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(Received. 2 November 1993; infinal form, 18 February 1994) 

Methods and results from degradation studies in subsoils, unsaturated zone, were reviewed for mecoprop, 2.4-D, 
atrazine, alachlor, aldicarb, carbofuran, linuron, oxamyl, methomyl. MCPA, dichlorprop, monochlorprop, 
dichlorphenol, TCA, parathion, metribuzin, metolachlor and fenamiphos. 

Most of the investigations were laboratory studies where small soil samples were sieved and pesticides were 
added in concentrations from 0.5-5 pg.g-'. A few of the studies mentioned the importance of working with 
undisturbed samples; another few studies used isotope-labelled pesticides which made it possible to work with 
concentrations as low as 0.02 pgg-I. 

Subsoil samples were characterized according to factors as microbial activity, soil temperature, water content, 
oxygen content, concentration of pesticide, pretreatment of the soil and soil type, factors considered to have 
influence on degradation of pesticides. Chemical hydrolysis was considered to be the most dominant pathway in 
the degradation of aldicarb in subsoil in one of the published papers; all other investigations considered the 
degradation of pesticides in subsoil to be primarily microbiological. Only a few of the investigations measured the 
biomass or biological activity of the subsoil samples. 

KEY WORDS: Subsurface soil, unsaturated zone, pesticides, degradation, methods, review. 

INTRODUCTION 

During the last decade pesticides have been detected in ground water and drain water in 
many European countries as well as in North America.'.* Nygaard3 presented the results from 
a monitoring of Danish ground water quality, 1989-1991, covering analysis of dichlorprop, 
mecoprop, MCPA, dinoseb, atrazine and simazine. Pesticides were detected in 36 out of 528 
wells. In half of the 36 samples the concentration exceeded 0.1 pg.1-I. It is not known whether 
detection of pesticides in ground water at concentrations above the residue limit (0.1 pgl-') 
are caused by point source pollution or the use of these chemicals in agriculture. 

Until recently most of the published degradation studies focused on soil from the upper 
layer. Persistence criteria for registration of pesticides normally refer to half-lives of 
pesticides in different soil types and at different application rates,-but not in soil from the 
subsurface. Nevertheless, the finding of pesticides in ground water has increased the 
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232 I. S. FOMSGAARD 

importance of elucidating degradation rates of these compounds in the subsurface environ- 
ment. Moreover, information about the kinetics of pesticide biodegradation in subsoils is 
required for the development and validation of mathematical models used to predict the fate 
of pesticides in the environment. 

The present study reviews the methodology and results in published pesticide degradation 
studies in subsoils, mainly from the unsaturated zone (the zone above the water table): 
Alachlor4', aldicarb"", aldicarb sulphoxide7~9~"*'', a ldoxy~arb~.~ .~* '~ ' '~  , atrazine"", car- 
bofuran19, 2,4-D1**l9, dichlorphenolm, dichlorprop + monochlorpropm, fenamiphos*', linu- 
ron'', MCPAZ3, mecoprop%, methomylZ, rnet~lachlor'~, me t r ibu~ in~ '~**~ ,  oxamyl", 
parathion", TCA". Based on the reviewed papers, general recommendations for a method- 
ology for degradation studies are given. 

DEGRADATION MECHANISMS IN SUBSOIL 

General 

Several factors are responsible for the dissipation of pesticide residues from soil, factors 
such as surface run-off, volatilization, plant uptake, transport through soil and degradation. 
Pesticides in soil are degraded by photochemical, chemical and microbiological processes. 
The photochemical degradation (induced by sunlight) is only occurring in surface soil. 

Degradation of a pesticide is a series of stepwise processes leading to various end 
products. If the pesticide is totally mineralized, COZ is formed. A part of the pesticide-carbon 
is built into humus and soil microorganisms. Stable degradation products can be produced, 
too, and may end up as residues bound in the organic fraction of the soil. Figure 1 illustrates 
the degradation of a pesticide. Degradation of pesticides in subsoil follows a microbial or 
chemical pathway or a combination of both." 

Microbial degradation 

The important role of microorganisms in the degradation of pesticide residues in soil was 
described by Torstensson". HelwegZ9 reviewed degradation studies in soil of 230 pesticides. 
Microbial degradation was reported in 80 cases and chemical degradation only in 13 cases. 
Microbial decomposition of pesticides can occur by metabolism or by cometabolism. 

The number of microorganisms found in subsoil often is up to 100 times smaller than in 
soil from the upper layer (Table 1). In Danish subsurface soil Eilandm found up to lo9 bacteria 
per gram soil at a depth of 1 meter and lo7 at 5-6 meter depth. 

Table 1 Microorganisms in soil determined by direct counting 

Bacteria (milug) Fungi (meterlg) 

Plough layer 500-1000 200-2000 
Below root zone 1-10 only few 
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DEGRADATION OF PESTICIDES 233 

Sinclair and Lee” compared degradation rates of atrazine in active (non-sterile) and 
sterile (autoclaved) subsoil samples. The reason for the lack of degradation in the active soil 
was said to be due to the small bacterial population. 

