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Abstract

Pteridium aquilinum (bracken fern) poses a global threat to biodiversity and to the health of both
animals and humans due to its toxic metabolites and aggressive ecological expansion. In northern
Spain, particularly in regions of intensive livestock farming, these risks may be exacerbated, calling
for urgent assessment and monitoring strategies. In this study, we implemented a multidisciplinary
approach to evaluate the toxicological and ecological relevance of P. aquilinum through four key
actions: (a) quantification of pterosins A, and B, in young fronds (croziers) using ultra-high-
performance liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS); (b)
analysis of in vivo genotoxicity of aqueous extracts using Drosophila melanogaster as a model
organism; (c) a large-scale survey of local livestock farmers to assess awareness and perceived impact
of bracken; and (d) the development and field application of a drone-based mapping tool to assess
the spatial distribution of the species at the regional level. Our results confirm the consistent presence
of pterosins A and B in croziers, with concentrations ranging from 0.17-2.20 mg/g dry weight for PtrB
and 13.39-257 ug/g for PtrA. Both metabolite concentrations and genotoxicity levels were found to
correlate with latitude, and importantly, with each other. All tested samples exhibited genotoxic
activity, with notable differences among them. The farmer survey (n = 212) revealed that only 50% of
respondents were aware of the toxic risks posed by bracken, indicating a need for targeted outreach.
The drone-assisted mapping approach proved to be a promising tool for identifying bracken-
dominated areas and provides a scalable foundation for future ecological monitoring and land
management strategies. Altogether, our findings emphasize that P. aquilinum is not merely a local
concern but a globally relevant toxic species whose monitoring and control demand coordinated
scientific and policy-based efforts.

Keywords: bracken: Pteridium aquilinum; pterosins A & B; in vivo genotoxicity; SMART assay of
Drosophila melanogaster; UHPLC-MS/MS; drones-UAV

1. Introduction
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The Pteridium aquilinum fern is now recognised as a complex taxonomic group that includes at
least 17 subspecies and varieties [1], with P. aquilinum var. aquilinum being one of the most
widespread, found on every continent except Antarctica [2,3]. All plants within this genus are
commonly referred to as bracken, a term that will be used henceforth for brevity. The prevalence of
bracken in the world is very important, occupying forest ecosystems, grasslands, and shrublands [3].
Its overall geographical distribution and local abundance of bracken appear to be increasing in
various regions around the world [4], driven in part by human land-use practices, but also by its
natural aggressiveness towards other species, including plants, insects, and herbivores [5-10].
Climate change facilitates its spread, particularly in Northern Europe and mountainous areas, due to
rising temperatures, longer growing seasons, increased humidity, and greater sunlight exposure
[4,10]. This plant is seen as a potential threat to biodiversity because it can replace important habitats,
such as species-rich grasslands [3,11]. and it disrupts the regeneration of hardwood forests [11-13],
hindering the establishment and growth of tree seedlings [12]. These effects are mainly due to the
vast array of chemicals produced by this plant [14-17].

The most studied compounds include cyanogenic glycosides, iludane glycosides (ptaquiloside
(PTA), caudatoside (CAU), and ptesculentoside (PTE)), several pterosins, and selligueain A, a
germination inhibitor [18-20]. Iludane glycosides have gained attention because they are the source
of the bracken carcinogenicity [14,18,20-30]. Bracken is the only known upper plant that can naturally
induce cancer in animals and humans [17,31-34], and it is classified as “possibly carcinogenic to
humans” (Group 2B) by the International Agency for Research on Cancer [35].

PTA is the most well-studied chemical of this group, although CAU and PTE are expected to
have the same characteristics and properties [27,29,30]. It was discovered in 1983 [36,37], and
identified as a mutagenic chemical and as “the carcinogenic metabolite of Pteridium” [37-39]. PTA is
an indirect mutagen, and its reactivity is enzyme-independent but pH-dependent [27,40]. In base
conditions, the D-glucose moiety is lost from the PTA, and an unstable and highly reactive conjugated
dienone is formed [24,27,33]. This dienone alkylates DNA, at nitrogen and oxygen atoms, and it is
accepted as the activated metabolite of PTA [21,24,33,38,40,41]. In acid conditions, the D-glucose
moiety is also lost and a pterosin is formed (specifically pterosin B, PtrB), which is not a genotoxic
metabolite [15,16,24,27,42]. This stable PtrB can also be formed from the dienone metabolite [24,27,29].
The distribution of these toxins varies between the fronds and rhizome of the plants, with the highest
concentrations found in the fronds, especially during the early growth stages (croziers), and at the
tips of the pinnae [19,30,43—-45]. Additionally, spores also contain at least PTA [30,45], and they also
induce DNA adducts [21,24], and DNA strand breaks [46].

Both the plant and PTA can induce cancer in cattle, specifically urinary bladder cancer in a
syndrome known as bovine enzootic haematuria (BEH) [14,15,40].

In humans, epidemiological studies have revealed elevated risk of tumors in the digestive
system of persons who consume bracken, a finding observed in various regions around the globe
[23,31,33,40,47,48]. In areas where bracken is not part of the diet, potential exposure sources include
milk and meat from cattle that have ingested the bracken [15,33,49], and inhalation of spores or dust
[46,50]. In addition, since bracken metabolites PTA, CAU and PTE are highly water-soluble, they can
leach from the fronds into the soil and, subsequently, permeate water sources and troughs, including
groundwater and drinking water [19,33,51-54].

In Spain, the Autonomous Region of Asturias, together with Galicia, Cantabria and the Basque
Country, throughout the Cantabrian north coast, and Extremadura in the Sud-West, constitute a
heterogeneous phytogeographic arc, characterized by the exploitation of cattle, sheep and horse, and
where bracken stands out for its considerable abundance, and coverage of landscape parts. However,
despite the quite important risk represented by this plant, no comprehensive studies have been
performed to determine the actual hazard that Pteridium plants present.

Because of this lack of information, this work aimed to determine the actual threat posed by
Pteridium aquilinum in Asturias. To achieve this objective, four detailed tasks were outlined. The first
one was the determination of the iludane glycosides pterosins, as stable chemicals, in samples of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

3 of 21

croziers taken from plants, localised in diverse environments all over Asturias, especially in areas
with significant livestock activity and/or regions of notable wildlife interest (like national and natural
parks). Mass spectrometry was the analytical methodology chosen to perform this task, as described
before [55]. The second task was to study the in vivo genotoxicity of aqueous extracts obtained from
these plants, using Drosophila melanogaster as a model organism, to prevent the use of mammals [56],
and the SMART assay, which detects induction of mutation and recombination in somatic cells of
Drosophila larvae [57-59]. In this SMART assay, wild-type eyes may present white mutant spots as the
consequence of DNA damage: in females, DNA damage can give rise to mutant spots mainly through
its fixation as somatic mutation or mitotic recombination events, whereas in males, DNA damage
originates mutant spots almost exclusively through its fixation as somatic mutation [58,60,61]. The
genotoxic activities detected in this assay were compared to the levels of the analysed metabolites.
The third one was to engage farmers through an in-depth survey, to gather first-hand accounts and
experiences that can further inform the understanding of the issue. Finally, the last task was to design
and develop a methodology to map this species at a regional level, using drones or unmanned aerial
vehicles (UAVs), and to check it, in a proof-of-concept study, to analyse the multispectral data
provided by the UAV flights.

Results demonstrated that, although there were differences among plants both at the levels of
metabolites and at the respective genotoxic activities, pterosins PtrB and PtrA were detected in all of
them, and all the samples were genotoxic in vivo in Drosophila larvae. Furthermore, the levels of
genotoxic activity strongly correlated with the levels of PtrB and PtrA. The carried-out survey
revealed that not all the farmers were aware of the danger posed by this plant. Last, a methodology
was developed to map the spread of this plant, using UAV flights.

2. Results

2.1. Quantification of Toxic Metabolites in Croziers Samples

The results of the implemented analytical methodology used to determine levels of P. aquilinum
metabolites, in terms of sensitivity and accuracy, as well as the correlation coefficients of the
calibration curves performed for each of the analysed pterosins, are presented in Table 1. As
indicated, only the pterosins A and B were determined because they are very stable chemicals, and
reliable standards were available.

Table 1. Analytical performance characteristics of the UHPLC-MS/MS used to detect pterosins A and B, in

extracts of bracken plants.

Chemical pupgL'Min pgL?®Max R? LOD (ugL?) LOQ (ugL?)
PtrB 5 160 0.998 2.5 5
PtrA 0.75 80 0.994 0.046 0.37

As observed, values of LODs and LOQs were low enough to make a reliable determination of
metabolites, and high correlation coefficients (R?) of the calibration curves were obtained for the
respective concentration ranges.

With this methodology, the levels of these three metabolites were determined in extracts from
plant samples, specifically croziers, and the corresponding results are presented in Figure 1. These
results show that these two metabolites were found in all the samples.

In addition, these results show clear differences among the analysed samples, for each
metabolite. As observed, levels of PtrA were between 6 and 260 ug/g of dry weight (DW), and levels
of PtrB were around 10 times higher than those of PtrA (between 55 and 2300 pg/g DW). In addition,
levels of PtrB and PtrA follow a quite similar distribution among samples, despite the different scale
(correlation R=0.94, p< 0.000).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Levels of Pteridium aquilinum metabolites in extracts from 14 plant samples. A) PtrA, and B) PtrB. Data
are arithmetic means of at least 3 independent extracts with their standard errors.

