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1. INTRODUCTION
1.1 STRUCTURE AND CAS NUMBER
Carbaryl is the common name for 1-naphthyl N-methylicarbamate. It is
sold in the United States under the trade name Sevin. {he Chemical
Asstracts Service (CAS) Registry Number for carbaryl is 63-25-2, and the
séfucture is given below.
0

]
0-c-N CH3

SOh

Molecular formula: C]2H11N02

Molecular weight: 201.2
There are numerous additional synonyms and trade names for carbaryl (IARC,
1976; NIOSH, 1976), fincluding 1-naphthol N-methylcarbamate; 1-naphthyl
methylcarbamate; methylcarbamate 1-naphthalenol; methylcarbamic acid,
1-naphthyl ester; N-methyl-1-naphthyl carbamate; N-methyl-a-naphthyl-
urethan; Atoxan; Caprolin; Carpolin; Compound 7744; Dicarbam; Sevidol and
Union Carbide 7744.
1.2. PHYSICAL AND CHEMICAL PROPERTIES

Carbaryl is a white crystaliine solid that 1is formulated as wettable
powders, pellets, graﬁules. dusts, suspensions and emulsifiable concéntrate
solutions (IARC, 1976). Important physical and chemical properties are sum-
marized below (IARC, 1976; NIOSH, 1976):

Melting point: 142-145°C
Specific gravity: 1.232 at 20°C
Vapor pressure: 0.000041 mm Hg at 25°C

0.00015 mm Hg at 40°C

Henry's Law Constant: 13.1 (unitless) (U.S. EPA, 1981a)
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Solubility in water: 40 ppm at 30°C
31 ppm at 8°C in seawater (Karinen et al., 1967)

Solubility in organic
solvents: soluble in acetone, cyclohexanone, and
dimethylformamide

Log octanol/water

partition coeffi-
L cient: 2.36 (Kenaga and Goring, 1980; Karickhoff, 1981)
1.3. PRODUCTION DATA

Carbaryl is prepared by the reaction of 1-naphthol and methyl fisocya-
nate, or of 1-naphthol, phosgene and methylamine (Martin and Wor thington,
1977).

Carbaryl is manufactured by Union Carbide, Institute, West Virginia
(SRI, 1983). The estimated production for 1972 was 53 million pounds/year.
Domestic consumption was ~25 million pounds in 1972, including 19 million
pounds for agricultural purposes alone (von Rumker et al., 1974).

1.4. USE DATA

Carbaryl is a widely used carbamate insecticide with a broad spectrum of

effectiveness on insects. It is used primarily on corn, soy beans, cotton,

fruit and nut crops, and vegetable crops (von Rumker et al., 1974), and is

approved for home yard and garden use.
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2. ENVIRONMENTAL FATE AND TRANSPORT PROCESSES

2.1. AIR

Specific information regarding the fate and transport of carbaryl in the
atmosphere was not located in the avatlable literature. Data for photode-
g;hdation in water (Section 2.2.) indicate that carbaryl will decompose in
a;r through direct photolysis or UV 1ight accelerated hydrolysis. Carbaryl
is likely to enter the atmosphere as a result of spraying and dusting opera-
tions, but evaporation from water or soil is not likely to occur to a signi-
ficant extent (Sections 2.2. and 2.3.). Relatively low soill sorption con-
stants (Koc) in the range of 200-400 and other data discussed in Sections
2.2. and 2.3. suggest that carbaryl may exist in the atmosphere to a limited
extent in the particulate sorbed phase.
2.2. WATER

Numerous studies have demonstrated that carbaryl does not persist 1in
natural water when studied in the laboratory (Karinen et al., 1967; Eichel-
berger and Lichtenberg, 1971; Kanazawa, 1975; Rodriguez and Dorough, 1977;
Freitag et al., 1979; Szeto et al., 1979; Sharom et al., 1980; Odeyemi,
1982). When tested at concentrations of <10 ppm at pH 6.5-8, complete
disappearance generally occurred within a week at room temperature; at 9°C,
Szeto et al. (1979) found 61% loss after 50 days and 80% loss after 42 days
in creek and pond wéter, respectively. Carbaryl is degraded in water by
chemical and biological processes, and persistence is significantly
increased in the presence of sediments or if pH is lowered. In a fileld
study, Stanley and Trial. (1980) determined the rate of disappearance of
carbaryl from streams that received drift from spraying of nearby forests.
An average disappearance constant of 0.028 hour™* was determined from

measurements from nine Maine brooks and rivers (12 sites), and the constant
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was not influenced by the size of the stream or the initial concentration of
carbaryl in the water (2-16 wg/2). The corresponding half-life is 24.75
hours, a value that 1is comparable to that reported for natural yater in the
laboratory. It should be noted, however, that the analyt\cg] nethod.used in
this study measured both the parent compound and its major chemical
degradation product, 1-naphthol in the Maine water (pH ~5.5-1.0).

Carbaryl 1is degraded 1in water predominantly by hydrolysis, yielding

1-naphthol, methylamine and CO. (Aly and E1-Dib, 1971; Wolfe et al.,

2
1978). Kinetic studies have shown that carbaryl is stable to hydrolysis in
acidic pH, and that degradation is rapid in basic pH (Aly and E1-Dib, 1971;
Wauchope and Haque, 1973; Wolfe et al., 1976); hydrolysis half-lives at pH
values normally found in the aquatic environment at 27°C were calculated
from measured rate constants to be 3.6 years (pH S), 4.4 months (pH 6), 13
days (pH 7), 1.3 days (pH 8) and 3.2 hours (pH 9) (Wolfe et al., 1976). The
hydrolysis of carbaryl 1is also significantly affected by temperature. Aly
and E1-Dib (1971) found that the rate of hydrolysis at pH 8.0 (i.e., second
order rate constant) increased 2.9 times with a temperature increase from
13-23°C. In experiments conducted with seawater at pH 7.8, the amount of
carbaryl (10 ppm) hydrolyzed after 4 days at 3.5, 17, 20 and 28°C was 0%
(not detected), 44, 55 and 93%, respectively (Karinen et al., 1967). These
data (Karinen et al., 1967) also suggest that salt content (1onic strength)
may be an additional important factor affecting the rate of hydrolysis,
since hydrolysis at comparable pH and temperature in freshwater is faster
(Wolfe et al., 1976) than water with higher salt content.

Limited data are available on the photolysis of carbaryl 1in water.

Wolfe et al. (1976) calculated half-lives of 51 and 64 hours (spring), 46

and 52 hours {summer), 68 and 102 hours (fall) and 103 and 200 hours
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(winter) for latitudes of 30°N and 40°N, respectively, for the direct photo-
lysis of carbaryl near the surface (<10 cm) of distilled water. These
half-1ives were calculated from disappearance quantum yields determined at
20°C and 313 nm, and data further indicated that photolysis 1s slowed by the
pfésence' of oxygen (i.e., under air-saturated reaction conditions) and fis
pﬁ-dependent in the pH 5-7 range. Experiments conducted under midday summer
sunlight (June, latitude 34°N) yielded data that were consistent with the
calculated half-lives; the half-l1ife was found to be ~45 hours in distilled
water buffered at pH 5.5, and dark controls showed no decomposition. Wolfe
et al. (1976) found that 1-naphthol and methyl isocyanate were not products
of the direct photolysis of cérbary] at wavelengths >290 nm in either
degassed or air-saturated water (pH 5.5), but did not identify the photo-
products. Aly and E1-Dib (1972) reported that 4irradiation of aqueous
carbaryl (20 ppm) with 254 nm 1ight for 1 hour resulted in 50, 57 and 78%
decomposition at pH 5.0, 7.0 and 8.0, respectively, and that 1-naphthol
appeared as a product after 5 minutes of exposure in all cases. Karinen et
al. (1967) noted that fluorescent 1ight seemed to have a slight acceleration
effect on hydrolysis of carbaryl in seawater at 20°C; hydrolysis averaged
~63% in 4 days in the dark and 72X under fluorescent light.

The oxidation of carbaryl in water under environmental reaction condi-
tions is not expected' to be significant when compared with its chemical and
photolytic reactivity (Wolfe et al., 1976). The hydrolysis product
1-naphthol should, however, be very readily oxidized. Wauchope and Haque
(1973) have reported that 1-naphthol in basic solution (i.e., 1-naphthoxide
fon), but not in weakly acidic solutions, photooxidizes to

2-hydroxy-1,4-naphtho- quinone in the presence of room 1ight.
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Carbaryl can be degraded by microorganisms in aquatic environments, but
the rate of degradation appears to be significant only in waters where
hydrolysis 1is limited (i.e., neutral to acidic pH). Biodegradation of
carbaryl has been demonstrated in freshwater samples (Aly‘and E]-Dib, 1972;
S2eto et al., 1979; Odeyemi, 1982), in simulated aquatic environments (Liu
ef al., 1981) and in pure and mixed culture experiments with bacteria iso-
lated from freshwater (Guthrie et al., 1981) and marine water (Sikka et al.,
1975). 1-Naphthol, the hydrolysis product of carbaryl, fis readily utilized
by microorganisms (Karinen et al., 1967; Aly and E1-Dib, 1972; Sikka et al.,
1975; Bollag et al., 1975), indicating that the hydrolysis step may be the
1imiting factor for biodegradation in natural waters.

