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ABSTRACT: Pesticide transport from seed dressings toward subsurface tile drains is still poorly understood. We monitored the
neonicotinoid insecticides imidacloprid and thiamethoxam from sugar beet seed dressings in ﬂow-proportional drainage water
samples, together with spray applications of bromide and the herbicide S-metolachlor in spring and the fungicides epoxiconazole
and kresoxim-methyl in summer. Event-driven, high ﬁrst concentration maxima up to 2830 and 1290 ng/L for thiamethoxam and
imidacloprid, respectively, were followed by an extended period of tailing and suggested preferential ﬂow. Nevertheless, mass
recoveries declined in agreement with the degradation and sorption properties collated in the groundwater ubiquity score,
following the order bromide (4.9%), thiamethoxam (1.2%), imidacloprid (0.48%), kresoxim-methyl acid (0.17%), S-metolachlor
(0.032%), epoxiconazole (0.013%), and kresoxim-methyl (0.003%), and indicated increased leaching from seed dressings
compared to spray applications. Measured concentrations and mass recoveries indicate that subsurface tile drains contribute to
surface water contamination with neonicotinoids from seed dressings.
KEYWORDS: neonicotinoids, seed dressing, sugar beet, drainage water, subsurface tile drains, leaching, preferential ﬂow

■

INTRODUCTION
Neonicotinoids are a group of insecticidally active compounds
acting on the insect central nervous system as agonists of the
nicotinic acetylcholine receptors. This class of compounds was
introduced in 1990 with imidacloprid as the ﬁrst commercially
available compound.1 Since then, several compounds have been
introduced and have gradually replaced organophosphorous
and carbamate insecticides in many areas.2 Today, neonicotinoids comprise the largest insecticide group with an estimated
market share of 27% based on sales value (Agranova cited in
Sparks and Nauen).1
Due to their systemic properties, neonicotinoids have found
widespread application as seed dressings. Growing plants take
up variable amounts of the applied insecticide (between 2 and
20% in the case of imidacloprid),3 which is distributed to all
plant parts, thus providing long-lasting protection against
chewing and sucking insects. As some of the neonicotinoids are
quite persistent in soil and water, a substantial portion of
insecticide not absorbed by the crop may accumulate in soil
and/or be transported to groundwater and surface water.4 A
summary from 29 studies in 9 countries worldwide showed that
neonicotinoids occur in a variety of surface waters at
concentrations well above environmental quality standards,
frequently >1 μg/L.5
In Europe, the application of products containing clothianidin, imidacloprid, and thiamethoxam was restricted because
authorities were convinced that a risk to pollinators could not
be excluded for some of the approved uses.6 In particular,
products containing these substances can no longer be
employed on crops that are attractive to bees. This also applies
to seed treatment uses on oilseed rape and corn. However,
© XXXX American Chemical Society

European Union (EU) authorities are committed to reviewing
the restrictions in 2015−2016.7
Pesticide inputs to surface waters from agricultural use may
occur via spray drift during application and via surface runoﬀ
and drainage. Occurrence of neonicotinoids that are primarily
used as seed dressings (e.g., clothianidin) in surface waters
indicates that subsurface tile drains may be an important input
pathway for these substances.8 Studies on pesticide transport
via subsurface drains to surface waters in Europe were recently
collated by Brown and van Beinum.9 All of the 23 reviewed
studies dealt with substances applied to soil or crops via aerial
application, and it thus seems that much less is known on the
transport of substances applied as seed dressings.
Therefore, the goal of our study was to investigate the
transport of the neonicotinoid insecticides imidacloprid and
thiamethoxam from sugar beet (Beta vulgaris L.) seed dressings
to subsurface tile drains during the growing season by
monitoring their concentrations in the drainage water. The
study also included clothianidin, which is not only an active
substance itself but also a soil metabolite of thiamethoxam.10
Sugar beet was selected for this study as it is so far not aﬀected
by the use restrictions for imidacloprid and thiamethoxam.
Bromide and S-metolachlor, which were applied immediately
before and after seeding, respectively, were used as conservative
and reactive tracers to allow for a direct comparison of
transport via tile drains between surface-applied (diﬀuse
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m above the soil surface, air temperature, relative humidity, global
radiation and actual hours of sunshine at 2 m above the soil surface,
and wind speed at 10 m above the soil surface. The data were
integrated to daily values. The reference potential evapotranspiration,
ETref (mm/day), for a well-watered, short grass cover with an albedo
of 0.23 was calculated by a submodule of the HYDRUS-1D software
package16 using the Penman−Monteith combination equation.17 The
model’s default values were used to calculate net radiation from solar
radiation in the proposed equations. The evapotranspiration for a crop
under standard conditions, ETc (mm/day), is calculated as Kc ETref,
where Kc (−) is the crop coeﬃcient. We used FAO-recommended Kc
values (Figure S2).18
Sugar Beet Cultivation and Pesticide Application. The
experimental ﬁeld was plowed on November 15, 2013, and it
remained uncropped. A spray application of the water tracer bromide
took place on March 14, 2014. The soil was harrowed to a depth of 5−
10 cm on March 19, immediately before the treated and pilled sugar
beet seeds of the varieties Ribera (Syngenta, Dielsdorf, Switzerland)
and Amalia (KWS Einbeck, Germany) were sown at 2-cm depth in
alternating rows (50-cm rows, 18-cm interplant distance). The Ribera
and Amalia seeds were treated with the neonicotinoids thiamethoxam
and imidacloprid, respectively. S-Metolachlor was sprayed on March
21 as a pre-emergence herbicide. The sugar beet leaves emerged on
April 7. Additional herbicides for weed control were sprayed on April
15 and June 3. The fungicides kresoxim-methyl and epoxiconazole
were sprayed on July 17 in the middle of a 5-day period with no
rainfall. All spray applications were performed using a 15-m wide spray
bar mounted on a tractor. The application rates are summarized in
Table 1 and comply with good agricultural practice. Table S2 provides
a complete list of pesticides applied during the cultivation of the sugar
beets. The sugar beets were harvested on October 29 by a fully
automated harvester from Holmer, yielding 6.8 × 104 kg/ha of beets
and 8.7 × 103 kg/ha of leaves (fresh weight). The ﬁeld was plowed on
November 3 and harrowed on November 4 for a seedbed preparation
of the succeeding crop winter wheat (Triticum aestivum) that was sown
on the same day.
Drainage System and Water Sampling. Drainage collection
tubes are located at depths of 80−100 cm below the soil surface
(Figure 1). Lateral drainage tubes lead into a main tube with an inner
diameter of 15 cm. The main tube was equipped with an ISCO
sampler 6712 with a 730 bubbler module from Teledyne (Lincoln, NE,
USA) to collect drainage water samples proportional to the ﬂow rate.
An artiﬁcial irrigation experiment revealed that 1040 m2 of the cropped
area actually contributed to drainage ﬂow (see the Supporting
Information).

source) and seed-applied (point source) substances under
otherwise identical conditions. Transfer via tile drains of the
fungicides epoxiconazole and kresoxim-methyl, which were
applied later in the growing season, was also studied up to the
harvest of sugar beet and subsequent tillage of the experimental
plot. In particular, we were interested in whether transfer to tile
drains diﬀered qualitatively (timing, temporal evolution) or
quantitatively (loss per drainage event and cumulative loss).

■

MATERIALS AND METHODS

Study Site. The experimental site is located in Zürich-Aﬀoltern,
Switzerland (47°25′45″ N; 8°30′53″ E), at an altitude of 444 m above
sea level. The treated ﬁeld amounted to 100 × 44 m2 (Figure 1) and

Figure 1. Scheme of the experimental ﬁeld site.
was cropped with sugar beets. The site showed a gentle slope between
1 and 2° from northeast to southwest. The soil is classiﬁed as a gleyic
Cambisol according to the World Reference Base for Soil Resources.11
Selected soil properties are given in the Supporting Information
(Table S1). The mean annual precipitation is 1054 mm, and the mean
annual temperature is 9.4 °C for this region, determined for the period
1981−2010.12 The site has previously been used to study the
environmental fate of mycotoxins13,14 and isoﬂavones.15
Meteorological and Evapotranspiration Variables. A local
weather station (Zürich/Aﬀoltern, operated by MeteoSwiss) is situated
at a distance of 300 m from the test site. The station records several
meteorological variables at 1-h intervals, including precipitation at 1.5

Table 1. Flux-Averaged Concentrations and Recovered Masses of the Target Substances Detected in Drainage Water of the
Experimental Field
ﬂux-averaged concentration (ng/L)
classa

application rate
(g/ha)

