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Abstract
Purpose Previous investigations—field samplings and lab-
oratory experiments—support the hypothesis that the degra-
dation of s-triazines is enhanced in previously exposed as
compared to pristine soils in terrestrial environments. De-
spite this, bottlenecks of soil sampling and various soil
modification practices in microcosm studies have made it
difficult to guarantee that previous contamination history
enhances contaminant degradation regardless of soil origin
in terrestrial ecosystems. We test the hypothesis that the
degradation of simazine (2-chloro-4,6-bis(ethylamino)-s-tri-
azine) is enhanced in previously exposed soils as compared
to pristine soils in 10 l buckets at the mesocosm scale.
Materials and methods We collected soil at three separate
sites consisting of a previously exposed and a pristine field.
At every field, soil was collected at three separate plots and
simazine degradation (days 0 and 65) and the response to
atzB degrader gene primers (days 0 and 110) were followed.
We analyzed the results using analysis of covariance
(ANCOVA). Previous exposure and field site were assessed
as fixed factors and initial simazine concentration and abiotic
soil conditions as covariates.
Results and discussion After the 65-day exposure, remaining
simazine concentrations depended on previous exposure but
not on collection site. The response to atzB gene primers was
positive in all mesocosms where simazine degradation had

been rapid. Soil moisture, pH, and organic matter content
were insignificant. If soil moisture was not included in the
ANCOVA model, previous exposure did not appear as a
significant factor.
Conclusions The results support the hypothesis that sima-
zine is degraded more rapidly in previously exposed soils as
compared to pristine environments, provided that degrada-
tion genes are available. Previously exposed soil might be
used to enhance the degradation of simazine in recently
contaminated terrestrial soils, supposing that the central re-
quirements for microbial growth are adequate.
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1 Introduction

In the soil environment, microbial degradation is a key process
that determines the ecological consequences of any anthropo-
genic pollutant (Sinkkonen et al. 2010). Several field sam-
plings and laboratory studies suggest that if previously ex-
posed soils are exposed later again, the degradation of organic
contaminants will be faster than in pristine soils (Gentry et al.
2004; Krutz et al. 2009; Penet et al. 2006; Rhine et al. 2003;
Kauppi et al. 2012). The likely explanation is that at least
some soil bacteria retain the ability to degrade the organic
contaminant. However, in field sampling, it is not easy to
exclude the effects of agricultural practices and different soil
characteristics, such as fertility and moisture, on contaminant
degradation (McGee et al. 1995; Webster 2007). Similarly, soil
sieving, manipulations of soil moisture, and pooling of samples
collected at different field plots are likely to cause bias in studies
made using microcosms, i.e., pots that contain a few hundred
grams or less soil. As soil pooling, soil sieving, and moisture
adjustments typically change soil texture and reduce soil hetero-
geneity in microcosms, these practices are likely to change the
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structure of soil microbial community. They may even aid spe-
cific degradation genes to spread in spiked soil. For these rea-
sons, it has been hard to guarantee that previous contamination
history enhances contaminant degradation regardless of soil
origin in terrestrial ecosystems.

In a number of studies, soil remediation has been advanced
when a single previously exposed soil has been mixed with a
newly contaminated soil (e.g., Gentry et al. 2004; Laine and
Jørgensen 1996). This has been associated with the invasion
of microorganisms containing degradation genes and the
spread of these genes in the previously unexposed soil (Avery
2006; McGowan et al. 1998; Sarand et al. 2000). Although
some of the mechanisms behind the phenomenon are well
known (Joner et al. 2004; Sarand et al. 2001), precise tests of
the importance of contamination history on the degradation of
anthropogenic environmental contaminants in terrestrial soils
are rare and typically restricted to microcosm studies where
soil sieving, pooling, and moisture manipulations are a com-
mon practice (Morán et al. 2006). Although soil texture and
properties always change when soil is sampled, it is valuable
to study the importance of contamination history at larger-
scale laboratory studies—mesocosm studies—where each
replicate contains at least 5 kg soil and soil sieving, pooling,
and moisture manipulations are avoided, as in our experiment.