Statistical analysis to check differences among samples, for each metabolite, was carried out with
one-way ANOVAS and a posteriori SNK analyses. Results indicated statistically significant
differences for all the metabolites (p< 0.000). However, for each of them, there were some
homogeneous subgroups revealed by the SNK analyses and, again, similarities were found between
PtrB and PtrA, (Table S1).

To provide detailed insights into these findings, correlations and regression analyses were
performed between mean levels of metabolites and the geographic parameter latitude of all the

samples. As shown in Figure 2, positive statistically significant correlations (12 d.f.) and regression
slopes were found for PtrB and PtrA.
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Figure 2. Relationships between metabolite levels and latitude. Positive statistically significant regression slopes

and correlations for PtrB and PtrA. Regression equations are presented for all the metabolites.

A negative, almost statistically significant, correlation was also found between the levels of PtrB
and the altitude (R=-0.53, p= 0.051). No relationships were found with longitude coordinates.

2.2. Genotoxicity Analysis of Aqueous Plant Extracts

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The SMART assay of D. melanogaster was used to check the possible genotoxicity of aqueous
extracts of Pteridium plants (Figure 3).

The results of the hatched flies per bottle, used as a semiquantitative measurement of toxicity,
presented in Figure 3A, showed the lack of differences between the extract concentrations and the
corresponding negative controls, for each sample, with two exceptions: the lowest analysed
concentration of the PELH sample, and the middle concentration of the PON sample.

The frequencies of mosaic eyes in females are presented in Figure 3B. The extracts from all the
samples, at concentrations of 10 and 25 mg/mL, induced frequencies of mosaic eyes significantly
higher than those of the corresponding negative controls. The extracts from PRI, LaM, MU11, MU13,
MU?2 and MU15 samples, at 1 mg/mL concentration, did not increase the frequency of mosaic eyes
over their respective negative controls.

In males, the results of the frequency of mosaic eyes are presented in Figure 3C. All the extracts
at 25 mg/mL concentration induced frequencies of mosaic eyes significantly higher than the
corresponding negative controls, as did all the samples but DEG at 10 mg/mL concentration, and all
but PELH, PON, LaM, DEG, and all the MU samples at 1 mg/mL concentration.
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Figure 3. In vivo analysis of genotoxicity, with the SMART assay, of aqueous extracts from sixteen samples of
plants. A) Number of hatched flies per bottle as measure of toxicity; values are arithmetic means of at least 4
bottles and their standard errors. B, C) Frequencies of mosaic eyes, and their standard deviations, in females (B),

and males (C).

The comparison between females and males revealed higher frequencies of mosaic eyes in
females than in males for all the samples. However, in both sexes, clear differences were detected
among samples. The induced frequency of mosaic eyes in males represents the induction of somatic
mutations, whereas the difference between the induced frequencies of mosaic eyes in females and
males represents the induction of mitotic recombination [58,60,61]. The comparison between

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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induction of mutation and recombination, presented in Figure S1, with large differences among
samples, showed that although, in general, the frequencies of induced mutations were larger than
those of recombination, especially with the higher extract concentrations, some samples induced
more recombination events than somatic mutations, like MU15, LaM and MU13.

These data on genotoxic activities were analysed together with the geographic parameters. The
results of the correlations and regression analyses with latitude are presented in Figure 4.

60
o R=0.52, p=0.038
1 50 R=0.62, p=0.01 y=38.282x - 1632.9
L=
T R=0.54, p=0.032
o 40
E
—
S 30 y = 30.06x - 1288.1
S * °
c [ ]
g 20 NPT L L
o | sttt e et eeeesrt? [
£ 10 S 3.0 % ® eeeeeses
T | e e B R R

et P sees L J = . = .
g o Qg $ N y = 15.882x - 682.67
2 419 43 431 432 433 434 435 436
= -10
Latitude
®  1mg/mL-M ® 10 mg/mL-M 10 mg/mL-F
seecsss Lineal (1 mg/mLM) -cceeee Lineal (10 mg/mL-M) Lineal (10 mg/mL-F)

Figure 4. Relationships between induced frequencies of mosaic eyes and latitude, in females and males. Positive
statistically significant regression slopes and correlations (R, with d.f.=14) for 1 and 10 mg/mL concentrations in
males (in blue and orange, respectively), and for 10 mg/mL concentration in females (in grey). Regression

equations are presented for all the concentrations.

Positive statistically significant correlations and regression slopes were found for the mosaic eye
frequencies induced by 1 and 10 mg/mL extract concentrations in males, and by 10 mg/mL extract
concentration in females.

No relationships were detected between the induced frequencies of mosaic eyes and the
longitude.

The analysis of the relationships with altitude revealed a negative significative relationship with
the mosaic eyes frequency induced by 10 mg/mL extract concentration in females, but only when the
PRI sample was removed from the analysis (R=-0.55, with 13 d.f., p= 0.034).

Additionally, the pH and viscosity of the aqueous extracts (Table S2) were compared to altitude
and latitude. Results showed negative and statistically significant correlations (with 14 d.f.) between
viscosity and altitude (R=-0.54, p< 0.05), and between pH and latitude (R=-0.62, p< 0.05).

2.3. Relationships Between Pterosin Levels and Genotoxic Activities

The levels of PtrA and PtrB were checked against the induced frequencies of mosaic eyes, in
both sexes, for the studied samples, using again correlation and regression analyses. Results of
regression analyses for PtrB are presented in Figure 5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Relationships between induced frequencies of mosaic eyes and PtrB levels, in females and males. A)
Statistically significant regression lines for the three analysed extract concentrations in females. B) The same for
10 and 25 mg/mL extract concentrations in males. Regression equations are presented for the 1, 10 and 25 mg/mL

concentrations, in blue, orange and grey, respectively, in both sexes.

Regression and correlation analyses, with 12 d.f., showed up R values of 0.74 (p=0.002), 0.87 (p=
0.000) and 0.70 (p= 0.005), for 1, 10 and 25 mg/mL extract concentrations, respectively, in females
(Figure 5A), and of 0.52 (p=0.054), 0.65 (p=0.012) and 0.65 (p= 0.012) in males (Figure 5B), indicating
positive relationships between the analysed parameters, all of them statistically significant ones,
except that corresponding to 1 mg/mL in males, that is close to significance.

Results of regression and correlation analyses for PtrA, with 12 d.f., showed up R values of 0.77
(p= 0.001), 0.88 (p= 0.000) and 0.70 (p= 0.005), for 1, 10 and 25 mg/mL extract concentrations,
respectively, in females (Figure 6A), and of 0.67 (p=0.009), 0.78 (p=0.001) and 0.74 (p=0.003), for these
same concentrations in males (Figure 6B), indicating positive, and statistically significant,
relationships between the levels of PtrA and the induced frequencies of mosaic eyes.
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Figure 6. Relationships between induced frequencies of mosaic eyes and PtrA levels, in females and males. A)
Statistically significant regression lines for the three analysed extract concentrations in females. B) The same in
males. Regression equations are presented for the 1, 10 and 25 mg/mL concentrations, in blue, orange and grey,

respectively, in both sexes.

Both the regression and the correlation analyses revealed stronger relationships of the induced
frequencies of mosaic eyes with PtrA than with PtrB.

To check that these very strong relationships were not due to a not-yet-detected genotoxic
activity of pterosins PtrA and PtrB, SMART assays were performed with 0.02 mg/mL of PtrB and
0.002 mg/mL of PtrA, concentrations close to the highest detected ones in the 10 mg/mL concentration
of the aqueous extracts. The results of these experiments with frequencies of mosaic eyes of 7.96 and
10.94 in females, and 3.83 and 4.38 in males, for PtrA and PtrB, respectively, demonstrated their lack
of genotoxic activity when compared to the negative control frequencies of 10.61 and 4.06 in females
and males, respectively (with more than 300 scored eyes per sex).

To get more information about the relationships between metabolites and genotoxicity, the
levels of PtrA and PtrB were checked against the induced frequencies of somatic mutations and
mitotic recombination events. Only relationships between this parameter and the levels of PtrB were
detected (regression and correlation analyses, with 12 d.f., R=0.60, p= 0.023, and R=0.61, p= 0.02, for
1 and 10 mg/mL extract concentrations, respectively) (Figure S2).

Concerning relationships with induced mutations, since information about the induction of
somatic mutations is obtained from the male data, it is clear that the levels of both pterosins were
strongly related to the induction of somatic mutations (Figures 5B and 6B).
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To check whether the relationships between PtrB and PtrA levels and genotoxic activities could
be improved in such a way that the pterosins levels might be used to predict genotoxic activities,
multivariate regression analyses were performed combining PtrB and PtrA levels. Results showed
that only for the mosaic eyes frequencies induced by 1 and 10 mg/mL concentrations, in males, the
relationships increased to R= 0.725 (p= 0.016) and R= 0.824 (p=0.002), respectively, with the
combination of these pterosins. Moreover, when latitude, altitude, extract pH and viscosity
parameters were included in the analyses, the relationships increased to R=0.901 (p=0.026), and 0.919
(p=0.014) for 1 and 10 mg/mL extract concentrations in females. For the 25 mg/mL concentration, the
relationship increased to 0.865 (p= 0.026) when viscosity was excluded from the analysis. In the case
of the induced frequencies of mosaic eyes in males, the relationship increased for 10 mg/mL
concentration to R=0.94 (p=0.006). For 25 mg/mL concentration, the addition of latitude, altitude and
extract viscosity parameter, without the extract pH, also increased to R=0.849 (p=0.037). For 1 mg/mL
extract concentration, the addition of these other parameters did not increase the relationship.