March 19−July
21

Jul 21−Oct
29

March 19−Oct
29

Oct 29
(harvest)

bromide
imidacloprid
thiamethoxam
clothianidinb

WT
I
I
M, I

19800
50
33.4
nac

540000
174
292
11

83800
5.7
7.2
7.6

215000
54.1
89.3
9.2

99635
25.0
41.3
2.73

S-metolachlor

H

450

78

14.6

32.7

15.1

epoxiconazole
kresoxim-methyl
kresoxim-methyl
acid

F
F
M

225
125
na

9.2
1.3
63

10.8
0.97
46.6

3.01
0.44
20.6

target substance

mass recovery (%)d

mass (mg)
Nov 16
123375
25.7
41.7

Oct 29
(harvest)

Nov 16

4.85
0.482
1.19
0.092e

6.00
0.495
1.20

15.9

0.032

0.034

4.85
0.44
21.0

0.013
0.003
0.166e

0.021
0.003
0.169e

a

WT, water tracer; I, insecticide; H, herbicide; F, fungicide; M, metabolite. bClothianidin, as a metabolite of thiamethoxam, was evaluated up to the
sowing of spring oat on Aug 21, which was treated with the active substance clothianidin. cna, not applicable, because compound is a metabolite.
d
Recovered mass divided by applied amount, calculated on the basis of application rates and a drainage relevant surface area of 1040 m2 eParent
equivalents.
B
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Drainage water was sampled from March 19 to November 16, 2014.
A subsample of 180 mL was taken every 0.5 m3 (from April 10 to
September 3) or every 1.0 m3 (remaining time). Sample-averaged
drainage ﬂow rates were calculated as the ratio of sampling volume and
sampling time interval. Five subsamples were combined and collected
in the sampler into a 1-L plastic bottle, which was, after stirring,
transferred on the ﬁeld into a glass bottle within 3 days. The samples
were stored at 4 °C and processed further within 2 weeks to analyze
the target substances (see below). The ﬁeld records showed no use of
the target substances in the three years before the ﬁeld study.
Analysis of the Drainage Water. Detailed descriptions of the
analytical methods are given in the Supporting Information. In short,
the drainage water samples (400 mL) were ﬁltered and spiked with an
internal standard solution, containing D3-clothianidin, D4-imidacloprid, and D3-thiamethoxam, for analyses of the neonicotinoids. The
samples were extracted on preconditioned Bond Elut Plexa solid phase
extraction cartridges and eluted with ethyl acetate. The eluate was
reduced to dryness and dissolved in 400 μL water/methanol 80:20 (v/
v). The analytes were separated by HPLC and detected by multiple
reaction monitoring with a Varian 1200L mass spectrometer. The limit
of detection (LOD) and the limit of quantiﬁcation (LOQ) were,
respectively, 0.4 and 1.4 ng/L for clothianidin, 0.2 and 0.7 ng/L for
thiamethoxam, and 0.1 and 0.5 ng/L for imidacloprid. For the analysis
of the herbicide and the fungicides, ﬁltered drainage water samples
were spiked with an internal standard solution containing 13C6metolachlor, D6-tebuconazole, and dimoxystrobin. Water samples (1
mL) were analyzed without further pretreatment by online solid phase
extraction coupled to HPLC, and the analytes were detected by
multiple reaction monitoring with an API 4000 triple-quadrupole mass
spectrometer. The LOD and LOQ were, respectively, 1 and 2 ng/L for
S-metolachlor, 1 and 3 ng/L for epoxiconazole, 5 and 10 ng/L for
kresoxim-methyl, and 2 and 7 ng/L for kresoxim-methyl acid. Bromide
was analyzed by ion chromatography with a LOD and LOQ of 0.014
and 0.027 mg/L, respectively. All drainage water samples showed no
detectable concentrations of the target substances before sowing or
spraying.

Figure 2. Measured ﬁeld data for the period of March 19 (seeding) to
November 16, 2014, showing (a) the precipitation intensity, the
cumulative precipitation, and the cumulative potential evapotranspiration of the sugar beets, ETc, and vertical step plots of the sampleaveraged drainage ﬂow rate (b) as a function of time and (c) as a
function of cumulative amount of drainage. The length of each
horizontal straight line denotes the actual sampling time. Note the
log10 transformation of the ordinate in panels b and c. The gray-shaded
areas highlight a 2-month period from May 19 to July 21 with only
minor drainage events and the period after harvest with three distinct
drainage events, respectively.

■

RESULTS AND DISCUSSION
Precipitation and Evapotranspiration. Figure 2a shows
the precipitation measured at the nearby meteorological station.
The seeding of the sugar beets on March 19 was preceded by a
period of 15 days with no rainfall. The ﬁrst rain event occurred
on March 22−23 and amounted to 20.3 mm, followed by a
second event on April 5−8 of 21.7 mm. Other prolonged
periods with no signiﬁcant rainfall ranged from May 24 to June
22 and from September 2 to 19 with in total 11.7 and 6.6 mm
of precipitation, respectively.
Precipitation amounted to 700 mm from seeding to harvest
(777 mm until November 16, Figure 2a). The long-time
averaged precipitation (1981−2010) for the period March 1
until November 30 amounted to 853 mm.12 For the year 2014,
the same period was drier by 17% than the long-time average.
During this period, rainfall intensities >10 and >20 mm/day
were observed on 26 and 7 running days, respectively, with a
maximum of 56 mm/day on September 21. The estimated
potential crop evapotranspiration, ETc, amounted to 406 mm
until harvest (409 mm until November 16, Figure 2a; see also
the Supporting Information). Note that the actual ETc will
most likely be lower than the potential ETc because the soil will
not be able to sustain the required atmospheric water demand
(potential ETc) when the soil surface becomes too dry.
Drainage Hydrograph. Figure 2b shows the drainage
hydrograph and the cumulative amount of drainage volume,
which amounted to 460.5 and 581.5 m3 until October 29
(harvest) and November 16 (end of sampling), respectively. A
water mass balance over the growing season including

precipitation, evapotranspiration, and drainage water discharge
revealed a drainage eﬃciency of 61%, assuming a drainagerelevant area of 2600 m2 (see the Supporting Information).
The observed general hydrodynamic behavior complied with
the ﬁndings of earlier studies performed at the same ﬁeld.13−15
The hydrograph showed a fast response to rainfall events, but
drainage was only triggered when the soil was wet. The number
of distinct rainfall events was, therefore, larger than the number
of drainage events. There was no continuous base ﬂow in the
tile drain, but ﬂow ceased after longer periods with no or only
little precipitation. Sample-averaged drainage ﬂow rates ranged
from 3.7 × 10−4 to 2.78 L/s (median = 0.198 L/s). The peak
ﬂow rates occasionally exceeded the hydrological capacity of the
water sampling device (2.0 L/s) after July 21, thereby
invalidating the ﬂow-proportional sampling. However, this
artifact was not too severe for the overall mass balance of the
target substances, owing to their low concentrations during
these occasions (see below), with the exception of the peak
concentration of the fungicides.
Drainage ﬂow rates varied over time as a consequence of the
transient nature of the precipitation and evapotranspiration
ﬂuxes at the soil surface. As it is the net inﬁltration of water that
C
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Figure 3. Breakthrough curves (vertical step plots) to the tile drains of (a) the water tracer bromide, (b) the neonicotinoids thiamethoxam, including
its major metabolite clothianidin, and (c) imidacloprid, (d) the herbicide S-metolachlor, and the fungicides (e) kresoxim-methyl, including its major
metabolite kresoxim-methyl acid, and (f) epoxiconazole for the period from March 19 to November 16, 2014. Dashed lines represent the limit of
quantiﬁcation. Note the sowing of spring oat treated with clothianidin on the neighboring ﬁeld on August 21. The gray-shaded areas highlight a 2month period from May 19 to July 21 with only minor drainage events and the period after harvest with three distinct drainage events, respectively.