Herbicides containing a triazine ring are among the most
frequently used and studied organic xenobiotics in the world.
As most of the mesocosm experiments investigating the deg-
radation of s-triazines have been done in aqueous environ-
ments (e.g., sediment and slurry studies: Bacci et al. 1989;
Huggins 1990; Runes et al. 2001; Fairchild and Sappington
2002; Lytle and Lytle 2002; Sapozhnikova et al. 2009), the
effects of previous exposure should still be evaluated in ter-
restrial mesocosms (Lima et al. 2009; Chelinho et al. 2010). S-
triazines are often recalcitrant in terrestrial soils, and they have
been observed to cause changes in the soil microbial commu-
nity at concentrations as low as 5 μg g−1 dry weight soil
(Mahía et al. 2008). In surface soils, simazine and other
triazine herbicides are often mineralized slowly as a result of
chemical reactions. As triazine herbicides are poor carbon but
moderate nitrogen sources for soil microbes, high levels of
inorganic nitrogen are known to slow down microbial triazine
degradation in surface soils (Krutz et al. 2010). Today, many
triazine-degrading bacteria are known (e.g., in De Souza et al.
1998; Radosevich and Tuovinen 2004; Saijaphan et al. 2010).
Despite this, only a couple of microbial degradation pathways
have been identified (Behki et al. 1993; Shapir et al. 2007;
Vibber et al. 2007). The most efficient and widespread of
those pathways is the plasmid-borne gene family atzABCDEF
that encodes amidohydrolase-related enzymes (Devers et al.
2004, 2005). The presence of the atzB gene has been associ-
ated with faster than average degradation of simazine in two
geographically separate agricultural soils that had been repeat-
edly treated with simazine (Martín et al. 2008).

In this study, we tested the degradation of spiked simazine
in 10-l buckets containing soil collected from three different
terrestrial sites; every site consisted of a field with a long
contamination history and a comparable field without any
previous contamination history. We also determined the re-
sponse of soil bacterial DNA to atzB primers in polymerase
chain reaction (PCR) in relation to simazine degradation. We
hypothesize that simazine degradation depends on earlier
contamination history and the presence of atzB genes but
not on soil origin.

2 Materials and methods

2.1 Soil collection sites

Soil collection was performed at three separate sites in Fin-
land during the summer 2007. There was a field with a long
s-triazine history at each site. At each site, a pristine control
field that had similar soil physicochemical characteristics
was selected for the study as well. The minimum distance
between an exposed and a control field was at least 200 m.
Although field selection was not random, the probability of
systematic bias was minimized as local gardeners were asked
to show us the exposed and similar but pristine fields. Sima-
zine was used at exposed fields when needed, i.e., once in 1–
3 years 1970–1998, and probably also in 1960s. Application
rates were between 7 and 20 kg/ha before 1985 and 3–10-
kg/ha after 1985.
The first site (VT) is situated in front of Villa Tapanila in

Jalkaranta in the northwestern part of the city of Lahti, Finland.
The site consisted of two garden fields. The first field was a
flower bed that had been planted with rose (Rosa rugosa) ca.
3 years earlier. The flower bed had been treated with simazine
and possibly other s-triazine herbicides repeatedly (see above)
until 1998. The second garden field (at a distance of ca. 200 m
from the first one) was an open field without previous exposure
to triazine herbicides. Vegetation on the pristine field consisted
of annual and perennial grasses and small herbs, like Elymus
repens, Festuca sp., Poa sp., Agrostis sp., Trifolium repens,
Trifolium pratense, and Taraxacum sp.

