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• Co-relate the concentrations in soil and
waterwith the plant growth/rain events
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• Assess the risk of PAs contamination,
where the plant andwater sourcesmeet
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Pyrrolizidine alkaloids (PA)s are natural toxins produced by a variety of plants including ragwort. The PAs present
a serious health risk to human and livestock. Although these compounds have been extensively studied in food
and feed, little is known regarding their environmental fate. To fill this data gap, we investigated the occurrence
of PAs in ragwort plants, soils and surface waters at three locations where ragwort was the dominant plant spe-
cies to better understand their environmental distribution. The concentrations of PAs were quantified during the
full growing season (April–November) and assessed in relation to rain events. PA concentrations ranged from
3.2–6.6 g/kg dry weight (dw) in plants, 0.8–4.0 mg/kg dw in soils, and 6.0–529 μg/L in surface waters. Maximum
PA concentrations in the soil (4mg/kg) andwater (529 μg/L)were inmid-May just before flowering. The average
distribution of PAs in water was approximately 5 g/10,000 L, compared to the average amounts present in rag-
wort (506 kg/ha), and soil (1.7 kg/ha). In general, concentrations of PAs increase in the soil and surfacewater fol-
lowing rain events.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Pyrrolizidine alkaloids (PAs) are secondary plant metabolites with a
nitrogen atomat one of the two bridgeheadpositions in the necine base.
The necic acid moiety is usually esterified to hydroxyl groups of the
necine base, forming a range of structurally different PAs. The necine
base can be unsaturated with a double bond between position 1 and
gmail.com (J.R. Hama).
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2, or saturated (Moreira et al., 2018; Avula et al., 2015). Retronecine
and otonecine types are unsaturated in the necine base (Avula et al.,
2015; Günthardt et al., 2018; Wiedenfeld, 2011), while the platynecine
type is saturated (Fu et al., 2004; Kristanc and Kreft, 2016). Plants pro-
duce PAs primarily as a defence mechanism against herbivores
(Hartmann and Witte, 1995; Hartmann, 1999), and are among the
most abundant groups of natural toxins produced by plants (Boppré,
2011; EFSA, 2011; Smith and Culvenor, 1981; van Egmond, 2004). It is
estimated that approximately 3% of all flowering plants contain at
least one PA, and these are primarily found in plant species from the
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.142822&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.scitotenv.2020.142822
mailto:jawameer@plen.ku.dk
mailto:jawameer.h@gmail.com
https://doi.org/10.1016/j.scitotenv.2020.142822
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


J.R. Hama and B.W. Strobel Science of the Total Environment 755 (2021) 142822
Asteraceae, Boraginaceae and Fabaceae families (Smith and Culvenor,
1981; Langel et al., 2011; Boppré, 2011). Such PA-containing genera
are toxic to livestock and humans (Muetterlein and Arnold, 1993;
Stegelmeier et al., 1999; Cheeke, 1988).

Ragwort (Jacobaea vulgaris) is a common flowering plant of the
Asteraceae family, often found in grazing pastures and fallowed farm-
land. It can establish in bare soil, or in areas where natural vegetation
has been disrupted by flood, fire, ploughing, etc. The plant is native to
most countries in Asia and Europe (Cano et al., 2009; Leiss, 2011), in-
cludingDenmark (Macel et al., 2004;MST, 2017) and is known for its in-
vasive properties (Wiedenfeld, 2011). Ragwort can become the
dominant species in grassland, unless controlled via mechanical or
chemical, or biological means (Cano et al., 2009; Leiss, 2011; Roberts
and Pullin, 2007). For the latter, the cinnabar moth (Tyria jacobaeae
L.), which is a specialist herbivore feeding solely on ragwort, has been
used (Leiss, 2011). Ragwort can produce up to 30 different PAs, all de-
rived from retronecine (Crews et al., 2009; Cheng et al., 2017; Bovee
et al., 2015). The concentration of these PAs varies by plant, season, suc-
cession stage, geography, and length of establishment (Carvalho et al.,
2014; Muetterlein and Arnold, 1993; Lin et al., 2019), with the highest
alkaloid content being found in 10 to 20-year old ragwort populations
(Carvalho et al., 2014; Muetterlein and Arnold, 1993).

