 1977, unpublished report). Carbaryl is
formulated as a 50 and 85% wettable powder, 1.75-50% dust, oil-
and water-based 4% liguid suspension, and 5 and 10% granules and
baits. Annual production is of the order of 10 000 tonnes. It is
produced by the reaction of 1-naphthol with methylisocyanate.

Carbaryl is widely used, in many countries, as a broad spectrum
contact and ingestion insecticide with some systemic properties, and
is recommended for use at 0.25-2.7 kg active ingredient per hectare
to control various insect pests. Up to 10 kg/ha per season can be
used on tree fruits. In the USA, carbaryl! is registered for the control
of about 560 different pests. [t is used on more than 115 food and
fibre crops, trees, and ornamentals. About 40% of the guantity used
is applied to cotton (Kuhr & Dorough, 1976; Mastro & Cameron,
1976; Payne et al., 1985). In combination with other substances, or
alone, carbaryl is used as a plant regulator for apple thinning
(Looney & McKellar, 1984; Looney & Knight, 1985).

In veterinary practice, carbaryl is used on cattle, poultry, and
pets, especially to control flies, mosquitos, ticks, and lice, some of
which are vectors of disease.

Carbary! (5% formulation Carbacide) is used to treat human
body louse infestation (Sussman et al., 1969).
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4.1

4.2

4.2.17

Environmental transport, distribution, and transfermation

4. ENVIRONMENTAL TRANSPORT, DISTRIBUTION,
AND TRANSFORMATION

Volatilization and air transportation

Carbary! has a low volatility and a low air-water partition
coefficient. Thus, only limited evaporation can be anticipated after
treatment. Some traces of carbaryl in the air and in fog, resulting
from spray drift, may be detected at a certain distance from the
treated areas. A maximum level of 0.09 mg/m’ in the air has been
reported.

The dimensionless air-water partitioning constant (Henry’s Law
Constant) for carbaryl has been evaluated to be 5.3 X 10 (Schomburg
et al., 1991).

Deuel et al. (1985) studied the persistence of carbaryl in paddy
water. Results indicated that no measurable dissipation could occur
as a result of volatilization. In contrast to the results from Deuel,
using the BAM model, Lee et al. (1990) calculated that 50 days after
treatment, 0.63% of the carbaryl applied to soil could have been
volatilized and 78.84% degraded.

Water
Hydrolysis

In pure, sterilized water, kept in the dark, the persistence of
carbaryl is pH-dependent. Carbaryl is rather stable in acidic
conditions. Its haif-life at pH 7 is 10-16 days, and at pH 8 it is 1.3-
1.9 days only. At pH levels higher than 8, its half-life is in the
range of a few hours, or even jess (Aly & El Dib, 1971a).

Carbaryl is an example of an N-substituted carbamate that
hydrolyses readily in water. In this mechanism, an acid-base
equilibrium is established and the conjugate carbamate undergoes an
elimination type reaction to give an unstable carbamic acid that
decomposes to the primary amine and CO,. Initially, the principal
non-biological degradation pathway of carbary!l in water, however,
involves base-catalysed hydrolysis to 1-naphthol (Khasawinah, 1977).
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Aly & El Dib (1971a,b, 1972) conducted studies to determine
the physical factors that may influence the degradation of carbamates,
including carbaryl, in aquatic systems. Hydrolysis of carbary! in
alkaline medinm was a function of hydroxyl ions in sclution and was
first order with respect to these ions. Carbaryl was so sensitive to
hydroxide ions that, at high base concentrations, the liberation of 1-
naphthol was too fast (few minutes) to be measured by conventional
methods. Carbaryl was stable to hydrolysis at the acid pH range of
3-6. At pH 7, a rise in the hydrolysis rate was observed, which
increased with increase in pH. Carbaryl was very susceptible
towards hydrolysis in aqueous solutions at neutral and alkaline pH
values, A series of kinetic studies was carried out at different
temperatures (3-33 °C) to study the temperature dependence of the
rate of hydrolysis. Results showed that an increase in temperature
resulted in an increase in the reaction velocity.

Wauchope & Haque (1973) reported that, in weak acidic
solutions, carbaryl and !-naphthol were stable for several weeks, in
the dark or under laboratory light. In basic solutions, the basic form
of 1-naphthol (1-naphthoxide) was light sensitive. 1-Naphthoxide ion
was transformed into 2-hydroxy-1.4-naphthoquinone; this was
confirmed by mass spectrometry.

Khasawinah (1977) carried out the hydrolysis of carbaryl in the
dark, in aqueous buffer solutions at temperatures of 25 and 35 °C.
Increasing the pH and temperature of the buffer accelerated the
disappearance ot carbaryl and the formation of !-naphthol.

Rate constants (at 20 °C) were determined for the purely
chemical hydrolysis of carbaryl in water containing solvents at pH
values ranging from 4 to 8 (Chapman & Cole. 1982). The solvent
compuosition (water/ethanol = 99/1) was close to pure water and the
sotutions were sterifized to ensure that only chemical reactions were
taking place. The half-lives for carbaryl were caicuiated from
pseudo-first order disappearance rate constants (Table 4),
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Fisher & Lohner (1986) conducted tests on the environmental
fate of carbary! as a function of pH. In both a microcosm and abiotic
studies, greater amounts of carbaryl were detected in water at pH 4,
than at pH 6 or 8.

Hydrolysis of labelled carbaryl in aqueous solution was
conducted by Carpenter (1990) under dark conditions. When
degradation occurred, the major degradation product of significance
was 1-naphthal. No other degradation product accounted for more
than 2% of the radioactivity and no volatile products were generated
during the hydrolysis reaction. The test systems were sterile and the
transformation/degradation  mechanism was purely chemical
hydrolysis.

Carbaryl half-tives in aqueous solution observed by different
authors are summarized in Table 4.

Photolysis

There is sufficient evidence to suggest that photodecomposition
will account for some ioss of carbaryl in clear surface waters exposed
to sunlight for long periods. In turbid waters, iight penetration is
greatly reduced, thus photolysis will play oniy a minor role in the
decomposition of carbaryl.

The primary effect of ultravioiet light radiation (UVR) seems to
be cleavage of the ester bond, however, other modifications in the
carbaryl molecule occur. Crosby et al.  (1965) studied the
photodecomposition of carbaryl and found several other
cholinesterase inhibitory substances, in addition to i-naphthol,
indicating that these substances retained the intact carbamate ester
group, and that irradiation resulted in changes at other positions in
the molecule. Both UVR and natural sunlight caused decomposition
of carbaryi, however, the extent of photodecomposition was not the
same under the different conditions of irradiation. Intense UV
irradiation generally resnited in the formation of a greater number of
degradation products. It is expected that the effects of natural
sunlight UVR (292-400 nm) on the photodegradation rate and the
nature of the degradation products would differ from those of the
shorter wavelength irradiations used above.
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period of time before bacteria can degrade carbaryl and a minimum
concentration below which bacteria will not multiply rapidly enough
to cause degradation.

Ahlrichs et al. (1970) found bacteria that could break the ring
structure of carbaryl, however data concerning the role of
microorganisms in the elimination of insecticides from surface water
were variable.

In a study by Hughes (1971) a bacterium (Flavobacterium sp.)
was isolated from pond water, which degraded !-naphthol to
o-hydroxycinnamic acid, salicylic acid, and an unidentified product.
In this study, the bacteria cleaved the naphthalene ring, since both
hydroxycinnamic acid and salicylic acid each have only a single
phenol ring.

Aly & El Dib (1972) studied the biodegradation of carbaryl in
Nile River water in 5-galion containers, which was buffered to
maintain a pH of 7.2 and held at 25+2 °C under aerobic conditions.
The concentration of carbaryl in water decreased progressively with
time and 89% of the added amount of carbaryl (4.75 mg/litre)
degraded in 6 days. 1-Napthol, which appeared as a degradation
product, did not result anly from the chemical hydrolysis of carbaryl,
since a sterile buffered solution showed negligible hydrolysis. -
Naphthol was produced mainly as a result of the biological activity
of microorganisms in river water. Subsequent additions of increasing
concentrations of carbaryl disappeared in shorter periods of time, and
there was no build-up of I-naphthol. Carbaryl disappeared more
rapidly in Nile River water containing sewage. Thus, the authors
considered that natural waters and sewage contain microorganisms
capable of degrading carbary! and 1-naphthol.

A number of marine microorganisms, inciuding algae, bacteria,
fungi, and yeasts, were tested by Sikka et ai. (1973, 1975) for their
ability to metabolize carbaryl or 1-naphthol. None of them was abie
to degrade carbary! to a significant extent. Only a very small amount
of carbaryl was metabolized to form water-soluble metabolites by the
algae Cyclotella nana and Dunaliella tertiolecta. 1-Naphthol was
degraded to water- and ether-soluble metabolites by Culcitalna
achraspora, Halosphaeria mediosetigera, Humicola alopatlonella,
Aspergillus  fumigatus, Serratia marina, Spirillum sp., and
Flavobacterium sp. The organisms differed greatiy in their ability to
convert carbaryl to water-soluble products, and also in their ability
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to degrade l-naphthol.  Overall, 1l-naphthol appeared more
susceptible to degradation than carbaryl, and filamentous fungi
appeared to possess a greater ability to degrade 1-naphthol than
bacteria or yeast.

Bacteria isolated from river water were also capable of degrading
1-naphthol (Bollag et al., 1975; Czaplicki & Bollag, 1975). After
60 h of incubation with “C-labeiled 1-naphthol, it was possible to
trap 44% as CO,and 22% was recovered. The release of labelled
CO, clearly indicated that complete biodegradation of carbaryl had
taken place via rupture of the naphthyl ring. However, 15-20% of
radioactivity remained in the growth medium, This suggests that at
least 2 different pathways may be involved in the degradation of
I-naphthol by these bacteria. The radiocactivity in the growth
medium was partitioned and the dominant product was identified as
4-hydroxy-1-tetralone, which suggests an alternative pathway that
involves hydroxylation of the naphthyl ring in the 4-position and
conversion of an aromatic ring to an aliphatic cyclic compound.
Walker et al. (1973a) confirmed this pathway with a soil
pseudomonad.

Paris et al. (1975) found that, in heterogeneous bacterial cultures
in water, bacteria did not significantly degrade carbaryl but did
utilize 1-naphthol, produced from hydrolysis, as a carbon source.
Products of the bacterial degradation of the l-naphthol were
1,4-naphthoquinone and 2 unidentified compounds. Hydrolysis and
photolysis contributed significantly to the degradation of carbaryl,
since half-lives were short compared with those of biolysis,

Within 7 days of incubation in river water, 92% of carbary! or
{-naphthol disappeared (Prima et al., 1976); 68% was removed by
biochemical degradation, and 24% by a physico-chemical process.

Liu et al. (1981) measured the rate of carbaryl degradation at
PH 6.8 both with, and without, bacteria obtained from lake sediment.
Without the lake sediment inoculum, the half-life of carbaryl was 8.3
days under aerobic conditions and 15.3 days under anaerobic
conditions. With bacterial metabolism, half-lives of 6.8 and 5.8 days,
respectively, were measured. After the addition of cometabolites
(glucose and peptone), the half-lives were further reduced to 3.8 and
4.2 days, respectively. Thus, bacterial degradation played a much
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greater role in the degradation of carbaryl under anaerobic
conditions.

Microbial activity was an important factor in the breakdown of
carbaryl in water from a pond and creek (Szeto et al., 1979).
Autoclaving prior to the addition of carbary! and incubating for 50
days increased the recovery from 39 to 57% (creek water) and from
28 10 58% (pond samples containing sediment).

Boethling & Alexander (1979) studied the degradation of
carbaryl in stream water (pH 7.5-8.6) at extremely low
concentrations. They reported that, at initial concentrations of 30
and 300 mg/litre, more than 60% of the carbaryl was degraded to
CO, within 4 days, but 10% or less was converted to CO, at
0.3 mgflitre and 0.0003 mg/litre. At these two latter concentrations,
CO, was generated at rates not exceeding 3% of the starting material
per day. The authors concluded that laboratory tests on bio-
degradation are usually conducted with concentrations of chemicals
higher than those found in rivers, lakes, and marine waters and,
therefore, will not accurately predict the environmental behavicur of
microorganisms.

Sharom et al. (1980) compared the persistence of carbaryl in
natural water, distilled water, sterilized natural water, and sterilized
distilled water. Carbaryl disappeared from all four types of water,
which was considered to show that chemical processes played a major
role, and biological processes, a secondary role, in the degradation
of carbaryl in water.

Chaudhry & Wheeler (1988) maintained a Pseudomonas sp.
isolated from a pesticide waste disposal site on a medium containing
normal and radiolabelled carbaryl. Pseudomonas sp. degraded
carbaryl and the authors concluded that Pseudomonas sp. may have
potential as biological treatments for waste and groundwater.

Peorsistence in surface water

The agricultural use of carbary! may indirectly produce residues
in surface water and in sediment, following application, as result of
drift or from scil-bound particles. In general, carbaryl is not
expected to persist in the aquatic environment. Although it is stable
to hydrolysis in acidic water, at the pH of most surface fresh waters
(7-8.2), it is highly susceptible to hydrolysis. Biologically-mediated
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degradation and photolysis are secondary mechanisms; sediment and
humic substances also influence the persistence of carbaryl in aquatic
systems.

HalfJives of carbaryl in natural water, calculated from
experimental results, are summarized in Table 5. In one case, with
exceptionally cold and acidic conditions, the half-Jife was in the range
of 70 days. In most cases, half of the carbaryl degraded in a few
days, or even in less than one day.

Table 5. Percentage of carbaryl degraded in water, a certain number of days after
treatment, and the corresponding approximate half-lives

Origin of watsr Days % Halt-ife  References

after {days)

treatmant
laboratory 7 a5 1 tichalberger & Lichtenberg

{1871}

pond < 0.5 Romine & Bussian {1971}
containers g Bg 2 Aly & H-Oib {(1372)
MIGIOCOSIT <5 Kanazawa {1875)
river 7 92 2 Prima at al. {1976)
lab, pond water 42 80-82 B8 Szeto et al. (1979)
lab. + sediment <2
lab. creek water 42 B80-83 a0
lab, + sedimant <7
lab. drainage 28 100 4 Sharom at al. {1980}
field, drainage ;] 100 1 Gsman & Belat (1980)
brooks, rivers, 1 Stanley & Trial (1980)
streams
straam 17 166 3 Ott ac al. (1961}
lab. sewage a2 100 tt Odeyemi (1982)
lab, fresh water 80 100 < 15
rice irigation 10 80 4 Thomas et at. {1982}
pond 1 80 100 8 Gibbs at at. {1981, 1984}
pond 2 138 77 23
rice field Deuel ot al. 11985)
microcosm (pH 4-8) 7 3173 13-4 Fisher & L.ohper (19886)
straam < 0.1 Sundaram & Szeto {1987)
stream 1-3 100 <1 Springborn {1988h)
rice irrigation <1 Springborn {198Ba)
ponds {18 °C) 4 100 1 Hanazato & Yasuno (1989)
ponds {4 °C) 10 30 20

45 95 10
ponds 14-20 °C) 0.40.9 Hanazato & Yasuno

(199Ca.bj

SRounded.
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The behaviour and persistence of carbaryl in water from a pond
and creek, with and without sediment, were studied under simulated
conditions in the laboratory by Szeto et al. (1979). At 9 °C,
carbary! was less persistent in pond water (pH 7.5-7.8) than in creek
water (pH 7-7.1). Carbaryl degraded to 18-20% of the initial amount
after 42 days in pond water samples and to 37-40% of the initial
amount in creek water samples after 50 days. The higher pH of
pond water compared with creek water may have contributed to this
effect. The presence of sediment did not affect the rate of loss of
carbaryl, but approximately 50% of the remaining carbaryl was
found in the sediment. Microbial activity was a major factor in the
degradation of carbaryl in this study.

Eichelberger & Lichtenberg (1971) measured the persistence of
carbary! in river water at room temperature and pH 7.3-8. From an
initial concentration of 10 pg/litre, only 3% could be detected after
1 week and none was detected at 2 weeks. At the time of
disappearance of carbaryl, 1-naphthol conld not be detected.

In Egypt, Osman & Belal (1980) mentioned that residues present
in irrigation and drainage canals following application of carbaryl
disappeared from the water 6 days afier spraying.

The persistence of carbaryl was tested by Odeyemi (1982) who
incubated water samples treated wtih 45 mg/kg under tropical
greenhouse conditions (Nigeria). According to colorimetric measure-
ments, carbaryl disappeared after 42 days of incubation in sewage
water, and after 60 days in fresh water samples.

