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Abstract

To assess the potential occurrence of accelerated hezhigigradation in soils, the
mineralization and persistence ¥C-labeled and non-labeled atrazine was evaluated over
three months in two soils from Belgium (BS: atrazine tredt®d3-2008; BC: non-treated)
and two soils from Germany (CK: atrazine treated 1986-19349; non-treated). Prior to
the experiment, accelerated solvent extraction of bulkl eils revealed atrazine (8.3 and
15.2ug kgt in BS and CK soil), and a number of metabolites directly dftdd sampling,
even in BC and CM soils without previous atrazine treatmbgtmeans of LC-MS/MS
analyses. For atrazine degradation studies, all soils imetdated under different mois-
ture conditions (50% maximum soil water holding capacityd®,a«/slurried conditions).
At the end of the incubation, tHéC-atrazine mineralization was high in BS soil (81% and
83%), and also unexpectedly high in BC soil (40% and 81%)0&i 8VHCaxand slurried
conditions, respectively. In CK soil, tHéC-atrazine mineralization was higher (10% and
6%) than in CM soil (4.7% and 2.7%), but was not stimulatedlbyied conditions. The
results revealed that atrazine application history drarally influences its degradation and
mineralization. For the incubation period, the amount dfastable atrazine, composed
of residues from freshly applied atrazine and residues fimmmer field applications, re-
mained significantly greater (statistical significance 598 and 99.95%) for BS and CK
soils, respectively, than the amount of extractable ateai the bulk field soils. This
suggests that i) mostly freshly applied atrazine is acbis$br a complex microbial com-
munity, ii) the applied atrazine is not completely minezatl and remains extractable even
in adapted soils, and iii) the microbial atrazine-minegialyj capacity strongly depends on
atrazine application history and appears to be conservddngntime scales after the last

application.

KEYWORDS: metabolites, microbial adaptation, enhanced biodegi@adamineraliza-

tion, persistence.



INTRODUCTION

An increasing demand for food and feed biomass for energy,aasimultaneous decline in
available arable land caused by soil degradation and lsedshangesi( 2) may require an
increased use of pesticides to meet social and economicrilsn@. Atrazine [2-chloro-4-
(ethylamino)-6-(isopropylamino)-s-triazine] is one betmost widely used herbicides in the
world, particularly for high-energy crops such as maize sunghr cane. The use of atrazine was
banned in all EU Member States in September 2004, with psram$o consume existing stocks
until October 20054). Even though its use is banned in the EU, it is still widelgdithroughout
America and the Asia-Pacific regioB)( In the USA, 35,000 tons have been applied annually to
maize plantations during the last 20 years. The pesticidéesvironmental concern due to its
widespread use, persistence in soil, and frequent deteictiground and surface watefs (7).

In past years, an accelerated degradation of pesticidekingsin reduced efficiency has been
reported for a number of chemicals, such as carbofurarD2dd isoproturon among othe&; (
9). More recently, several reports described similar enbdratrazine degradation throughout
the world (L0). Due to these findings, soils exhibiting the phenomena aicaelerated atrazine
mineralization related to previous atrazine applicatioase been defined as “atrazine-adapted”
soils.

Due to its degradability, the transformation of atrazirsuees its intended herbicidal effects
(11). However, the bioavailability and transformation of atree is influenced by the sorption
and binding processes of the chemical on the soil mat2x (The microbial accessibility and
availability of atrazine depends strongly on a variety ab#b factors, such as soil properties
and moisture conditiond 8), temperature, pH valud.§), atrazine application historyl ), the
presence of other pesticides or available nutriel@y rganic carbon content {), agricultural

management, and tillage practicds,(19). In general, the degradation of pesticides in soils



is a complex interaction between different dynamic proegsshich do not allow a precise
prediction of the long-term behavior in soil2Q). Residue accessibility and accumulation are
focal points for environmental risk assessment strategies

The understanding and monitoring of field soils microbiatadly adapted to regular and
repeated pesticide applications provide important infdram for a sustainable use of agricul-
tural land, stimulating the search for novel cultivatioahtriques. Several investigations in the
past have described an enhanced atrazine degradatiotsifreni Belgium @1, 22). Microbial
communities capable of rapidly degrading and even mirengliatrazine from these soils have
been described, revealing a wide diversity of substratezation abilities 3). However, the
amount of residual atrazine originating from earlier fiefppcations as well as the potential
atrazine accumulation in atrazine-adapted soils has rtdvgen considered. Further studies
are required on the simultaneous formation and deternoimati atrazine fractions, extractable
by means of water and organic solvents, and non-extractéditzizine fractions, preventing the
microbial degradation of this molecule.