In a study with Nile river water of pH 7.2 (25°C), Aly and E1-Dib (1972)
found that the concentration of carbaryl decreased progressively with time
and that 89% of the added amount (4.75 ppm) disappeared 1in 6 days.
1-Naphthol appeared as a degradation product (2.2 and 0.8 ppm were detected
after 2 and 6 days, respectively), apparently resulting from biologiha]
oxidation; these quantities of 1-naphthol did not result from chemical
hydrolysis, since a sterile solution showed negligible hydrolysis after 6
days and a half-1ife of 16 days. The concentration of 1-naphthol reportedly
decreased with time, indicating the biodegradation of this compound. Subse-
quent additions of . increasing concentrations of carbaryl disappeared 1in
shorter periods of time with no high buildup of 1-naphthol, thereby indicat-
ing microbial acclimatization; at the fourth addition, 17.5 ppm of carbaryl
essentially disappeared after 1 day and no 1-naphthol was detected.
Respirometric studies with higher levels of compound showed that, following
a lag period of one day, oxygen uptake with 40 ppm carbaryl reached 95% of
the theoretical amount required to oxidize 1t completely in 5 days; at 82
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ppm.carbaryl, an initial Tlow rate of oxidation for 6 days was followed by

rapid oxygen uptake, with 78% of the theoretical oxygen was used in 10 days
(Aly and E1-Dib, 1972).

Studies conducted in a simulated aquatic environment (i.e., in modified
cbclone fermentors with a lake sediment/silt loam/activated sludge inoculum)
sﬁggest that biodegradation may also contribute significantly to the fate of
carbaryl in anaerobic environments or in the presence of sediments with a
rich organic nutrient content (Liu et al., 1981). Under anaerobic condi-
tions, the half-l1ife for biodegradation was reported to be 11.6 days when
carbaryl was used as the sole carbon source and 6.1 days in the presence of
glucose and peptone; the respective half-1ives under aerobic conditions were
54 and 7.6 days. These results suggest that while the metabolism process
played an insignificant part in carbaryl degradation in an aerobic environ-
ment, the biodegradation rate was accelerated somewhat in an anaerobic
situation.

Measured soil sorption coefficients (Koc)' of 200-400 (Section 2.3.),
measured octanol/water partition coefficients (Kou) of 230 (Hansch and
Leo, 1979; Kenaga and Goring, 1980; Karickhoff, 1981), and the reasonably
low water solubility (see Section 1.2.) suggest that some adsorption of
undegraded carbaryl onto bottom mud or sediments will occur; this is con-
firmed by positive sediment monitoring data (Section 3.1.). Volatilization
of 1 ppm carbaryl from natural water in laboratory flasks at 9°C was not
observed, a result that is consistent with its Henry's Law Constant value of
13 (U.S. EPA, 1981a).

Szeto et al. (1979) reported that addition of 1 ppm carbaryl to pond

water (pH 7.5-7.9) in the presence of bottom sediment resulted in approxi-
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mate averages at 40 and 33% recovery of carbaryl from the water and sedi-
ment, respectively, after 2 days of incubation at 9°C in laboratory flasks.
Initial recovery from the water at day 0 was 90%, and recovery after 7, 14,
21 and 42 days from the water and sediment was approximately 26, 19, 11 and
14%, and 30, 28, 29 and 14% for water and bottom sediments, respectively.

In another study, the carbaryl concentration in seawater (10 ppm, PpH
7-8, 8°C) in a laboratory aquarium without mud decreased ~50% in 38 days
(Karinen et al., 1967). Most of this decrease was accounted for by the
production of 1-naphthol. When 5, 10 or 25 ppm carbaryl was added to simi-
lar aquaria that contained estuarine mud, there was a sharp decrease in
carbaryl concentration after ~3 days; 1-naphthol production was slight
during this period, indicating that absorption by the mud was the major
reason for the decline. When mud was present, the concentration of carbaryl
plus 1-naphthol decreased to ~10% of the peak (3-day) value within 10 days.
The concentrations of 1-naphthol in the aquaria with mud remained at low
levels during the course of the 38-day study, indicating a slower rate of
decomposition in the mud. In a field study, a 25x25 ft. estuarine mud flat
plot was treated with carbaryl (at a rate of 10 1b A.I./acre) mixed with
seawater at low tide (Karinen et al., 1967). Analysis showed that carbaryl
was detectable in the mud 42 days after application; in 42 days, the concen-
tration of carbaryl decreased from 5.4 to 0.1 ppm in the top 1 finch, from
0.32 to 0.20 ppm at the 2-3 inch level, and was detected at a level of 0.08
ppm at the 4-6 inch level at the termination of the study. 1-Naphthol
levels were reportedly low after the first day, which supports the labora-
tory findings that hydrolysis proceeds slowly in the mud.

2.3. SOIL
Carbaryl does not persist in soil. In an extensive fieid study, Caro et

al. (1974) applied carbaryl granules with corn seed in furrows 1 meter apart
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in Coshocton silt loam (average pH 5.2) at a rate of 5 kg/ha, and
persistence was measured by sampling in the corn rows at 10 locations on 7
occa- sions throughout the crop season. Regression analysis of the sampling
data suggested that ~135 days were required for 95% of- the carbaryl to
d{Sappear, but this 1s an overall value for the entire field. The
d;sappearance did not conform to a first order reaction, and data for the
{ndividual sample points indicated that the carbaryl remained stable in the
soil for 25 to more than 116 days and then degraded rapidly. Although the
rate of degrada- tion varied with location, these lag periods indicated that
carbaryl degra- dation in the soil was primarily microbiological.

The 4importance of soil organisms in the degradation of carbaryl was
further illustrated by Rodriguez and Dorough (1977), who studied the persis-
tence of carbaryl in Maury soil samples (pH not stated) that differed only
in previous pesticide treatment. When 10 ppm carbaryl-naphthyl-1-24C was
incubated at 27°C 1in 1laboratory flasks with soil that had received no
recorded pesticide treatment or with soil that had rece1ved‘4 pounds/acre of
carbaryl 6 months prior to collection, ~10 and 72% of the radioactivity,
respectively, was lost from the soils after 4 days. Loss of radiocactivity
continued at a faster, although steady, rate in the previously untreated
soil, but 1ittle subsequent loss occurred fin the previously treated soil;
after 120 days, the amount of label lost from the two soils was ~80 and 86%,
respectively. Most of the lost radioactivity was attributed to 1liberation
of 002 from microbial degradation of the naphthalene ring, and almost an
of the terminal residual yadioact1v1ty was unextractable from the soil with
acetone. Confirmatory studies showed that the most rapid loss of label from

the carbaryl-pretreated soil occurred between the first and second day, and

that loss of carbaryl was much faster from nonautoclaved soil than from
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autoclaved soil, although carbaryl was effectively degraded in the latter.
Kazano et al. (1972) found that the persistence of 1aC-carbonyl-labeled
carbaryl incubated with soil (pH 5-6) at 255C in the 1laboratory was
influenced by soil type. Production of 1‘C02 varied from 2.2% (loamy
s;bd) to 37.4% (clay loam) of initial radiocarbon during 32 days of incuba-
‘t;on, and the amount of residual *¢C in the soil was reportedly roughly
proportional to soil organic matter content.

The degradation of carbaryl by isolated soil bacteria and fungi has been
reported by numerous investigators, fincluding Boush and Matsumura (1967),
Matsumura and Boush (1968), Bollag and Liu (1971a,b), Kazano et al. (1972),
Sud et al. (1972), Tu and Miles (1976) and Rodriguez and Dorough (1977).
These studies indicate that the bacterial and fungal isolates generally
degrade carbaryl 1in the same manner as observed with soil incubations.
Degradation appears to proceed via oxidative modification of the molecule
(e.g., N-alkyl and aromatic ring hydroxylation, ring cleavage), leading
eventually to hydrolytic cleavage of the ester l1inkage. A number of meta-
bolites have been fidentified, including 1-naphthol, 1-naphthyl N-hydroxy-
methylcarbamate, 4-hydroxy-1-naphthyl methylcarbamate, 5-hydroxy-1-naphthyl-
methylcarbamate and 602, but 1-naphthol (which is also readily degraded by
soil microorganisms) is the major metabolite (Sanborn et al., 1977; Mount
and Ochme, 1981). | |

Although microbial transformation apparently plays a major role in the
degradation of carbaryl in soil and the rate of degradation may be acceler-
ated in soils recently treated with carbaryl (Rodriguez and Dorough, 19717),
it 1s anticipated that chemical hydrolysis will be the predominant route of
degradation in basic soils with a high moisture content (Section 2.2.).
Photolysis is expected to be a significant route of degradation for carbaryl

at the surface (Section 2.2.).
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Some leaching of undegraded carbaryl in soil is 1likely to occur.
Measured soil sorption coefficients (Koc) in the range of 200-40C (Swann
et al., 1980; Kenaga and Goring, 1980) and a water solubility of_f40 ppm
(see Section 1.2.) suggest that the compound will be moderately mobile.
Rbsults of soil sorption and leaching studies indicate that the overriding
réstraint on movement is organic matter content rather than mineral composi-
tion (1.e., clay content) (Lafleur, 1976; Sharom et al., 1980; Aly et al.,
1980). MWhen a thin layer of soil was surface-treated with 1-100 wmol
carbaryl/kg, mixed, and extracted with water at room temperature (1/1 soil/
water ratio) to near equilibrium (2 hours), desorption partition constants
(Kb) ranged from 0.12 for Norfolk scl1 (abbreviation not def1néd in study)
(0.15% organic matter) to 3.7 for Okenee s1 (abbreviation not defined;
assumed sandy loam) (5.16% organic matter) (LaFleur, 1976). Similar studies
with model sand showed that 2% added peat holds carbaryl much more effec-
tively than 20% added kaolin, and that the Kb for sand, kaolin and peat
was 0.04, 1.1 and 160, respectively. When one pore volume of.uater (~6
months rainfall in South Carolina) was added dropwise to the top of a 1
meter soil column that contained 10 umol carbaryl/kg, carbaryl movement
was greatest in Norfolk scl (47% of applied carbaryl in effluent) and least
in Okenee s1 (0% of applied carbaryl in effluent). In another soil column
study, Sharom et al. (1980) found that only 53% of the carbaryl was leached
from organic soil (75% organic matter) by 10 rinses of water, whereas 52% of
the carbaryl was leached from sand (0.7% organic matter) by the first rinse
alone.