The addition of nutrients increased the transformation of alachlor, which indicated that 
the degradation was microbiological and c~metabolic.~ No relation was found between 
degradation rate (determined during 161 days) and microbial number determined by plate 
counting on PTYG medium. Viable cell counts often give lower and more variable results 
than total cell co~nts .~’  

Degradation of atrazine occurred more rapidly at the surface than at deeper levels. This 
was explained by the lower number of microorganisms and the lower temperature at lower 
depths.18 The reason why the lower number of microorganisms measured at lower depths 
did not affect the aerobic degradation rate of 2,4-D was not explained. 

The faster dissipation rate in the field than in the laboratory of metribuzin’ was suggested 
to be due to the treatment of the laboratory sample-a possible decrease in microbial activity 
during the drying period and a lack of natural cracks and channels in the dried and sieved 
soil. 

The mineralization of carbofuran and the microbial biomass content decreased with depth 
except in one zone where both were higher.’’ The microbial population present in these 
subsurface soils seemed to be ineffective in the degradation of 2,4-D.I9 

Chemical degradation 

Chemical degradation does not appear to have much importance in the total degradation of 
pesticides in subsoil. In some cases chemical hydrolysis as one of the degradation steps is 
mentioned. The degradation rate of aldicarb’ did not change significantly with depth, and, 
taking into account that the amount of microorganisms in deeper soil layers normally 
diminishes, Jones* concluded that chemical hydrolysis was an important degradation path- 
way for aldicarb in subsoil. Microbiological activity was not determined. 

Degradation of aldicarb decreased with increasing depth, but total carbamate residues 
were not influenced by depth. Aerobic degradation of aldicarb in upper soil layers was 
caused by microbial oxidation and in deep subsurface samples by chemical hydroly~is.~ 

For sterilized (autoclaved) unsaturated subsoil half-life for aldicarb sulphoxide, al- 
doxycarb and oxamyl increased 3 4  times compared to unsterilized soil. The fact that there 
was a conversion of pesticides in sterilized soil showed that at least the first stage of 
degradation was not purely microbiological.’2 

ESTIMATION OF DEGRADATION RATES (DEGRADATION KINETICS) 

Pesticides like the phenoxyherbicides (MCPA, mecoprop and 2,4-D) are known to be 
decomposed metabolically3* while most other pesticides are decomposed through a com- 
etabolic proce~s.’~ Cases can be seen, where different processes are followed during the 
step-wise degradation of a pesticide. 
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234 I. S. FOMSGAARD 

Table 2 Summary of degradation rates of pesticides in subsoil fromthe unsaturated zone (below 30 cm) calculated 
on basis of residues of parent compound. 

Compound Soiltype %OC Conc Temp Merhod Half-life Tm Ref 
wg-'  

Alachlor 

Alachlor 

Alachlor 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb/ 
s u 1 ph o xl 
Aldox ycarb 

Aldicarb/ 
sulphoxl 
Aldox ycarb 

Aldoxycarb 

Aldoxycarb 

Aldox ycarb 

Aldoxycarb 

Aldox ycarb 

Aldoxycarb 

Aldoxycarb 

Aldicarb 
sulphoxide 

Aldicarb 
sulphoxide 

Aldicarb 
sulphoxide 

Aldicarb 
sulphoxide 

Aldicarb 
sulphoxide 

loamy sand 

loamy sand 

coarse sand 

sand-clay 
loam 

sand 

sandy 

sandy 

sand-clay 
loam 

sand 

silt 

sand 

sand 

loamy fine 
sand 

fine sand 

sand 

silt 

sand 

sand 

loamy fine 
sand 

0.08- 
0.14 

0.08- 
0.14 

0.W 
0.24 

0.0- 
2.0 

< 0.02 
-0.16 

0.01- 
0.16 

0.01- 
0.16 

0.0- 
2.0 

< 0.02 
4 . 1 6  

0.7 

0.5 

0.8 

1.2 

0.4 

< 0.02 
-0.16 

0.7 

0.5 

0.8 

1.2 

1.5 

1.5 

appl*/ 

aPPl 

1 4  

aPPl 

aPPl 
4 

4 

metabo 
lite 

metabo 
lite 

5 

5 

3 

3 

3 

metabo 
lite 

5 

5 

3 

3 

20°C 

20°C 

23°C 

nat" 

nat 

nat 

23°C 

23OC 

nat 

nat 

15OC 

15°C 

10°C 

10°C 

10°C 

nat 

15OC 

15°C 

10°C 

10°C 

1ab.study of composited 22-285 days 
samp, aerobic incub. 

labstudy of composited 53-148 days 
samp, anaerobic incub. 

field, enclosed sampledab, 34-39 days 
dried and sieved soil 

field, normal application 

field, normal application 

field, normal application 

lab, moist soil, aerobic 
incub. 

lab, moist soil, anaerobic 
incub. 

field, metabolite 

field, metabolite 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

field metabolite 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

lab, moisture content of 
soil adjusted 

lab, air-dried soil 

0.5-2 months 

11-23 days 

0.5-3 months 

61-178 days 

52-105 days 

0.5-2 months 

69 days 

46 days 

slow degr. 

