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The persistence and degradation of rotenone and its primary degradation product 12a�-hydroxyro-
tenone in soils were determined under standardized laboratory conditions in the dark at 20 or 10 °C
and at 40% of water holding capacity. Degradation experiments were carried out on two types of soil
collected in southern Italy, a silt clay loam (SCL) and a loamy soil (L). A kinetic model was developed
to describe degradation rates of rotenone, taking into account the production, retention, and
degradation of the main metabolites. The DT50 values of rotenone and 12a�-hydroxyrotenone, were
8 and 52 days in SCL soil, and 5 and 23 days in L soil at 20 °C, respectively. However, at 10 °C a
tendency for slower degradation of rotenone and 12a�-hydroxyrotenone was observed (25 and 118
days in SCL and 21 and 35 days in L soils, respectively). The differences were significant for most
data sets. Temperature had a strong effect on degradation; a 10 °C increase in temperature resulted
in a decrease in the DT50 value by a factor of 3.1 and 2.2 in SCL and of 4.2 and 1.4 in L soils for both
rotenone and 12a�-hydroxyrotenone, respectively. Results show that the degradation rates of both
rotenone and 12a�-hydroxyrotenone were greatly affected by temperature changes and soil
physicochemical properties. The degradation reaction fits the two compartment or the multiple
compartment model pathways better, which clearly indicates a rather complex rotenone degradation
process in soils. Results provide further insights on the rates and the mechanisms of rotenone
degradation in soils, aiming to more clearly describe the degradation pathway of chemical residues
in the environment.
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INTRODUCTION

Soil acts like an active filter where chemical compounds are
degraded by physical, chemical, and biological processes. It is
also a selective filter because of its capacity to retain chemicals
and avoid their seepage into aquifers (1). Both the accumulation
of pesticides in the soil and their dispersion in the environment
depend chiefly on the characteristics and overall functioning of
the ecosystem. Soil represents a major sink for organic xeno-
biotic contaminants in the environment. Besides sorption,
degradation is the second most important theoretical process
utilized to predict the fate of pesticides in soils (2).

The extent to which organic chemicals are retained within
the soil is controlled by the main physicochemical properties
of both soils and contaminants. The persistence of a pesticide

in soil depends partly on the effectiveness of transfer processes,
such as evaporation, leaching, erosion, and plant uptake.
Prediction or determination of pesticide degradation in soil is a
significant part of the data package submitted for pesticide
registration (3). Conversion of parent compounds does not
always result in reduced biological activities of the derived
byproduct. In some cases, the first conversion products may be
more active than the original compound; in fact, it can be more
dangerous to different living organisms. Classical examples are
parathion and its metabolite paraoxon (4), and fipronil and its
desulfinyl derivative (5). Therefore, a detailed knowledge of
the degradation pathways as well as the rate of disappearance
of the parent compounds is needed in order to clearly define
the effects produced by pesticides and their degradation
byproducts.

Weakly polar hydrophobic compounds (sparingly soluble in
water, with a low vapor pressure and a recalcitrant molecular
structure) are retained strongly within the soil (6). Initially, a
portion of the contaminant can be sorbed quickly by the soils,
whereas the remaining fraction is sorbed more slowly over
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weeks or months (7). The initial rapid sorption is generally
determined by the formation of hydrogen bonding and van der
Waals forces, i.e., mechanisms that are expected to occur
instantaneously upon contact of the hydrophobic organic
compound with the soil surface (8, 9). However, sorption is
generally governed by partitioning between the solution and the
organic matter phases, being specific interactions (chemisorp-
tion) unlikely to affect these contaminants (10). The sequestra-
tion of hydrophobic organic components by soils, described by
diffusion through organic matter and sorption-retarded pore
diffusion, has been described in detail elsewhere (11, 12).

Rotenone is a botanical insecticide, with some acaricidal
properties and used for fish eradication in water body manage-
ment (13). Rotenone is a natural compound and most studies
emphasize its mechanisms of toxicity (14), biotoxicity (15), and
the presence of residues in various crops (16).