Despite functioning primarily as a defence mechanism, not all PAs
are toxic. The toxic PAs with the greatest toxicity are characterized by
a double bond (position 1–2) in the necine bases, an esterified hydroxyl
group, and a branched carbon in at least one of the ester side chains
(Lindigkeit et al., 1997; Hartmann, 1999). Pathways for human expo-
sure of PAs include consumption of PA-contaminated tea, herbal dietary
supplements or honey (Kristanc andKreft, 2016; BfR, 2013;Wiedenfeld,
2011; EFSA, 2011). Themost commonmode of PA toxicity is hepatotox-
icity, due to the formation of reactive pyrrole metabolites (Macel et al.,
2004; Fu et al., 2004; Fu et al., 2001; EFSA, 2011).

While current knowledge of PAs in the environment is limited, total
PA concentrations between 1 and 4 mg/kg dw in soil and 350–500 μg/L
in pond water-pond from Denmark (Hama and Strobel, 2019) and
2–67 ng/L in lake water in Switzerland (Günthardt et al., 2020) have
been reported. These observations suggest PAs can be persistent and
mobile leading to potential environmental uptake into other plants
Fig. 1. Location of the three ragwort field sites in Denmark.
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and soil organisms (Nowak et al., 2016; Selmar et al., 2019), and trans-
port by surface runoff or percolation (Günthardt et al., 2018).

The objective of this studywas to: (1) quantify concentrations of PAs
in plants, soils and nearby surfacewaters through a growing season, and
(2) to determine if PA concentrations related to plant growth stage and/
or rain events.

2. Materials and methods

2.1. Site selection

Sites for this study (Fig. 1) were selected from three geographically
distributed locations in Denmark (Holte, Køge-Bjæverskov and Vejle-
Haraldskær) of varying size, surface water area, and annual precipita-
tion (Table 1), where grasslands that were dominated by ragwort
(Jacobaea vulgaris) populations. The sites are located far from each
other and represent small and large field scale areas (0.5–5.8 km2).
The areas of surface water were about 450, 750 and 2000 m2 for Vejle,
Køge and Holte site, respectively. They all shallow water, their depth
ranged from 20 to 200 cm. Annual precipitation of the sites were ob-
tained from the national Danish Meteorological Institute (DMI, 2019).
The cumulative precipitation (in mm) over the 1-month period is
summarised in Table 1.

2.2. Sample collection

The collection of plant, soil, and water samples for this study
(Table 1) was conducted for one year starting in December 2017 and
continued through to December 2018. For each collection period, sam-
ples were obtained over two consecutive days at the three study sites.
The sampling periods were strategically timed based on the ragwort
growth stage and rain events. The sample collection at a given site and
time period consisted of 5 plants (the whole plant and roots) in a 1
m2 randomly selected point in the field,15–20 g soil (topsoil (0–5 cm)
from beside the collected plant), and 2 L of surface water was collected
from the corresponding pond in the field. Over the course of the study, a
different 1 m2 plot was randomly selected for sampling. A distance of at
least 50 m was kept between plant/soil and water sampling locations.
The plants were used to determine PA contents and biomass. Grab sam-
ples of plant materials (manually) and soil (using hand auger) were
Table 1
Site information: coordination, field area and monthly precipitation (mm), and sampling
frequency for the selected sites.

Sampling site Holte Køge Vejle

Latitude N55°49′
12.1

N55°27′
48.6

N55°41′
54.1

Longitude E12°31′
13.4

E12°00′
00.1

E9°25′
34.8

Field area (km2) 0.5 1.2 5.8
Monthly precipitation (mm)
(MM-YYYY)a

11/2017 71.9 62.4 86.2
12/2017 62.1 44.8 86.8
01/2018 62.9 73 102.1
02/2018 15.7 16.9 41.5
03/2018 58.6 60 31.4
04/2018 25.8 28.2 54.7
05/2018 27.1 26.1 7.1
06/2018 18.4 5.2 34.2
07/2018 5.8 11.7 22.1
08/2018 105.6 111.2 101.3
09/2018 27.7 25.8 110.1
10/2018 54.3 37.4 41.4
11/2018 25.3 19.8 35.9
12/2018 63.4 73.3 87.3

Number of samples (N) Plant 13 13 10
Soil 13 13 10
Water 13 13 8

a The data obtained from the national Danish Meteorological Institute - DMI: https://
www.dmi.dk/vejrarkiv/.