The impact of an experimental aerial application of carbaryl
(Sevin-4-0il) on woodland ponds in Northern Maine (USA) was
studied by Gibbs et al. (i981, 1984). Carbaryi was applied at the
rate of 840 g/ha, Maximum residues levels of 734 ug/litre were
detected in the water, and about 4860 pg/kg (dry weight) in the
sediment. In one pond, carbaryl was not found after 62 days. Data
from another pond showed residues equivalent to 23% of the initial
residue after 138 days, and 13% of the initial residues persisting after
375 days. Investigators noted a rapid movement of carbaryl into
bottom sediments with persistence up o 16 months in this
compartment, compared with 14 months in the water. The anaerobic
state of the organic substrate and acidic conditions in one pond may
have contributed to greater persistence. The lower residue jevels in
the other pond were attributed to a greater flow of water.
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Hanazato & Yasuno (19904,b) conducted studies in experimental
outdoor concrete ponds in Japan. Water received three treatments
with carbaryl in order to produce a minimal concentration of
0.5 mg/litre on 12, 19, and 20 October. The water temperature,
which was 20 °C at the start of the experiment, declined steadily to
4 °C in early December and then did not change. The pH increased
from 7.3 on the third day after the start of the experiment to about
9 on the 13th day. It remained between 8-9 until the end of the
experiment. The concentration of carbaryl in water decreased
exponentially and it was no longer detected 4 days after the first and
second treatments and 11 days after the third treatment. The half-
lives for the three treatments were respectively 0.36, 0.40, and 0.86
days. The corresponding times for 90% degradation were,
respectively, 1.18, 1.32, and 2.84 days.

Carbaryl was added to 60 litres of water and 15 kg of soil held
in 110-litre, plastic, garbage containers, buried partially in open
ground (Junk et al., 1984). Carbaryl was studied at the high and low
concentrations of 4 g/litre and 0.2 g/litre, respectively. Additional
variables studied included aeration (1 litre/min) and peptone nutrients
{0.1% by weight). Data obtained from this experiment demonstrated
that soil and water in an inexpensive container provide satisfactory
conditions for the containment of pesticides so that chemical and
biological degradation can occur. Hydrolysis of carbaryl was rapid.

Deuei et al. (1985) studied the persisience of carbaryl and the
1-naphthol metabolite in paddy water under flooded rice cultivation
conditions.  Persistence was evaluated with respect to time,
application rates (1.1 and 5.6 kg/ha), and irrigation scheme
(intermittent or continuous). Results showed that application rate and
time of sample collection had a significant influence on the carbaryl
residues recovered in paddy water during the 3-year study. They
were found to be greater in plots under intermittent irrigation, but
only in 2 of the 3 years. Carbary] residues in water were greatest in
years when rainfall occurred within 24 h of foliar application. Using
intermittent treatment data, carbaryl was determined to dissipate to
half the initial residue ievel within 48-59 h.
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Removal from water

Ag already mentioned, Chaudhry & Wheeler (1988) proposed
that Pseudomonas sp. may have potential as a biological treatment for
waste and groundwater.

According to Miles et al. (1988a,b), the degradation rates of
N-methylcarbamate insecticides, including carbaryl and its metabolite
L-naphthol, were more rapid in chlorinated water than in pure water.
Half-lives of carbaryl were as follows:

carbaryl control pH 7: 10.3 days
carbaryl control pH &: 1.2 days
carbaryl chlorinated pH 7: 3.5 days
carbaryl chlorinated pH 8: 0.05 days.

A separate experiment with l-naphthol in chlorinated water
showed that this product is highly unstable with a half-life of the
order of minutes. A water source contaminated with carbaryl and
treated by chlorination will have lower concentrations of the
insecricide in the effluent.

Mason et al. (1990) studied the removal of carbaryl from
drinking-water by the disinfectants, Ci,, C10,, and O,. Carbary! did
not react with chlorine or with C10O,, but reacted very rapidly with
O,. Therefore removal/degradation of carbaryl can be achieved using
ozonjzation.

Parsistence int sea water

Under laboratory conaditions, the persistence of carbaryl in sea
water is slightly higher than that in freshwater and, according to
temperature, lighting, and microbial presence, its half-life varies
from a few days to about one month. The salt content of natural
waters (ionic strength) may affect the rate of hydrolysis of
carbamates (Christenson, 1964). Thus, carbaryl is expected to be
more stable to hydrolysis in waters with a high salt content than in
freshwater.

Carbaryl may enter marine systems when it is used to control
oyster pests and predators, such as oyster drills, mud shrimp, ghost
sarimp, and star fish (Loosanoff et al., 1960a,b; Lindsay, 1961;
Loosanoff, 1961; Snow & Stewart, 1963; Haydock, 1964; Haven et
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al., 1966). However, Hurlburt et al. (1989) stated that tidal action
diluted the insecticide rapidly and that larvae are unlikely to be
subjected to high concentrations of carbaryl for more than several
hours.

The persistence of carbaryl in estuarine water was studied in the
laboratory by Karinen et al. (1967). Samples of water containing 3,
10, or 25 mg carbaryl/litre and 3% NaCl were buffered at pH 8 and
kept in aquaria at 8 °C. In the absence of mud, the concentration of
carbaryl decreased 50% in 38 days, with most of the decrease
accounted for by the production of I-naphthol. In another
experiment, naphthyl-C and carbonyi-"*C carbaryl (6.8-8.7 mC)
were used with cold carbaryl at total concentrations of 15 and
25 mg/litre, respectively, and maintained at 20 °C. About 50% of
the carbaryl was hydrolysed in 4 days and, after 17 days, the
carbaryl had almost disappeared with 43% converting to !-naphthol,
Fiuorescent light slightly accelerated the hydrolysis of carbaryl to 1-
naphthol. When mud was added to the aquarium system, both
carbaryl and 1-naphthol in sea water declined to less than 10% of the
initial concentration in 10 days. Both compounds were adsorbed by
the mud, where decomposition continued at a slower rate than in sea
water, }-Naphthol persisted in mud for a short period of time, but
carbaryl could be detected for approximately 3 weeks. The naphthol
maoiety of the carbaryl molecule was converted to more persistent
products. The experiment with labelled carbaryl demonstrated
degradation by hydrolysis of carbamate and oxidation of the naphthyl
ring to produce “CO, and “CH,. In a preliminary tield study,
estuarine mud flats were treated with carbaryl at 11.2 kg/ha (dose
used to control pests in oysters beds); carbaryl could be detected in
the mud for up to 42 days. 1-Naphthol concentrations were found
only after the first day, which may indicate that hydrolysis proceeds
slowly in mud.

The fate of 1-naphthol was studied in simulated marine systems
by Lamberton & Claeys (1970). !-Naphthol was unstable in the
alkaline environment of sea water, since light and microorganisms
enhanced its degradation to CO, and other products. 1-Naphthol was
retatively stable in an oxygen-free aqueous solution.

Odeyemi (1982) incubated water samples treated with 45 mg
carbaryl/litre under tropical greenhouse conditions (Nigeria).
According to colorimetric measurements, about 77% of the
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insecticide had disappeared after 63 days of incubation in seawater,
whereas it had completely disappeared after 42 days of incubaticn in
sewage water, and after 60 days in freshwater samples.

Bioaccumulation/biomagnification

Because of its low persistence in water, and its even faster
degradation by living organisms, carbaryl has very low bio-
accumulation properties and presents no risk of biomagnification
under practical conditions.

Kanazawa (1975} studied the uptake and excretion of carbaryl by
Pseudorasbora parva. Fish were reared for 30 days in an aquarium
containing carbaryl at about 1 mg/iitre. In water, 95% of the carbaryl
was degraded in 6 days. One day after treatment, residues of
carbaryl in P. parva reached 7.5 mg/kg, which was the maximum
uptake.

Kanazawa et al. (1975) studied the distribution and metabolism
of “C-1-naphthyl-labelled methylcarbamate (carbaryl) in an aquatic
model ecosystem containing 10 kg soil, 80 litre water, and catfish
{Ictalurus punctatus), crayfish (Procambarus sp.), daphnids (Daphnia
magna), snails (Physa sp.), algae (Oedogonium cardiacum) and
duckweed (Lemna minor). After 20 days, 31% of the radioactivity
was lost, 67.85% remained in the soil (about 45% unextractable
residues), 1.1% was present in water, and only 0.1% was recovered
in organisms.  Bioaccumulation ratios were calculated from
radioactivity recovery and were likely to be low in the case of
animals. In the case of piants, they were apparently higher, but as
they are based only on radioactivity, including normal synthesis
reutilizing “*CO, and not on real carbaryl measurement, they should
be considered as an overestimation of the true bioconcentration factor
for carbaryl (Table 6).

A flow-through bioconcentration study was conducted with
bluegill sunfish (Lepomis macrochirus) exposed to 0.093 mg
carbaryl/litre for 28 days followed by a depuration phase in which
bluegill were held for 14 days in untreated water (Chib, 1986a; Chib
et al., 1986). Analysis of fillet, whole fish, and visceral portions
indicated a rapid uptake of carbaryl. Bioconcentration factors ranged
from 14X to 75, for fillet and viscera, respectively, Data suggest
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that fish stopped accumulating carbaryl after day 7 of uptake,
indicating that a steady state had been reached.

Table 6. Accumulation of '*C radioactivity expressed as carbaryl equivalent® by
varipus aquatic organisms

Carbaryl

Concentration in water 1.66 {1 day)

pafllitre 9.45 (22 days)
Concentration in soil 2.43 (start)

mg/kg 2.55 (22 days)

Organisms mg/kg BARS®
Algae 37.9 4000
Duckwesd 34.2 3600
Snail 2.81 300
Catfish 1.33 140
Crayfish 2.48 280

2Carbaryl not actually meesured.

berom: Kanazawa et al. (1975).

®Bioaccumulation ratia calculated by dividing mg/kg of dried tissues by mg/litre in
water at harvest.

By the end of the 14-day depuration period, over 90% of the
accumulated carbary! was eliminated.

The persistence and accumulation of radiolabelled carbaryl
(technical, 99%), administered in either food or water (flow-
through), was studied in catfish (fctalurus punctatus) over a 56-day
period (Korn, 1973). Fish were removed periodically for whole-
body residue analysis. Intact carbaryl was not distinguished from
1-naphthol. Accumulation from dietary carbaryl (2.8 mg/kg per
week) was 11 and 9 mg/kg tissue at 3 and 56 days, respectively.
Fish accumulated 1% or less of the available pesticide via dietary
exposure. The mean total accumulation of carbaryl (and/or
metabolite residues) after 56 days of exposure to water containing
0.25 mg carbaryl/litre was 11 mg/kg. Fish exposed via the water
retained 0.0001% carbaryl. Fish exposed to 2.8 mg/kg per week via
diet eliminated residues rapidly after they were placed on a carbaryl-
free diet for 28 days. However, residues remained constant for
28 days in fish previously exposed to 0.25 mg carbaryl/litre water for
56 days. The authors speculated that the greater persistence of

49



Environmental transport, distribution, and transformation

carbaryl residues from the water might be due to the persistence in
fish of 1-naphthol.

The low accumulation and rapid elimination of carbary! in fish
were confirmed in other laboratory work (Kanazawa, 1975, 1981).

The biodegradation of carbaryl, was studied by Bogacka &
Groba (1980) in a model system simulating the river-water and
aqueous ecosystem conditions. The rate of pesticide decay in water
depended on the initial concentration, temperature, and the kind of
model. Lowering the temperature inhibited this process. The
accumulation of carbaryl in bottom sediments or in aquatic organisms
(algae, snails, and fish) was not observed at concentrations of 10 or
50 pg/litre.  Trace quantities of 1-naphthol could be detected
occasionally.

4.3 Soil

4.3.1 Adsorption, desorption

Carbaryl is adsorbed on soil. Most K values were in the range
of 100-600, which corresponds to medium to strong adsorption.
Only in some soils from Eastern Australia was carbaryl apparently
less tightly bound (K, 90-220), Taking into account both the
adsorption/desorption properties and the short persistence of carbaryl
in soil, it can be calculated that the compound has low to moderate
mobility in soil and will remain in the top layers, when applied under
actual agricultural conditions (normal dose rates). Leenheer &
Ahlrichs (1971) stated that fast adsorption rates for carbaryl on soil
particles were related to organic matter (OM) and were of the order
expected for physical adsorption.

Carbaryl desorption and movement in the soil was studied in 1-m
soil columns in glass tubes, which had a drain (LaFleur, 1976a).
Desorption by added water was rectilinear for carbaryl (soil range
1-200 umol/kg). The movement of carbaryl in the column was 2
function of the percentage of the organic matter. In soil containing
5.16% organic matter, carbaryl reached the 40-cm section of the
column only. When the organic matter content of the soil was low
(0.22-0.57%), about one-half of the added carbaryl moved through
the column and was found in the effluent, after addition of a volume
of water that was equal to six months’ rainfall. Briggs (1981) also
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reported that increasing levels of organic matter in soils resulted in
an increase in the adsorption of carbaryl.

On the basis of the comparative mobility of carbaryl on soil thin-
layer chromatography (TLC) plates using 4 US soils (silt loam, loam,
Norfolk sandy loam, and silty clay loam), Chib & Andrawes (1985)
concluded that the mobility of carbaryl is low to moderate. With
water elution equivalent to about 580 mm of rainfall, the major
portion of carbaryl was in the top 10 cm of soil, thus exhibiting low
mobility. Only 0.6% of the applied C was eluted with the water.
Approximately 70% of the applied carbaryl was degraded to volatile
gases during the 30-day incubation.

Aly et al. (1980) studied the adsorption of carbaryl at different
temperatures on Ca-bentonite and on two Egyptian soils (Nile alluvial
and a highly calcareous soil). Carbaryl adsorption increased as the
temperature decreased. Ca-bentonite exhibited the highest degree of
adsorption followed by the Nile alluvial soil and the calcareous soil.
The factors that contributed most to the total adsorption of
carbaryl were the soil contents of clay, calcium carbonate, and
organic matter.

The adsorption-desorption and mobility of carbaryl in 3 soils,
and in a stream sediment were studied by Sharom et al, (1980). The
order of adsorptive capacity was organic soil (75.3% OM, pH 6.1)
> sediment (2.8% OM, pH 6.6} > sandy loam (2.5% OM, pH 6.8)
> sand (0.7% OM, pH 7). Desorption occurred in greatest amounts
from sand > sandy loam > sediment. Leachability studies were
consistent with the adsorption/desorption results and a water
solubility of 40 mg/litre. Carbaryl leached more from the sand than
from the organic soil.

In another adsorption/desorption study on carbaryl on sand,
sandy loam, silt loam, silty clay loam, and on aquatic sediment using
batch equilibrium techniques, Chib (1985a) concluded that carbaryl
binds strongly to soil/sediment matrices. This depends on the
carbaryl concentration in solution (the more in solution, the more on
soil) and on the organic content of soil. Desorption isotherms for
carbaryl at low concentrations were nearly flat with all soils,
indicating that carbaryl was tightly bound to the substrates and
difficult to move.
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The transport of carbaryl in the soil was also studied under
natural conditions. High-volume rainfall occurring shortly after
carbaryl has been applied to a field can generate the low-level
transport of the pesticide to non-target areas (Caro et al., 1974),
Carbaryl is adsorbed on soil surfaces to a great extent. Laboratory
measurements of absorption isotherms gave a Freundlich k value of
2.2. Of the 4 kg of carbaryl applied in a watershed, only 5.77 g
(0.16%) were found in run-off water and sediment during the season;
(75 and 25% of the seasonal loss, respectively). The distribution
coefficient between sediment and water was 0.33. Carbary! had
completely disappeared from the sediment by day 70, but still
remained in the water at low concentrations.

Carbaryl could still be found in the soil, 1-2 years after
application at 2 kg 85% WP/ha. It is carried by rainfall and
cultivation from the surface layers of the soil into the deeper layers.
During the first few days after application, it was found in the root
zone. After 3 months, 90% of the carbaryl was present in the
surface layers, and, after 300 days, it was found in the soil at a depth
of 60-70 cm. Rainfall was not specified (Molozhanova, 1968).

Carbaryl was applied to a sandy loam field plot at a dose of
25.4 kg/ha. A shallow water table was present at 1.1 m depth
(LaFleur, 1976b). Rainfall during the following 16 months was
182 cm. After this length of time, the upper 1 m contained 6% of
the applied carbaryl. No carbaryl was found in the 0-20 cm layer
after the fourth month. The half-life of carbaryl in the upper 1 m
was > 1 month. Carbaryl appeared in the underlying groundwater
within 2 months following treatment and could be detected through
the eighth month. The maximum groundwater concentration
occurred at the end of the second month (about 60 ug/litre). The
dose rate was more than 10 times the usual one and the persistence
was overestimated, as well as the residues that might be present in
shallow groundwater.

Norris (1991) reported a terrestrial field soil dissipation study
conducted with carbaryl under actual use conditions. Carbaryl was
applied to broccoli in California at 2.24 kg/ha, five times, on a
weekly schedule. It was also applied once to sweet corn in North
Carolina at a rate of 7.12 kg a.i./ha. The half-life in soil was
estimated to be 6-12 days at the California site and about 4.8 days at
the North Carolina site. Carbaryl residues were found mainly at a
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depth of 0-15 cm, which indicates that carbaryl has a low potential
for leaching through the soil profile under typical agronomic
practices.

Transformation

Degradation of carbaryl in soil occurs as a result of the activity
of microorganisms, and through physical and chemical effects. It
undergoes hydrolysis, oxidation, and other chemical processes and,
on the surface of the soil, is subjected to photolysis. When applied
at the usual doses, carbaryl has a short persistence in soil. In the
field, under temperate and warm climatic conditions, the half-lite of
carbaryl in the soil does not exceed one month (Table 7).