In a field study, Caro et al. (1974) determined runoff losses of
carbaryl (5.03 kg/ha) that was incorporated into the soil at a depth of 5 cm

simultaneously with seed corn. 0f the 4 kg of carbaryi applied to the
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field, only 5.77 g (0.14%) was lost during the growing season in runoff

water and sediments. Over 90% of this loss occurred in a single rainfall 19
days after application, and most of the carbaryl (4.34 g) was lost in the
runoff water. Felley (1971) noted that losses of carbaryl in runoff are
apparently minor, even when 1t is applied on the surface and not incorpo-
riated into the soil, but these data indicate that a high volume rainfall
occurring shortly after carbaryl administration can generate low-level
transport.

The low vapor pressure of carbaryl suggests that unadsorbed compound
will not significantly volatilize from soil. LaFleur (1976) reported the
results of a desorption study indicating that mean carbary!l loss by volatil-
jzation during application to soil was <3%. In this study, thin layers of
various soils were surface-treated with 1-100 wmol carbaryl/kg in 0.001 M
or 0.01 M ethanol solution, the treated soil was tumbled to obtain homogen-
ous distribution and the solvent was permitted to evaporate at least 24
hours. When 10 pmol carbaryl/kg in 0.01 M ethanol was added dropwise to
the surface of a 1 meter soil column, mean carbaryl loss during application
was ~1% (LaFleur, 1976). Although not specifically stated, the reported
molar concentrations reflect the concentration of aqueous ethanol and not
the concentration of carbaryl in the ethanol. Additionally, the volumes of

application were not repor ted.
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3. EXPOSURE
3.1. WATER

The mean levels of carbaryl that have been detected in water -samples
collected at 111 stations 1in STORET are 4.7 wg/t in unfiltered water
({95 samples, range 0-335 wg/t), 4.8 pg/8 in filtered water (67
sémples, range 0.04-62 wg/t), 38.9 wg/kg in wet sediment (10 samples,
range 0.1-231 ug/kg) and 87.3 wg/kg in dry sediment (27 samples, range
0.1-770 wg/kg). The preponderance of samples was taken from rural stream/
river and lake water.

3.2. FOOD

In a 1963-1969 survey of residues in United States foods (Duggan et al.,
1971), the percentage of samples of large fruit and grains/cereals with
carbaryl residues was 4.1 and 1.4, respectively. Most of the detected resi-
dues were between 0.03 and 2.0 ppm.

3.3.  INHALATION

Monitoring data on levels of carbaryl in ambient air were not located in
the available literature. The mean air concentration of carbaryl in the air
inhaled by 38 urban applicators (application of carbaryl incidental to their
employment or leisure activities) who made a total of 50 individual applica-
tions was determined to be 0.02 wug/%, with a maximum recorded level of
0.28 ug/% (Gold et h]., 1982); the maximum total respiratory exposure
was 0.70 ug/kg bw/hour.

3.4. DERMAL

The relative contribution of dermal exposure to total ambient exposure
could not be determined from the available literature. The dermal exposure
of carbaryl applicators was measured by Gold et al. (1982). The mean rates

of exposure were 3.85 and 0.26 wg cm 2 hr™%, respectively, for the
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outside of the clothing and the skin beneath the clothing. The rate of
exposure to the hands of applicators was 2.36 and 24.96 ug cm 2 hr 2,
respectively, for applicators with and without gloves. The maximum dermal
exposure recorded in this study was 2.86 mg kg™t hr 2, ;

[ 8

|4
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4. PHARMACOKINETICS

An abundance of information exists 1in the T1iterature concerning the
absorption, distribution, metabolism and excretion of carbaryl f9110w1ng
administration to humans and experimental animals by various exposure routes
and under many conditions. Several excellent reviews are available, includ-
ihg IARC (1976), Mount and Oehme (1981) and NIOSH (1976); these reviews were
used in conjunction with selected primary papers in the preparation of
Chapter 4.

4.1. ABSORPTION

Rapid absorption of carbaryl by both humans and experimental animals
following oral, dermal and inhalation exposure has been well documented.
Carbaryl absorption by humans occurs following oral ingestion (Farago, 1969;
Lopez, 1970), during inhalation exposure (Best and Murray, 1962) or percu-
taneously during direct contact with the skin (Feldmann and Maibach, 1974;
Matbach et al., 1971). Hwang and Schanker (1974) instilled 14C_labeled
carbaryl into the lungs and intestines of rats and found that the compound
was rapidly absorbed by both the lungs and intestines through the process of
simple diffusion; absorption in the lungs was 2.5 times faster than in the
intestines. Following oral administration of 14C-labeled carbaryl to
rats, Casper et al. (1973) observed rapid and near complete (82%) gastric
absorption of the compound within 1 hour after dosing. Absorption of
carbaryl from the GI tract of animals was also reported by other investi-
gators (Houston et al., 1975; Pekas, 1974; Cambon et al., 1981; Mount et
al., 1981).

4.2. DISTRIBUTION

A 2-compartment open pharmacokinetic model has been described in experi-

mental animals for carbaryl distribution between a ue]léperfused central

compartment and a more slowly-perfused peripheral or tissue compartment
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(Houston et al., 1974, 1975; Pipy et al., 1980). Strother and MWheeler
(1980) also described a biphasic model for both pregnant and nonpregnant

rats. Fernandez et al. (1982) applied open 2- and 3-compar tmeot moqels to
the kinetics of carbaryl and its metabolites, respectively, .in rats. Carba-
mhte metabolites of carbaryl have been reported to undergo enterohepatic
;circu1at10n in rats, lengthening the time of residence in the body (Marshall
and Dorough, 1979; Houston et al., 1974).

Declume and Benard (1977) administered [methy\-l‘C]-labeled carbaryl
orally to pregnant rats, and Strother and wheeler (1980) administered
[ring-24C]- or [carbonyl-l‘C]-labeled carbaryl by 1.p. injection to
pregnant rats. Radioactivity crossed the placenta within 1 hour after
dosing and was rapidly distributed in the developing fetus. Declume and
Benard (1977) detected radiolabeled compound in the eye, liver and brain of
the fetus, while Strother and wheeler (1980) reported radioactivity in the
fetal brain, heart and lungs.

Bukin and Filatov (1965) administered a single oral dose of 400 khg
carbaryl/kg bw to rabbits, and analyzed the resulting distribution of parent
compound by paper chromatography. Carbaryl was rapidly distributed in tis-
sues and excretory fluids within 30 minutes after dosing, as follows (in
decreasing order of concentration): bile, urine, kidney fat, heart, liver,
spleen, testes, kidheys, lumbar muscles, femoral muscles, cerebellum,
medulla oblongata, brain (assumed to mean cerebrum) and lungs. following a
single oral dose of 100, 200 or 300 mg carbaryl/kg bw to rabbits, Bukin and
Filatov (1965) did not detect any parent compound in the tissues or organs
at 24-80 hours after dosing. Mount et al. (1981) found significant residues
of carbaryl in the liver, heart and brain of male rats 24-48 hours after

administering single oral doses of 450, 800 or 1200 mg carbéryl/kg bw.

0485p -16- 05/08/84




Following a single oral dose of 24C-labeled carbaryl (label location
not specified) at a level of 0.9 mg/kg, 24C was detected in the testes,
prostate gland and seminal vesicles of male mice (Thomas et al., 1974).
Thomas (1981), in his introductory remarks for the 10th Target Organ Sympo-
stum (The Testes), reported that carbaryl has been found in the testes of
rats, mice and dogs administered the pesticide.

Ffollowing percutaneous administration of carbaryl to steers and cows,
carbaryl residues were found in the liver, kidneys, muscles and omental and
perirenal fat of steers 3 days after treatment, but not 7 days after treat-
ment, and in the milk of cows up to 69 hours after application (Hurwood,
1967). Distribution of carbaryl residues to the tissues was rapid but only
temporary in both studies. In most cases, elimination of carbaryl residues
from adult body tissues was completed within a few days after treatment.

