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EXECUTIVE SUMMARY 

The main purpose of this study was to quantify, more accurately, the risk that ptaquiloside 
and other bracken toxins may pose to drinking water supplies in England and Wales using 
existing data available from the published literature. 
 
The objectives of the study were, in relation to bracken toxins, to identify a small number of 
high risk catchments for both public and private water supplies; to estimate likely 
concentrations in raw water sources using predictive modelling; to estimate likely 
concentrations in water after treatment; and to assess the risks to humans based on 
knowledge of toxicity. 
 
High risk catchments were identified by overlaying spatially-referenced datasets relating to 
key factors influencing the presence of ptaquiloside in drinking waters. These were: bracken 
coverage (Landcover 2000), abstraction points (Environment Agency data), soil type 
(NATMAP Soilscapes) where soilscapes were assigned a risk depending on organic matter 
(OM) content (high OM = low risk), pH and sand content (very acid = low risk; acid sand = 
high risk), rainfall (Worldclim database), and slope (100 m resolution DEM). Data were 
overlayed on a catchment basis rather than grid-square. Two categories of high risk 
catchment were proposed: Risk A = a catchment with > 50% bracken coverage, mean 
annual rainfall > 800 mm, at least 1 abstraction point, > 50% medium or high risk soil, slope 
= steep or very steep; Risk B = as Risk A but including moderate slopes. 
 
A small number of high risk catchments were identified in Wales, the Lake District and a few 
in the Pennines. However, it was noted that the lack of data on the location of private water 
supplies, which are likely to be most common in rural areas where bracken grows, was a 
substantial limitation. Repeating the high level risk assessment, but excluding ‘abstraction 
point’ as a variable, yielded a much higher number of catchments in Wales and the Lake 
District being identified as potentially at risk. 
 
The published literature was reviewed for data relating to ptaquiloside in bracken. The 
ptaquiloside content of bracken has been shown to vary widely depending on species, 
growth stage, and altitude; it can also vary between and within stands grown in similar 
conditions. Very few measurements have been made for UK bracken. Data from Scotland 
were used as a measure of ptaquiloside concentrations in bracken (2138 µg/g of frond). 
Bracken biomass in the UK has been studied in greater detail than ptaquiloside 
concentrations, primarily due to the fact that an understanding of the growth cycle and 
energy stores of bracken is paramount to optimising methods of bracken control. Much of 
the data referred to levels of peak biomass thus the 90th percentile of the literature values 
was used (biomass = 973 g/m2). This gives an estimated ptaquiloside load of 2.08 g/m2. 
 
The concentration of ptaquiloside in raw water was estimated by adapting the PEARL model 
which is normally used at the European level to predict the concentration of pesticides in 
groundwater. The model has relevant weather scenarios and describes the adsorption and 
degradation of organic compounds well. Four representative soil types were modelled. The 
output of the model was an annual average and maximum ptaquiloside concentration in 
percolate water at a given depth (dependent on soil type) each year over a period of 20 
years. The 90th percentile values were calculated. This gave concentrations of 4.2, 6.1, 4.5 
and 11.5 µg/L. The soil showing the highest risk was used as a measure of raw water 
concentrations (11.5 µg/L).  
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The total annual amount of ptaquiloside contained in the percolate for the high risk soil was 
between 1.5 and 30.9 g ha-1 for the different years. This is less than 1% of the amount of 
ptaquiloside that was released from the plants (between 4.6 and 8.5 kg ha-1) indicating that 
substantial sorption and/or degradation occurs in the soil. Limitations of the modelling 
included very few measurements to calculate the sorption and degradation potential of 
ptaquiloside, and that only vertical flow was modelled. For soils expected to contain 
horizontal flow, ptaquiloside concentrations were calculated to the depth at which horizontal 
flow would occur, but the model could not predict any further dissipation occurring during 
horizontal flow to surface waters, thus the risk could potentially be overestimated. However, 
bracken is often found on steep valley sides so there is little time for dissipation to occur 
under these circumstances, and runoff, which could contribute to the transport of 
ptaquiloside to surface waters was also not modelled. On balance therefore, PEARL could 
be expected to reasonably predict the concentrations of ptaquiloside in ground and surface 
water. Indeed, the concentrations predicted are highly comparable to measured data from 
drinking water wells in Denmark and Sweden, 4 – 6 µg/L and 45 µg/L respectively providing 
confidence in the model output. 
 
The lack of data relating to the quantity of ptaquiloside that is available for leaching was a 
substantial limitation of the model. There is no simple relationship between the ptaquiloside 
content of bracken and that in the soil, thus the plant ptaquiloside content could not be used 
as a measure. The quantity released was based on a single experiment where a known 
amount of water was sprayed onto fronds and the ptaquiloside concentration in the drip 
water was quantified. Drip water contained between 99 and 734 µg/L of ptaquiloside and a 
value of 700 µg/L was used in the model as a worse case scenario. However, it is not known 
whether continued rainfall will give sustained removal of ptaquiloside. It is known that 
ptaquiloside can be found in bracken litter so it was assumed that it was available for 
removal all year round, even when the bracken had senesced. There are great uncertainties 
associated with these assumptions and the precautionary approach has been adopted in the 
absence of any data. Further model runs using a lower ptaquiloside release value of 100 
µg/L reduced raw water concentrations by a factor of ~ 8 giving a 90th percentile maximum 
concentration of 1.5 µg/L. 
 
Four representative treatment processes were considered: 1) Simple private – chlorination; 
2) Advanced private – filtration + ultraviolet disinfection; 3) Municipal upland treatment - 
coagulation-flocculation, clarification, filtration and chlorination; 4) Municipal advanced 
treatment - coagulation-flocculation, clarification, ozonation and granular activated carbon + 
chlorination.  The removal of ptaquiloside by each of the processes is estimated based on 
knowledge of the structure of ptaquiloside and its sorption properties, and the underlying 
processes of each treatment. Assuming a raw water concentration of 11.5 µg/L, the 
concentration in drinking water subject to the treatments 1-4, above were predicted to be 
1.5, 8.6, 0.86 and 0.09 µg/L respectively. The primary data limitation in assessing the fate of 
ptaquiloside in treatment plants is the uncertainty surrounding its breakdown due to chlorine. 
This would require experimental data to validate the assumptions made in this study. 
 
The toxicity of bracken and its constituent, ptaquiloside has been investigated in studies of 
farm and laboratory animals and in human epidemiological studies. The focus of these 
studies has primarily been on exposure via the oral route. Bracken causes a range of well-
defined syndromes in farm animals. These include thiamine deficiency of monogastric 
animals, acute haemorrhagic syndrome (AHS) associated with bone marrow aplasia and 
upper alimentary ulceration, a progressive retinal degeneration (PRD) called “bright 
blindness” and two neoplastic disease syndromes: bovine enzootic haematuria and upper 
alimentary carcinoma.  
 
The mutagenic and carcinogenic potential of bracken, extracts of bracken components, and 
ptaquiloside have been studied extensively in laboratory animals.  In oral carcinogenicity 
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studies in mice, rats, guinea-pigs and cows, bracken induced benign and malignant intestinal 
tumours in all species, except cows. Bracken also induced bladder carcinomas in rats, 
guinea-pigs and cows, lymphocytic leukaemias in mice and mammary carcinomas in rats. 
Oral administration of bracken processed for human consumption produced intestinal 
cancers, but at a lower rate of incidence than unprocessed bracken. Whereas starch made 
from bracken rhizomes did not produce tumours in rats, oral administration of boiling water 
extracts of bracken to rats induced intestinal and bladder tumours.  Oral administration of 
bracken in mice included maternal toxicity, some embryotoxicity and some minor 
abnormalities in offspring.  Oral administration of ptaquiloside isolated from bracken in rats 
produced mammary, intestinal and bladder tumours and unscheduled DNA synthesis in 
primary liver hepatocytes. 
 
There are several epidemiological studies of human populations in Japan, Brazil, Venezuela, 
Costa Rica and Wales that show an association between exposure to bracken toxins and the 
development of cancers of the stomach and oesophagus. Although a strong association 
between eating bracken and cancer in cattle has been established, the strength of 
association is less in human studies, and no study has identified a definitive link. Human 
studies have shown an association between eating bracken and human stomach cancers, 
but the studies lack the statistical power to demonstrate a clear dose-response relationship. 
A Japanese study has shown a higher risk of oesophageal cancer in people who ate 
bracken regularly than in those who ate it only rarely. Another Japanese study has 
suggested an association between eating wild plants (mainly bracken) and pancreatic 
cancer in men. 
 
In experimental animal studies, bracken was found to be a genotoxic carcinogen that 
exhibits organ specificity with respect to its carcinogenic properties, inducing intestinal and 
bladder tumours in cattle and rats. Bracken contains a genotoxic carcinogen, ptaquiloside, 
and activation of ptaquiloside into a mutagen was reported to occur more favourably under 
alkaline conditions in genotoxicity tests (van der Hoeven, et al., 1983). 
  
Following an evaluation of the carcinogenic potential of bracken, IARC concluded that there 
was sufficient evidence for the carcinogenicity of bracken in experimental animals and 
limited evidence for the carcinogenicity of ptaquiloside. They concluded, however, that there 
was inadequate evidence for the carcinogenicity of bracken in humans, and they classified 
bracken in Group 2B: possibly carcinogenic to humans. This classification was based on the 
conclusion that although available epidemiological evidence for carcinogenicity in humans 
was inadequate, there was sufficient evidence of carcinogenicity of bracken in animals.  
 
Potential human exposure to ptaquiloside via ingestion of drinking water from (a) a private 
supply (b) an upland municipal supply and (c) an advanced treatment works was estimated 
for high-end (95th and 99th percentile) consumers across different age groups. Estimates of 
the potential lifetime average daily intake of ptaquiloside from high-end ingestion of drinking 
water (direct or indirect via the use of water for food or drink preparation) indicate that 
exposure to ptaquiloside via this route is likely to be minimal. Assuming that the highest 
expected concentration of ptaquiloside of 8.6 μg/l would be associated with a private water 
supply, the worst-case estimate of the potential lifetime average daily intake of ptaquiloside 
was 0.5µg/kg bw/day for high-end (99th percentile) consumers between the ages of 21 and 
64. Estimated lifetime average daily intakes in younger age groups would be orders of 
magnitude lower. Water treatment carried out at municipal upland or advanced treatment 
works potentially reduce the concentration of ptaquiloside in water ingested by consumers. 
 
The outcome of the human health risk assessment is wholly dependent on the results of the 
environmental modelling which was limited by the available data. Additional assessments 
were made, varying the value of the initial raw water concentration of ptaquiloside.  
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Whilst bracken is a potential human genotoxic carcinogen, there is evidence that 
ptaquiloside is carcinogenic in animal models, but the quality of carcinogenicity studies is 
insufficient to allow a reliable identification of a clear no-observed-adverse-effect level, 
benchmark dose, or a dose-response relationship. Therefore it is not possible to identify a 
dose of ptaquiloside from the ingestion of drinking water to which consumers may not be at 
increased risk of developing cancer. The worst-case potential lifetime average daily intake of 
ptaquiloside from private water supplies, municipal upland supplies and an advanced 
treatment works were however lower than the potential intakes from high-end consumption 
of milk from bracken-fed cows for the elderly and toddlers estimated in a study by the 
Committee on Toxicity of Chemicals in Food, Consumer Products and the Environment. 
Although the risk from drinking water cannot be quantified, on the basis of the exposure 
assessment it is unlikely that exposure to ptaquiloside from the ingestion of water will pose a 
more significant risk to human health than other potential routes of exposure (e.g. dietary 
intake).   
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1 INTRODUCTION 

The uplands are generally regarded as an important source of high quality, inexpensive 
water, meeting over a third of the supply requirements in England and Wales, and providing 
‘clean’ dilution water for downstream watercourses polluted by human activity. However, 
naturally occurring chemicals and/or biological organisms still remain in upland areas and 
these could pose a health risk if they occur at sufficiently high levels. This is of particular 
relevance to water supplies that may come from a private source and therefore bypass any 
significant form of pre-treatment. Bracken is known to produce toxins that are potentially 
carcinogenic to animals (Yamada, 2007), and whilst it is assumed that these toxins occur in 
quantities that are insufficient to pose a realistic risk to human health, the data to support this 
assumption are not sufficiently robust. 
 
The main purpose of this study was to quantify, more accurately, the risk that ptaquiloside 
and other bracken toxins may pose to drinking water supplies in England and Wales. 
 
The objectives of the study were, in relation to bracken toxins to: 
 

1. Identify a small number of high risk catchments for both public and private water 
supplies; 

2. Estimate likely concentrations in raw water sources using predictive modelling; 
3. Estimate likely concentrations in water after treatment; 
4. Assess the risks to humans based on knowledge of toxicity; 
5. Propose a monitoring strategy in order to validate the risk assessment, if the findings 

of Objectives 1 – 4 indicated this was necessary. 
 
The report starts with background information relating to bracken and its toxins. The work 
area for each objective was distinct, thus the approaches, results and any limitations/data 
gaps relating to each objective are presented in separate chapters.  
 
Bracken contains several substances with the potential to cause illness in animals and 
humans including thiamine deficiency and cancer. The fact that bracken is practically 
ubiquitous at the global scale, and it is toxic, motivated research into identifying the toxins. 
However, the compounds proved difficult to isolate - they subsequently were proved to be 
unstable - and it was not until a few decades ago that this was achieved. Potentially harmful 
substances include ptaquiloside (also known as aquilide A and braxin C) and other illudanes 
and protoilludanes, indanones (including various pterosins and pterosides), quercetin and its 
glycoside rutin, kaempferol, shikimate, thiaminases, prunasin, and various ecdysteroids 
(Duffus and Duffus, 1991; MAFF, 1996; Campo, 1997; Alonso- Amelot and Avendaño, 2002; 
Rasmussen, et al., 2003b). Other substances that have been identified in bracken include 
the dihydrocinnamic acids, tannins, phloretic acid, braxins, astragalin, isoquercetin, tiliroside 
(kaempferol-3-p-coumaroylglucoside), phydroxystyrene glycocides, dihydroferulic acid, 2,3-
butanediol, 3-methylbutan-2-ol, monomethylsuccinate, 2-hydroxymethyl ester of propanoic 
acid, 4-methoxymethyl ester of butanoic acid, monomethyl ester of butanedioic acid, methyl-
5-oxoproline, 2(3H)- dihydrofuranone, t-2-methylcyclohexanol and other low molecular 
weight materials (Wang, et al., 1973; IARC, 1983; Hirono, 1986; Saito et al., 1986 & 1999; 
Evans, et al., 1984; Méndez, 2005). However, the majority of research into bracken toxins 
has focused on ptaquiloside because a) there are still data gaps, and b) ptaquiloside is the 
major toxin (Saito et al., 1989) believed to cause 50% of the carcinogenic activity of bracken 
(van der Hoeven et al., 1983).   
 