Photolysis in soif

Studies have been conducted on the photolysis of carbaryl in
soil, In one study, volatile substances were first identified and
quantified and then soil TLC plates were used over a 30-day period
to quantify degradation products (Chib, 1986b). The calculated half-
life of carbaryl in sandy loam soil on TLC plates irradiated with a
high-pressure mercury vapour lamp (200 watt, Hanovia) at 25 °C
was 2.5 days. In controls kept in the dark, labelled carbaryl
degraded with a half-life of >30 days. CO, was the only major
volatile degradation product from all treatments. The other soil
degradation products identified were 5-hydroxy carbaryl,
N-hydroxymethyl carbaryl and 1-naphthol. Only carbaryl and
1-naphthol were present in control soil extracts. The degradation
products in the irradiated soil extracts suggest that hydrolysis and
oxidation are the main mechanisms in the degradation of carbaryl
under soil photolysis conditions.

Das (1990b) also studied the photolysis of carbaryl in soil.
Labelled carbaryl was applied to a sandy loam on plates (9.8+0.3
mg/kg) and maintained in artificial sunlight, intermittently (12 h
irradiation + 12 h darkness) for 30 days. The measured irradiance
of the artificial sunlight (502.6 watts/m”) was comparable to the
natural sunlight (545.8 watts/m?).  The evolution of volatile
substances was also monitored. Controls were incubated in the dark.
The calculated half-life of irradiated samples was 41 days (each day
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I2 h irradiation + 12 h darkness). No major metabolites were
formed under irradiated conditions.

Biotransformation in soil

The persistence and metabolism of *C-carbaryl (200 mg/kg) was
studied in 5 different soil types by Kazano et al. (1972). Persistence
was influenced by soil type, and the production of **CO, varied from
2.2% (loamy sand) to 37.4% (clay loam) of the initial radioactivity
during 32 days of incubation at 25 °C. The amount of radioactivity
left in the soil after extraction was proportional to the soil organic
matter content. A significant amount (17-57%) of the remaining
radiolabel could not be extracted with organic solvents. Analysis of
the extractable residues indicated the presence of 1-naphthyl
N-hydroxymethylcarbamate, 4-hydroxy-1-naphthyl methylcarbamate
and S-hydroxy-1-naphthyl methylcarbamate, but these were not
confirmed. The main pathway of degradation in soil was probably
hydrolysis of the carbamate linkage, producing CQO, and the
corresponding phenol, though it is possible that hydroxylation of the
ring or the methyl carbon precedes hydrolysis.  1-Naphthol
decomposed more rapidly in clay than in sandy loam. Most of the
radioactivity (83-92%) was recovered in the soils after 60 days of
incubation. 1-Naphthol was immobilized on humic substances in the
soil, not by mechanical adsorption, but by chemical bonding. Four
metabolites (coumarin, the others not identified) were also produced
by a soil Pseudomonas.

Gill & Yeoh (1980) studied the degradation of carbaryl in an
extract of flooded paddy field soil (pH 3.7-4.8, organic matter
content 0.5-3%, very high clay content) extract and in the paddy fish
(Trichogaster pectoralis). Under flooded conditions, the soil half-life
of carbaryl was about 7 weeks. The major significant metabolite was
1-naphthol. Soil meisture plays an important role in the extent of
degradation since, under flooded conditions and 100% field
capacity, the degradation of carbaryl was more extensive than under
0 and 50% field capacity, providing more evidence that
microorganisms play an important role in carbaryl degradation in
paddy-field soil. Where sufficient moisture is available, oxidative
mechanisms become important giving rise to ring and N-methyl
hydroxylation in addition to cleavage of the carbonyl moiety, a
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common pathway of carbaryl metabolism. Carbaryl was also found
to be more persistent in acidic soil than in alluvial soil.

Rajagopal et al. (1983) measured the residues of carbaryl and of
the 1-naphthol metabolite in 3 flooded soils (organic matter
0.54-1.61%, pH 6.2-9.5) following three applications of the test
substance. Samples received either 1, 2, or 3 applications of
carbaryl in aqueous solution. The concentration of carbaryl
decreased with incubation time in all soils. The disappearance of the
first 50% of the substance in all soils ranged from 10 to 15 days.
Subsequent samplings provided evidence for the enrichment of
carbaryl-degrading microorganisms in retreated soils. Thus, the
disappearance time for 75% of the compound was 20-26 days for 3
applications, 28-30 days for 2 applications, and >30 days for 1
application. Tt appears that carbaryl degradation under flooded
conditions does not follow a clear kinetic pattern (e.g., first order).
However, the first order degradation rates were similar for the first,
second, and third applications for 0-10 days. Degradation proceeded
by hydrolysis with 1-naphthol as the major product, the amounts
formed decreasing with incubation time in 2 out of the 3 soils. The
disappearance of 1-naphthol was faster in retreated soils and may not
be attributed only to degradation, because significant amounts of 1-
naphthol may be bound to humic substances, especially in soils with
a high organic matter content.

The persistence of carbaryl was studied in 4 soils under flooded
conditions by Venkateswarlu et al. (1980). They recovered a
substantial portion of carbary! from all soils 15 days after application.
The recovery ranged from 37% in an alluvial soil to 73% in an acid
sulfate soil. They concluded that flooded conditions enhance carbaryl
degradation.

The metabolism of *C-carbaryl and “C-1-naphthol in moist and
flooded soils was studied by Murthy & Raghu (1989) in a continuous
flow-through system, over a period of 28 days. permitting a "“C-mass
balance. The percentage distribution of radiocarbon in organic
volatile compounds. CO,, and extractable and non-extractable
(bound) fractions of soils was determined.  Organic volatile
compounds could not be detected in either carbaryl- or 1-naphihol-
treated soils. More “CO, (25.6%) was evolved from moist than
from flooded s0il (15.1%), treated with carbaryl. The mineralization
of"*C-1-naphthol was negligible. The level of extractable radiocarbon
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was higher (5.5%) in flooded soil treated with carbaryl. Less than
1% was the parent compound, and carbaryl was mainly metabolized
to S-hydroxycarbaryl in moist soil and to 4- and 5-hydroxycarbaryl
in flooded soil. The extractable radiocarbon amounted to 18.2% and
24.3% in moist and flooded soils, respectively, and there was less
than 1% of the parent compound with 1-naphthol treatment. Most of
the “C was found as soil-bound residues, levels being higher with 1-
naphthol treatment than with carbaryl. The humus fraction of the
soil organic matter contributed most to soil-bound residues of both
carbaryl and 1-naphthol.

Aerobic and anaerobic soil metabolism studies were conducted
with carbaryl applied to sandy and clay loam soils in the dark
(Wilkes et al., 1977; Khasawinah, 1978). Under aerobic conditions
at room temperatures (23-25 °C), the half-life of carbaryl was
approximately 9-17 days in sandy loam soil (Texas) and 21-27 days
in clay loam (California). Lower temperature (15 °C) nearly doubled
its half-life. The only solvent-extractable apolar material was parent
carbaryl. A major proportion of the radioactivity initially applied to
the soil was lost as CO,. It appears that, under aerobic conditions,
carbaryl was degraded so that 1-naphthol carbon was lost as CO,, or
it was incorporated into the organic matter of the soil (I-naphthol
was not detected). After 112 days, carbaryl levels declined to 3.6%
(average in Texas soil) and 15% (average in California soil) of the
initial application,

In an aerobic, soil study conducted by Miller (1990) with a
sandy loam soil from North Carolina, soil was incubated with
labelled carbaryl in the dark and maintained at 25+1 °C. The
concentration of the parent compound rapidly decreased to a mean
value of 11.9% of the applied dose by day 14. A significant amount
of radioactivity was recovered as CO,. The average maximum value
of CO, was 59.8% by day 14. The only other major degradation
product was 1-naphthol (maximum concentration of 34,9% of applied
dose by day 1). Base hydrolysis released 41% of the unextractable
residue. Carbaryl rapidly degraded under aerobic conditions with a
half-life of 5.5 days.

Murthy & Raghu (1991) studied the fate of carbaryl in the soil
environment as a function of pH, with respect to the formation of
extractable and non-extractable (soil-bound) residues. Soil samples
{sandy clay, sandy loam, and clay) containing C“-carbaryl
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(10 mg/kg) were incubated at 28-30 °C for periods ranging from 7
to 56 days. More “*C-residues could be extracted from sandy clay
and sandy loam than from clay soil, under both moist and flooded
conditions. Tn general, flooding had no influence on the extractable
“C-residues. Thin-layer chromatography of chloroform extracts
revealed the presence of carbaryl and 1-naphthol. At the end of 56
days, the percentage of carbaryl recovered was 32.1, 6.4, and 1% in
sandy clay (pH 4.2), sandy loam (pH 6.8), and clay soils (pH 8.3),
respectively. The authors considered that there appeared to be a
correlation between soil pH and soil-bound residue formation as an
increase in soil pH was reflected in increased bound residues. The
humin portion of soil organic matter accounted for most of the
“C-residues. Low recoveries in sandy clay and in sandy loam soils
may stem from the possible mineralization of carbaryl.

Carbaryl persistence in the soil was swudied under normal
conditions of application (Caro et al., 1974) of 5.03 kg/ha in
granules applied in corn seed furrows. About 135 days were
required for 95% of the carbaryl to disappear (Fig. 1). The pesticide
remained stable in the soil for 25 days (in some cases, more than 116
days) and then decayed rapidly. This decay is an indirect indication
of microbiological degradation.

This hypothesis is sustained by the finding that the stability of
carbaryl in the soil is affected by the nature of the treatments applied
during the period preceding its application. In soil that had been
treated with carbaryl 6 months before sampling, more than 70% of
the added radiolabelled carbary] was degraded after 4 days, measured
by the disappearance of radioactivity. Only 10% was lost in orchard
soil that had been treated for 15 years with various pesticides, and
only 3% was lost in soil that had never been treated with pesticides.
It appeared that soil that was treated with carbaryl for 6 months
increased the ability of the microorganisms to degrade carbaryl
(Rodriguez & Dorough, 1977).

Carbaryl was applied in soil at an agricultural rate and
incorporated to a depth of 6 inches (15 cm) (Heywood, 1975). At 28
days after treatment, 63% of the applied dose appeared as CO, and
the identifiable residual carbaryl was about 6% of that applied.
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Fig. 1. The disappearance curve for carbaryl in loam soil. The circled crosses
designate the analytical means for each sampling day. The vertical arrows
on each of the means designate one standard deviation about the mean.
From: Caro et al. (1974),

In India, degradation of carbaryl was studied in a greenhouse by
Brahmaprakash & Sethunathan (1984, 1985). Since a soil planted
with crops may be more dynamic and complex than unplanted soil,
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because of increased microbial activity, they studied carbaryl
persistence in soil (pH 6.2, organic matter 1.6%) planted with rice
in a greenhouse, under flooded and non-flooded conditions. Carbaryl
disappeared more rapidly from soils planted with rice than from those
without rice, under both flooded and non-flooded conditions. The
amount of carbaryl decreased to between 30.2 and 32.1% of the
original level within 30 days in unplanted soil under both flooded and
non-flooded conditions. During this same period, the carbaryl
concentration decreased to 17-18% of the original level in planted
soil under both water regimes. Degradation occurred by hydrolysis,
but there was no appreciable difference in the rates of degradation
between flooded and non-flooded soils. The rate of degradation of
carbaryl was little affected by moisture. Further degradation of
1-naphthol was slow in both planted and unplanted systems. A
significant portion of the ring-"*C accumulated in the soil as
1-naphthol and soil-bound residues. Evolution of “CO, from the
labelled side-chain and ring was negligible, even in soil planted to
rice.

Degradation by microorganisms

Many studies have demonstrated the great ability of
microorganisms to degrade carbaryl in the soil, and for some of
them, to use it as a sole source of carbon. The most frequently
identified organisms are bacteria (Pseudomonas phaseolicola, P.
cepaphia, Rhodococcus sp., Nocardia sp., Xanthomonas sp.,
Achromobacter sp.) and fungi (Aspergillus niger, A. terreus,
Fusarium solani, Gilocladium roseum, Rhizoctonia solani, R.
practicola, Penicillium sp., Mucor sp., Rhizopus sp.). In many
cases, it was demonstrated that the persistence of carbaryl in the soil
decreased after a first application, which was interpreted as the
selection and huild-up of strains more capable of degrading the
product. The same process may also explain that, in some studies,
the rapidity of degradation suddenly rose after a lag period during
which only minor amounts of carbaryl degraded.

Tewtik & Hamdi (1970} mentioned that carbaryl was
decomposed into 4 distinct compounds by a soil bacterium designated
as S-1. They considered that this soil bacterium might utilize
carbaryl in a similar way to Pseudomonas sp., which metabolize
naphthalene via the salicylate pathway.
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Zuberi & Zubairi (1971) also reported that carbaryl is degraded
by soil microflora. Pseudomonas phaseolicola and Aspergillus niger
hydrolysed carbaryl to i-naphthol. In the case of P. phaseolicola,
an unidentified minor metabolite was also detected.

Larkin & Day (1986) reported that 2 bacteria isolated from
garden soil, Pseudomonas sp. (NCIB 12042) and Rhodococcus sp.
(NCIB 12038), could grow on carbaryl as the sole source of carbon
and nitrogen at pH 6.8, but failed to metabolize carbaryl rapidly.
Both could use 1-naphthol as the sole source of carbon and
metabolize it via salicylic acid. Strain NCIB 12038 produced also
gentisic acid. Pseudomonas sp. (NCIB 12043), in a soil perfusion
column enrichment at pH 5.2, metabolized carbaryl rapidly to
I-naphthol and methylamine. I-Naphthol itself was metabolized via
gentisic acid. A possible pathway for the catabolism of carbaryl and
1-naphthol was proposed.

Walker et al. (1975a), working with Pseudomonas sp., observed
degradation of 1-naphthol and suggested that carbaryl could serve as
the sole source of nitrogen and carbon for bacteria. It was also noted
that the presence of another nitrogen source in the media seemed to
have a delaying effect on metabolism of carbaryl.

Bacterial communities of at least 12 and 14 members were
selected in continuous culture using carbaryl as the sole source of
carbon and nitrogen at pH 6. These communities were supported by
the slow formation of hydrolysis products and no carbaryl-degrading
bacterium was selected after more than 83 days. When using
equimolar 1-naphthol and methylamine as the sole source of carbon
and nitrogen, a bacterial community of at least 8 members was
selected. After alag of 10-50 days, soil perfusion columns (pH 5.2)
and continuous culture enrichments (pH 3) led to the selection of a
Pseudomonas sp. that could utilize carbaryl as its sole carbon and
nitrogen source (Larkin & Day, 1985).

Sud et al. (1972) showed that Achromobacter sp. aiso utilized
carbaryl as the sole source of carbon in a salt medium. Four
degradation products of carbaryl were 1-naphthol, hydroquinone,
catechole, and pyruvate. The organism also grew well in the first 3
degradation products,

The rate of degradation of carbaryl after 1, 2, and 3 applications
to 3 submerged soils was examined by Rajagopal et al. (1983). Soils
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that had been pretreated with carbaryl were able to degrade carbaryi
more rapidly than those without pretreatment. The enrichment culture
was inactivated upon autoclaving. The concentration of carbaryl
decreased in the mineral medium inoculated with the enrichment
cultures from the 3 soils, especially when it served as the sole source
of both carbon and nitrogen.

Rajagopal et al. (1984) studied the metabolism of side-chain and
ring '“C-labelled carbaryl in a mineral salts medium by soil
enrichment cultures. Hydrolysis was the major route of microbial
degradation. During carbaryl degradation by enrichment cultures and
Bacillus sp., 1-naphthol and 1,4-naphthoquinone accumulated in the
medium.

Rajagopal et al. (1986) also observed that carbaryl disappeared
more rapidly from a laterite soil pretreated with 1-naphthol than from
a control soil never exposed to 1-naphthol. The accumulation of
1-naphthol and bound residues formed from added"“C-carbary! was
greater in soils pretreated with 1-naphthol than in untreated soils.

In experiments with the soil fungus Rhizoctonia practicola,
Boilag et al. (1976) found that it could transform 1-naphthol from an
ether-extractable to a water-soluble product. Tt was also observed
that, after removal of the fungal cells, the growth medium possessed
the ability to transform 1-naphthol, indicating activity of an
extracellular enzyme. Attempts to analyse the labelled material in the
aqueous phase indicated that the radioactivity was associated with a
compound of comparatively high relative molecular mass.

Czaplicki & Bollag (1975) exposed 1-naphthol to Rhizoctonia
solani, isolated from soil, and found that it was completely
transformed to a compound not extractable with ether.

Working with the soil fungus Aspergilius terreus, Liu & Bollag
(1971b) investigated the metabolic transformation of carbaryl through
1-naphthyl-N-hydroxymethylcarbamate and tried to clarify the
pathway of the side-chain. The next intermediate in biological
transformation was 1-naphthyl carbamate, which was further
degraded to l-naphthol. Within one week, approximately half the
amount of carbaryl was transformed to these other metabolic
products. No attempt was made to clarify whether the formation of
1-naphthol was the result of the biological or the chemical
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degradation of 1-naphthylcarbamate, but there were clear indications
that 1-naphthol was metabolized further in the presence of A. rerreus.