82 days 

1 16 days 

1100 days 

69 days 

53 days 

4 

4 

5 

6 

7 

8 

9 

9 

6 

7 

I3 

13 

12 

12 

12 

7 

I 1  

very slow degr. ' I  

84 days 

194days 

12 
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DEGRADATION OF PESTICIDES 235 

Table 2 continued 

Compound Soiltype %OC Conc Temp Method 
wg- ’  

Half-life T b  Ref 

Aldicarb 
sulphoxide 

Atrazine 

2.4-D 

Fenamiphos 

Linuron 

Linuron 

Linuron 

Linuron 

Mecoprop 

Methomyl 

Metribuzin 

Metribuzin 

Metribuzin 

Metribuzin 

Metribuzin 

Metribuzin 

Metribuzin 

Oxamyl 

Oxamyl 

Oxamyl 

fine sand 

silty clay/ 
sandy loam 

silty clay/ 
sandy loam 

sandy-clay 
loam 

sandy soil 

loamy-fine 
sand 

coarse sand 

sand 

loamy fine 
sand 

fine sand 

0.4 

0.1- 
1.3 

0.1- 
1.3 

O . l &  
0.40 

0.6- 
1.2 

0.6- 
1.2 

0.8 

0.8 

0.2- 
0.5 

0.1- 
0.9 

0.04 
0.24 

0.6- 
1.2 

0.6- 
1.2 

0.8 

0.8 

48.3 

48.3 

0.8 

1.2 

0.4 

3 

0.5-2 

0.5-2 

aPPl 

2 

2 

2 

2 

0.05 

aPPl 

aPPY 
1-4 

2 

2 

2 

2 

2 

2 

3 

3 

3 

10°C 

nat 

nat 

nat 

10°C 

22°C 

10°C 

22°C 

10°C 

nat 

23°C 

10°C 

22°C 

10°C 

22°C 

10°C 

2 2 T  

10°C 

1 0 T  

10°C 

lab, air-dried soil 

field, enclosed samples 

field, enclosed samples 

field, normal application 

lab. 6-308 adjusted 
moisture 

lab, 6-308 adjusted 
moisture 

lab, 6-30% adjusted 
moisture 

lab, 6-30% adjusted 
moisture 

410days I’ 

I8 meas. 
phytotoxici ty 

meas. 
phytotoxicity 

7-10days ” 

17-39weeks ’’ 
3-8.8weeks ’’ 

18 

12-2oweeks ’’ 
7.2-9.5 weeks 22 

lab, undisturbed soil cores 34-70 days* 

0.5-1.6 months 25 

24 

field, normal application 

field, enclosed sampledab, 2 7 4 9  days ’ 
soil dried and sieved 

lab, 1 0 4 0 6  moisture 
adjusted 

lab, 1 0 4 0 %  moisture 
adjusted 

lab, 1 0 4 0 %  moisture 
adjusted 

lab, 1040°C moisture 
adjusted 

lab, 1040% moisture 
adjusted 

lab, 1 0 4 0 %  moisture 
adjusted 

lab, air-dried soil 

lab, air-dried soil 

lab, air-dried soil 

11 weeks ’’ 
6.5 weeks ’’ 

22 2 weeks 

8.8weeks 22 

43 weeks ’’ 
9.4 weeks ’’ 

12 

I’ 

26 days 

92 days 

415days ” 

’ applied as in normal agricultural practice 
” natural circumstances 
* half-life of mecoprop based on correlation between evolution of COZ and residues of mecoprop 
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236 I. S. FOMSGAARD 

Generally first-order reaction kinetics are presumed for the degradation process, some- 
times even for pesticides which are decomposed by metabolic degradation. In a first-order 
reaction 

dddt = -k.c(t) 

If In c(t) is plotted versus time, the degradation curve turns out to be a straight line with 
slope - k.34 

Degradation of aldoxycarb in silty s~bsoi l ’~,  aldicarb sulphoxide in silty and sandy 
subsoil”, aldoxycarb, aldicarb sulphoxide and oxamyl in sandy subsoil” and alachlor in 
subsoil both under aerobic and anerobic conditions was reported to follow a first-order 
reaction. Sten~trOm~~ checked the equation for Fist-order kinetics against experimental data 
on degradation of herbicides. The first-order rate constant proved to be dependent on initial 
concentration. Applying an empirical equation c = co - k.tM to the degradation experiments, 
a high correlation was found between the rate constant k and biological activity. This could 
be valid for subsoils, too. The order of reaction for linuron and metribuzin degradation in 
subsoil varied from 1.36 to 6.26:’ Metribuzin degradation in subsoil was a half-order 
process.26 

Some authors calculated degradation half-lives assuming first-order  kinetic^.^'^*'^^'^ In 
some cases, where field studies with normal application of the pesticide were carried out, 
the reported half-lives should be seen as dissipation rates, since surface losses via pathways 
such as volatilization and plant uptake would influence the concentrations fo~nd.~ .~ . ’ . ’~*~ 

Having analyzed the changes of concentration of parent pesticide with time, half-life can 
be calculated as TM = ln2/k, assuming first-order kinetics. Reported half-lives in different 
soil types, at different temperature, concentration and OC content and with different methods 
are summarized in Table 2. 

~~ 

Degradation 
Microbial, chemical, photochem. 

Pesticide 

Degradation 
products 

co2 
Microorg. 