In the determination of residues on crops treated with
rotenone, it is important to determine the occurrence of the major
toxic decomposition product, l2R�-hydroxyrotenone, as well as
rotenone. The LD50 values are 7.2 and 8.0 mg kg-1 for 6′,7′-
epoxy-rotenone and O-demethylrotenone, respectively, vs 2.8
mg kg-1 for rotenone (17), whereas the reported value for
rotenolones I (12a�-hydroxyrotenone combined with some l2aR-
hydroxyrotenone) is 4.1 mg kg -1 (18).

Rotenone is susceptible to microbial degradation; microbial
enzymes catalyze the introduction of a molecule of oxygen into
the isopropylene side-chain of rotenone forming 1′,2′-dihy-
drorotenone (19). Sariaslani and coauthors described the produc-
tion, isolation, and identification of 12a�-hydroxyrotenone as
the major product formed by the oxidation of rotenone by
laccases, enzyme of the Ascomycetes, Basidiomycetes, and the
Fungi Imperfecti (20).

Although rotenone has been a commercial product for many
years, there are no reported studies on its residues in the soil.
In experiments carried out to study photodegradation of rotenone
in soils under environmental conditions, the observed overall
degradation of rotenone is not only determined by photolysis
itself but also as a function of soil characteristics, and it appears
to be reduced and affected by several other physical-chemical
mechanisms (21). To completely evaluate the environmental
hazard of rotenone, it is necessary to establish the ultimate fate
of the parent compound and its degradation products in the soil.
The aim of this study is to provide more detailed knowledge
about the pathway, rate, and mechanism of degradation for
rotenone as well as its metabolites in soils.

MATERIALS AND METHODS

Materials. Acetonitrile and acetone (HPLC grade), and ethyl acetate
(analytical grade) were purchased from BAKER (Mallinckrodt Baker,
Holland). Ultra pure water was obtained from the Millipore (Billerica,
MA) Milli-Q system. Rotenone (purity 95 - 98%) was purchased from
Sigma Aldrich (Steinheim, Germany), whereas standards of rotenoids
were kindly provided by Professor J. E. Casida from the University of
California at Berkeley. Rotenone structure and physicochemical proper-
ties are presented in Figure 1 and Table 1. A stock standard solution
of rotenone (1000 mg L-1) was prepared in acetone. Working standard
solutions were prepared daily by dilution with the mobile phase
acetonitrile/water (60:40, v/v).

HPLC/UV Determination. The HPLC system (Dionex, Germering,
Germany) was equipped with an UVD 170U detector, low pressure
pump P680 HPLC pump, injector with 20 µL loop, and the column
Acclaim C18 reverse (150 × 4.6 mm I.D., particle size 5 µm). HPLC
was controlled, and data were elaborated using Chromeleon Software
(Dionex, Germering, Germany). Isocratic separation was performed with
a mobile phase of acetonitrile/water (60:40, v/v) in 15 min. The injection

volume was 20 µL, and the flow rate was 1 mL min-1. The analysis
was performed at a wavelength of 295 nm. External calibration of
0.1-10 mg L-1 (R2 ) 0.999) was used.

HPLC/ESI-MS/MS Analysis. A Varian tandem mass spectrometer
(Palo Alto, CA, USA) consisting of a ProStar 410 autosampler, two
ProStar 210 pumps, and a 1200 L triple quadrupole mass spectrometer
equipped with an electrospray ionization source was used. Varian MS
workstation, version 6.7 software was used for data acquisition and
processing. Chromatographic separation was performed on an XDB
column (2.1 × 250 mm I.D., particle size 5 µm, Milford, MA). The
mobile phase consisted of (A) methanol and (B) bidistilled water.
Elution was with methanol-water (75:25, v/v) for 16 min. The mobile
phase, previously degassed with high-purity helium, was pumped at a
flow rate of 0.4 mL min-1, and the injection volume was 20 µL. The
electrospray ionization-mass spectrometer was operated in the positive
ion mode. The electrospray capillary potential was set to 35 V, while
the shield was at 725 V. Nitrogen at 49 mTorr was used as a drying
gas for solvent evaporation. The atmospheric pressure ionization (API)
housing and drying gas temperatures were kept at 50 and 380 °C,
respectively. Protonated analyte molecules of the parent compounds
were subjected to collision induced dissociation using argon at 3.80
mTorr in the multiple reaction monitoring (MRM) mode. The scan time
was 1 s, and the detector multiplier voltage was set to 1400 V, with an
isolation width of m/z 1.2 for quadrupole 1 and m/z 2.0 for quadrupole
3. Selected reaction monitoring (SRM) of the precursor-product ion
transitions m/z 395 f 192, 395 f 213 for rotenone, and m/z 393 f
365 for 12a�-hydroxyrotenone were used for quantitation.