In vitro studies were carried out to investigate the degradation of
carbaryl by soil microorganisms. Three isolates from scil, including
Fusarium solani, a Gram-negative coccus, and a Gram-positive rod,
accelerated the hydrolysis of carbaryl to 1-naphthol and other
intermediates.  Fusarium solani was the most effective in
decomposing the “C-labelled compound. Radioactivity decreased by
24% during the first 5 days and by 82% during 12 days in a growing
culture after inoculation, A mixture of two or three of the
microorganisms was more effective in decomposing carbaryl and 1-
naphthol (Bollag & Liu, 1971).

Bollag & Liu (1972a) studied the biological degradation of
""C-1-naphthol during growth, with replacement cultures and cell
extracts of Fusarium solani. The radioactivity of [-naphthol
disappeared partially during growth, but it was completely dissipated
by cell extract activity. The cell extract of F, solani degraded more
than 80% of the 1-naphthol to form CO, within 60 min of incubation,
but it was not possible to identify intermediates. This implies rupture
of the naphthol ring. No difference in activity could be observed
between cell-free extracts from the spores or the mycelium of the
fungus at pH 5.7 and 7.2. The enzyme system was relatively stable
since there was no decrease in activity after the cell extract was
stored at -10 °C during 4 months. The enzyme that participated in
the degradation reaction was constitutive (always present} as shown
by cell extracts prepared from cells grown in a medium with, or
without, carbaryl as substrate.

The fungus Gliocladium roseum, isolated from soil by Liu &
Bollag (1971a), metabolized carbaryl to 3 metabolites which were
identified as 1-naphthyl-N-hydroxy methylcarbamate, 4-hydroxy-1-
naphthyl methylcarbamate, and 5-hydroxy-l-naphthyl methyl-
carbamate. It was therefore considered that N-alkyl- and aromatic
ring-hydroxylation of carbaryl were important detoxication reactions
of G. rosewm. About 70% of the radioactivity was recovered as
carbaryl from an [1-day-old cuiture. The decrease in radioactivity
from the growth medium containing side-chain labelled carbaryl
indicated that a further degradation of the formed metabolites
occurred, or that an additional pathway was involved in the
degradation of carbaryl by G. roseum.
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Bollag & Liu (1972b) reported that most soil fungi (Penicillium
sp., Mucor sp., Rhizopus sp., and Aspergillus sp. except A.
Jfumigatus), could hydroxylate carbaryl at different positions, but that
the products differed qualitatively as well as quantitatively with the
various fungi.

1n a different study, the enzyme or protein fraction (extracellular
phenol oxidase) of the culture filtrate from Rhizoctonia practicola as
chromatographed on a column of Sephadex G-200 and fractions were
obtained that were able to transform 1-naphthol as a substrate
(Sjoblad et al., 1976). The enzyme catalysed the polymerization of
1-naphthol to several products.

Biological oxidation and coupling of phenols are key reactions
in nature, that result in the formation of products such as lignins,
melanins, tannins, alkaloids, and humus compounds. Thus, it can be
assumed that enzymes interact with xenobiotic phenols that are
incorporated into soil or sediment organic matter. Rhizoctonia
practicofa (and an extracellular enzyme) was able to polymerize
1-naphthol (dimers, trimer, tetramer) (Bollag et al., 1978).

Rodriguez & Dorough (1977) studied the persistence of carbaryl
in culture media in the presence of mixed and pure cuitures of
bacteria and fungi isolated from soil. All fungi (Fusarium,
Penicillium, Aspergillus, and one unidentified species), isolated from
a soil treated with carbaryl six months before sampling, produced at
least one metabolite from carbaryl. After 14 days of incubation,
54-79% of the carbaryl was recovered intact, and there was little
formation of carbon dioxide by the fungi. In contrast, related
experiments with bacterial isolates (Arthrobacter, Nocardia,
Pseudomonas, Xanthomonas, and Bacillus) from the same soil
showed that only 1-9% of the added carbaryl remained unconverted
(Arthrobacter was the exception with 59.1% remaining carbaryl).
Controls showed that non-biological degradation also occurred.
Bacteria, like fungi, metabolized carbary! qualitatively in the manner
observed with natural soil populations. However, quantitative
differences were so great that the use of isolates may be of little
value in estimating the degradation rate of carbaryl and other
pesticides in field soil. This is important to note when conducting
microbial degradation studies in the laboratory.
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Bollag (1979) summarized the transformations of carbaryl by
microbial activity. It was possible to isolate several microorganisms
capable of hydrolising carbaryl to 1-naphthol. In addition,
Gliocladium roseum showed the formation of:

4-hydroxy-1-naphthyl N-methylcarbamate

5-hydroxy-1-naphthyl N-methylcarbamate

1-naphthyl A-hydroxy-methylcarbamate.

Other terrestrial fungi hydroxylated carbaryl at different positions,
but the products differed quarntitatively and qualitatively with the
various fungi.  Subsequent metabolic transformation of the
hydroxylated products differed considerably. With A. ferreus, the
following products were obtained:

1-naphthyl N-hydroxy-methylcarbamate —
l-naphthyl-carbamate - 1-naphthol

Several bacteria isolated from river water were capable of
degrading 1-naphthol. At least two different pathways were
involved. The first was a complete degradation with the release of
CO,, the second produced principally 4-hydroxy-1-tetralone, which
may involve hydroxylation of the naphthyl ring in the 4 position and
conversion to an aliphatic cyclic compound. Such a pathway has also
been described with a soil Pseudomonas by Walker et al. (1975a) and
Davis & Evans (1964).

Persistence in soif

Carbaryl is not usually applied as a soil treatment, therefore, the
amounts of carbaryl that may reach the soil come principally from
spray drift, or from washing off treated crops by rain.

When applied at the usual doses, in the laboratory, carbaryl has
a short persistence (half-life <40 days and usually from 6-20 days),
but this may increase when the soil is flooded, or when the dose is
increased. In field studies, the half-life of carbaryl, applied at the
usual dose rates, in warm or temperate climatic conditions, did not
exceed one month in the soil. The results of laboratory and field
studies on the persistence of carbaryl in soil are summarized in
Table 7.
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Johnson & Stansbury (1965) calculated a half-life of approxi-
mately 8 days in an agricultural soi) (sandy loam, pH 5.5) treated at
3 concentrations. Residues of carbaryl appeared to be completely
degraded within 40 days.

The considerable influence of the dose rate on the persistence of
carbaryl in soil was demonstrated by Molozhanova & Kanevskij
(1971). The percentages of the initial quantities that were degraded
45 days after treatment are shown in Table 8.

Table 8. Degradation rate of carbaryl in relation to the dose

initial dose Degradation
img/kg) (%)
0.5 77
1 53
1.5 37.3
2 30
25 27
3 23
4 20
6 16.7
8 15
10 13.2

The same authors also demonstrated the influence of the type of
soil on the degradation of carbary). Forty-five days after treatment,
about 50% degradation was observed in light grey forestry soil, and
only about 20% in peat. The ability of soils to degrade carbary}
could be ranked as follows: light grey > grey forestry > turf
podzol > southern chernozeme > ordinary chernozeme > meadow
> peat.

Ivanova & Molozhanova (1973) calculated that application of
1,36 kg carbaryl/ha in an orchard resulted in 19.7% being retained
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5. ENVIRONMENTAL LEVELS AND HUMAN
EXPOSURE

Environmental levels
Air

Ambient air concentrations of carbaryl were measured before
and after a treatment of a large area of forest in Maine, USA, to
control spruce budworm. Concentrations in air ranged from less than
0.0035 1o 0.107 ug/m® several miles away (Shehata et al., 1984).

Room concentrations of airborne carbaryl were measured
following application for pest comtrol as a 5% dust at an
undetermined rate. The levels detected on the day of application, and
1, 2, or 3 days after application were 1.3, 0.2, 0.1, and 0.01 pg/m®,
respectively (Wright et al., 1981).

Wator
Carbaryl concentrations in water from different sources in the

USSR were studied by Molozhanova (1970). Data are presented in
Table 10.

Table 10. Concentratians of carbaryl in water®

Type of sample Number of samples Mean concentrations
Total Carbaryl-containing imgfitre)
samples {%)

Well 114 a7 .13

Artasian watar 64 7Q Q.16

Ground water 24 75 0.27

Dam 90 47 0.02

River 77 62 0.044

Lake 84 g5 .03

BFrom: Molozhanova (1970},
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According to an earlier report by Molozhanova (1968), carbaryl
was present in trace amounts up to a maximum level of 1 mg/litre in
well water and reservoirs during carbaryl application (6 kg/ha,
85% WP).

Water irrigation channels, situated at a distance of 200-300 m
from a carbaryl-treated cotton field, contained from 0.01 to
0.25 mg/litre up to 18 days after spraying at a dose of 2 kg/ha
{Guseynov, 1970).

Residues of pesticides were monitored in the aquatic system of
Toannina basin (Greece) and its natural outiet, Kalamas River, for the
period September 1984-October 1985 (Albanis et al., 1986). The
carbaryl concentration in water was found to follow a seasonal
fluctuation with maxima during summer and minima during winter
months, Mean and range values are summarized in Table 11.

Table 11, Mean and range values of carbaryl {ngflitre} on different sampling dates
in the loannina basin

Month of sampling River Canal Lake
September 05

November ND? ND#
March ND?

May ND

June ND#
July 23.7 21.7
August 23
September 1.7 ND?
Apnil ND?

July 8.8

*ND = not detected.

An oil-based, carbary! formulation (Sevin-2-0il) was applied
twice to a coniferous forest in New Brunswick (Canada). At a dose
rate of 280 g/ha, the highest concentration in stream water was
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0.314 mg/litre and only 0.123 mg/litre 0.5 h after spraying. More
than 50% of the initial residues dissipated within 1 b (Sundaram &
Szeto, 1987).

Carbaryl was applied aerially as Sevin4-oil (1.12 kg/ha) to a
forest in Montana. Field samples of water were collected to study
persistence. Residue levels in 4 streams sampled were variable (3-6,
3-175, 2-260, 4-108 pg/litre) 1.3-2.8 h after application (Pieper &
Roberts, 1978; Pieper, 1979), Local accumulations of floating oil-
based spray may bhave caused this variation. Grantham (1980)
reported that carbaryl (Sevin-4-oil) levels were generally highest
directly after spraying, but increased at some stream sites for 1-
2 days after application. This was attributed to light rains, which
washed the spray residue off the foliage and into the stream channel.
However, Brown (1980) concluded that carbaryl enters streams in
periodic doses and that rainfall dates are not related to the presence
of residues in streams. Maximum residues of 26.32 pg/litre were
found in water 12 h after spraying, with no residues detectable in
samples taken hourly uniil 36 h. Residues were found again in
samples taken 2.5-3 days and 5.5-6.5 days after spraying.

In a study where carbaryl (Sevin-4-0il) was applied aerially
{(0.84 kg/ha) to a forest in Maine, in 1978, samples were collected in
9 streams (Stanley & Trial, 1980). Peak concentrations occurred
shortly after spraying and maximum residue levels ranged from .93
t0 7.8 ug/litre in brooks and from 0.44 to 2 pg/litre in rivers. In one
stream, the maximum concentration was 16 ug/litre. Ott et ai.
(1981} reported that carbaryl levels were highest on the day of
spraying (2.7 ug/litre), declined to about 0.7 pg/litre by the third
day, but increased again to about 1.2 ug/litre on day 5. No residues
were detected in stream water samples taken on the 17th day.

Thomas et al. (1982) treated planted rice fields with carbaryi at
rates of 0.63, 0.94, and 1.85 kg a.i./ha, either as a high volume
spray (500 litre/ha} or as a low volume spray (150 litre/ha), and
monitored the residues. In irrigation water sampled one hour after
treatment, carbaryl levels amounted to 0.15-0.30 and
0.07-0.18 mg/litre, under high and low volume spraying,
respectively. During the first 24 h after spraying, the concentration
in the irrigation water remained fairly constant, but, by the fourth
day, it had decreased significantly. By the tenth day after spraying
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the residues in water had decreased to 0.02-0.05 and 0.03-0.04 mg/
litre, respectively.

A rice field dissipation study was conducted in Arkansas (USA)
by Springborn (1988). Carbaryl (Sevin XLR) was applied 3 times at
14-day intervals to an irrigated field plot in which rice was planted.
In irrigation water, carbaryl residues disappeared with a half-life of
<1 day after each treatment. The maximum concentration in water
was 1466 ugflitre and, by day 3 following each treatment, the
concentration was <121 pg/flitre. In a similar study conducted in
California, Springborn (1988a) found that carbaryl dissipated rapidly
in irrigation water with a half-life of <1 day. The maximum
concentration in water was 648 pg/litre. By day 3 following each
treatment, the concentration was <27 pg/litre.

Residues of 1-naphthol were found in the water collected from
wells and ponds in and around Bhopal (India). The residues of
1-naphthol in well water (near a manufacturing plant) ranged from
0.002 to 0.024 mg/litre. In pond waters, the levels were found to be
between 0.036-0.098 mg/litre. The level of 1-naphthol in soil
samples was of the order of 0.153-0.656 mg/kg (Dikshith et al.,
1990).

Soil

Contamination of the soil occurs when carbaryl is used in
agriculture.  During the treatment period, levels of 1-3 mg
carbaryl/kg were measured in the surface layer of the soil in the
USSR (Molozhanova, 1968). Concentrations of 0.03-0.35 mg/kg
were found in the surface layer of the soil up to 52 days after a
single application of carbaryl at a rate of 2 kg/ha (Guseynov, 1970).
Carbaryl levels in the soil varied depending on the type of soil
(Table 12).

Potatoes were sprayed with carbaryl at 4.25 kg/ha (5 kg Sevin
WP, 85%/ha). One day, 10 days, and 2 months after treatment,
residues in the soil under the potatoes were, respectively, 1.9, 9.55,
and 0.02 mg/kg (Kovaleva & Talamov, 1978b). When the soil was
sprayed before sowing, the residues in the soil 1 day, 1 month,
4 months, and 15 months after treatment were 1.5-2, 0.05-0.07,
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Table 12. Carbaryl content in different types of sail during harvesting®

Type of soil Number of Carbaryl concentration
samples img/kg)

Meadow-chernazem 200 222 +05
Charnozem southern 766 1.01 + 0.23
Chernozem ordinary 288 1.09 + 0.26
Chenozem podzol 100 0.15 + 0.04
Turf-podzol 150 0.04 + 0.01
Gray-woodland 246 0.0

?From: Molozhanova {1970}.

0.02-0.08, and 0.06 mg/kg, respectively. Within 100 and 150 days
following soil incorporation of carbaryl (Sevin, 10 kg/ha), residues
in non-planted soil decreased to 0.05 and 0.02 mg/kg, respectively
(Kovaleva & Talanov, 1980).

Yadav et al. (1985) detected 0.22 mg carbaryl/kg in the soil at
harvest time, when sesamum (Sesamum indicum) was sprayed twice
with carbaryl (0.2%) on days 45 and 60 of crop growth (21 August
and 5 September). As residues in the soil after the first spray were
about 0.65 mg/kg, the rate of reduction of residues in soil was 56%
within 2 months. Shilova et al. (1973) measured about 0.1 mg
carbaryl/kg soil one month after treatment with carbaryl (5 kg/ha)
against blood sucking insects in the subarctic.

Gangwar et al. (1978b) applied a 4% granular formulation to
sandy loam planted with a grain crop (bajra) at very exaggerated
application rates of 20, 40, and 60 kg a.i./ha. Initial residues of
140-354 mg/kg decreased by a total of 31 to 53% within 30 days and
95 to 98% within 90 days. Residues at 90 days were
2.68-17.49 mg/kg.

Application of carbary!l granules at very high doses of 15, 30,
and 45 kg/ha resulted in deposits of 232, 397, and 525 mg/kg,
respectively, in soils cultivated with corn, and in 104-109, 168-217,
and 304-422 mg/kg, respectively, in clay loam soils cuitivated with
root crops (beet, radish, carrot). The dissipation rate of carbaryi
residues from clay loam soil, in § days following the treatment, was
42-56% during autumn and 55-69% during spring. The highest
residue levels sampied from all plots decreased to 229.7, 142.9,
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73.8, 33.8, 6.7, and 1.3 mg/kg on days 5, 10, 15, 30, 60, and 100,
respectively. Residues were below detectable levels in several plots
by day 60 and in most plots by day 100 (Kavadia et al., 1978).

According to Kuhr et al. (1974), the dissipation of carbaryl in
the soil of apple orchards is rapid. Soil residues of carbaryl had
almost completely disappeared from the top 2 inches of soil in 2
weeks. They were 13.8 mg/kg immediately after application and
3 mg/kg, 1-2 days later.

An oil-based carbaryl formulation (Sevin-2-o0il) was applied twice
by a fixed-wing aircraft to a coniferous forest in New Brunswick
(Canada). Initial residue levels 1 h post-spray in litter and soil for
both applications were, respectively, 1.21 and 0.86 mg/kg and 0.78
and 0.48 mg/kg (Sundaram & Szeto, 1987). Relative to the amount
sprayed, only a small amount of the chemical reached the litter and
soil, probably because of canopy filtration. Within 1 day, an average
of 40-45% of the initial residues was lost from litter and soil,
respectively, indicating a rapid dissipation time of 1.5 days for the
disappearance of 50% of the initial maximum concentration. Beyond
5 days, an average of 12% of the initial concentration remained in
both the substrates.