In the present study, accelerated atrazine degradatioateamine persistence in an atrazine-
adapted, agricultural soil from Belgium and in three addi&il control soils from Belgium and
Germany were examined under laboratory conditions. Theoditinis study was to evaluate i)
the kinetics of an accelerated atrazine mineralizatiohénvarious field soils usintfC-labeled
atrazine, ii) the kinetics of simultaneous metabolite fation, iii) the respective extractability
of atrazine and its metabolites and the formation of nomagexable atrazine residues as a func-
tion of time, and iv) the presence and extractable quastidferesidual atrazine from former
atrazine field applications in the different soils and clesnigp these quantities during the incu-

bation study.



MATERIALS AND METHODS

Soil characteristics, history and sampling

The Belgian field soil (BS; 0-10 cm depth) was a Gleyic Luvisail, pH value 5.94 (10 g / 25
mL 0.01 M CaC}), containing 1.26% €;4. Detailed data on soil texture analyses and soil prop-
erties are given iffable 1. The sampling field was located in Beverst, Belgium. It wasduer
continuous maize cultivation, and atrazine was appliedialiyat the recommended rates (0.5
- 2.0 kg active ingredient - a.i. hd) from 1973 to 2004. Until 2008, atrazine was manually
applied to a specified field plot of 324%tocated on the same field by scientists from the De-
partment of Earth and Environmental Sciences, Katholiekedssiteit Leuven (K.U. Leuven),
Belgium. The commercial atrazine product Gesaprim 500 @+&d. L—1) was applied at an
application rate of 1 L hal. Prior to soil sampling, the last reported atrazine apfibcewas

conducted in autumn 2008.

The corresponding control soil (BC; 0-10 cm depth) was cbd#lé in the same area as the
atrazine-treated field soil (BS) but from an adjacent fielst psed as a pear orchard, approxi-
mately 20 m from the herbicide-treated site. In additiomg twther control soils were collected:
an Orthic Luvisol from Merzenhausen, Germany (CM; 0-20 cptidepH: 7.0), and a Gleyic
Cambisol from Kaldenkirchen, Germany (CK; 0-30 cm depth; pI35). Details on BC, CM,
and CK are presented ifable 1. For BC and CM control soils, no atrazine application was
documented. Due to maize cultivation during 1986-1989 onsGK an application of 1.5 L
ha ! (approx. 0.72 kg a.i. hd) per annum of the commercial atrazine formulation Gesaprim
500 was reported for that four-year peridtl(. The soil types CM and CK were included as
controls to demonstrate that accelerated atrazine degpadsstrongly correlated with regular
field applications of this pesticide. All control soils wereated in the same way as BS soil.
All soils were collected randomly on the respective fieldiplivom the 0-30 cm soil layer, as

indicated in parenthesis above. A total of approximatelg&ples, corresponding to approx-



imately 5 kg, were collected using a Humax soil sampler 3 caliameter in May 2009. The
soils were freshly sieveel2 mm and stored in the dark at 22& until further analysis. All

degradation experiments were initiated one week aftesanilpling.

Soil microcosms
Sample preparation and evaluation of atrazine degradatiorcapacity

The experiment was performed using unifornfh€ ring-labeled and unlabeled atrazine in ac-
cordance with a field application dose of 1.31 mg a.i- kgoil. The amount used was equiva-
lent to approximately 1.23 kg a.i. h&(with respect to a sampling depth of 10 cm and assuming
a bulk density of 1 g cm®, in accordance with OECD guideline 30Z5). An ethanol stock
solution of 1.5 mL was prepared containing 5.9 Hg-atrazine at a specifitt*C-activity of
351 MBg mmot™? (chemical purity 99%, American Radiolabeled Chemicals,)lresulting in

6.4 kBquL 1. For the field (BS) and the control soils (BC, CM, CK), an aimazapplication
solution was prepared using 250@ atrazine (chemical purity 98%, Riedel-de-Haen, Seelze,
Germany) dissolved in 60 mL ethanol. For each soil, 10 mL helked atrazine stock solution
was individually mixed with 35.JuL of “C-atrazine stock solution. For each soil, 55§
atrazine in total, associated with a tot&C-activity of 225 kBq, was added to a homogenized
subsample of 5% dry soil equivalents of each bulk soil (456ygsdil equivalents). The ethanol
was evaporated, and the sample was homogeneously mixedhsitiulk soil using a tumble
mixer (JEL, RRmini) for 30 min. Before spiking, the bulk soWere adjusted to the incubation
temperature (28-2 °C) for 8 hours. The homogeneotfC-atrazine distribution was confirmed
by oxidation of 10 soil aliquots of 0.5 g using a Biologicali@izer OX500 (R.J. Harvey Instru-
ment Corporation). The emergifCO, was trapped in Oxysolve C-400 scintillation cocktail
(Zinser Analytik). A 2500 TR, Tri-Carb, Packard Liquid Stitation Analyzer (LSC) was used

