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Abstract 

Background:  Bracken fern (Pteridium aquilinum) produces several toxic glycosides, of which ptaquiloside (PTA) is the 
most well documented. PTA is released from bracken to soil and leaches to surface water and to groundwater. This 
study presents the first comprehensive monitoring study of bracken biomass, PTA content in the biomass, release by 
precipitation and concentrations in soil solution at 50 cm depth. Laboratory experiments were carried out to estimate 
the degradation kinetics of PTA in different soil horizons and moisture contents.

Results:  The PTA concentration in bracken was highest at the earliest development stages of the plant, i.e., May, 
declining through the growing season until negligible contents at senescence. The maximum seasonal PTA content 
in the canopy peaked in early summer, with values up to 1600 mg m−2. Results show that on average 0.2% of the PTA 
present in the canopy is washed per mm of incident rain, resulting in up to 13.1 mg PTA m−2 being washed off during 
single rain events. Once in the soil, PTA dissipates rapidly showing a half-lives ranging from 3.3 to 73 h with observed 
degradation rates showing a tenfold decrease with soil depths increasing from top soil to 25 cm soil depth. Concen‑
trations of PTA in soil solution were positively correlated with the content of PTA in the canopy, with maximum pore 
water concentrations up to 4,820 ng L−1 during a pulse event taking place in July 2019.

Conclusions:  The production of PTA in bracken was found to be proportional to biomass growth, while the mass of 
PTA being released is a function of volume and intensity of precipitation, as well as the bracken development stage. 
Leaching of PTA takes place in the form of pulses linked to precipitation events, with concentrations in the soil solu‑
tion exceeding levels which are known to pose a risk to human health.
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Background
Plants produce a wide array of secondary metabolites 
essential for physiological processes and defence against 
stressors, such as competing plants or pests. These com-
pounds are often polar and mobile, some of them toxic 
and a few are present in remarkably high amounts in 
the plant biomass. Studies during the last two decades 

have increased the awareness of phytotoxins as emerg-
ing aquatic micropollutants [1–3], as some of these have 
been detected in soil and water near toxin producing 
plants [4–6].

The presence of phytotoxins in the environment has 
raised questions on how toxins are mobilized from the 
plant to the environment. Several release pathways of 
phytotoxins into the environment have been identified 
such as leaf wash off, stem-flow wash off, root exudation 
and decay of plant material [7, 8]. However, there is still a 
lack of understanding in the underlying mechanisms that 
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control the release of phytotoxins from the plant, which 
is critical to assess the risk of these emerging aquatic 
micropollutants.

Bracken fern is a complex genus of Pteridaceae com-
prising several species, subspecies and varieties, present 
in all continents except Antarctica [9]. This fern genus is 
viewed in many places as a weed and its abundance has 
been related to changes in land use. Bracken can grow 
vigorously, and often appears as the dominant species 
when present, with maximum recorded biomasses up to 
1408 g m−2 [10]. The production of aboveground biomass 
is supported by a well-developed rhizome system with a 
weight generally higher than the aboveground biomass. 
In bracken infested areas in UK, the rhizome dry biomass 
has been estimated to reach values up to 5.14  kg  m−2 
[11].

Bracken produces large amounts of toxic compounds, 
where some of these compounds exert allelopathic effects 
on other plant species [12, 13]. Furthermore, the Inter-
national Agency for Research on Cancer (IARC) WHO/
IARC has classified bracken fern in group 2B, as pos-
sibly carcinogenic to humans, based on the evidence in 
experimental animals [14]. From all the toxic compounds 
produced by bracken, ptaquiloside (PTA), an illudane 
glycoside, has been identified as the main responsible for 
the carcinogenicity of bracken fern (Table 1) [15, 16].

Previous studies have detected other glycosides 
in bracken such as caudatoside (CAU), ptesculento-
side (PTE) and ptaquiloside Z [17–20]. The total illu-
dane glycoside content measured in bracken was up to 
13.0 mg g−1, with different ratios between PTA, PTE and 
CAU observed as a function of geographical region [21]. 

However, PTA was the prevalent illudane glycoside pro-
duced by Scandinavian bracken. Ptaquiloside has been 
detected in soil and water in bracken infested areas, with 
concentrations up to 73,000 ng g−1 in soils, 92 ng L−1 in 
shallow groundwater and 2,280  ng L−1 in stream water 
[4, 22, 23]. There are different mechanisms for release of 
PTA from the plant, with PTA washed off by precipita-
tion suggested to be the most important. For instance, 
concentrations of PTA up to 169 µg L−1 in the leaf wash 
off collected during precipitation events have been meas-
ured [24, 25]. To put concentrations into perspective, the 
maximum tolerable concentration of PTA in drinking 
water has been estimated to 0.5–16 ng L−1 [26].

Ptaquiloside is highly hydrophilic and weakly sorb-
ing, implied by an  log octanol–water partition coeffi-
cient (KOW) value  of − 0.63 [26] (Table  1). Ptaquiloside 
dissipates in soils into pterosin B (PTB) by both micro-
bial degradation and hydrolysis, with half-lives between 
8 and 180 h depending on the type of soil material [26, 
27]. Hydrolysis of PTA is strongly pH dependent, with 
lower degradation rates found at slightly acidic to neu-
tral conditions [28]. PTB dissipates in the soil at a slower 
rate than PTA, by both microbial degradation and irre-
versible sorption to soil components such as clay and 
organic matter [29]. Based on wide occurrence of PTA in 
the environment, several authors have identified PTA as 
a potential aquatic micropollutant due to its toxicity, high 
content in bracken, release in high concentrations, high 
solubility and the widespread presence of bracken [3, 24, 
30, 31].