As already reported, two field dissipation studies were conducted
by Springborn (1988b,c) with carbaryl (Sevin-4-0il) applied twice
with a seven-day interval to forest. The first study was conducted in
a coniferous Oregon forest. In soil from the treated site, carbaryl
levels decreased from 0.196-3.877 mg/kg following the first
application to 0.130-1.87 mg/kg, 3 days after treatment, and from
0.079-5.323 mg/kg following the second application to 0.242-
1.187 mg/kg at 90 days. The second study was conducted in
Pennsylvania.  Carbaryl levels in soil decreased from 0.022-
0.068 mg/kg following the first application to <0.012-0.075 mg/kg,
3 days atter treatment, and from 0.11-0.932 mg/kg following the
second application to 0.01-0.099 mg/kg at 90 days.

A rice field dissipation study was conducted in Arkansas (USA)
by Springborn (1988a). Carbaryl (Sevin XLR) was applied 3 times,
at 14-day intervals, to an irrigated field plot in which rice was
planted. In flooded soil, the concentration of carbaryl varied from
<11 1o 309 pg/kg throughout the study and was not directly related
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to application date. The carbaryl level was < 11-309 ug/kg in soil
following the first application and < 11-129 pg/kg following the third
application; 180 days later, carbaryl concentrations in the soil were
11-56 pg/kg.

In a similar study conducted in California, under the same
conditions, Springborn (1988) found that carbaryl dissipated rapidly
in flooded soil. The concentration of carbaryl ranged from <11 to
198 ug/kg throughout the study. Carbaryl was < 11-23 ug/kg in soil
at sampling intervals following the first application, and increased to
< 11-180 pug/kg following the third application; 180 days after the
third application, carbaryl concentrations in the soil were 11-
88 ug/kg.

A soil dissipation field study was conducted in 1985/1986 in
California (sandy loam, pH 6.3) and lowa (silt loam, pH 6.5) with
carbary! 80 S formulation (Davis, 1986a). Carbaryl was applied to
strip plots of bare soil, 6 weeks later, 7 applications were made with
intervals of about 5 days between applications. Soil sampling was
performed before treatment, during treatment, and up to 6 months
after the last application. No carbaryl residues were found in
California pretreatment samples. After the last application, residues
reached a maximum of !1.61 and 0.29 mg/kg in the 0-15 and
[5-30 cm samples, respectively. Fourteen days after the last
application, carbaryl residues below the 15-cm level were less than
the limit of quantification.

It took 28 days for residues to dissipate completely from the top
15 cm. The halflife in California soil was calculated to be
2.7-3.8 days.

Food and animal feed
Fruit, vegetables, and grain

Contamination of vegetation by carbaryl occurs, either during
spraying, or, by its migration through contaminated soil into the
roots of plants.

Residual levels of carbaryl after the spraying of plants depend on
the type and species of the plants sprayed. Carbaryl levels of up
to 30 mg/kg have been found in plants during the treatment period
{Molozhanova, 1968). It has been found to be rather persistent in
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vegetables and fruits.  Concentrations of 0.6-3.9 mg/kg were
measured in lettuces 1 week after single or repeated sprayings, and
levels up to 1 mg/kg were found in tomatoes treated according to
requirements {(Antonovich, 1970). In cabbage, initial residues after
spraying ranged from 14.8 to 33.9 mg/kg, depending on the concen-
tration used. After 7 days, the residues decreased to 2.5-5.13 mg/kg.
In eggplant, the initial concentrations were 8.3-16.9, and 7 days
later, 3.05-5.4 mg/kg. After washing, the concentrations decreased
considerably to less than 3 mg/kg after day 7 (Mann & Chopra,
1969).

Following application of carbaryl on cauliflower, in the form of
dust (10%) at 1.5-2kg a.i./ha or wettable powder (50%) at
0.75-1 kg a.i./ha, the residues of carbaryl declined to 3.64-
9.59 mg/kg within 8 days of treatment. The carbaryl deposits on
leaves were between 19.45 and 42.08 mg/kg.  Washing of
cauliflower with plenty of water reduced the residues of carbaryl by
36-95%. A waiting period of 8 days has been suggested for
cauliflower (Singh et al., 1978).

Persistence of carbaryl in brinjals and peas after spraying at 1
and 2 kg a.i./ha was found to be 3.42 and 5.03 mg/kg respectively.
Washing of vegetables with water within one hour and after a day of
spraying reduced the level of deposits of carbaryl to about 1.0 mg/kg
level. In the case of pea pods, the levels of residues dropped to
0.20 mg/kg within 5 days. In pea seeds, the residue levels ranged
between 0.03 and 0.09 mg/kg, after 8 days (Krishnaih et al., 1978).

Measurements of carbaryl in different fruits were taken at
intervals of 5-10 days after plants had been treated with a 0.2%
suspension of carbaryl at 1000 litre/ha during the vegetation period
(Bogomolova, 1968, 1970). The initial amount of carbaryl, 2 days
after the treatment, varied in different fruits from 2.3 to 2.7 mg/kg.
Ten days later, the concentrations were reduced by 50-70%, and,
after 20 days, the levels were within the range of 0.2-0.8 mg/kg,
depending on the species (Table 13). According to Mann & Chopra
(1969}, the dissipation of carbaryl from plants after the first day of
spraying was about 40-45% of the initial residue.

In apples, concentrations of 2.5-2.9 mg/kg, 0.4-2.4 mg/kg, and
0.15 mg/kg were found on days 7, 10, and 38, respectively, after
spraying. One to two months after spraying apples with a 0.1%

77



Environmental levels and human exposure

suspension at a dose of 2000 litre/ha, residues of 0.08-0.10 mg/kg
were measured (Antonovich, 1970). Four months after spraying with
a 0.06% suspension at a dose of 9 kg a.i./ha, levels in the range of
0.09-0.24 mg/kg were found in apples, depending on the spraying
procedure.  Fine-droplet spraying resulted in residue levels
2.5-3 times lower levels than those with coarse-droplet sprays
(Atabaev, 1972).

Table 13. Carbaryl lavelsin differant fruits after spraying during vegetation (mg/kg)®

Kind of fruit Day after spraying

2 10 20
Strawberrias 2.3 1.25
Goossberries 2.5 0.30 0.6
Blackcurrants 2.4 1.10 0.8
Cherries 27 1.80 0.2-0.4
Plumsa 2.4 1.40 0.2-0.4
®From: Bogomolova {1968).

A survey of apples grown in Ontario, Canada, between 1978 and
1986 showed that out of 22% of carbaryl-treated apples (1.67 kg/ha)
sold, 3.6% had detectable carbaryl residues (detection limit of
0.01 mg/kg), and that the average residue level was 0.03 mg/kg,
with a maximum of 0.04 mg/kg (Frank et al., 1989).

Prolonged storage of apples reduced the carbaryl residues only
siightly (Bogomolova, 1968). The initial level (2.4-2.8 mg/kg)
changed little during the first 3 months of storage at a temperature of
+5to +10 °C. A slight reduction was observed during the fourth
month of storage. During the process of storage, carbaryl migrated
inwards from the surface, so that the concentration in the skin was
reduced, while that in the pulp was increased (Table i4).

Residues on lemon foliage on day O of treatment were
4.6+0.3 ug/cm®. Five days after treatment, levels of 2.4 ug/cm?® and
5.6 pg/cm?® were found onlemon and orange foliage, respectively; on
the 60th day, the residual values were 0.41 and 0.36 ug/cm?,
respectively. Persistence half-lives were 22 days (lemons) and 14
days (oranges) (Iwata et al,, 1979).
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Carbaryl is persistent, particularly in citrus fruits and grapes.
Residues of 3-6 mg/kg were measured in lemons and oranges 2.5-3
months after treatment of trees with 3-10 kg carbaryl/ha, and
amounts of 3.6, 1.9, and 0.4 mg/kg were found in grapes on days 7,
14, and 40, respectively, after repeated spraying of vineyards with
a0.12% suspension. The half-life of carbaryl in grapes was 29 days,
compared with 2-9 days in cherries and cabbage (Antonovich, 1970).

Washing and peeling reduced carbaryl levels in fruits and
vegetables by 40%; thermal processing by 45-90%, and preparation
of juices by 53% (Molozhanova, 1970). Canning also reduced
carbaryl residues. Thus, canning of different fruits (strawberries,
black currants, gooseberries) containing carbaryl in the range of
0.25-0.45 mg/kg, resulted in a reduction to 0.17-0.29 mg/kg; when
the initial contents were higher (3-7 mg/kg) the levels after canning
droppedto 1.4-2.2 mg/kg and 2.1-2.5 mg/kg, respectively, i.e., from
30to 70%. Storage of canned fruit further reduced carbaryl residues
by 2-3 times after 12 months (Bogomolova, 1968).

Boiling vegetables (e.g., cabbage) reduced carbaryl residues by
approximately 50%; however, the residues in pickled cabbage, 5
months after preparation, were only 25% less than the initial amount
{Antonovich, 1970).

Elkins (1989) reported that washing during the commercial
processing of produce removed 97, 87, and 77% of the carbaryl
residues from tomatoes, spinach, and broccoli, respectively.
Blanching (short treatment with hot water) was stated to result in
68% removal of carbaryl from green beans, while blanching, in
addition to washing, resulted in the removal of over 97% of carbaryl
from both spinach and broccoli.

After a single application of carbaryl (Sevin 50 at 2.5 kg/ha),
residues in cauliflower decreased from 16.75 mg/kg on the day of
application to 0.87 mg/kg, 15 days afterwards (Yadav & Jaglan,
1982). Washing further reduced the detectable residues at 15 days
to 0.67 mg/kg, while no detectable residues were present after
botling.

Carbary! was found in vegetation adjacent to treated fields.
Grass growing at a distance of 250 m from a carbaryl-treated cotton
field contained 0.18-0.25 mg carbaryl/kg wet weight up to 45 days
after spraying (Gusseynov, 1970),
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The results of the 1989 Pesticide Residue Monitoring Programme
in California showed that carbaryl was detected in 2 samples of grape
from 26 in quantities less than the accepted tolerance level. It was
not found in oranges (Okumura et al., 1991). Summaries of residue
data on different plants are given in Tables 15 and 16. Carbaryl
residues were not detected in 44 samples of wheat in the United
Kingdom analysed by the multiresidue method (Osborne et al.,
1989).

Table 15. Comparison of carbaryl residues with differant formulations?®

Formulation use Plant Mean residues Day after last
kg a../ha) value {(mg/kgl application
44% SC 2x0.5 apple 0.25 7
pears 0.18 7
50% WP 2x0.5 apple 0.15 7
pears 0.09 7
44% SC 2x2 spinach 4.44 =
50% WP 2x2 238 14
44% SC 2x2 lettuce leaf 272 14
50% WP 2x2 1.55
44% SC 2x2 barley 7.87 14
B0% WP 2x2 4.63
44% SC 2x 2 wheat .96 14
50% WP 2x2 0.99
44% SC 2x 2 oats 0.22 14
SQ0% WP 2x2 0.26

®From: Davis (1987).

Davis (1987) studied the impact of different types of formulation
on food residues, including carbaryl (44% w/w) oil-based liquid
formulation containing a "sticker", in order to prevent bees from
carrying carbaryl particles back to the beehive. The 50 W
formulation was a “standard” wettable powder formulation. The
results are given in Table 15. This work showed that the addition of
a "sticker” increased levels of food residues to some extent.
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Table 16. Carbaryl residues following differant applications

Formulation use Plant Mean valua  Day after Referance
(kg a.i./ha) residues last
{mg/kg) application

44% SC barley 54 14 Davis & Thomas
{1987}
449% SC sugar baet 0.07-1.04 14 Thomas (1986}
reots
44% SC pasture 59.7-183 3 Davis (1986b)
aerial ground grass
Carbaryl swoet 0.33 Frank et al.
cherrias (1987a)
Carbaryl tomato 1.2 o} Frank et al. {1991)
05 3
0.03 6-8
tomato 0.47 o}
juice 0.24 3
0.8 6-8

Studies on the removal of carbaryl residues from tomatoes, green
beans, spinach, and broccoli by commercial and home preparation
procedures (Elkins et al., 1968; Farrow et al., 1968, 1969; Lamb et
al., 1968) showed a considerable decrease in the residues with
treatment (Table 17).

For pre-harvest use on grain, the rate of application of carbaryl
ranges from 2 to 9.5 kg/ha, depending on the degree of infestation,
density of foliage, and the stage of the life cycle of the pest.
Carbaryl, usually applied at a rate of 5 mg/kg, is also used to protect
stored grain. Studies on stored wheat, barley, oats, and rice
indicated that carbaryl residues on grain have a half-life of between
26 and 80 weeks, depending on the temperature (FAO/WHO, 1976).
Residues of carbaryl in baked bread are then of the order of
1-1.5 mg/kg.
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Animal products

Technical carbaryl was fed to dairy cows of the Brown Swiss,
Jersey, Holstein, and Ayrshire breeds at 50, 150, and 450 mg/kg of
their average total daily roughage intake (dry weight) for a period of
2 weeks. Samples of milk were taken at regular intervals and the
cream was analysed for carbaryl by means of the p-nitrobenzene-
diazonium fluoborate coupling method. The concentration of
carbaryl, if present, was below the sensitivity of the analytical
method (0.01 mg/kg) (Gyrisco et al., 1960),

Residues resulting from a single application and repeated
applications of carbaryl spray on cattle were rapidly eliminated from
body tissues. On days 1 and 3 after application, carbaryl was
detected in the liver (0.05 mg/kg), muscles (0.04 mg/kg), and
perirenal fat (0.16 mg/kg). Seventy-two hours after treatment, no
residues were found in the tissues studied. The excretion in milk
persisted for at least 69 h after spraying, the highest concentration
being 0.075 mg/litre, 5 h after exposure (Hurwood, 1967).

Data concerning the composition and levels of milk and tissue
residues in cows after continuous feeding with 100 mg 'C-car-
baryl/kg diet are shown in Tables 18 and 19.

Table 18. Metabolites in tissues after continuous 28-day feeding of 100 mg '*C-
carbaryl/kg diet®

Metabolite {mg/kg) Kidney Liver Muscls
carbaryl 0.03 0.04 0.02
§,6-dihydrodihydroxycarbaryl 0.05 0.01 .04
5,6-dihydrodihydroxynaphthol 0.02 0.02 0.0
naphthyl sulfate 0.29 0.02 0.0
water-soluble unknowns 0.43 0.13 0.03
unextractable unknowns 0.18 0.19 0.01

®From: Dorough (1971).
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Table 19. Composition of milk residuss after continuous 28-day feeding with
100 mg '*C-carbarylkg diet®

Percantage mg/kg

Organic phase

5,8-dihydrodihydroxycarbaryl 385 0.11
carbaryl 2.4 0.02
3,4-dihydrodihydroxycarbaryl 4.0 0.01
S, 6-dihydrodihydroxynaphthol 1.0 0.0
Watar solubls

5-methoxy-8-hydroxycarbaryl 258 0.07
unknowns 10.6 0.03
1-naphthol 5.5 0.02
B-hydroxycarbaryl 39 0.01
carbaryl 1.2 0.01

#From: Dorough {1970a).

Effective horn fly control for a period of 15 days was obtained
by spreading carbaryl down a cow’s back. Results indicated that, if
applications of a 0.5% spray or a 50% dust were made immediately
after the morning or evening milking, no residues of carbaryl would
result in subsequent milkings (Eheart et al., 1962). The results
obtained by Petrovski (1970) were similar. After treating cows with
a 0.85-1% suspension of carbaryl, residues of from 0.1 to
0.3 mg/litre were found in milk, 20 h after application. On the third
day, only trace amounts of carbaryl were found. After treatment with
a 0.5% suspension of carbaryl, no traces were found in the milk.

5.1.4.3 Animal feed crops

Generally, animal feed crops contain less carbaryl than fruit and
vegetables. Mean levels of 0.82 mg/kg were found in 80 samples of
animal feed plants (Molozhanova, 1970). Levels of 0.3 mg/kg were
found in maize stems at harvest, 70 days after spraying (Antonovich,
1970).
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Environmental levels and human exposure

Studies on the carbaryl content of animal feed plants in hot
climates showed that carbaryl can be detected 3-3.5 months after
treatment, depending on the dose and the number of applications.
Thus, after repeated applications of 50% carbaryl dust at a rate of
0.5 g/m?, the carbaryl content in animal feed plants was in the range
of 1-1.8 mg/kg wet weight, but, after a single application of
0.7 g/m?, concentrations of 0.10-0.31 mg/kg were found (Atabaev,
1972).

Other products

Measurement of carbaryl residues in tobacco plants showed that,
15 days after field spraying with 950 g/ha, the content of carbaryl in
green tobacco leaves was 10.1 mg/kg. Drying leaves by hot air
decreased carbaryl residues by only 10% (Antonovich, 1970).