2.4. Results of Farmer’s Surveys

The results of the surveys that covered all the parts of Asturias where plant samples were
collected are summarized in Table S3. From the collected responses, the first point of interest was that
meat, or beef, cattle farming is very important in Asturias. While these animals were the primary
livestock, other species such as sheep, goats, and horses were also present in the surveyed farms, in
lower numbers, although a significant presence of sheep and goat was recorded in the area of PE. In
the natural park LaM, only one farmer, out of 24, raised goats (more than 100). The number of cows
owned per farmer remains consistent, ranging between 43 and 90, and the Kruskal-Wallis test results
revealed no significant differences among the tested zones (H(8)=11.82, p=0.159).

The survey results revealed that a large majority of farmers were aware of the potential damage
that ferns pose to their cattle, and some of them even reported views of cattle consuming the plant.
However, significant differences were detected between the sampled areas (Chi square X2 = 41.404;
p< 0.05). Notably, farmers from DEG, as well as those from NOV and TIN, exhibited a concerning
lack of knowledge regarding the risks associated with bracken.

Concerning animal illness and deaths, the survey revealed that the symptom of blood in urine
is alarmingly common across all sampled localities, with around half the farmers having observed it
at some point, and without significant differences among the sampling sites (X2 =11.671, p = 0.1665).

Concerning the percentages of farmers reporting livestock deaths attributable to toxicity or
poisoning, the highest values were reported in PE and PON, with 48.27% and 47.82 % of the surveyed
farmers, respectively, whereas in DEG, NOV and PRI, no deaths were linked to bracken poisoning.
However, the statistical analysis revealed that these differences did not reach statistical significance
(X2 =12.298, p= 0.138). No significant differences among locations were detected in the number of
dead cows, according to the Kruskal-Wallis test (H(8)=11.557, p= 0.1721). These records reflect not
only isolated incidents but, in many cases, recurrent issues faced year after year. Importantly, 100%
of reported deaths in PE, PON, SOM, and TIN were certified by veterinarians to have been caused by
bracken consumption, particularly during the late summer and autumn months (Table S3). The
survey also included questions to farmers about their practices concerning silage. The majority of
them reported exercising caution to prevent bracken remnants from being included in their forage
packages. Furthermore, the farmers expressed their deep concern regarding the encroachment of this
plant on their grazing lands. Many acknowledged the urgent need to control its growing expansion
and mentioned the use of herbicides (those allowed ones), and the manual cutting of the plant fronds,
as their main strategies for management.

2.5. Implementing a Tool to Map Bracken

As indicated in the Introduction, the last partial objective of this work was to design a
methodology to map bracken plants at the regional level, using UAVs. For that, UAVs were flown at
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different times throughout the year. With the data collected in the first of those flights, a significant
difference was found among the spectral reflectance of different vegetation types (Figure S3).

Afterwards, other UAVs were flown to check the methodology with training and tests. Results
showed that a Kappa index of 0.91 and an overall accuracy (OA) of 0.94 % were obtained, which
indicated promising features of the methodology. With this achievement, test flights were carried
out. In this case, the obtained results showed a Kappa index of 0.69 and an overall accuracy (OA) of
0.80 %. Tables S4 and S5 show the confusion matrix in the case of training of random forest classifier
and of the test flights, respectively.

With this methodology of acceptable accuracy, a vegetation map was produced, and it is
presented in Figure 7.

Figure 7. Distribution of vegetation types in the study area, the bracken distribution is coloured in orange (upper
left: RGB original image).

As observed, the bracken is identified in the map much better and accurately than in the original
image. Figure 7 also shows the large expansion of bracken in the monitored area.

3. Discussion

This work aimed to conduct the first comprehensive assessment of bracken in Asturias, as one
of the Spanish regions with a large presence of this plant. To achieve it, several sampling locations
were chosen, from the coast to the high mountains, to create a data set that would provide
information to help people decide on effective management strategies.

The findings of this work indicate that at least pterosins PtrB and PtrA are consistently present
in the croziers collected from all sampled locations, revealing therefore the presence of their
respective iludane glycosides PTA and CAU, theoretically in equivalent levels. It has been described
that PTA is distributed throughout the entire plant, with varying concentrations at different parts:
from lowest to highest, in spores, roots, rhizomes, and fronds [45,62-64]. Moreover, the croziers
represent the phenological stage where PTA concentration is quite high, although it decreases
throughout the growing season [65,66].

PTA has received more attention in research than CAU or PTE, as data on these two compounds
are more limited [30]. Moreover, a higher prevalence of PTA over CAU and PTE was described in
plants from several regions of the world [29,30,65].
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The analysis of pterosins in this work demonstrated a noteworthy correlation between the levels
of PtrA and PtrB in the analysed plants, suggesting that PTA and CAU are present in high levels in
these plants and that they follow a similar pH-dependent transformation. To understand the
variations observed among these sampling locations, it is essential to consider the multitude of factors
that can influence this type of transformation, which may arise from the characteristics of the plant
itself or from environmental conditions [30,67].

Although the levels of the two pterosins showed statistically significant relationships with
latitude, and those of PtrB also with altitude, the many different homogeneous groups detected for
the levels of PtrA and PtrB suggest that other factors might also be involved in the synthesis of
iludane glycosides. However, the different soils, with different pHs, present in the eastern and
western parts of Asturias, related to the different types of rocks (limestone and carbonate rocks in
general, in the east, and sandstones, quartzites, granites and slates, in the west [68]), do not seem to
be important, because no relationships were found between metabolite levels and longitude. Some
environmental factors were described to be important in the production of iludane glycosides mainly
nutrient viability, particularly phosphorus, organic matter content, soil pH, and altitude [40,69-71].
Recent studies quantifying PTA, CAU, and PTE over a broad geographical range in Northern Europe
have revealed a complex interplay of climatic and genetic factors affecting secondary metabolite
production in bracken [30]. However, to our knowledge, this is the first time that strong relationships
between metabolite levels and latitude, in a rather small area, were detected.

The risk of exposure to bracken highlighted by the levels of the pterosins was confirmed when
the genotoxic activities of aqueous extracts of the samples were demonstrated in in vivo experiments
with D. melanogaster. These genotoxic activities were different among the samples, and also regarding
their potential to induce mutation or recombination events (Figure S5); moreover, they were induced
without toxicity, because the two toxic treatments, with low extract concentrations, were not
considered to be biologically relevant. These results are in concordance with previous reports of the
genotoxic activity of bracken extracts determined with different genotoxicity assays. Starting with
the induction of DNA adducts both in different animals in vivo [21,24,40], and in vitro [24,40] there
is information about the induction of DNA strand breaks, determined with the comet assay in vitro
[46,72,73], or through the y-H2AX [74]. Furthermore, bracken extracts were reported to induce
chromosomal aberrations in vivo [27,34,75-77]. Equivalent results were obtained with PTA
treatments, which induced DNA adducts in vivo [78], DNA strand breaks both in the comet assay in
vitro in mononuclear blood cells [27], and in y-H2AX in cultured human cells [74], and chromosomal
aberrations in vitro [39]. In addition, PTA induced gene mutations in bacteria [40,79,80].

Concerning gene mutations in mammalian cells, whereas some evidence pointed out that PTA
induces mutations at the H-ras gene in rats in vivo [81,82], no mutations in this gene were detected
in immunohistochemical analysis of urinary bladder lesions from slaughtered cattle [83], nor on the
TP53 gene in cattle tumours [84]. With this evidence, [29] suggested that no real evidence exists that
PTA, or bracken extracts, induce mutations in ras or TP53 genes. However, a mutation signature for
PTA was very recently described [85].

The genotoxic activities of the analysed samples, like the metabolite levels, presented a clear
relationship with geographic locations, specifically with latitude. Most importantly, they presented
strong relationships with the levels of PtrB and PtrA. Since these pterosins are not genotoxic, as
shown in this work and as reported in the literature [15,16,24,29,40,42], the detected relationships
should be related to PTA and CAU, and their respective dienones, which generate these pterosins
[15,29,38,40,67,86].

This is the first time that such relationships between genotoxicity and specific bracken
metabolites were described, and they emphasise the relevance not only of PTA, but also of CAU, in
the genotoxicity and, therefore, in the carcinogenicity of Pteridium plants in Asturias. The
relationship of PtrA with mutation induction but not with recombination induction points to an
important role of CAU in the induction of somatic mutations in D. larvae, whereas PTA seems to be
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important in the induction of both types of events. An increased role of CAU in P. aquilinum plants
in Europe was recently suggested [30].