Production of PTA in bracken is influenced by envi-
ronmental factors, plant varieties or induced stress by 

Table 1  Structure and physicochemical properties for ptaquiloside (PTA) and pterosin B (PTB)

a  Rasmussen et al. 2005 [29]
b  EpiSuite: accessed November 2020

Ptaquiloside Pterosin B

CAS number 87,625-62-5 34,175-96-7

Molar mass 398.45 g mol−1 218.29 g mol−1

log KOW − 0.63a 3.33a

Water solubility 3 × 104 mg L−1 a 212.8 mg L−1 b
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human management activities [20, 22, 32]. The concen-
tration of PTA in bracken is maximum at emergence, 
with recorded contents up to 37  mg  g−1 in bracken tis-
sue [22, 27]. From the moment of emergence, PTA con-
centrations in bracken decline progressively through the 
growing season [21, 33]. The total PTA content in the 
biomass recorded is usually in the order of mg m−2, with 
recorded values up to 590 mg PTA m−2 in bracken from 
Scotland [31].

A previous study by Garcia-Jorgensen et al. introduced 
a novel modelling concept for predicting the environ-
mental fate of natural toxins using the mechanistic model 
DAISY [30]. Toxin production rates and release of PTA 
from bracken were identified as the processes with the 
highest uncertainty, due to the lack of a comprehensive 
dataset for calibration of the model. The present study 
aims to characterize key PTA pathways from bracken to 
soil, with specific focus on: (i) PTA generation in bracken, 
(ii) PTA wash off from the canopy by precipitation, (iii) 
soil solution PTA concentrations, (iv) PTA degradation 
kinetics in the soil, and (v) link between release events 
and soil solution concentrations. For this, we performed 
a 2-year monitoring program focusing on bracken 
biomass, PTA concentration  in plant, and soil water 

concentrations  at 50  cm depth. Moreover, we carried 
spot field experiments targeting release events and batch 
laboratory experiments to determine PTA degradation in 
soils. To the best of our knowledge, this study presents 
the first comprehensive longer-term dataset regarding 
PTA dynamics in bracken fern and soil.

Materials and methods
Site description
The monitoring study was carried out in Humleoreskov, 
a temperate forest located 60  km west of Copenhagen, 
Denmark (N 55° 28′ 29.7" E 11° 54′ 26.1", Fig.  1a). The 
study area is located inside a forest glade dominated by 
bracken and surrounded by deciduous tree species such 
as European beech (Fagus sylvatica L.) and Common oak 
(Quercus robur L.) (Fig. 1a, b). In the area, bracken is pre-
sent in form of dense stands in forest  glades composed 
almost exclusively of bracken, as well as forest floor veg-
etation at a lower density. Bracken completely covers all 
surface with high density, with a homogeneous canopy 
surpassing two meters height when fully developed. The 
criteria for selecting the area was to have a minimal dis-
turbance from the tree canopy on precipitation, a flat 

Fig. 1  a Aerial picture of the study area of the monitoring plots. b Photo of B-plot in June 2019 (Photo by Daniel Garcia Jorgensen). c Start and end 
date of the different variables monitored. d Set up of rain collectors, relative humidity/temperature sensors and suction cells in the B monitoring 
plot
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topography, and homogeneous bracken biomass in the 
plot (Fig. 1b).

Humleore’s soil is categorized as sandy loam by the 
United States Department of Agriculture (USDA) clas-
sification and identified as an Oxyaquic Hapludalf in 
the USDA soil taxonomy [34, 35]. The soil is composed 
of morainic till with a content of clay and silt in deeper 
horizons up to 18 and 26%, respectively. The soil presents 
pH values ranging from 4.3 at the surface to 6.9 at 36 cm 
depth. For a more detailed description of the soil profile, 
horizons and physicochemical characteristics, the reader 
is referred to Additional file 1: Section 2.

Field monitoring and laboratory experiments
The monitoring began in  May 2018 and finished 
in  March 2020 (Fig.  1c). For the entire period, the fre-
quency of sampling ranged from 1 to 3 weeks, depending 
on the time of the year. High frequency sampling of plant 
material and soil pore water was centered in the period 
from beginning of the growing season until the full tran-
sition of bracken into litter, i.e., from May to December.

Two different plots of each 25 m2 each were set in the 
forest glade, with 5  m side length, located in the center 
of the forest glade. Plots were separated by approximately 
70  m from each other (Fig.  1a, d). Moreover, each plot 
was divided into 25 subplots of 1  m2 each for sampling 
purposes. Bracken biomass and PTA content was meas-
ured in both plots, while PTA in pore water, soil water 
content and climate variables (temperature, relative 
humidity, precipitation) were only monitored in B-plot 
(Fig. 1b, d). Different sensors were set in the borders of 
the B plot to monitor precipitation, temperature and rela-
tive humidity. Moreover, nine suction cells were installed 
at 50 cm depth in the center of the plot in March of 2019 
to sample soil solution under bracken canopy for the 
entire calendar year (Fig. 1d).

Environmental variables
From March 2019 until March 2020, precipitation, rela-
tive humidity and temperature were constantly moni-
tored on-site (Fig. 1d). Precipitation was measured using 
three rain collectors comprising a Pronamic Rain-O-
Matic small rain gauge (Ringkoebing, Denmark) coupled 
with an ONSET HOBO® Pendant® Event Data Logger 
(Bourne, USA). The rain collectors were installed on 
poles placed in the middle of three different sides of the 
plot, at 250 cm height and above the bracken canopy 
(Fig. 1b). Temperature and relative humidity were moni-
tored with two ONSET® HOBO® External Temperature/
RH Sensor Data Loggers (Bourne, USA). For measuring 
the water content in the soil profile, three Delta-T PR2 
soil profile probes were installed at 100 cm depth in the 

B-plot. Measurements were carried out with a Delta-T 
HH2 Moisture Meter (Cambridge, UK).

Bracken biomass
During the entire monitoring period, bracken biomass 
was monitored in plots A and B (Fig.  1a) comprising a 
total of 22 sampling days. In each sampling day, a total of 
six different subplots were sampled for bracken biomass, 
three from each plot. All subplots to be sampled were 
randomly selected at the beginning of each season.