https://www.dmi.dk/vejrarkiv/
https://www.dmi.dk/vejrarkiv/
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placed in polyethylene (PE) bags following collection. Surface water
sampleswere collected 2–5m from the shore, as duplicate grab samples
by hand in 1 L amber glass bottles. Bottles were pre-rinsed three times
with the native water prior to filling the bottles. Samples were immedi-
ately chilled upon collection. In the laboratory, water samples were fil-
tered (Whatman® quantitative-Grade 5) to remove any suspended
particles. Soils were sieved (0.2 mm) to remove coarse sand and gravel,
and visible plant roots. All samples were stored at−20 °C until extrac-
tion. In most cases, the extraction was performed within 48 h after col-
lection. When this was not possible, the samples were transferred into
PE plastic bottles and frozen (−20 °C) until extraction (up to 10 days).
Holding time experiments confirm that freezing did not influence the
recovery when compared to field samples extracted immediately,
with recovery over 96%.

2.3. Sample preparation and extraction

For plant and soil extraction, 0.1 g dried plant material or 2.5 g dried
soil was weighted into a 25 mL centrifuge tube and then 10 mL MeOH
was added, which was sonicated (15 min) and centrifuged (10 min)
at 8000 rpm (2100g). The supernatant was collected, and the extraction
was repeated. Following this, 10 mL MeOH:Acetone (85:15 v/v%) was
used for the third extraction. The three fractionswere combined, centri-
fuged and filtered with a 0.45 μm PTFE membrane filter, and then
passed through an Oasis MCX solid-phase extraction (SPE) cartridge
(6 cm3, 150mg;Waters,Milford,MA).Water samples, plant and soil ex-
tracts were processed through anMCX SPE cartridge. For the extraction
of water samples, 1 L was filtered through filter paper (Whatman®
quantitative-Grade 5) (Sigma-Aldrich, Steinheim, Germany), before
being loaded onto SPE cartridges. Samples were pumped at amaximum
flow rate of 10 mL/min on the SPE cartridges that were consecutively
conditioned before with 5mL of MeOH and 5mL of Milli-Q water. Alka-
loids were eluted from SPE cartridges using MeOH (5 mL) and MeOH:
ammonia (3:1, v/v) (10 mL). The elution was evaporated to dryness
under gentle N2 flow, and then reconstituted in 1.0 mL 40% MeCN and
filtered through 0.2 μm PTFE membrane filter (Sigma-Aldrich,
Steinheim, Germany). The samples were spiked with 20 μL of internal
standard (50 μg/L caffeine) prior to analysis.

2.4. Sample analysis

Nineteen PAs (Fig. S1)weremeasured in the environmental samples
collected. Samples were analysed on a Waters ACQUITY Ultra Perfor-
mance Liquid Chromatograph (UPLC) I-Class System coupled with
Xevo TQD Triple Quadrupole Mass Spectrometer (MS/MS) equipped
with an electrospray ionization source (ESI). The separation was per-
formed using a Waters Acquity UPLC BEH C18, 50 mm × 2.1 mm,
1.7 μm column. Quantification of the analytes was performed by inter-
nal standard calibration, using at least 9 standard solutions in the
range of 5–100 μg/L. The full details of the analytical method are pro-
vided elsewhere (Hama and Strobel, 2019). A summary of the analytical
and validation method is provided in section 1–3 of the supplementary
material, and Tables S1 and S2. The distribution of PA transported from
the plant into the soil or water was calculated using Eq. (1). In soil, only
topsoil was considered to calculate distribution of PAs with minimal
degradation being assumed.

Distribution of PAs %ð Þ
¼ Conc:total PAs in soil μg=kg;dwð Þ or water μg=Lð Þ

Conc:total PAs in plant μg=kg;dwð Þ � 100 ð1Þ

2.5. Quality assurance and quality control

A rigorous quality assurance/quality control was used for this study,
including thirteen field blanks for plant, soil and water, duplicate
3