Over the past two years, a comprehensive study involving 212 surveys targeting farmers in the
chosen locations has been conducted. To enhance its outreach, active participation in livestock fairs,
held across various municipalities in Asturias, were carried out from spring to winter. The primary
goal of this part of the work was to engage with farmers who manage extensive livestock operations,
focused on meat cattle that graze in open fields. This approach increased the likelihood of getting
information related to bracken consumption. Through the interviews, it has become clear that many
farmers are aware of the potentially harmful effects of bracken on livestock, especially cows, although
they lack detailed knowledge about it. Nevertheless, farmers from the NOV, PRI, TIN and DEG
locations seemed to be less familiar with bracken danger.

When asked about symptoms related to bracken poisoning, approximately 25 % of the farmers
reported having observed blood in the urine of cows at some point. However, many of them
attributed these symptoms to tick bites. This association is plausible, as bracken habitats are often
linked with tick presence [30,87], which might transmit important tick-borne diseases [88,89]. This
trend appears to be particularly pronounced at the NOV, PRI and DEG locations. Although no other
symptoms related to bracken poisoning were detected, about half the surveyed farmers
acknowledged the loss of some cows to bracken consumption, certified by veterinarians, with
numbers per farm between 1 to 15, in 10 years; the less affected areas were NOV and SOM, and the
most affected ones were PE and PON, where veterinarians have attributed the recorded deaths to
bracken consumption, primarily occurring in late summer and autumn.

There is a growing consensus among farmers in the most impacted areas that harsh conditions,
such as reduced pasture availability, hot summers, or increased livestock pressure, raise the risk of
livestock death due to bracken consumption. One farmer, from the LaM natural park, lost 19 cows in
two months (October and November), more than 10 years ago. Addressing this problem is crucial,
since farmers are increasingly referring to the problems associated with bracken consumption as
“bracken disease”.

Moreover, farmers expressed significant concern about the loss of pasture areas due to the
aggressive expansion of bracken. Looking ahead, especially in the context of climate change, it is
crucial to explore effective means of controlling its spread. To date, farmers in Asturias have been
cutting back the aerial parts of the plant and using systemic herbicides, and some of them have carried
out the mechanical removal of the rhizomes or the burning of the plants. With respect to the risk of
bracken ingestion from silage, most farmers tried to prevent its inclusion in the packages.

Finally, concerning the implemented methodology to accurately map bracken in vegetation
maps of Asturias, the higher reflectance values of bracken compared to those of grass, in the red part
of the spectrum, because of its richness in dead material, have allowed the detection of a greater
difference in NIR band [90]. Similar results were obtained for the precision statistics (OA and Kappa
index) in other studies [9,91]. In the case of bracken, the producer accuracy was 0.94 % in training,
decreasing to 0.80% in tests. These results demonstrate that an RF model for vegetation type
classification has been developed and included in an automatic mapping tool. The open-source tool
generates a land cover map using UAV multispectral data for two times of the year and a free LIDAR
point cloud. The results show the potential of multispectral data in mapping this invasive species,
but it will be necessary to increase field data and to include more flights throughout the year to
improve the RF model and its scaling for satellite data.

Summarising, the work presented here demonstrated the clear and direct risks posed by bracken
plants, because their metabolite contents are linked to their genotoxic activities. The complexity of
these relationships underscores the importance of conducting further studies to clarify them and to
enhance the understanding of this subject. This bracken risk is a reality to cattle health, as revealed
by the surveys carried out among farmers.

4. Materials and Methods
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4.1. Sampling Sites and Pteridium Plant Collection

This study has been conducted across ten locations in Asturias, including two coastal ones, two
central, and six locations along the Cantabrian Mountains, within national and natural parks, crucial
hotspots for biodiversity conservation in Europe (Figure 54). In two of the four different sites were
sampled, making a total of 16 analysed sites. The names of these sites and their Nature 2000 code,
and their geographic information (altitudes and coordinates), are presented in Table S2.

The plant samples consisted of recently emerged croziers and were collected in early Spring
2023. Once cut, the plants were kept at 4 °C until they underwent lyophilisation and were smashed
into powder before being stored at -20 °C.

4.2. Metabolite Analysis: Determination of Pterosins in Croziers from Brackens

The determination of pterosins B, A and G, was performed as described by [55], with several
modifications. Briefly, for each sample, 40 mg of sample-powder were mixed with 40 mL of a 20 %
methanol (MeOH) and 0.1 M ammonium acetate solution, at pH 6. This mixture was agitated by
vertical rotation, in a Heidolph REAX 2 shaker, at 74 rpm and 4 °C for 20 min, it was centrifuged at
3000 g for 5 min, at 4 °C, and the supernatant was collected. Then, 20 uL of a stock solution (2500
pg/L) of Loganin (CAS N®: 18524-94-2, from TCI Europe N.V.) were added as an internal standard to
480 uL of the supernatant [92]. This mixture was filtered with a 0.22 um and 13 mm diameter
polyvinylidene difluoride filter (PVDF). Chemical compounds PtrA (CAS N° 35910-16-8) and PtrB
(CAS N° 34175-96-7) were obtained from ChemFaces were used as standards. All these compounds
were separated and quantified by ultra-high performance liquid chromatography coupled with
tandem mass spectrometry detectors (UHPLC-MS/MS) in a 6460 Triple Quad LC/MS (Agilent
Technologies), using Masshunter Workstation software (Agilent Technologies, Madrid, Spain). The
ultra-high-performance liquid chromatography (UHPLC) was carried out with the generated
samples, using 0.1 % formic acid in high-purity MilliQ water (v/v) as mobile phase A, and 0.1 %
formic acid in acetonitrile (Romil UpS — Ultra Purity Solvent) as mobile phase B. An Agilent
InfinityLab Poroshell 120 EC-C18 column (2.7 um particle size, 3 x 50 mm i.d.), paired with a
precolumn of identical specifications, was used for the stationary phase. The peristaltic pump was
set at a constant flow rate of 1 mL/min, and the gradient was set as follows: 0-1 min 10 % B; 1-3 min
35 % B; 4-4.5 min 95 % B; 4.6-5 min 10 % B. A volume of 20 uL was injected, and the column
temperature was kept at 35 °C. For the ionisation and quantification stages, the Agilent 6460 was used
in Dynamic Multiple Reaction Monitoring mode (dynamic MRM), after positive electrospray
ionisation (ESI), and 3200 V. The ionisation parameters used were 13 L/min as drying gas flow rate,
and 40 psi as nebuliser pressure. Mass transitions for the Dynamic MRM method are presented in
Table S6, whereas information about precursor ions, product ions and collision energies used for each
chemical is presented in Table S7. Three independently prepared extracts from each sample were
analysed, with three replicates for each them. A blank was measured after each sample to confirm
the absence of cross-contamination.

4.3. Genotoxicity Analysis: SMART Assay

The eye w/w+ SMART assay was performed with the Oregon K strains yellow and white (Ok-y
and Ok-w, respectively) of D. melanogaster, and surface treatments. Briefly, larvae descendants of
mass crosses between Ok-y females and Ok-w males, developed in Formula 4-24 Caroline Instant
Drosophila Medium®, and of 60-70 + 12 h old larvae, were treated with 1.5 mL/bottle of different
extract concentrations, and the hatched adult eyes were scored as described [58]. In every experiment,
distilled water was used as the negative control and 2.5 mM of methylmethane sulfonate (MMS) as
the positive control. Three hundred eyes were scored per sex and analysed for concentration and/or
condition. The number of hatched flies per bottle was used as a semiquantitative toxicity parameter,
and the frequency of eyes with at least one mutant spot (mosaic eyes), was used to determine
genotoxic activity.
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To treat the larvae, aqueous plant extracts were prepared before each experiment, mixing sample
powder with sterile MilliQ water in sterile vials at concentrations of 1, 10 and 25 mg/mL. The vials
were agitated by vertical rotation, in a Heidolph REAX2, at maximum speed, for 2.5 h, at room
temperature. At least two independent experiments were carried out for each sample.

The pH and viscosity (using a U-tube viscosimeter from Rheotek) of the 10 mg/mL
concentrations from all the samples were determined immediately after this time.

4.4. Surveys Obtained from Farmers

To assess the awareness of farmers regarding the bracken impact on cattle, a comprehensive
survey was conducted in Asturias, among farmers assigned to municipalities within 9 of the 10
sampled locations (no farmers were identified in Location 6) (Table S8). Surveys were conducted
among local farmers with extensive farms. Extensive farming means that during the grazing season,
from spring to autumn, farmers allow their livestock to graze freely in the mountain passes. In
contrast, in the winter months, the animals changed to a stable controlled environment. A total of 212
surveys were completed, gathered mainly at cattle fairs. The survey consisted of 14 questions aimed
at gauging their knowledge about bracken and its risks. These questions requested information about
the type of animals, and their numbers and, more importantly, about whether the farmers: (i) were
aware of the damage that the bracken might cause; (ii) have seen cattle eating bracken and at what
time of the year (spring, summer, autumn or winter); (iii) have observed/detected any symptoms that
could presumably be related to bracken poisoning (bleeding, cancer, blindness, avitaminosis); (iv)
have suffer the death of animals due to poisoning; and finally, (v) have got veterinary death
certificates due to bracken.

4.5. Implementing a Tool to Map Bracken

A preliminary experiment, proof of concept, using remote sensing data was performed in this
project. Field data acquisition was conducted in an area of 320 ha in the Montes de Urbiés. In this
area, four vegetation types were defined: forest, bracken, grasses and others that included bare soils,
roads, human uses, etc., and 54 sample points were included as ground-truth data.