For each subplot and measuring day, the number of 
fronds, frond height, number of pinnae and pinna length 
were determined on-site. One frond from the most rep-
resentative class was collected from each subplot. This 
was selected visually considering height and apparent 
biomass of all fronds for the specific subplot. The length 
of the second and third pinnae of the selected frond were 
also measured on site. The collected fronds were placed 
in plastic bags and kept on ice for up to two hours until 
arrival to the laboratory. Once in the laboratory, the 
diameter of the rachis, as well as the weight of the frond, 
pinna and rachis were determined separately. The total 
aboveground biomass per square meter was calculated as 
the sum of pinna and rachis biomass, multiplied by the 
number of fronds in each plot. In the 2019 growing sea-
son, the monitoring of biomass halted at the end of July 
as a heavy storm tilted the bracken, making it impossible 
to continue monitoring of the number of fronds.

Moreover, below-ground biomass was determined 
once on 1st July of 2020, at the time of frond maturity. 
For that, three plots of 0.5 × 2.0  m were established at 
20–60 m west-southwest of the B-plot (Fig. 1a). Each plot 
was then excavated until no further rhizomes were found 
for 20  cm. The soil was removed from the rhizomes, 
washed and divided into frond-bearing and storage rhi-
zomes based on the occurrence of short-shots (frond-
bearing only). The length of all rhizome-fragments was 
measured and the number of terminal buds counted. 
The dry-matter content was determined after drying for 
48 h at 110 °C in a fan-ventilated oven. For more details 
regarding the morphology of bracken and calculation of 
the biomass, the reader is referred to Additional file  1: 
Sections 1 and 6, respectively.

PTA in the canopy
Initially, the pinna and rachis were separated with com-
mon scissors. Then, bracken pinnae were cut into 
5–10  cm pieces, mixed by hand and a subsample of 
approximately 15 gr stored in a plastic bag. Rachis used 
for PTA determination was cut longitudinally in pieces 
with an approximate length of 10 cm and placed in plastic 
bags. Thereafter, all plant samples were stored at − 80 °C 
until sample preparation.
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Soil pore water
From March 2019, pore water was monitored for one 
full calendar year (Fig. 1c). Nine Prenart Super Steel suc-
tion cells (Frederiksberg, Denmark), with a dimension 
of 110 mm length, 19.5 mm outer diameter, porous area 
of 40 cm2 and an average pore size of 50 nm were used. 
The suction cells were installed at approximately 50  cm 
depth and at an angle of 45 degrees to minimize distur-
bance of the soil column above the cell. Suction cells were 
connected to 100  mL glass collector bottles on the soil 
surface via 2 mm PTFE tubing. Between sampling days, 
vacuum was applied with a hand vacuum pump until a 
pressure of − 20  kPa was reached. At the time of sam-
pling, the content in the bottle was emptied, followed 
by the application of a vacuum of -60 kPa for the extrac-
tion of fresh soil pore water. A subsample, if possible, of 
10  mL was transferred to 15  mL polypropylene conical 
centrifuge tubes. Samples were immediately stored on 
ice, for a time up to 2 h, until arrival at the laboratory. 
Afterwards, samples were preserved by adding 0.5  mL 
of 0.3 M ammonium acetate buffer per 20 mL of sample, 
following the protocol of Clauson-Kaas et al. [24]. There-
after, the samples were immediately stored at − 18  °C 
until sample purification.

PTA release
For quantification of the PTA being released by precipi-
tation, we sampled the throughfall water under bracken, 
i.e., intercepted rainwater dripping off the canopy, during 
four precipitation events. The precipitation events that 
were monitored took place in 25th and 30th of August 
2018, and 5th and 30th July of 2019. For collecting the 
throughfall water, glass jars were placed randomly under 
the bracken canopy prior to the precipitation event. The 
jars were cylindrical with an opening diameter of 8 cm. 
Moreover, a plastic mesh with grid size of 1.1  mm was 
placed on the openings of the jars to avoid plant materi-
als entering the container. Prior to the rain event, 2 mL of 
0.3 M ammonium acetate buffer was added to each con-
tainer to minimize PTA degradation until collection of 
the sample [36]. A total of 9 (2018) or 12 (2019) jars were 
placed in the middle of the B plot, with the same distribu-
tion pattern than suction cells in the soil (Fig. 1d). How-
ever, during the precipitation event taking place on 30th 
July 2019, a total of 9 jars were placed in both plots A and 
B, to determine the variation in wash off amount between 
plots. The mass of PTA washed off the canopy during a 
precipitation event (mg PTA m−2) was calculated as the 
concentration of PTA measured in throughfall water (mg 
L−1), multiplied by the volume of throughfall water col-
lected in the glass containers (L) and divided by the area 
of the jar (m2).

Degradation of PTA in soil
We conducted 6 rounds of batch experiments estimat-
ing PTA degradation kinetics for the three uppermost 
horizons of the soil, i.e. A1, A2 and AE horizons. For this, 
a soil profile was excavated under bracken canopy near 
plot B. Moreover, we tested the influence of soil mois-
ture content on PTA degradation kinetics, by carrying 
out incubations in both unsaturated (matric potential of 
− 100 cm or pF 2) and near saturated (matric potential of 
− 10 cm or pF 1) conditions. An aliquot of PTA solution 
was added to the soil samples to reach an initial concen-
tration of 10  µg  g−1 dry weight (DW). The stock solu-
tion of PTA used for addition was concentrated bracken 
extract purified by preparative HPLC with a Perkin Elmer 
Series 10 liquid chromatograph (Connecticut, USA) 
equipped with a Shimadzu SPD-10A UV–VIS Detector 
(Kyoto, Japan). The purification followed the method by 
Rasmussen et  al. [26]. For more detailed information of 
the standards use and the procedure followed see Addi-
tional file 1: Section 5.1.