The second site (CG) was a lawn within Lahti City Gar-
dens in the southern part of Lahti, ca. 6 km from the first site.
The first field was located within three meters of a hawthorn
fence that had been treated regularly with simazine (see
above) until 1998. The second field was 200 m apart from
the first one. It has never been exposed to triazine herbicides.
Vegetation on both fields consisted of annual and pe-
rennial grasses and small herbs, like Festuca sp., Poa
sp., Agrostis sp., Phleum pratense, T. repens, Taraxacum
sp., and Tripleurospermum inodorum.

The third site (Piikkiö) was at the MTT (Agrifood Finland)
agricultural research station in Piikkiö, Finland, ca. 200 km
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southwest from Lahti. Two fields with ca. 1 000 years of
agricultural history and with similar soil properties were
selected for the study based on previous exposure to tri-
azine herbicides. The first field was a former apple planta-
tion that had been treated at least 15 times with simazine
(see above) and casually with atrazine (years 1973, 1977),
2,6-dichlorobenzenecarbothioamide (1978, 1981, 1988),
terbuthylazine (1989), 2,6-dichlorobenzonitrile (1990),
and glufosinate-ammonium (1997, 1998). In 2007, vegeta-
tion consisted of rye (Secale cereale L.) as a cover crop and
scattered tiny annual weeds. The second field was ca. 400 m
apart from the first field. It had never been exposed to s-
triazine herbicides. Soil was sampled at the end of straw-
berry rows where vegetation consisted mostly of annual and
perennial weeds, such as Taraxacum sp., Fumaria officinalis,
Cerastium vulgare, and Plantago major.

2.2 Soil collection

In all six fields, soil was collected from three separate (dis-
tance >5m) ca. 1 m2 plots as described in Kauppi et al. (2012).
In short, at each plot, living vegetation and plant debris were
removed and 15–20 l of surface soil (depth 2–15 cm) was
collected and mixed thoroughly. The soil was then randomly
divided into two 10-l polyethylene buckets (called hereafter as
mesocosm pairs), and the procedure was repeated at each 1-
m2 plot. Hence, soil originating from different sampling plots
was never pooled. Thereafter, all 36 mesocosms were sealed
and stored at 16±1 °C. To avoid the transfer of adapted
microorganisms between plots and mesocosms, previously
exposed soil was always collected after the collection was
performed on a pristine field, and the equipments were care-
fully cleaned between plots. Sealed mesocosms were exposed
to passive air flow through two 10-mm holes (filled with
cotton wool) in the lid.

2.3 The degradation experiment

One of each pair of mesocosms was artificially contaminated
with simazine (100 μg g−1 dw). As we did not dry experimental
soils before the experiment, we had to use a dry weight estimate
for each soil for calculating the total amount of simazine per a
mesocosm.As soil dryweight inmesocosms varied between 5–
8 kg, this resulted in 0.5–0.8 g simazine per mesocosm. Sima-
zine (purity 98.1%, Dr. Ehrenstorfer GmbH) was first dissolved
into 10 ml of ethanol that was mixed carefully with 100 ml of
sand (blasting sand by LoimaanHiekka, Loimaa, Finland; grain
size 0.1-1.0 mm) and the sand was thoroughly mixed in the
mesocosm soil. Control mesocosms received pure ethanol
mixed in the sand. Mesocosms were stored at 16±1 °C for
110 days. The experiment thus consisted of three consecutive
samplings and two factors (previous exposure, soil origin) with
three replicates (n=3).

Samples for simazine analyses were taken on days 0 and 65
and samples for microbiological analyses on days 0 and 110.
Each mesocosm was sampled at three random spots (distance
to mesocosms walls was always more than 20 mm): three ca.
10-mm-thick and 15-cm-deep soil cores were taken using 20-
cm-long tweezers, and these three cores were combined to a
ca. 20–40 g soil sample. The tweezers were sterilized between
mesocosms. After sampling, no holes were visible in the
mesocosms. Samples were frozen (−18 °C) within 2 h and
stored at −18 °C until analyzed.