Humus 

Salts 
Water 

Bound 
residues 

Figure 1 Diagram showing degradation of pesticides.” 
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DEGRADATION OF PESTICIDES 237 

0“ u 

I 

(P w 
0 c 

50T 

lo°C, 50% WHC 
Soil: Jyndevad 

Time (days) 

Figure 2 Degradation of 14C-mecoprop (0.05 pgg-l) in a soil pr0file.2~ 

Other authors made degradation experiments following the evolution of 14CG from 
C-labelled pesticide. As seen in Figure 1 ., only part of the pesticide turns into C G .  For 

that reason the evolution of I4CO2 cannot be used to calculate half-lives. A typical pattern 
for the evolution of I4CO2 from a pesticide is seen in Figure 2. When the rate of evolution 
of I4CO2 decreases, the remaining I4C has been built into stable organic compounds in the 
soil. Further evolution of 14C02 (the ‘‘flat’’ part of the curve) is a result of turn-over of biomass 
and other organic residues of the soil. Reported results from studies where the degradation 
was measured through evolution of I4CO2 are summarized in Table 3. 

HelwegZ4 found a correlation between the amount of evolved I4CO2 and the corresponding 
amounts of decomposed 14C-mecoprop. Only on the basis of such a correlation, I4CG 
evolution can be used to calculate half-lives. 

14 

FACTORS INFLUENCING DEGRADATION RATES 

In almost all the reviewed papers a decrease in degradation rate with increasing depth was 
seen. The factors that were mentioned to be of importance for the degradation rate of a 
pesticide in subsoil were: microbial activity, soil temperature, water content, oxygen content, 
concentration of pesticide, repeated treatment of the soil and soil type. Reported degradation 
rates for pesticides in subsoil at varying conditions are summarized in Tables 2 and 3. 
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238 I. S. FOMSGAARD 

Table 3 Summary of degradation rates of pesticides in subsoil from the unsaturated zone (below 30 cm). 
Degradation rates reported as number of days for evolution of a certain amount of COz from 14C-labelledoesticide. 

~ 

Compound Soilrype %OC Conc Temp Method Degr. rate Ref 
Pg%-' 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb 

Aldicarb 

Atrazine 

Atrazine 

Atrazine 
Atrazine 

Atrazine 

Atrazine 

Atrazine 

Atrazine 

Atrazine 

Atrazine 

Atrazine 

Carbofuran 

2.4-D 

sand 

sand 

sandy loam 

loamy sand 

sand 

sand 

sandy loam 

loamy sand 

sandsiltklay 

coarse sandy 

clay 
coarse sandy 

clay 

coarse sandy 

clay 
coarse sand 

coarse sand 

clayey sandy 
soil 

clayey sandy 
soil 

0.02 5 

0.52 5 

0.15 5 

0.18 5 

0.02 5 

0.52 5 

0.15 5 

0.18 5 

0.05-0.37 10 

0.1 2 

0.1 2 
0.1 0.02 

0.1 0.02 

0.1 0.1 

0.1 0.1 
0.02 

0.1 

0.01-0.03 0.1 

0.01-0.03 0.1 

0.00-0.25 0.033 

0-00-0.25 0.033 

23°C 

23°C 

23OC 

23°C 

23°C 

23°C 

23°C 

23°C 

12°C 

10°C 

10°C 
10°C 

10°C 

10°C 

10°C 
10°C 

1 0°C 

22°C 

22°C 

lab, moist soil, 
aerobic incub. 

lab, moist soil, 
aerobic incub. 
lab, moist soil, 
aerobic incub. 
lab, moist soil, 
aerobic incub. 
lab, moist soil, 
anaerobic incub. 

lab, moist soil, 
anaerobic incub. 
lab, moist soil, 
anaerobic incub. 

lab, moist soil, 
anaerobic incub. 

lab, moist soil, 
saturating with 
ground water 
lab, moist soil, soil 
formerly treated with 
manure 

lab, moist soil 
lab, moist soil, soil 
formerly treated with 
manure 

lab, moist soil 
lab, moist soil, soil 
formerly treated with 
manure 
lab, moist soil 
lab, undisturbed soil 
cores, Nz-atmosphere 
lab, undisturbed soil 
cores, Nz-atmosphere 
lab, moist soil, 
aerobic incub. 

lab, moist soil, 
anaerobic incub. 
lab, moist soil 

lab, moist soil 

15.8% in 63 days lo 

16.9% in 63 days lo 

26.7% in 63 days l o  

16.9% in 63 days lo 

4.8% in 63 days lo 

12.6% in 63 days lo 

17.2% in 63 days lo 

12.9% in 63 days l o  

14 no degr. 

0.4% in 500 days l5 

11-14% in 535 daysI5 

11-14% in 535 days" 
11-14% in 535 daysi5 

11-14% in 535 daysI5 
5-22% in 626 days I6 

5-33% in 626 days l6 

17 no degr. 

17 slow degr. 