trations observed from March 19 to May 19, the rain events
from May 19 to July 21 lasted much longer (25% of the total
experimental duration, see also Figure S4), but amounted to
only 4% (23.5 m3) of the total drainage discharge. Hence,
whereas the declines of the peak concentrations in the ﬁrst time
period likely were caused by elution, as the available pesticide
pool for desorption was getting smaller, the decline in the later
time period was probably additionally aﬀected by transformation in the bulk matrix. Nevertheless, a decline of the
peak concentration occurred irrespective of ﬂow rate.
Strong, positive correlations were found between the
concentrations of the active substances (Spearman’s rank
correlation coeﬃcient, ρ, ranged from 0.80 to 0.93) and only
moderate, positive correlations between bromide and the active
substances (ρ ranged from 0.50 to 0.77; see Figure S5,
Supporting Information) for the period with high concentration
peaks (from March 19 to May 19). The end of this period
(cumulative drainage = 131.5 m3) was marked by a 52.4 mm
rainfall event on July 20−22. This rainfall event caused a
distinctive decrease in concentrations down to values around
the LOQ and marked the beginning of a period with
substantially lower concentrations for the spring-applied target
substances (bromide < 0.2 mg/L, neonicotinoids < 20 ng/L,
and S-metolachlor < 30 ng/L).
Clothianidin was already detected above the LOD in the ﬁrst
drainage sample only 6 days after sowing. As expected for a
metabolite, the concentration of clothianidin increased over
time up to a maximum of 53 ng/L on May 15 and declined
thereafter. The concentrations of the metabolite clothianidin
ranged from 1 to 32% compared to its parent compound
thiamethoxam, and both exhibited a strong, positive correlation
(ρ = 0.80) for the period from March 19 to July 21 (see Figure

drives the downward movement of solutes and not time, we
transformed the time axis to interpret the breakthrough of the
pesticides and bromide. Figure 2c shows the equivalent time
axis represented by the cumulative amount of drainage, where
long periods with low drainage ﬂuxes are condensed and short
periods with high ﬂuxes are expanded. The 18 days after
harvest, for example, generated as much drainage volume (121
m3) as the ﬁrst 76 days (June 2) after sowing, where the ﬁrst
two rain events generated hardly any drainage ﬂow.
Concentrations in the Drainage Water. The breakthrough curves in the tile drains after transformation of the
abscissa from time to cumulative drainage are shown in Figure
3 (see the Supporting Information, Figure S4, for breakthrough
curves against time). Bromide (0.08 mg/L), thiamethoxam (0.9
ng/L), and S-metalochlor (15.8 ng/L) were already detected
above the LOQ in the ﬁrst water sample (4.0 m3) on March 25.
Imidacloprid was ﬁrst detected in the third water sample (4.4
ng/L) after 9.0 m3 drainage volume. For all active substances,
the maximum concentration was measured on April 30
(cumulative drainage 24 m3) after the ﬁrst intense rain event
(61.5 mm from April 25 to May 3 with a peak intensity of 4.6
mm/h on April 30), with 2830 ng/L for thiamethoxam, 1290
ng/L for imidacloprid, 712 ng/L for S-metolachlor, and 4.51
mg/L for bromide. Note that in this study, two sugar beet
varieties with diﬀerent seed dressings were grown in alternating
rows, thereby decreasing the application rate and, consequently,
the concentrations in drainage water for the individual
neonicotinoids by a factor of 2 compared to normal agricultural
practice.
During the period of investigation from March 19 to July 21,
we observed several cases of high peak concentrations for all
substances. In contrast to the occasional peaks in concenD
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Table 2. Literature Data on Freundlich’s Distribution Coeﬃcient, KF,OC, and Field-Determined Dissipation Half-Life Value,
DT50, for the Active Substances and Metabolites under Investigation in the Field Experiment
active substance or metabolite
clothianidin

KF,OC (mL/g)
a

160 (84, 345)

DT50 (days)

thiamethoxam

68.4a (32.5, 237)

imidacloprid
S-metolachlor
kresoxim-methyl
kresoxim-methyl acid
epoxiconazole

225a (109, 411)
189a (61, 369)
308a (219, 372)
23.1g
1073a (280, 2647)

GUSh

source

i

30

156b,e (13.3, 305)
32b (7, 109)
31.2c,d (7.1, 92.3)
71c,d,e (27 ,180)
30 (6, 49)
DT90 <1 day
8.8 (4, 26)c,d,e
226 (86, 649)c,d,e,f

pesticide manual
PPDB31
pesticide manual30
Hilton et al.32
EFSA33
pesticide manual30
EFSA21
EFSA21
EFSA34

leaching potential

3.9 (1.6, 5.2)

high

3.3 (1.4, 5.1)

high

3.1 (2.0,
2.5 (1.1,
<0.1
2.5 (2.5,
2.3 (1.1,

high
moderate
extremely low
moderate
moderate

4.4)
3.7)
3.7)
4.4)

a
Arithmetic mean. bMedian. cGeometric mean. dNormalized to a reference temperature of 20 °C. eNormalized to a reference moisture content of
pF = 2. fDegradation was measured in the laboratory. gFor alkaline soils. Kresoxim-methyl acid shows pH-dependent sorption, with KFOC-values
varying from 17 to 109 mL/g (pH(H2O) 5.4−8.5). hGroundwater Ubiquity Score. A classiﬁcation system to assess the leaching potential of
pesticides to the groundwater based on dissipation and adsorption properties. The values in parentheses were calculated for a combination of worstcase values of KF,OC and DT50. iValues in parentheses denote minimum, maximum.

substances were all found on July 22, with 350 ng/L for
epoxiconazole, 90 ng/L for kresoxim-methyl, and 2980 ng/L
for kresoxim-methyl acid. The most mobile target substance
related to the fungicide application thus reached the highest
concentrations. In contrast to the much more persistent
epoxiconazole, kresoxim-methyl acid was detected only up to
3.5 weeks (August 11 or cumulative drainage 259 m3) after
application, due to its shorter half-life.
After harvest, plant residues at the experimental site were
redistributed into the soil by plowing on November 3 and
subsequent seed bed preparation. Three distinct drainage
events were observed (Figures 2c and 3) during the 2 weeks
after tillage. The ﬁrst rain event of 26 mm after harvest caused a
pronounced dilution of all substances, to concentrations
generally below the LOD. This may be explained either by
the creation of new sorption sites owing to the tillage operation,
which leads to a better incorporation of residual pesticides into
the soil matrix, or by a fast rise of less contaminated
groundwater as a response to rainfall. The clothianidin
concentration pattern, which originated from the spring oat
in the uphill area that was still cropped during that time, did not
show this distinctive feature. A smaller second rain event of 17
mm was superseded by an event of 29 mm, which caused, after
numerous nondetects before plowing, a simultaneous increase
of imidacloprid, epoxiconazole, and kresoxim-methyl acid above
the LOQ to maximum concentrations of 22, 12, and 64 ng/L,
respectively. The residence time in the soil was much shorter
for the fungicides compared to imidacloprid, owing to their
later application in July. Thiamethoxam and S-metolachlor did
not show this increase in concentration, especially in the third
postharvest drainage event. This may be explained by the
shorter dissipation half-life values of these two substances
compared to imidacloprid and, thus, with the largest depletion
of mass.
Mass Recovery in the Tile Drains. As a mobile water
tracer, bromide had the highest recovery in the drainage water
of all target substances (Table 2), but its total recovery was still
low (∼5%). Approximately 60% of the rainwater was used by
the crop (Figure 2a), and 25% of the rainwater was captured by
the tile drains (see Drainage-Relevant Area in the Supporting
Information). Kohler et al.19 found bromide recoveries of 11%
in the tile drains for a similar region 9 months after a summer
application. For diﬀerent tillage systems, Fortin et al.20 reported
bromide recoveries of 3−10% in the tile drains at the harvest of

S5, Supporting Information). In the succeeding period until
August 21 (cumulative drainage 285 m3), especially the
concentrations of thiamethoxam were substantially lower and
the correlation between the concentrations weakened (ρ =
−0.10, see Figure S6, Supporting Information), leading to a
concentration range of 8−620% for clothianidin relative to
thiamethoxam.
Starting with the drainage water sample of September 21
(cumulative drainage = 301 m3), the concentrations of
clothianidin increased unexpectedly to a maximum concentration of 2210 ng/L and remained high until the end of the
experiment. Spring oat (Avena sativa), the seeds of which were
treated with clothianidin, was unintentionally and without prior
consultation sown as an intertillage on the neighboring, uphill
ﬁeld (see Figure 1) with an estimated application rate of 58−
77.5 g/ha on August 21. This ﬁeld drained, at least partially,
into the tile drain that was equipped with the sampler. The
unintended application of clothianidin as an active substance
conﬁrmed that (i) neonicotinoids used as seed dressing leach
into drainage systems and that (ii) the sampling area of the tile
drains equipped with the drainage sampler exceeded the
cropped area with sugar beets. This means that the
concentrations of the target substances were diluted to some
extent by drainage ﬂow from the neighboring ﬁeld (by a factor
of 3 at most, see the Supporting Information). However, this
dilution has no consequences for mass balance calculations as
long as the measured concentrations are above the LOQ. As
shown in Figure 3, concentrations of all measured substances
except metolachlor were below the LOQ on some occasions.
Nevertheless, when the maximum concentrations where the
vast majority of the mass entered the tile drains are compared
to those LOQ values, it is evident that the possible contribution
at these time points to the overall mass balance is very small
and that the possible error due to omitting this mass is in the
range of <0.1%.
The application of the fungicides on the cropped ﬁeld
conﬁrmed, at least qualitatively, the ﬁndings of the seed
dressing and spray applications in spring. Although classiﬁed as
a substance with an extremely low leaching potential (Table 2),
kresoxim-methyl was detected in the drainage water during the
ﬁrst rainfall event after application. Kresoxim-methyl acid and
epoxiconazole with very contrasting mobilities (high and low,
Table 2) were both detected in the ﬁrst drainage water sample
after application. The concentration maxima of these target
E
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corn (Zea mays L.) 6 months after a May application on ﬁelds
near Québec City, Canada.
Thiamethoxam and imidacloprid had the highest mass
recoveries in the drainage water of the applied pesticides,
with 1.2 and 0.48%, respectively. The load of S-metolachlor in
the tile drains (15.1 mg) was lower than those of thiamethoxam
and imidacloprid (41.3 and 25.0 mg, respectively; Table 1),
although its application rate was 9 (imidacloprid) or 13.5
(thiamethoxam) times higher. This resulted in a much lower
recovery of 0.032% for S-metolachlor, which ﬁts well in the
range (0.01−0.12%) reported by Fortin et al.20
Figure 4a shows the relative cumulative mass for the target
substances applied in spring, which is deﬁned as the cumulative