The multiespectral data was captured using a fixed-wing UAV (eBee, SenseFly) equipped with
a MicaSense Rededge-MX 5-channel multispectral camera (Micasense, Inc., Seattle, WA, USA).
Considering the phenology of bracken, the acquisition flights were performed in November 2023 and
May 2024. A multispectral reference board was photographed, before flight, for radiation correction.
The UAV was RTK technology, so geometric correction was not necessary. Multispectral data was
processed using Pix4D software, obtaining reflectance bands. Different vegetation indices [93] were
calculated using the obtained reflectance bands. Moreover, free LIDAR data for the Spanish country,
provided by the Spanish National Aerial Photography Program (Plan Nacional de Ortofotografia
Aérea, PNOA), with a density of 1 points/m2, was used to obtain height vegetation (CHM, crown
height model). Finally, textural indices and differences between time-lapse indices were included as
predictor variables. This training data was used to perform a machine learning classification, using
random forest (RF). Test data was generated through the photointerpretation of 250 random points
using the orthophotos of the flights. The developed process was included in an open-source tool to
replicate in new areas and obtain distribution maps of bracken. The tool includes a post-processing
step after the classification, reabsorbing surfaces less than 5 square meters and reclassifying pixels
following some conditional (p.e, pixels with height greater than 4 m were reclassified as forest or
areas classified as grasses but with a height greater than 0.3 m were reclassified as bracken). The final
output is a vector file with the classifications of vegetation types.

4.6. Statistical Analyses
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Data presented in this work, are arithmetic means with their standard deviations (SD), or
standard errors (SE), and also frequencies with their SD, estimated as p-q/VN, where p is the estimated
frequency of mosaic eyes, g is 1-p and N is the number of scored eyes [61].

Results of metabolite levels among samples were analysed with one-way ANOVAs, with
Student-Newman-Keuls (SNK) post hoc tests, to check differences among samples. Analysis of the
frequencies of mosaic eyes were carried out with Chi-square tests. Results of hatched flies/bottle in
the treatments were compared to those of the corresponding negative controls with Student t tests.
Relationships between different parameters were performed with bivariate correlations and linear
regression analyses. All these statistical analyses were carried out with the IBM SPSS program
(version 21.0.0.0). Regarding the analysis of data collected from the surveys, when data did not meet
the assumptions of normality, Kruskal-Wallis tests followed by Dunn post-hoc tests were performed.

5. Conclusions

The determination of pterosins A and B demonstrates the presence of CAU and PTA,
respectively, and of their corresponding dienones, in bracken plants from Asturias. Furthermore,
aqueous extracts of these plants induced mutation and recombination events in somatic cells of D.
melanogaster larvae in vivo, depending on the pterosin levels. Moreover, the geographical distribution
of bracken in Asturias is linked to its danger, because both the pterosins levels and the genotoxic
activity of different plants were related to the altitude and latitude where plants were collected. These
facts confirm the risk posed by bracken, especially when it is eaten by animals, because of the problem
that their deaths represent to the farming economy. Nevertheless, not all the surveyed farmers were
aware of these risks, depending on their location. An RF model that, although not bad, might be
improved was developed to identify some vegetation types, including bracken. This work
demonstrates the necessity of making public the bracken risks in Asturias, of asking the intervention
of local and regional authorities in its control, and of promoting the dissemination of best practices
among farmers and the broader community. This commitment is essential to address the serious risk
that was identified.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.

Author Contributions: Conceptualisation, HF, LMS; methodology, IF, MLR, AV, AC, JS], MM, DL, EC, ]M and
AEP; formal analysis, IF, HF, EC, LMS; statistical analysis, LMS, HF; writing —original draft HF, HF —review
and editing, LMS, HF, IF, MLR, AEP, JMA; project administration, HF; funding acquisition, HF, LMS, IF, JM,
EC, and JMA. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation, Reference TED131270B-

100, in the Recovery, Transformation and Resilience Plan.

Acknowledgements: The authors thank Jos for his invaluable help with the logistics of farmers’ interviews, and
Tania Cabo Iglesias, from the Statistics Consulting Unit of the University of Oviedo, for helping with the survey

data analyses.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Schuettpelz, E., Schneider, H., Smith, A.R. et al. A community-derived classification for extant lycophytes
and ferns. J. Syst. Evol. 2016, 54, 563—603. https://doi.org/10.1111/jse.12229

2. Smith, B.L., Seawright, A.A. Bracken fern (Pteridium spp.). Carcinogenicity and human health — A brief
review. Nat. Toxins, 1995, 3(1), 1-5. https://doi.org/10.1002/nt.2620030102

3. Marrs, R.H.,, Watt, A.S. Biological Flora of the British Isles: Pteridium aquilinum (L.) Kuhn, J. Ecol. 2006, 4(6),
1272-1321. https://doi.org/10.1111/j.1365-2745.2006.01177.x

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1002/nt.2620030102
https://doi.org/10.1111/j.1365-2745.2006.01177.x
https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

16 of 21

4. Rasmussen, L.H., Donnelly, E., Strobel, B.W., Holm, P.E., Hansen, H.C.B. Land management of bracken
needs to account for bracken carcinogens. A case study from Britain, J. Env. Man. 2015, 151, 258-266.
https://doi.org/10.1016/j.jenvman.2014.12.052

5. Pakeman R.J., Marrs R.H., Howard D.C., Barr C.J., Fuller RM. The bracken problem in Great Britain: Its
present extent and future changes. Appl. Geogr 1996, 16, 65-86. https://doi.org/10.1016/0143-6228(95)00026-
7

6. Pakeman, RJ., Le Duc, M.G., Marrs, R. A review of current bracken control and associated vegetation
strategies in Great Britain. Web Ecol. 2002. 3, 6-11. https://doi.org/10.5194/we-3-6-2002 Alonso Amelot,
M.E., Avendano, M. Possible association between gastric cancer and bracken fern in Venezuela. An
epidemiological ~ study. Int. ]J. Cancer 2001, 91, 252-259. https://doi.org/10.1002/1097-
0215(20010115)91:2<252::aid-ijc1028>3.0.co,2-0

7. Holland, J., Aplin, P. Super-resolution image analysis as a means of monitoring bracken (Pteridium
aquilinum) distributions. ISPRS IE Photogramm. Remote Sens. 2013, 75, 48-63.
https://DOI.org/10.1016/j.isprsjprs.2012.10.0028.

8.  Cao, H., Chai, T.T.,, Wang, X., Morais-Braga, M.F.B., Yang, ].H., Wong, F.C., Wang, R., Yao, H., Cao, J,,
Cornara, L., Burlando, B.,, Wang, Y., Xiao, J., Coutinho, H.D.M. 2017. Phytochemicals from fern species:
potential for medicine applications. Phytochem Rev: pPSE, 2017, 16: 379-440. https://doi.org/10.1007/s11101-
016-9488-7

9. Matongera T.N., Mutanga O., Dube T., Sibanda M. Detection and mapping the spatial distribution of

bracken fern weeds using the Landsat 8 OLI new generation sensor. Int. ]. Appl. Earth Obs. Geoinf. 2017, 57,
93-103. https://doi.org/10.1016/j.jag.2016.12.006

10. Milligan, G., Booth, K.E., Cox, E.S., Pakeman, R.J., Le Duc, M.G., Connor, L., Blackbird, S., Marrs, R.H.
Change to ecosystem properties through changing the dominant species: Impact of Pteridium aquilinum-
Control and heathland restoration treatments on selected soil properties. . Environ. Manag. 2018, 207, 1-9.
https://doi.org/10.1016/j.jenvman.2017.11.013

11.  Schneider, L.C. Bracken fern invasion in southern yucatan: A case for land-change science. Geograph. Rev.
2004, 94, 229-241. https://doi.org/10.1111/j.1931-0846.2004.tb00169.x

12.  Den Ouden, J. The role of bracken (Pteridium aquilinum) in forest dynamics. Doctoral Thesis. Wageningen
University and Research. 2000. https://edepot.wur.nl/197082

13. Senyanzobe, ].M.V., Mulei, ].M., Bizuru, E., Nsengimuremyi, C. Impact of Pteridium aquilinum on vegetation
in Nyungwe forest, Rwanda. Heliyon, 2020, 6, €04806. https://doi.org/10.1016/j.heliyon.2020.e04806

14. Vetter, J. A biological hazard of our age: Bracken fern [Pteridium aquilinum (L.) Kuhn]. A review. Acta Vet.
Hungarica, 2009, 57, 183-196. https://doi.org/10.1556/AVet.57.2009.1.18

15. Gil da Costa, RM., Bastos, M.M.S.M., Oliveira, P.A., Lopes, C. Bracken-associated human and animal
health hazards: Chemical, biological and pathological evidence. ]. Hazard. Mater. 2012a, 203-204, 1-12.
https://doi.org/10.1016/j.jhazmat.2011.12.046

16. Aranha, P.C.R, Rasmussen, L.H., Wolf-Jackel, G.A., Elvang Jensen, H.M., Bruun Hansen, H.C., Christian
Frits, C. Fate of ptaquiloside—A bracken fern toxin—In cattle. PLoS Ome, 2019, 14, e0218628.
https://doi.org/10.1371/journal.pone.0218628