Soil Sampling and Analysis. Two soils were sampled in two
different locations: Turi (SCL) and Valenzano (L) of Puglia region
(South Italy), 20 cm from the top. Geographical coordinates for SCL
(x, 672410.6; y, 4531557.9) and L (x, 657618.8; y, 4546479.7) were
determined by UTM (Universal Transverse Mercator European Datum
1950). Plant macroresidual materials, macro faunal remains, and stones
were accurately removed, and larger soil aggregates were manually
and gently fragmented into smaller ones, prior to the subsequent
fractionation procedure. Soils were air-dried and sieved < 2 mm. Soil
analyses were carried out following internationally recommended
procedures and official methods (25). Soil physical and chemical
properties are shown in Table 2. Soils were stored at 4 °C for a week;
before starting degradation tests, soils were preincubated to reach 40%
whc (water holding capacity) and re-establish equilibrium.

Figure 1. Rotenone structure.

Table 1. Physico-Chemical Parameters of Rotenone

parameters value

molecular weight (g mol-1) 394.4 (13)
solubility in water (mg L-1) 0.2 [ 25 °C] (22)
vapor pressure (Pa) 1.3 × 10-4 (22)
henry’s law constant (Pa m3 mol-1) <0.03 (23)
melting point (°C) 163-181 (13)
partition coefficient n-octanol-water: log Kow 4.1 (24)a

partition coefficient organic carbon-water: log Koc 4.0 (22)a

a Calculated.
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Experimental Setup. The soils used in this experiment were soil
type SCL and L; these soils were selected because of their marked
differences in physicochemical characteristics (Table 2). Soils were
spiked with 2.5 mL of 5000 mg L-1 rotenone solution in acetone to
reach a concentration of 10 mg kg-1 in 500 g of dry soil. The final
concentration of acetone was less than 0.5% (v/w). Then, the soils were
thoroughly mixed with a spatula and left in the dark till solvent
evaporation. One gram soil aliquots were used to check the uniform
distribution of rotenone (recovery of 5 replicates was 94 ( 4%). The
initial concentration does not correspond to the level of applied roten-
one in the upper 10 cm of the soil, if the maximum dose is spread in
one treatment. A two times higher dose was chosen in order to evaluate
the worst case scenario and to follow the formation and degradation
of main metabolites. Soils were transferred into incubation flasks, which
were tightly closed and reopened each two days in order to maintain
aerobic conditions. The soil degradation studies were performed in
standardized laboratory condition in the dark at 20 ( 2 °C and 10 (
2 °C at 40% whc in the following treatments: SCL 10 (soil type SCL
at 10 °C); SCL 20 (soil type SCL at 20 °C); L 10 (soil type L at 10
°C); and L 20 (soil type L at 20 °C). The incubation flasks were
weighed, capped, and transferred to incubators at the required temper-
atures. The moisture was controlled every single week by weighing
the incubation flasks and by resupplying water losses by adding distilled
water if necessary. Furthermore, untreated soil samples were incubated
under the same conditions. Time intervals were preferred in such a
way that pattern of decline of the test substance and patterns of
formation and decline of transformation products can be established.
Samples were taken on 14 dates (0, 4, 7, 10, 14, 21, 28, 35, 49, 63, 94,
124, 154, and 184 days) with three replicates per date following the
OECD guidelines (26). In each series of sample analysis, the rotenone
content in the soils was adjusted to water content. Then, 5 g of soil
samples were placed in Pyrex glass tubes, and 10 mL of ethyl acetate
was added. Samples were end-over-end mixed for 30 min. Then, the
organic solvent phase was separated by centrifugation at 6500 rpm for
10 min, and 1 mL of the organic extract was transferred to a 2 mL vial
under a gentle nitrogen stream till complete evaporation of the solvent.
Residues were redissolved with 0.5 mL of the mobile phase and injected
into the HPLC-UV for chromatographic analysis. Recovery assays were
performed for rotenone and its metabolite by using standards to reach
the concentrations of 0.1, 1.0, and 10.0 mg kg -1 in both type of soils.
Mean recoveries of rotenone and rotenolone from soils ranged from
94 to 100% with coefficients of variation of 1 to 5%. Limits of detection
and limits of quantification for rotenone and rotenolone were 0.01 mg
kg-1 and 0.01 mg kg-1, respectively for soils.