After the soil water mixture was homogenized, an ali-
quot equivalent to 2  g DW was added into 15  mL cen-
trifuge vials. Three different replicates were prepared for 
each sampling time, making a total of 180 samples incu-
bated during the experiment. All samples were stored 
on ice during sample preparation to avoid degradation. 
Thereafter, samples were placed in a climate chamber at 
10  °C, 70% humidity and darkness. To avoid anaerobic 
conditions, the tubes were incubated covered with alu-
minum foil. The samples were left undisturbed through-
out the experiment until the moment of extraction and 
analysis.

The PTA degradation kinetic data were fitted as a 
pseudo first-order reaction with respect to PTA. Table-
Curve 2D v. 5.01 software was used (Jandel Scientific, 
USA) for non-linear regression. The nominal initial con-
centration at time 0 was not included in the regression 
analysis but was estimated by regression. The values are 
expressed as degradation, as sorption of PTA is negligible 
compared with microbial degradation [26, 27, 37].

PTA determination methods
Solvents and chemicals
HPLC-grade methanol for bracken extraction and deter-
mination of PTA in bracken was obtained from Sigma-
Aldrich (Denmark). HPLC-grade hexane was obtained 
from VWR (HiPerSolv Chromanorm, Denmark). LC–MS 
grade methanol was obtained from Honeywell (LC–MS 
Chromasolv, Germany), while LC–MS grade acetonitrile 
was obtained from Merck Millipore (LC–MS LiChro-
solv hypergrade, Germany). All acids and bases (sodium 
hydroxide, formic and trifluoroacetic acid) were ana-
lytical grade obtained from Sigma-Aldrich (Denmark). 
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Polyamide was obtained from Sigma-Aldrich (Polyamide 
for column chromatography 6, Denmark). Loganin used 
as internal standard was purchased from Sigma-Aldrich 
(Denmark).

PTA determination in bracken tissue samples
Frozen plant samples for PTA determination were freeze 
dried in a Labogene Scanvac Cool Safe freezer dryer, at 
1  hPa and − 96  °C for 48  h. The freeze-dried samples, 
both pinna and rachis, were milled into a fine powder in 
a Kenwood KVC3100 W kitchen machine adapted with 
a Kenwood Multi Mill attachment. For extraction, an 
aliquot of 0.5 g of powder was placed into polyethylene 
centrifuge tubes of 50  mL, followed by the addition of 
20 mL of 80% v/v methanol into the centrifuge tubes and 
shaking for 20  min. For extraction, both methanol and 
ethanol were tested, and methanol was selected because 
it showed a better extraction efficiency. Thereafter, the 
tubes were centrifuged at 20,000g and 4  °C for 15  min. 
The supernatant was transferred to another centrifuge 
tube and kept on ice. Then, an aliquot of 4  mL of the 
extract was filtered through a 0.45 µm regenerated cellu-
lose (RC) syringe filter (Sigma-Aldrich, Denmark) into a 
15 mL centrifuge tube. For removal of pigments, 4 mL of 
hexane was added. The tube was shaken by hand for 10 s 
and the two phases then allowed to separate. The meth-
anol phase was transferred to a 15  mL centrifuge tube 
using a Pasteur pipette. The cleaning with hexane was 
repeated twice, to remove as much interfering substances 
as possible. Thereafter, 2  mL of the methanolic extract 
was diluted with DI to reach a 40% methanol solution, 
filtered with a 0.22 µm PTFE syringe filter into a 1.5 mL 
LC amber vial and stored on ice until analysis. All sam-
ples were done in duplicates. Extraction and analysis of 
all samples were carried out in the same day.

The method for quantification of PTA and PTB was 
adapted from the method of Ayala-Luis et  al. and Ras-
mussen and Pedersen [28, 38]. Quantification of PTA 
and PTB in bracken extracts took place on an Agilent 
1200 series diode array detector (DAD) HPLC sys-
tem equipped with a Phenomenex Hyperclone C8-DBS 
(150 mm × 4.6 mm, 3 µm) column thermostated at 35 °C; 
a Phenomenex Gemini C6-Phenyl guard column was 
used. The analytes were separated with a mobile phase 
composed of 10% acetonitrile (eluent A) and 100% ace-
tonitrile (eluent B). The elution gradient was: 0–6  min 
11% B, 7 min 47% B, 7–10 min 47% B, 11 min 11% B, and 
11–13  min 11% B. The sample injection volume was 50 
µL. UV detection was performed at 214 nm for PTA and 
220 nm for PTB. All samples were prepared in duplicates.

The LOD and LOQ of the method for PTA was 82 and 
276  µg  g−1, respectively, while for PTB it was 16 and 
55 µg g−1. The LOD and LOQ for PTA was calculated as 

3 and 10 times the standard deviation of the injection of 
the lowest standard for all runs, divided by the average 
slope of the calibration curves. Since PTB is present in 
low amounts in the canopy and assumed to not be pro-
duced in the plant but formed as degradation of PTA 
(Additional file 1: Figure S13), we decide to proceed with 
molar sum as a calculation of the total PTA produced 
(PTATOT). The final concentration of PTATOT in each 
sample was obtained adding the measured concentra-
tion of PTA and PTB, applying 1:1 molar conversion ratio 
from PTA to PTB. For calculation of the PTATOT after 
the storm in July 2019, e.g., without information regard-
ing the number of fronds, it was assumed that the num-
ber was equal to that measured the last sampling date. 
For more information regarding calculations of toxin in 
the biomass, the reader is referred to Additional file  1: 
Section 7.