The total absence of environmental fate data relating to bracken toxins other than 
ptaquiloside meant that it was not possible to assess the risks of any other toxins. This 
report therefore considers the fate of ptaquiloside alone. 
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2 IDENTIFICATION OF HIGH RISK CATCHMENTS 

There must be a pollutant source, an initial mobilisation of the pollutant and a means via 
which this is then transported to water in order for contamination to occur. The risk of 
contamination will be greatest where each of these three aspects is ‘optimised’ and 
consideration therefore needs to be given to the influential parameters in each aspect. The 
greatest source of bracken toxins can be expected to occur where there is an abundance of 
bracken growing. There is potentially a greater risk to drinking water where the distance 
between bracken source and the water abstraction point is small and risks to the general 
public will be greater where the water serves a high population. However, the mobilisation 
and transport of the toxins, and the extent to which they degrade are influenced by factors 
such as the soil type, climate and slope. It is therefore the combination of these different 
factors that determines whether or not a water supply is at risk of contamination from 
bracken toxins. Each of these factors is considered below, before amalgamating the data. In 
order to assess the risk at the national scale, the data must be spatially referenced to enable 
the interaction between different parameters to be examined. The identification of high risk 
catchments was therefore limited by the availability of suitable digital data.  
 
2.1 Bracken coverage 
The UK Landcover map (2000) was the primary source of information for bracken coverage. 
This distinguishes “stands of vegetation greater than 0.25 ha in extent which are dominated 
by a continuous canopy cover (>95% cover) of bracken (Pteridium aquilinum) at the height 
of the growing season” as an individual entity. These data should therefore provide a good 
indication of the most prolific areas of bracken growth in England and Wales. However, it is 
possible that smaller coverages of bracken may exist, but have been misclassified. Fuller et 
al., (2002) reported that any misclassification of bracken is likely to occur as acid grassland 
thus, for the purposes of this study, the total area covered by bracken was assumed to be 
‘bracken’ + ‘acid grassland’. An updated version of the Landcover map was under 
development when the current work was being undertaken and the Centre for Ecology and 
Hydrology (CEH) was contacted to see whether it would be possible to utilise any of the new 
data, but it was not. Contact was also made with other bodies that may be conducting their 
own research, or surveys on bracken, such as National Parks, in order to enhance the 
Landcover data. The possibility of using data from the Pesticide Usage Survey relating to 
Asulam use was explored, but spatial data relating to the location of bracken was absent. 
 
No representatives of the National Parks were able to provide any supplementary data with 
the exception of the Peak District through the Moors for the Future (MFF) project. MFF kindly 
provided a spatial dataset of bracken coverage in the Peak District. More detailed 
information on bracken coverage in the North York Moors was provided by Dr Roderick 
Robinson (a member of the International Bracken Group (IBG)) who has conducted a highly 
detailed study of bracken density and coverage in the southern parts of the North York 
Moors. The Forestry Commission was also contacted but could not provide any more 
detailed data. The Countryside Council for Wales is currently generating new habitat data 
which includes bracken, but the work is on-going. However, they were able to provide some 
data from a pilot study. The final bracken coverage map (Figure 1) was determined using 
Landcover 2000. The additional data, which contained more detail than the Landcover map, 
was then used for verification.  
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Figure 1 Percentage cover of bracken per catchment 
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2.2 Public and private water supplies 
The Environment Agency (EA) kindly supplied data on the location of public (and some 
private) water supplies in England and Wales. Not all abstraction points are used for drinking 
water and out of a total of 48 primary usage types (‘Use’), only 5 were considered relevant to 
this project; similarly, out of the 50 secondary ‘sub-purposes’ only 8 classes were used. The 
‘use’ and ‘sub-purposes’ used to the filter the data were: 
 
Use 

• Drinking, Cooking, Sanitary, Washing, (Small Garden) - Commercial/Industrial/Public 
Services 

• Drinking, Cooking, Sanitary, Washing, (Small Garden) - Household 
• Potable Water Supply - Direct 
• Potable Water Supply - Storage 
• Raw Water Supply 

Sub-purpose 
• Holiday sites, Camp sites & tourist attractions 
• Hospitals 
• Hotels, Public Houses and Conference centres 
• Private water supply 
• Private Water Undertaking 
• Public Water Supply 
• Schools and Colleges 
• Water supply related 

 
The full list of uses and sub-purposes for all abstraction points in England and Wales is 
provided in Appendix 10.1 for information. 
 
It was intended to obtain data on private water supplies from the recent Consultation on 
Private Water Supplies (England) Regulation 2008 which compared data collected from 
Local Authorities in order to prevent duplication of the same task.  However, the consultation 
highlighted the lack of coherent data on private water supplies in England as did a similar 
consultation in Wales conducted by the Welsh Assembly, and recommendations for 
improvements are being considered.  
 
Another potentially significant source of data was a review of private water supplies and self-
services conducted for Defra by Stone & Webster Consultants Ltd in 2005.  This report notes 
that the most recent detailed survey of private water supplies is the 1994 DoE survey 
although it was considered that even this was an underestimate of the number of supplies.  
The data have not been digitised but the map produced from the 1994 survey was used for 
reference. 
 
Gwynedd County Council is in the process of conducting an environmental risk assessment 
in relation to contaminated land. This includes risks to water supplies. As part of this project 
they will collate, and digitise, information on the location of private water supplies, which are 
numerous in their county. However, this data had not been obtained from the residents of 
Gwynedd at the time of the current study, but the Gwynedd County Council data has the 
potential to improve the accuracy of the current risk assessment which is of note given the 
high levels of bracken and the large number of private water supplies in the county. 
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A map of catchments containing bracken and a known abstraction point (i.e. on the EA 
database) is given in Figure 2. 

 
Figure 2 Catchments containing bracken and an EA-known abstraction point 
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The results of Figure 2 could underestimate risk associated with private supplies as data 
were not available for many of these. However, it is probable that those supplies that are 
known by the Environment Agency are likely to be larger sources and/or serve a larger 
number of people. It could therefore be argued that the map in Figure 2 does illustrate the 
higher risk categories. 
 
2.3 Rainfall 
Ptaquiloside is a highly soluble compound and it has great potential to be mobilised by rain 
and it is readily washed off the surface of the bracken (Rasmussen et al., 2003b).  Rainfall 
therefore influences the quantity of ptaquiloside initially entering the soil, but also influences 
its transport through the soil. Long-term average rainfall intensity was based on the 
WORLDCLIM database re-projected to LAEA (Lambert Azimuthal Equal Area) with a 1-km 
spatial resolution for the CCM2 window, using nearest neighbour re-sampling.  
WORLDCLIM provides interpolated climate surfaces for global land areas for the period 
1950-2000.   
  
The rainfall distribution used is given in Figure 3 and its relation to bracken coverage and 
abstraction points in Figure 4. 

 
Figure 3 Mean annual rainfall for catchments containing bracken 
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Figure 4 Catchments containing bracken & an abstraction point receiving > 1000 mm rain p.a. 



 

 

8 

 

2.4 Soil Type 
Once a compound is released into the environment, it may be subject to biological and 
chemical processes that cause the compound to degrade. The rate of degradation in the soil 
is dependent on the physico-chemical properties of ptaquiloside, and factors such as 
temperature, pH and organic matter content, which vary with soil type. In addition, the 
hydrology of soil and the binding of ptaquiloside to the soil determine the ease with which 
ptaquiloside may be leached out.  Rasmussen et al., (2005) originally reported that mildly 
acidic to neutral sandy soils would be the most prone to ptaquiloside leaching. However, 
Ovesen et al., (2008) now report that clayey soils cannot be exempt from posing a risk 
because there is an apparent stabilising effect of clay that retards ptaquiloside degradation, 
Also, the presence of macropores in clay could substantially reduce residence times and 
clayey soils are also at risk of ptaquiloside leaching. Degradation is retarded by low 
temperatures and low organic matter content (Rasmussen, 2005) and it is more rapid for 
acid (pH < 4) sandy soils although this decreases with the lower organic matter content 
(Rasmussen et al., 2005). Organic matter plays an important role for the binding of 
ptaquiloside to the soil and, even though ptaquiloside has a relatively low sorption 
coefficient, the limited binding reduces the mobility of the compound and enhances the 
opportunity for the chemical to be degraded before reaching water sources.  (More detailed 
information is provided in section 3.1.7). 
 
For this initial identification of high risk catchments at the national scale, NATMAP 
Soilscapes was used to identify dominant soil types. Each soilscape was assigned a risk of 
high, medium, or low based on information relating to its acidity or organic matter content. A 
soil with a high organic matter content posed a low risk, as did very acid soils. Any soil that 
did not have sufficient information to assign a known risk was classed as medium as a 
precautionary measure. The classifications are given in the Appendix (10.2). Only three 
soilscapes were identified as high risk: freely draining slightly acid but base-rich, freely 
draining slightly acid loamy and freely draining slightly acid sandy. The results of this stage 
are illustrated in Figure 5. 
 
2.5 Slope 
It has been shown in laboratory studies that degradation in soil solution is limited (no 
degradation within 28 days) when no soil is present, but degradation can be almost complete 
within 28 days when soil is present, depending on soil type (Ovesen et al., 2008). A steeper 
slope can reduce the contact time with the soil and hence the potential for degradation; 
steeper slopes could therefore enhance the risk of ptaquiloside leaching and/or runoff 
occurring. Slope (percent) was calculated using ArcInfo from a Digital Elevation Model 
(DEM) with a scale of 100 m. Slopes were categorised from level to very steep based on 
information in the Defra (2005) handbook ‘Controlling Soil Erosion’ as given in Table 1. 

Table 1 Slope classes 

Slope (%) Slope Class

>19.44 Very Steep 

12.3 – 19.44 Steep 

5.25 – 12.3 Moderate 

3.5 – 5.25 Gentle 

0 – 3.5 Level 

 
A map illustrating the mean slope of each catchment is given in Figure 6. 
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Figure 5 An example of high risk soils in the North West 
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Figure 6 Mean slope of catchments containing bracken 
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2.6 Overlay of all factors 
When the data relating to bracken coverage, rainfall, slope, known abstraction points and 
soil type are all overlayed, the highest risk catchments can be identified. These are 
illustrated below (Figure 7) and details of the catchment characteristics are given in Table 2.  

  
Figure 7 Catchments at greatest risk from ptaquiloside with an EA-known abstraction point 

Risk A 
Soil - > 50% medium or high risk 
Bracken coverage > 50% 
Rainfall mean > 800 mm per year 
Slope - steep or very steep 
Abstraction point  > zero 

Risk B 
As Risk A but includes moderate 
slope 
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Table 2 Characteristics of catchments identified as potentially high risk from ptaquiloside 

Catchment 
identifier 

Average 
slope 
(%) 

Annual 
rainfall 
(mm) 

% coverage 
bracken + 

acid 
grassland 

No. of 
abstraction 

points 

Water 
source 

Public/ 
private Water use 

1 35.5 1205 60 4 Surface Commercial/ 
Public 

Drinking, cooking, 
washing etc 

2 15 1445 58 1 Surface Public Potable 

3 20.2 1073 61 1 Surface Public Potable 

4 16.4 1263 78 2 Ground General General agriculture 
& hotels etc 

5 18.7 1133 82 1 Surface Public Potable 

6 37.5 1338 96 1 Surface Public Potable 

7 15.4 1033 52 5 Surface Public Potable 

8 37.2 1154 60 1 Surface Commercial/ 
Public 

Drinking, cooking, 
washing etc 

9 38.1 1205 50 1 Surface Public Potable 

10 13.6 1244 81 3 Surface Public Potable 

11 16.3 1336 62 1 Ground General 
agriculture 

General Farming & 
Domestic 

12 28.5 1151 58 1 Surface Public Potable 

13 14.5 1067 55 2 Surface Private Drinking, cooking 
etc - household 

14 9 1191 54 4 Surface Public Potable 

15 30.8 1212 59 1 Surface Public Potable 

16 37.6 1255 62 1 Ground Public Potable 

17 24.1 1115 65 1 Surface Private Drinking, cooking 
etc - household 

18 12.2 1134 73 2 Ground Public Potable 

19 10.7 1330 57 2 Surface Public Potable 

20 16.6 1174 61 1 Surface Public Potable 

21 27.2 1082 52 1 Surface Commercial/ 
Public 

Drinking, cooking, 
washing 

22 11.1 1283 52 1 Surface Public Potable  

23 17.9 1035 52 1 Surface Private Drinking, cooking 
etc - household 

24 27.6 1164 78 1 Surface Commercial/ 
Public 

Drinking, cooking, 
washing 

SW model Not 
used 

Mean 
1038* 100     

GW model Not 
used 

Mean 
1038* 100     

* Range = 673 -1238 mm p.a. over 20 year period (see section 3) 
 
Data from the models (described in section 3) have been included in Table 2 and Table 3 for 
comparison. The three main soil series that were present in the catchment are given in Table 
3 which also indicates whether or not a lake was present in the catchment.   
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Table 3 Main soil series of catchments identified as high risk 

Catchment 
identifier 

Soil 
series 

% 
cover 

Soil 
series 

% 
cover 

Soil 
series 

% 
cover 

Soil 
series 

% 
cover 

1 0611c 47 0311e 17 0311b 16 lake 14 

2 0611c 65 0654a 14 0713d 10 lake 9 

3 0611c 39 0713d 28 0541v 16 

4 0611c 74 0541x 20 0654a 5 

5 0611a 43 0311e 30 0541j 18 

6 0611a 71 0311e 30 

7 0541j 47 0611c 27 0631a 24 lake 1 

8 0611a 60 0811a 22 lake 10 

9 0611c 82 0654a 15 0561b 2 lake 0.2 

10 0611c 77 0654a 23 0561b 0 

11 0611c 63 0541j 11 0713e 10 

12 0611a 31 0311e 29 0611c 16 lake 1.2 

13 0611c 89 0654a 11 

14 0713g 39 0721c 25 0651a 16 lake 4 

15 0611a 44 0541u 29 0311e 27 

16 0611a 58 0311e 18 0811a 13 lake 2 

17 0611a 54 0311e 36 0811b 9 lake 1 

18 0541g 73 0713g 10 0541j 5 lake 1.3 

19 0713e 39 0611c 33 0721c 28 

20 0611c 53 1013a 27 0311a 20 lake 1 

21 0541u 34 0311e 29 0611b 29 lake 8 

22 0541g 43 1011b 21 0721c 13 lake 1 

23 0611c 71 0654a 30 

24 0611a 66 0311e 18 0541u 9 lake 0.1 

SW model 0611a 100 

0611c 100 

0311e 100 

GW model 0541d 100 
 
 
It can be seen that when data on slopes, and soil type are included, the number of high risk 
catchments is greatly reduced and limited to areas of Wales, Lake District and the Peak 
District.  However, in all these high risk catchments, the abstraction points were used to 
provide drinking water, as well as for other purposes, with 15 catchments containing 
abstraction points that were solely used for public drinking water. It is also evident that 
catchments with a very high percentage cover of bracken can exist (Catchment 6, and to a 
lesser extent 5 & 10). 
 