Curve Fitting and Statistics. The actual degradation rate was
calculated for each sampling time using the ModelMaker software,
version 4.0; the graphical compartmental and system dynamic modeling
software package provides the best fit line for the experimental data
(27). Two kinetic models were used to fit the degradation data of
rotenone and main metabolites (28): (1) a simple first-order equation
(exponential kinetic model) for rotenone and its metabolite (SFO-SFO)
and (2) a first-order multicompartment model (29) for rotenone and a
simple first-order equation for possible metabolites (FOMC-SFO).

Model parameters were optimized according to recommendations given
by FOCUS (28) and using the least-squares method. A fit that results
in an error level of 15% is considered acceptable, although this is not
an absolute cutoff criterion, and a visual assessment must be made.
All data were analyzed using the General Linear Models Procedure
(SAS Institute, Inc. 2001). Mean separation among lines was ac-
complished using the Duncan Multiple Range Test at P < 0.05.

RESULTS AND DISCUSSION

Degradation Product Identification. Retention time and
HPLC/ESI/MS/MS fragmentation patterns were the criteria used
for compound identification, using the commercially available
rotenone and a standard of 12a�-hydroxyrotenone. Rotenone
gave the m/z 395 [M + H]+ and 436 [M + H + CH3CN]+

adducts, while 12a�-hydroxyrotenone (ROT-OH) gave the m/z
393 [M + H - H2O]+ adduct (39). For all soil extracts, rotenone
and its main product of degradation, 12a�-hydroxyrotenone (17),
were identified and confirmed by LC/MS/MS analyses, monitor-
ing (i) in the scan mode the ions from 340 till 425 m/z (Figure
2A) and (ii) in the MRM mode following the transitions
previously reported (Figure 2B). LC/MS/MS retention times
for rotenone and 12a�-hydroxyrotenone were 13.85 and 11.66
min, respectively.

Another metabolite, 12aR-hydroxyrotenone, occurs in soil
treatments under experimental conditions, providing the m/z 393
[M + H - H2O]+ adduct like 12a�-hydroxyrotenone (mono-
hydroxylated rotenone) but with a longer retention time of 14.79
min. Matching retention times of authentic standards with
fragmentation pattern allowed the identification and quantifica-
tion of rotenone and 12a�-hydroxyrotenone. 12aR-Hydroxyro-
tenone was detected as rotenone metabolites in several
studies (17, 30, 31). The chromatograms were compared with
corresponding untreated soil chromatograms where no interfer-
ing peaks were detected. As shown in Figure 2A, in the scan
mode from 340 to 425 ions m/z, where masses of all possible
metabolites of rotenone degradation should be located, no other
peaks were observed.

Formation of 12a�-hydroxyrotenone and decline under dif-
ferent soils and soil treatments are shown in Figure 3. Initial
concentration (mg kg-1) of extracted 12a�-hydroxyrotenone was
0.49 ( 0.01 for SCL 20, 0.53 ( 0.17 for SCL 10, 0.45 ( 0.21
for L 20, and 0.49 ( 0.15 for L 10 soils, reaching the maximum
of 2.91 ( 0.12 after 29 days of incubation for SCL 20, 3.45 (
0.27 after 49 days for SCL 10, 3.82 ( 0.13 for L 20 after 29
days, and 4.90 ( 0.13 for L 10 after 35 days. At the end of the
experimental time, 12a�-hydroxyrotenone decreased to 0.70 (
0.02 in SCL 20, 2.68 ( 0.02 in SCL 10, 0.12 ( 0.01 for L 20,
and 0.42 ( 0.02 in L 10. In the case of the other metabolite,
12aR-hydroxyrotenone, it was not possible to follow the kinetics
of formation and decline because of its relatively small yield
(below 10% in all treatments) and because of the high variability
in all treatments. In fact, it is considered as a minor metabolite
in the rotenone degradation pathway.