Application of carbaryl at a rate of 2.2 kg/ha resulted in carbaryl
residues on cotton foliage of 7.2 ug/cm® on the day of spraying
(Estesen et al., 1982). Levels decreased to 5.9, 0.58, and
0.26 pg/cm?® after 3, 6, and 8 days, respectively.

Carbaryl was found in the foliage of cotton plants in
concentrations of 0.03-1 mg/kg from 10 days to 2.5 months after
treatment, Carbaryl penetrated the plant through foliage and roots
and contaminated the cotton and the seeds. Cotton harvested from
treated fields 2 weeks to | month after treatment contained
0.015 mg/kg. Trace amounts of carbaryl were found in cotton oil
(Guseynov, 1970).

After treatment with a 2% suspension of carbaryl against
mountain pine beetle, residues in bark disks after 1 year were
359 mg/kg. In another case, residues in bark disks were
890+ 146 mg/kg, after spraying, and 5314178 mg/kg 16 months
later (Page et al., 1985).

Torrestrial organisms

The quantities of carbaryl that were absorbed by songbirds,
either by contact or by eating food from a sprayed area, were studied
by Kurtz & Studholme (1974). Towhees (American finches) were
collected 3 days after the forest had been sprayed for gypsy moths at
a rate of 1.1 kg/ha. The amounts of carbaryl found in the towhees
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were small, even though the samples were taken close 1o the spraying
time. Trace amounts of carbaryl were found in three samples out of
five, compared with two samples out of five control birds. The
minimum level of detection was 0.1 pg/g. The low levels of carbaryl
found in "sprayed” birds were explained by the fact that towheeds are
groundfeeders and that only a small amount of carbaryl might have
passed through the trees to the ground.

General population exposure
Exposure through the food

The daily intake of carbaryl was studied for several years in the
USA (see Table 20).

Table 20. Carbaryl daily intake in the USA

Year Positive samples Daily Intake Refersnces
{%) {mg/day per person}

1964-65 7.4 0.15 Duggan et al. {1871},
1965-686 2.7 0.026 Duggan & Corneliussen
1966-67 1.1 0.007 (1972)
1968-69 0.8 0.003
1969-70 [¢] -

infant Toddier
1978 - 0.088 0.05 Gartrell ot al. (1986)
1979 - - 0.049
1980 - 0.06 0.035 Reed ot al, (1987)
1981-82 - 0.129 0.127
1982 - - 0.012
1982-84 - 0.117 0.017- Gunderson {1988])

0.0315

Carbaryl residues in total diet samples in the USA are relatively
low (Table 21).  Carbaryl is found in potatoes, leguminous
vegetables, root vegetables, and fruit. In foods processed in the
usual manner, i.e., by peeling, stripping outer leaves, and cooking,
when appropriate, carbaryl residues usually decreased to undetectable
levels or traces (Manske & Cornpeliussen, 1974).
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Table 21. Carbaryl residues in food in the USA

Number of composites  Number of Number of Range in References
analysed composites compaositas mgfkg
with with traces
residuas
270, from 30 grocery 20 15 trace to Manske &
atores in 27 cities 0.5 Corneliussen
June 1870-April 1971 {1974)
420, from 35 market ] 5 0.02 Manske &
baskets, 6 June 1971- Johnson
July 1972 {197%5)
360, 12 August 1972- 12 10 0.05-1.10 Johnson &
July 1973 Manske
{(1976)
360, August 1973- 2] 2 0.001- Manske &
July 1974 0.284 Johnson
(1927}
1044, 1978-82 1 (1%) o . Yess ot al.
{1991a}
3744, 16 market 135 {4%) y e Yess ot al.
basket collections (1991b)
1982-86

? No figures given.

During a 5-year period, from 1982 to 1986, the Los Angeles
District Laboratory analysed 19 851 samples of domestic and
imported food and feed commodities for pesticide residues. A single,
rapid, multiresidue method was used. Carbaryl was detected in 164
samples from the total 19 851 samples analysed. Not one sample
exceeded the US Federal tolerance levels (Luke et al., 1988). In
another publication, the same authors reported comparative studies
on US and imported food, Carbaryl was found in 21 samples from
a total 6391 US samples in quantities ranging from 0.1 to
>2.0 mg/kg, but less than 10 mg/kg. From 12 044 imported
agricultural commodities 132 were contaminated by carbaryl, and
levels in 14 of them exceeded the tolerance levels (Hundley et al.,
1988).
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Exposure during insect control

Exposure to carbaryl, used to control the gypsy moth in camping
and picnic areas, was monitored on the day of application and then
weekly for 3 weeks. Carbaryl was applied from the air at a rate of
1.12 kg/ha. Exposure was measured using dermal pads.
Extrapolating from the most contaminated group of pads (they
contained an average of 279 pg/pad), the authors calculated a "worst
case” exposure of 0.54 mg/kg on the day of spraying. The authors
concluded that the risk to those who use public areas during, and
after, carbaryl application to trees is negligible (Cameron et al.,
1985).

A 5% spray of carbaryl 85% wettable powder (WP) was applied
for insect control in homes (Vandekar, 1965), as a surface
application, at the rate of 2 g/m*. Urine samples taken from villagers
1 week after spraying showed a significant increase in 1-naphthol
levels from 30.5 pg/ml baseline to 50.3 ug/ml. Inhibition of plasma
ChEA was found in 48 out of 63 subjects, 1 week after spraying.

During a monitoring study carried out from 1976 to 1980 in the
USA, 1-naphthol was found in 1.4% of the urine samples from
persons between 12 and 74 years old. The scurce was thought to be
carbaryl and naphthalen¢ (Carey & Kutz, 1985).

Occupational exposure during manufacture, formulation,
or use

Harry (1977) estimated that about 13 million people in the USA
were potentially exposed to carbaryl during its manufacture,
formulation, packing, transportation, storage, and during and after
application, and while working with treated crops or during harvest.

Best & Murray (1962) published a survey on the exposure of
plant workers during the production of carbaryl. Air concentrations
varied from 0.23 to 31 mg/m’. Urine samples contained an excess
of 1 mg total 1-naphthol per 100 ml of urine. During air blast
spraying of orchards, Jegier (1964) found air concentrations of
0.6 mg/m® (0.18-0.81 mg/m®). The mean respiratory exposure,
measured by the respirator pad technique was 0.29 mg/h (0.24-
0.53 mg/h) and mean dermal exposure, measured by skin pads, was
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25.3 mg/h (18.5-30.3 mg/h). The maximum total exposure was
31 mg/person per h, or 0.025% of the toxic dose. Simpson (1965)
estimated that the amount of dermal exposure was less than 0.1% of
the toxic dose in orchard sprayers. During cotton spraying by
aireraft, Yakim (1965) found 4 mg carbaryl dust/n?® in the breathing
zone of flagmen, 1 mg/m’ during preparation of the solution, and
0.7 mg/m® in the pilot’s cabin. Adylov (1966} reported the following
air concentrations found during the aerial application of a water
solution: flagmen’s breathing zone 1.92 (0.64-2.84) mg/m?, pilot
cabin, trace amounts, workers on the ground (preparation of solution,
etc.,) 6.28 (0.48-19.2) mg/m®. In the urine samples of carbaryl
formulators, 1-naphthol levels varied from 6.2 to 78.8 mg/litre.
Agricultural workers who used carbaryl for pest control excreted
from 0.07 to 1.7 mg/litre in their urine (Shafik et al., 1971).

Exposure studies were completed for pesticide application and
formulating plant workers by the biological monitoring of 1-naphthol
in the urine, dermal pads, and respirator filter pads (total 480
samples of dermal pads and 73 respirator pads). Workers operating
tractor-drawn airblast equipment applied carbaryl at 0.045-0.06% as
spray (Comer et al., 1975). An estimate of the amount of dermal
and respiratory exposure that could occur was made using the
procedures described by Durham & Wolfe (1962). The results are
presented in Table 22,

Table 22. Potential dermal and respiratory exposure of formulating plant workers
and fisld spraymen to carbaryl®

Subject Route of exposure  Exposure Exposure (mg/h}
situations
studied Range Mean

Formulating dermal 48 0.80-1209.30 73.90
plant warkers®

respiratory 48 0.03-4.10 1.90
Field ’ dermal 32 1.70-211.80 58.00
spraymen

respiratory 25 0.01-1.08 0.09

®From: Comer et al. (1975).

bCalcuIated on the basis of the worker wearing a short-sleeved, open-nacked shirt,
no gloves or hat, with his clothing protecting the areas covered.

“Workers on mixing and bagging operations {4 and 5% dust}.

dOpBrBIing power air-blast spray machines in fruit orchards (0.045-0.06% solution
sprayl.
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The concentration of 1-naphthol in the urine varied from 0.2 to
65 mg/litre with a mean of 9 mg/litre. The rate of excretion per
hour varied from 0.004 to 3.4 mg with a mean of 0.5 mg/h. The
maximum level during the working day was reached by late
afternoon. An approximate calculation of the excreted carbaryl
(0.5 mg 1-naphthol/h = 0.7 mg/h excretion of carbaryl), and
potential exposure, 75 mg/h, shows great differences. About 1/100
part of possible absorption occurs.

Exposure to carbaryl during agricultural application was studied
by Leavitt et al. (1982). WP 80 carbaryl was used (0.45 kg in
200 litre water) to spray trees, lawns, and gardens. The mean
dermal exposure was 128 mg/h and the mean inhalation exposure was
0.1 mg/h. The maximum percentage of the toxic dose that the
applicators received was 0.12%/h. No symptoms or inhibition of
ChE were reported. In another group of applicators, the mean
dermal exposure was 59.4 mg/h and inhalation exposure 0.1 mg/h.

Dermal exposure is influenced by the type of spray equipment.
The dermal deposit and respiratory intake of carbaryl in humans was
monitored during home garden spray operations using compressed air
or garden hose-end sprayers (Puech, undated). The greatest mean
dermal deposit in cm?min was received on the feet. When the spray
target was above shoulder height the next highest dermal spray was
received on the forearm (Table 23). Exposure through inhalation
was insignificant.

Table 23. Human exposure during spray opsrations
Type of spray squipment Mean deposit Total exposure
{(wg/em? per min) (wg/kg per min)

Comprassed air sprayer

below waist 0.030 4.3

above shoulder height 0.096 5.6
Hose-end sprayer

below waist 0.154 18.3

above shoulder height 0.353 24.4
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A study of the urban application of carbaryl was performed by
Gold et al. (1982). The maximum dermal exposure recorded in this
study was 2.86 mg/kg per h. The maximum air concentration was
0.28 pg/litre.  An insignificant decrease in ChEA in serum and
erythrocytes was found in some of the applicators. The mean dermal
carbaryl exposure of the applicator, expressed as a percentage of
toxic dose per h, was 0.01%, with a maximum of 0.08%. This
exposure rate is below the risk rate for applicators. No symptoms of
intoxication were reported by the authors. During the urban
application of carbaryl to trees and ornamental shrubs using hand-
held equipment, air concentrations measured at the breathing zone in
tull-shift samples, of 0.010-0.070 mg/m?, were detected in only 30%
of the samples (Leonard & Yearly, 1990).

Dermal exposure to carbaryl in harvesters of strawberries was
studied by Zweig et al. (1984, 1985). They observed dermal
exposure on the hands and forearms, and to a much lesser degree, on
the lower legs. The first day, 3 mg carbaryl/h was found on cotton
gloves, 0.66 mg/h on pads on the forearms, and 0.07 on the lower
legs. The following day, the values were 1.23, 0.41, and 0.07 mg/h
for gloves, forearms, and lower legs, respectively. The ratio of
dermal exposure to dislodgeable foliar residues (DFR) was 4.34,
2.82, and 6.17, for 3 consecutive days. The half-life of carbaryl on
strawberry leaves was 4.1 days. Dislodgeable carbaryl residues on
cotton foliage, expressed as ug/cm? of cotton leaf (one surface only),
following application by man-pulled ground rig were 7.2, 5.9, 0.58,
and 0.26 at 0, 72, 144, and 192 h after application, respectively
(Estesen et al., 1982). Approximate dermal exposure rates may be
calculated using the following expression, proposed by Zweig et al,
(1985). Dermal exposure rate (mg/h) = 5x10°xXDFR (in pg/cm?).
This method is suggested to obtain the exposure rate of fruit
harvesters, in order to establish safe re-entry periods without human
studies,

Factors affecting the levels of exposure during the agricultural
application of pesticides were analysed by Wolfe et al. (1967). Wind
is the most important environmental condition. The type of activity,
equipment used, the duration of exposure, formulation, individual
protection, including attitude, are also discussed. Carbaryl deposits
from air jet application on orchards were found at 500 m downwind
in the presence of inversion, and at 300 m, in its absence. Ground
application results gave deposits at 150 and 50 m, respectively
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{MacCollom et al,, 1985, 1986). Air concentrations were
17.88 ug/m’ during spraying above the orchard downwind edge,
9.5 ug/m®, 30 min after spraying, and 8.17 pg/m’, 1h after
spraying.

Airberne and deposit levels of carbaryl were measured after
three applications by air to an apple orchard (Currier et al., 1982).
Samples of air were taken at distances of from 12.2 to 3994 m from
the target orchard. At a distance of 12.2 m, the concentration in air
was between 3.3 and 76.2 ug/m’. One hour later it was between 2.5
and 11.3 pg/m’. At a distance of 3.2-3.3 km, the initial
concentration was between 9 and 28.8 ug/m® during spraying and
0.9-14.4 ug/m’, one hour after treatment. Because the area of the
study was one of concentrated agriculture, it is possible that carbaryl
could have been used on other orchards and gardens near to the
sampling point.
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6. KINETICS AND METABOLISM

6.1 Absorption

When only 0.1 ml of carbaryl solution (0.025-0.05 mmol/litre)
was administered into the lungs of anaesthetized rats, it was rapidly
absorbed. About 50% of the dose was absorbed in 2.6 min. The
amount of carbaryl absorbed per unit time was directly proportional
to the administered dose (Hwang & Shanker, 1974). Blase &
Loomis (1976) demonstrated that carbaryl could be taken up and
metabolized by the isolated perfused rabbit lung. Retention by rats
of "C-labelled carbaryl, inhaled as vapours during a 1-h exposure
period, was 75.4% of the total dose inhaled, which did not exceed
50 ug (Dorough, 1982).

When a dose of 7.5 pmol radiolabelled carbaryl/kg body weight
was administered intragastrically to fasted, anaesthetized, female rats,
22 and 67 min after dosing, the proportions absorbed were
52.6114.1% (n=3) and 81.7+15.7% (n=3), respectively; 89.3%
of the radiolabelled material in the collected portal blood was
{1-naphthyl-1-"*C]N-methyl carbarmate (Casper et al., 1973).

Absorption from the small intestine was studied in anaesthetized
rats with a ligature around the pylorus and an ileocecal junction with
major blood vessels not occluded. A concentration of carbaryl of
0.005-0.1 mmol/litre was used. The absorption half-time was
6.4 min (Hwang & Schanker, 1974).

On the basis of ligation studies on mice, Ahdaya & Guthrie
(1982) determined that the absorption of carbaryl from the stomach
was relatively low compared with that from the entire gastrointestinal
tract (29%), but was relatively high in comparison with that of other
pesticides.

Variation in the digestive absorption kinetics, according to the
vehicle used, was reported in studies on female Wistar rats (Cambon
et al., 1981). The results indicated that carbaryl was absorbed more
rapidly in the intestine when either DMSO or tragacanth was used as
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a vehicle. It seems that milk does not facilitate carbaryl absorption.
Inhibition of ChEA was closely related to the absorption rate.

The rate of dermal penetration of carbaryl (in acetone solution)
into mammals, birds, amphibia, and insects was studied by Shah et
al. (1983). The haif-time of penetration of “C-labelled carbaryl was
317 min in Japanese quail, 12.8 min in mice, 6.4 min in grass frogs,
4576 min in American roaches, and 791 min in tobacco horn worms.

In an in vitro study, only about 1% of an applied dose of
carbaryl penetrated through the skin of the rat over an 8-h period
(MacPherson et al., 1991). Using two different methods, Shah &
Guthrie (1983} measured the half-time for penetration of carbaryl,
applied dermally at a rate of 4 pg/cm®, and found 10.34 h and
4.75 h, respectively. Shah et al. (1987) compared the rate of dermal
penetration of carbaryl in young, versus adult, Fischer 344, female
rats and did not find any consistent age-related differences.

Percutaneous absorption of carbaryl in rats was also studied by
Knaak et al. (1984). Carbaryl dissolved in acetone was applied to
back skin (not occluded) at 43.4-48 ug/em®. Recovery studies
indicated that 57.7% of the applied carbaryl was absorbed.
Approximately 5.8% of carbaryl penetrated the skin within 1 h, the
rate of absorption being 0.18 ug/h per cm®  The half-life of
absorption by blood was 1.26 h, and that for elimination, 67 h.

Carbaryl labelled with radioactive carbon (**C), dissolved in
acetone, was applied to the skin of six volunteers, in order to study
percutaneous penetration (Maibach et al., 1971; Feldmann &
Maibach, 1974). The results showed almost complete penetration of
carbaryl on the forearm and jaw angle. After a 24-h application, the
cumulative urinary excretion over 5 days was 74%. According to
other authors using the same data, the estimated cumulative
absorption over 5 days, as a percentage of the applied dose, was 63%
(Fisher et al., 1985), 45% of this occurring 8 h after the onset of
penetration, which had a lag of 3.5 h.