4.3. METABOLISM

Extensive reviews on the metabolism of carbaryl in mammals are avail-
able, including Ryan (1971), Kuhr and Dorough (1976) and Menzie (1969). The
metabolism of carbaryl has been investigated in rats (Knaak et al., 1965;
Krishna and Casida, 1966; Houston et al., 1975; Sullivan et al., 1972; Pipy
et al., 1981; Strother, 1970; Ryan, 1971; Pekas, 1979; Mehendale and
Dorough, 1971; Benson and Dorough, 1979; Lin and Dorough, 1974), mice and
gerbils (Benson and Dorough, 1979), guinea pigs (Knaak et al., 1965, 1968;
Knaak and Sullivan, 1967; Rickard and Dorough, 1979; Ryan, 1971; Benson and
Dorough, 1979), rabbits (Ryan, 1971), dogs (Knaak et al., 1965, 1968; Knaak
and Sullivan, 1967; Ryan, 1971), monkeys, pigs, sheep (Knaak et al., 1965,
1968; Knaak and Sullivan, 1967), dairy cattle (Whitehurst et al., 1963;
Dorough, 1967) and humans (Knaak et al., 1965, 1968; Knaak and Sullivan,

1967; Ryan, 1971; Strother, 1970; Chin et al., 1974). These studies have

0485p -17- 05/02/84




jdentified some of the hydrolytic and oxidative metabolites of carbaryl, as
well as several conjugated metabolites of carbaryl. The liver appears to be
the primary site of carbaryl metabolism, regardless of species or route of
exposure. h

. Mount and Oehme (1981) described four metabolic pathwi&s for carbaryl,
all of which generally yield metabolites of lesser toxicity than the parent
compound. These metabolic schemes include the methylol route, by which the
methyl group on the nitrogen (carbamic acid) 1is converted to -CH20H;
formation of 1-naphthol by hydrolysis; hydroxylation of the naphthyl ring
(at position 3, 4, 5, 6 or 7), possibly via epoxide intermediates, to yield
hydroxylated carbaryl metabolites that are subsequently conjugated and then
excreted; and glucuronidation of the carboxy group.

Following single oral doses of [naphthyl-24C]- or [methyl-24C]-
labeled carbaryl to rats, guinea pigs, monkeys, swine, sheep, dogs and
humans, oOr [carbonyl-24C]-1abeled carbaryl to rats, several 1-naphthyl and
4-(methylcarbamyloxy) 1-naphthyl glucuronide and sulfate conjugates were
detected in the urine and/or feces of treated animals (Knaak et al., 1965,
1968; Knaak and Sullivan, 1967). The occurrence of these metabolites in
each species is shown in Table 4-1. Knaak et al. (1968) reported that the
major difference in carbaryl metabolism between humans and animals 1is that
carbaryl is hydrolyzed to 1-naphthol to a greater extent by humans than by
other mammals tested. 1-Naphthol is conjugated and excreted as 1-naphthyl
sulfate or glucuronide. Sulfate or glucuronide conjugates of 1-naphthol
were excreted by all species tested except dogs; monkeys and swine excreted
1ittle of these metabolites. A1l species except dogs also hydroxy]afed
carbaryl, excreting the hydroxylated metabolites as a glucuronide or sulfate

conjugate [4-(methy]carbamoyloxy)-]-naphthy1 glucuronide or sulfate]. Dogs
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appeared to conjugate carbaryl (enol form) directly, forming 1-naphthyl

methylimidocarbonate 0-glucuronide. A11 other species tested also excreted
this metabolite (Knaak et al., 1965, 1968; Knaak and Sullivanm, 1967). .

Other 1dent1f1ed metabolites of carbaryl include 5,6-dihydro-5,6-dihy-
d#bxycarbary1 in rats and guinea pigs (Sullivan et al., 1972) and dairy cows
(dbrough, 1967), thioether conjugates in rats (Ryan, 1971), glucuronide or
sulfate conjugates of 5,6-dihydroxycarbaryl or N-hydroxymethylcarbaryl in
rats (Chen and Dorough, 1979), and mercapturic acids, S-(4-hydroxy-1-
naphthyl)cysteine and S-(5-hydroxy-1-naphthyl)cysteine (Bend et al., 1971).

0f the identified metabolites of carbaryl, 5-hydroxycarbaryl and 1-naph-
thol may be more toxic than the parent compound under certain circumstances
(Carpenter and Weil, 1970; Bollag et al., 1975).

4.4. EXCRETION

The major route of excretion for carbaryl and its metabolites following
oral administration for most mammalian species is the urine; however, the
dog excretes ~50% of the administered dose in the feces (Knaak et a]..71965,
1968; Knaak and Sullivan, 1967). For rats'and dogs administered single oral
doses of [naphthyl-14C]-labeled carbaryl, 10 and ~50%, respectively, of
the administered radioactivity was detected in the feces. Following single
oral administration of [methyl-24C]-labeled carbaryl, 68 and 23% of the
radioactivity was detected in the urine of rats and dogs, respectively.
when rats were given 4C-carbaryl 1labeled at various positions, excretion
was nearly complete by 3 days. 95% of the naphthyl-label was eliminated in
the urine and feces; 99%_of the carbonyl-label was eliminated in the urine,
feces and respiratory 002; and ~91% of the methyl-label was eliminated in
the urine, feces, CO_, and carcasses. Guinea pigs receiving 1.p. injec-

2 .
tions of either [naphthyl-24C]- or [methyl-24C]-1abeled carbaryl
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excreted 85% of the administered doses in the urine within 24 hours. Rats
given 1.p. injections of [naphthyl-*4C]-, [methy1-24C]- and [carbonyl-
14C]-1abeled carbaryl excreted 73, 47 and 48%, respectively, of the admin-
{stered doses in the urine within 24 hours. B
. Shah and Guthrie (1977) reported that rabbits rapidly absorbed a dermal
‘dase of 24C-carbaryl (label location not reported), and eliminated the
highest concentrations of carbaryl metabolites within 24 hours in the urine
and feces. Hurwood (1967) reported that dairy cows sprayed with carbaryl
(percutaneous absorption) excreted the intact compound fin the milk in
decreasing concentrations from 5-77 hours postdosing.
Two human volunteers who ingested a single dose of 2 mg carbaryl/kg bw
were reported to have 26% of the administered dose as carbaryl metabolites
(measured by fluorometric techniques) in the urine within 4 days after

ingestion (Knaak et al., 1968).
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5. EFFECTS
5.1. CARCINOGENICITY

At present, only equivocal evidence of carbaryl's carcinogenicity in
laboratory animals has been reported. The IARC (1976) found the data to be
ipsufficient for an evaluation of the carcinogenicity of caréaryl.

. A contaminant of carbaryl, 2-naphthyl methylcarbamate, can be produced
4f contaminated 1-naphthol (a carbaryl precursor) 1s used in manufacture.
The 2-naphthyl 4isomer has been reported to be carcinogenic (Argauer and
Warthen, 1975). Four domestic carbaryl samples were analyzed and contained
no detectable 2-naphthol methylcarbamate, but four samples of foreign
carbaryl contained 0.52-5.60% of the contaminant.

Innes et al. (1969) conducted a carcinogenicity bicassay on many com-
pounds, including carbaryl, for the National Cancer Institute in two strains
of first filial generation mice, designated B6C3 and B6AK. Groups of 18
male and 18 female neonates of both strains received 0 or 4.64 mg carbaryl/
kg by gavage on days 7-28 of age and thereafter in the diet at a level of O
or 14 ppm for 18 months. No significant increase in tumor incidence was
found among treated groups in any tissues examined histopathologically.
Similar groups of mice given an s.c. injection of 100 mg carbaryl/kg
dissolved in dimethylsulfoxide on day 28 of age and observed until age 78
weeks had tumor incidences that were not significantly different from the
dimethy]su]fox1de-1njected mice (Innes et al., 1969).

Carpenter et al. (1961) reported that the lung tumor incidence was not
increased as compared to nontreated controls in groups of 30 male A/Jax or
C3H mice given weekly s.c. injections of 10 mg carbaryl for 5 months. |

Carpenter et al. (1961) also reported the absence of 4increased tumor

tncidence in CF-N rats fed carbaryl for 2 years. Groups of 20 male and 20
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female rats were given diets confa1n1ng 0, 50, 100, 200 or 400 ppm carbaryl;
survivors were killed after 732-736 days of treatment. In addition, gross
and histopathological evaluations were performed on auxiliary (concprrently
maintained) groups of control and exposed rats at 6, 9, 12 and 24 months of
ekposure. Survival was unaffected by treatment and no specific tumor type
or tumor sites were associated with treatment. The numbers of tumor-bearing
rats among the 40 rats/group were 9, 11, 7, 6 and 11 for dietary exposures
of 0, 50, 100, 200 and 400 ppm, respectively.

Triolo et al. (1982) observed no significant increase in lung tumor
jnduction in two separate experiments wherein female A/J mice were fed 1000
ppm carbaryl for 20 weeks. 0f 16 treated mice in the first experiment, 5
developed lung tumors, compared with 1 lung tumor-bearing animal of 11 un-
treated control mice. Of a second group of 31 treated mice, 3 had lung
tumors compared with 7 lung tumor-bearing animals of 31 untreated control
mice. Differences between treated and control groups were not statistically
significant.

The carcinogenicity of carbaryl after dietary and s.c. administration
has been reported in a Russian study. Andrianova and Alekseev (1970)
administered by gavage 30 mg carbaryl/kg to 60 mongrel male rats twice
weekly for up to 22 months. A group of 48 untreated mé1e mongrel rats
served as controls. Of the 12 surviving treated rats, 3 had fibrosarcomas
and 1 had an osteosarcoma. Of the 46 surviving untreated rats, oniy 1 had a
fibrosarcoma. Elevated tumor fincidence was reported to be statistically
significant (p<0.01). Subcutaneous implantation of a paraffin pellet con-
taining 20 mg carbaryl/kg killed 38 of 48 mongrel rats after 22 months. The
10 survivors had implantation site sarcomas. Of the 48 untreated controls

46 survived 22 months, and 1 animal had a fibrosarcoma. The results of this
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study are difficult to interpret due to the high mortality in treated
groups, lack of information on control groups and the possible contamination

of the test compound (NIOSH, 1976). .

shimkin et al. (1969) gave 16 male A/He mice 12 1.p. injections of 0.5
mg carbaryl in tricaprylin over a 4-week period. Lung tumors were observed
ih 6 of 15 survivors 20 weeks after treatment. Controls consisted of 28
tricaprylin injected rats and 31 untreated rats. Lung tumors developed in 1
and 2 animals, respectively, in these groups. The percentage of lung tumor-
pearing animals in the treated group was not sign1f1cént1y increased over
controls (p>0.05). This bioassay was developed as a short-term test to
indicate the possible carcinogenic potential of a compound. The usual cri-
teria for a positive response is both an increase in the number of animals
with lung tumors and an jncrease in the number of lung tumors per tumor -
bearing animals.