to detect*C-radioactivity using an internal standard. The values4@ractivity distribution in

the bulk soils were 46815) Bq g for BS, 477 (33) Bq g * for BC, 552 (-20) Bq g for
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CM, and 478 £37) Bq g ! for CK, respectively. Triplicates (20 g dry soil equivalenef1C-
atrazine-spiked soils were incubated at 50% WH{n accordance with OECD guideline 307.
During the entire incubation period, the moisture conteas wontrolled weekly by weighing
the incubation flasks, and water losses were compensatedtinygedistilled water.

In a second approach, triplicates of 10 g soil samples werggted under slurry conditions
(1:4 soil:distilled water, w:w). Slurried conditions weapplied to favor the diffusion of the
herbicide and to increase the mobility of the soil micromigens in order to stimulate atrazine
mineralization 26).

For the slurries, 10 g subsamples were chosen to ensurdentffigrbation of the samples
and to avoid a separation of the soil from the liquid phasee pH value for all soils was
measured at the beginning and at the end of the incubatioodpier the slurry reactors, and
remained in the same range (BS: 6.2; BC: 6.0; CM: 6.8; CK:&®/pared to data ifable 1).
Slurries were shaken continuously on a rotary shaker at p2bto promote aeration of the
samples.

All samples were placed in the dark at 2@ °C. Evolving*CO, was trapped in 1.5 mL
2 M NaOH solution, which was placed in a glass vial inside tearetically closed bottles.
Traps were periodically replaced and washed with 4 mL dieshiwater, and the combined
liquids were analyzed via LSC using 10 mL Instant Scint-GakP" as scintillation cocktail

(Perkin-Elmer).

Analysis
Soil sample extraction

Bulk field soils In a first step, an accelerated solvent extraction (ASE; ASE Dionex; in
accordance with7)) was applied to all bulk field soils directly after field saimg. A water-
methanol solution (1:4 v:v) was used to determine poteati@zine background levels in the

soils as a result of former field applications or shift contaation. Freeze-dried (Lyovac GT2,
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Steris) soil samples were weighed in 11 mL stainless ste® 8ls. The remaining space
above the samples was filled with fine, annealed sea sand KMereduce the extract volume
and to avoid clogging of the ASE steel filter lid. The extranttemperature was adjusted to
135°C at 100 bar (1500 psi) with a flush volume of 60% of extractielhwlume. The heat-up

time was 5 min, static time 15 min and cell purging was set © S€r using nitrogen gas.

Experimental soils To distinguish between a potentially mobile and a soil-lwbatrazine
fraction, soil samples were initially water-extractedoprio ASE. At days 0, 4, 8, 15, 30, after
incubation, and 92 for BS/BC and 98 for CK/CM, respectivéhg triplicates of 20 g dry soil
equivalents ot*C-atrazine spiked soil samples were placed in 250 mL pdiylehe centrifuge
vials (Beckman) and deionized water was added (soil+wat8r\&:w(27)). The soil-water
mixture was shaken for 6 h at 150 rpm (Horizontal Shaker SMERBund Biler), and samples
were centrifuged at 10,009 for 90 min (Beckman J2-21, Rotor JA 14). An aliquot of 100
mL of the clear supernatant was filtered (04%, cellulose-acetate filter, Type 111, Sartorius).
The filtered samples were used for pH, extracté@-activity (LSC) and extracted atrazine
and atrazine metabolite analyses (LC-MS/MS). The resitfi@dactivity in the aqueous phase
remaining in the soil sample was considered for the calcrat The amount of remaining
water-extracted*C-activity was discounted from the subsequent first ASEaextnd added to
the calculated amount of total water-extractafg-activity. Prior to ASE, the water-extracted
soil samples were freeze-dried.

To quantify the more strongly soil-associated atrazinetioa, an accelerated solvent ex-
traction was applied subsequent to the water extractiotessribed above. From each sample,
a 10 g freeze-dried and homogenized soil subsample was os&$E. Each sample was ex-
tracted four consecutive times under the same ASE condiasrmentioned above to recover
the extractable fraction.

The possible influence of the applied ASE settings on theiateanolecule was previously

tested as follows: 3 mL of standard ethanol solution coigira total of 300ug atrazine



was added to annealed sea sand; after the ethanol was daeahdhe sample was extracted
as described. Periodic high-performance liquid chromatoigy (HPLC; Dionex, pump M480,
sampler Gina 50, UV-detector UVD 3405) analyses of the ekulatected only atrazine. No

metabolites were found even over a lengthy extract storagegof 6 weeks.