It should be noted that this does not mean that other catchments are not at risk, but that the 
probability of this is lower. Moreover, this overview of high risk catchment excludes the many 
private supplies in Wales due to the absence of suitable data and the limitations of the data 
are discussed in the following section. 
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2.7 Data Limitations 
2.7.1 Bracken coverage 
The Countryside Survey has now published some of the results relating to land cover. This 
new survey reports a decrease in bracken cover from 1998 – 2007 which, it states, was 
largely balanced by an increase in acid grassland. It was also reported that the apparent 
decrease in bracken was due to a decrease in percentage cover, so that less bracken-
covered land fell within the category of ‘bracken’ for the purposes of the survey, i.e. > 95% 
coverage. In the current study, it would be inappropriate to assume that, for example, land 
with only 85% coverage of bracken (which would not classify as bracken in the Countryside 
Survey) did not produce ptaquiloside. The Countryside Survey (2007) indicates that such 
land will be classed as acid grassland. It is therefore proposed that the map provided in 
Figure 1 which includes both bracken and acid grassland still provides a good indication of 
areas with the most bracken. 
 
The comparison of more detailed data with bracken coverage in the catchment did highlight 
a potential limitation in the data. The map (Figure 1) illustrates bracken coverage as a 
percentage of the catchment where the catchment could include a number of sub-
catchments. For example, the detailed data for the North York Moors showed a high density 
of bracken on the steep slopes of the valley sides, with bracken being almost absent on the 
open moorland. In the GIS dataset, the area of moorland could be included in the total 
catchment area, so the overall percentage cover is apparently low, masking the presence of 
localised, high density areas of bracken, which, on valley sides will be in very close proximity 
to water sources.. This also means therefore that where bracken is shown to have a high 
percentage cover, there really will be a dense and wide coverage of bracken. 
 
2.7.2 Soil type 
The Soilscapes are very broad classifications and could be missing relevant details on which 
to assign risk. As such there is a large amount of uncertainty associated with this parameter. 
 
2.7.3 Abstraction points 
The lack of data relating to private water supplies in areas that are associated with bracken 
is a notable limitation in the high level risk assessment. These supplies are more likely to 
serve a small population number and be limited to individual households so whilst there is 
the potential for concern for the individuals involved (but see section 6), the majority of the 
population have been considered in the high level risk assessment. If the assessment is 
repeated to exclude ‘abstraction point’ as a factor, many more catchments in Wales and the 
Lake District in particular are identified as high risk (Figure 8). 
 
 
 
 
The purpose of the objective described in this chapter was, in the absence of any previous 
information, to provide an overview of the potential risk at the national scale. Describing the 
fate and behaviour of ptaquiloside in the environment is highly complex and methods to 
address some of this complexity are considered in the following chapters. 
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Figure 8 High risk catchments when abstraction points are excluded 

 

Risk A 
Soil - > 50% medium or high risk 
Bracken coverage > 50% 
Rainfall mean > 800 mm per year 
Slope - steep or very steep 

Risk B
Soil - > 50% medium or high risk 
Bracken coverage > 50% 
Rainfall mean > 800 mm per year 
Slope – moderate to very steep 



 

 

16 

 

3 RAW WATER CONCENTRATIONS 

Objective 1 identified that a number of catchments potentially posed a high risk to 
ptaquiloside leaching into raw waters. The next phase of the study was to address some of 
the limitations highlighted in section 2 in order to predict the concentrations of ptaquiloside 
that could occur in raw waters. The approach used was to employ an existing pesticide fate 
model that predicts the concentration of pesticides leaching to groundwater on the 
understanding that ptaquiloside, like pesticides, is a relatively large organic molecule subject 
to the same processes – once in the soil, the fate of the compound is determined by its 
physico-chemical properties regardless of whether it is a natural or man-made substance; 
the exposure scenario (i.e. timing and frequency of release) would be the primary difference.  
 
The model adopted was PEARL which is recommended by FOCUS for the assessment of 
pesticide leaching to groundwater. FOCUS is an initiative of the European Commission to 
harmonise the use of models for predicting the fate of pesticides in the environment in the 
framework of the EU Directive 91/414/EEC. FOCUS is based on co-operation between 
scientists of regulatory agencies, academia and industry. FOCUS workgroups have 
developed a range of scenarios to represent the different climatic conditions and soil types in 
Europe used for agriculture, as both these parameters dictate the fate of the chemical once 
released into the environment. PEARL therefore provides a very sound basis to employ for 
the purposes of this study. Whilst the model predicts concentrations in groundwater, this was 
not considered to be a major limitation due to the fact that the model predicts concentrations 
at different depths in the soil and therefore represents the water available for lateral 
movement to surface waters and/or shallow aquifers; the robustness of the model and its 
underpinning data were considered to outweigh any such limitations. 
 
The model calculates the amount of rainfall that reaches the soil after interception by the 
crop, uptake of water by the roots and evapotranspiration by the soil and the plant, and the 
movement of water through the soil profile. The amount of compound that leaches from the 
soil into groundwater or surface water depends on how long the chemical resides in the soil 
profile, how quickly it degrades, and how strongly it binds to soil. The PEARL software can 
then calculate how much compound would leach from the soil profile in each year. 
 
Data requirements for the model, described in the following sections, were: 

• Quantity of ptaquiloside entering the environment 
• ‘Crop’ characteristics 
• Physico-chemical properties of ptaquiloside  
• Rainfall 
• Air temperature 
• Soil properties 
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3.1 Derivation of input data 
3.1.1 Quantity of ptaquiloside in the environment 
The published literature was reviewed for data relating to ptaquiloside in bracken. The 
ptaquiloside content of bracken has been shown to vary widely depending on species, 
growth stage, and altitude; it can also vary between and within stands grown in similar 
conditions (Rasmussen, 2003b; Villalobos-Salazar et al., 1989).   
 
There have been very few direct measurements of the ptaquiloside content of bracken 
growing in the UK, but there is strong field evidence of a toxic compound in bracken, i.e. 
illnesses in cattle and sheep. This has been documented by interested parties for areas in 
Wales and the North York Moors (Hannam, 1986) and it is recognised by Veterinary 
Investigation Centres with the majority of diagnoses being in Wales (Caldow and Burns, 
2000).  The carcinogenicity of bracken growing in the UK has been substantiated on a 
number of occasions (e.g. Evans and Mason, 1965; Fenwick, 1989; Evans, 1989). Indeed 
the work by Charles and Antice Evans, which has been conducted in North Wales, has 
contributed significantly to progressive research into the toxicity of bracken.  Their work does 
not quantify the levels of ptaquiloside in bracken but it provides very clear evidence of the 
carcinogenic nature of bracken growing in UK conditions, and subsequent research has 
indicated that the major carcinogen in bracken is ptaquiloside (van der Hoeven et al., 1983). 
 
There are only two reports quantifying ptaquiloside in British bracken. Rasmussen (2003) 
reported varying levels of ptaquiloside in the fronds throughout the growing season in 
Scottish bracken; the approximate values (read from a graph) are given in Table 4.  
 

Table 4 Ptaquiloside concentrations in the fronds of Scottish bracken 

 Ptaquiloside µg/g fronds 

 Loch Grannoch Muir of 
Dinnet Mull Average 

May 5900 2050 1000 2983 
August 550 700 275 508 

September 1100 700 275 692 
November 1000 50 100 383 
Average 2138 875 413 1142 

   Approximate values as read from graph from Rasmussen (2003) 
 
Another significant source of evidence of ptaquiloside in British bracken is from that 
contained in the Worldwide Collection of bracken, which is held in Sydney, Australia. This is 
a collection of cloned, living bracken plants from around the world that grow in well-
separated tubs. Smith et al (1994) quantified the ptaquiloside content of brackens in the 
Worldwide collection and those growing naturally in eastern Australia. There were only 4 
samples of British bracken and these gave a mean ptaquiloside concentration of 919 µg/g 
(sd = 361) with a range of 447 – 1211 µg/g. However, it is possible that these measurements 
may underestimate the ptaquiloside content of bracken actually growing in the UK for 
reasons discussed below. 
 
In the study by Smith et al (1994), the range in concentrations from P. esculentum collected 
in the field (n = 86) was 20 – 12945 µg/g with a mean of 2341 µg/g compared to a range of 
148 - 7366 µg/g and a mean of 2399 µg/g from the cultivated bracken (Worldwide Collection; 
n = 23).  Although the mean values were similar, the high concentrations detected in the field 
were not replicated in the cultivated bracken. The authors postulated that the standardised 
cultivation conditions and growth constraints due to cultivation in tubs may partly account for 
these differences. The average ptaquiloside content of the Scottish bracken (1142 µg/g) is 
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similar to that quantified by Smith et al (1994) (919 µg/g), but concentrations in the field 
could be four times greater than the maximum measured in the cultivated worldwide 
collection – i.e. a similar finding to that of Smith et al (1994). 
 
Smith et al 1994 state that they took samples from the unfolding or immature laminae which 
would indicate that the plant was near the beginning of its growth stage. Villalobos et al. 
(2000), Rasmussen et al. (2003c) and Smith et al. (2000) all report the highest 
concentrations of ptaquiloside in the young fronds at the beginning of the growth season 
whereas the highest rhizome concentrations were found at the end of the growing season 
(Rasmussen and Hansen, 2003). This pattern has been consistently demonstrated 
worldwide regardless of other differences.  It can also be seen in Table 4 that this holds true 
for Scotland. If we can assume that the bracken was young when sampled, the ptaquiloside 
concentrations measured by Smith et al 1994 (447 – 1211 µg/g) were much lower than 
those reported by Rasmussen (2003) in May (1000 – 5900 µg/g).  
 
Much of the published work on the ptaquiloside content of bracken is expressed as µg/g of 
bracken. In some studies different parts of bracken have been analysed (Rasmussen et al., 
2003c) and/or the bracken has been analysed at different times of the year (i.e. through the 
growth cycle), as discussed above. However, very few authors have reported the biomass of 
the bracken. It is feasible that, if the ptaquiloside content per gram of bracken is greatest 
when it is a young plant (and therefore smaller), although the ptaquiloside concentration per 
gram of bracken decreases throughout the growing season, the total load, or mass, of 
ptaquiloside may remain similar if the overall biomass (and therefore grams) of bracken 
increases.  This theory is supported by the findings of Leitao et al (unpublished data), who 
measured the ptaquiloside content of bracken fronds, their biomass and their height, each 
month from March 2004 through to February 2005 (Figure 9).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data from Leitao et al (unpublished) manipulated to produce graph 
 
Figure 9 Ptaquiloside concentrations & loads during a single growing cycle  

Their data show that although the concentration of ptaquiloside in fronds declined by ~ 75% 
between March and May, the decline in overall loads was much less and, whilst ptaquiloside 
concentrations continued to decrease slightly until August, there was a rise in ptaquiloside 
load between May and July. Rasmussen (2003) demonstrated a four-fold increase in 
ptaquiloside load in the standing biomass from May to July, whereas the concentration was 
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relatively constant. Rasmussen et al., (2003c) also quantified biomass and ptaquiloside 
concentration.  They took measurements at a single time point (the end of the growing 
season) at 20 sites in Denmark, but their results also demonstrate that sites with the highest 
concentrations of ptaquiloside in the fronds did not necessarily have the highest load per 
area (Figure 10).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 Ptaquiloside concentrations and loads from Rasmussen et al, (2003c) 

 
In terms of the risk to drinking water, it is the load of ptaquiloside that is of interest rather 
than the concentration in the fronds per se, although knowledge of the concentration (and 
bracken biomass) is clearly necessary to calculate the ptaquiloside load. 
 
The data in Table 4 are the only known measurements of ptaquiloside in bracken growing in 
the UK. The order of magnitude is similar to that measured in cultivated British bracken 
(Smith et al 1994) and for that of Danish bracken of the same genus measured in the field. 
Ptaquiloside concentrations have a tendency to decrease with increasing latitude 
(Rasmussen et al., 2003b). These Scottish measurements may therefore be an 
underestimate of ptaquiloside in England and Wales. Consequently, in the absence of any 
other data, it is proposed that the average ptaquiloside value for Loch Grannoch (2138 µg/g 
of frond) is used as a measure of ptaquiloside in UK bracken.  
 