Carbaryl can be nitrosated in the presence of nitrite in mildly acid

milieu, such as the human stomach (IARC, 1976), in vitro in dilute aqueous

solution at pH 1-3.5 (Eisenbrand et al., 1975; Elespuru and Lijinsky, 1973)

——

or in rat gastric Jjuice in vitro (Beraud et al., 1979). N-Nitrosocarbaryl
induced lung tumors 1in 511 surviving (14/16) rats given a single s.c. injec-
tion of 1000 mg/kg and observed for 450 days. No tumors were observed in
controls (Eisenbrand et al., 19715).

No significant incidence of malignant tumors was observed in female
Sprague-Dawley rats given 300 mg carbaryl by gavage over 2 10-day period or
90 mg carbaryl and 120 mg sodium nitrite by gavage over a 3-day period gnd
observed until death (L1jinsky and Taylor, 1977).
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5.2. MUTAGENICITY

Carbaryl has been evaluated for its potential mutagenicity 1in several
short-term tests using bacteria, fungi, Drosophila, mammalian cells 1in
culture, and whole-mammal assays. The biological endpo1n§s for défermina-
tion of the potential mutagenicity of carbaryl were: gene mutation, struc-
taral/numerical chromosome aberrations, DNA repair synthesis, mitotic
recombination, and sister chromatid exchange. The available studies on
carbaryl are outlined in Table 5-1. A detailed evaluation of the mutagenic-
ity data on carbaryl can be found in U.S. EPA (1981b).

The ability of carbaryl to cause gene mutations in bacteria has been
extensively studied (see Table 5-1). The majority of the test results were
reported as negative. It should be emphasized that the negative results are
not wholly unequivocal. Appropriate concurrent controls and adequate con-
centration ranges were sometimes not used, an exogenous metabolic activation
system was not always included, and in some cases the available data are not
sufficient to determine whether an adequate test was conducted. There were
some reported occurrences of weak responses (Egert and Greim 1976, Jaszczuk
et al. 1979). Because these responses were weak at high doses, the possi-
bility of an fimpurity or impurities with mutagenic activity should be
considered.

Carbaryl has also, been reported as weakly mutagenic in eukaryote assays,
namely a Orosophila sex-linked recessive lethal test (Brzeskij and Vaskov
1971) and a forward mutation assay using Chinese hamster V19 cells (Ahmed et
al., 1977a). These studies have deficiencies and are considered merely
suggestive evidence of weak mutagenicity. Wojciechowski et al. (1982)

reported carbaryl as negative in a Chinese hamster V79 gene mutation test.
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Other tests indicative of DNA-damaging activity have primarily been nega-
tive. These included tests for DNA strand breakage and mitotic recombina-

tion (Uchiyama et al., 1975; Fahrig, 1974; Regan et al., 1976;.51ebert and
Eisenbrand, 1974). Inconsistent results have been reported for DﬁA-repa1r
tests (Ahmed et al., 1977b; Probst et al., 1981; Rocchi et al., 1980).
sister chromatid exchange formation in V79 cells was reported as positive
(Sabharwal and Lockard, 1979).

Negative results have been reported for carbaryl in whole-mammal tests
which detect clastogens (chromosome-breaking agents). These 1included
dominant lethal assays in rats (Weil et al., 1973) and mice (Epstein et al.,
1972), and micronucleus assays in mice (Degraeve et al., 1976; Rani et al.,
1980). The micronucleus assay 4s also thought to detect agents that affect
the spindle apparatus. However, several other cytogenetic studies in
metotic and mitotic cells of plants, mitotic mammalian cells in culture, and
mitotic cells in whole mammals strongly suggest that carbaryl affects the
spindle apparatus and causes chromosome nondisjunction. Chromosome non-
disjunction leads to aneuploidy (loss and gain of whole chromosomes) or
polyploidy (increase of chromosome number 1in multiples of the basic number ),
which are considered to be significant mutagenic effects. Although much of
the evidence for aneuploidy jnduction is indirect [1.e., observations on
cell division where 'treatment caused mitotic arrest, chromosome lagging,
etc.; generally referred to as -mitotic effects (i.e., coichicine-1ike
action)], there were some studies on aneuploidy induction. For example, the
recent study of Onfelt and Klasterska (1983) showed an increase 1in aneuploid
and polyploid cells after treatment of Chinese hamster V719 cells with car-
baryl. Although the fungi test for chromosome nondisjunction was reported

" as negative (Morpurgo et al., 1979), colchicine, a uél]-knovn spindie
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inhibitor, appears to be ineffective at inducing aneup1o1dy/p01yp1o1dy in

lower eukaryotes [see Bond and Chandley (1983) for review].

It should be pointed out that there were deficiencies in many of these
cytogenetic studies; e.g., the purity of the carbaryl was sometinws not
gtven, the toxicity of the concentrations tested was not described, and the
frequency of each specific aberration was not reported. Nevertheless, the
consistency of the positive results obtained by different investigators
using different test systems strongly suggests that carbaryl has the poten-
tial to cause aneuploidy/polyploidy. In addition, carbaryl 1is a carbamate
pesticide, and other carbamates, such as methyl benzimidazole carbamate,
have been reported to cause chromosome nondisjunction [see Bond and Chandley
(1983) for review]. |

If a mutagen reached the germinal tissue, it would have the potential to
cause mutations that may contribute to the burden of genetic disease.
Germinal numerical chromosome aberrations would contribute to human morbid-
1ty and mortality by spontaneous abortions and various genetic disorders
(e.g., Down's syndrome, Turner's syndrome, etc.) [see Hook (1983) for
review]. Although there are no studies for meiotic nondisjunction in
mammals, other studies provide suggestive evidence that carbaryl (or an
active form or forms of the chemical) may reach mammalian germ tissue. For
example, Wyrobek et al. (1980) reported elevation of sperm abnormalities 1in
carbaryl-exposed workers. Krylova and Denisova (1973) also reported patho-
logical changes in spermatozoa of a small rodent called the Mongolian tree
creeper, which inhabited an area sprayed with carbaryl. In laboratory
studies, adverse effects on spermatozoa were seen in carbaryl-treated rats
and mice (Kitagawa et al. 1977, Degraeve et al. 1976, Shtenberg and Rybakova
1968). In contrast, some investigators have reported no significant gonadal

effects attributable to carbaryl (Dikshith et al. 1976, Weil et al. 1972).
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VIn summary, while the majority of studies concerning the mutagenicity of
carbaryl contain differences, the body of evidence nevertheless indicates

that carbary] is not very active at causing gene mutations or structural
chromosome aberrations. The available studies, however, do strongly suggest
tpat carbaryl may induce numerical chromosome aberrations (aneuploidy/poly-
ploidy) as its mutagenic endpoint. A1l of the mammalian studies were on
mitotic cells. It should be noted that with respect to somatic-numerical
cell risk, aneuploidy induction has been proposed as a possible chromosomal
mechanism in carcinogenesis and tumor promotion (Tsutsui et al. 1983, Onfelt
and Klasterska 1983). Although no testing of meiotic mammalian nondisjunc-
tion has been performed, other studies have suggested that carbaryl may
reach the germ tissue in mammals, and thus may carry a first-generation risk
(e.g., embryonic, fetal, and infant death, and genetic disorders).
5.3. TERATOGENICITY

Oral administration of carbaryl was teratogenic to rabbits, guinea pigs,
beagle dogs and miniature swine, but not to mice, rats, hamsters or monkeys
(Murray et al., 1979; Robens, 1969; Weil et al., 1973; Smalley et al., 1968;
Ear1 et al., 1973; Benson et al., 1967; Coulston, 1971; Oougherty and
Coulston, 1975). These teratogenicity tests are summarized in Table 5-2.

Equivocal determinations were obtained for fetotoxicity with mice and
for teratogenicity with rabbits and guinea pigs. It is possible to explain
thgse varying results by examining inadequacies 1in experimental design
(small number of animals tested, only a single dose level tested), different
methods of administration (gavage and dietary), the presence or absence of
maternal toxicity, or some combination of these. Oral administration of
carbaryl by gavage at a dose of 150 mg/kg/day to mice produced significant

maternal toxicity, but no embryotoxicity or teratogen1t effects, while
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dietary administration of carbaryl to mice at a much larger dose produced

mild fetotoxicity in the absence of maternal toxicity, (Murray et al., 1979)
and at a smaller dose produced equivocal evidence of fetotoxicity (Benson et
al., 1967). Significant maternal toxicity, embryotoxicity and terata
(émphalocele) were observed when rabbits were given gavage doses of 200 mg
cérbary]/kg/day (Murray et al., 1979), while neither maternal toxicity,
embryotoxicity, nor teratogenic effects were observed at the same dose given
orally as gelatin capsules (Robens, 1969). The small number of animals
(4 or 9/dose level) used by Robens (1969), however, may not have been
sufficient. A significantly increased incidence of teratogenic effects was
observed in the fetuses of guinea pigs when the dams were given a single
dose level of carbaryl that induced significant maternal lethality (Robens,
1969). Weil et al. (1973) did not find similar results in guinea pigs after
testing carbaryl under various dose levels, two methods of administration
and many different exposure periods during organogenesis.