PTA determination in soil solution
Soil water samples were purified and concentrated by 
solid phase extraction (SPE) using Waters Oasis MAX 
(1 cc Flangeless Vac Cartridge, 10 mg, USA) using a SPE 
method adapted from Skrbic et  al. [39]. The SPE car-
tridges were conditioned consecutively with 0.33  mL of 
100% methanol and 0.33 mL of deionized water, with the 
cartridges running dry for 20 s between additions. A total 
of 3 mL of sample was loaded to each SPE, by consecu-
tive 1  mL additions. The cartridges were washed with 
0.33  mL of deionized water, eluted with 1  mL of 100% 
methanol and the eluate collected into 1.5 mL LC amber 
vials. The methanol in the samples was then evaporated 
in a heat block (Mikrolab Aarhus, Denmark), thermo-
stated at 30 °C, with a gentle air flow. After evaporation, 
the eluate was dissolved in 40% methanol + 0.1 M ammo-
nium acetate solution, buffered at pH 5 [17]. For ensur-
ing the recovery of all compounds in the vial, these were 
shaken on a vortex shaker for approximately 10  s. The 
solution was then transferred to a LC amber vial of 200 
µL and stored at − 20 °C until analysis.

The method used for quantification is adapted from 
Kisielius et al. [17]. The chromatographic separation and 
quantification of analytes were performed using Agi-
lent 1260 Infinity HPLC system equipped with an Agi-
lent 6130 Single Quadrupole mass spectrometer. The 
LC system was thermostated at 35 °C and with a flow of 
1 mL  min−1. The analytes were separated with a mobile 
phase comprising LC–MS-grade water (eluent A) and 
acetonitrile (eluent B), both containing 0.1% formic acid. 
The gradient of elution was: 0–1 min 20% B, 4.5 min 52% 
B, 5  min 95% B, 5–5.5  min 95% B, 5.6  min 20% B, and 
5.6–6 min 20% B. The column was flushed for a minute 
with 11% B at end of each run, with a total time of analy-
sis of 7 min. The injection volume was 20 µL, including 
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2 µL of internal standard. Loganin was used as an inter-
nal standard in all determinations, by the addition of 2 
µL of 500 µg L−1 solution into each sample by the sam-
pling robot connected to the LC instrument [36]. The 
mass spectrometer operated in single ion mode, targeting 
219.1  m/z fragments for both PTA and PTB [17]. Total 
ion scans were included for the m/z window between 200 
and 460.

The LOD and LOQ of the analytical method for PTA 
with external standards, including preconcentration, was 
14.7 and 45.3 ng L−1, respectively. On the other hand, the 
LOD and LOQ for PTB was 2 and 6 ng L−1, respectively. 
The recovery of the full method, including preconcen-
tration, was 74.3 ± 0.02% and 99.6 ± 0.03% for PTA and 
PTB, respectively. For handling of the results, in cases 
where a signal at the specific retention time of PTA or 
PTB was recorded, but with areas below the LOQ, the 
concentrations were set at half of the LOQ. In cases 
where no signal was detected, the concentration was set 
at half of the LOD.

For quality control, a positive and a negative sample 
was extracted with SPE as any other field sample every 
15 samples. Positive sample was composed of a solution 
of PTA and PTB with known concentration, while the 
negative was a field blank from a soil in Humleore with-
out bracken presence (Additional file  1: Section  8). All 
determinations were performed using purified external 
standards with known concentrations provided by Vaido-
tas Kisielius [17]. No matrix effect nor instrumental drift 
were identified. Analysis and visualization of results were 
done in MATLAB version R2020b (MathWorks, USA).

PTA determination in soil
The extraction of PTA from soils was carried out follow-
ing the method by Jensen et  al. [23]. After extraction, 
PTA was converted to PTB using the method by Ras-
mussen and Pedersen [38]. First, 6 mL of deionized water 
was added to each sample tube, followed by shaking on a 
flatbed shaker for 10 min at 18 Hz. After shaking, sam-
ples were centrifuged at 20,000g at 1  °C for 10 min. The 
supernatant was then filtered through a RC syringe filter 
of 0.2 µm. However, the top horizons had to be filtered 
with 0.45 µm instead, due to clogging of the filter by the 
organic-rich topsoil materials. The cleaning up of impuri-
ties and PTB in the extract was done by passage through 
solid phase extraction columns dry packed with polyam-
ide. The PTA in the filtered extract was then converted 
to PTB by stepwise addition of 75 µL of sodium hydrox-
ide (1 M) and 75 µL of trifluoroacetic acid (2.5 M) [38]. 
Samples were stored at − 18 °C until HPLC analysis. PTB 
concentrations were analyzed by HPLC using the same 
analytical instrument used for PTA and PTB in bracken 
samples (“PTA determination in bracken tissue samples” 

section) but with optimized settings for the chromato-
graphic separation of PTB. The analytes were separated 
with a mobile phase composed of 43:57 water: acetoni-
trile. Flow of 1 mL min−1 and 50 µL of injection volume. 
The LOD and LOQ of the analytical method for PTB 
was 8.3 and 28 µg L−1, respectively. For more details, the 
reader is referred to Additional file 1: Section 5.1.

Fig. 2  a Measured aboveground biomass for the 2018 (blue) and 
2019 (red) growing seasons expressed as g DW m−2 (n = 6). b 
Average PTA content in bracken pinna calculated as PTA equivalent 
in terms of PTA (PTATOT) (n = 6, all analysis performed in duplicates). 
c PTA content, in PTA equivalent, in bracken canopy for the same 
period (n = 6). Average and standard deviation indicated by the 
points and error bars, respectively
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PTA concentration in throughfall
The quantification of PTA and PTB in the through-
fall water from the wash off field experiments was car-
ried out using the same method as described above. The 
samples from the events taking place in the 2018 grow-
ing season were analyzed by transformation to PTB and 
quantification by HPLC (“PTA determination in soil” sec-
tion). Samples from the 2019 release experiments were 
quantified using a Waters Acquity UPLC I-class module 
equipped with a Waters Xevo TQD triple quadrupole 
mass spectrometer, with adjusted parameters based on 
the method by Kisielius et al. [17].