Analyses of extracted"C-activity

To determine the water- and ASE-extracted residf@tactivity, a triplicate sample of 1.0 mL
of each extract was mixed with 4.5 mL scintillation cockilstant Scint-Gel PIUg*, Perkin-
Elmer), and radioactivity detection was performed by LS@.ekternal standard was used for
quenching correction. Since mo$C-activity was obtained in the first ASE step, the first ex-
tract was used for further LC-MS/MS analyses. The remaiff@activity in the soil samples
after four consecutive ASE extractions was determined lytesstion and LSC analysis as de-

scribed above and is referred to as non-extractable res{iNER).

LC-MS/MS analyses of soil extracts

Atrazine (chemical purity: 97.4%) and its metabolite 24opg/-atrazine (96.0%) were pur-
chased from Riedel-de Haén. All further atrazine metaéslguch as desethyl-desisopropyl-
2-hydroxy-atrazine (98.0%), desisopropyl-2-hydroxsaaine (98.5%), desethyl-desisopropyl-
atrazine (98.5%), desethyl-2-hydroxy-atrazine (99.5%3ethyl-atrazine (96.0%), and desisopropyl-
atrazine (98.7%) were purchased from Dr. Ehrenstorfer Gntkétmany. For the quantifica-

tion of atrazine and its metabolites, deuterateg)){&trazine (99.0%), (E)-2-hydroxy-atrazine
(97.0%), and (@)-desethyl-atrazine (99.0%, all from Dr. Ehrenstorfer Ginsermany) were

used as internal standards with a sample concentratiorlgidmL~?! for (Ds)-atrazine and
(Ds)-2-hydroxy-atrazine, respectively, and u§ mL~* for (Ds)-desethyl-atrazine, due to its
smaller ionization efficiency.

Liquid extracts were analyzed by HPLC-MS/MS in triplicates atrazine and its metabo-



lites as described elsewher28]. An HPLC (Agilent Series 1100) with binary pump and
temperature-controlled column compartment°@R equipped with CTC-HTC-PAL sampler
was used. MZ Perfect Sil Target ODS-3 was used as the statiphase (2.1 mnx 125 mmx

3 um), and an additional HPLC pre-column was applied (2.1 mmd0 mmx 3 um, both MZ
Analysentechnik Mainz, Germany). A mixture of acetongigolvent A; Biosolve LCMS) and
2 mmol ammonium acetate solution (solvent B; Merck) was @setthe HPLC eluent (gradient
program: 0-20 min 5% solvent A + 95% solvent B; 20-30 min 10@ent A; 30-40 min 5%
solvent A + 95% solvent B). The flow rate was 0.15 mL minThe total injection volume of
each sample was 1J0L.

The MS analyses were performed with a Thermo Electron Mo&)-Quantum 2002 in
positive electrospray ionization (ESI+) and in multiplacgon monitoring (MRM) mode.

To consider potential quenching effects of the additigneXtracted soil matrix, 3@L of
Ds-standard solution containing the individual deuteratesh@dard were dissolved in 1Q@L
aliquots of water or ASE soil extracts (“blanks”), respeely.

The linear operating ranges including the limits of quacdiion were evaluated for each
compound in its respective liquid matrix (water- or ASErexted soil matrix). The differing
linear operating ranges are presentedable 2. The results of the analyses were calculated in
accordance with the standardized signal-to-noise rati® bffor the detection limit, and 10:1

for the limit of quantification, respectively.

Elementary analysis of soil samples

Analysis of Grg and the soil elements was performed as described elsewhe@afbon quan-

tification was conducted using a Leco RC-412 multiphasearadeterminator.
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Statistical analysis

The significance of differences between the mean valu&¥®atrazine mineralization at 50%
WHCpaxand under slurried conditions was calculated using thepedéent two-sampletest.

Statistical significance values are givensas %.

RESULTS AND DISCUSSION

Mineralization of 4C-atrazine

The amount of mineralizetfC-atrazine in BS soil reached a plateau after 20 days of @i
and accounted for 81.1% at 50% WH%x and 83.5% under slurried conditions after 92 days
(Figure 1(a)). The pattern and amount of observé@-atrazine mineralization is in accordance
with other investigations using atrazine-treated farmlaail from Brazil, France, Canada and
the US (4, 16, 29). In these studies, an atrazine mineralization of 60-858 &0 days in-
dicated an atrazine-degrading soil microbial communitie Tnineralization of*C-atrazine
reached a maximum of 14% 4 after 7 days of incubation for both 50% Wiigand slurried
conditions. The mineralization decreased rapidly aftead® 20 days, respectively, accounting
for <1% d~! until the end of the experimerigure 1(b)).