clothianidin as a metabolite was consistently below that of
bromide with a much less pronounced curvature (ﬁrst phase in
Figure 4b). It might be that clothianidin was not yet formed in
suﬃcient quantities to generate a sharp increase during the ﬁrst
main leaching event, as was observed for the other substances.
Nevertheless, the mass recovery of clothianidin as a metabolite
was 13% of the recovery of the parent thiamethoxam (0.09%
parent equivalents vs 1.2%) on September 4 shortly before the
breakthrough of clothianidin from the treated spring oat.
Sugar beet plants acted as sink for bromide with an estimated
uptake of 37% of the applied amount upon harvest, primarily in
the leaves (Supporting Information, Figure S3d). This amount
can potentially be released into the soil after harvest. In
contrast, the leaves accumulated <0.1% of the neonicotinoids
(Supporting Information, Table S6). No speciﬁc measurements
were available for the herbicide and the fungicides, but
kresoxim-methyl acid is expected to be nondetectable in plant
parts upon harvest.21 The short period after harvest contributed
an additional 1.15% to the mass recovery of bromide in the tile
drains. Although bromide may have been released to some
extent from the leaves, it is very likely that the tillage operations
remobilized bromide and the pesticides from regions with
impeded water ﬂow. This hypothesis was supported by the,
although less pronounced, increase of mass for the more
persistent substances imidacloprid, epoxiconazole, and kresoxim-methyl acid.
Preferential Flow. For bromide, event-driven, early ﬁrst
concentration maxima, followed by an extended period of
tailing, are strong indications for preferential ﬂow.22 Also, the
observation that all substances, irrespective of their physicochemical properties (Table 2), quickly appeared in the tile
drains and simultaneously reached the overall highest
concentration during the ﬁrst ﬂush, supports the hypothesis
of preferential ﬂow and transport.23,24 The convex upward
curvature of the relative cumulative mass of the target
substances hinted also at preferential ﬂow. The curvature was
less pronounced for clothianidin, which might be a
consequence of the fact that it was mainly formed in the soil
matrix.
The major mass fraction, however, was captured by the tile
drains after the ﬁrst ﬂush, in a manner that was determined by
the compound’s physicochemical properties, as is conﬁrmed by
a positive trend between mass recoveries of the pesticides and
metabolites, and their literature-based groundwater ubiquity
score (GUS) values (Table 2 and Figure 5). This is a screening
methodology to classify the leaching potential of pesticides to

Figure 4. Relative cumulative mass as a function of the cumulative
amount of drainage water for the period from March 19 to harvest on
October 29, 2014, for (a) the neonicotinoids thiamethoxam and
imidacloprid and the herbicide S-metolachlor, (b) clothianidin as a
metabolite of thiamethoxam and applied as an active substance (spring
oat), and (c) the fungicides epoxiconazole and kresoxim-methyl,
including its main metabolite kresoxim-methyl acid. Bromide is shown
as a reference compound.

mass in the tile drains as a function of the cumulative drainage
and scaled by the total mass recovery at harvest (Table 1).20 All
curves had a convex upward shape with a steep initial increase.
The ﬁrst main leaching event occurred at the end of April, and
this ﬁrst ﬂush already transported 30−40% of the recovered
mass into the drains. For both neonicotinoids, ∼95% of the
recovered mass reached the tile drains by July 21 (cumulative
drainage = 133.5 m3) compared to ∼70% for bromide and Smetolachlor. The initial steep increase of the relative cumulative
mass for clothianidin as an active substance (second phase in
Figure 4b) as well as the curves for the fungicides (Figure 4c)
indicates the same leaching behavior as observed for the active
substances applied in spring. In contrast, the curve for

Figure 5. Mass recovery in the tile drains as a function of its leaching
potential, based on the groundwater ubiquity score (GUS). Symbols
are GUS values based on average values for adsorption and
degradation, and lines indicate the range of possible GUS values,
based on their best-case/worst-case values. The areas with extremely
low and very high leaching potentials are marked in gray.
F
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soil water upon sowing and, consequently, from transformation.
The germinating shoot then fractured the seed pill and the
neonicotinoids were (partially) available for contact with soil
water, transformation, and transport. Thus, we assume that Smetolachlor experienced more favorable conditions for transformation than the neonicotinoids before the ﬁrst main
leaching event at the end of April, which led to less pronounced
diﬀerences in ﬂux-averaged concentrations for the leaching
period before and after July 21.
The diﬀerent mode of application aﬀects the local
concentration in the soil water, which is directly related to
mobility. The neonicotinoids were, at least initially, concentrated around the seeds. Their local concentration in the soil
water is much higher compared to the situation where the same
amount of mass would have been applied over the entire soil
surface. For pesticides, the adsorption behavior can generally be
described by a nonlinear adsorption isotherm with a convex
upward curvature, such as the Freundlich isotherm with an
exponent <1. For this case, mobility increases with increasing
local concentration.29 Apart from slow release formulations, the
application as seed dressing tends to higher local concentrations in the soil water and thus to an enhanced mobility (see
the Supporting Information for a quantitative example). The
larger mass recoveries in the drainage water during the early
stage of the ﬁeld experiment conﬁrmed an enhanced leaching
for the neonicotinoids (∼90 and 66% of total mass recovery for
the neonicotinoids and S-metolachlor, respectively, 2 months
after sowing).
Signiﬁcance of Tile Drains for Neonicotinoid Input to
Surface Waters. This study convincingly showed that
subsurface tile drains may contribute to the contamination of
surface waters with neonicotinoids from seed dressings,
especially for a ﬁeld site that was prone to preferential ﬂow
and transport. The concentration patterns of the target
substances revealed strong indications for this ﬂow phenomenon, regardless of a spring or summer application. On the one
hand, event-driven, early ﬁrst concentration maxima were
followed by an extended period of tailing; on the other hand,
fast ﬁrst arrival times and simultaneous concentration maxima
were observed, irrespective of the physicochemical properties.
However, the physicochemical properties still determined the
total amount of leaching, irrespective of preferential ﬂow.
Although large parts of the ﬁlter and buﬀer capacity of the soil
were bypassed owing to preferential ﬂow, fresh supply of the
target substances came from the bulk soil matrix. Otherwise,
the preferential ﬂow pathways would soon have been depleted
of substances.
The ﬁrst ﬂush generated the highest concentrations in the
drainage water, resulting in the highest (short-term) exposure,
which is related to the risk to aquatic organisms. For the
neonicotinoids, about 90% of the total mass recovery in the tile
drains was released into the aquatic environment within the
ﬁrst 2 months after sowing, whereas 4 months after sowing, the
ﬂux-averaged concentration in the drainage water was <10 ng/
L.
On the basis of the physicochemical substance properties as
combined in the GUS value, a higher mass recovery in the tile
drains was predicted for the neonicotinoids (point source)
compared to S-metolachlor (diﬀuse source). The ﬁeld experiment conﬁrmed this expectation. Nevertheless, the fairly high
recoveries of the neonicotinoids hinted at the possibility that
point source applications as with seed dressings have a higher
leaching potential compared to diﬀuse (spray) applications. On