3.1.2 Biomass 
There are more measurements of bracken biomass in the UK than ptaquiloside 
concentrations, primarily due to the fact that an understanding of the growth cycle and 
energy stores of bracken is paramount to optimising methods of bracken control.  In England 
and Wales, studies on a variety of sites have demonstrated that bracken growth generally 
starts in mid-May reaching a maximum biomass in late July/August (Pitman and Pitman, 
1990; Lawson et al., 1986; Chen and Lindley, 1981, Atkinson, 1989). This pattern of growth 
is similar even if the total biomass between sites differs due to other environmental factors. 
For example Chen and Lindley (1981) demonstrated that above ground biomass was 
significantly greater at sites with deep soils (maximum = 940 g/m2) compared to sites with 
shallower soils (maximum = 430 g/m2), and Atkinson (1989) noted that biomass at an 
altitude of 346 m was almost half of that for bracken growing at 228 m.  Deviations from 
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these temporal growth patterns ordinarily depend on temperature (mainly frost) and drought 
conditions, and the growth is strongly regulated by solar radiation (Pitman and Pitman, 1990; 
Lawson et al.,1986). Measured data for the above-ground biomass1 of bracken is given in 
Table 5 which gives a mean maximum biomass of 857 g m-2. 
 

Table 5 Measures of peak above-ground biomass for bracken in the UK 

Max biomass 
(g m-2) Area Year 

sampled Data source 

553 Sussex 1980 Pitman & Pitman 1994 
874 Sussex 1981 Pitman & Pitman 1994 

1112 Sussex 1989 Pitman & Pitman 1994 
840 Cumbria 1980 Lawson et al 1986 

1120 Cumbria 1981 Lawson et al 1986 
920 Cumbria 1982 Lawson et al 1986 
794 Cumbria 1980 Chen & Lindley 1981 
640 Hereford/Worcester 1985 Atkinson 1989 

 
 
Marrs and Watt (2006) also reviewed the bracken literature and reported frond biomass from 
several authors. The average biomass from their data (which included mean values rather 
than maxima cf Table 5) was 485 g m-2 (523 g m-2 excluding four very low values < 20 g m-2).  
Other data on mean bracken frond biomass is provided by Marrs et al (1999) who conducted 
an 18 year experiment in Breckland. Their research illustrated the natural variation in 
biomass that can occur year on year (Figure 11), supporting the findings illustrated in Table 
5. 
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Figure 11 Example of natural annual variation in frond biomass 

 
Mean biomass (in July) fluctuated between 400 and 600 g m-2 between 1978 and 1986 
before plummeting to 213 g m-2 in 1988 which was attributed to a greater number of frosts. 
Several years were then required before biomass levels returned to ~ 500 g m-2.  These 
values are generally lower than those reported in Table 5 and by Watt (1976) who reported 
that annual frond dry matter production is up to 1400g m-2 in the UK. Marrs et al (1998) took 
biomass measurements in July, and whilst they reported mean values of their replicates, 

                                                      
1 In the literature there are reports of ‘above-ground biomass’, ‘frond biomass’ and ‘rhizome biomass’ 
and it is assumed in this study that ‘above-ground’ and ‘frond’ are synonymous. 
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these values should not be too dissimilar to peak above ground biomass values as frond 
growth is as good as complete in July, as discussed below. 
 
The pattern of above-ground biomass weight is a massive increase from May to June and 
from June to July, peaking in July or August (thus very little gain or loss from July to August) 
(Chen & Lindley, 1981, Pitman & Pitman, 1994; Atkinson 1989; Pakeman et al., 1994) and a 
gradual decline through to October/November (Chen & Lindley, 1981; Atkinson, 1989; 
Pitman & Pitman, 1994; Marrs & Watt, 2006). A model by Pakeman et al (1994) 
demonstrates the same growth in bracken, but a more rapid decline in the biomass at the 
start of senescence, which is complete by the end of October. However, Chen and Lindley 
(1981) and Rasmussen (2003) all sampled bracken in November indicating that bracken can 
remain after October.  Marrs and Watt (2006) proposed that bracken could be found in 
November, although it had usually senesced by October and that departures from these 
dates were most commonly caused by temperature (frost) or drought.  
 
Although there are other data available relating to the growth of bracken, e.g. frond height 
and frond density some measure of the weight of the bracken (frond) is required in order to 
calculate the mass of the bracken and ultimately the mass of ptaquiloside. Indeed, Chen and 
Lindley, 1981) noted that it was the height of the frond that contributed to the gain in biomass 
rather than an increase in frond numbers which remained relatively static throughout the 
growing season (28-38/m2).   
 
For the purposes of this study it is necessary to define a typical biomass of bracken in order 
to calculate a ptaquiloside load. Table 5 reports peak values of frond biomass, whilst Marrs 
et al (1999) report mean values of their replicates taken in July. However, given that bracken 
growth is complete in July/August, the values given by Marrs et al (1999) should not be too 
dissimilar from peak values. The data from the literature were therefore combined and the 
90th percentile value – a common threshold used in tier one risk assessments – was used as 
a measure of the biomass = 973 g m-2. 
 
3.1.3 Ptaquiloside release from bracken  
Data relating to the quantity of ptaquiloside in bracken was reviewed thoroughly (see section 
3.1.1), but it became apparent that there has been very little research on quantities that are 
released to the soil and are hence available for leaching and there is a very poor 
understanding of how ptaquiloside concentrations in the fronds may relate to that released 
into the environment. The only research has been conducted by Lars Rasmussen in 
Denmark and very few measurements have been made. The bracken variety investigated 
was the same as that in England and Wales, and the climatic conditions are generally 
similar, particularly when considering that bracken growth in England and Wales is largely 
confined to wetter, cooler areas of the countries. In the absence of any data specific to the 
UK, it may be considered reasonable to extrapolate the Danish data for the purposes of the 
current study.  
 
Rasmussen et al., (2003b) quantified ptaquiloside in the litter layer (Oi horizon) of bracken 
stands at 4 field sites. It was noted that the sites with the highest levels had recently been 
exposed to heavy rain showers and the researchers proposed that the ptaquiloside at these 
sites had been washed off the bracken. A more detailed soil survey demonstrated that there 
was a reduction in ptaquiloside concentrations down the soil profile (Rasmussen et al., 
2003). Part of the ptaquiloside in the top soil will be present in litter resulting from dead plant 
material. This is immobile ptaquiloside that has not yet been released by the plant. Therefore 
the amount of ptaquiloside in soil cannot be used as an estimate for the amount of 
ptaquiloside that is released by the plants. In addition, there is no direct relationship between 
ptaquiloside concentrations in fronds and that in the soil and attempts to investigate 
relationships have shown them to be complex and dependent on precipitation, bracken litter, 
turnover rate, stand size and epipedon carbon content (Rasmussen et al., 2003c).  
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It was considered that the most appropriate measure of ptaquiloside release into the 
environment was to use the results of a laboratory test that quantified ptaquiloside removed 
from bracken fronds during simulated rainfall (Rasmussen et al., 2003b). Pinnae (n = 6) 
were sprayed with 30 ml water during a period of 1.5 hours. Ptaquiloside concentrations in 
drip water collected ranged from 99 to 734 µg/L which equated to 0.04-0.24% of the total 
ptaquiloside of the pinnae; there was no apparent correlation between the ptaquiloside 
content in the pinnae and that in the drip water. No information is available on whether there 
is a decrease in availability of ptaquiloside with continued rainfall and in the model the 
ptaquiloside concentration in the rain water running off the plants was assumed to be 700 
µg/L irrespective of rainfall duration and intensity, or growth stage. Ptaquiloside is known to 
be present in dead bracken plants (Saito et al., 1989). For the purposes of this study, a 
highly precautionary approach was used and it has been assumed that ptaquiloside leaches 
from dead plants in winter at the same concentration as from the living plants.  
 
The lack of information on the quantity of ptaquiloside released into the environment 
is a significant limitation.  
 
In an attempt to examine the extent to which the quantity of ptaquiloside released could be 
considered realistic, the total amount of ptaquiloside leached in one year was compared to 
the total initial load, calculated from the mean ptaquiloside concentration in a frond (section 
3.1.1) and biomass (section 3.1.2) – discussed in section 3.3. 
 
3.1.4 ‘Crop’ characteristics 
Bracken growth parameters such as height and timing depend on various factors such as 
climate, altitude, soil depth and moisture conditions. As shown by Marrs and Watt (2006) 
some authors reported frond heights ranging from 23 to 40 cm (Watt, 1964), others found 
heights up between 105 and 180cm (Lowday and Marrs, 1992). Similarly the leaf area index 
(LAI) varies with location and conditions. Roberts (1986) reported LAI up to 1 m2/m2 while 
Pitman and Pitman (1985) found an LAI up to 5 m2/m2 during the peak of the season and 
Curran (1985) measured LAI values up to 8.5 in Berkshire. Rhizome depths vary with soil 
depth and conditions (Watt, 1940 and 1964). References in Watt (1940) reported rhizome 
depths of 5 to 15 cm, 45.7 cm and 51 to 64 cm, while Watt (1964) measured rhizome depths 
between 10 and 32cm.  
  
Because of the variation in bracken growth between measurements, assumptions had to be 
made regarding the bracken growth parameters in the model. In the model the bracken 
grows quickly during the first half of May, and then continues to grow to reach its maximum 
height of 1.2 m by the end of July. A rooting depth up to 60 cm was modelled, but this was 
limited by the depth of the soil profiles for some scenarios. The plants die off during the 
second half of November. The leaf area index was set at 4 m2/m2 and was kept at 4 during 
winter to maintain ptaquiloside leaching from dead plant material. There was however no 
uptake of water by the roots in winter. All rainwater in the model is intercepted by the plants 
before running off the leaves and reaching the soil.  
 
3.1.5 Physico-chemical properties 
Sorption of a chemical to the soil is normally estimated based on sorption experiments in the 
laboratory with a range of soils. Organic compounds predominantly bind to the organic 
matter fraction in the soil. Sorption is therefore often expressed by the Koc which is the 
sorption coefficient in relation to the organic carbon fraction of the soil. Ptaquiloside is known 
to be weakly adsorbed to organic carbon (OC), with relatively low KOC values. Rasmussen et 
al. (2005) measured adsorption of ptaquiloside in a laboratory sorption experiment with ten 
soil samples. The properties of the ten soils and the sorption parameters are shown in Table 
6. The KOC values for adsorption to organic carbon were calculated from the KF (Freundlich 
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sorption coefficient) divided by the organic carbon fraction of the soil. The KOC values ranged 
from 1.3 to 180.0. The two soil samples from the Flakkebjerg Farm that had large clay 
contents gave exceptionally large KOC values compared to the other soils and were not 
considered for the calculation of the median KOC. The median KOC of the remaining eight 
soils that was used in the model was 4.65 and the Freundlich exponent (n) was 0.95.  
 
Ovesen et al. (2008) measured degradation of ptaquiloside in soil samples from the topsoil 
and subsoil of a clayey and a sandy soil in a laboratory at 10°C. The results from the 
nonsterile soils are presented in Table 7. Ptaquiloside degraded very quickly in both soils 
Almost all compound had degraded within the 28 day period. Degradation showed bi-phasic 
behaviour in all soils; around 40-50% of the compound degraded very quickly immediately 
after application followed by a slower degradation of the remaining chemical. The first, fast 
degradation step also occurred in sterilised soil, which shows that this behaviour was caused 
by a reaction other than microbial degradation. Therefore only the second slower part of the 
degradation curve was used here to model microbial degradation in soil. The half-lives for 
degradation in the topsoils were between 1 and 2 days. The longer half-life of 2 days was 
used for the topsoil in the modelling. The degradation rate constant was reduced with soil 
depth in the model using degradation factors as recommended by FOCUS (2000). 
 

Table 6. Ptaquiloside adsorption to soils (Rasmussen et al., 2005) 

Site and soil horizon pH OC% clay% KF
$ n KOC

$ 

1 Åstrup Forest, A 3.3 5.2 8 0.07 0.75 1.3 

2 Jyndevad Farm, A 6.1 1.8 4 0.22 0.96 12 

3 Tåstrup Organic Farm, A 7.2 1.3 14 0.19 0.94 14.6 
4 Christanssæde Forest, Ap 4.8 1.7 17 0.20 0.78 11.8 

5 Præstø Bracken stand, Oa 2.7 38.3 n.a.* 1.23 1.00 3.21 

6 Nørlund Plantation, E 3.3 0.29 1 0.01 1.00 3.4 

7 Nørlund Plantation, Bhs 4.0 0.78 1 0.01 1.00 1.3 

8 Nørlund Plantation, C 4.6 0.17 2 0.01 0.73 5.9 

9 Flakkebjerg Farm, Btg2 6.6 0.1 23 0.18 0.72 180.0 

10 Flakkebjerg Farm, 2Cg1 7.9 0.06 19 0.08 0.64 133.3 
$ Freundlich sorption coefficients: KF (mg kg-1)(mg L-1)-n and KOC (mg kg-1)(mg L-1)-n 

* n.a. = not assessed   n =  Freundlich exponent  OC = organic carbon 
 

Table 7. Ptaquiloside degradation in soil (Ovesen et al., 2008) 

pH OC% clay% 
fast decline fraction slow decline fraction 

Soil type kf (h-1) halflife (d) ks (h-1) halflife (d) 

Clay topsoil 4.8 8.9 23 0.78 0.037 0.029 1.0 

Sandy topsoil 3.4 3.4 6 1.0 0.029 0.018 1.6 

Clay subsoil 3.9 0.4 20 0.30 0.096 0.0027 11 

Sandy subsoil 4.3 0.5 0 0.47 0.061 0.0092 3.1 

OC = organic carbon  kf = fast decline coefficient  ks = slow decline coefficient 
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3.1.6 Air temperature and rainfall 
The weather scenario was adopted from one of the existing FOCUS scenarios, from 
Okehampton (UK). The scenario contains daily monitoring data from the meteorological 
station in Okehampton, near Exeter. The daily data includes rainfall, minimum and maximum 
air temperature and solar radiation. Table 8 shows the annual rainfall in Okehampton during 
the 20-year simulation period. The average annual rainfall was 1038 mm. The average 
daytime temperature was 13.7°C and average night temperature was 6.8°C.  
 