2.4 Soil physical and chemical characteristics

All sites had been in agricultural use and consisted of fine-
textured (silt and clay) soil where separate organic and
mineral soil layers did not exist. There were no initial differ-
ences in physicochemical characteristics of a pristine and a
previously exposed field soils within sites, except in case of
pH and organic matter (Table 1). Any possible effects of
these soil physicochemical characteristics on simazine deg-
radation were taken into account in statistical analysis. Soil
moisture was determined as mass loss of the samples (24 h at
90 °C) and organic matter content as loss on ignition (4 h at
550 °C). Soil pH was determined in 0.01MCaCl2 (50 g fresh
soil in 10 ml solution). For measuring soil NH4

+ –N and
NO3

− –N concentrations, 10-g subsamples of fresh soil were
extracted in 2 M KCl by shaking for 2 h, after which the
extract was filtered (S&S 5892, White ribbon) and analyzed
colorimetrically using an autoanalyzer (QuikChem 8000,
Lachat Instruments, Zellweger Analytics, Inc.). QuikChem®

Method 12-107-04-1-E was used for nitrate and QuikChem®

Method 10-107-06-1-F for ammonium.

2.5 Pesticide analysis

Frozen soil (2 g) was melted, mixed with 15 ml of
methanol:water (3:1 v/v) solution and internal standard, 100 μl
of propazine:methanol:water solution added. Propazine concen-
tration in the methanol:water solution was 500 mg l−1 in con-
taminated and 50 mg l−1 in control samples. The samples were
mixed thoroughly with vortex for 15 s, sonicated for 15 min at
20 °C and extracted by shaking (200 rpm) overnight at room
temperature. The samples were allowed to settle for 1 to 5 min,
and the supernatant was transferred to a centrifuge tube for a 15-
min centrifugation at 2000 rpm. Thereafter, the solvent was
collected to a 50-ml tube and the soil extraction protocol was
repeated twice. The solvent was evaporated in a vacuum centri-
fuge to dryness, and the samples were stored frozen at −18 °C.

The simazine concentrations were analyzed with HPLC.
Standards and samples were filtered through a 0.45-μmGHP
membrane (Acrodisc®, Gelman, Pall Corporation Ltd., NY,
USA), and 20 μl was analyzed using an HPLC equipped
with Shimadzu Prominence (Shimadzu, Kyoto, Japan) SIL-
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20A auto sampler, LC-20AT solvent delivery module, DGU-
20A5 online degasser, and SPD-20A UV/VIS detector using
a wavelength of 225 nm for simazine and propazine. Waters
SunFire column (C18, 3.5 μm, 3.0×150 mm, Waters, MA,
USA) was used with a flow rate of 0.6 ml min−1, and the
system was controlled with Shimadzu LC Solution software.
The mobile phase was acetonitrile and filtered water, and the
chromatographic separation was carried out using the fol-
lowing gradient profile: first acetonitrile concentration at
30% for 2.5 min, then to 65% for 5 min, and finally back
to 30% for 3.5 min. Standards in methanol: water (3:1 v/v)
contained simazine at six concentrations ranging from 1.0 to
40.0 ng μl−1 with 14.2 ng μl−1 of propazine as an internal
standard. In the analysis, the linear standard responses and
detection limit were comparable to those presented by Talja
et al. (2008).

2.6 DNA extraction and PCR protocols

DNA from the soil was extracted using PowerSoil™ DNA
Isolation Kit (MO BIO Laboratories, Inc., USA). To approach
the maximal DNA yield, the manufacturer’s protocol was
modified as follows: 150 μl of C2 Solution was utilized
instead of 250 μl, 100 μl of C3 Solution was utilized instead
of 200 μl, and finally, 2 min centrifuge followed by 2 min air
drying.