17. Malik, M., Mika, O.]., Navratilova, Z., Killi, U.K., Tlustos, P., Patocka, J. Health and environmental hazards
of the toxic Pteridium aquilinum (L) Kuhn (bracken fern). Plants, 2023, 13 (1), 18.
https://doi.org/10.3390/plants13010018

18. Alonso-Amelot, M.E., Avendano, M. Human carcinogenesis and bracken fern: a review of the evidence.
Curr. Med. Chem. 2002, 9, 675-686. https://doi.org/10.2174/0929867023370743

19. Rasmussen, L.H., Kroghsbo S., Frisvad, J.C., Hansen, H.C.B. Occurrence of the carcinogenic bracken

constituent ptaquiloside in fronds, topsoils and organic soil layers in Denmark. Chemosphere, 2003, 51, 117-
127. https://doi.org/10.1016/50045-6535(02)00694-X

20. Fletcher, M.T., Hayes, P.Y., Somerville, M.]., De Voss, ].J. Ptesculentoside, a novel sesquiterpene glucoside
from the australian bracken fern Pteridium esculentum. Tetrahedron Lett. 2010, 5, 1997-1999.
https://doi.org/10.1016/j.tetlet.2010.02.032

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1007/s11101-016-9488-7
https://doi.org/10.1007/s11101-016-9488-7
https://doi.org/10.1016/j.jenvman.2017.11.013
https://edepot.wur.nl/197082
https://doi.org/10.1556/AVet.57.2009.1.18
https://doi.org/10.1016/j.jhazmat.2011.12.046
https://doi.org/10.3390/plants13010018
https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

17 of 21

Povey, A., Potter, D., O’Connor, P. 32P-Post-labelling analysis of DNA adducts formed in the upper
gastrointestinal tissue of mice fed bracken extract or bracken spores. Brit. |. Cancer, 1996, 74, 1342-1348.
https://doi.org/10.1038/bjc.1996.547

22, 22. Shahin, M., Smith, B.L., Prakash, A.S. Bracken carcinogens in the human diet. Mutat. Res.-Genet.
Toxicol. Environ. Mutagen. 1999, 44, 69-79. https://doi.org/10.2174/0929867023370743

Potter, D.M., Baird, M.S. Carcinogenic effects of ptaquiloside in bracken fern and related compounds. Br. J.
Cancer, 2000, 83, 914-920. https://doi.org/10.1054/bjoc.2000.1368

24. 24. Freitas, R.N., O’Connor, P.J., Prakash, A.S., Shahin, M., Povey, A.C. Bracken (Pteridium aquilinum)-

Induced DNA adducts in mouse tissues are different from the adduct induced by the activated form of the

bracken carcinogen ptaquiloside.  Biochem.  Biophys. Res. Com. 2001, 281, 589-5%4.
https://doi.org/10.1006/bbrc.2001.438

25. Dawra, RK,, Kurade, N.P., Sharma, O.P. Carcinogeniciy of the fern Pteridium aquilinum collected from an
enzootic bovine haematuria-free hilly area in India. Curr. Sci. 83, 2002, 1005-1009.
https://www jstor.org/stable/24106927

26. Alonso-Amelot, M.E. The chemistry and toxicology of bioactive compounds in bracken fern (Pteridium ssp)
with special reference to chemical ecology and carcinogenesis. In Studies in Natural Product Chemistry, Atta-
Uhr-Rahman, Ed. Elsevier Science. Amsterdam, 2002, 26, 685-740. https://doi.org/10.1016/S1572-
5995(02)80017-5

27. Gil da Costa, R M., Coelho, P., Sousa, R., Bastos, M.M.S.M., Porto, B., Teixeira, ].P., Malheiro, I, Lopes, C.
Multiple genotoxic activities of ptaquiloside in human lymphocytes: Aneugenesis, clastogenesis and
induction of sister chromatid exchange. Mutat. Res. 2012b, 747(1), 77-81.
https://doi.org/10.1016/j.mrgentox.2012.04.010

28. Oliveros-Bastidas, A., Calcagno-Pissarelli, M.P., Naya, M., Avila-Nufiez, J.L., Alonso-Amelot, M.E. Human
gastric cancer, Helicobacter pylori and bracken carcinogens: A connecting hypothesis. Med. Hypoth. 2016,
88, 91-99. https://doi.org/10.1016/j.mehy.2015.11.007

29. O’Connor, PJ.,, Alonso-Amelot, M.E., Roberts, S.A., Povey, A.C. The role of bracken fern iludanes in
bracken fern-induced toxicities. Mut. Res.-Rev. Mut. Res. 2019, 782, 108276.
https://doi.org/10.1016/j.mrrev.2019.05.001

30. Kisielius, V., Markusen, B., Hansen, H.C.B., Rasmussen, L.H. Geographical distribution of caudatoside and

ptaquiloside in bracken ferns in northern europe. Environ. Sci. Eur. 2024, 36, 186.
https://doi.org/10.1186/s12302-024-01012-6

31. Alonso-Amelot, M.E., Avendafo, M. Possible association between gastric cancer and bracken fern in
Venezuela: an epidemiologic  study. Int | Cancer. 2001, https://doi:  10.1002/1097-
0215(20010115)91:2<252::aid-ijc1028>3.0.co;2-0. PMID: 11146454.

32. Freitas, R.N,, Brasileiro-Filho, G., Silva, M.E., Pena, 5.D.]. Bracken fern-induced malignant tumours in rats:
Absence of mutations in p53, h-ras and k-ras and no microsatellite instability. Mutat. Res. 2002, 499, 189-
196. https://doi.org/10.1016/s0027-5107(01)00275-5

33. Schmidt, B.,, Rasmussen, L.H., Svendsen, G.W., Ingerslev, F., Hansen, H.C.B. Genotoxic activity and
inhibition of soil respiration by ptaquiloside, a bracken fern carcinogen. Environ. Toxicol. Chem. 2005, 24,
2751-2756. https://doi.org/10.1897/04-4691.1

34. Almeida Santos, M., Dérea, J., Luna, H. Bracken fern can be clastogenic or aneugenic depending on the
tissue cell assay. Food Chem. Toxicol. 2006, 44, 1845-1848. https://doi.org/10.1016/j.fct.2006.06.006

35. International Agency for Research on Cancer. Bracken fern (Pteridium aquilinum) and some of its
constituents. IARC Monogr. Eval. Carcinog. Risk Chem. Hum, 1986, 40, 47-65.

36. Niwa, H., Gjika, M., Wakamatsu, K., Yamada, K., Hirono, I, Matsushita, K. Ptaquiloside, a novel
norsesquiterpene glucoside from bracken, var. latiusculum. Tetrahedron Lett. 1983, 24, 4117-4120.
https://doi.org/10.1016/S0040-4039(00)88276-3

37. vander Hoeven, ].C.M., Lagerweij, W.J., Posthumus, M.A., van Veldhuizen, A., Holterman, H.A.J. Aquilide
A, a new mutagenic compound isolated from bracken fern (Pteridium aquilinum (L.) Kuhn). Carcinogenesis,
1983, 4, 1587-1590. https://doi.org/10.1093/carcin/4.12.1587

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1038/bjc.1996.547%2022
https://doi.org/10.1038/bjc.1996.547%2022
https://doi.org/10.1054/bjoc.2000.1368%2024
https://doi.org/10.1054/bjoc.2000.1368%2024
https://doi.org/10.1016/j.mehy.2015.11.007
https://doi.org/10.1016/j.mrrev.2019.05.001
https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

18 of 21

38. Ojika, M., Wakamatsu, K., Niwa, H., Yamada, K. Ptaquiloside, a potent carcinogen isolated from bracken
fern var. latiusculum: Structure elucidation based on chemical and spectral evidence, and reactions with
amino acids, nucleosides, and nucleotides. Tetrahedron, 1987, 43, 5261-5274. https://doi.org/10.1016/50040-
4020(01)87702-4

39. Matsuoka, A., Hirosawa, A., Natori, S., Iwasaki, S., Sofuni, T., Ishidate Jr, M. Mutagenicity of ptaquiloside,

the carcinogen in bracken, and its related iludane-type sesquiterpenes. II. Chromosomal aberration tests
with cultured mammalian cells. Mutat. Res. 1989, 215. 179-185. https://doi.org/10.1016/0027-5107(89)90182-
6

40. Yamada, K., Ojika, M., Kigoshi, H. Ptaquiloside, the major toxin of bracken, and related terpene glycosides:
Chemistry, Biology and Ecology. Nat. Prod. Rep., 2007, 24, 798-813. https://doi.org/10.1039/b614160a

41. Kushida, T., Uesugi, M., Sugiura, Y., Kigoshi, H., Tanaka, H., Hirokawa, J., Ojika, M., Yamada, K. DNA
damage by ptaquiloside, a potent bracken carcinogen: Detection of selective strand breaks and
identification of DNA cleavage products. [ Am. Chem. Soc. 1994, 116, 479-486.
https://doi.org/10.1021/ja00081a007

42. Chen, Y.-H,, Chang, F.-R., Lu, M.-C,, Hsieh, P.-W., Wu, M.-],, Du, Y.-C., Wu, Y.-C. New benzoyl glucosides
and cytotoxic pterosin sesquiterpenes from Pteris ensiformis Burm. Molecules, 2008, 13, 255-266.
https://doi.org/10.3390/molecules13020255