the groundwater based on dissipation and adsorption properties.25,26 The GUS is calculated as log10(DT50) × (4log10(KOC)), where DT50 is the time at which 50% of the
applied mass was dissipated and KOC is the distribution
coeﬃcient normalized by the organic carbon content. These
general ﬁndings also concur with observations made in earlier
tile drain studies for the same ﬁeld.13−15
According to Hendrickx and Flury, preferential ﬂow
comprises “all phenomena where water and solutes move
along certain pathways, while bypassing a fraction of the porous
matrix”.27 This includes (i) macropore ﬂow along structural
features, such as root channels, earthworm burrows, or cracks;
(ii) a lateral redirection of water along textural boundaries
(funnel ﬂow); and (iii) unstable ﬂow, which mainly occurs in
coarse textured materials. Although preferential ﬂow in
macropores takes place for all solutes irrespective of their
physicochemical properties, subsurface transport initially occurs
in a more chromatographic way in the so-called attractor zone.
This zone presumably comprises the plow layer excluding the
part that was harrowed. In this zone, degradation and sorption
processes determine solute transport dynamics (for details, see
Flü hler et al.28). The relevance of sorption was also
demonstrated by the higher mass recovery for the more mobile
thiamethoxam compared to imidacloprid, despite its shorter
half-life. Seedbed preparation (harrowing), however, additionally homogenized the soil in the upper 5−10 cm of the plow
layer and disrupted any existing macropores. Hence, harrowing
facilitated not only chromatographic-like conditions for
pesticide transport that follows sorption processes but also a
relatively uniform water ﬂow regimen. This regimen enabled a
downward movement of the neonicotinoids, which were
applied as a point source with a relatively scarce seed density
of 5.6 seeds/m2 for each variety.
Seed Dressing versus Spray Application. Leaching
behavior of the pesticides toward the subsurface tile drains
cannot solely be explained by diﬀerences in the physicochemical properties. It is, for example, questionable whether the 15fold lower mass recovery of S-metolachlor compared to
imidacloprid, which have roughly the same adsorption
properties, can be caused by an approximately 2-fold faster
degradation. Furthermore, the ﬂux-averaged concentrations for
the high concentration period (from March 19 to July 21 or
cumulative drainage = 0−133.5 m3) were reduced by factors of
41 and 31 for thiamethoxam and imidacloprid, respectively, and
by a factor of only 5.3 for S-metolachlor compared to the low
concentration period (from July 21 to October 29 or 133.5−
462.5 m3, Table 1). These factors of reduction, however, were
not correlated with literature values of ﬁeld-averaged DT50
values (Table 2). S-Metolachlor, for example, is degraded more
rapidly than the neonicotinoids, but exhibits the lowest
reduction in ﬂux-averaged concentration.
The mode of application was the main diﬀerence between
the neonicotinoids (seed dressing, point source) and Smetolachlor (spray application, diﬀuse source) and may aﬀect
degradation and sorption (or mobility). S-Metolachlor was
sprayed on March 21, 2 days after the seed bed preparation on
bare soil. Two ∼20 mm rainfall events 1−2 and 15−18 days
after application ensured a downward movement away from the
soil surface and most likely favorable moisture conditions for
transformation. In contrast, the neonicotinoids were applied as
point sources with the sugar beet seeds (5.6 seeds/m2) at 2 cm
below the soil surface. The ﬁnal varnish coating of the seed pills
most likely prevented the neonicotinoids from contact with the
G
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13067−13075.
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(16) Šimůnek, J.; Šejna, M.; Saito, H.; Sakai, M.; van Genuchten, M.
T. The HYDRUS-1D Software Package for Simulating the Movement of
Water, Heat, And Multiple Solutes in Variably Saturated Media, Version
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movement to tile drains under different cropping practices. J. Environ.
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the one hand, seed dressings are less aﬀected by losses due to
wind drift or photodegradation, in contrast to conventionally
applied pesticides; on the other hand, less favorable conditions
prevail for degradation in the pill shortly after the application,
and an enhanced mobility results as a consequence of higher
local concentrations and nonlinear sorption behavior.
S-Metolachlor, which is one of the few available, preemergent herbicides registered for use in sugar beets, proved to
be a less than ideal marker to compare transport to tile drains
from seed dressings and spray applications. Even though from
the point of view of mobility, it is in the range of that of the
neonicotinoids, its lower half-life in soil probably led to much
lower mass recovery in tile drains due to the unusually long
time span from application to the ﬁrst drainage event.
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Physical and chemical soil properties

Table S1. Selected physical and chemical properties of the soil at the experimental
test site.
Depth
(cm)

Soil
horizon

Particle size distribution
(% by weight)a

pH b

Corg c

Bulk
density

Sand

Silt

Clay

(CaCl2)

(%)

(g/cm3)

0−29

Ahp

35

37

28

7.0

1.89

1.23

29−42

Bg

35

32

33

7.2

1.71

1.63

42−80

Bgg

36

39

25

7.2

0.77

1.63

80−100

BCgg

32

50

18

7.7

0.23

1.36

>100
Cgg
21
66
13
7.8
0.06
1.37
a Pipette method (sand 64 µm−2 mm, silt 2−64 µm, clay < 2 µm). Soil was oven-dried and sieved to
2 mm prior to analysis;
b pH was measured in a suspension of soil (1 g) and 0.01 M CaCl2 solution (5 mL);
c Total organic carbon content, Corg, was calculated from the organic matter content divided by 1.72.
The organic matter content was determined via potentiometric titration of humic substances in
aqueous medium.

2

Drainage-relevant area

An artificial irrigation experiment was performed on four 25 m × 25 m bare sub-plots in
the upper part of the cropped area in the late summer of 2012 (Figure S1) to test the
functionality of the tile drains and assess the surface area cropped with sugar beets
that contributed to drainage flow. The sub-plots were irrigated individually with an
intended irrigation flux density of 5−6 mm/h during 4 to 6 hours to establish a steadystate drainage flow rate.
No drainage at all was observed from the sub-plots on both edges. For the other
two sub-plots, under the assumption that evaporation was negligible, 31 and 52% of
the applied irrigation volume at steady state was recorded. Additionally, 15 and 2% of
the applied irrigation volume at steady state were recorded by another sampler (lower
sampler in Figure S1), which did not participate in the current pesticide transport
experiment. For the two sub-plots in the middle with a total surface area of 50 m × 25
m, 41.5% of the irrigation water was recorded by the upper sampler and 8.5% was
recorded by the lower sampler, while 50% of the irrigated water was not detected. This
is in line with the findings of Kohler et al.1 for a similar region. The missing volume most
likely bypassed the drainage collection tubes, either as groundwater flow or as lateral
flow over the dense B-horizon (Table S1), owing to the rather high irrigation flux
2

densities of 5−6 mm/h during several hours. This flux density was at the higher end for
the measured hourly rain intensities during the growing season of the sugar beets, with
1% (40 values) ≥ 3 mm/h. Only during 15 individual hours the rain intensity was > 5.5
mm/h (maximum 15.9 mm/h).
For the calculation of the drainage-relevant area, it is essential to assign the 50%
of the irrigated water that was not detected by the samplers. Under the assumptions
that this amount was completely assigned to either the lower (2 × 25 m × 25 m × 0.415)
or the upper sampler (2 × 25 m × 25 m × (0.415 + 0.5), a range of possible areas (5201140 m2) can be estimated. Since we consider it as most likely that the missing water
contributed to the drainage area of both samplers proportional to their water recoveries
(2 × 25 m × 25 m × (0.415 + 0.415)), we used a drainage-relevant area of 1040 m2 for
further calculations.

Figure S1. Scheme of the experimental field site.
The tile drains partly exceeded the cropped area. Uncontaminated water from
outside the cropped area diluted the concentrations of the target substances. An
estimation of the contribution of the uphill site to the drainage volume can be made
based on simple water balance calculations. A total drainage volume of 461 m3 was
collected in our field study between seeding and harvest of the sugar beets. We
assumed that an equal volume was not detected by the sampler based on the irrigation
3

experiment (Vtotal = 922 m3). For the period of concern, the precipitation amounted to
700 mm and the potential crop evapotranspiration estimated using the FAOrecommended Penman-Monteith combination equation2 amounted to 485 and 354 mm
for the test site cropped with sugar beets and for the uphill site cropped with winter
wheat and spring oat, respectively (see below). Net infiltration is at most 700 mm (no
evapotranspiration) and at least 215 and 346 mm (maximum evapotranspiration) for
the test site and the uphill site, respectively. Under the assumptions that water storage
in the soil profile did not change and the areal contribution to groundwater recharge is
constant over time, the range of the drainage area for the uphill site varied from 280 to
2020 m2 for no and maximum evapotranspiration, respectively. Since the artificial
irrigation experiment revealed a drainage-relevant area of 1040 m2 for cropped area,
the uncontaminated drainage water from the uphill site caused a dilution of the
concentrations in the tile drains by a factor between 1.3 and 3.
However, maximal dilution will be less, since the maximum (or potential)
evapotranspiration rate might be restricted by the soil hydraulic properties, which
cannot sustain the required flux under dry soil conditions (e.g. from June 15−22). Equal
increases in net infiltration for the test site and the uphill site of 50, 100, and 150 mm,
as a consequence, will reduce the drainage-relevant area for the uphill site to 1630,
1330, and 1090 m2, respectively. The water balance, including the net infiltration, can
be better assessed by a numerical model for unsaturated flow in soil.

4
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Potential crop evapotranspiration

Crop coefficients, Kc (-), were estimated based on the agricultural management of the
site. The test site was fallow prior to the seeding of sugar beets on March 19, 2014
(emergence April 7). The sugar beets were harvested on October 29. For the uphill
site, winter wheat was sown on November 15, 2013 (emergence December 1), was
harvested on July 29, and succeeded by spring oat, which was sown on August 21
(emergence September 4). Typical values for the crop coefficients were assigned to
the initial stage, the mid-season stage, and harvest, with linear interpolations in
between.3 We used a crop coefficient of 0.4 for fallow (ploughed) land (Figure S2ab).