The scenario represents the wetter areas in the west of England and Wales with rainfall 
around or exceeding 1000 mm per year. Figure 12 shows the average annual rainfall for the 
whole of England and Wales (map produced in SEISMIC, Hollis et al., 1993). Bracken 
growth is most abundant in the west of England and Wales, coinciding with the areas with 
large quantities of rainfall. 
 
Table 8. Annual rainfall and volume of 
percolate from the soil profile for the 20-
year simulation period 

Year  Rainfall (mm) 

1  1083 

2  673 

3  1056 

4  899 

5  1097 

6  1104 

7  1238 

8  1030 

9  906 

10  1161 

11  902 

12  1092 

13  1157 

14  1030 

15  938 

16  1016 

17  1113 

18  1132 

19  972 

20  1158 

Min  673 

Max  1238 

Average  1038 
 

  

Figure 12. Annual rainfall in England and Wales; 
areas with annual rainfall up to 650 mm, up to  800 
mm, up to 1000 mm and exceeding 1000 mm 
(SEISMIC; Hollis et al., 1993) 
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3.1.7 Soil type 
The soil type used in the model determines factors such as the water movement in the soil 
and the organic carbon content. The same initial quantity of ptaquiloside will leach to 
different extents depending on the soil type. However there are hundreds of soil classes and 
in order to make the data more manageable it was necessary to select a limited number of 
soil series representative of land where bracken grows. Soils are classed as series, sub-
groups, groups, and major groups in the order of decreasing detail. The soil sub-groups and 
series associated with bracken areas were determined from the overlaying Landcover data 
with NATMAP. This showed that 93% of the bracken area was represented by 10 sub-
groups of soil (Figure 13) and it can be seen that bracken areas are commonly associated 
with soil sub-groups 311, 541, 611 and 721. A description of the soil groups is given in Table 
9. 
 

 
 

Figure 13 Distribution of bracken between the 10 most common soil sub-groups for bracken 
growth in comparison with the relative area (%) for the whole of England and Wales. 

 

Most soil groups described in Table 9 have a humose or peaty topsoil or are high in organic 
matter. This would reduce the risk for leaching due to sorption of ptaquiloside onto organic 
carbon. Bracken is not likely to grow on poorly drained soils because its roots are sensitive 
to a lack of oxygen (Ader, 1990). Therefore it is less likely that bracken would grow on raw 
peat soils (soil class 10.11) as these soils have remained wet to within 20cm of the surface. 
The representation of these soils in the calculated bracken area (3.5%) may be due to the 
presence of patches of bracken on other soils in quadrants classed as predominantly raw 
peat. Additionally, raw peat soils are acidic (pH<4) and ptaquiloside has been shown to 
break down rapidly at pH values below pH 4 (Rasmussen et al., 2005). Therefore the risk of 
ptaquiloside leaching from these soils is expected to be small.  
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Table 9. Description of soils commonly associated with bracken areas in England and Wales.  

Lithomorphic Soils:  
These are shallow soils in which the only significant pedogenic process has been the formation of an 
organic or organic-enriched mineral surface horizon. They are formed over bed-rock, or little altered, 
soft unconsolidated material at or within 30 cm depth. Rankers are non-calcareous soils over non-
calcareous rock or massive limestone. 
3.11 Humic rankers have humose or peaty topsoil 
3.13 Brown rankers have a distinct, brownish coloured topsoil 
 
Brown soils:  
These are soils in which pedogenic processes have produced dominantly brownish or reddish 
subsurface horizons with no prominent mottling or greyish colours (gleying) above 40cm depth. They 
are widespread, mainly on permeable materials, at elevations below about 300m and are mostly in 
agricultural use. Brown earths are non-alluvial loamy soils with a non-calcareous subsoil without 
significant clay enrichment. 
5.41 Typical brown earths (with unmottled subsoil) 
 
Podzolic soils:  
These are soils with a black, dark brown or ochreous subsurface horizon resulting from pedogenic 
accumulation of iron and aluminium or organic matter or some combination of these. They normally 
form as a result of acid weathering conditions and, under natural or semi- natural vegetation, have an 
unincorporated acid organic layer at the surface.  
6.11 Typical brown podzolic soils Brown podzolic soils have a dark brown or ochreous subsoil with 
no overlying ‘bleached’ layer. 
6.31 Humo-ferric podzols (dark coloured humus and iron enriched subsoil); Podzols are well drained 
soils with a black or dark brown, compact subsurface horizon enriched in humus and normally 
overlain by a ‘bleached’ layer, but with no greyish or mottled (gleyed) horizon immediately below.  
6.51 Ironpan stagnopodzols Stagnopodzols are mainly upland soils with a peaty topsoil and/or a 
periodically wet, faintly mottled bleached subsurface horizon, overlying an iron enriched layer.  
(ironpan <1cm thick cemented by iron and humus) 
6.54 Ferric stagnopodzols Stagnopodzols are mainly upland soils with a peaty topsoil and/or a 
periodically wet, faintly mottled bleached subsurface horizon, overlying an iron enriched layer. (dark 
brown or ochreous iron enriched subsoil with relatively little humus 
 
Surface-water gley soils.  
These are seasonally waterlogged slowly permeable soils, prominently mottled above 40cm depth.  
7.13 Cambic stagnogley soils (no clay-enriched subsoil) Stagnogley soils have a distinct topsoil. 
They occur widely in lowland Britain, on tills and soft argillaceous rocks. 
7.21 Cambic stagnohumic gley soils (no clay-enriched subsoil) Stagnohumic gley soils have a 
humose or peaty topsoil. They are mainly upland soils intermediate between stagnogleys and peats. 
 
Peat soils:  
These are predominantly organic soils derived from partially decomposed plant remains that 
accumulated under waterlogged conditions.  
10.11 Raw oligo-fibrous peat soils (moist pH<4.0, mainly fibrous or semi- fibrous). Raw peat soils 
are undrained organic soils that have remained wet to within 20cm of the surface, since their 
formation. 
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The HOST classification (Hydrology Of Soil Types; Boorman et al. 1995) distinguishes 29 
hydrological classes on the basis of the physical properties of the soils and the hydrogeology 
of the substrate. Classifications are given for individual soil series. It was therefore 
necessary to also identify the detailed soil series associated with bracken areas. This 
showed that 81% of the bracken area in England and Wales was associated with 24 soil 
series (Table 10) and that 3 soil series alone (Bangor, Malvern and Manod) accounted for 
over 10% each of the bracken area. The HOST classes are further grouped into 11 response 
models A to K. Table 10 shows the dominant HOST class and the dominant hydrology 
model for the top 24 soils under bracken. A description of the relevant hydrology groups is 
given in Table 11. The only hydrology types that were relevant were those with deep 
groundwater (A-D) and those with no significant groundwater (H-K). None of the types with 
shallow groundwater were significant for soils with bracken (model E-G).  
 
Table 10. Proportional representation of the main 24 soil series under bracken growth areas in 

England and Wales. 

Description of soil sub-group Soil 
series Name Bracken 

area (%) 
Dominant 

HOST class 
Dominant 
hydrology 

3.11 Humic rankers 3.11b Skiddaw 1.0 27 K 
 3.11e Bangor 11.6 27/29 K 
5.41 Typical brown earths 5.41a Milford 1.5 17 H 
 5.41d Eardiston2 3.3 4 A 
 5.41g Rivington2 0.9 4 A 
 5.41j Denbigh1 2.5 17 H 
 5.41r Wick1 0.9 5 A 
6.11 Typical brown podzolic soils 6.11a Malvern 13.0 19 I 
 6.11b Moretonhampstead 1.5 4 A 
 611c Manod 13.0 17 H 
 6.11d Withnell1 2.1 4/17 A/H 
 6.11e Withnell2 0.9 4 A 
6.31 Humo-ferric podzols 6.31a Anglezarke 1.9 4/15 A/D 
6.51 Ironpan stagnopodzols 6.51a Belmont 2.0 15 D 
6.54 Ferric stagnopodzols 6.54a Hafren 3.3 15 D 
 6.54b Lydcott 1.1 15 D 
 6.54c Gelligaer 1.0 15 D 
7.13 Cambic stagnogley soils 7.13f Brickfield2 0.9 24 J 
 7.13g Brickfield3 2.6 24 J 
7.21 Cambic stagnohumic gley 
soils 7.21b Onecote 1.3 26 K 
 7.21c Wilcocks1 7.0 26 K 
 7.21d Wilcocks2 2.3 26/29 K 
 7.21e Wenallt 1.9 26 K 
10.11 Raw oligo-fibrous peat soils 10.11b Winter hill 3.5 29 K 
 
 
Only type A is expected to pose a possible risk for contamination of groundwater. Less risk 
is expected from type D because these soils contain a more reactive peat layer. Hydrology 
type H-J have no significant aquifer or groundwater but may pose a risk to surface water. 
Due to an impermeable substrate, the topsoils may get very wet during winter. Runoff and 
horizontal sub-surface flow may cause a risk for surface water. The peat soils of type K are 
shallow peat soils (30 cm depth). Ptaquiloside is likely to bind to these soils due to its high 
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organic carbon content, however the soils are shallow and water could flow laterally below 
the peat layer, or as preferential flow within natural soil pipes where the opportunity for 
degradation would be greatly reduced.   
 
Table 11. Description of HOST hydrological response models (Boorman et al., 1995) relevant for soils 

with bracken growth in England and Wales 

Hydroglogical 
Model Soil & Hydrology Potential risk for contamination of 

drinking water resources 

A 
Mineral soil. Groundwater or aquifer normally present 
and at >2 m. No impermeable or gleyed layer within 

100cm. 
Risk for groundwater from percolate 

D Peat soil. Groundwater or aquiver normally present 
and at >2 m. 

Small risk for groundwater.  Risk for 
surface water from runoff or horizontal 

flow 

H Mineral soil. No significant groundwater or aquiver. 
No impermeable or gleyed layer within 100cm. 

No risk for groundwater. Risk for surface 
water from runoff or horizontal flow 

I 
Mineral soil. No significant groundwater or aquifer. 
Impermeable layer within 100cm or gleyed layer at 

40-100 cm. 

No risk for groundwater. Risk for surface 
water from runoff or horizontal flow 

J Mineral soil. No significant groundwater or aquifer.  
Gleyed layer within 40cm. 

No risk for groundwater. Risk for surface 
water from runoff or horizontal flow 

K Peat soil. No significant groundwater or aquifer. No risk for groundwater. Risk for surface 
water from runoff or horizontal flow 

 
The 24 soil series described in Table 10 were, as expected, all part of the sub-groups that 
represented 93% of the bracken area. It was then necessary to identify a select number of 
soil types to undertake the modelling as the PEARL model requires detailed information at 
the soil series level. Four soil scenarios were selected to represent the different types of 
soils and hydrology. The Malvern and the Manod soils were selected to represent hydrology 
types H/I/J and the Bangor soil was modelled to represent hydrology K. These three soils 
had the highest coverage of bracken. The Eardiston soil was also selected to represent the 
soils that pose a risk to groundwater (hydrology type A). Whilst this soil represented only 
3.3% of the total bracken area, it was the 7th most common soil series (out of 220) and it 
represented a relatively worse case scenario with regards to expected ptaquiloside leaching. 
 
The parameters for the soils such as horizon depths, soil texture, organic carbon content, 
saturation and conductivity parameters were taken from the SEISMIC database and an 
example of the soil properties is given in the Appendix (10.3). The values for the parameter 
lambda for the Van Genuchten equation were estimated based on the soil texture and 
reported values for comparable soils (the Staring Series; Wösten et al., 1994).  
 
 
3.2 Parameterisation of soil scenarios 
 

Leaching from the Eardiston soil was simulated to a depth of 60cm which was depth of the 
boundary of the soil and underlying rock. Little adsorption and/or degradation is expected to 
occur in the rock layer, thus any water leaching downwards beyond this depth is likely to 
contain similar concentrations as those simulated at 60cm.  
 
The Malvern, Manod and Bangor series are dominated more by horizontal flow. Transport of 
chemicals through horizontal flow towards surface water depends on unknown parameters 
such as the distance to the nearby stream, height differences in the landscape and the 
hydrology of the surrounding area, which cannot be addressed in PEARL. The approach 
taken was therefore to estimate the vertical leaching of ptaquiloside in these soils to the 
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depth at which horizontal flow is expected to occur (as identified by HOST). As it is the upper 
layers of the soil where any adsorption and/or degradation of ptaquiloside is likely to occur 
due to larger amounts of organic carbon and higher microbial activity, PEARL can still 
reasonably predict the fate of ptaquiloside in the soil. It is then assumed, due to the lack of 
information, that the concentration of ptaquiloside reaching surface waters is the same as 
that in the leachate. Given that bracken commonly grows on steep valley sides it is 
reasonable to assume that there will be many cases where horizontal flow is minimal.  
 
The depth at which horizontal transport may occur in the Malvern and Manod soils depends 
on the height of the watertable, which will fluctuate with season; a depth of 50cm was 
assumed for horizontal transport.  The Bangor scenario represents a shallow soil profile on 
impermeable rock. Horizontal flow will occur at the rock surface, 30cm below the soil 
surface.  
 
In PEARL, the only losses of water are via evapotranspiration and uptake by roots as 
removal of water via horizontal flow is not considered. In order to ensure sufficient 
movement of water through the soil profile, it was necessary to set the scenarios to free 
drainage, i.e. assume a very low groundwater level. This means that for the Malvern, Manod 
and Bangor scenarios the soils in the model simulations were probably less wet than in 
reality and so the retention time of water and ptaquiloside in the model is shorter than in 
reality. Consequently, the opportunity for degradation is reduced and the model may provide 
an overestimate of the leaching of ptaquiloside for these scenarios. For the purposes of this 
preliminary study, this precautionary approach was considered appropriate, and the 
limitations of the approach are discussed more fully in section 3.4. 
 