PCR was performed as in Martín et al. (2008) using atzB
primers. PCR for denaturing gel electrophoresis (DGGE)
was done with 16S-rRNA universal primers MF341GC and
MR907 (Muyzer and Smalla 1998), using the protocol by
Kauppi et al. (2011).

DGGE was used for generating a fingerprint image of the
soil bacterial community. The DGGE (6% acrylamide-N,N′-
methylenebisacrylamide) concentration (denaturing gradients
35–65%) was performed as in Kauppi et al. (2011) with excep-
tion of electrophoresis, which was performed at 150 V for 5 h
with DCode™ System (Bio-Rad Inc., Hercules, USA). Gels
contained 1×TAE buffer, N,N,N′,N′-tetramethylenediamine,

and ammonium persulfate as in manufacturer’s instructions
(Bio-Rad Inc., Hercules, USA). Ethidium bromide (two drops
of 10 mg/ml) solution was used to dye DNA in the DGGE gel.

2.7 Statistical analyses

Effects of previous exposure (pristine or previously exposed)
and soil origin (three separate sites) on simazine concentra-
tions were analyzed using analysis of covariance
(ANCOVA) and Pearson correlation analysis in PASW Sta-
tistics 18.0 (SPSS Inc. Chicago, Illinois). The measured
initial simazine concentrations (day 0) were used as a covar-
iate. In addition, we had to control random noise caused by
arbitrarily varying soil characteristics. Therefore, moisture at
day 65, organic matter concentration, and soil pH were used
as covariates. The other reason was that there was a differ-
ence in each of these factors within at least one site, i.e.,
between a previously exposed and a pristine soil (see
Table 1). We also tested other ANCOVA models: we added
or dropped out covariates, but as this did not significantly
change the outcome as far as soil moisture was included, we
show only the original ANCOVA model (Table 2). In partic-
ular, the inclusion of a positive response of soil bacterial
DNA to atzB gene primers as a dummy variable did not
change the significance of previous exposure or other fac-
tors. The assumptions of the analyses were met in Box’s test
of equality of covariance matrices, Levene’s test of equality
of error variances, and Shapiro–Wilk’s Test of Normality.

To fully understand the importance of factors other than
soil origin and previous exposure, we dismissed these factors
from statistical analysis, and made a t test for the effect of a
positive response to atzB gene primers on simazine concen-
trations. We also performed Pearson correlation analyses
between simazine concentrations (Day 65) and physicochem-
ical soil characteristics (moisture day 0, moisture day 65, pH,
organic matter, nitrate, ammonium). We did the same correlation
analyses between the relative change in simazine concentrations
(simazine concentration Day 0/simazine concentration Day 65)

Table 1 Soil properties (mean±SD)

Soil pH NO3 NH4 Org. matter M%, Day 0 M%, D 65

VT Pre 6.5±0.1* 2033±493 213±51 0.11±0.00 * 29±0 29±6

VT Pristine 5.7±0.3* 2533±802 173±64 0.06±0.01 * 23±4 28±7

CG Pre 5.8±0.4 2267±493 260±69 0.09±0.01 * 19±2 17±4

CG Pristine 5.4±0.3 1433±208 102±7 0.07±0.00 * 20±0 21±1

Piikkiö Pre 6.3±0.4 302±252 167±21 0.15±0.09 12±2 10±3*

Piikkiö Pristine 5.7±0.1 110±26 150±10 0.13±0.00 14±5 21±2*

pH, ammonium, and nitrate concentrations (in micrograms per gram dry weight), and proportions of organic matter (in grams per gram dry weight)
and moisture (days 0 and 65, % of fresh weight). n=3

VT Villa Tapanila, CG=Lahti City Gardens

*p<0.05, significant differences between pristine and previously contaminated (= Pre) fields at each site in t tests
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and the soil characteristics, but as significant differences were
similar, the data are not shown.