Figure S2. Temporal dynamics of the crop coefficients, Kc, for (a) the test site cropped
with sugar beets and for (b) the uphill site, (c) the reference potential evapotranspiration, ETref, and (d) the cumulative amount of the potential crop
evapotranspiration, ETcrop.
The reference potential evaporation, ETref (mm/d), was calculated for a well-watered,
short grass cover with an albedo of 0.23 using the Penman-Monteith combination
equation (Figure S2c). The evapotranspiration for a crop under standard conditions,
ETcrop (mm/d), is calculated as 𝑲c ETref , amounting to 485 and 354 mm for the test site
(sugar beets) and the uphill site, respectively (Figure S2d). The drainage water
sampler sampled water from both the test site cropped with the sugar beets and the
uphill site. Figure S2d also shows the cumulative reference evapotranspiration for the

5

case that the drainage-relevant area of the uphill site is by a factor of 1.5 larger than
the drainage-relevant area for the test site (total drainage area 2600 m2).

4

Pesticide application procedure

The pesticide application strategy during the sugar beet growing season in 2014 is
given in Table S2. None of the target substances were detected (<LOD) in drainage
water samples just before seeding of the sugar beets. The treated and pilled sugar
beet seeds of the varieties Ribera (Syngenta, Dielsdorf, Switzerland) and Amalia (KWS
Einbeck, Germany) were sown at 2 cm depth in alternating rows (50 cm rows, 18 cm
interplant distance) on March 19, 2014. The Ribera and Amalia seeds were treated
with the neonicotinoids thiamethoxam and imidacloprid, respectively. In addition, all
sugar beet pills also contained the fungicides thiram and hymexazol. The Ribera seeds
were also treated with the insecticide tefluthrin. S-metolachlor was sprayed as a preemergence herbicide on March 21. The herbicides metamitron, ethofumesate,
phenmedipham and desmedipham were applied on April 15 and June 3 for weed
control. The fungicides kresoxim-methyl, epoxiconazole and fenpropimorph were
applied on July 17.
Table S2. Pesticide application procedure during the cultivation of the sugar beets.
Name a

Classb

Mode of
applicationc

Date of
application
in 2014
Imidacloprid
I
SD
March 19
Thiamethoxam
I
SD
March 19
Thiram
F
SD
March 19
Hymexazol
F
SD
March 19
Tefluthrin
I
SD
March 19
S-metolachlor
H
S
March 21
Metamitron
H
S
April 15, June 3
Ethofumesate
H
S
April 15, June 3
Phenmedipham
H
S
April 15, June 3
Desmedipham
H
S
April 15, June 3
Kresoxim-methyl
F
S
July 17
Fenpropimorph
F
S
July 17
Epoxiconazole
F
S
July 17
a Bold: target substances analyzed in the drainage water samples;
b I = insecticide; F = fungicide; H = herbicide;
c S = spraying; SD = seed dressing;

Applied
amount
[g ha-1]
50
33.4
45
200
45
450
1050/1050
172.5/172.5
125.5/125.5
22.5/22.5
125
3000
225

Analyzed
(drainage/plant)
yes/yes
yes/yes
no/no
no/no
no/no
yes/no
no/no
no/no
no/no
no/no
yes/no
no/no
yes/no
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5
5.1

Analysis of the drainage water samples
Chemicals

Ammonium acetate (LC-MS ultra grade), formic acid (LC-MS ultra grade) and
neonicotinoid standards (clothianidin, D3-clothianidin, imidacloprid, D4-imidacloprid,
thiamethoxam, D3-thiamethoxam) were purchased from Sigma-Aldrich (Buchs,
Switzerland). Metolachlor and D6-tebuconazole were obtained from Dr. Ehrenstorfer
(Augsburg, Germany).

13C -metolachlor
6

was purchased from Cambridge Isotope

Laboratories (Tewksbury, USA). Kresoxim-methyl acid was purchased from Toronto
Research Chemicals (TRC, Toronto, Canada). Epoxiconazole and dimoxystrobin were
obtained from BASF (Basel, Switzerland). Potassium bromide (99%) was delivered
from Alfa Aesar (Heysham, United Kingdom). Methanol, acetonitrile and ethyl acetate
were HPLC grade from Scharlau (Sentmenat, Spain). Water was purified before use
with a Milli-Q Gradient A10 apparatus from Millipore (Molsheim, France).
5.2

Analysis of bromide

Bromide was analysed by ion chromatography with a limit of detection (LOD) of 0.014
mg/L and a limit of quantification (LOQ) of 0.027 mg/L.
5.3

Analysis of neonicotinoids

The drainage water samples (400 mL) were filtered over glass fiber filters MN 85/90
BF 55mm (Macherey-Nagel, Oensingen, Switzerland), weighed and poured into a 1 L
conical shoulder bottle. After addition of deuterated internal standards (50 µL)
containing D3-clothianidin, D4-imidacloprid, and D3-thiamethoxam (concentration of
each substance, 0.8 mg/L), the bottle was swivelled gently. Bond Elut Plexa solid
phase extraction cartridges (200 mg, 6 mL; Agilent, Santa Clara, CA) were
preconditioned with 4 mL methanol, 4 mL water/methanol 50:50 (v:v) and 4 mL water,
consecutively. After percolating the sample over the cartridge (total percolation time, 2
h), the solid phase was washed with 5 mL water and the remaining water was removed
by the aid of vacuum for 5 minutes. The analytes were eluted with 4 mL ethyl acetate,
which at the beginning had to be forced into the resin with a slight overpressure,
collected in a conical reaction vial (Supelco, Bellefonte, PA) and reduced to dryness
under a gentle stream of compressed air at 45°C. After addition of 400 µL
water/methanol 80:20 (v:v) into the reaction vial and vortexing (15 secs), the extract
was transferred into an autosampler vial and ready to analyze.
7

Analytical separation of the extracted analytes was performed by high
performance liquid chromatography on a ProStar HPLC system (Varian, Walnut Creek,
CA) using a Ultra Aromax column (50 x 2.1 mm, 3 µm, Restek, Bellefonte, PA) with
eluents A: water / methanol 95:5 (v:v) and B: water / methanol 5:95 (v:v). Both eluents
contained 3 mM ammonium acetate and 3 mM formic acid. Over a stainless steel loop
20 µL extract was injected by a constant flow rate of 0.2 mL/min with the following
gradient: 0 min 35% B, 1.5 min 35 % B, 9 min 80% B, 9.25 min 100% B, 11.75 min
100% B, 12.00 min 35% B, 15.0 min 35% B. Detection of the analytes was made on a
Varian 1200L mass spectrometer (Walnut Creek, CA) in electrospray positive ion mode
by multiple reaction monitoring. Instrument settings and mass transitions for analytes
and deuterated internal standards are listed in Table S3.
Table S3: Settings of the Varian 1200L mass spectrometer.
Mass spectrometer
Main gas
Drying gas
Nebulizing gas
ESI needle
Detector

5.8 bar
1.24 bar, 200°C
3.0 bar
4000 V
1500 V

Analytes

Mass transition (collision energy)

Clothianidin
D3-Clothianidin
Thiamethoxam
D3-Thiamethoxam
Imidacloprid
D4-Imidacloprid

249.9 → 131.9 (-12eV)
249.9 → 168.9 (-9eV)
253.0 → 131.8 (-12eV)
253.0 → 172.0 (-9eV)
292.0 → 131.8 (-18eV)
292.0 → 213.9 (-9eV)
295.0 → 131.8 (-18eV)
295.0 → 213.9 (-9eV)
256.0 → 175.0 (-15eV)
256.0 → 209.0 (-12eV)
260.0 → 178.9 (-15eV)
260.0 → 213.0 (-12eV)

Qualifier
Quantifier
Qualifier
Quantifier
Qualifier
Quantifier
Qualifier
Quantifier
Qualifier
Quantifier
Qualifier
Quantifier