samples, and internal standard recovery. Field and laboratory blanks
were used to determine recovery and matrix effect. A new set of stan-
dard solutions were prepared to evaluate matrix effects and was calcu-
lated from the ratio of the mean peak area of an analyte in post-
extraction spiked samples to the mean peak area of the same analyte
in standard solutions. Two concentration levels (25 and 100 μg/L) of
PAs were tested in triplicate. For recovery, freeze-dried powder of
Bracken fern (Pteridium aquilinum L.) plant, sandy soil from Vejle and
deionized water were used to evaluate the extraction efficiency. The re-
covery was calculated by comparing the response of post-spiked solu-
tion with a pre-spiked extract using Eq. (2); the non-spiked extract
was regarded as background extract and subtracted in the calculations
(Table S2). Field blanks of plant (freeze-dried powdered plant tissue
of bracken (Pteridium sp.)), soil (soil under bracken vegetation near
the Køge field site) and water (Milli-Q water) were collected at the
field. Laboratory blanks of Milli-Q water and a procedural blank (inert
glass material) were used. All concentrations of target PAs in field and
laboratory water blanks were below the limit of detection (LOD). The
average recovery of surrogate (caffeine) was 94% ±11 (n = 13). Con-
centrations of PAs in the blank soil sampleswere below the LOD. The av-
erage recovery of the internal standard in the soil and glassmaterial was
86% ±10 (n = 13) and 94% ±6 (n = 13), respectively. Concentrations
of target PAs in plant blanks were below the LOD. The average recovery
of the internal standard in the plant samples was 89%±8 (n= 13). The
LOD for all matrices and limit of quantification (LOQ) of the analytical
method are listed in Table S1.

Recovery %ð Þ ¼ pre−spiked extractð Þ− non−spiked extractð Þ
post−spiked extractð Þ− non−spiked extractð Þ

� �

� 100 ð2Þ

2.6. Ragwort biomass

Ragwort biomass and drymatter content weremeasured during the
growing season (April to November 2018). The biomass per plant was
calculated as mean and standard deviation using 5 plants per m2. The
dry matter content was measured using 5 plants and 10 g of soil after
drying for 3 days at 100 °C. Plant population densities were estimated
at the end of the growing season based on the number of plants per
m2 for 3 randomly selected subplots throughout the field sites. Ragwort
plant biomasswas estimated from thenumber of plants at endof season
and the biomass per plant at each sampling occasion for one m2 and
generalized to hectare of each field.

2.7. Statistical analysis

Due to the presence of left-censored data, nonparametric correla-
tions (Spearman's rho) were calculated using OriginPro 9.6 (OriginLab
Inc., Massachusetts, USA) to determine statistically significant
(p < 0.05) relations in the data.

3. Result and discussion

The three sites were selected to study the concentrations of PAs in
the ragwort population and soils, as well as off-field transport to proxi-
mal water. The sites were densely grownwith continuous ragwort veg-
etation to the shores of surfacewaters. The ragwort plant densitieswere
49±7, 36±7 and 44±8/m2 atHolte, Køge and Vejle, respectively. The
total biomass of ragwort was monitored during the full period, and the
temporal variations were found similar for all sites (Fig. 2) The biomass
increased from mid-April, corresponding with emergence, and peaked
at 200–255 g fresh weight per plant from flowering (late May/early
June) until mid-August. Thereafter, it progressively decreased with
plants' loss of water andwilting of leaves, approaching the die-off in No-
vember. In July–August, the average ragwort biomass (fresh weight)



Fig. 2. Biomass of fresh weight of ragwort plants during growing season, at the selected
sites. Data are given as average ± standard deviation (n = 5).

Fig. 3.Occurrence of PAs in ragwort plant, soil and surfacewater at (a) Holte, (b) Køge and
(c) Vejle site. The total concentration in plant and soil are in μg/kg dw and inwater is μg/L.
(For interpretation of the references to color in this figure, the reader is referred to theweb
version of this article.)
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was 10.4, 8.3 and 11.9 kg/m2 for Holte, Køge and Vejle, respectively. The
dry weight was estimated to be 2.3–4.2 kg per m2 based on 30, 28 and
35%dwdetermined for ragwort fromHolte, Køge andVejle, respectively
(Table S4).