3 Results

3.1 Chemical results

Compared to pristine soils, simazine degradation was en-
hanced in soils that had been earlier exposed to triazine
herbicides (Fig. 1, Table 2). At day 65, simazine concentra-
tions were lower in previously exposed as compared to
pristine mesocosms. Soil origin (i.e., field site) had no effect
on simazine concentration, and the interaction term previous
exposure × soil origin was insignificant (see Fig. 1, Table 2).
Tiny concentrations (0.1–0.2 μg g−1 dw) of simazine were
found in two soil samples that had not received simazine in
our experiment. These samples represented previously ex-
posed soils from the Lahti City Gardens.

When soil origin and previous exposure were not consid-
ered in the statistical analysis, soil moisture at day 0 correlat-
ed with simazine concentration at day 65 (r=−0.85,
p<0.0005), and soil moisture at day 65 correlated with
simazine concentration at day 65 (r=−0.65, p=0.018). Soil
nitrate concentration correlated negatively with simazine
concentration at day 65 (r=−0.68, p=0.002). However, there
was also a correlation between soil nitrate concentration and
soil moisture (Day 0: r=0.74, p<0.005; Day 65: r=0.56,
p=0.015). No other correlations were found between the
measured physicochemical soil characteristics (p>0.10).

3.2 Microbiological results

PCR with atzB primers ended up in blank gels at day 0. At day
110, bands became visible in four soil samples (Fig. 2); all three
preexposed and experimentally contaminated mesocosms and
one pristine and experimentally contaminated mesocosm from
Villa Tapanila indicated the presence of bacteria harboring an

Table 2 The effects of previous simazine exposure and soil type on simazine concentration on day 65 in a full-factorial ANCOVA model

Factor MS F df p

Corrected model 63.8 7.6 9 0.004

Intercept 2.9 0.4 1 0.6

Initial concentration 1.6 0.2 1 0.7

pH 3.2 0.4 1 0.6

Organic matter 5.7 0.7 1 0.4

Moisture (Day 65) 8.0 1.0 1 0.4

Previous exposure 84.5 10.1 1 0.01

Soil origin 15.9 1.9 2 0.2

Interaction Previous exposure × Soil type 12.2 1.5 2 0.3

Error 8.4 8

Fig. 1 Simazine concentrations
(in micrograms per gram dw,
mean±SD) in spiked 10-l
buckets at days 0 and 65.
Abbreviations are in Table 1
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atzB degrader gene. No bands became visible in pristine soil
samples that we had not spiked with simazine. If we included
the response of soil bacterial DNA to atzB gene primers into
our ANCOVA model, the effect of the response on simazine
degradation was almost significant (p=0.07). When we exclud-
ed soil origin and previous exposure from the analysis, a
positive response of soil bacterial DNA to atzB gene primers
was associated with the remaining simazine concentrations at
day 65 (t=3.9, df=16, p=0.001).

In the DGGE analysis, the use of universal primers
resulted in an equally strong smear in all samples, i.e., a
high, undistinguishable number of bands. Individual frag-
ments could not be detected, even though different voltage
and longer gels were tested in DGGE, indicating a bacterial
community with a high diversity in all samples.

4 Discussion

The results of our study support the hypothesis that previous
exposure advances the degradation of an anthropogenic s-
triazine regardless of soil origin. This underlines the major
role of previous contamination history in the adaptation of
soil microbial communities to biodegradable chemical
stressors (Morán et al. 2006; Morgante et al. 2010); soil
bacteria are serving as adapting organisms and organic con-
taminants are the novel but potentially utilizable stressors
(Sinkkonen et al. 2010). The positive response to atzB gene
primers is in accordance with the hypothesis that the bacteria
carrying degrader genes are selected under contaminant ex-
posure (van Veen et al. 1997). An aspect that requires further
testing is whether multi-trophic consequences of simazine
exposure are similar in previously exposed versus pristine
soils (Rohr et al. 2007). Nevertheless, the results of this study
are valuable when the importance of previous exposure is
evaluated in bioremediation of s-triazine contaminated soils
(De Souza et al. 1998; Hamer and Marschner 2002; Devers
et al. 2005).