In the control BC soil, 39.7% and 81% of the total applté@-atrazine was mineralized at
the end of the incubation period (92 days) at 50% WHCand under sluried conditions. In
BC soil, mineralization increased after an extended lagsplof 25 and 13 days, respectively
(Figure 1(a)). Since the BC soil was collected from a pear orchard adjatcethe atrazine-
adapted field, it can be assumed that atrazine contaminaticurred due to drifting during
field application or surface runoff. This would have stintathmicrobial communities in this
soil capable of mineralizing atrazine. Such a shift by stefeunoff or airborne transport of
atrazine-degrading organisms is undocumented, but siheutdnsidered since even interhemi-

spheric soil bacteria deposition has been described iireeatlidies 80, 31). It should be taken
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into account that certain microbes in this soil have nativazine-degrading ability. Similar
degradation patterns for soils from plots to which atrazi@e not directly applied have been
reported previously, and in these studies atrazine deggoada the control soils was attributed
to the transport of degrading organisms from implementd fizebed formation, tractor tires,
harvesting equipment, and irrigation or runa®?2j. Mineralization was significantly higher
under slurried conditions in BS(= 95-99.95%) and BCSi= 75-99.95%), which can be ex-
plained by a disaggregation of soil particles and homogesdastribution of degrading strains
and atrazine molecules in solution resulting in an incréaserobial accessibility. An earlier
study on atrazine mineralization using an atrazine-deggdéiseudomonastrain demonstrated
that the rate of atrazine removal was proportional to theveaier content and the amount of
degrading bacteria in the soil and that enhanced atrazineralization was promoted by slurry
conditions 26). The mineralization rate in BC slurry was delayed compa&oe8lS, accounting
for 6% d~! after 20 days of incubatioriF{gure 1(b)). The relatively high standard deviation in
the BC slurry was attributed to initial differences in theéeat of 14C-atrazine mineralization,
which equalized as a function of time.

After an extended lag-phase of 30 d, 10.3% and 6% of appfi@eatrazine was mineralized
in CK soil after 98 days of incubation, at 50% WHgx and under slurried conditions, respec-
tively (Figure 1(c)). Even though CK soil was subjected to repeated atrazinkcagipn from
1986 to 1989, it remains rather speculative as to whethesethmited applications induced
an enhanced microbial atrazine degradation ability at tiha@. However, the experimental
reapplication of atrazine after two decades without anyitamichl atrazine treatment resulted
in a slightly enhanced degradation of the chemical withmtime frame of the investigation
(Figure 1(d)). This may support previous observations of an enhancediaé mineralization
after a single annual atrazine applicati@2)(

For the CM soil, the mineralization df*C-atrazine remained low for the entire incuba-
tion period, totaling 4.7% at 50% WHx and 2.7% under slurried conditions, respectively

(Figure 1(c)). This observation was expected since no atrazine apiolichgs ever been re-
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ported for CM soil and the mineralization rate remained lstfer all soils testedRigure 1(d)).

In the CK and CM soils, slurried conditions did not favor aelerated atrazine mineraliza-
tion, and mineralization was statistically significantiglmer at 50% WHG,ax conditions (both
Si=75-99.95%). However, since the atrazine mineralizatesnained comparably low in both
CK and CM soils under both moisture regimes within the experital period, an adapted soill
phenomena could not be adressed at this point.

For the atrazine-adapted BS soil, the graphically detezthhralf-life for atrazine amounted
to 9 days for both 50% WHGax and slurried conditiongHigure 1(a)) and was in accordance
with previous studiesl(l). In accordance with Krutz et al1Q), who applied a multiple linear
regression model to generate atrazine persistence estintia¢ BS soil can be categorized as an
adapted soil with a half-life 0K15 days. The BC slurry reactors exhibited a mean half-life of
21 days and can therefore be classified as an intermediatabyed soil with a half-life between
15 and 30 daysl). A half-life was not determined for BC 50% WHax, CK or CM because
the mineralization remained less than 50% after the emiralkation time Figure 1(b)). It
is important to note that half-life determinations basedsbaort-term laboratory experiments
can be misleading. Firstly, stringent soil sorption/eptnant of small atrazine fractions may
exclude the molecules from microbial attack, resulting muaexpected persistence of these
atrazine fractions. Secondly, results of a rapid dissypaith the initial phase of an experiment
due to enhanced microbial degradation processes may nsitleothe microbially inaccessible

and stable atrazine fraction.