For this study, nineteen PAs were found, namely: jacoline (JACL),
jacoline N-oxide (JACLNO), riddelliine (RID), erucifoline (ERF),
erucifoline-N-oxide (ERFNO), jacobine (JAC), riddelliine N-oxide
(RIDNO), retrorsine (RET), jacobine N-oxide (JACNO), retrorsine N-
oxide (RETNO), seneciphylline (SEP), hydroxyjacobine (OHJAC), seneci-
phylline N-oxide (SEPNO), integerrimine (INTG), senecionine (SEN),
integerrimine N-oxide (INTGNO), senecivernine (SEV), senecionine N-
oxide (SENNO) and acetylerucifoline (ACEERF) (Fig. S1). In the plant tis-
sue, soil and water samples, PAs were detected and therefore all sam-
ples were included for monitoring. The total PA concentration in
ragwort plant tissue increased during the growing season to reach a
peak during flowering until the beginning of plant die-off, with concen-
trations in the range 3.1–6.6 g/kg in dw (Fig. 3a, b and c; green star,
Fig. 4, Tables S3 and S5). In the plant tissues, the concentrations were
generally similar between the sites. In the plant tissue samples, JACNO
was the compound detected in the highest concentration
(1330 mg/kg dw), followed by JAC (906 mg/kg dw) and SENNO
(364 mg/kg dw), with similar concentration in plants at all the sites
(Figs. 3, 4 and Table S5). The plant tissues had 1000 times higher PA con-
centrations during mid-summer compared with winter. This could be
related to the response of the plant toward herbivore pressure in the
summer grazing period. These concentrations are similar to previously
reported PA concentrations in plants fromDenmark and other northern
European countries (Macel et al., 2004).

In soils, the highest total PA concentrations were 4.0, 8.8, and
1.1 mg/kg dw at Holte, Køge and Vejle, respectively. For all sites, the
maximum PA concentrations were: JACNO (up to 631 μg/kg dw),
followed by SENNO (up to 514 μg/kg dw) and JAC (up to 211 μg/kg
dw). Interestingly, the PAs detected at highest concentrations in the
soils (JACNO, SENNO, and JAC) were identical to PAs found in the
highest concentrations in ragwort. In soils, PA concentrations were sig-
nificantly correlated with plant growth (p = 0.04, rs = 0.72) and pre-
cipitation (p = 0.05, rs = 0.75) (Fig. 3a, b and c; red square and
Tables S3 and S6). PAswere consistently detected in thehighest concen-
trations during April and May as the ragwort begins to develop, and
September to mid-November when the plants die-off at the end of the
4

growing season (Fig. 3, Table S6). Low levels of PAs in soil during sum-
mer may be due to minimal precipitation and high evaporation as well
as higher degradation rates.

In winter, the low concentrations in the soils could be due to
leaching to deeper horizons (Herrmann et al., 2013) due to increased
rainfall in degreased temperatures. Biodegradation due to bacterial
and fungal activity in the soil is also an unknown factor. In addition,
these low concentrations in winter of PAs in the soil could be because
PAs mainly enter the soils as root exudates, as a defence mechanism
in response to belowground herbivores. During spring, the young plants
may produce higher amounts, as the plants are small and vulnerable to
belowgroundherbivores. In the summer period, the energy is focused to
ensure successful flowering by defending aboveground plant parts (Hill
et al., 2018). Based on the concentration range of the upper 5 cm soil,
with a soil density of 1.5 g/cm3 (bulk density without stones and
gravels) (Rai et al., 2017), PAs were present between 0.4 and 2.0 kg/ha
in the top soil. This, however, is only aminor fraction of the amount pro-
duced by ragwort. The fate of the remaining PA fraction is still unknown
(i.e. could be degraded, transformed, sorbed or transported off the site).

The total PA concentrations in the surface water samples ranged
from below LOD to 50, 63 and 529 μg/L at Holte, Køge and Vejle, respec-
tively (Fig. 3a, b and c; blue circles and Table S3). The highest individual
PA concentrations detected were JACNO, JAC and SENNO, again



Fig. 4. The concentration (μg/kg dw) of individual PAs in ragwort plant tissues from
(a) Holte, (b) Køge and (c) Vejle site.
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matching PAs with the highest concentrations in both plant and soil
samples. In contrast to plant and soil samples, however, no PAswere de-
tected in the pond samples during themid-summer samples (sampling
dates 11th July, 28th July and 15th August). PA concentrations progres-
sively increased from late summer to November corresponding to in-
creased precipitation events.