Detector response was linear from 1 to 500 ng/L. Results from recovery experiments
with spiked (analyte and internal standard) drainage water samples are listed in Table
S4.
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Table S4: Quality control parameters for method and instrument.
Unit
Clothianidin Thiamethoxam Imidacloprid
Ion suppression
%
26
24
19
Absolute recovery b
%
97
95
97
c
Relative recovery
%
102
103
102
Method precision (n=5) d
%
3–8
2–4
3–7
Instrument precision (n=5) e
%
2–3
3
3–4
Breakthrough SPE analyte f
%
0.5 – 2.8
0.7 – 2.9
0
f
Breakthrough SPE internal standard
%
0.7 – 2.7
1.5 – 3.9
0
Limit of detection (ng/L)
ng/L
0.4
0.2
0.1
Limit of quantification (ng/L)
ng/L
1.4
0.7
0.5
a Ion suppression: Ratio of the slopes of the respective calibration curves with matrix matched standard
and standard in purified water;
b Absolute recovery: Ratio of the slopes of the respective calibration curves of analyte spiked before
solid phase extraction (SPE) and matrix matched standard;
c Relative recovery: Ratio of the slopes of the respective calibration curves of the analyte and internal
standard spiked before SPE and the curve matrix matched standard (analyte and internal standard);
d Method precision (relative standard deviation for multiple extraction and analysis of the same sample),
given a range with highest and lowest precision for measurements at 25 ng/L, 250 ng/L, and 500
ng/L. The evaluation included the internal standard;
e Instrument precision (relative standard deviation for multiple analyses of the same extract, low: 25
ng/L, medium: 250 ng/L, high: 500 ng/L). The evaluation included the internal standard;
f Breakthrough SPE: extraction of samples from 400 to 1000 ng/L over two SPE cartridges stacked one
on top of the other and with subsequent elution and quantification of each single cartridge.
Breakthrough values were obtained as recovery values of the analyte in the second cartridge;
g Limit of detection: signal to noise is 3 to 1;
h Limit of quantification: signal to noise is 10 to 1 in mass transition used for quantification.
a

The stability of the analytes in drainage water samples was tested in ISCO plastic
bottles (1L) and in green glass bottles (1 L) at refrigerator temperatures (4°C) and field
conditions (5 up to 55°C). Slow degradation and/or sorption (imidacloprid: 5%,
thiamethoxam: 11%) or production (clothianidin: 2%) were observed in the plastic
bottles after storage of 14 days under field conditions, whereas the analytes remained
stable in glass bottles at 4°C for at least 21 days. Based on these results, drainage
samples were decanted at the field site into glass bottles usually within three days after
collection. They were stored at 4°C and were processed within two weeks.
5.4

Analysis of S-metolachlor and fungicides

To analyze S-metolachlor, kresoxim-methyl, kresoxim-methyl acid and epoxiconazole,
filtered drainage water samples (9 mL) were transferred to 10-mL autosampler vials
and spiked with an internal standard solution (50 µL of a methanolic solution containing
40 ng/mL

13C -metolachlor,
6

D6-tebuconazole, dimoxystrobin). The analytes were

separated on a Gemini NX RP18 column (2 x 150 mm, 5 µm, Phenomenex, Torrance,
9

CA) using a HPLC 1100 Series system (binary pump, micro-vacuum degasser from
Agilent, Palo Alto, CA) and a HTS PAL autosampler (CTC Analytics, Zwingen,
Switzerland). 1 mL of sample was injected and transferred with an auxiliary HPLC
pump (Jasco PU-980, Omnilab, Mettmenstetten, Switzerland) to a pre-column
cartridge (2 stacked Gemini NX securityGuard cartridges; 3 x 4 mm; particle size, 5
µm; Phenomenex, Torrance, CA). The analytes were then eluted from the cartridge
pre-column to the analytical column by the flow from the gradient HPLC pump. The
HPLC conditions were as follows: eluent flow rate, 0.2 mL/min, eluent A, purified water
containing 0.1% formic acid; eluent B, methanol containing 0.1% formic acid; gradient
elution 0 min 10% B, 1 min 60% B, 11 min 100% B, 14 min 100% B, 14.5 min 10% B,
20 min 10% B. The HPLC column was connected to an API 4000 triple quadrupole
mass spectrometer (Applied Biosystems, Foster City, CA) equipped with a turbo ion
spray (TIS) source operated in positive ion mode (ion spray voltage, 4.5 kV, 550°C)
and multiple reaction monitoring (MRM) with the ion transitions listed in Table S5.
The LOD (signal to noise ratio of all ion transitions > 3) and LOQ (S:N of quantifier
mass transition > 10) were 1 resp. 2 ng/L for S-metolachlor, 1 resp. 3 ng/L for
epoxiconazole, 5 resp. 10 ng/L for kresoxim-methyl, and 2 resp. 7 ng/L for kresoximmethyl acid.
Table S5: MRM mass transitions and corresponding instrument settings used for
quantification and confirmation of S-metolachlor and fungicides and the corresponding
internal standards on the API 4000 mass spectrometer.
Analytes
Retention
Mass transition
Collision Declustering
time (min)
Energy
Potential
Metolachlor
9.9
284.1 → 252.1
22
40
Quantifier
284.1 → 176.1
36
40
Qualifier
13C6-Metolachlor (IS)
9.9
290.1 → 258.2
22
40
Quantifier
290.1 → 182.1
36
40
Qualifier
Kresoxim-methyl
10.4
314.1 → 116.0
17
55
Quantifier
314.1 → 235.2
19
55
Qualifier
Kresoxim-methyl acid
10.7
300.1 → 116.0
30
40
Quantifier
300.1 → 192.2
10
40
Qualifier
Dimoxystrobin (IS)
10.3
327.2 → 205.1
15
57
Quantifier
327.2 → 116.0
30
57
Qualifier
Epoxiconazole
9.8
330.1 → 121.1
30
61
Quantifier
330.1 → 100.9
70
61
Qualifier
D6-Tebuconazole (IS)
10.6
314.1 → 72.0
49
59
Quantifier
314.1 → 125.0
51
59
Qualifier
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6
6.1

Plant uptake of the neonicotinoids and bromide
Neonicotinoids

Randomly chosen sugar beet plants were collected on May 9 and June 17 (1 plant of
Ribera and Amalia variety), July 9 (2 × Amalia), July 18 (1 × Ribera), and August 20 (1
× Amalia). The Ribera variety was treated with thiamethoxam and Amalia with
imidacloprid. After collection, the plants were stored at -18°C in the freezer for 24
hours and subsequently homogenized in a Knife-Mill GM200 (Retsch, Haan, Germany)
as an entire plant (May 9 and June 17) or leaves and root tuber separately (other
dates). The samples were processed by a QuEChERS method described in Lehotay
et al.4 The resulting extracts were evaporated to complete dryness, dissolved in 400
µL of water/methanol 80:20 (v:v), and analysed in quadruplicates by liquid
chromatography tandem mass spectrometry.
6.2

Bromide

Sugar beet plants were collected on June 17 (2×3 plants), July 9 (2×1 plant), July 18
(1 plant), August 20 (1 plant), and October 2 (2×1 plant) for the bromide analysis. The
plant samples were divided into leaves and root tuber and either chopped with a knife
(June 17 and October 2 samples), or blended with a food processor. The plant samples
were stored at -18 °C. Upon analysis, the samples were thawed and oven-dried at
60°C during 69 hours. Bromide was extracted from the plants following the method
described by Kohler et al.1 as follows. The oven-dried plant materials were ground and
a subsample (1 g) was shaken in a trichloroacetic acid solution (0.5%). The extracts
were then filtered, diluted with distilled water (tenfold) and analyzed for bromide by ion
chromatography.
6.3

Neonicotinoid and bromide uptake by sugar beet plants

Figure S3a-c shows the mass recovery of the neonicotinoids in the whole sugar beet
plant (root and leaves) 51, 90, 112/120 and 154 days after sowing. Mass recoveries
for all substances were calculated from the measured (averaged) content in one plant
and the known number of seeds sown on the experimental field (55600 per ha for the
varieties Ribera and Amalia each). For clothianidin, the recovery was calculated from
the applied rate of thiamethoxam with a conversion for molar mass.
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Figure S3. Mass recovery in the sugar beet plant for (a) thiamethoxam, (b) its
metabolite clothianidin, expressed as thiamethoxam equivalents, (c) imidacloprid, and
(d) bromide. The sugar beet variety Amalia was treated with imidacloprid and Ribera
with thiamethoxam.
Based on the measured concentrations, the plants were only a minor sink for
neonicotinoids with respect to the total mass applied to the field, showing mass
recoveries < 1% from day 51 after seeding onwards. However, it should be noted that
actual uptake might be higher, depending on the impact of plant metabolism. The
absolute content of thiamethoxam (max. 2.0 g per plant) and clothianidin (max. 4.2
g per plant) in the variety Ribera and imidacloprid (max. 7.5 g per plant) in the variety
Amalia declined during this time. The variety Ribera, which is treated with
thiamethoxam, predominantly accumulated its main metabolite clothianidin. It
remained unclear, whether clothianidin was mainly taken up by the roots or was
metabolized in the plants.
In the beginning, the plants accumulated only the neonicotinoid from their own
seeds. However, low amounts of thiamethoxam (max. 0.094 g per plant) and
clothianidin (max. 0.45 g per plant) were detected with time in the variety Amalia and
imidacloprid in the variety Ribera (max. 0.077 g per plant) due to the lateral
displacement of the substances and steadily growing roots. This clearly showed that
sugar beet plants were able to extract soil water containing neonicotinoids, which were
released half a meter away.
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Table S6. Mass recoveries with standard error of the mean where applicable for the
different substance applied to the experimental fields in 2014 relative to the applied
mass on the drainage-relevant, cropped area.
Mass recoveries [%] for each sampling date in 2014
May 9

June 17

July 9

July 18

Aug 20

Oct 2

0.831

0.380

-

n.a.