Results and discussion
Bracken biomass development
The development of bracken biomass followed the same 
trend in the 2018 and 2019 growing seasons. Emergence 
of fronds took place in May, reaching a maximum bio-
mass in middle of July and followed by stabilization of the 
biomass until senescence (Fig. 2a). However, there are dif-
ferences in the maximum value between 2018 and 2019 
growing seasons, with a maximum of 785 and 1200 g DW 
m−2 for 2018 and 2019, respectively. The peak in biomass 
was reached earlier in 2018 (July) than in 2019, where the 
maximum was not reached before the monitoring came 
to a stop at the end of July due to a tilted bracken can-
opy caused by a heavy storm. The maximum weight of an 
independent frond was reached at end of July or begin-
ning of August in both seasons, with masses of 173 and 
247 g fresh weight (FW) for the 2018 and 2019 growing 
seasons, respectively.

Estimation of the subsurface biomass took place 1st 
July 2020 at the time that fronds reached maturity. 
Belowground biomass totaled 800 g DW m−2, with a sub-
stantial variation between sites, which is normal due to 
stand heterogeneity. The biomass is somewhat lower than 
what reported from United Kingdom. However, sampling 
date is important considering that in July the rhizome 
biomass is expected to be at minimum, due to recent 
frond maturation and depletion of the rhizome nutri-
tional storage [10]. Considering that bracken growth at 
initial stages is supported by root nutrient reserves, it is 
expected that biomass production within different years 
to be highly variable, even in the same location as it has 
been observed in this study (Fig. 2a).

PTA production in bracken biomass
The concentration of PTATOT in the fronds (mg PTATOT 
g−1 DW) shows the same pattern for both years, starting 
from the highest value at the beginning of the season and 
decreasing through the rest of the season until senes-
cence (Fig. 2b). The maximum concentration of PTATOT 
in the biomass takes place at the beginning of the 

growing season, with values of 2.68 and 4.95 mg g DW−1 
for the 2018 and 2019 growing seasons, respectively. The 
decreasing trend is in agreement with observations from 
previous investigations [22, 33]. One possible explanation 
is that PTA is produced during leaf initiation and then, 
concentrations decrease with time due to the combined 
effect of dilution in the growing biomass and release from 
the canopy by precipitation. This might also explain the 
drop in PTA content after the biomass has reached matu-
rity, since the plant is not producing new biomass and 
hence, toxin in the canopy.

The total mass of PTATOT in the canopy reaches a 
maximum coinciding with the moment that maximum 
biomass is reached. The average maximum PTATOT 
mass in the canopy occurred in 2018, with values up to 
1600  mg PTA m−2. However, the seasonal maximum 
took place at different times in both seasons, peaking in 
June and July for the 2018 and 2019 growing seasons, 
respectively. After peak concentrations were reached, 
a sudden decrease in the toxin content until senescence 
was recorded during both seasons (Fig. 2c). This decreas-
ing trend observed in the toxin content taking place from 
time of maturity to senescence has been observed previ-
ously for studies in both UK and Denmark [33].

The similar curves for PTATOT content in bracken for 
both seasons indicates that the toxin production in a cer-
tain bracken community and biotope, might be relatively 
stable between years. However, there were differences in 
the timing of the toxin maximum between years, prob-
ably influenced by the effect of environmental conditions 
on growth. The observed peak in toxin content took place 
in late June of 2018, during a period with high biomass 
and still high toxin concentrations, giving an estimated 
maximum of 2810 mg PTATOT m−2. On the other hand, 
in 2019 the peak in toxin content took place later than in 
2018, at end of July, where the biomass reached its maxi-
mum. Therefore, particular production of new organs 
during the growing season might be correlated with 
toxin production [40, 41]. This also explains the drastic 
decrease in the content in both years once the plant has 
reached maturity and there is no further net biomass 
production. This pattern of production of plant second-
ary metabolites linked with the production of new organs 
such as leaves, flowers or seeds, has been observed in 
other plants [5, 40, 42, 43].

Another factor contributing to the observed toxin con-
tent is the accumulated precipitation prior of sampling. 
The point with highest toxin mass at the end of June 2018 
only had 21 mm of prior precipitation during the entire 
period (i.e., from 15th May), compared with 96  mm 
of rain during the same period in 2019. This observa-
tion supports the idea that PTA is produced during leaf 
initiation and that there is only a small fraction of PTA 
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available for wash off that get depleted over time due to 
precipitation.

Release of PTA from bracken to soil
Precipitation events may cause PTA to be released at 
high concentrations, with PTA concentrations in the 
through-fall water ranging from 0 to 2530 µg L−1 for all 
samples and for all rain events (Additional file 1: Figure 
S8). Average concentrations for the individual rain events 
ranged from 102 to 1280  µg L−1, with an average PTA 
sample concentration of 663 ± 700  µg L−1, calculated 
from all events. The average amounts of PTA washed 
from bracken leaves by precipitation during a single pre-
cipitation event ranged from 0.13 to 13.1 mg PTA m−2, 
with an average PTA mass released from bracken during 
a single rain event of 6.23 mg PTA m−2 (Fig. 3a).

The amounts of PTA washed off the canopy were posi-
tively correlated with the volume of precipitation and the 
canopy development stage (Fig.  3c). From the results, it 
is estimated that 0.04 to 0.65% of the PTA present in the 
pinna was washed per mm of incident rain, in accordance 
with previous studies [24, 25]. The results indicate that 
the PTA mass washed off the canopy is higher during pre-
cipitation events appearing late than early in the growing 
season, and this is most probably due to higher leaf area 
values at later stages (Fig. 3c). Another observation from 
the rain wash-off measurements, is that concentrations of 
PTA in the wash off were found to be inversely correlated 

with the volume of precipitation, hence indicating that 
the fraction of PTA available for wash off in bracken pin-
nae is not infinite (Additional file 1: Figure S8).