Earl et al. (1973) administered carbaryl to miniature swine at a level
of 0, 4, 8 or 16 mg/kg/day in the diet for 20 days before mating and
throughout gestation, or from 7 days after mating to the end of gestation.
One malformed fetus was observed at the 8 mg/kg/day level, and another at
the 16 mg/kg/day level. In a follow-up experiment, Earl et al. (1973)
adm1n1siered carbaryl to miniature swine in dietary concentrations of 0, 16
or 32 mg/kg/day for 20 days before mating and throughout gestation, or from
7 days after mating to the end of gestation. Neither maternal toxicity nor
teratogenic effects were observed at the two dose levels. The carbaryl used
in this follow-up experiment, however, had been stored for 12-15 months
(between the two experiments). Therefore, Earl et al. (1973) speculated
that the carbaryl may have partially decomposed, resulting in a loss of

teratogenic potential.
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5.4. OTHER REPRODUCTIVE EFFECTS

Several studies of the effects of carbaryl administration on the repro-
duction of experimental animals were encountered.

Collins et al. (1971} administered carbaryl to groups, of 20 pairs of
weanling Osborne-Mendel rats (mated at 100 days of age) in dietary levels of
0. 2000, 5000 or 10,000 ppm through three generations. For each dietary
level, the parental rats (FO) were mated to produce two F] generations,
the second of which (Flb) produced two F2 generations, and the F2b
rats produced the two F3 generations. Only the 10,000 ppm level caused
decreased female fertility, with F2 rats failing to produce an F3b
generation. Mortality of pups was fncreased at the 5000 and 10,000 ppm
levels. Dose-related decreases in litter size and mean weanling body
weights were significantly different from control values.

The results 'in Mongolian gerbils treated similarly (Collins et al.,
1971) were as follows. F3 generation gerbils receiving carbaryl in the
diet at a level of 10,000 ppm produced one litter, but not a second litter.
At lower dose levels, reduced fertility, reduced litter size and reduced pup
viability were observed 1in F2 and F3 rats, but not in a dose-related
manner. The number of pups surviving to weaning was significantly reduced
from control values at 4000 ppm jn all generations and at 2000 ppm in F2
and F3 gerbils.

In another 3-generation reproduction study (Weil et al., 1973), 4-month-
old FO rats were mated to produce the F]a generation, and at 3-month
intervals thereafter they were remated to produce the F]b and F]c gener-
ations. F]a rats (4 months old) were mated to produce F2a rats, which

were mated at 4 months of age to produce F3a rats, at 6 months of age to

produce F3b rats and at 7.3 months of age to produce the F3€ generation.
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The F0 parents were given the first dose of carbaryl at 5 weeks of
age. The pesticide was administered daily either in the diet at 0, 7, 25,
100 or 200 mg/kg bw (a 100 mg/kg plus corn oil group was a1§o included,
probably to observe effects of the oil1 on absorption; hbyever, tﬁé reason
for this group was not discussed by the authors) or by gavage in corn oil at

0, 3, 7, 25 or 100 mg/kg. Rats receiving 100 mg/kg/day by gavage had daily
‘ signs of cholinesterase inhibition throughout the 3 generations,
significantly increased mortality of male and female parents of each genera-
tion, decreased number of pups born alive (Fz and F3 pups), prolonged
periods between first mating and birth of a litter (Flb)’ decreased number
of mated females to produce litters (Flb)' reduced median number of total
viable fetuses and an increased percentage of 1litters with resorption
sites. Lower doses by gavage were without effect. Dietary administration

resulted in no increased mortality at any dose in any generation. The F2a

generation receiving dietary administration of 100 or 200 mg, carbaryl/kg/day
had prolonged periods between first mating and birth of a litter (Weil et
al., 1973).

As reviewed by NIOSH (1976), a 3-generation reproduction study from the
Russian 1literature (Shtenberg and Ozhovan, 1971) reported that very low
doses of carbaryl, 2 and 5 mg/kg, administered by gastric intubation to
*second (FZ) through fifth (FS) generation* rats for "6 months (matings
were performed after 4 months of treatment) resulted in reproductive

effects. Treated male rats of the F F,, and F4 generations had sig-

2’ '3
nificantly reduced sperm motility, spermatogenesis and sperm survival when
compared with controls. Treated females of the F3 and F4 generations
had estrus cycle changes (shortened estrus, prolonged 1interestrus) which

were apparent after 3 months of treatment with 5 mg/kg and at 6 months with
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2 mg/kg doses. Dose-related reductions of 1litter size occurred in all
generations as did decreased pup survival. Histological examination of

testes and ovaries from treated rats revealed dystrophic spermatogenic
epithelia and sclerotic ovarian follicles.
¢ Administration of 50 mg carbaryl/kg by gavage to pregnant Sprague-Dawley
rats on day 18 of gestation caused inhibition of acetylcholinesterase activ-
ity in blood, brain and liver of both the dams and the fetuses within 30
minutes of treatment (Cambon et al., 1978, 1980). The effects persisted in
the dams for up to 12 hours in blood, 5 hours in brain and 24 hours 1in
liver. In fetuses, the inhibition of the enzyme persisted for 12 hours in
blood, 12 hours in brain and 5 hours in liver. When carbaryl at doses of
6.25, 12.5, 25 or 50 mg/kg was administered, inhibition of acetylcholines-
terase in the blood of dams and fetuses was seen at the Tlowest dose.
Maternal brain tissue enzyme was also inhibited at 6.25 mg/kg, but effects
on fetal brain acetylcholinesterase activity did not occur at doses <50
mg/kg. Doses of 1-5 mg/kg administered from day 11 or 19 of gestation until
term were without effect (Declume et al., 1979).
Mature female rhesus monkeys treated with carbaryl at 2 or 20 mg/kg/day
by gavage throughout gestation had increased, although not directly dose-
related, incidences of abortions as compared with vehicle-treated controls

(Coulston, 1971). The number of monkeys/group was too small to allow any

conclusions to be drawn.

A follow-up study, in which 15-16 monkeys/group were treated orally with
carbaryl at 0, 0.2, 2.0 or 20 mg/kg/day (in capsules) from day 20-38 of
gestation, did not show an association between carbaryl treatment and an
increased incidence of abortion or stillbirth among rhesus monkeys

(Dougherty and Coulston, 197%).
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Oral doses of carbaryl at 100 or 300 mg/kg for 3 months caused decreased
frequency or absence of estrus, proestrus and diestrus in rats (Vashakidze,
1965). Treated females had prolonged pregnancies, reduced litter sizes and
deformed wombs. Treated males were infertile. -

. Treatment of male rats with 0, 7, 14 or 70 mg carbaryi/kg orally for 12
months (Shtenberg and Rybakova, 1968) resulted in a dose-dependent decrease
in sperm motility, edema of testicular tissue, spermatogenic epithelia
destruction and reduced numbers of spermatozoa. Treated female rats had
estrus cycle changes at the 14 and 70 mg/kg doses.

Carbaryl in oral doses of 8.5, 17 or 34 mg/kg daily for 5 days in male
Swiss-Webster mice caused no changes in testes or prostate weights and
failed to 1inhibit the uptake of 3H-testosterone by the mouse prostate
(Thomas, 1974; Thomas et al., 1974). When 214C-carbaryl was administered,
only small amounts of radioactivity were detected in prostate, seminal
vesicles, testes, seminal plasma and epididymal fat.

5.5. CHRONIC AND SUBCHRONIC TOXICITY

Carpenter et al. (1961) reported the absence of permanent degenerative
changes in rats and dogs upon chronic and subchronic oral carbaryl adminis-
tration. Groups of 5 male and 5 female CF-N rats were given 0, 1500 or 2250
ppm carbaryl diets for 96 days. Upon gross and histopathological examina-
tion, fhe only effects noted among low-dose animals were 1increased kidney
weights 1in the femaies. Among high-dose animals, minor diffuse -cloudy
swelling of the kidney tubules occurred, and females had increased kidney
and body weights, while males had an increased liver/body weight ratio.

Food consumption was not affected (Carpenter et al., 1961).
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Groups of 20 male and 20 female CF-N rats were given 0, 50, 100, 200 or
400 ppm carbaryl in the diet for 2 years. Additional animals were killed at

intervals during the experiment as described in Section 5.1. ﬁ1sto]ogica1
and hematological evaluations revealed no jncreased tumor incidence, no
tgeatment-related effect on hematocrit values and no lesions in any tissues
<other than slight changes in the kidney and liver of high dose rats. A
significantly increased incidence (p<0.002) of cloudy swelling of the
hepatic cords was observed in randomly selected animals from the high dose
group only at the end of the experiment. Specific incidences were not
enumer- ated. Cloudy swelling of the kidney was observed in high dose
animals; the incidence was statistically significantly elevated at the end
of 1 year of treatment but not at the end of 2 years of treatment (Carpenter
et al., 1961).

Groups of 2 male and 2 female Basenji cocker dogs were given gelatin
capsules containing 0, 0.45, 1.8 and 7.2 mg carbaryl/kg 5 days/week for 1
year. No significant treatment-related effects on blood cholinesterase
levels or other hematological parameters were observed. Histopathological
evaluation revealed a diffuse cloudy swelling in the kidneys of dogs only at
the high dosage level. This effect was judged to be transient, as 1t was
observed in controls, but to a lesser extent (Carpenter et al., 1961).