In the soil environment, chemical attacks by oxidation and
hydrolysis are highly possible. The products are oxidized
derivatives; therfore, oxygen plays a critical role. The principal
chemical reactions of rotenone are probably initiated by
abstraction of the hydrogen in the 12a position by another
rotenone molecule in an excited electronic state. [Rotenone acts
as a photosensitizer in other photochemical reactions (32, 33).]
The reaction of molecular oxygen with the newly created radical
intermediate then has the possibility of forming two isomeric
hydroperoxide intermediates, which can decompose to the
corresponding isomers hydroxyrotenones (17). A number of
chemical processes such as hydrolysis, oxidation, and isomer-

Table 2. Physico-Chemical Properties of Selected Soilsa

parameters L SCL

pH1:2.5(H2O) 8.6 7.7
pH1:2.5(KCl) 7.7 6.8
EC1:2(dS m-1) 0.13 0.24
clay (g kg-1) 244 363
silt (g kg-1) 335 524
sand (g kg-1) 421 113
texture USDA loam silt clay loam
-33 kPa water content (g water/100 g dry soil) 19 29
CEC cmol(+)kg-1 10.6 21.1
OC (g kg-1) 7.1 28.9
N total (g kg-1) 0.7 3.1
C/N 9.5 9.6

a L, loam; SCL, silt clay loam; EC, electrical conductivity; CEC, cation exchange
capacity; OC, organic carbon.
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ization are responsible for rotenone degradation in soil. The
degradation of rotenone in soils produces principally an oxidized
metabolite 12a�-hydroxyrotenone and its isomer 12aR-hydroxy-
rotenone by hydroxylation of the 12a-position of the B-C ring
(Figure 1).

Degradation Experiment. Degradation was analyzed using
two different models as mentioned earlier. The formation rate
of metabolites and the degradation rate of rotenone are directly
related as they occur simultaneously, which can result in
correlation with formation and degradation parameters. The

conversion of concentration of metabolite presented in Figure
3 to the percentages presented in Figures 4 and 5 was done
according to the model of kinetics applied in the presence of
an amount of metabolite, practically a percentage of initial
rotenone concentration. The flow of parent-rotenone to main
metabolites and the current flow from parent and metabolite to
further degradation products are presented in this case by minor
metabolites, bound residues and CO2.

Comparison was made on the basis of visual assessment
(Figures 4 and 5) and �2 tests (Table 3).

Figure 2. LC/MS/MS chromatograms of L 10 soil after 56 days of incubation in the scan mode from 340 to 425 ions m/z (A) and in the MRM mode (B).
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DT50 (disappearance time 50) and DT90 (disappearance time
90), the time within which the percentage of the test substance
is reduced by 50% and 90%, and �2 error values are presented
in Table 3. DT50s for rotenone, varied from 5 to 8 days for L
20 and SCL 20 and from 21 to 25 days for L 10 and SCL 10,
respectively. The fast degradation in the first compartment
occurs when the pesticide is in the soil-water phase and readily
available for degradation. In the second compartment, the
pesticide is sorbed onto soil particles. Degradation is, therefore,
controlled by the rate of desorption and diffusion into the

soil-water phase. The partition between the two compartments
depends on the pesticide sorption properties and soil charac-
teristics. Often, the degradation does not follow simple first-
order kinetics, but it shows a biphasic pattern where soil residues
decrease slowly after an initial rapid decline and persist at a
low level until the end of the experimental period. According
to FOCUS guidance (28), values are considered to be acceptable,
and the observed differences were significant at P < 0.05
according to statistical analysis. However, obtained DT50 values
appeared to be different from previously estimated ones from

Figure 3. 12a�-Hydroxyrotenone formation and decline in different treatments during the incubation time, *P < 0.05.