 
3.3 Modelling results 
The annual rainfall and the amount of water percolated from each soil profile during the 20 
years of the model simulations are given in the appendix (10.4) with a summary of the 
results below (Table 12). 
Table 12 Minimum, maximum & average rainfall and volumes of percolate from the 4 soil types 

Annual percolate volumes (mm) 
Annual 
Rainfall 

(mm) 
Eardiston  
at 60 cm 

Malvern  
at 50 cm  

Manod  
at 50 cm  

Bangor  
at 30 cm  

Min 673 317 271 266 363 

Max 1238 727 764 764 785 

Average 1038 564 569 569 620 
 
The total amount of ptaquiloside that was removed from the bracken each year varied 
between 4.6 and 8.5 kg/ha, depending on the amount of rainfall with an average of 7.16 
kg/ha (see appendix 10.5). This represents 22 – 41% of the total ptaquiloside load (Section 
3.1.3) in the bracken stand. This is a far greater removal rate than that reported by 
Rasmussen et al., (2003b) (up to 0.25%), but in their study the bracken was exposed to only 
30 ml over 1.5 hours, whereas in the model the bracken is exposed to around 1000 mm of 
rain throughout a year, which equals 1000 L/m2 or approximately 33 L per frond if 30 fronds 
per m2 is assumed. It is feasible that more ptaquiloside could be removed with increasing 
rainfall, but there have been no investigations in this regard. 
 
In the model most ptaquiloside was released during autumn and winter when most rainfall 
occurs. It is likely that the fronds would have died off after frost and only dead plant material 
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is left above ground.  The leaching of ptaquiloside from bracken litter is an unknown and this 
parameter probably introduces the greatest amount of uncertainty into the model. 
 
 
3.3.1 Potential risk for leaching to groundwater 
 
Figure 14 shows the predicted concentration of ptaquiloside in the percolate from the 
Eardiston soil during the 20-year simulation period. The highest concentrations of 
ptaquiloside were reached during the winter months of each year. This is due to the larger 
amount of rainfall in winter. Leaching of ptaquiloside is more likely when the soil is saturated 
and the rainwater seeps through the soil quickly, so there is less time for ptaquiloside to 
degrade. The annual maximum concentrations in the percolate ranged from 1.7 to 26.7 µg/L 
with a 90th percentile concentration of 11.5 µg/L (Table 13). Based on these model 
simulations, the annual maximum concentration in the percolate is expected to be below 
11.5 µg/L in 90% of the years.  
 

 
Figure 14. Modelled daily concentration of ptaquiloside in percolate from Eardiston soil profile 

(at 60 cm depth) during 20-year simulation period. 

 
The total amount of ptaquiloside in the percolate over the whole year was between 1.5 and 
30.9 g ha-1 for the different years. This is less than 1% of the amount of ptaquiloside that was 
released from the plants (between 4.6 and 8.5 kg ha-1) indicating that substantial sorption 
and/or degradation occurs in the soil.  
 
Table 13 also lists the average annual concentration in the percolate for each year. The 
annual average concentration was calculated as the ratio of the total amount of ptaquiloside 
in the percolate over the whole year and the total percolate volume over the whole year. This 
represents the concentration if the percolating water over a whole year would be collected 
and mixed in one vessel. If water is stored in an aquifer or a reservoir then the average 
annual concentration may be more relevant than the daily concentrations. During storage, 
the peak concentrations would be mixed with lower concentrations that percolate during a 
longer period. The annual average ranged from 0.35 to 5.05 µg/L with a 90th percentile of 
2.09 µg/L.  
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Table 13. Annual average and annual maximum concentrations of ptaquiloside in percolate 
from Eardiston soil profile (at 60cm depth) for each year of the 20-year simulation period 

Year Annual Ptaquiloside concentration (µg/L) 
Average Maximum 

1 1.73 6.5 

2 0.69 3.6 

3 1.13 6.2 

4 0.41 1.7 

5 5.05 26.7 

6 0.96 2.5 

7 0.58 5.1 

8 1.27 7.3 

9 0.59 2.0 

10 0.89 4.5 

11 0.40 1.9 

12 1.97 5.0 

13 1.10 5.6 

14 0.80 3.3 

15 0.68 3.7 

16 1.30 7.8 

17 1.30 4.8 

18 0.35 2.8 

19 2.05 11.4 

20 2.42 13.0 
20-yr 

Average 1.28 6.3 

90th %ile 2.09 11.5 

 
 
3.3.2 Potential risk for leaching to surface water 
 
Figure 15 to Figure 17 show the maximum concentrations of ptaquiloside in the percolate 
from the Bangor, Malvern and Manod soils during the 20-year simulation period. The highest 
annual concentration of ptaquiloside for these soils was 10.9 µg/L in the percolate from the 
Bangor soil. As for the Eardiston scenario, the maximum concentrations were leached during 
the winter months. The highest 90th percentile concentration from these three soils was from 
the Malvern scenario (6.1 µg/L).  
 
The concentrations that leached from the Bangor, Malvern and Manod soils were smaller 
than for the Eardiston scenario due to the larger organic carbon contents and hence the 
stronger retention of ptaquiloside.  
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Figure 15. Modelled daily concentration of ptaquiloside in percolate from Bangor soil profile 

(at 30 cm depth) during 20-year simulation period 

 

 
Figure 16. Modelled daily concentration of ptaquiloside in percolate from Malvern soil profile 

(at 50 cm depth) during 20-year simulation period 
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Figure 17. Modelled daily concentration of ptaquiloside in percolate from Manod soil profile (at 

50 cm depth) during 20-year simulation period 

 

Table 14. Annual average and maximum concentrations of ptaquiloside in leachate from 
Bangor, Malvern and Manod soils in each year during the 20-year simulation period 

Annual ptaquiloside concentrations in percolate (µg/L) 

Year Bangor soil at 30cm Malvern soil at 50 cm Manod soil at 50cm 
Maximum Average Maximum Average Maximum Average 

1 2.0 0.58 2.3 0.58 1.7 0.40 

2 1.7 0.27 1.3 0.22 0.9 0.15 

3 3.5 0.38 2.2 0.32 1.6 0.23 

4 1.6 0.20 0.7 0.11 0.4 0.07 

5 10.9 1.31 10.2 1.68 8.4 1.37 

6 1.0 0.28 1.0 0.27 0.8 0.19 

7 3.2 0.26 0.9 0.15 0.7 0.10 

8 2.3 0.29 1.1 0.22 0.9 0.18 

9 1.0 0.16 0.8 0.20 0.5 0.14 

10 1.4 0.29 1.9 0.32 1.4 0.23 

11 0.4 0.08 0.6 0.11 0.4 0.08 

12 3.1 0.80 2.7 0.86 2.7 0.66 

13 1.5 0.29 1.9 0.36 1.4 0.27 

14 1.1 0.24 1.3 0.25 0.9 0.17 

15 1.0 0.22 1.8 0.27 1.3 0.17 

16 3.0 0.44 3.3 0.46 3.0 0.36 

17 1.7 0.40 1.7 0.40 1.2 0.28 

18 1.1 0.12 1.5 0.14 1.2 0.10 

19 5.6 0.81 6.0 0.94 4.5 0.65 

20 4.1 0.62 6.3 1.09 4.7 0.87 
20-yr 

Average 2.6 0.40 2.5 0.45 1.9 0.33 

90th %ile 4.2 0.80 6.1 0.95 4.5 0.68 
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3.4 Data limitations 
 
 Model simulations predicted that peak concentrations of ptaquiloside from bracken 
potentially reaching raw water sources could be in the order of 10 µg/L, though average 
concentrations would be much smaller. Several assumptions and simplifications were made 
during the modelling, and these are discussed below.  
 
1. Amount of ptaquiloside released by bracken. There is a paucity of data on the quantity of 

ptaquiloside that is released by bracken in the field – both from the fronds and/or the 
rhizomes. The model simulations were based on the release of ptaquiloside in laboratory 
experiments in which bracken pinnae were sprayed with water for 1.5 hours. It is 
uncertain how much ptaquiloside would be released from a plant during prolonged 
contact with rainwater. In addition there is little information on the fate of ptaquiloside on 
senescence. If the ptaquiloside was released as a pulse when the plant dies, due to frost 
or during weed control, then this could have consequences for the amount of ptaquiloside 
that could potentially reach water sources. More research is necessary to establish the 
release of the chemical by the plants, and the fate of the ptaquiloside when the plants die 
naturally or are destroyed during weed control. An additional model run was conducted to 
investigate the impact of reducing the quantity of ptaquiloside released (see appendix 
10.6). This exercise demonstrated that if the input was reduced from 700 to 100 µg/L the 
90th percentile annual maximum concentration for the Eardiston soil was reduced from 
11.5 to 1.5 µg/L. 

2. Fate of ptaquiloside in soil. The chemical is very soluble in water; it has a low 
hydrophobicity and low affinity for binding to organic matter. Therefore the chemical is 
expected to be very mobile in soils with short residence times in the profile. Adsorption 
may be higher on clay minerals, however this process is poorly understood. Degradation 
of the chemical in soil is expected to be rapid. Therefore the fate of the compound in the 
model is highly sensitive to the degradation rate of ptaquiloside in soil. Although there are 
some measurements of ptaquiloside degradation in soil, only 2 soils were investigated 
and degradation should ideally be measured in a much wider range of soils with various 
properties. The degradation studies identified a strongly biphasic decline of ptaquiloside. 
The first decline was also observed in sterilised soil but the reason for this decline was 
not understood. The lack of understanding and the limited number of observations causes 
uncertainties for the model predictions. To account for these uncertainties the 
degradation half-life of the second slower part of the decline was used in the model 
simulations.  

3. The model assumed that ptaquiloside would no longer degrade after reaching 
groundwater or surface water. Rasmussen (2003c) tested degradation of ptaquiloside in 
demineralised water and found that hydrolysis of the chemical occurs at low pH (pH<4) 
but that the chemical was stable at neutral pH values. However this does not exclude the 
possibility that ptaquiloside could degrade in natural waters, for example by microbial 
degradation in the presence of dissolved organic matter or by indirect photolysis. Given 
the fast degradation rates in soil, the risk for surface water contamination would be 
reduced if similar degradation rates would occur in surface water.  The model also 
assumes a catchment with 100% bracken, i.e. no dilution. 

4. The model did not account for the possible degradation and sorption during horizontal 
transport in soils towards surface waters. The model could therefore underestimate the 
residence time in the soil, and thus degradation, before the chemical reaches the stream 
and so over-estimate the risk. However, bracken is commonly found on steep valley sides 
that are difficult to manage and so there is a high probability of having relatively short 
distances between the source of bracken and surface waters which would reduce the 
extent to which over-estimation of risk would occur. Moreover, runoff was not considered 
by the model and the lack of opportunity for the degradation of ptaquiloside in runoff 
means that there may be an underestimation of the risk by this process. 
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The total absence of any field data on the quantity of ptaquiloside released by bracken 
stands throughout the year (the ‘application rate’) was considered to be the greatest 
weakness in the model; experience dictated that varying the other parameters in the model 
would have an insignificant impact in comparison to this and so the impact of varying other 
parameters was not actually quantified. Similarly, it was not possible to assess the sensitivity 
of the parameters and/or perform probabilistic modelling due to the absence of data on the 
variability of the input parameters. 
 
 
3.5 Summary 
The PEARL model was adopted to predict the concentration of ptaquiloside in soil leachate 
at depths of 30 – 60 cm which was assumed to be the raw water concentration. PEARL has 
been thoroughly tested at the European level and provided a sound basis. Degradation 
during horizontal transport through the soil profile was not accounted for but this possible 
overestimate in ptaquiloside concentrations was counteracted by the fact that runoff was not 
considered which in itself could lead to an underestimation of ptaquiloside concentrations. 
 
The Eardiston series is representative of soil types associated with bracken areas and 
percolate from this soil had the highest maximum concentration. The 90th percentile 
maximum annual concentration (11.5 µg/L) was used as a measure of ptaquiloside in 
raw water.  
 
The concentrations predicted are highly comparable to measured data from drinking water 
wells in Denmark and Sweden, 4 – 6 µg/L and 45 µg/L respectively (Rasmussen, 2003) 
providing confidence in the model output. 
 
3.6 Other comments 
In predicting the concentrations in raw water the absence of data relating to ptaquiloside 
released from bracken was noted as a substantial limitation. Existing data relating to the 
ptaquiloside content and the biomass of bracken are also highly variable thus predicting 
concentrations available for release is expected to be highly complex. This is confounded by 
the fact that there is some evidence to indicate that ptaquiloside concentrations are higher 
after grazing and/or cutting, so bracken control is likely to increase the ptaquiloside content 
of the plant (Rasmussen, 2003). However, as little is known about how the compound is 
formed in the first place, it is not known whether there would be a concurrent increase in the 
load, as it could be expected that weakened plants would produce a lower biomass. 
 
Another issue for consideration is that although the recent Countryside Survey has 
demonstrated that the density of bracken coverage has declined over recent years, it is 
possible that bracken could expand in the future (if it is not managed appropriately) due to 
CAP reform which has led to the virtual abandonment of moorland (Gaskell, 2007). It should 
also be remembered that the measure of ‘bracken’ in the Countryside Survey refers to land 
that has a 95% covering of bracken. Land that has a lower percentage cover is commonly 
classed as acid grassland and there has been no overall decline in the area of bracken + 
acid grassland. 
 
The concentrations in groundwater predicted by the model were comparable to published 
data on measurements but this was only two data points. It may be advantageous to 
consider sampling a small number of high risk water supplies to allay any concerns 
associated with the uncertainties in the modelling.  
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4 TREATED WATER CONCENTRATIONS 

The water that is used for drinking water treatment plants and for many industries is 
categorised, according to its source, as: upland surface water, lowland surface water, 
groundwater, brackish well water, and seawater.  Given the location of the high risk areas for 
ptaquiloside it has been assumed that the water under consideration is upland surface 
water. Whilst the modelling in the previous section included groundwater, the depth of 
percolation was shallow < 60 cm. Moreover, private water supplies in upland areas could 
come from very localised, shallow aquifers thus the modelling results may be representative 
of real scenarios. 
  
The characteristics of these water types determine the level of treatment required. Upland 
waters derived from moorland springs, reservoirs and rivers have had relatively little contact 
with mineral deposits in the soil and/or rock, and thus they are generally low in minerals and 
are soft.   Upland water is typically low in solids but contains significant quantities of 
dissolved organic matter.  The organic content of stream water is seasonally variable and 
can be very high at the start of autumn.  Upland waters standing on thin coverings of land 
over impervious rock are termed moorland waters and, as these waters flow through peaty 
soil, they are high in dissolved organic matter (10-20 mg L-1).   For municipal works in upland 
areas, the primary concern is to a) reduce dissolved organic matter to control colour and the 
subsequent disinfection by-products, and b) the removal of metals such as aluminium, iron 
and manganese.    
 