Shtenberg and Rybakova (1968) orally administered 0, 7, 14 or 70 mg
carbaryl/kg to groups of 24 male and 24 female rats (strain not specified)
for up to 12 months. Growth inhibition and decreased blood cholinesterase
activity were observed in the two high dose groups, but not in the low dose
group. Increased gonadotrophic hormone production in the hypophysis,
increased adrenal gland activity and decreased thyroid activity in treated
groups were also observed. Reproductive effects were also observed as

discussed in Section 5.4.
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Dikshith et al. (1976) conducted a subchronic study in which groups of 7
male albino rats received 0 or 200 mg carbaryl/kg by gavage 3 days/week for
90 days. Biochemical evaluation showed significant increases in testicular
succinic dehydrogenase and adenosine triphosphatase and hepatic glucose-b6-
phosphatase activities compared with controls. In addition, significant
décreases in hepatic acid phosphatase and blood cholinesterase activities
were attributable to carbaryl treatment. No gross or microscopic
abnormalities were observed in the blood, 1liver, kidneys, testes, sperm or
brains of treated rats. No adverse effects on survival or fertility were
observed. (The biochemical effects reported here are based upon data and
statistical significance 1levels provided in a table 1in the referenced
publication. The authors, however, conclude that carbaryl produces no bio-
chemical changes in rats, although the guantitative data reported are in
contrast with their conclusions).

Wakakura et al. (1978) observed ultrastructural and metabolic anomalies
in the livers of male Wistar rats given 50 doses of carbaryl (3 mg/dose) by
gavage over a period of 1 year. Of the rats treated, four received
restricted daily diets, 3 hours of feeding followed by 21 hours of fasting.
Carbaryl treatment was given to three of the rats and they were placed on a
random feeding schedule. A control group of 13 rats received physiological
saline by gavage. A1l groups were observed for 60 days after treatment,
during which a random feeding schedule was followed. Determinations of
blood glucose and immunoreactive fnsulin levels were made before and after
treatment. Carbaryl treated rats had elevated blood glucose levels and
slight reductions 1in serum jmmunoreactive insulin. Upon histopathological
evaluation, morphological changes 1in the Tivers of treated rats were
observed (i.e., virtual absence of hepatic glycogen grahules and swollen

granular endoplasmic reticulum).
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5.6. OTHER RELEVANT INFORMATION

Many data are available regarding the acute toxicity of carbaryl in a

variety of species. The 1lethal doses (or concentrations) are 1isted in
Table 5-3 (NIOSH, 1983).

t geveral investigators have examined the effects of short-term occupa-
tional exposure to carbaryl. The hydrolysis product of carbaryl,
1-naphthol, has been jdentified in the urine of production plant workers
(Best and Murray, 1962) and formulating plant workers (Durham and Wolfe,
1962). MWhorton et al. (1979) evaluated the exposure of carbaryl production
workers and reported the absence of correlation between carbaryl exposure
and reduction of sperm count.

Leavitt et al. (1982) and Gold et al. (1982) evaluated groups of pesti-
cide applicators involved in spraying carbaryl. Results indicated that the
predominant exposure route is dermal, with the forearms and hands having the
highest exposure. Acetylcholinesterase levels of exposed applicators were
not significantly different from normal. No alterations in blood acetyl-
cholinesterase activity was observed in humans given 0.06 or 0.12 mg
carbaryl/kg datly for 6 weeks (Wills et al., 1967). A decrease in the
urinary amino acid:creatinine nitrogen ratio, however, was observed at the
higher dose level (Wills et al., 1968).

The effects of carbaryl administration (usually by 1.p. injection) on
certain parameters of behavior in the rat have been reported by several
investigators. Operant behavior in obtaining food or water and in avoiding

shock can be affected by doses as low as 5-20 mg/kg (Anger and Wilson,
1980), and activity on the running wheel can be impaired with a dose of <1
mg/kg (Singh, 1973).
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TABLE 5-3

Acute Lethal Toxicity of Carbaryl*

Species Route LDgg (or LCsp)
Rat oral 250 mg/kg "
Rat dermal 400 mg/kg %
Rat inhalation 721 mg/m3 ‘
Rat intraperitoneal 48 mg/kg
Rat intravenous 41.9 mg/kg
Mouse oral 438 mg/kg
Mouse intraperitoneal 25 mg/kg
Rabbit oral 710 mg/kg
Rabbit dermal 2000 mg/kg
Guinea pig oral 280 mg/kg
Cat oral 150 mg/kg

*Source: NIOSH, 1983°
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Subacute or acute oral carbaryl administration has been reported to

inhibit brain cholinesterase in rats (Desi et al., 1974), and to reduce body

temperature and plasma cholinesterase activity in mice (Ahdaya et al.,

1976). Carbary!l administration has been reported to alter the immune

rgsponse of rabbits (Street and Sharma, 1975) and mice (Wiltrout et al.,

1978).
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6. AQUATIC TOXICITY

The data on carbaryl toxicity in aquatic organisms are quite extensive
(U.S. EPA, 1983; Mount and Oehme, 1981). Because of the 11m1ted_ngture of
this profile, those studies dealing with fish and aquatic organisms that are
ndt native to the United States (Bailey et al., 1970) will not be reviewed.
6.1.  ACUTE

The acute toxicity of carbaryl has been tested in many species of fresh-
water fish (Table 6-1). The most sensitive species tested were the lake

trout, Salvelinus namaycush, yellow perch, Perca flavescens, and the Coho

salmon, Oncorhynchus kisutch, having 96-hour LCSO values of 0.690, 0.745

and 0.764 mg carbaryl/a, respectively (Macek and McAllister, 1970; Johnson
and Finley, 1980). The most resistant species tested, having respective

96-hour LCSO values of 15.80, 20.0 and 31.80 mg carbaryl/e were the

channel catfish, Ictalurus punctatus, the bullhead, Ictalurus melas, and the

mosquito fish, Gambusia affinis. Woodward and Mauck (1980) demonstrated the

dependence of carbaryl toxicity to cutthroat trout, Salmo c1ark11. on thé pH

of water. The 96-hour LC50 values determined in pH 6.5, 7.5 and 8.5 water

were 6.00, 3.95 and 0.97 mg carbaryl/s, respectively, 1in this trout
species. Post and Schroeder (1971) demonstrated that small and immature
fish were more sensitive than larger, more mature fish of the same species.
The acute toxicity of carbaryl to marine species of fish has been inves-
tigated less extensively (Table 6-2). The 96-hour LC_. value for striped

50
bass, Morone saxatilis, was 1.0 mg carbaryl/s (Korn and Earnest, 1974).

Stewart et al. (1967) reported 24-hour static median lethal concentrations

of 3.9, 4.1 and 6.7 for the shiner perch, Cymatogaster oggregata, English

sole, Parophrys vetulus, and the three spined stickleback, Gasterosteus

aculeatus, respectively.
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‘The acute lethal effects of carbaryl have been studied in many aquatic
invertebrates including crustaceans, insects and mollusks (Table 6-3). In
general, the mollusks, both freshwater and marine species, tended to be the
most resistant to carbaryl, with Lc50 values between 2.2 and 125.0
my/e. The lethal concentrations (24-, 48- or 96-hour values) among crus-
taceans range from 0.00026 mg/e for the 24-hour LC50 in Daphnia magna
(Rawash et al., 1975) to a 96-hour LCSO of 2.43 mg/t 1in the crayfish,

Procarnbarus simulans (Chaiyarach et al., 1975}.

6.2. CHRONIC

The effects of 0.1 mg/a carbaryl exposure for a period of 5 months was

studied in the estuarine spot, Leiostomus xanthurus (Lowe, 1967). Although

mortality was high in both control and experimental groups (65%), no
carbaryl-related mortality could be determined. Histopathological examina-
tion showed no exposure-induced tissue changes. Parasitic lesions of the
brain detected in treated fish ﬁay have been due to a treatment-related,
lower resistance to infestation by the parasite (Lowe, 1967). Carbaryl was
shown to inhibit brain acetylcholinesterase activity (68% of normal) in spot
treated for 13 days with 1.0 mg/a, but only slight inhibition was noted
after 2.5 and 5 months exposure at 0.1 mg/t.