Comparing the different studies, it is clear that some solvents can
facilitate the dermal penetration of carbaryl.
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Kinetics and meatabolism

Distribution

Plasma levels of carbaryl in rats were compared after iv,
intraduodenal, or hepatic portal administration of 0.5 mg/kg (Houston
et al., 1974). In Fig. 2, it is shown that plasma concentrations were
lower after intraduodenal application, when carbaryl was subjected
to the liver’s first pass metabolizing effect. Plasma concentrations
following portal application were also lower (approximately 80% of
the concentration after the systemic route of application).

400+

200

100+
80

/iv injection

60—

Plasma carbaryl concentration {ng/ml)

40

/

intraduodenal
administration

Wei0 93687

20

T i I i
30 60 20 120
Time after dosage (min)

Adapted from: Housion et al. {1974)

Fig. 2. Metabolism of carbaryl.
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The distribution of carbaryl in rat tissues after a single oral
administration of 144.2 mg/kg body weight (0.2 LD) was studied
(Klisenko & Yakim, 1966) at 5 and 30 min, and 1, 2, 4, 24, 43, and
72 h. Carbaryl and 1-naphthol were identified by thin-layer
chromatography with a sensitivity of 0.5 pg/g. At S min, carbaryl
was found in all organs. Thirty min after administration of carbaryl,
peak concentrations found were: muscle, 35 pg/g, brain, 16 ug/g,
spleen, 25 pg/g, and erythrocytes, 120 pg/g; at 60 min, a level of
45 pg/g was found in the liver. After 24 h, levels of only 1-4 yg
carbaryl/g were detected in the liver, kidney, muscles, and skin. At
48 h, no residues were found. The authors suggested that carbaryl
is rapidly distributed and excreted, 1-Naphthol was found in the
liver, stomach, intestines, kidneys, and lungs. Other non-identified
metabolites were present in the liver and lungs.

Levels of carbaryl in the tissues of rats poisoned with oral doses
of 800 and 1200 mg/kg, respectively, were as follows: liver, 7-58
and 52-80 pg/g; heart, 3.5-31.3 and 40.6-45.9 pg/g; brain, 3-26.8
and 25.9-30.9 pug/g. Higher concentrations were found in animals
that died from poisoning than in animals killed, even though they
were treated with the same doses (Mount et al., 1981).

Yakim (1970) studied the distribution of carbary! and I-naphthol
after 6-month oral administration of 0.2, 0.1, or 0.05 LD, carbaryl
in rats, Carbaryl was found in the intestines (20-40 ug/g), liver
(4-20 pg/g), and kidneys and lungs (in trace amounts); l-naphthol
was found in the kidneys (20-50 pg/g), and in the liver (3-10 pug/g)
in groups treated with 0.2 LDy,. The carbaryl level was <1 ug/g in
the organs studied in the group treated with 0.1 LDg; no traces of
carbaryl were found in the group treated with 0.05 LDy, The author
suggested that a higher quantity of carbaryl is found 30 min after a
single oral application, which corresponds to the highest percentage
of ChE inhibition.

Two to 6 h after a single dermal application of 500 mg
carbaryl/kg to cats, the compound was found in plasma at 15 pg/ml
and in erythrocytes at 25 pg/ml. Inhalation studies were also
performed on cats (Table 24). The author stressed that carbaryl was
present in smaller amounts in plasma than in erythrocytes because of
the more active metabolism by blood proteins. More 1-naphthol and
other unidentified metabolites were present in plasma.
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Elimination of carbaryl and normalization of ChE activities occurred
in 48-70 h with all routes of administration of carbaryl. Carbaryl has
a low cumulation capacity.

In a study in which the abilities of several pesticides to bind to
potential carriers isolated from human blood were compared, carbaryl
was much more effectively bound by albumin than by either high- or
low-density lipoproteins (Maliwal & Guthrie, 1981).

Levels of carbaryl in some tissues of male, albino, Fisher Strain
344 rats, after single and multiple oral administration (Table 25) were
reported by Hassan (1971),

Table 25. Tissue lavels of carbaryl”

Treatment Time after Concentration of carbaryl
administration Whole blood Heart Brain
(ug/mi) {wa/gt walg
Single dose 80 mg/kg 2h 16.2 2.8 3.45
Rats fed 700 mg/kg diet 90 days 4.8 0.85 0.68
Rats fed 100 mg/kg diet 90 days 2.7 < 05 <05

®From: Hassan (1971).

Andrawes et al. (1972) studied the ™C residues in hen tissues
following the feeding of 1-naphthyl-**C-carbaryl at 70 mg/kg for
4 days (Table 26).

Radiolabelled carbaryl naphthyl *C (6600 dpm/ug) and carbaryl
carbony! “*C (4000 dpm/ug) were adminijstered intratracheally to rats
as aerosols for 15 seconds. The maximum concentration in blood
occurred after 2-5 min. Distribution of the residues in the organs,
1 h after inhalation, was highest in the lung (9.2-10.5%), liver
(4.7-9.2%), bladder (2.7-5.9%), and kidney (2.5-3.7%) (Nye &
Dorough, 1976).

Distribution of ‘#carbon after intraperitoneal and oral
administration of 7.4 pmol carbaryl/kg body weight to rats was
studied by Krishna & Casida (1966) (Table 27). Carbaryl was found
in all tissues analysed. No marked differences with sex and
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Table 26. Concentration of '*C residues in han tissues after feading 1-naphthyl-
14C carbary at the ievel of 70 mg/kg for 4 days?

Sample #g/kg at indicated times after last treatment
16 h 7 days
Brain 17.3 6.8
Heart 47.5 20.8
Kidnay 405.5 80.7
Pancreas 69.6 158
Skin 86.8 22.4
Fat 25.2 5.2
Gizzard 43.0 139
Thigh 28.8 10.1
Breast 25.8 12.7
Leg muscle 291 8.0
Blood 197.2 152.2
Lung 138.5 1225
Liver 332.6 33.4
Spleen 108.7 74,2
Intestine and contents 3001 < 5.0
Intestinal wall 44.0 1.1
Oviduct 50.5 6.7
Developing egg (small} 534.3 7.4
Developing egg (large) 508.1 35.5
Remaining carcass 35.5 < 5.0

?From: Andrawes et al. (1972).

administration route were noted. On the basis of the rate of
excretion of radioactivity following an intraperitoneal injection of
labeiled carbaryl, Shah & Guthrie (1983} calculated a half-time for
clearance of label of 6.46 h.

Distribution of carbaryl was studied in 7 Sprague-Dawley rats
and Swiss mice on day 18 of pregnancy. Whole-body auto-
radiography was performed after oral application of 13.5 uCi
carbaryl methyl *C/kg. The transfer to the placenta began in the
first hour. Distribution of the carbaryl occurred in the excretory
organs, fetus, digestive tract, and the bone marrow and brain, The
major portion was quickly eliminated. A more stable localization
occurred in highly active protein-building organs, such as the fetus,
digestive tract, and bone marrow. The “carbon concentration in the
eye, liver, and brain of the fetus was relatively constant from 8 to
96 h (Declume & Derache, 1976, 1977; Declume & Benard,
1977a,b, 1978).
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6.3

Kinetics and metabolism

Fernandez et al. (1982) determined that the elimination of label
following intravenous administration of 20 mg “C carbaryl’kg to
rats could be best described by a three compartment model, with
73% of the label excreted within 24 h.

Strother & Wheeler (1976, 1980) reported that '“C-carbaryl
rapidly crossed the rat placenia and was distributed in all fetal
tissues, Fetal brain, heart, and lung contained more "“C on a weight
basis than the maternal counterpart.

Metabolism

The metabolism of carbaryl has been studied extensively, and its
complexity and the need for additional studies are recognized. As
with other carbamates (WHO, 1986), the principal metabolic
pathways are hydroxylation, hydrolysis, and epoxidation, resulting
in numerous metabolites subjected to conjugation, forming water-
soluble sulfates, glucoronides, and mercapturates (Carpenter et al.,
1961; Dorough et al., 1963; Dorough & Casida, 1964; Knaak et al.,
1965; Menzie, 1969; Bend et al., 1971).

Hydrolysis of carbaryl results in the formation of 1-naphthol,
carbon dioxide, and methylamine (Fig. 3) (Carpenter et al., 1961;
Sakai & Matsumura, 1971).

The first evidence for carbaryl hydroxylation was reported by
Hodgson & Casida (1961). Carbaryl is metabolized by a rat liver
microsome system, requiring NADPH, and oxygen, to form a
formaldehyde-yielding derivative.

0

I
OCNHCH, OH

huielysis

pvliolysis + 00, + NHLH,
1-naphthyl 1-naphthol
N-methylcarbamate
carbaryl

Fig. 3.Hydrolytic pathway for carbaryl.
From: Dorough (1970b).
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The use of “carbon-labelled carbaryl (Fig. 4) and thin-layer
chromatography contributed to further studies on carbaryl metabolism
(Skraba & Young, 1959; Krishna et al., 1962). Chin et al. (1974)
used in vitro techniques on tissues from animals and human beings.

@
I
O
l
Q=
!
II—-2=2
I
O+~
ok

Fig. 4. Site of "®carbon-label intrastructural formula of carbaryl.
From: Dorough & Casida {1284},

Reviews on carbamate and carbaryl metabolism have been
published (Lykken & Casida, 1969; Kuhr, 1970; Knaak, 1971; Kuhr,
1971; Ryan, 1971; Fukuto, 1973; Dorough, 1973; Kuhr & Dorough,
1976).

In vitro studias on animal tissues

An investigation of the individual metabolism of carbaryl in the
liver, lung, and the kidney of rat was conducted using the tissue
explant maintenance technique. Hepatic tissue of the rat, incubated
with carbaryl, actively performed demethylation, hydrolysis,
hydroxylation, and oxidation, followed by sulfate and glucuronide
conjugations (Chin et al., 1979h).

Rat liver microsomes fortified with reduced nicotineamide-
adenine dinucleotide phosphate were used to study the hydroxylated
products of carbonyl C, methyl “C, and naphthyl “C carbaryl
(Dorough & Casida, 1964). The metabolites were identified as
N-hydroxymethylcarbaryl, 4-hydroxycarbaryl, and 35-
hydroxycarbaryl. At least 2 unidentified metabolites had the C-O-
C(O)-N-C structure intact. 1-Naphthol and at least two unidentified
metabolites without the carbamyl groups were formed as a product
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Kinetics and metabolism

of hydrolysis. The nature of carbaryl metabolites in liver
microsomes in mice, rats, and rabbits was studied by Leeling &
Casida (1966) and in guinea-pigs and rats by Knaak et al. (1965).
Two more metabolites were identified (Table 28): 5,6-dihydro-5,6-
dihydroxycarbaryl, and 1 hydroxy-5,6-dihydro-5,6-dihydroxy-
naphthalene. It was suggested that hydrolysed metabolites are
probably conjugated as glucoronides and sulfates (Knaak et al., 1965;
Hassan et al., 1966; Leeling & Casida, 1966). A study on rat liver
microsomes and small intestine later showed (Mehendale & Dorough,
1971) that about 90% of 1-naphthol and N-hydroxymethylcarbaryl
and about 40% of 5-hydroxycarbaryl and 4-hydroxycarbaryl were
conjugated as glucuronides. The presence of thioether conjugates in
incubation mixtures of mouse liver homogenates with carbaryl has
been confirmed (Bend et al., 1971; Ryan, 1971).

The in vitro technique for metabolic studies using liver tissues
qualitatively reflects the in vivo metabolic processes of carbaryl in
animals and human beings (Sullivan et al., 1972) and their similarity
(Matsumura & Ward, 1966).

Methylmercury hydroxide pretreatment in rats (10 mg/kg daily
for 2 days) decreased the hepatic microsomal cytochrome P-450
content and aminopyrine demethylase by 50%, as well as the
microsomal hydroxylation reaction in vitro of carbaryl to form
4-hydroxycarbaryl and N-hydroxymethylcarbaryl. Chlozdane
pretreatment increased both cytochrome P450 and hydroxylation
(Lucier et al., 1972). However, there were no quantitative changes
in the metabolite pattern.

When the metabolism of carbaryl in rat intestine was studied in
vitro, hydrolysis and the synthesis of 1-naphthyl glucuronide were
reported to occur mainly in the first third of the intestine (Pekas &
Paulson, 1970; Pekas, 1972).

MacFherson et al. (1991) studied the metabolism of carbaryl
using a rat skin preparation in vitro. A post-mitochondrial fraction
was able to catalyse hydrolysis and sulfation and glucuronidation
conjugation reactions, but not ring hydroxylation. The activities
were very small in comparison with activities in liver microsomes.

The degradation of carbaryl by an esterase of the American
cockroach (Periplaneta americana) was reported by Matsumura &
Sakai (1968).
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6.3.2

Kinetics and metabaolism

In vivo studies on animals

The metabolism of carbaryl has been studied in a variety of
mammals including rat, rabbit, guinea-pig, monkey, sheep, cow, pig,
and dog. Although many organs have been shown to be able to
metabolize carbaryl, the most important one is the liver.

The metabolism of 1-naphthyl-"*C carbaryl was studied in male
and female Beagle dogs following a single, oral administration of 2.5
or 25 mg/kg. The metabolic pathways identified involved hydrolysis,
N-methyl oxidation, ring hydroxylation, and conjugation. No
significant qualitative differences were found between male and
female dogs or between high and low dosage levels. Faecal
elimination accounted for 30-66% of the applied dose and was found
to be primarily the result of incomplete absorption from the intestinal
tract of the solid material and subsequent elimination of unchanged
carbaryl. The metabolic pathway defined is illustrated in Fig. 5
{(Andrawes & Bailey, 1978c).

The metabolism of 1-naphthyl-"*C carbaryl was studied in male
and female Sprague-Dawley rats following a single, oral
administration of 2.5 mg/kg. The metabolic pathways identified in
the rat involved hydrolysis, N-methyl oxidation, ring hydroxylation,
and conjugation. New metabolites identified, previously unknown in
the rat, were: 1,5-naphthalenediol, 1,6-naphthalenediol, 3 4-dihydro-
3.,4-dihydroxy-1-naphthol, and 3-hydroxy-1-naphthyl methyl-
carbamate. These new metabolites had been previously identified in
the dog. The metabolic pathway defined is illustrated in Fig. 5.
Faecal elimination accounted for only 2-7% of faecal “C as carbaryl,
indicating more complete absorption of the test material than in the
dog (Andrawes & Bailey (1978a).

Conjugated metabolites of 1-naphthyl-'“C carbaryl excreted in rat
and dog urine, after similar single oral treatments of 2.5 mg/kg, were
separated and compared as intact conjugates using gel permeation and
thin layer chromatography. The metabolic products were found to
be qualitatively similar in the two animal species, with evidence of
glutathione conjugation in the dog. Urinary metabolites only differed
quantitatively between species. The rat appeared to be considerably
more active in hydrolysing carbaryl to Il-naphthol followed by
conjugation, whereas, in the dog, the principle urinary metabolites
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Kinetics and metabolism

were formed through direct conjugation of carbaryl itself. A
significant amount of urinary radioactivity in both species remained
unidentified, i.e., 27 and 34% in the rat and dog, respectively
(Andrawes & Bailey, 1978b). Tables 29 and 30 illustrate the
quantitative urinary metabolic differences in rats and dogs. Note that
"Free" refers to unconjugated metabolites whereas "Acid” and
"Enzyme" refer to acid- and enzyme-hydrolysed conjugates.

Table 29. Metabolic products prasent in a 24-h sample of urine of a rat treated
erally with 2.5 mg 1-naphthyl-"*C carbaryl/kg in corn oil

Products Percentage of total radioactivity in urine

Free Enzyme Acid Total
1-Naphthol Q.26 15.86 0.49 16.61
Carbaryl 0.14 0.45 4.22 4.81
Mathylol ND? ND®  0.64% 0.64
1.5-Naphthalenediol 0.17 1.12 0.08 1.37
1,6-Naphthalenedicl 0.03 0.42 ND2 0.45
5-Hydroxy carbary 7.76 3.07 0.24 11.07
5,6-Dihydrodihydroxy naphthol 1.16 499 ® 6.15
5,6-Dihydrodihydroxy carbaryt 5.66 775 ° 13.41
1,4-Naphthoquinone® 0.03 1.12 0.10 1.25
4-Hydroxy carbaryl 2.30 2.76 0.12 5.25
3-Hydroxy carbaryl ND® ND? 0.06 0.06
3,4-Dihydrodihydroxy naphthol 0.71 158 ° 2.24
Unknown 1 0.25 2.95 0.06 3.26
Unknown 2 ND? 3.46  ND? 3.46
Other unknowns 0.37 1.92 0.38 2.87
Highly polar materials ND? 6.99 20.31 27.30

*ND = none datacted.

bacid hydrolysis degrades the methylol to desmethy! carbaryl and the
dihydrodihydroxy derivatives to phenols.