As our study consisted of three separate soil collection
sites and three independent sampling plots within every
field, we were able to separate the consequences of soil
origin from the effect of previous exposure (Webster 2007).
In previous terrestrial studies, the aim has been different, the
number of within-site or between-site replicates has been
smaller, or abiotic soil characteristics, at least soil moisture,
have been standardized before microcosm experiments (e.g.,
Rhine et al. 2003; Morán et al. 2006; Chelinho et al. 2010).
In field studies, on the other hand, it has not been possible to
exclude the effects of major abiotic soil characteristics in
statistical testing (McGee et al. 1995; Webster 2007). Even
though mesocosm studies have been quite common in aque-
ous environments (Sapozhnikova et al. 2009), our study aids
to fill the gap between field sampling and ecologically less
heterogeneous microcosm studies in terrestrial environments
(Lima et al. 2009; Chelinho et al. 2010).

If simazine degradation is estimated visually (see Fig. 1),
there seems to be a remarkable difference in simazine deg-
radation between Villa Tapanila and the other two soil ori-
gins. In Villa Tapanila soils, simazine degradation was more
rapid in buckets containing previously exposed soil as com-
pared to buckets containing pristine soil, while there seems
to be hardly any (Piikkiö) or even an inverse difference
(Lahti City Gardens) in simazine degradation between pre-
viously exposed and pristine buckets in case of the other two
soils. Often this kind of visual impressions may only refer to
differences caused by covariates, like moisture and initial
simazine concentration. In our study, initial (day 0) simazine
levels look higher in pristine Lahti City Gardens soils as
compared to previously exposed Lahti City Gardens soils
(see Fig. 1), and abiotic soil characteristics were not the same
in pristine and previously exposed Piikkiö soils (see Table 1).
Even more, there was variation in these covariates at the
within-site level, as can be seen from the standard deviations
in Table 1 and Fig. 1. Notably, always when soil moisture
(day 0 or day 65) and initial simazine concentration were
included in an ANCOVA model, previous exposure was the

Fig. 2 Response of different soil samples to AtzB gene primers at days
0 and 110 in PCR. Left: All previously exposed and spiked replicates of
Villa Tapanila (VT) had a positive response. Right: A single pristine and

spiked replicate had a positive response. The other soil origins are not
shown as the response to atzB gene primers was always negative
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only significant factor. However, when soil moisture was not
included in the analysis as a covariate, the ANCOVA model
showed soil origin and the interaction previous exposure ×
soil origin as significant factors explaining simazine degra-
dation. In other words, when random noise caused by initial
simazine concentration and soil moisture was taken into
account, previous exposure did enhance simazine degrada-
tion in our non-homogenized (not sieved, no moisture stan-
dardization) mesocosms, but when the noise caused by abi-
otic covariates was not taken into account, simazine degra-
dation only depended on soil origin. This supports the view
on the importance of soil moisture and other abiotic soil
characteristics affecting the degradation of simazine, but it
does not defeat the result that previous contamination history
affected simazine degradation regardless of soil origin. As
our statistical model took into account also initial simazine
levels, we were able to distinguish the effect of previous
exposure in a way that is not possible in microcosm exper-
iments where abiotic soil properties, such as soil moisture,
have been standardized before the experiment.

Our counterintuitive result that previous exposure en-
hances simazine degradation despite the lack of a universal
visual effect (see Fig. 1) has implications on attempts to use
bioaugmentation (inoculation with microorganisms) and
biostimulation (enhancement of abiotic growth conditions)
in the remediation of recently contaminated field soils. If the
degradation of simazine depends on abiotic covariates, the
decrease of simazine concentrations in previously contami-
nated field soils may not always be faster than the decrease in
newly contaminated field soils. Instead, despite the acceler-
ating effect of previous exposure, abiotic conditions seem to
have a crucial role in simazine degradation in heterogeneous
environments, such as mesocosms and in situ remediation.
Hence, contact with previously exposed soil may not result
in distinguishably faster degradation in a pristine soil as
compared to intact pristine soils if these have more favorable
abiotic conditions for contaminant degradation (Koivula et
al. 2004; Kauppi et al. 2012; Sinkkonen et al. 2013).