The fourth precipitation event took place during July 
or August, and therefore, the release event occurred with 
a fully developed canopy and biomass (Fig. 2a). Bracken 
canopy has a high water retention capacity, which has a 
strong influence on water dynamics in bracken popula-
tions, determining the amount of water intercepted and 
released as throughfall. For instance, during events with 
a low precipitation amount such as the event on 5th of 
July of 2019, the canopy intercepts most of the water and 
hence, barely any water was released from the canopy as 
throughfall (Fig. 3a). This is supported by the estimation 
of the canopy water retention capacity using the model of 
Pitman [44], which correlates leaf area index (LAI, e.g., 
area of leaves per surface area) with water holding capac-
ity of the canopy. Bracken canopy with a LAI 4 is esti-
mated to have a water retention capacity ranging from 
0.6 to 1.9  mm [44]. Hence, during precipitation events 
not surpassing these values, water intercepted in the can-
opy would wash the PTA on the canopy but not transfer 
it to the soil, as it would not be any water dripping off 
the canopy. Water stagnated in the canopy might be also 
important contributing to the degradation of PTA on the 
canopy by hydrolysis or photolysis, hence explaining the 
presence of PTB in bracken.

Fig. 3  a Estimated PTA masses washed off by precipitation during four different precipitation events. The middle of the box represents the median, 
the edge of the box the 25th and 75th percentile, while the errors bars denote the 10th and 90th percentiles. n = 12 (2018) or 9 (2019). b Volume of 
precipitation recorded during the release events. c Estimated mass of PTA washed in the rain samples versus volume of throughfall collected in rain 
containers (n = 50)
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Furthermore, there are some less obvious factors con-
tributing to the total mass of PTA being released such 
as the number of antecedent dry days before precipita-
tion. Results from the release events in this study sug-
gest that there is only a certain pool of PTA to be washed 
off by precipitation, rather than the total toxin content 
in the plant. A period with continuous precipitation is 
expected to deplete the available PTA pool in the canopy. 
Hence, the amount of PTA washed per mm of rain will 
be extremely variable between locations as well as within 
different years due to widely different precipitation pat-
terns, calling for caution in the interpretation of the 
release data (Fig. 3b). Another important remark is that 
other glycosides produced by bracken fern, e.g., CAU 
and PTE, were detected at relatively high concentrations 
compared with PTA in the throughfall (Additional file 1: 
Figure S10). The median relative abundance for CAU 
and PTE in the precipitation event taking place on 30th 
July 2019 was 38 and 26%, respectively. This finding sug-
gests that all the glycosides produced by bracken can be 
equally washed off the canopy like PTA.

Degradation of PTA in soil
Degradation kinetics of PTA in soil materials could be 
successfully fitted as a first-order reaction with respect 
to PTA. Results show that PTA dissipates in the soil rap-
idly, with half-lives ranging from 3.3 to 84.5 h (Table 2). 
A tenfold decrease in degradation rates with depths was 
recorded when comparing horizon A1 and AE, showing 
a strong influence of depth on degradation of PTA in 
soils. On the contrary, soil moisture had a negative effect 
on degradation rates for all horizons, with 9–27% slower 
degradation rates at pF 1 compared with pF 2.

Results are in agreement with previous studies on PTA 
degradation and with similar effects of the influence of 
soil depth [26, 27, 37]. The marked decrease in rates with 
depth, indicates that degradation of PTA is mainly driven 
by microbial degradation, as seen in previous studies with 
sterile soil in acidic pH ranges similar to this study [27].

The contribution of abiotic hydrolysis to the overall 
degradation of PTA is rather small considering the model 
proposed by Ayala-Luis et al., which estimates hydrolysis 

rates of PTA based on pH of the solution. Using the pH 
from each horizon and accounting for the influence 
of temperature, abiotic hydrolysis is estimated to con-
tribute just with 1 to 4.1% of the overall degradation of 
PTA observed [28]. Even though hydrolysis rates are two 
orders of magnitude lower than microbial degradation, 
it will gain importance at determining the fate of PTA 
in groundwater in the long term as microbial activity is 
much lower in subsoils and in aquifers.

PTA in soil solution
Results from the suction cells show that PTA is present 
in the soil mostly during the growing season and begin-
ning of autumn. On the other hand, PTB was detected 
from the beginning of the monitoring in March until 
autumn, suggesting that there is an unidentified input 
of PTA prior to the start of the season, given the rapid 
degradation of PTA and PTB in soils as described above 
(Fig. 4). Concentrations of PTA and PTB in the soil pore 
water increased over time during the growing period, 
showing a strong positive correlation with the develop-
ment of bracken biomass. Median concentrations in the 
pore water at 50 cm depth were, only considering posi-
tives, 40 and 88  ng L−1 for PTA and PTB, respectively. 
Concentrations in the soil showed extreme variability, 
with values differing by several orders of magnitude for 
samples taken the same day. Observed concentrations 
in the soil solution indicates that leaching of PTA takes 
place in form of pulses connected to specific precipita-
tion events, considering that PTA degrades rapidly in 
soils. This leaching pattern has been observed for PTA in 
surface waters, as well as for the case of pesticides under 
similar environmental conditions [24, 45].