The effects of carbaryl exposure to embryos of the killifish, Fundulus

heteroclitus, and medaka, Oryzias latipes, have been examined (Weis and

Weis, 1974; Solomon and Weis, 1979). Circulatory anomalies and cardiac mal-
formations were associated with carbaryl exposure in embryos of both fish.
In the killifish, treatment at 10 mg/a caused a reduction in successful
axis formation (at 2 dayé). reduced pigment formation and feeble or nondis-
cernible heartbeat (at 3 days) and arrested development at stage 22 or 24

(Weis and Weis, 1974). Exposure to 10 mg carbaryl/t for 3 days caused the
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development of a defective *tube heart" in up to 15% of the exposed killi-
fish embryos. In the medaka, carbaryl at 5 mg/y or greater caused heart
abnormalities in 96% or more of the developing embryos. Once again, many
anomalies were classified as undifferentiated tubular-type hearts. -C~1rcu1ar
abnormalities, edema and clotting were also prevalent in treated medaka eggs
(Solomon and Weis, 1979). Developmental arrest was reported in embryos
treated with 30.0 mg carbaryl/t.

when embryos of the South African clawed toad, Xenopus laevis, were
treated with 1 mg carbaryl/s, slight edema and ventral curvature were
reported (E1liott-Feeley and Armstrong, 1981). The L(:50 for embryos for
24 hours postgastrulation was 4.7 mg/2. In the embryos surviving at 10
mg/%, severe abnormalities were reported. Tadpoles (larvae) were treated
at 0.1, 1.0 or 10.0 mg/s for 24 hours and showed dose-related changes 1in
swimming behavior. Ninety-six, 92 and 94% of the tadpoles treated at 0.1,
1.0 and 10.0 mg carbaryl/g, respectively, for 24 hours survived and had
developed normally at 2 weeks after exposure (Elliott-Feeley and Armstrong,
1981).
6.3.  PLANT EFFECTS

The growth and assimilation of radiolabeled sodium carbonate in the

freshwater green alga, Scenedesmus quadricaudata, was determined after

treatment with 0.1 or 1.0 mg carbaryl/s (Stadnyk et al., 1971). - 0Oddly,
carbaryl treatment was associated with a dose-related increase in cell
growth and uptake of 24C, with 44 and 57% increases in the 0.1 and 1.0
treated groups, respectively, when compared with controls. Bringmann and
Kuhn (1977) reported that the toxicity threshold, the concentration where

cell multiplication inhibition became evident, for carbaryl in S. gquadri-
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cauda was 1.4 mg/e. 0'Kelley and Deason (1976) reported similar findings

in toxicity tests with 36 species of algae belonging to the genera
Chlorella, Scenedesmus, Nitzschia, Golinkiniopsis, Monoraphidium,

Act?nastrum, Koliella and Carteria. At 0.01 and 0.1 mg carbaryl/i; algal
growth was similar to controls. At 1.0 mg/s, 18 of 36 culture species
showed slightly 4inhibited growth. Treatment at 10.0 and 25.0 mg
carbaryl/e caused some algal species to be severely inhibited (<50% of
control growth), while other species showed stimulated growth in comparison
with controls (0'Kelley and Deason, 1976).
The effects of carbaryl on the growth of four marine algal species was
tested by Walsh and Alexander (1980). The 4- and 12-day EC50 values for

growth inhibition were determined photometrically for chlorophyll content in

Chlorococcum sp., Chlorella sp., Skeletonema costatum and Nitzschia angu-

larum. The values were 2.1 and 2.7 mg/e, 1.0 and 1.2 mg/%, 1.7 and 1.8
mg/e, and 1.5 and 1.6 mg/e, respectively, for the four species at 4 and
12 days (Walsh and Alexander, 1980).
6.4. RESIDUE

Pertinent data regarding carbaryl residues in the aquatic environment
could not be located in the available 1iterature.
6.5. OTHER RELEVANT INFORMATION

The uptake, metabolism and biliary excretion of carbaryl was studied in

rainbow trout, Salmo gairdneri (Statham et al., 1975). Carbaryl at 0.25

mg/s. was absorbed from the water and metabolized, with ~30% of the
absorbed dose appearing in the bile within 24 hours. The biliary metabo-
lites 4dentified were, 1in decreasing prevalance, unchanged carbaryl,
1-naphthol glucuronide, 5,6-d1hydrod1hydroxycarbary1 and an unidentified

polar metabolite (Statham et al., 1975). A bile:water concentration ratio
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of radiolabeled carbaryl was 947 after 24 hours of exposure at 0.25 mg/%

(Statham et al., 1976). In channel caff1sh, Ictalurus punctatus, carbaryl

was absorbed from the water and from a treated diet. The accumulation of
carbaryl or metabolite residues was 11 ng/g tissue after 56 days of exposure
té 0.25 mg carbaryl/s water (Korn, 1973). Accumulation from dietary
cérbaryl, 2.8 mg/kg/week, was 11 and 9 ng/g tissue at 3 and 56 days, respec-
tively (Korn, 1973). Fish accumulated 1% or less of the available pesti-
cide. Tissue residues were eliminated rapidly in dietary treated fish,
while elimination was slower in those exposed to carbaryl in the water. The
author ({Korn, 1973) suggested that carbaryl in the water is hydrolyzed to
a-naphthol, which has a greater retention in fish tissues than the parent

compound.
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7. EXISTING GUIDELINES AND STANDARDS
7.1.  HUMAN
The ACGIH (1982) recommends a TLV of 5 mg/m® for an 8-hour TWA and a

15-minute STEL of 10 mg/m3.

+ NIOSH (1983) recommends a concentration limit of 5 nﬁ/m’ for a 10-hour
TWA, and OSHA (1981) has established a standard for occupational carbaryl
exposure of 5 mg/m® for an B8-hour TWA.

Tolerances for carbaryl residues have been established for a variety of
raw agricultural commodities. A tolerance of 0.1 ppm has been established
for the meat, fat and meat by-products of cattle, goats, horses, sheep and
swine. A tolerance of 1 ppm has been established for the liver and kidney
of these animals.

According to the Federal Register (FR), tolerances for carbaryl residues
on vegetable raw agricultural commodities 4intended for human consumption
range from 0 ppm for barley, oat and rye grain to 12 ppm for berries,
spinach and collard and mustard greens. Carbaryl tolerances for residues on
raw agricultural commodities intended for livestock consumption are set at

100 ppm for hay, straw, forage and fodder of grains and other vegetables (40
CFR 180.169).

An ADI value for humans of 0.01 mg/kg has been reported by WHO (1974).
7.2.  AQUATIC

Guidelines and standards specifically for the protection of aquatic
organisms from the toxic effects of carbaryl could not be located in the
available 1literature. Assuming the maximum application rate of }.6
kg/hectare, a body of water 1 meter 1in depth would have a concentration of
0.34 mg carbaryl/s (Korn, 1973). Providing a body of water were sprayed

directly at this application rate, toxic effects could be significant.
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8. RISK ASSESSMENT

vThe well designed and well reported chronic studies of Innes et al.
(1969), Carpenter et al. (1961) and Triolo et al. (1982) have failed to
demonstrate the carcinogenicity of carbaryl. An elevated number of animals
with lung adenomas has been reported to occur upon j.p. administration to
sérain A mice, but an increased number of tumors/tumor-bearing animal must
also be observed to be regarded as a positive response in this bioassay.
Andrianova and Alekseev (1970) reported an increased incidence of tumors in
rats given carbaryl by gavage for up to 22 months; however, the use of a
compound of questionable purity (foreign carbaryl 1is thought to contain
2-naphthyl methylcarbamate), excessive mortality among treated animals and
the lack of experimental details (no Russian translation) detract from the
usefulness of this study.

Carpenter et al. (1961) reported the absence of increased tumor inci-
dence in rats fed 50-400 ppm of carbaryl in the diet for 2 years, and in
rats given weekly s.c. injections of 10 mg carbaryl for 5 months. Cloudy
swelling of the hepatic cords and a transient increased incidence of cloudy
swelling of the renal tubules was observed in rats fed 400 ppm, but not 200
ppm.

Russian investigators have reported adverse reproductive effects at a
dosage as low as 2. mg/kg (Shtenberg and Ozhavan, i971; Shtenberg and
Rybakova, 1968), but the test compound was of unknown purity. No adverse
reproductive effects were reported in the 3-generation study of Weil et al.
(1973) wherein 25 mg carbaryl/kg/day of known composition was administered
by gavage to rats. Carbéry] was teratogenic in some species when adminis-
tered at relatively high dosages, and there is some evidence of teratogeni-

city in beagle dogs and miniature swine at lower dosages (Section 5.3.).
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Earl et al. (1973) reported a single incidence of terata in fetuses of swine
at each of the 8 and 16 mg carbaryl/kg/day levels. In a follow-up experi-

ment, however, Earl et al. (1973) did not observe any teratogen1; effects at
dose levels of 16 or 32 mg carbaryl/kg/day. It fis not possible io draw
definitive conclusions from this study for use in risk assessment because of
the small numbers of animals tested and because the 1lack of teratogenic
effects observed in the follow-up experiment may or may not have been due to
decomposition of the carbaryl, which had been stored for 12-15 months before
use. The teratogenicity study with beagle dogs (Smalley et al., 1968; Earl
et al., 1973) is also not appropriate for human risk assessment, as dogs may
not be a suitable experimental model for humans, because of marked differ-
ences between dogs and other mammals (including humans) in the metabolism of
carbaryl (see Section 4.3.) (NIOSH, 1976). Also, the U.S. EPA, in an evalu-
ation of the teratogenicity of carbaryl published in the Federal Register
(1980), concluded that the teratogenicity study with beagle dogs was not
adequate in terms of numbers of animals and observation of the dams during
treatment. Studies with swine were mentioned but not discussed. The Agency
concluded that carbaryl *"would not constitute a potential human teratogenic
or reproductive hazard under proper environmental usage."

The data of Carpenter et al. (1961) will be used to derive an ADI
because a compound of known purity was administered to a sufficient number
of animals (20 of each sex) via an environmentally relevant route (diet) for
a significant portion of the rat's lifespan (2 years). The highest reported
dosage that produced no adverse effects was 9.6 mg/kg/day (based on obseryed
food intake) in female rats weighing ~0.3 kg. An ADI of 0.096 mg/kg/day is
obtained by dividing 9.6 mg/kg/day by an uncertainty factor of 100 (10 to
extrapolate from animals to humans and 10 to protect the most sensitive

4ndividuals). This ADI 1is equivalent to 6.72 mg/day for a 70 kg man.
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APPENDIX: LITERATURE SEARCHED
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