2345% in 12 l9 
Weeks 

< 10-5896 in 12 
Weeks 
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DEGRADATION OF PESTICIDES 239 

Table 3 continued 

Compound Soiltype % O C  Conc Temp Method Degr. rate Ref 
w g - '  

Dichlorphe 
no1 

Dichlorphe 
no1 
Dichlorphe 
no1 

Dichlorphe 
no1 
Dichlor- 
Prop + 
monochlor- 
Prop 
Dichlor- 
P'OP + 
monochlor- 
Prop 
Dichlor- 
prop- + 
monochlor- 
Prop 
Dichlor- 
P'OP + 
monochlor- 
Prop 
MCPA 

MCPA 

MCPA 

MCPA 

Mecoprop 

Me tolachlor 

Metribuzin 
Parathion 

Parathion 

sand 0.05 

morainesand 1 

sand 0.05 

morainesand 1 

sand 0.05 

morainesand 1 

sand 0.05 

morainesand I 

clayey 0.1 
sandy soil 

sand 0.1 

clayey 0.1 
sandy soil 

sand 0.1 

sandy soil 0.2-0.5 

0.05 

0.05 

5 

5 

0.05 

0.05 

5 

5 

5 

5 

5 

5 

0.05 

sandsiltklay 0.05-0.37 10-20 

silty clay loam 0.1-1 
sand 0.05 0.05 

morainesand 1 0.05 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

10°C 

12°C 

25°C 

10°C 

10°C 

lab, undisturbed soil 
cores, Nz-atmosphere 

lab, undisturbed soil 
cores, Nz-atmosphere 
lab, undisturbed soil 
cores, Nz-atmosphere 

lab, undisturbed soil 
cores, Nz-atmosphere 
lab, undisturbed soil 
cores, Nz-atmosphere 

lab. undisturbed soil 
cores, Nz-atmosphere 

lab, undisturbed soil 
cores, Nz-atmosphere 

lab, undisturbed soil 
cores, Nz-atmosphere 

lab, undisturbed soil 

11-15% in 359 
days 
10% in 359 days 

5-10% in 359 days 

1-2% in 359 days 

1046% in 447 
h Y S  

12-158 in 447 
day s 

1247% in 447 
days 

2% in 447 days 

40% in 80 days 
cores, MCPA formerly 
Used 

lab, undisturbed soil 
cores, MCPA formerly 

20% in 240 days 

Used 

lab. undisturbed soil 

lab, undisturbed soil 

lab, undisturbed soil 

lab, moist soil, 
saturating with 
ground water 
lab, moist soil 

lab, undisturbed soil 
cores, Nz-atmosphere 
lab, undisturbed soil 
cores, Nz-atmosphere 

cores 

cores 

cores 

3% in 80 days 

13% in 240 days 

36% in 227 days 

no degr. 

5% in 91 days 
3 4 %  in 419 days 

m 

M 

20 

m 

20 

23 

23 

23 

23 

24 

14 

26 

20 

7-14% in 419 days 
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Table 3 continued 

Compound Soiltype % O C  Conc Temp Method Deer. rate Ref 
wg-'  

Parathion sand 0.05 5 10°C lab, undisturbed soil 

Parathion morainesand 1 5 10°C lab, undisturbed soil 

TCA sand 0.05 0.05 10°C lab, undisturbed soil 

TCA moraine sand 0.1 0.05 10°C lab, undisturbed soil 

TCA sand 0.05 5 10°C lab, undisturbed soil 

TCA moraine sand 0.1 5 10°C lab. undisturbed soil 

cores, Nz-atmosphere 

cores, Nz-atmosphere 

cores, Nz-atmosphere 

cores, Nz-atmosphere 

cores, Nz-atmosphere 

cores. Nz-atmosohere 

12-14% in 438 2o 

1620% in 438 

354096in833 

22% in 833 days 2o 

&Y s 

days 

days 

&31% in 833 days 

2-3% in 833 days 2o 

' applied as in normal agricultural practice 
O natural circumstances 

Microbial activity 

As mentioned above, the degradation of a pesticide in soil is considered to be merely 
However, no direct correlation between degradation rate and microbial 

activity could be shown. The microbial activity depends on number of microorganisms 
present, soil temperature, moisture, presence of oxygen and composition of soil (pH, OC 
content and nutrients). 

microbial.4.17.19.23.Z6 

Soil temperature 

Degradation rate of aldicarb increased with higher temperature.' Degradation of atrazine 
occurred more rapidly at the surface than at deeper levels." This was explained by the lower 
number of microorganisms and the lower temperature at lower depths. 

Water content 

Moisture is essential for microbial activity and for pesticide transport. In dry soils microbial 
activity diminishes, and in water saturated soils anaerobic conditions may prevail, which 
will impede the activity of all aerobic and microaerophilic bacteria. The content of water 
will generally not be a limiting factor for degradation in subsoil from the unsaturated zone, 
since downward and upward movement of water will prevent the soil from drying out. 

High soil moisture content was one of the factors that tended to increase the degradation 
rate of aldicarb.'Ou et al." showed an increasing degradation rate of aldicarb with increasing 
water content in subsoil in one case, in the other there was no significant difference. Konopka 
and Turco14 showed no degradation of atrazine and metolachlor in water saturated soil from 
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DEGRADATION OF PESTICIDES 24 1 

the unsaturated zone. Kempson-Jones and Hance2' found shorter half-lives of linuron and 
metribuzin at higher temperature and moisture levels in subsoil. 

Oxygen content 

The unsaturated zone is normally aerobic and the oxygen content in the soil atmosphere is 
often close to oxygen content in atmospheric air. 