43. Rasmussen, L.H., Bruun Hansen, H.C., Lauren, D. Sorption, degradation and mobility of ptaquiloside, a
carcinogenic bracken (Pteridium sp.) Constituent, in the soil environment. Chemosphere, 2005, 58, 823-835.
https://doi.org/10.1016/j.chemosphere.2004.08.088

44. Rasmussen, L.H., Lauren, D.R., Smith, B.L. Variation in ptaquiloside content in bracken (Pteridium
esculentum (Forst. F) Cockayne) in New Zealand. New Zeal. Vet ]. 2008, 56, 304-309.
https://doi.org/10.1080/00480169.2008.36851

45. Rasmussen, L.H., Schmidt, B., Sheffield, E. Ptaquiloside in bracken spores from Britain. Chemosphere, 2013,
90, 2539-2541. https://doi.org/10.1016/j.chemosphere.2012.10.092

46. Siman, S.E., Povey, A.C., Ward, T.H., Margison, G.P., Sheffield, E. Fern spore extracts can damage DNA.
Br. J. Cancer, 2000, 63, 69-73. https://doi.org/10.1054/bjoc.2000.1204

47.  Alonso-Amelot, M.E., Avendafio, M. Conglomerados de cancer gastrico en el estado de Mérida, Venezuela.
Interciencia, 2009, 34, 617-622. http://www.redalyc.org/articulo.0a?id=33913149004

48. Rasmussen, L.H. Presence of the carcinogen ptaquiloside in fern-based food products and traditional
medicine: Four cases of human exposure. Curr. Res. Food Sci. 2021, 4, 557-564.
https://doi.org/10.1016/j.crfs.2021.08.004

49. Alonso-Amelot, M., Castillo, U., De Jongh, F. Passage of the bracken fern carcinogen ptaquiloside into
bovine milk. Le Lait, 1993, 73, 323-332. https://doi.org/10.1051/1ait:1993330

50. Galpin, O.P., Whitaker, C.J.,, Whitaker, R., Kassab, ].Y. Gastric cancer in Gwynedd. Possible links with
bracken. Br. J. Cancer, 1990, 61, 737-740. https://doi.org/10.1038/bjc.1990.165

51. Jensen, P.H,, Jacobsen, O.S., Hansen, H.C.B., Juhler, R.K. Quantification of ptaquiloside and pterosin b in
soil and groundwater using liquid chromatography-tandem mass spectrometry (LC-MS/MS). ]. Agric. Food
Chem. 2008, 56, 9848-54. https://doi.org/10.1021/jf801986u

52. Ovesen, R.G., Rasmussen, L.H., Hansen, H.C.B. Degradation kinetics of ptaquiloside in soil and soil
solution. Env. Tox. Chem. 2008, 27, 252-259. https://doi.org/10.1897/07-324R.1

53. Clauson-Kaas, F., Ramwell, C., Hansen, H.C.B., Strobel, B.W. Ptaquiloside from bracken in stream water at
base flow and during storm events. Water Res. 2016, 106, 155-162.
https://doi.org/10.1016/j.watres.2016.09.049

54. Skrbic, N,, Kisielius, V., Pedersen, A.K., Christensen, 5.C.B., Hedergaad, M.]., Hansen, H.C.B., Rasmussen,
L.H. Occurrence of carcinogenic iludane glycosides in drinking water wells. Environ. Sci. Eur. 2021, 33, 44.
https://doi.org/10.1186/s12302-021-00486-y

55. Kisielius, V., Lindqvist, D.N., Thygesen, M.B., Rodamer, M., Hansen, H.C.B., Rasmussen, L.H. Fast LC-MS.
Quantification of ptesculentoside, caudatoside, ptaquiloside and corresponding pterosins in bracken ferns.
J. Chromatogr. B:  Analyt. Technol. Biomed. Life Sci. 2020, 1138, 121966.
https://doi.org/10.1016/j.jchromb.2019.121966

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1016/S0040-4020(01)87702-4
https://doi.org/10.1016/S0040-4020(01)87702-4
https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

19 of 21

56. Rodriguez Pescador, A., Gutiérrez Romero, L., Blanco-Gonzalez, E., Montes-Bayén, M., Sierra, L.M.
Intracellular biotransformation of ultrasmall iron oxide nanoparticles and their effect in cultured human
cells and in Drosophila larvae in vivo. Int. J. Mol. Sci. 2022, 23, 8788. https://doi.org/10.3390/ ijms23158788

57. Vogel, EW., Nivard, M.].M. Performance of 181 chemicals in a Drosophila assay predominantly monitoring
interchromosomal mitotic recombination. Mutagenesis, 1993, 8, 57-81. https://doi.org/10.1093/mutage/8.1.57

58. Marcos, R., Sierra, L.M., Gaivao, I. The SMART assays of Drosophila: Wings and eyes as target tissues. In
Genotoxicity and DNA repair: A practical approach, 2014, Sierra, L.M., Gaivao, I, Eds., Springer:
Berlin/Heidelberg, Germany, pp. 283-295. ISBN 978-1-4939-1068-7. https://doi.org/10.1007/978-1-4939-1068-
7_16

59. Gaivao, I, Ferreira, J., Sierra, L.M. The w/w + somatic mutation and recombination test (smart) of Drosophila
melanogaster for detecting antigenotoxic activity in genotoxicity and mutagenicity - mechanisms and test
methods. In Genotoxicity and Mutagenicity -Mechanisms and Test Methods, Soloneski, S., Larramendy M.L.,
Eds., IntechOpen, 2021. ISBN: 978-1-83880-042-0. http://dx.doi.org/10.5772/intechopen.91630

60. Vogel, EW., Nivard, M.]J.M. A novel method for the paralle] monitoring of mitotic recombination and
clastogenicity in somatic cells in vivo. Mutat. Res. Fundam. Mol. Mech. Mutagen. 1999, 431, 141-153.
https://doi.org/10.1016/S0027-5107(99)00198-0

61. Garcia Sar, D., Aguado, L., Montes Bayén, M., Comendador, M.A., Blanco Gonzalez, E., Sanz-Medel, A.,
Sierra, L.M. Relationships between cisplatin-induced adducts and DNA strand-breaks, mutation and
recombination in vivo in somatic cells of Drosophila melanogaster, under different conditions of nucleotide
excision  repair. = Mutat.  Res.-Genet.  Toxicol. — Environ.  Mutagen. 2012, 741,  81-88.
https://doi.org/10.1016/j.mrgentox.2011.11.005

62. Rasmussen L.H., Hansen H.C.B. Growth of bracken in Denmark and the content of ptaquiloside in fronds,
rhizomes and roots. In Poisonous Plants and Related Toxins, 2004. Stewart C.S., Pennycott T.W., Acamovic T.,
Wallingford, Eds. CABI Publishing, pp. 354-360. https://doi.org/10.1079/9780851996141.03

63. Vetter, J. Toxicological and medicinal aspects of the most frequent fern species, Pteridium aquilinum (L.)
Kuhn. In Working with Ferns: Issues and Applications, 2011, Fernandez H, Revilla MA, Kumar A Eds. Springer
New York, pp. 361-375. ISBN 978-1-4419-7161-6. https://doi.org/10.1007/978-1-4419-7162-3_25

64. Rincén, DF, Diaz, GJ., Gardner, D.R. Deteccién de ptaquilésido en diferentes estados fenoldgicos de
“helecho macho” (Pteridium aquilinum)y analisis de muestras de leche en granjas con hematuria en Tolima,
Colombia. CES Med. Vet. Zootecnia, 2016, 11, 72-77. http://www.redalyc.org/articulo.oa?id=321445731008

65. Fletcher, M.T., Brock, L J., Reichmann, K.G., McKenzie, R.A., Blaney, B.]. Norsesquiterpene glycosides in
bracken ferns (Pteridium esculentum and Pteridium aquilinum subsp. wightianum) from eastern Australia:
Reassessed poisoning risk to animals. [ Agric. Food Chem. 1, 2011, 59(9), 5133-5138.
https://doi.org/10.1021/jf104267¢c

66. Garcia-Jorgensen, D.B., Diamantopoulos, E., Kisielius, V., Rosenfjeld, M., Rasmussen, L.H., Strobel, BW.,
Hansen, H.C.B. Bracken growth, toxin production and transfer from plant to soil: a 2-year monitoring
study. Environ. Sci. Eur. 2021, 33, 45. https://doi.org/10.1186/s12302-021-00484-0

67. Gil da Costa, RM., Povey, A., Medeiros-Fonseca, B., Ramwell, C., O'Driscoll, C., Williams, D., Hansen,
H.C.B., Rasmussen, L.H., Fletcher, M.T., O’Connor, P., Bradshaw, R.H.W., Robinson, R., Mason, J. Sixty
years of research on bracken fern (Pteridium spp.) toxins: Environmental exposure, health risks and
recommendations for bracken fern control. Environ. Res. 2024. 257, 119274.
https://doi.org/10.1016/j.envres.2024.119274

68. Fernandez, J., Curt, M.D., Aguado, P.L., Esteban, B., Sanchez, J., Checa, M., Mosquera, F., Romero, L.
Principado de Asturias, Tomo 7. In Caracterizacion de las comarcas agrarias de Espaia. Ministerio de Medio
Ambiente y Medio Rural y Marino, 2011, ISBN: 978-84-491-1175-4.
https://comarcasagrarias.chil.me/post/tomo-7-Principado-de-Asturias-93415