Extractable atrazine residues and metabolites
ASE extractions of bulk field soils

Atrazine and a number of its metabolites were extracted aadtified in all bulk soils directly
after field sampling by means of ASE and LC-MS/MS analysesble 3, Figure 2(b)/(d),
and Figure 3(b)/(d)). The lower amount of extractable atrazine in BS compare@Kaosoill

(8.3+0.9 versus 15.2£0.2 ug kg~1; Table 3) must be attributed to the high atrazine miner-
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alization capacity in BS soil due to regular atrazine agtians over the last 30 years. The
fact that atrazine is still detectable in CK soil two decadéser the last atrazine application
demonstrates the long-term persistence of atrazine inBlodse results may provide evidence
of a wide-scale presence and persistence of this pestiold@aund in soils with and without
recent atrazine application history. These findings vegniviously published results highlight-
ing the recalcitrant behavior of atrazine and its metaéslih field soils on long time scales
(7). Even though no atrazine or othetriazine pesticide applications were reported for the BC
and CM soils, desisopropyl-2-hydroxy-atrazine and degetbsisopropyl-2-hydroxy-atrazine
were extracted and quantified, yielding 55:63.3 (BC) / 25.9+-8.3 (CM) and 100.9:2.3 g
kg~1, respectively. The background level of atrazine and itsatmalites thus obtained must
be attributed directly to previous atrazine applicatioBS @nd CK soils) or indirectly to drift
contamination or undocumented atrazine or triazine pdstiapplication (BC and CM soils).
Blank samples were analyzed regularly within the anal{/ficacess to exclude potential con-
tamination of samples and laboratory/analytical devides. atrazine, the overall background
level was <1.5% of freshly applied atrazine for the incutragxperiments, and was therefore
not considered in the calculation. However, the occurrefetrazine and its metabolites in all
soils used, particularly in the various soils used as cés{BC, CM, CK) must be considered

carefully.

Water extraction of atrazine-spiked and incubated soils

Prior to ASE extraction, water extraction was used to obtaneadily available fraction of
atrazine and/or its metabolites at different incubatiomes from the incubated soil samples.
Subsequent to the experimental atrazine application, ggjermrmetabolite 2-hydroxy-atrazine
was desorbed and detected as well as the parent compouridetaTO-T8 for BS, TO-T92 for
BC, TO-T30 for CK, and T0O-T98 for CM soils, respectiveligure 2(a)/(c) Figure 3(a)/(c).
The water extractability of 2-hydroxy-atrazine from sa@len after long-term environmental

aging, has been reported previousBg8), and the rapid occurrence of 2-hydroxy-atrazine is

14



strongly related to microbial degradation activiB88). However, minor differences in pH and
Corg content in the soils and within the individual reactors mayéinfluenced sorption and
desorption behavior, which could explain the relativelgtstandard deviations in the water

extracts of BS and BC soils.

ASE extraction of water-extracted soils

Since most“C-activity was obtained in the first ASE extraction step (B8:3-99.6%; BC:
70.9-98.0%; CK: 88.4-98.9%; CM: 84.6-99.3%; calculated tistal ASE-extractableé“C-
activity in triplicate samples on the individual samplirayg), the first extract was used to detect
and quantify residual atrazine and its metabolites by me&h€-MS/MS analyses. A number
of hydroxy-atrazine analogues were detected in all sotlsr afxperimental atrazine applica-
tion throughout the entire incubation perideiqure 2(b)/(d), Figure 3(b)/(d)). These results
indicate that a dechlorination of the atrazine moleculaickcapidly, and that the hydroxy ana-
logues, such as 2-hydroxy-atrazine, desethyl-2-hydaixgzine, and desisopropyl-2-hydroxy-
atrazine, remain fairly stable in the sa3). At the end of the incubation period (T92/T98), the
amount of extractable atrazine and most of its metabol@ssmed significantly higheS{ =
95-99.5%) at 50% WHfax as well as under slurried conditions than the amount of eteide
atrazine and its metabolites in all respective bulk soilsally after field samplingRigure 2(b),
Figure 3(b)). To our knowledge, background atrazine levels in atraaei@pted soils and the
bioaccessibility of these aged atrazine residues haveaest bonsidered or monitored in previ-
ous investigations. The results suggest that only freghpied atrazine is mineralized to a large
extent. However, it can be assumed that even in adapted at#zine is not completely de-
graded over extended time periods. It remains more or labgiged in the soil matrix, and may
slowly accumulate. Even though earlier studies reportddaed bioavailability/biodegradation
due to soil sorption34, 35), nothing is known about the potential leaching of theseignt
atrazine pools into deeper soil layers, where microbial/égtis reduced, causing long-term

environmental persistence. The influence of organic cadsoatrazine sorption has already
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been described elsewhe@6). Binding or intrusion of the chemical to soil components;is
as organic carbon, could result in a decrease in its acdkysior soil microbes, which does

not necessarily exclude the molecule from environmentatactions.