Sinclair and Lee" found that atrazine was slowly degraded in anaerobic subsoil. With 
aerobic incubation no degradation was seen. The degradation of 2.4-D was slower under 
anaerobic conditions, but for atrazine no difference was seen." Alachlor had a half-life of 
22-285 days under aerobic conditions and 53-148 days under anaerobic c~mditons.~ Ou et 
al.' found an aerobic half-life for total carbamate residues (aldicarb, aldicarb sulphoxide and 
aldoxycarb) of 61-178 days and an anaerobic half-life of 52-105 days. In loamy sand and 
sandy loam the aerobic degradation was significantly more rapid than the anaerobic. No 
significant difference was shown in sandy samples." 

Concentration of pesticide 

Few investigations were made comparing degradation rates in subsoil of pesticides at 
varying concentrations. 

The degradation rate of dichlorprop and dichlorphenol was significantly slower at 5 
pg.g-' than at 0.05 pg.g-l in moraine sand.20 For parathion and TCA no significant difference 
at varying concentrations was shown." 

Extrapolating degradation rate results from laboratory studies at high concentrations to 
nature, where the pesticides often are found at very low concentrations, can lead to erroneous 
conclusions of the fate of these  compound^.^^ 

Repeated treatments 

Treatment of soil with pesticides can result in a build up of microorganisms capable of 
degrading the pesticide. 

Zeuthen et aLz3 reported a significantly higher degradation rate of MCPA in subsoil taken 
1 m below a barley field treated with phenoxyacids for 10 years than in subsoil taken below 
an uncropped field. Also the number of MCPA degraders determined by a 14C-MPN method 
was significantly higher in subsoil below the field where MCPA had been used. 

Soil type (OC content, pH) 

Overall microbial activity often depends upon pH and upon content of organic material in 
the soil. These parameters may also influence adsorption of the pesticide and chemical 
hydrolysis. Smelt et al.". l 3  found slower degradation rates of aldoxycarb, aldicarb 
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242 I. S. FOMSGAARD 

sulphoxide and oxamyl in sandy subsoil than in silty subsoil. The low pH of the sandy subsoil 
could be the reason for this. At high concentrations (5 pgeg-’) Helweg” found a significant 
lower degradation rate of dichlorprop + monochlorprop in moraine sand (1 % OC) than in 
sand (0.05% OC). 

METHODS 

Environmental factors that influence degradation rates of pesticides are all closely interre- 
lated and it is difficult to investigate only one factor at a time. Moreover, it is difficult to 
compare degradation rates from different published studies because of the variation between 
employed methods. 

Comparing degradation rates for example for atrazine (Table 3) in different studies, it is 
seen that these vary from a degradation to CO, of 21% in 500 days to no degradation at all. 
These differences could-to some extent-be the result of differences between employed 
methods. 

One important methodological difference is the way of reporting degradation rates. In 
Table 2 half-lives are calculated assuming first-order kinetics on basis of residues of parent 
compound. In Table 3 degradation rates are reported as number of days for the evolution of 
a certain percentage of COZ. Another important difference is, whether the investigation is 
made in the field or in the laboratory. 

Field studies 

In field studies performed after normal agricultural application of the pesticide it is difficult 
to distinguish between degradation and transport. Dissipation rates may include both 
degradation, movement, volatilization and plant uptake. 

Hornsby et al.’ discussed the contrast between sampling protocols designed to maximize 
the possibility of finding the applied pesticide and protocols designed to obtain “represen- 
tative soil samples”. With the sampling design used, they computed reliable “field-average 
concentrations”. 

Lavy et al. eliminated leaching as a dissipation factor in their degradation study of 2,4-D 
and atrazine. Sieved soil samples with added pesticide (from 0.5 to 2 pgag-’ to match the 
soil adsorption capacity) were buried in jars in the soil profile for up to 41 months in order 
to incubate the samples as closely as possible to natural conditions. 

Jones et al.’ carried out a comparative study of dissipation by depth of alachlor and 
metribuzin both in the field and in the laboratory. Statistical comparison was made when 
possible. The field study was made with soil columns enclosed in steel tubes and with 
injection of the pesticide to eliminate leaching as a dissipation factor. At the lowest depth, 
metribuzin dissipated significantly faster in the field than in the laboratory. This was most 
likely due to the treatment of the laboratory sample-a possible decrease in microbial 
activity during the drying period and a lack of natural cracks and channels in the dried and 
sieved soil. 
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DEGRADATION OF PESTICIDES 243 

In most field studies, considerable variability is found in pesticide residue concentrations 
in soil samples. Jones et aL6 found a CV % (rel.std.dev) of replicate samples of 86223% in 
their aldicarb study. Minton et a1.” reported a CV % as high as 400% in field degradation 
studies of fenamiphos. Jones’ collected and analyzed 3100 soil samples for one published 
field degradation study to be able to assess the effect of spatial variability on the measure- 
ments. 

Laboratory studies 

Few unsaturated zone field studies have been undertaken and/or published because of the 
high number of soil samples needed to reduce the influence of variability on the results and 
the expense associated with the collection and analysis of such a high number of samples. 
Most of the published data on degradation of pesticides in subsoils were generated in 
laboratories. 