Figure 4. Experimental data of rotenone degradation (() and ROT-OH formation and degradation ()) in L soil at two different temperatures. SFO and
FOMC, for rotenone (s) and ROT-OH (- - -).
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12 days (34). Since each data point in the degradation experi-
ments was based on three replicates, the smoothness of the

curves indicates the high reproducibility of the whole experi-
mental procedure (Figures 4 and 5). DT50s values varied from
23 and 52 days for L 20 and SCL 20, and 35 and 112 days for
L 10 and SCL 10 for 12a�-hydroxyrotenone, respectively. SFO-
SFO kinetics provide a poor fit to the data for rotenone and
12a�-hydroxyrotenone as shown by all experiments (Figures
4 and 5). The calculated curves do not very closely match the
observed pattern for parent and metabolite compounds. The
derived DT50 values of SFO-SFO for rotenone and the main
metabolite may not be taken into account in regular risk
assessments, although the visual agreement between observed
and simulated data is relatively poor. The decline of residues is
underestimated by simple first-order kinetics early after treat-
ment and overestimated later in periods (Figures 4 and 5). The
decline in rotenone residues (KR) extracted with organic solvent
followed the series L 20 < SCL 20 < L 10 < SCL 10, while
for 12a�-hydroxyrotenone (KR-OH), it followed a different order:
L 20 < L 10 < SCL 20 < SCL 10. The biphase FOMC models
for rotenone and SFO for 12a�-hydroxyrotenone fit the data
more closely than SFO-SFO in experimental conditions (Figures
4 and 5). Smaller �2 values and better fitting of data process
description were achieved in FOMC-SFO models.

A fast initial degradation of rotenone (Figures 4 and 5) is
often followed by a slower decline, resulting in much higher

Figure 5. Experimental data of rotenone degradation (b) and ROT-OH formation and degradation (3) in SCL soil at two different temperatures. SFO
and FOMC, for rotenone (s) and ROT-OH (- - -).

Table 3. Parameters of Rotenone (R) and 12a� Hydroxyrotenone (R-OH)
Kinetics in Soils, Results of Two Pathway Models, Goodness of Fit (�2

Error), DT50, and DT90 Values and Factor Q10
a

rotenone SFO-12a�-
hydroxyrotenone SFO

rotenone FOMC -12a�-
hydroxyrotenone SFO

parameters L 10 L 20 SCL 10 SCL 20 L 10 L 20 SCL 10 SCL 20

KR(d-1, SFO) 0.027 0.102 0.026 0.074
KR-OH(d-1) 0.020 0.036 0.009 0.014 0.015 0.030 0.006 0.013
�2

R (%) 9.2 21.5 9.1 15.9 8.7 9.3 6.5 6.7
�2

R-OH(%) 14.9 30.8 18.3 13.8 10.2 13.5 15.0 9.3
DT50R 25 7 24 9 21 5 25 8
DT90R 84 23 90 31 95 43 142 51
Q10R 4.2 3.1
DT50R-OH 35 20 77 48 35 23 112 52
DT90R-OH 117 65 258 159 114 77 371 172
Q10R-OH 1.4 2.2

a All data are expressed in d - days; single first order (SFO) and first order
multi compartment (FOMC) percentage error levels (�2), the smaller the error the
better the fit: errors below 15% are considered acceptable provided the visual fit
is adequate (28); KR; R-OH ) rate constants for R-rotenone and R-OH for 12a�-
hydroxyrotenone; DT50 and DT90 values for rotenone and 12a�- hydroxyrotenone
in soils; Q10, factor by which degradation increases when temperature increases
by 10 °C.
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DT90s values, varying from 43 to 51 days for L 20 and SCL
20, and 95 and 142 days for L 10 and SCL 10 for rotenone,
respectively; DT90s values for 12a�-hydroxyrotenone varied
from 77 and 172 days for L 20 and SCL 20, and 114 and 371
days for L 10 and SCL 10, respectively.

Rotenone degradation phenomena are clearly described by a
biphasic equation, which clearly fits measured data of the
molecule remaining in the soils, while 12a�-hydroxyrotenone
kinetics is described by a first order equation. In environmental
studies, changes in temperature and/or moisture can affect the
degradation rate and caused deviations from first order kinetics
as reported in experiments regarding rotenone photodegradation
on soil surfaces (21). Normally, as the time of contact between
contaminant and soil increases, a decrease in chemical and
biological availability, a process termed aging, is observed (35).
The available fraction often decreases with time because of slow
sorption and diffusion processes (36). Since nonpolar organic
contaminants have low aqueous solubility and strong affinity
for organic matter, at any time only a very small proportion of
a given compound will be present in the soil solution.