14C-activity distribution and total recovery

Depending on the rate of mineralization the water-extidet4&*C-activity decreased for all
soils under 50% WH@ax conditions, except for CK. Simultaneously, the ASE-extbte!4C-
fraction increased, indicating a redistribution of tH€-labeled compound from weaker to
stronger adsorption site29, 37).

In BS, the amount of water-extractabftC-activity accounted for 78.5% at day 0 (T0), de-
creasing to 1.6% at the end of the incubation period (T92¢ dimultaneously high increase in
mineralized'“C-labeled atrazine at 50% WHgy conditions (4.5% at T4 to 81.2% at T92) pro-
vides evidence that a water-extractable atrazine fraddweors enhanced bioaccessibility and
bioavailability FFigure 4(a)). Even though the total amount of the water- and ASE-exdidet
fractions decreases over the entire incubation periodatheunt of NER remained constant
at 4.1% from T30 to the end of the incubation period (T92) for atrazine-adapted BS soil
(Figure 4(a)). Since we were able to extract atrazine from BS soil diyeattier field sampling,
this result provides evidence that a certain amount of @eazmains stable, even in this soil
exhibiting accelerated atrazine degradation. Since noepéible mineralization is observed be-
tween T30 and T92, the ASE-extractable fraction, accogrftin8.4% and 6.5%, respectively,
can be considered to be less accessible for biodegradation.

Decreased water-extractaBftC-activity in BC soil from 79.8% (T0) to 54% (T15) with no
conspicuous mineralization until day 30 (5.4% at T30 to 3®at T92) implies a rapid increase
in the adsorption of the pesticide to the soil matrix and trenfation of NER (2.5% at TO to
15.6% at T92;Figure 4(b)). This observation is in accordance with the general opininat
pesticide sorption increases with soil-contact time, igastrelation to the organic carbon con-

tent in the soil 88). Similar observations on atrazine-NER formation werespnted previously
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for a non-atrazine-mineralizing soil, suggesting thatglmev decrease in the aqueous fraction
may explain the common occurrence of atrazine and its mhtdan ground waters through
successive leaching from the persistent pesticide 38! (

A fairly constant amount of water-extractable and ASE-aotable!*C-activity in CK soil
over the entire incubation period (58.5% at TO to 38.3% at 88 41.7% to 44.7%, respec-
tively; Figure 4(c)) might be related to the different soil properties and soitdre in CK soil
compared to BS, BC and CM soils. A high sand content and onbllssmounts of organic C,
silt and clay Table 1), as influential parameters for atrazine sorption and nubdeentrapment,
can be held responsible for the steady water-extractabiéual *C-activity in CK soil. This
finding may provide evidence of successive atrazine legcinirsandy field soils, where only
minor atrazine degradation occurs.

The pattern of'*C-activity distribution in the different fractions in CM salescribe a
constant decline in water-extractaBft€-activity and an increase in ASE-extractable and non-
extractable*C-activity residuesHigure 4(d)). Since no remarkabl¥C-atrazine mineraliza-
tion can be observed in CM soil, the behavior of the applf&@tatrazine in CM soil may be
representative for a non-atrazine-adapted Orthic Luwiader the applied experimental condi-
tions.

Since most ASE-extractable residues were identified atrikdeoéthe study as atrazine or
its metabolites under both 50% WIHgx and slurried conditionsHigure 2(b)/(d) and Fig-
ure 3(b)/(d)), it can be assumed that the non-extractafie-fraction may partly consist of
these molecules or e.g. biogeAftc-residues, which are strongly absorbed or entrapped in the
soil matrix. Further research is needed to evaluate thaaafuthe non-extractable pesticide
residues and their remobilization potential as a possiisequence of changing environmental
conditions in order to predict the long-term fate of thesepounds. The influence of changing
dry-wet cycles on the enhanced water extractability of s\environmentally long-term aged

14C-labeled pesticide residues is currently being invetgiga
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Abbreviations used

10.

11.

12.