Most of the laboratory studies with subsoil samples were made with dried and sieved 
samples where pesticide was added and the samples then given a water content close to field 
capacity. HelwegZ4 worked with undisturbed subsoil core samples injecting the pesticide 
and adjusting the water content. Jones et ul? used undisturbed subsoil cores in their field 
studies comparing the results with laboratory studies with dried and sieved samples. In most 
of the studies the concentrations of added pesticide ranged from 0.5-5 pg.g-’, corresponding 
to concentrations in the plough layer after normal field application; in a few where 

C-labelled pesticides were used, it was possible to work with concentrations as low as 0.02 

HelwegZ4 determined the degradation rate of ‘‘C-ring-labelled mecoprop. In subsurface 

Helweg” described in detail a system for laboratory studies of undisturbed soil samples 

14 

wg-l .  

soil the CV % of four replicates was 3&38%. 

using 14C-labelled compounds. 

DISCUSSION AND RECOMMENDATIONS 

The complex structure of soil, the close interrelationship between factors that influence 
degradation, and the difficulties in maintaining the environment of the microorganisms 
natural during the investigations make subsoil degradation studies complicated. The inter- 
relation between factors that influence on degradation was described by Anderson.” The 
factors were a) The structure of the pesticide, b) The availability of the pesticide to enzymes 
or microbial cells (mobility of pesticide in soil, amount of water in soil, total amount of 
pesticide present in the soil), c) The quantities of enzymes or cells that can degrade the 
pesticide d) The activity of these enzymes or cells (depending on soil temperature, soil 
moisture composition of soil atmosphere, nutrients available and soil PH).~’ 

Field studies such as the ones by Lavy et a1.” and Jones et al? where leaching, 
volatilization and plant uptake as dissipation factors are eliminated or laboratory studies are 
the easiest type of degradation studies. The modem use of simulation models to predict the 
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environmental fate of pesticides and to evaluate the threat of these pesticides to ground-water 
also need precise, reliable data sets for-among many factorsdegradation rates at all levels 
of the unsaturated zone. 

Laboratory studies such as those described by Helweg’6*”*27 and Zeuthen et al.23 are to 
be recommended for subsoil degradation studies because they leave the soil samples 
undisturbed. Drying and sieving of subsoil affect the microbial activity. Variations between 
replicates of undisturbed soil samples are expected to be higher than in dried and sieved 
samples because of the greater heterogeneity of the undisturbed soil. This must be taken into 
account, working with a sufficient number of replicates, calculating standard deviations and 
making statistical comparisons of the results. Furthermore it is important to ensure that the 
subsurface samples are not contaminated with surface soil. The influence of microorganisms 
on degradation can be determined by incubation of sterilized soil samples. Saltzman and 
Mingelgrin3* showed that sterilization with K N 3 ,  ethylene oxide and by autoclaving resulted 
in changes in the soil properties which affected the degradation capacity of reinoculated soil. 
Sterilization by irradiation is a possible alternative. However, sterilization cannot assure us, 
that degradation is not carried out by microbial extracelluar enzymes, produced before the 
sterilization. 

A disadvantage in laboratory studies could be a possible lack of nutrients in the enclosed 
soil samples as the incubation proceeds. 

If only residues of parent compound are measured, one cannot be sure that no toxic 
residues are formed. In the studies of a l d i ~ a r b ~ * ~ * ’ ~  and fenamiphos” the toxic metabolites 
were known and measured, too. If only COz-evolution is measured, half-life cannot be 
calculated and it is difficult to know, when there is nothing left of the parent compound. 
Both residues of parent compound and COz-evolution should be measured. 

Laboratory degradation studies should be performed at concentrations as close to the 
naturally occurring residue concentrations as possible. It is suggested that subsoil degrada- 
tion studies include characterization not only of the physical composition of the soil, but 
especially investigations of the relation between degradation rate and microbial biomass and 
activity as described by A n d e r s ~ n . ~ ~ * ~ ~ ~ ~  

It is clearly to be recommended that standardized laboratory studies on degradation of 
pesticides are performed,-but it is absolutely necessary to validate results in field experi- 
ments. Results obtained in studies where the above methodological recommendations were 
followed, will be published in the near future. 

Acknowledgement 

This study is supported by grants from EC (EV5V-CT92-0061) and Danish Ministry of 
Environment. 

References 

1. M. Fielding, Pesticides in gmund und drinking water. Water Pollurion Research Report, 27. Commission 
of the European Communities (1991). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



DEGRADATION OF PESTICIDES 245 

2. K. D. Schmidt, in: Proc. Cont Agric. Impacrson Ground Water, Omaha. NE. (Nat. Water Well Assoc., Dublin, 

3. E. Nygaard (ed), Ground water. Supervision and problems. Danish Geological Surveys. DGU Series D-8 
(1991). In Danish. 