The PA concentrations in the three surface waters varied seasonally,
suggesting other driving factors in addition to degradation and precipi-
tation. This temporal variability documents the importance of temporal
sample collection as infrequent samplingwould likelymiss the pulses of
PAs into the ponds documented during this study. Elevated concentra-
tions in the pond water were observed after sustained periods of rain
(Fig. 3), with the highest concentrations being observed during the
rain events in spring and summer as compared to rain events in the au-
tumn andwinter. For our study, however, the PA concentrations in soils
andpondwaters cannot be correlatedwith the hourly rainfall, onlywith
overall amount of precipitation per events, due to themixing ofwater in
soils andponds. The hourly time resolution in soilswould requiremodel
predictions, contributing to understanding PA concentrations in soil and
5

surfacewaters ponds inmore detail for a specific location. Nevertheless,
this study documents the importance of rain events for triggering the
transport of PAs from plants and soils to nearby water bodies. To our
knowledge, this is the first study providing an estimation of PA concen-
trations based on release data from ragwort.

3.1. Distribution of PAs

The amount of total PAs transported from the plant into the soil was
estimated (using Eq. (1)) to be 5.7 × 10−4 - 7.01%, 2.2 × 10−4 - 5.72%
and 1.8 × 10−4 - 13.9% of the total PAs present in ragwort plant tissue
at Holte, Køge andVejle, respectively; the losses of PAs in the plant, deg-
radation and losses of biomass are considered to be zero. In all water
samples, PAs were ubiquitous once rainfall had commenced, and the
distribution of PAs were estimated to be 3.0 × 10−4 – 1.42%,
1.8 × 10−3 – 0.73% and 3.4 × 10−3 – 4.43% of the PAs present in the rag-
wort population surrounding the surface water pond at Holte, Køge and
Vejle, respectively. The concentration of PAs in winter increased in soil
and water consistently with rain events, even after the plants died and
wilted in the autumn (rho = 0.68, p = 0.05). Thus, PAs appear to be
continuously transferred from ragwort into the corresponding soil and
nearby pond. The amount of PAs transferred from ragwort to the soil
was estimated to range between 44 and 200 mg/m2 per month at the
selected sites. This trend is similar to that reported previously other nat-
ural toxins in soil and water, such as ptaquiloside (Clauson-Kaas et al.,
2016; Rasmussen et al., 2003), glycoalkaloids (α-solanine and α-
chaconine) (Jensen et al., 2009) and isoflavones (Hoerger et al., 2009),
and also in water, such as phytosterols (stigmasterol, β-sitosterol,
campesterol, stigmastanol) (Peng et al., 2005; Szűcs et al., 2006),
isoflavones (daidzein, genistein, formononetin, genistin, biochanin
A) (Hartmann et al., 2007; Bacaloni et al., 2005; Beck et al., 2005;
Kawanishi et al., 2004), phytoestrogens (coumestrol, lignans) (Ternes
et al., 1999; Bacaloni et al., 2005; Kang et al., 2006), and mycotoxins
(zearalenone, fumonisins) (Spengler et al., 2001; Madden and Stahr,
1993) and many other compounds reviewed in (Hoerger et al., 2009).

There was an apparent seasonal pattern for PA concentrations. Dur-
ing the dry periods in summer 2018, PAs were below the LOD in pond
water samples at all the field sites. Upon rainfall, however, PA concen-
trations increased from below the LOD to 100 μg/kg dw in soils and
6 μg/L in surfacewaters (Fig. 3a, b and c; Tables S5, S6 and S7). In the au-
tumn of 2018, PA concentrations increased to 385 μg/kg dw in soils and
to 30 μg/L in surface waters. The first flush of PAs transported by rain
from plant and soils to the surface waters happed in mid-August after
2.5 months summer dryness, where the PA concentrations in both soil
and water reappeared above LOD and increased during autumn
(Fig. 3). This is a similar trend as previously documented for many
agro-environmental chemicals (Leu et al., 2004; Stoob et al., 2005), as
well as for mycotoxins (Hartmann et al., 2007; Hartmann et al., 2008),
isoflavones (Hoerger et al., 2009) and quinolizidine alkaloids (Hama
and Strobel, 2020; Hama, 2020). Regarding the seasonal leaching dy-
namics, the largest rain event occurred in late summer (20% of the
total annual precipitation) generating 4% of the annual PA transfer. In
contrast, 20% of the PA transfer took place during winter even though
the winter season had only 17% of the annual precipitation (Fig. 3).
This is likely the result from decomposition of the ragwort plant resi-
dues and subsequent release of PAs into the environment during the
winter in combinationwith colder soil andwater temperatures slowing
down the degradation rates of PAs compared to summer. In surfacewa-
ters, the mean PA concentrations in summer were roughly 7 times
lower than those observed in spring and autumn, thus indicating that
an increased temperature may increase the degradation rates in combi-
nation with a reduced transport of PAs due to a change in balance be-
tween precipitation and evaporation.