Peak concentrations in soil solution were observed 
at the end of July, with observed values up to 4820 and 
3500 ng L−1 for PTA and PTB, respectively. The average 
concentrations for that particular sampling day were also 
the maximum observed during the entire monitoring 
period, with values of 1660 and 2410 ng L−1 for PTA and 
PTB, respectively. After this period, there is an apparent 
decrease in concentrations until October, but uncertain 
due to the limited number of samples during the dry 

Table 2  Rate constants (k), coefficients of determination (R2) and half-lives (t½) for the dissipation of PTA in different Humleore soil 
horizons at two different moisture contents (10 °C)

Rates and half-lives are expressed as value ± standard error of the regression equation

Hor k (h−1) × 10–2 R2 t½ (h)

pF 1 pF 2 pF 1 pF 2 pF 1 pF 2

A1 13.1 ± 0.79 20.8 ± 1.24 0.993 0.990 5.3 ± 0.32 3.3 ± 0.2

A2 1.6 ± 0.08 2.5 ± 0.14 0.989 0.987 43.6 ± 2.2 28.1 ± 1.6

AE 1.0 ± 0.07 1.1 ± 0.11 0.970 0.938 73.0 ± 5.3 65.4 ± 6.8
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period. This decrease in soil pore water concentrations 
from July correlates with the decrease in toxin content 
in the canopy (Fig.  2c). A second high pulse event took 
place at the end of October after a rainy period. Con-
centrations of PTA peaked with 3850 ng L−1, while PTB 
concentrations only reached up to 180  ng L−1. Average 
concentrations for this pulse event were 1050 and 32 ng 
L−1 for PTA and PTB, respectively.

The ratios of PTA and PTB concentrations gives an 
indication of residence time of PTA in the soil, given the 
assumption that PTB is produced as a primary degrada-
tion product of PTA. Throughout the monitoring, PTA 

was predominantly lower or at the same concentration 
range as PTB, as PTA is transformed into PTB rapidly 
in soils (Table  2). Note that PTB also degrades in soils, 
so the presence of PTB indicates a relatively fresh input 
of PTA into the soil system [29]. During the pulse event 
taking place at the end of October, PTA concentrations 
were 21-fold higher than PTB. This indicates that there 
is a source of PTA able to release considerable amounts 
into the soil in late October. Bracken at that time in 2019 
had become litter and PTA contents in the biomass were 
under the LOD, since the middle of September (Fig. 2c). 
Interestingly, before the sampling date, the first two 

Fig. 4  Concentrations of PTA (a) and PTB (b) in soil pore water at 50 cm depth under bracken recorded in the period from March 2019 until March 
2020 (n = 1–9). Green line represents the PTATOT (PTA and PTB equivalents in term of mg of PTA) mass in the canopy during the same period. 
c Precipitation recorded for 10 min interval in the nearest weather station during the same period (bottom). Boxplots represent the 25th and 
75th percentile, while the whiskers represent the 10th and 90th percentile. LOD shown by red line, while red stars represent observed values of 
measurements. Dotted line represents the median concentration for each sampling day, while average is indicated by the black line
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nights of frost with a minimum temperature of − 5  °C 
had appeared (Additional file 1).

Frost might be an important factor contributing to 
leaching as frost results in lysis of cells [46]. Applying this 
to the case of bracken, it explains the total depletion of 
PTA in bracken material at the end of the season, indi-
cating that all PTA is either released or degraded rap-
idly after senescence. The formation of frost during the 
winter period also contribute to the progressive com-
paction of the litter layer, and after every thawing cycle, 
the content of soluble compounds in the litter is released 
to pore water. Moreover, at the beginning of autumn is 
when PTA contents in the rhizomes are at its maximum, 
and therefore, rhizome and/or root exudation cannot be 
excluded as another source of PTA [31]. Release of PTA 
from decaying bracken rhizomes is an unknown and yet 
not quantified process, and it has the potential to be a 
major input to the soil, considering both biomass and 
PTA content of rhizomes [31].

Other important aspects to consider are the conditions 
of the soil in the beginning of autumn, with increasing 
water saturation and low soil temperatures. Hence, dur-
ing the autumn period, residence time of PTA in the soil 
is shorter than in summer, giving less time for PTA to 
dissipate. Moreover, low soil temperatures also contrib-
utes to decrease in rates from both microbial degradation 
and hydrolysis [28]. Taking into consideration all points 
mentioned above, we identify the period at the beginning 
of autumn as the highest risk of release of PTA leaching 
to freshwaters.

A higher sampling frequency will improve our under-
standing of PTA dynamics in the soil–plant-water con-
tinuum, and lead to more accurate estimation of mass 
fluxes between the different environmental compart-
ments. The dataset generated in this study can be used as 
the validation dataset for the model of Garcia-Jorgensen 
et al. This model will serve as a valuable tool for elucidat-
ing the leaching fluxes and peak concentrations during 
pulse events and to accurately assess the risk of water-
bodies pollution by bracken toxins.

Conclusion
This 2-year monitoring study connects production of 
bracken biomass, production of PTA in the canopy, 
release by precipitation and PTA concentrations in soil 
solution. The mass of PTATOT in the canopy peaked at 
1600 mg m−2 in July, coinciding with the moment, where 
the maximum biomass was reached. Production of PTA 
in bracken was proportional to the production of new 
biomass. Once there was no net production of biomass, 
PTATOT in the canopy decreased progressively towards 
the end of the growing season.

Wash off by precipitation was the most important input 
of PTA to the soil, with estimated masses of PTA transfer 
to the soil up to 13.1 mg m−2 during a single rain event. 
The total mass of PTA washed was positively correlated 
with the volume of precipitation and development stage, 
showing an influence of canopy structure on the release 
of PTA. The fraction of PTA washed off by mm of rain 
is estimated to be, on average, 0.2% of the total content 
in the canopy. Degradation of PTA in the soil was fast 
and strongly decreased by soil depth, with half-lives 
between 3.3 and 73  days for upper and lower soil hori-
zons, respectively.

Leaching of PTA takes place as pulses related to spe-
cific rain events, with peak concentrations in the soil 
pore water solution up to 4.8  µg L−1. Observation of a 
PTA pulse event in October indicates that there was 
a fresh input of PTA to the soil taking place in autumn, 
suggesting the presence of another PTA pool apart from 
the living canopy. Based on the results, we conclude that 
leaching of PTA takes place throughout the growing sea-
son and into the autumn, with high variability in concen-
trations due to the pulse-type transport and substantial 
degradation of PTA in the soil.
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