4. J. V. Pothuluri. T. B. Moorman, D. C. Obenhuber and R. D. Wauchope, J. Environ Quulity. 19.525-530 
(1990). 

5. R. E. Jones, P. A. Banks and D. E. Radcliffe, Weed Science, 38,589-597 (1990). 
6. R. L. Jones, J. L. Hansen, R. R. Romine and T. E. Marquardt, Environ. Toxicol. Chem., 5,361-372 (1986). 
7. A. G. Hornsby, P. S. C. Rao and R. L. Jones, Water Resources Research, 26 no 10.2287-2302 (1990). 
8. R. L. Jones, ACS Symp. Ser., 315, 197-218 (1986). 
9. L. T. Ou, P. S. C. Rao, K. S. V. Edvardsson, R. E. Jessup, A. G. Hornsby and R. L. Jones, Pestic. Sci.. 23, 

10. L. T. J. Ou, K. S. V. Edvardsson and P. S. C. Rao, J. Agric. Food Chem., 33,72-78 (1985). 
1 1 .  J. H. Smelt, M. Leistra, N. W. H. Jow and A. Dekker, Pesric. Sci., 9,286-292 (1978). 
12. J. H. Smelt, A. Dekker, M. Leistra and N. W. H. Houx, Pestic. Sci., 14, 173-181 (1983). 
13. J. H. Smelt, M. Leistra, N. W. H. Jow and A. Dekker, Pesric. Sci., 9,279-285 (1978). 
14. A. Konopka and R. Turco, Appl. Environ Microbiol., 57 no. 8,2260-2268, (1991). 
15. A. Helweg, 6rh Danish Planr Prorecrion Conference, 4-1 3 (1989). In Danish. 
16. A. Helweg, Proceedings of International Symposium on Environmental Aspects of Pesticide Microbiology, 

17-21 august 92, Sigtuna, Sweden, 291 (1992a). 
17. J. L. Sinclair and T. R. Lee, Unired Srates Environmental Prorection Agency 600/S-92/001 (1992). 
18. T. L. Lavy, F. W. Roeth and C. R. Fenster, J. Environ. Quality, 2, 132-137 (1973). 
19. M. C. Dictor, G. Soulas. K. Takagi. J. P. E. Anderson, K. Lewis & F. Lewis, Proceedings of Inremarional 

Symposium on Environmental Aspecrs of Pesricide Microbiology, 17-21 august 92, Sigtuna, Sweden, 1992). 
pp. 284-290. 

20. A. Helweg, Danish Journal of Plant and Soil Science, S 1881.78 pp (1987). 
21. N. A. Minton, R. A. Leonard and M. B. Parker,AppliedAgn'culrural Research, 5, 127-133 (1990). 
22. G. F. Kempson-Jones & R. J. Hance, Pesric. Sci. 10,449454 (1979). 
23. S. B. Zeuthek T. Madsen and A. Helweg, 5th Danish Plant Prorecrion Conference, 23-32 (1988). In Danish. 
24. A. Helweg. Sci. Tor. Environ. 132,22%241 (1993) 
25. R. L. Jones, T. W. Hunt, F. A. Norris and C. F. Harden. J. Conram. Hydrol., 4,359-37 1 (1989). 
26. T. B. Moorman, & S. S. Harper, J. Environ. Qual. 18, 302-306 (1989). 
27. A. Helweg, Proceedings of Inremational Symposium on Environmental Aspecrs of Pesticide Microbiology, 

(17-21 august 1992, Sigtuna, Sweden) pp. 249-265. 
28. N. T. L. Torstensson, in: Interactions between herbicides and rhe soil. (R. J .  Hance, ed. Academic Ress, 

London, 1980) pp. 159-178. 
29. A. Helweg, Microbiological degradation in soil and effects on soil microflora of maleic hydrazide. car- 

bedzzim and 2-aminobenzimidazole. (In Danish). Thesis, Royal Veterinary and Agricultural Unhersity, 
(1983) 153pp. 

30. F. Eiland, Danish J o u m l  of Planr and Soil Science, Special Repon S 1777, 108-109 (1987). 
31. W. C. Ghiorse and J. T. Wilson, Advances in Applied Microbiology, 33, 107-172 (1988) 
32. M. A. h s ,  in: Herbicides, Chemistry, Degradation MdMode ofAction. (P. C. Keamey and D. D. K a u f m ,  

eds. Marcel Dekker Inc., New York, 1975). pp. 1-128. 
33. J. W. Hamaker. in: Organic chemicals in rhe soil environment. (C. A. I .  Goring & J. W. Hamaker, eds. Marcel 

Dekker. New York, 1972) pp. 253-340. 
34. A. Helweg, in: Inrroducrion ro Environmental Management, (P. E. Hansen & S. E. Jmgensen, eds., Elsevier, 

Amsterdam. 1991) pp. 197-209. 
35. J. Stenstrom. Kinetics of microbial growrh andactivity wirh applications to rhe decomposition of herbicides. 

Dissertation. Swedish University of Agricultural Sciences, Department of Microbiology, Uppsala, Sweden 
(1988). 

36. M. Alexander, Environ. Sci. Technol., 18, 1 6 1  1 1 ,  (1985). 
31. J. P. E. Anderson, NorFa Posrgraduate Course: Soil Biological Acriviries and Merhods to Follow Anrhropo- 

genic Influence,(August 10-21, Sigtuna, Sweden. 1992) 18p. 
38. S. Saltzmann and U. Mingelgrin, Ecological srudies: analysis and synthesis, 47, 153-161 (1984). 
39. J. P. E. Anderson, Soil Biol. Biochem. 13, 155-161 (1981). 
40. J. P. E. Anderson, Soil Biol. Biochem. 16,483-489 (1984). 

OH, 1986). p. 51 1-529. 

1-12 (1988). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1