The water treatment process can be described by ‘flowsheets’. A number of representative 
scenarios have been considered for both private and municipal supplies. For private supplies 
the control of microbiological contamination is the major treatment challenge and the 
flowsheets are relatively simple.  Two scenarios have been considered: a simple flowsheet 
simply using chlorination (Figure 19) and a second more advanced flowsheet combining 
filtration and ultraviolet light disinfection (Figure 20). For municipal supplies: municipal 
upland treatment consisting of, coagulation-flocculation, clarification, filtration and 
chlorination (Figure 21), and advanced treatment (Figure 22) consisting of coagulation-
flocculation, clarification, ozonation and granular activated carbon and chlorination.  The 
processes are listed individually below with a description of each process (Parsons and 
Jefferson, 2006) and a prediction of the likely fate of ptaquiloside during the process.    
 
Coagulation is the process of adding chemical reagents (iron or aluminium salts) in a mixing 
tank to destabilise colloidal particles and allow them to agglomerate or flocculate with other 
suspended particles to form larger, more readily settled particles.  Species that are 
negatively charged (anionic) at pH 7 are more amenable to removal. Ptaquiloside is a 
relatively small (in terms of water treatment), uncharged particle no removal by this process 
is expected. However given that ptaquiloside is likely to be bound into organic matter 
(section 3.1.5), it is estimated that a 25% reduction will be achieved.     

 
Filtration processes are used principally for the removal of particulate material in water 
including clays and silts, micro-organisms and precipitates of organics and metal ions. The 
process of filtration involves passing water, containing some physical impurity, through a 
granular bed of media at a relatively slow velocity. The media retains most of the 
contaminants whilst allowing the water to flow. The particles that are removed are typically 
much smaller (0.1-50 µm) than the size of the filter media (500-2000 µm) such that virtually 
no simple straining occurs and removal is based on particles colliding and adhering to filter 
grains as the water flows past.  No additional removal of ptaquiloside through this process is 
expected.   
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Activated carbon is a broad-scale adsorbent of dissolved substances. Dissolved, colloidal 
and particulate substances are attracted and attached to the surface of the carbon particles. 
It is used to remove taste and odour causing compounds as well as toxic organic chemicals. 
Precipitation and other chemical reactions also occur on the carbon surface. A variety of 
carbon adsorbers can be designed, including batch and continuous flow units. The 
adsorption capacity of the carbon is eventually exhausted. The carbon is regenerated by 
heating the carbon, which burns and volatilises the substances accumulated on it. The 
activated carbon can take the form of granules (granular activated carbon – GAC) or powder 
(powdered activated carbon – PAC).   It has been estimated that activated carbon will 
remove approximately 50% of the ptaquiloside (although in the flow sheet removal has been 
considered across a combined ozone and GAC). 

 
Ultraviolet light (UV) uses ultraviolet radiation produced commercially by the use of 
mercury vapour, antimony and xenon lamps to inactivate microorganisms. Ultraviolet 
irradiation owes its bactericidal effect to its ability to penetrate the cell and act directly on the 
nuclear DNA. The radiation does not destroy the bacterial cell material but disrupts the DNA 
by causing adjacent chemical groups on the double helix of the DNA molecule to fuse and 
prevent the molecule from replicating. This means that the bacterium is unable to reproduce 
and is thus inactivated or considered not viable.  The transmissivity of the water is of crucial 
importance in determining how much UV dose (reported in mJ cm-2) is required and it is 
important to remove solids and dissolved organics ahead of the UV reactor.   There is no 
evidence to indicate that ptaquiloside will be susceptible to photolysis at typical disinfection 
doses, thus it is assumed that UV has no impact on ptaquiloside concentrations.   

 
Ozone (O3) is a more powerful oxidising agent than chlorine and a very effective biocide. 
Ozone reacts with most organic matter by attacking it directly or through the formation of 
hydroxyl radicals (•OH) formed by the depletion of ozone.   Molecular ozone is a selective 
electrophile that reacts quickly with double bonds, activated aromatic systems and 
nonprotonated amines. These preferred reaction pathways allow an assessment of the 
relative reactivity of trace organic compounds with ozone (Drewes et al.  2007). Reactivity of 
ozone with ptaquiloside can be predicted by investigating its structure.  The four aspects of 
its structure that were considered were: 
 
1. Electron-donating groups, e.g. hydroxyl, amine, conjugated double bond, and 

sulphide, enhance reactivity with ozone, whereas electron-withdrawing groups, e.g. 
iodine, chlorine, fluorine and nitro, reduce the reaction rate; 

2. Electron-donating groups enhance the reactivity of aromatic compounds toward 
ozone, while electron-withdrawing groups inhibit the reactivity; 

3. Phenolic compounds are highly amenable to an attack by ozone, whereas ketone 
groups decrease the reactivity of ozone with adjacent carbons on aromatic 
structures; and 

4. Hydroxyl and ketone groups have an activating effect on the adjacent methylene 
groups of an aliphatic chain, though the oxidation rates are lower than those of 
corresponding aromatic structures. 

 
Ptaquiloside is a complex organic compound containing many electron donating (CH3) and 
drawing groups (OH).  Ozone would attack the compound at the position highlighted in 
Figure 18, most likely at the cyclopropane moiety by, either insertion of a hydroxyl group 
(OH), or by breaking open the ring (Langler et al., 2001).  It is estimated that ozonation will 
give a 90% reduction in ptaquiloside concentration.     
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Figure 18 Likely site for ozone attack on ptaquiloside 

    

Chlorine (Cl2) is by far the most common oxidant used in water treatment. It is primarily 
used as a disinfectant, but also for iron and manganese removal where its efficacy is pH and 
dose dependent. Reactions with chlorine are more complex than those with ozone and 
ozone is normally more reactive.  Attempts to model the reactivity of ptaquiloside with 
chlorine using the approach of Lei and Snyder (2007) were not successful due to the 
complexity of the compound.  The different chemical groups on ptaquiloside were therefore 
examined in order to assess its likely reactivity. For ptaquiloside, chlorination reactions with 
the heterocyclic structures, unsaturated (double) bonds (e.g. RC=CR) and oxygenated 
moieties (e.g., alcohols, ketones) are likely to occur.    Ptaquiloside is expected to react 
readily with chlorine as it is known that, for example, chlorine will open the cyclopropane ring 
(Lambert et al., 1990) and whilst it has been reported that chlorine reactivity towards 
oxygenated moieties is usually limited in those that contain methylene groups linked to 
carbonyl functions, a high chlorine reactivity has been shown (Deborde and von Gunten, 
2008).  Given the evidence to support multiple attack sites for chlorine a 90% reduction of 
ptaquiloside is expected, although experimental testing would be required to confirm the 
impact of dose, pH and the presence of organic matter.  This assumption may be 
conservative and it would need to be assessed in experimental testing to understand the 
impact of chlorine dose, pH and contact time.   

 
 

     
4.1.1 Fate of ptaquiloside in treatment scenarios  
 
For each of the treatment scenarios, the fate of ptaquiloside during each of the treatment 
processes has been predicted to give an indication of the levels that could be found in 
treated drinking water given a concentration of 11.5 µg L-1 in the source water.     
 
The first scenario considered is the simple private water supply system (Figure 19) that uses 
a chlorine dose to control microbiological water quality.  Reaction with chlorination is 
expected and reasonable removal will be achieved in this flowsheet.    
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Figure 19 Predicted fate of ptaquiloside during a simple private supply water 

treatment. 
 
Advanced private water supply:  This flowsheet (Figure 20) combines filtration, most likely 
sand filtration but possible membrane filtration.  It is estimated that there is a 25% removal 
across the filter which is associated with removing colloidal/particular organic matter to which 
we would expect ptaquiloside to be adsorbed.  No removal of ptaquiloside during UV 
disinfection is expected.    
 
 

 
Figure 20 Predicted fate of ptaquiloside during an advanced private supply water 

treatment. 
 
Municipal upland supply:  This flowsheet (Figure 21) is designed to remove dissolved 
organic matter and solids from upland sources and the main organic treatment process is 
coagulation-flocculation which when combined with clarification/filtration will only remove 
charged colloidal species from water (Parsons and Jefferson 2006). Reaction with 
chlorination will be the major removal mechanism in this flowsheet.    
 

 
Figure 21 Predicted fate of ptaquiloside during a municipal upland water treatment. 

 
Advanced treatment:    Advanced treatment processes are designed to achieve the same 
performance of a municipal supply but they have been improved to remove organic 
micropollutants, such as pesticides, and taste- and odour-forming compounds such as 
Geosmin. The flowsheet (Figure 22) includes the transformation process, ozone and an 
adsorption process based on granular activated carbon (GAC) and, of all the scenarios 
considered, it gives the greatest removal of ptaquiloside -  over 99% removal across the 
whole flowsheet. 
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Figure 22 Predicted fate of ptaquiloside during an advanced water treatment.   

 
It has been demonstrated that the concentration of ptaquiloside expected to be found in 
drinking water is highly dependent on the water treatment processes. Whilst upland 
reservoirs serve major cities such as Birmingham and Manchester, the water treatment 
plants are advanced so that large numbers of people will be exposed to low concentrations 
of ptaquiloside. Conversely, the small private supplies ordinarily serve a household, or 
similar so a small number of people would be exposed to the higher concentrations 
associated with these supplies. However, within anyone region there could be a cluster of 
private supplies. 
 
The primary data limitation in assessing the fate of ptaquiloside in treatment plants is the 
uncertainty surrounding its breakdown due to chlorine. This would require experimental data 
to validate the assumptions made in this study. 
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5 HAZARD ASSESSMENT OF BRACKEN & PTAQUILOSIDE  

Computer searches of the literature were performed to identify recent articles on the 
toxicology, epidemiology, carcinogenicity and mutagenicity of bracken fern and the 
component ptaquiloside. These searches carried out by HSL included Web of Science, 
PubMed and ToxNet between 1960 and 2009. The search terms included bracken, 
ptaquiloside, carcinogen, cancer, toxicity. This review aimed to summarise the toxicity of 
bracken fern and ptaquiloside based on key studies and reviews. The toxicity of bracken fern 
and ptaquiloside has recently been evaluated by the Committee on Toxicity of Chemicals in 
Food, Consumer Products and the Environment (COT, 2008). Few relevant primary papers 
were identified that were more recent to studies evaluated by COT. Since the published 
literature on the toxicity of bracken fern and its constituents was extensive, it was beyond the 
scope of this review to critically appraise every study. Furthermore, many of the studies were 
old and few of them were up to modern standards. A summary of the toxicity of bracken fern 
and ptaquiloside has largely been drawn from primary papers included in the COT review. 
The toxicity of bracken fern and ptaquiloside has been investigated in studies of farm and 
laboratory animals and epidemiological studies. The focus of these studies has been 
primarily on exposure via the oral route. It should be noted that some of the studies were 
completed used bracken as the test article, whilst some of the studies investigated 
ptaquiloside. Bracken contains several toxins, of which ptaquiloside is just one, thus the 
findings of the studies for bracken and ptaquiloside are not synonymous.    
 
 

5.1 Acute Toxicity  
Studies of acute effects after single, large doses of bracken are not available in farm 
animals. Several diseases have been observed in farm animals following short-term 
ingestion of bracken. These are addressed in Section 5.2.  
 
Ptaquiloside was of low cytotoxicity when tested in vitro in Chinese hamster ovary (CHO) 
cells, 3T3 mouse fibroblasts and normal rat kidney cells. Concentrations inhibiting cell 
growth by 50% (IC50) after 48 h of incubation were 0.4 x 10-2, 0.2 x 10-7 and 0.2 x 10-2 M for 
each cell type respectively (Ngomuo and Jones, 1996a).  
 
In a study of the acute toxicity of ptaquiloside, no clinical signs or changes in bodyweight 
(bw) gain or histopathology were observed in mice or rats following single sub-cutaneous 
(s.c.) injections at doses up to 100 mg/kg bw (Yoshida & Saito, 1994a). In the same study, 
guinea pigs were given single s.c. injections of ptaquiloside at 1, 5 or 10 mg/kg bw. No 
clinical signs were seen at the lowest dose but haematuria occurred within 14 hours or 3 
days. Bodyweight loss, piloerection, anorexia, anuresis and a loss of vigour was observed in 
guinea pigs given 5 or 10 mg/kg bw. No pathological changes were seen in control animals, 
or at doses of 1 mg/kg bw. In animals given 5 or 10 mg/kg bw, oedema and haemorrhage in 
the perirenal adipose tissue occurred in the urinary bladder, the cords of the bladder, and the 
abdominal wall. Histology showed loss of the epithelial cell layer in the mucosa of the 
bladders of severely affected guinea pigs. Neutrophilic infiltration of the lamina propria of the 
bladder was seen in all animals given 5 or 10 mg/kg bw, and severely affected animals also 
had infiltration in the kidneys and ureters. 
 
In a follow-on study, guinea pigs with or without canulated ureters (e.g. to divert urine away 
from the bladder) received s.c. doses of ptaquiloside at 1 or 10 mg/kg bw (Yoshida and 
Saito, 1994b). No adverse effects were observed at 1 mg/kg bw. Haemorrhagic cystitis 
caused by toxic agents by the blood was observed in canulated and non-canulated guinea 
pigs at doses of 10 mg/kg bw.   
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In a study of the microcirculatory effects of ptaquiloside after acute intoxication, two rabbits 
received single intravenous doses at 50 or 100 mg/kg (Asano, et al., 1989). Marked and 
persistent arteriolar vasoconstriction occurred at both dose levels. Blood analysis after 
dosing indicated that leucocytes had increased in number and adhered to postcapillary beds 
causing aggregation of erythrocytes, plasma skimming and stasis in the microvascular net. 
Haematuria was seen from about 20 hours after the injection and packed cell volumes were 
lowered. The rabbit given the highest dose died 4 days post-injection. The second rabbit 
survived for more than 6 months. Post-mortem examinations showed hyperaemia and 
oedema of the serous surfaces of the kidneys, small intestines and bladder, hyperaemia of 
the lungs and haemorrhages within the kidneys. The mucosa of the bladder was hyperaemic 
and swollen in large blister-like formations all over the interior surface.  
 