BS: Belgian Gleyic Luvisol atrazine-treated field soll
BC: Belgian Gleyic Luvisol control soil from an adjacermdi plot used as a pear orchard
CM: control soil, Orthic Luvisol from Merzenhausen, Gamyg

CK: control soil, Gleyic Cambisol from Kaldenkirchen, i@&any

. WHCax maximum soil water holding capacity

. ASE: accelerated solvent extraction

LC-MS/MS: liquid chromatography tandem mass spectromet
MRM: multiple reaction monitoring

Ds STD: deuterated standard

LSC: liquid scintillation counter

NER: non-extractable residues

HPLC: high-performance liquid chromatography
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FIGURE CAPTIONS

Figure 1: Cumulativel*CO, and rates of“C-atrazine mineralization in the (a)/(b) Belgian
field (BS) and orchard control (BC) soils, and in the (c)/(@®r@an field soils CM and CK, at
a moisture content of 50% WHgGx and under slurried conditions. Standard deviation of3.

Standard deviations are indicated only when larger tharbsysn

Figure 2: Water-extractable atrazine and 2-hydroxy-atrazine ilB&)pand (c) BC soil, and
atrazine and its metabolites detected in their correspgndSE extracts in (b) BS and (d) BC

soils. Standard deviation of >3. b.d.l. = below detection limit.

Figure 3: Water-extractable atrazine, 2-hydroxy-atrazine and ttgbatrazine in (a) CK
and (c) CM soils, and atrazine and its metabolites deteatéfueir corresponding ASE extracts

in (c) CK and (d) CM soils. Standard deviationmo$3. b.d.l. = below detection limit.
Figure 4: Total recovery of all respectiv¥C-fractions for (a) BS, (b) BC, (c) CK, and (d)

CM soils. The ASE-fraction represents the total extrac¢t&tactivity after four consecutive

sample extractions. NER = non-extractable residues. Stdrakviation oh >3.
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TABLES

Table 1: Soil Properties, pH and Organic Carbon Content. Data foGienan Merzenhausen
(CM) and Kaldenkirchen (CK) control soil have been presgeteewhereZ4, 40). BS: Belgian
field soil; BC: Belgian control soil standard deviation for &; of n= 3. Values for sand, silt,
clay, and Gyg are given in weight-%.

soll (BS) (BC) (CM) (CK)

sand 30.12 30.12 3.00 73.30
silt 62.05 62.05 79.00 23.10
clay 7.83 7.83 18.00 3.60
pH 5.94 6.02 7.00 5.35
Corg 1.26+0.02 1.89+0.22 1.04 0.99
texture silt loam siltloam  siltloam sandy loam

(US System)
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Table 2: LC-MS/MS Linear Operating Ranges for Atrazine and its Retipe Metabolites in
the Water- and ASE-Extract Soil Matrix. l.o.d.: limit of @&etion for each compound in the
HPLC eluent consisting of 95% 2 mmol ammonium acetate swiuti5% acetonitrile.

water matrix ASE matrix
[ugmL™Y  [pgmL~Y]

l.o.d. in HPLC eluent

[ng mL™Y
atrazine 0.0005-1.0 0.001-1.0 0.005
2-hydroxy-atrazine 0.001-1.0 0.005-1.0 0.01
desisopropyl-atrazine 0.005-1.0 0.02-1.0 0.06
desethyl-atrazine 0.015-1.0 0.03-1.0 0.04
desethyl-2-hydroxy-atrazine 0.0025-0.5 0.01-0.5 0.04
desethyl-desisopropyl-atrazine 0.03-0.5 0.05-1.0 0.25
desisopropyl-2-hydroxy-atrazine 0.0025-1.0 0.01-0.5 2 0.
desethyl-desisopropyl-2-hydroxy-atrazine  0.01-0.5 50.0.0 0.4
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8¢

Table 3: Background Levels of Atrazine and its Metabolites in thdd-RBulk Soils as Determined by ASE and LC-MS/MS Analyses.
+ standard deviation fan = 4. b.qg.l. = below quantification limit. b.d.l. = below deten limit.

soils used
BS BC CM CK

compound

background level [Mgkg!] [pgkg!] [ugkg!] [pgkg!]
atrazine 8.3:0.9 b.d.l. b.q.l. 15.2+0.2
2-hydroxy-atrazine 37.85.0 b.q.l. b.q.l. 12.8:0.1
desisopropyl-atrazine b.d.l. b.d.l. b.d.l. b.d.l.
desethyl-atrazine b.q.l. b.d.l. b.d.l. b.d.l.
desethyl-2-hydroxy-atrazine 4843%6.7 b.d.l. b.d.l. b.d.l.
desethyl-desisopropyl-atrazine b.d.l. b.d.l. b.d.l. Ib.d
desisopropyl-2-hydroxy-atrazine 2490.4 55.6+13.3 25.9+8.3 18.3+2.3

desethyl-desisopropyl-2-hydroxy-atrazine b.q.l. 166203 b.q.l. b.q.l.
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