Temperature Effect on Rotenone and 12a�-Hydroxyro-
tenone Degradation in Soil. Rotenone degradation is temper-
ature dependent, and soils show significantly different net loss
due to the temperature variation. Temperature had a strong effect
on degradation, and an increase in temperature by 10 °C (Q10)
resulted in a decrease in the DT50 values by a factor of 4.2 in
soil type L and of 3.1 in soil type SCL for rotenone, and by a
factor of 1.4 and 2.2 in soil types L and SCL, respectively for
12a�-hydroxyrotenone (Table 3 and Figure 6). It seems that a
temperature fluctuation exerts a noticeable effect in L soil
especially for rotenone degradation. Higher temperature is
usually observed to promote more rapid desorption of organic
contaminants from soils, and this is commonly viewed as an
activated process (37). It is well known that soil temperature
affects pesticide degradation rate, the water-air partition
coefficient, and the water-soil partition coefficient. These three
parameters are components of the retardation factor and attenu-
ation factor, and contribute to the determination of pesticide
behavior in the environment (38).

A pesticide can be found in soil, as vapor diluted in the air
of the soil, and as solute diluted in the aqueous solution of the
soil or adsorbed onto the organic and mineral components of
the soil. Our results are widely confirmed by several other
authors (39-42).

Effect of Soil Composition. The pesticide sorption charac-
teristic and pesticide half-life in the soil describe the pesticide
leaching potential and persistence in soil. The Kd values of rotenone
in the adsorption experiment were 0.56 and 2.73 L kg -1 for L
and SCL soils (43), respectively, and the degradation rates were
0.102 and 0.074 d-1 for soils at 20 °C. There were some marked

differences between the soils in their ability to degrade rotenone.
Degradation may be influenced by adsorption onto a reactive
surface. A positive relationship between sorption coefficient (Kd)
and half-life has been reported for many ionizable pesticides (44).
Assuming that only the dissolved portion of the pesticide in the
soil solution is freely available to microorganisms, the rates of
microbial degradation may be expected to decrease. Thus, the effect
of sorption on the degradation pathway depends on many factors
including soil physical and microbial characteristics and the
properties of the chemical compound. The degradation rate
decreases in soils where rotenone is less adsorbed. Lower avail-
ability/bioavailability of rotenone is governed by its molecular
properties such as aqueous solubility and KOW (Table 1). However,
the contribution of chemical processes to the global consumption
rate is higher in soils richer in organic matter than in sandy soil.

There is evidence that adsorption may also protect pesticides
against chemical attack so that degradation is not possible.
Microorganisms are generally more abundant onto or near soil
particle surfaces (45). Sorption may concentrate the pesticide in
regions of greater microbial activity, thereby facilitating degrada-
tion. However, pesticide is often sorbed on the walls of small pores
inside soil aggregates or organic macromolecules, which are
inaccessible to microorganisms. Degradation mediated by chemical
reactions can be accelerated by enhanced adsorption due to catalytic
effects of solid surfaces. Adsorption-catalyzed hydrolysis has been
found for a number of pesticides including chlorotriazines (46).

Furthermore, only limited data are available for 12a�-
hydroxyrotenone, a more polar compound than rotenone but
with other chemical characteristics that are rather unknown. It
seems that the aging effect in rotenone degradation is more
evident for 12a�-hydroxyrotenone, considering its higher DT50s
and KR-OH d-1 values (Table 3) and its degradation curves
(Figures 4 and 5). The existence of an aging effect in which
hydrophobic organic chemicals become increasingly resistant to
removal by water, organic solvent, or biological receptors with
increased residence time is now widely documented, although the
exact mechanisms remain subjected to debate (11, 47, 48). Factors
such as contact time, temperature fluctuation, redox chemistry
changes, wetting-drying cycles, or organic matter diagenesis can
be important as contributing to the phenomenon. The present results
clearly indicate that rotenone degradation in soil, which is strongly
affected by several physicochemical parameters, is a chemical
process markedly more complex than its photodegradation on soil
surfaces.
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