69. Zaccone, C., Cavoski, I., Costi, R., Sarais, G., Caboni, P., Traversa, A., Miano, T.M. Ptaquiloside in Pteridium
aquilinum subsp. aquilinum and corresponding soils from the South of Italy: Influence of physical and
chemical features of soils on its occurrence. Sci. Total Env. 2014, 496, 365-372.
https://doi.org/10.1016/j.scitotenv.2014.07.04

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

20 of 21

70. Skrbic, N., Pedersen, A.-K., Christensen, S.C.B., Hansen, H.C.B., Rasmussen, L.H. A Novel method for
determination of the natural toxin ptaquiloside in ground and drinking water. Water, 2020, 12, 2852.
https://doi.org/10.3390/w12102852

71. Vetter, J. The norsesquiterpene glycoside ptaquiloside as a poisonous, carcinogenic component of certain
ferns. Molecules, 2022, 27, 6662. https://doi.org/10.3390/molecules27196662

72. Campos-da-Paz, M., Pereira, L.O., Bicalho, L.S., Dorea, J.G., Pocas-Fonseca, M.]., Santos, M.de F. Interaction
of bracken-fern extract with vitamin C in human sub-mandibular gland and oral epithelium cell lines.
Mutat. Res.- Genet. Toxicol. Environ, Mutagen. 2008, 652, 158-163.
https://doi.org/10.1016/j.mrgentox.2008.01.009

73. Pereira, L.O., Bicalho, L.S., Campos-da-Paz Lopes, M., de Sousa, T.M., Bao, S.N., de Fatima Menezes
Almeida Santos, M., Fonseca, M.]. DNA damage and apoptosis induced by Pteridium aquilinum aqueous
extract in the oral cell lines HSG and OSCC-3. J. Oral Pathol. Med. 2009. 38, 441-447.
https://doi.org/10.1111/j.1600-0714.2008.00705.x

74. Gomes, J., Magalhaes, A., Michel, V., Amado, L.F., Aranha, P., Ovesen, R.G., Hansen, H.C.B., Gértner, F.,
Reis, C.A., Touati, E. Pteridium aquilinum and its ptaquiloside toxin induce DNA damage response in gastric
epithelial cells, a link with gastric carcinogenesis. Toxicol. Sci. 2012, 126, 60-71.
https://doi.org/10.1093/toxsci/kfr329

75. Moura, J.W., Stocco dos Santos, R.C., Dagli, M.L., D" Angelino, J.L., Birgel, E.H., Becak, W. Chromosome
aberrations in cattle raised on bracken fern pasture. Experientia, 1988, 44, 785-788.
https://doi.org/10.1007/BF01959166

76. Lioi, M.B., Barbieri, R., Borzacchiello, G., Dezzi, S., Roperto, S., Santoro, A., Russo, V., Roperto, F.
Chromosome aberrations in cattle with chronic enzootic haematuria. J. Comp. Pathol, 2004, 131(2), 233-236.
https://doi.org/10.1016/j.jcpa.2004.01.011

77. Peretti, V., Ciotola, E., Albarella, S., Russo, V., Di Meo, G.P., lannuzzi, L., Roperto, F., Barbieri, V.
Chromosome fragility in cattle with chronic enzootic haematuria. Mutagenesis, 2007, 22, 317-320.
https://doi.org/10.1093/mutage/gem019

78. Shahin, M., Smith, B.L.,, Worral, S, Moore, M.R,, Seawright, A.A., Prakash, A.S. Bracken fern
carcinogenesis: Multiple intravenous doses of activated ptaquiloside induce DNA adducts, monocytosis,
increased TNF alpha levels, and mammary gland carcinoma in rats. Biochem. Biophys. Res. Commun. 1998a,
244, 192-197. https://doi.org/10.1006/bbrc.1998.8240

79. Matoba, M., Saito, E., Saito, K., Koyama, K., Natori, S., Matsushima, T., Takimoto, M. Assay of ptaquiloside,
the carcinogenic principle of bracken, Pteridium aquilinum, by mutagenicity testing in Salmonella
typhimurium. Mutagenesis, 1987, 2, 419-423. https://doi.org/10.1093/mutage/2.6.419

80. Nagao, T. Saito, K., Hirayama, E., Uchikoshi, K., Koyama, K., Natori, S., Morisaki, N., Iwasaki, S.,
Matsushima, T. 1989. Mutagenicity of ptaquiloside, the carcinogen in bracken, and its related iludane-type
sesquiterpenes. 1. Mutagenicity in Salmonella typhimurium. Mutat. Res. 1989, 215, 173-178.
https://doi.org/10.1016/0027-5107(89)90181-4

81. Prakash, A.S., Pereira, T.N.,, Smith, B.L., Shaw, G. Seawright, A.A. Mechanism of bracken fern
carcinogenesis: Evidence for H-ras activation via initial adenine alkylation by ptaquiloside. Nat. Toxins,
1996, 4, 221-227. https://doi.org/10.1002/(SICI)(1996)4:5<221::AID-NT4>3.0.CO,2-Q

82. Shahin, M., Moore, M.R., Worrall, S., Smith, B.L., Seawright, A.A., Prakash, A.S. H-ras activation is an early
event in the ptaquiloside-induced carcinogenesis: Comparison of acute and chronic toxicity in rats. Biochem.
Biophys. Res. Commun. 1998a, 250, 491-497. https://doi.org/10.1006/bbrc.1998.9341

83. Sardon, D., de la Fuente, 1., Calonge E., Pérez-Alenza, M.D., Castafio, M., Dunner, S., Pefia, L. H-ras.
Immunochemical expression and molecular analysis of urinary bladder lesions in grazing adult cattle
exposed to bracken fern. J. Comp. Pathol. 2005. 132,195-202. https://doi.org/10.1016/j.jcpa.2004.09.011

84. Sasani, F.,, Baghban, F., Brujeni, G.H.N., Kazemi, M. Tp53 intronic mutations in bovine enzootic hematuria-
associated urinary bladder tumours. Vet. Pathol., 2012, 50, 543-547.
https://doi.org/10.1177/0300985812469632

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 June 2025 d0i:10.20944/preprints202506.2495.v1

21 of 21

85. 85. Wong, K., Abascal, F., Ludwig, L., Aupperle-Lellbach, H., Grassinger, J., Wright, C.W., Allison, S.].,
Pinder, E., Phillips, R-M., Romero, L.P., et al. Cross-Species oncogenomics offers insight into human
muscle- invasive bladder cancer. Genome Biol., 2023, 24, 191. https://DOI.org/10.1186/s13059-023-03026-4

86. Kisielius, V., Drejer, M., Dornhoff, ].K., Mrkajic, N.S., Lindqvist, D.N., Hansen, H.C.B., Rasmussen, L.H.
Occurrence and stability of ptesculentoside, caudatoside and ptaquiloside in surface waters. Environ. Sci.:
Process. Impacts, 2022, 24, 277-289. https://doi.org/10.1039/D1EM00364]

87. Sheaves, B.J., Brown, RW. Densities of Ixodes ricinus ticks (Acari: Ixodidae) on moorland vegetation
communities in the UK. Exp. Appl. Acarol. 1995, 19, 489-497. https://doi.org/10.1007/BF00052917

88. Gray, J.S. The Development and Seasonal Activity of the Tick Ixodes ricinus: a vector of Lyme borreliosis and
other tick-borne diseases. Rev. Med. Vet. Entomol. 1991, 79, 323-333.
https://www.cabidigitallibrary.org/doi/pdf/10.5555/19910506476

89. Madison-Antenucci, S., Kramer, L.D., Gebhardt, L.L., Kauffman, E. Emerging tick-borne diseases. Clin.
Microbiol. Rev. 2020, 33. https://doi.org/10.1128/cmr.00083-18

90. Matongera, T.N., Mutanga, O., Dube, T., Lottering, R.T. Detection and mapping bracken fern weeds using
multispectral data: A review of progress and challenges. Geocarto Int. 2016, 33, 209-224.
https://doi.org/10.1080/10106049.2016.1240719

91. Takeshige, R., Onishi, M., Aoyagi, R., Sawada, Y., Imai, N., Ong, R., Kitayama, K. Mapping the spatial

distribution of fern thickets and vine-laden forests in the landscape of bornean logged-over tropical
secondary rainforests. Remote Sens. 2022. 14, 3354. https://doi.org/10.3390/rs14143354
92. Rai, SK, Sharma, R., Kumari, A, Rasmussen, L.H., Patil, R.D., Bhar, R. Survey of ferns and clinic-
pathological studies on the field cases of enzootic bovine haematuria in Himachal Pradesh, a North-
western Himalayan state of India. Toxicon, 2017,138, 31-36. https://doi.org/10.1016/j.toxicon.2017.08.010
93. Henrich, V. IDB - Index-Database, Development of a database for remote sensing indices. ZFL-Colloquium,

Bonn 2012, https://www.50northspatial.org.ua/idb-remote-sensing-indices-database/

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.1080/10106049.2016.1240719
https://doi.org/10.20944/preprints202506.2495.v1
http://creativecommons.org/licenses/by/4.0/