-

n.a.

Imidacloprid

Plant

(Amalia)

Leaves

-

-

0.019±0.008

n.a.

0.030

n.a.

Tuber

-

-

0.020±0.005

n.a.

0.048

n.a.

0.326

0.067

n.a.

-

n.a.

n.a.

Leaves

-

-

n.a.

0.010

n.a.

n.a.

Tuber

-

-

n.a.

0.010

n.a.

n.a.

Clothianidin

Plant

0.809

0.394

n.a.

-

n.a.

n.a.

(Ribera)

Leaves

-

-

n.a.

0.096

n.a.

n.a.

Tuber

-

-

n.a.

0.028

n.a.

n.a.

Leaves

n.a.

1.80±0.34

4.10±0.27

4.4

10.7

24.2±11.2

< 0.77 b

1.0±1.0

Thiamethoxam Plant
(Ribera)

Bromide

Tuber
n.a.
0.35±0.12 0.08±0.08
< 0.27 b
a n.a. = not analysed;
b Bromide concentration in the extract was below the limit of detection.

Bromide uptake by plants is a well-documented process.5 In our trial, the mass
recovery of bromide in the sugar beet plants increased from 2% of the applied amount
on June 17 to 25% on October 2 (Table S6). Bromide accumulated primarily in the
leaves. We did not analyze bromide in the plants at harvest, but an extrapolation using
a second-order polynomial fitted to measurements resulted in an estimated uptake of
37%. This is somewhat lower than the bromide recovery of 50% in the sugar beet
plants found by Kohler et al.1 upon harvest, who had applied the bromide much earlier
(August 23, 1995) than the sowing of the sugar beets (March 30, 1996) in their trial.
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7

Temporal dynamics of the concentrations in the drainage water

Figure S4. Breakthrough curves to the tile drains as a function of time of the water
tracer bromide, the neonicotinoids thiamethoxam, including its major metabolite
clothianidin, and imidacloprid, the herbicide S-metolachlor, and the fungicides
epoxiconazole and kresoxim-methyl, including its major metabolite kresoxim-methyl
acid for the period from March 19 to November 16, 2014.

14

8

Correlations between concentrations in the drainage water

High peak concentrations were measured in the drainage water for bromide and all
active substances from March 19 to July 21, with much lower concentrations
afterwards. Figures S5 and S6 show the correlations between the log10-transformed
concentrations, Cw, in the drainage water of the target substances for the high and low
concentration period, respectively.

Figure S5. Correlations between the log10-transformed concentrations, Cw, in the
drainage water of the various substances for the high concentration period between
March 19 and July 21, expressed by Pearson's correlation coefficient, r, and the
Spearman's rank order correlation coefficient, . All coefficients showed a statistically
significant relationship between the two variables (p<0.001). Bromide concentration is
expressed in mg/L, other substances in ng/L.
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Figure S6. Correlations between the log10-transformed concentrations, Cw, in the
drainage water of the various substances for the low concentration period between
July 22 and October 29 (harvest), expressed by the Pearson's correlation coefficient,
r, and the Spearman's rank order correlation coefficient, . The coefficients in bold
showed no statistically significant relationship between the two variables (p>0.05).
Note that for clothianidin only measurements up to September 3 were considered,
which were unaffected by sowing of spring oat with a clothianidin dressing. Bromide
concentration is expressed in mg/L, other substances in ng/L.
For the high concentration period, strong positive correlations were found,
especially between the active substances themselves (Pearson's correlation
coefficient r = 0.75−0.96; Spearman's correlation coefficient  0.82−0.93) and to a
lesser extent between bromide and the organic substances (r = 0.49−0.79;  =
0.49−0.77). Note that Pearson's linear correlation coefficient is more sensitive to
16

outliers, such as concentrations < LOD, than Spearman's rank correlation coefficient.
A likely explanation for the lower correlations between bromide and the organic
substances is the much higher mobility of bromide.
The correlations between the concentrations deteriorated for the low
concentration period, starting on July 22. No statistically significant correlations were
found for this period, except for weak correlations between thiamethoxam and both
bromide and S-metolachlor, and except for a moderate positive and negative
correlation between the metabolite clothianidine and both imidacloprid (r = 0.74;  =
0.77) and S-metolachlor (r = −0.73;  = −0.72), respectively.
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9

Concentration-dependent mobility

In the following, an instantaneous partitioning of a pesticide between the soil solution
and the solid phase is assumed, which can be described by the Freundlich sorption
1/𝑛

isotherm 𝐶𝑠 = 𝐾𝐹 𝐶𝑤 , where Cs (g/g) and Cw (g/mL) are the concentration in the
solid and liquid phase, respectively, KF (g1-1/nmL1/n/g) is a distribution coefficient, and
1/n (-) is the Freundlich exponent. Then, the retardation of a pesticide can be
expressed as 𝑅 = 1 +

1

𝜌b 1
𝜃

−1

𝐾 𝐶 𝑛 , where R (-) is the retardation factor of a pesticide
𝑛 F w

relative to the movement of water, b (g/cm3) is the bulk density of the soil, and 
(cm3/cm3) is the volumetric water content. Thus, the retardation factor, and
consequently mobility, is concentration-dependent and R increases with decreasing
concentration in the liquid phase. The mass balance equation of a pesticide in a volume
of soil is given by 𝐶𝑡 = 𝜌𝑏 𝐶𝑠 + 𝜃𝐶𝑤 , where Ct (g/mL) is the total pesticide mass per
volume of soil. After application, the local concentration in this volume of soil decreases
by dilution and degradation.
To assess the effect of sorption nonlinearity on mobility, the retardation factor
was calculated for the situation that the pesticide was homogeneously applied to the
upper 1 cm of the soil profile. The unknown concentration in the liquid phase was
iteratively calculated by solving the mass balance equation for given compound
properties (KF and 1/n) and soil properties (b=1.5 g/cm3,  =0.25 cm3/cm3, Corg=2%).
The compound properties were KF,OC=189 g1-1/nmL1/n/g and 1/n=0.89 for Smetolachlor6, 7, KF,OC=225 g1-1/nmL1/n/g and 1/n=0.80 for imidacloprid,8 and KF,OC=68
g1-1/nmL1/n/g and 1/n=0.88 for thiamethoxam6, 9, where 𝐾F,OC = 𝐾F ⁄𝑓𝑜𝑐 is the Freundlich
distribution coefficient normalized to the fraction of the soil`s total organic carbon
content, fOC (-). The results for an areal spray application are listed in Table S7.
Table S7. Retardation factors of the herbicide S-metolachlor and the neonicotinoids
imidacloprid and thiamethoxan for an areal application. The values are presented for
the actual application rate and for a tenfold dilution.
Compound
S-metolachlor
Imidacloprid
Thiamethoxam

Rate
(g/ha)
450
50
33.4

Areal application rate
Ct
Cw
R
(-)
(g/cm3) (g/cm3)
4.50
0.7359
21.9
0.50
0.0377
42.6
0.334
0.1154
10.3

Areal application rate × 0.1
Ct
Cw
R
(-)
(g/cm3) (g/cm3)
0.450
0.05600
28.7
0.050
0.00214
74.8
0.0334
0.00866
13.7
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Only a moderate increase in the retardation factor is estimated for S-metolachlor
after a tenfold dilution (R=38 after a hundredfold dilution). The results for a spray
application of the neonicotinoids is given for reasons of comparison. The largest
increase in the retardation factor for imidacloprid after dilution is caused by the highest
degree of sorption nonlinearity (lowest 1/n-value).
The results for a seed treatment are listed in Table S8. The expected, much
higher local concentrations resulted in lower retardation factors compared to a spray
application. It is, of course, unlikely that the entire neonicotinoid mass in one seed will
be available for transport in a soil volume of 1cm3. However, these calculations provide
a range of retardation factors and show that an enhanced mobility is to be expected in
the bulk soil (soil matrix), when the neonicotinoids are applied as seed dressings
compared to a spray application. The effect is again more pronounced for imidacloprid,
with the larger sorption nonlinearity (lower 1/n value).
Table S8. Retardation factors of the neonicotinoids imidacloprid and thiamethoxan for
a seed treatment. The values are presented for the mass in one seed in a soil volume
of 1 mL and for a tenfold dilution.
Soil volume of 1 cm3
Soil volume of 1 cm3,
tenfold dilution
Compound
Mass
Ct
Cw
R
Ct
Cw
R
3
3
3
3
(-)
(-)
(g/seed) (g/cm ) (g/cm )
(g/cm ) (g/cm )
Imidacloprid
450
450
168.5
8.7
45
9.976
14.6
Thiamethoxam
300
300
228.5
4.7
30
17.70
6.1
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