€A decompasition product of 1,4-naphthalenediol during work-up.
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EHC 153: Carbaryl

Table 3¢, Metabolic products prasent in a 24-h sample of urine of a female dog
treated orally with 25 mg 1-naphthyl- 1*C carbaryi/kg

Products Percantage of total radioactivity in urine
Frea Enzyms Acid Total
1-Naphthol 0.38 2.74 1.47 459
Carbaryl 1.71 0.16 9.90 11.77
Methylol ND? ND* 0.22 0.22
1,5-Naphthalenediol 0.21 1.83 1.14 3.18
1,6-Naphthalenediol ND* 1.62 ND? 1.62
5-Hydroxy carbaryl 1.61 1.67 0.20 3.48
5§, 6-Dihydrodihydroxy naphthol 1.12 9.79 ND? 10.89
5,6-Dihydrodihydroxy carbaryl 3.80 3.09 NDY 6.89
1.4-Naphthoquinone® ND? 1.24 1.36 2.60
4-Hydroxy carbaryl 0.64 5.30 0.44 6.38
3-Hydroxy carbaryl ND® 0.04 0.01 0.05
3,4-Dihydrodihydroxy naphthol ND® 0.50 ND® 0.50
Unknown 1 ND? 0.20 0.62 0.82
Unknown 2 ND? 1.30 ND? 1.30
Other unknowns ND* 1.26 0.43 1.69
Highly polar materials ND® 9.06 34.96 44.02

2ND = none detected.
ba dacomposition product of 1,4-naphthalenediol during work-up.

The above work supersedes the work by Knaak & Sullivan
(1967), who mistakenly concluded that the Beagle dog metabolic
pathway was qualitatively different from that of the rat, because of
poor absorption of solid/slurry test material. The marked emphasis
on differences in metabolic pathways between species, together with
the analytical techniques available at the time of the study contributed
to their conclusions.

Studies on the nature of the biliary, water-soluble metabolites of
carbaryl were conducted by Bend et al. (1971) on 19 male Wistar
rats, using a technique with the bile duct cannulated. Water-solubie
conjugates of carbaryl with sulfur-containing amino acid were found
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Kinetics and metabolism

in the urine as well as the bile of treated rats: S-(4-hydroxy-1-
naphthyl) cysteine and S(5-hydroxy-1-naphthyl)-cysteine. Biliary
secretionof 5,6-dihydro-5,6-dihydroxycarbaryl glucuronide following
an infused dose was found to be greatly reduced, from 10% to less
than 1%, by pretreatment with antibiotics (Struble et al., 1983b),
This indicates that bacteria play a role in the enterohepatic circulation
and bilary secretion of this metabolite of carbaryl.

The functional activity of the reticulo-endothelial system (RES)
can influence carbaryl metabolism (Pipy et al., 1980). The
elimination of carbaryl from the blood decreased significantly in rats
(24 male Sprague-Dawley) with RES inhibited by colloidal carbon,
and increased in those in which the RES was activated with glyceryl
trioleate. Correlation of the activity of RES with the enzyme activity
of monoxygenases of the hepatic microsomal fraction could possibly
explain this effect of the RES in the toxicokinetics of carbaryl.

An intravenous injection of colloidal carbon, which inhibits liver
microsomal metabolism, reduced biliary excretion of an iv dose of
carbaryl given 18 h later (Pipy et al., 1981). Pretreatment of rats
with 75 mg phenobarbitai/kg per day, ip, for five days resulted in an
increase in the rate of sulfate conjugation of carbaryl, following a
high dose of carbaryl (16.4 mg/kg), but not a low dose (1.64 mg/kg)
(Knight et al., 1987).

Metabolic transformation in plants

The formation of carbaryl metabolites in plants is primarily
dependent on the hydrolytic, oxidative, and conjugattve potential of
the plant tissues, which are similar to the tissues of insects and
mammals. The metabolism in plants is of a shorter duration than that
in insects and mammals, and the tendency to accumulate metabolites
is more pronounced. The carbamate ester bond appears to be quite
stable in plants, which explains the smal! amount of recovery of 1-
naphthol from treated plants. The extent of oxidation is generally
higher in plants and insects than in mammals. Several
hydroxymetabolites are formed by oxidation of the N-methyl group
and naphthalene ring. They are conjugated as glycosides. Non-
enzymatic factors, such as light, heat, and humidity may contribute
to the degradation of carbaryl in plants as well (Kuhr, 1971).
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The metabolism of carbaryl has been defined in a wide variety
of plant species (Table 31). Metabholites were isolated in microgram
quantities for mass and ultraviolet spectroscopic analyses (Mumma
et al., 1971).

In vitro studies with human tissues

The metabolism of carbaryl in selected human tissues was
studied in vitro by Chin et al. (1974). On the basis of the total
anionic characteristics of the metabolites derived from each organ,
metabolic activity occurred in the following organs in descending
order: liver, lung, kidney, placenta, vaginal mucosa, uterus.

The metabolic profiles of carbaryl in human postembryonic fetal
autopsy tissue were determined using 1-naphthyl-"*C or N-methyl-"C-
carbaryl. The anionics from fetal liver amounted to 20% of those
found with the adult liver. Naphthyl glucuronide and naphthyl
sujfate were produced in the kidney, whereas the lung produced
naphthyl sulfate from carbaryl (Chin et al., 1979a).

Carbaryl was metabolized oxidatively by primary human
embryonic cells in culture (Lin et al., 1975). Complete degradation
occurred after 72 h of incubation. Unconjugated metabolites were
identified as 1-naphthol, 5-hydroxycarbaryl, 4-hydroxycarbaryl, and
5,6-dihydro-5,6-dihydroxycarbaryl. The water-soluble components
were identified as 4-hydroxycarbaryl, 1,4-naphthalenediol, and 5.6-
dihydro-5,6-dihydroxycarbaryl. The primary human embryonic lung
cells did not convert carbaryl to carbon dioxide. They may not
possess the enzyme system that is necessary to break down the
naphthalene ring of carbaryl to form carbon dioxide.

Sakai & Matsumura (1971) studied the degradation of carbaryl
by brain esterases. Carbaryl was degraded by band Eand E,,
whereas, in the mouse brain preparation, the compound was degraded
by band E;, E,, and E,.

Cell culture techniques were used to examine the products of
carbaryl degradation by cultures of an L-132 cell line derived from
normal human embryonic lung. The data indicated that detoxification
was similar to that observed in animals and in in vitrro enzyme
systems (Baron & Locke, 1970).
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Studies on the in vifro metabolism of carbaryl by a human liver
fraction indicated that there was a difference in the metabolic pattern
compared with that in the rat liver. The human liver produces at
least two more metabolites (Strother, 1970).

In vivo studies on humans

The metabolism of carbaryl in humans appears to be qualitatively
similar to that previously reported in other mammals. Metabolic
reactions include: hydroxylation, hydrolysis, and conjugation.
Metabolites of carbaryl were identified in the urine of human
volunteers after ingestion of a 2 mg/kg dose (Andrawes & Myers,
1976). Only traces of the unchanged carbaryl could be detected in
the urine indicating rapid metabolism. From the spectrum of the
metabolites identified, a metabolic pathway of carbaryl in humans is
proposed and shown in Fig. 6.

The only detectable metabolites in urine samples taken from
workers exposed to carbaryl dust were 1-naphthylglucoronide and
sulfate (Knaak et al.,, 1965). Later 1l-naphthyl and 4-
hydroxycarbaryl, as conjugates of glucuronic and sulfuric acid, were
found in a study on volunteers.

Human exposure to carbaryl during aerial application for Gypsy
moth control was assessed by Schulze et al. (1979). The results of
this study indicated a strong positive correlation between carbaryl
exposure and the excretion of urinary l-naphthol within 24 h of
known exposure and a total lack of 1-naphthol in pre-exposure
samples.

The presence of these metabolites has been confirmed in six
urine samples of workers with high exposures to carbaryl (Andrawes
& Myers, 1976).

One major and three minor interfering chemicals were detected
in no-exposure samples as well as the maximum exposure samples.
These interfering materials developed a colour similar to that of
carbaryl metabolites upon spraying the chromatograms with p-
nitrobenzene diazonium fluoborate. It is estimated that the major
interfering pigment accounted for as much as one-third of the total
colour observed on thin-layer chromatograms. These interfering
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chemicals may also be the cause of high blank values often
encountered during the routine analysis of urine samples (Andrawes
& Bailey, 1979).

Elimination and excretion in expired air, faeces, urine,
milk, and eggs

The elimination of metabolized carbaryl is rapid, and
accumulation in animals seems unlikely, under normal exposure
conditions. Carbaryl is generally excreted entirely within 24-96 h of
intake. Elimination takes place mainly through the urine, faeces, and
respiration, and, to a lesser extent, through the milk of dairy animals
and the eggs of poultry.

Carbaryl is mainly excreted as its product of hydrolysis,
1-naphthol, which is detoxified to water-soluble glucuronide
{Carpenter et al., 1961), and sulfate (Whitehurst et al., 1963), and
only in trace amounts as 1-naphthol or unchanged.

The average percentage of metabolites recovered after orally
administered doses of 1-naphthyl **C, methyl "“C, and carbonyl '“C
carbaryl to rats was 94% over a 7-day period (Knaak et al., 1965).
Only residues from carbaryl methyl “C were detected after that,
since the methyl moiety is incorporated in tissue (2-3%). Liberated
naphthol is conjugated and excreted, while the liberated carbonyl
groups are disposed of as respiratory”CO, (Knaak et al., 1965).
Forty-seven to 57% of the metabolites excreted retain the intact
C-0-C{O)N-C structure, indicating a nonhydrolytic pathway for
carbaryl. Monkeys and pigs (2 young females) excreted carbaryl as
a conjugate of intact carbaryl and 4-hydroxycarbaryl, mainly
glucuronides. Sheep also excreted 1-naphthyl glucuronide and sulfate
and 4 (methylcarbamoyloxy)1-naphthyisulfate (Knaak et al., 1968).

Myers (1977) studied the correlation between the amount of
carbary! ingested and urinary metabolites levels. Metabolites were
measured as three groups:
I. naphthyl sulfate;
I1. free and sulfated 5,6-dihydrodihydroxycarbaryl
and dihydrodihydroxynaphtho!;

I, other conjugated (glucuronides) of naphthol,
5,6-dihydrodihydroxycarbaryl, and
5.6 dihydrodihydroxynaphthol.
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The amounts in groups I and II were 25.5-36.5% of the dose. When
all three groups of metabolites were analysed, the amounts of
metabolites for the same period represented 41.5-52.7% of the dose.
Naphthol was the major metabolite found in Group III (mean 75% of
all metabolites of the group). A good correlation was found between
the amount ingested and urinary metabolites.

Rats treated orally with naphthyl"C carbaryl (2.3 uci) excreted
90% of the administered radioactivity in the urine within 3 days.
During the 72-h sampling period, the faeces contained only 2-5% of
the radioactivity (Lucier et al., 1972).

Eighty per cent of 5mg of “C naphthyl carbaryl, given
intraperitoneally to rats, (see section 6.3.2) was eliminated in the
24-h urine and 10% in the faeces {(Bend et al., 1971). Enzymatic
hydrolysis and reverse isotope dilution showed that 10% of the dose
was excreted as 1-naphthyl-glucoronide, 5%, as 1-naphthylsulfate,
3%, as conjugates of 4-hydroxycarbaryl, 5%, as 1-naphthylsulfate,
3%, as conjugates of 4-hydroxycarbaryl, and 5% of 5-
hydroxycarbaryl. About 2% of the carbaryl appeared unchanged in
urine. Other radioactive metabolites were not identified.

Following a single, ip injection in albino rats of both sexes, of
methyl “C and carbonyl “C carbaryl at 30 mg/kg, 75-80% was
recovered after 48 h in the expired air and urine. Liberated by
hydrolysis, N-methyl carbamic acid was spontaneously decomposed
to methylamine and carbon dioxide (43.5%). The methylamine
moiety was later demethylated to '“CO,, which was eliminated in the
expired air and “C formate (9.2%), which was excreted in the urine
(Hassan et al., 1966).

In the study of Nye & Dorough (1976), 2.5% of the
endotracheally administered carbaryl dose was exhaled as '*C-carbon
dioxide. More than 90% of the dose was eliminated in the urine
during 3 days. The faeces contained 2-5%.

A comparative study on the excretion of carbaryl after a
7.5 umol/kg, ip dose in rats was reported by Krishna & Casida
(1966) who used three types of labelled carbary! (Table 32).
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Table 32. Fate of '*carben in male Spragus-Dawley rats after ip administration of

carbaryl®
Labelled position Administered '“carbon recovered (%)
Expired **CO, Urine Faeces
0-24 h 24-48 h

Carbonyl 1%C 24.5 62.1 2.4 2.1
Methyl *C 12.3 54.8 34 3.9
Naphthyi ¢ 0.2 74.2 2.3 8.9
Hydrolysis product < 0.1 B6.4 3.3 1.4
naphthol 1*C

From: Krishna & Casida {1966),

Biliary excretion of carbaryl was studied in bile-duct cannulated
rats.  Naphthyl “C and methyl ™C carbaryl (50 pg) were
administered intravenously to rats (see section 6.3.2). During the
first 2 h of collection, 90% of the total biliary radioactivity was
eliminated (Bend et al., 1971). After oral application of 0.01 mg/kg
naphthyl-"*C carbaryl to rats, 37.5% was excreted via the bile in the
first 3h and 45.4% (cumulative percentage) of the dose was
eliminated within 48 h. Faecal elimination was 1.4% and urine
elimination was 42.3% (Marshall et al., 1979). The results of
Struble et al. (1983a), who used higher doses of carbaryl (1.5, 31,
and 300 mg/kg) on male Sprague-Dawley rats were similar. Twelve
hours after administration, 15-46% of the “C was excreted in the
bile, 10-40% in the urine, and less than 1% was eliminated in faeces.
Three metabolites were identified from the bile, the major one being
5-6-dihydro-5-6-dihydroxycarbaryl glucoronide (i2-18% of the
biliary "*C).

On the basis of a study on 50, male, Sprague-Dawley rats,

Borzelleca & Skalsky (1980) reported that carbaryl metabolites in the
blood were also present in the saliva, at similar concentrations,

Leeling & Casida (1966) studied carbaryl metabolites in the
urine of one male and one female New Zealand White rabbit. The
ether-extractable metabolites found in the urine were:
N-hydroxymethyl carbaryl, 4-hydroxycarbaryl, 5-hydroxycarbaryl,
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5,6-dihydro-5,6-dihydroxycarbaryl, 5,6-dihydro-5,6-trihydroxy-1-
naphthol, and 1-naphthol.

Thirty-five, adult, female American cockroaches (Periplanera
americana) were injected through the central abdominal wall with
5 ug of carbaryl-carbonyl “C, carbaryl methyl *C, or 2 ug carbaryl
naphthyl “C. Metabolites similar to those appearing in rat liver
microsomes were formed. About 19% of the radioactivity of
carbaryl carbonyl “C was eliminated as “C-carbon dioxide in 24 h
(Dorough & Casida, 1964).

Excretion of carbaryl in milk was studied by Baron (1968).
Application of a total dose of 2 g carbonyl carbaryl “C to a lactating
cow resulted in approximately 1% of radioactive residues in the milk.
In skim milk, 87% of these residues were water-soluble and 13%
chloroform-soluble. About 90-95% of the*C radioactivity in the
soluble component was removed after crystallization of lactose.

The metabolism of carbaryl naphthyl "“C was studied in one
lactating Jersey cow (Dorough, 1967). Two consecutive single
treatments at 6-day intervals with 0.25 mg/kg body weight (total
125 mg) and one single dose of 3.05 mg carbaryl naphthyl “C/kg
body weight added to the feed, resulted in radiolabelled residues in
the milk for as long as 60 h after treatment. The first sample of
milk, taken after 6 h, showed maximum concentrations of chloroform
extractables, water-soluble, and unextractable, residues in whole milk
in the range of 0.063-0.95 mg/litre. Residues of only a slightly
lower magnitude were detected in the 12-h milk samples and rapidly
declined in 24-h samples. Thirty per cent of the residues in the 6-h
sample was a chloroform-extractable metabolite, tentatively identified
as 5,6-dihydro-5,6-dihydroxy-1-naphthyl-N-methylcarbamate. About
0.35% of the total dose was detected in the milk in both treatments,
70% in the urine, and 11% in the faeces in 0.25 mg/kg treatment,
and 58% in the urine and 15% in the faeces in the 3.05 mg/kg
treatment. The highest levels in the tissues of the cow, killed on an
unspecified day after treatment, were found in the liver, kidney, and
ovaries,

A single lactating cow was treated orally with a daily total dose
of 518 mg '“C-carbaryl (0.77 mg/kg body weight), given in two
doses, 12 h apart. Results are shown in Table 33 (Dorough, (1969).
Fifty-nine per cent of the radioactivity from a'*C-labelled oral dose
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of carbaryl administered to a cow was recovered from the urine
within the first 24 h (Saini & Dorough, 1978).

The passage of “C into the milk and its presence in the suckling
neonates has been studied by whole-body autoradiography in rats fed
“C-methyl carbaryl. The highest concentrations in newborn
offspring, after 48 h, were found in the stomach contents, the liver,
the hair, and t