The total PA transfer to was estimated to range between 0.5 and
5.2 g/10,000 L/month. This transfer was likely underestimated because
of the relatively limited sample numbers (i.e. precipitation events
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when sampling was not possible). In this study, the annual production
of PAs in ragwort ranged from258 to 787 kg/ha. This amount of PAs pro-
duced could have ecotoxicological consequences as these compounds
are hepatotoxic (Luckert et al., 2015; Moreira et al., 2018; Neuman
et al., 2015). This is a rather large amount of PAs to be transferred
from plants to soils and then into nearby surface waters, with average
rates from 4.8 to 24 kg/ha/year and 0.6 to 63.1 g/10,000 L/year, respec-
tively. The annual distribution observed in the field can be normalized
to the contributing grassland in the catchment area (0.5–5.8 km2).
This suggests that grassland with ragwort as a dominant species is the
main source of toxic PAs in soils and surface waters.

3.2. Frequency of PAs

The detection frequency (percentage) for individual PAs in plants,
soils and surface waters per site are shown in Fig. 5. JACNO, JAC,
SENNO and SEN were detected in plant, soil and water samples, and
accounted for 21% of all PAs detection. The highest PA frequency was
observed in plants (95%) followed by soil (72%) and water (44%). In
water samples, JACNO had the highest concentrations, followed by JAC
and SENNO (Fig. 4). The mixture of PAs determined in soil and water
samples matched well with the ragwort combination of individual PAs
(Fig. 3a, b and c). In contrast with previous research proposing the
erucifoline chemotype of ragwort to be dominant in Denmark (Macel
et al., 2004), our study suggests that the jacobine chemotype dominates
in the three locations studied (Fig. 4), similar to the jacobine types found
in the Netherlands, Belgium and northern Germany (Macel et al., 2004).

4. Conclusion

PAs were measured in ragwort, soil and pond water samples from
three strategically sites in Denmark for one year (December 2017 to De-
cember 2018), with PAs detected throughout the entire sampling pe-
riod. To our knowledge, this is the first study investigating PAs in
ragwort and the corresponding transport to soil and local surface wa-
ters. Nineteen PAs were quantified in at least one sample during this
study in a range of 0.8 to 4mg/kg dw in soils and 0 to 529 μg/L in surface
waters, documenting the transport of PAs. This study shows that PAs are
transported from ragwort plants to the surrounding soil and into prox-
imal surface waters. Leaching of PAs increased with the growth stage of
Fig. 5. The frequency (percentage) of individual PAs detecte

6

the ragwort population and was facilitated by precipitation events.
Thus, this study suggests that areas with substantial ragwort popula-
tions (i.e. areas where ragwort is the dominating plant species) are
likely vulnerable areas to PA contamination of surrounding soils and
local surface waters. In addition to ragwort population density, precipi-
tation is also an important mechanism for driving the transport of PAs
from fields to proximal surface water. The amount of PAs in ragwort
that can be transferred to the soil in highly infested areas was observed
to be from 0.4–2.0 kg/ha. Thus, these PA exposure concentrations in
soils and pond waters may pose a risk to the health of livestock and
humans who have access to the field and use the water without addi-
tional purification/removal steps to reduce the levels of these toxins.
For example, the observed surface water PAs concentration (3 to
529 μg/L) exceeded the safety limit of 0.007 μg of daily intake per kg
of bodyweight for all age groups by Federal Institute for Risk Assessment
(Germany) and the Committee on Toxicity of Chemicals in Food, Con-
sumer Products and the Environment (UK) (Agency, 2012). The results
document the potential risk of alkaloids leaching into soil and surface
water does occur. More research is needed to understand the effect of
soil pH, topography, and climate on PA attenuation. In addition, more
detailed spatial and temporal samplingwill provide amore comprehen-
sive understanding of the environmental fate and transport of PAs.
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