In our study, the positive response to atzB gene primers was
restricted to previously exposed and spiked Villa Tapanila
mesocosms (see Fig. 2), indicating a strong role of the atz
pathway in simazine degradation. Even though we could not
find a statistically significant connection between simazine
concentrations at day 65 and the positive response of soil
bacterial DNA to atzB gene primers (day 110) in our
ANCOVA models (p value was 0.07), the positive response
to atzB gene primers explained simazine degradation in a t test
that obviously did not include soil origin and previous expo-
sure. It is possible that previous exposure enhances simazine
degradation if and only if specific degradation genes are pres-
ent in soil microbial community. To conclusively prove or
disprove this, future studies should contain a high number of
replicates at the site level, i.e., several fields should be included,

each of which contains at least three sampling points (see
Section 2).

The positive response of soil microbial community to
atzB gene primers in four simazine-spiked samples at day
110 together with negative responses to atzB gene primers in
all non-spiked control samples at day 110 indicate that the
atz pathway was present in at least some of the soils. As the
response to atzB gene primers was negative in all samples at
day 0, it is likely that bacteria carrying these genes became
enriched during the experiment in the presence of simazine.
Presuming that the selected sites have not been treated with
simazine after the ban of the compound in 2002 in Finland,
we assume that heterotrophic bacterial communities can
retain a genetic capacity to degrade anthropogenic chemical
stressors for several years if the stressor can also be utilized
as a nutrient or a carbon source. Interestingly, as visible
difference between spiked and non-spiked mesocosms could
not be distinguished in our DGGE analysis (data not shown),
simazine degraders appear not to have been dominant strains
in the total microbial community.

We also found that soil nitrate concentration was nega-
tively correlated with the remaining simazine levels which is
in contrast with previous knowledge that simazine is a poor
carbon but a more competitive nitrogen source for soil mi-
croorganisms (García-González et al. 2003; Saijaphan et al.
2010). As we also found a correlation between moisture and
nitrate levels in our soils, we assume that the observed
negative correlation between soil nitrate level and simazine
degradation is related to the connection between moisture
and nitrate levels in our experiment. Therefore, we do not see
a reason to doubt earlier findings that nitrogen scarcity
enhances the degradation of s-triazines (Abdelhafid et al.
2000).

5 Conclusions

Our findings have implications on practical soil remediation
attempts. As discussed above, biostimulation may be of
utmost importance. Supposing that the central requirements
for microbial growth are adequate, the mixing of previously
exposed soil into recently polluted soil could serve as a
strategy to spread the degradation genes of s-triazines into
pristine but recently contaminated soils. This strategy might
speed up the degradation and thus minimize the risks for
severe environmental hazards. A similar strategy has en-
hanced the degradation of other organic contaminants, such
as diesel oil and polyaromatic hydrocarbons (Joner et al.
2004; Kauppi et al. 2012).

In our terrestrial mesocosm experiment, simazine degra-
dation depended on previous exposure and the response of
soil bacterial community to atzB gene primers. Importantly,
our statistical analysis took into account the crucial roles of
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soil moisture and initial simazine concentration, which is not
typical for degradation studies as those environmental vari-
ables tend to be made uniform. This highlights the difference
between our bucket-scale experiment and more often pub-
lished microcosm scale studies. Our results aid to fill a gap
between field observations and microcosm studies in terres-
trial environments, and they support the hypothesis that
previous exposure enhances the degradation of s-triazines,
presuming that abiotic conditions favor microbial activity,
and that degradation genes are present.
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