 
5.2 Sub-acute / sub-chronic toxicity 
5.2.1 Farm animal studies 
Although cytogenic phenotypes of bracken have been recorded in the UK, no deaths due to 
cyanogenesis have been reported in farm animals. Cyanogenic phenotypes of bracken may 
be unpalatable to farm animals (Shahin et al, 1999). 
 
Thiamine deficiency is the principal effect of short-term ingestion of bracken in horses, 
mules, pigs and other non-ruminant species (Shahin et al, 1999). Thiaminase in the bracken 
destroys thiamine (vitamin B1). Early signs of the syndrome include anorexia and ataxia, 
proceeding to opisthotonus, convulsions and death with irreversible lesions of 
polioencephalomalacia present in the brain. Thiamine deficiency in the early stages, can be 
effectively treated by giving dietary supplements of thiamine to affected animals (Shahin et 
al, 1999).  Outbreaks of polioencephalomalacia in sheep resulting from impaired thiamine 
metabolism caused by the consumption of bracken have been reported (Fenwick, 1988). 
 
An acute disease, known as acute haemorrhagic syndrome (AHS), or bracken poisoning, 
has been frequently observed in weaned calves introduced to bracken fern, and occasionally 
in older cattle and sheep (Shahin et al, 1999). AHS is characterised by the sudden clinical 
manifestation of degenerative changes in rapidly growing cells in the body, particularly in the 
bone marrow. Depression of the bone marrow leads to profound thrombocytopaenia, 
causing a severe acute haemorrhagic crisis after around 3 weeks of exposure. Laryngitic 
and intestinal forms of AHS have been characterised in which epithethial cell degeneration 
gives rise to severe necrosis of the pharynx, larynx and small intestine (Shahin et al, 1999).  
The most obvious signs of AHS in cattle are lethargy and pyrexia (up to 43ºC). Closer 
inspection of a clinical case may detect the following: dysentery or melaemia; bleeding from 
the nose, eyes or vagina; excessive salivation; haematuria; and petechial haemorrhages on 
any visible mucus membranes, skin or the anterior chamber of the eye. Animals may die 
from the poisoning at any time up to 6 weeks after removal from the contaminated pasture. 
Once the animal develops marked pyrexia, death usually follows within 1 – 3 days. Death is 
usually a result of terminal bacteraemia, infarctions in lung, liver, kidneys and heart, and 
massive haemorrhage into the gastrointestinal tract from ulcers. Post-mortem findings 
typically show widespread petechiae and haemorrhages throughout the carcass (Cranwell, 
2004).  Calves may show a different acute clinical syndrome to adult cattle: bradycardia and 
death from heart failure and a larynitic form due to laryngeal oedema (Cranwell, 2004). 
 
Two incidences of suspected bracken poisoning in pigs have been reported (Harwood et al., 
2007). One incident involved 18 young pigs, 2 of which showed respiratory signs and 
shivering. One pig later died. The other incident involved 10 young pigs, 2 of which showed 
respiratory signs and 1 later died. Post-mortem examinations on the 2 dead pigs indicated 
that both animals had marked interlobular oedema of the lungs, particularly in the caudal 
lobes. There was no evidence of lung consolidation or pleurisy. The pericardial sacs 
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contained an excessive accumulation of serous fluid. Histological examination confirmed 
alveolar capillary congestion and oedema with some haemorrhaging. Focal fibrinoid 
vasculitis was seen in the lungs of one of the two pigs that were examined. The myocardial 
tissue of each pig showed a moderate to severe subacute necrotising cardiomyopathy. 
 
Thiamine deficiency was reproduced in pigs in a bracken feeding study (Evans et al, 1972).  
Two castrated pigs were fed a diet containing 25-33% dried ground rhizomes of bracken. A 
third pig was kept as a control. After 20 days on the bracken diet, blood pyruvate levels 
became elevated in bracken-treated pigs, reaching a peak on day 25, before falling to 
normal levels, possibly due to access to an external source of dietary thiamine (e.g. cattle 
and sheep faeces). Blood pyruvate levels subsequently rose from day 37. Bracken-treated 
pigs showed signs of anorexia and vomiting on day 42. One treated pig was found dead on 
day 55 and the other died on day 71. In post-mortem examinations, the hearts of bracken-
treated pigs appeared enlarged and mottled with discoloured patches, their lungs were 
oedematous and their trachea contained froth. Histopathology showed degeneration of 
cardiac muscle with hyperaemic areas and infiltration with eosinophils; the spleens 
contained high levels of iron as compared with controls; and polymorph infiltration of the 
lungs had occurred in one of the treated pigs. Feeding of bracken rhizomes to pigs caused 
lesions suggestive of acute heart failure and signs of toxicity associated with thiaminase 
induced thiamine deficiency (Evans et al, 1972).  
 
In a 90-day feeding study, milk from bracken-fed cows caused leucopaenia in calves. Two 
cows were fed twice daily with up to 2 kg of pelleted dry bracken (ie. 4 kg/cow/day) for 25 
days (Evans et al, 1972). The milk was fed daily to a 5-week-old male calf (1 - 1.5 gallons 
per day) and blood samples were collected. Marked leucopaenia followed by a decreased 
number of platelets, an effect typical in bracken-fed calves was observed. From day 34 
blood and mucus was found in the faeces of the calf. After 90 days of feeding the calves had 
a haematocrit value less than 20% of the normal value, pyknotic normocytes were present 
and the neutrophil count had decreased to almost zero (Evans et al, 1972). 
 
Acute haemorrhagenic disease (AHS) was reproduced in cows after oral administration of 
ptaquiloside (Hirono et al, 1984d). A six-month old female calf was fed ptaquiloside at 400 
mg for 24 days (days/week), 800 mg/day for 14 days, and 1600 mg/day was given for 4 
days. Blood samples showed granolocytopaenia from day 50 and thrombocytopaenia from 
day 35 of treatment. Autopsy of the calf after 86 days showed no haemorrhaging, but 
femoral and sternal bone marrows were replaced almost entirely by fat with only small foci of 
erythropoietic cells and few megakaryocytes remaining. Pathological findings of the bone 
marrow revealed that the haematological changes were caused by a severe depression in 
bone marrow activity, consistent with changes observed in AHS in cattle (Hirono et al, 
1984d). 
 
5.2.2 Laboratory animal studies  
In a study of the sub-acute effects of bracken fern in carnivorous mammals, five female cats 
were given 10 g of dried, ground bracken mixed with beef every 48 hrs (controls: 3 cats; 
Villalobos-Salazar et al., 1989). After 7 days, the cats showed adverse effects, including 
vomiting, weakness, dark coloured urine, presence of bilirubin in urine, elevated levels of 
serum transaminases and clinical signs of jaundice. The treated cats died 9-10 days after 
the start of treatment. Post-mortem examination revealed profuse jaundice of internal 
cavities and a yellowish soft liver. Histological analysis indicated fatty degeneration of 
hepatocytes. No effects were observed in the control cats (Villalobos-Salazar et al., 1989).   
 
In a haematobiochemical study, a group of 6 male guinea pigs were fed a 30% w/w diet of 
dried bracken for 30 days (Kumar et al., 2000). A control group consisted of 6 male guinea 
pigs. Blood was collected on days 0, 20, 40 and 60. Feed intakes and bodyweight gains 
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were consistently lower in the bracken-treated group than in controls. Haematological 
examinations on day 60 showed decreased packed cell volume, and increases in 
erythrocyte sedimentation rate, and counts of total leucocytes and of erythrocytes. There 
were decreases in serum total protein, serum albumin, blood reduced glutathione at day 60, 
but not at earlier time points. Increases in lipid peroxidation and catalase activity in 
erythrocytes and a small decrease in acetylcholinesterase activity occurred at day 60 only, 
and an increase in glutathione-S-transferase activity occurred at day 40 only (Kumar et al., 
2000). 
 
In a sub-chronic 90 day study, dried bracken fern (containing 4.6 and 20.7 mg/kg 
ptaquiloside) was fed to rats at 25% w/w in the diet, daily for 30, 60 or 90 days (Gounalan et 
al, 1999a). Control groups consisted of 4 rats at each time point. Bodyweight gain was 
decreased in all treated groups. At 30 days, haematological analysis showed decreased 
packed cell volume and total leucocyte counts, whereas at 60 and 90 days more extensive 
haematological effects (increases in clotting time, erythrocyte sedimentation rates and 
neutrophil counts, and decreases in erythrocyte counts, haemoglobin and lymphocyte 
counts) were observed. Serum biochemistry showed decreased concentrations of glucose 
and urea, increased concentrations of creatinine, and increased activities of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (AP). 
Increased weights of liver (significant only at 30 days) and spleen (significant at 60 and 90 
days) were seen. Histologically, the liver showed vacuolar degenerative changes in 
hepatocytes. The spleen showed passive congestion, hyperplasia of reticuloendothelial 
cells, thickened trabeculae, the presence of haemosiderin-laden macrophages, free 
haemosiderin and the presence of megakaryocytes. Other changes reported in the bracken-
fed rats included oedema in the brain, sub-epicardial haemorrhages in the heart, 
emphysema, hypersecretory activity in the intestines and degenerative changes in the testes 
(Gounalan et al, 1999a).  
 
In another sub-chronic 90-day study, rabbits were fed a 25% w/w diet of dried bracken for 
30, 60 or 90 days (Gounalan et al., 1999b). Control groups consisted of 4 rabbits at each 
time point. No significant effect on bodyweight gain was observed. Haematology at 30, 60 & 
90 days showed increases in clotting time and neutrophil counts and decreases in total 
leucocyte counts, lymphocyte counts, erythrocyte counts, haemoglobin and packed cell 
volume. Serum ALT and AP activities were raised at all time periods. In addition, serum 
glucose concentration was decreased and serum AST activity was increased at 60 and 90 
days. Blood urea concentration was elevated at 90 days only. Liver weight was increased at 
all time periods and kidney weights were increased at 60 and 90 days. Bracken-fed rabbits 
had mild oedema in the brain, hyperaemia and occasionally haemorrhages in most visceral 
organs, degenerative changes in cardiac muscle fibres, dilated and engorged liver sinusoids, 
vacuolar degenerative changes in hepatocytes, haemosiderosis and depleted lymphoid 
follicles in the spleen, hyaline casts in renal tubules, degenerative changes in epithelial cells 
lining the renal tubules, and degenerative changes in the testes. In addition the mesenteric 
lymph nodes of rabbits killed after 60 or 90 days showed oedema and depletion of lymphoid 
follicles (Gounalan et al., 1999b). 
 
5.3 Chronic toxicity  
5.3.1 Farm animal studies 
In some areas of the UK, chronic dietary exposure to bracken causes a progressive retinal 
degeneration (PRD) in sheep, characterised by stenosis of the blood vessels of the eye and 
progressive retinal atrophy which results in blindness (Shahin et al, 1999). This retinal 
atrophy leads to an increased reflectance of the tapetum lucidum, seen in semi-dark 
conditions, called “bright blindness”.  
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PRD has been reproduced in sheep in two bracken-feeding studies. In the first study, 22 
ewes were fed dried bracken at 1 kg/day (e.g. 50% of the total feed) for up to 63 weeks 
(Watson et al, 1972). Of the bracken-fed sheep, 15 developed PRD and had reduced 
numbers of circulating platelets and leucocytes.  No effects were observed in control sheep.   
 
In another study, lambs were fed 50-200 g bracken /day mixed in a powdered diet (Hirono et 
al, 1993). One lamb died after 132 days on the diet, with effects consistent with AHS. 
Autopsy of the lamb revealed haemorrhage of the lung, liver, mucous membrane of the 
intestine, severe congestion of small blood vessels in the alveolar wall of the lung and 
hemorrhagic necrosis and degeneration of liver cells. The sternal bone marrow was widely 
replaced by fat marrow and only small foci of erythropoietic cells remained intact. Layers of 
rod and cones cells in the retina, near the optic disk and cells in the outer nuclear layer had 
almost completely disappeared, indicating PRD. The second lamb was sacrificed on day 250 
of the study, having ingested a total of 26 kg of bracken powder. Although autopsy revealed 
less severe signs of AHS in the lamb, layers or rods and cones and the outer nuclear layer 
were completely destroyed, consistent with PRD. The authors proposed that disturbance of 
blood circulation and narrowing of the arteries due to prolonged exposure to ptaquiloside 
may result in narrowing of retinal blood vessels, leading to the development of PRD (Hirono 
et al. 1993). PRD due to ptaquiloside exposure was subsequently investigated in a follow-on 
study (Hirono et al. 1995). Two young male lambs were administered ptaquiloside at 80-130 
mg/animal by catheter or by injection 46-400 mg/animal every other day for 6 months. The 
first signs of PRD were seen in the ptaquiloside-treated lambs after 230 and 168 days 
respectively, into the treatment regime (Hirono et al, 1995). 
 
Haematological changes have been observed in cattle following chronic oral exposures to 
bracken. Changes in the blood of cows fed bracken at 30% w/w in their diet for 24 months 
included: an increase in the total serum protein concentration; a decrease in total 
immunoglobulin in serum; increase plasma fibrinogen and antitrypsin levels; decreased 
glutathione peroxidase inactivity in polymorphonuclear cells. In erythrocytes, haemoglobin 
concentration decreased whereas concentrations of glutathione, increased activities of 
catalase, glutathione-S-transferase, acetylcholine esterase, total ATPase, Na+- K+ATPase 
and Mg2+ATPase increased (Bhure et al, 2006).   
 
5.3.2 Laboratory animal studies 
In a developmental study, 8 pregnant mice were fed diets of 33% w/w dried bracken 
throughout gestation (Yasuda et al, 1974). Control groups of 7 pregnant mice were fed either 
a basal diet or 33% cellulose in the diet. Reduced maternal and foetal bodyweight gain and 
serum protein concentrations were observed in bracken-fed mice.  An increased number of 
pups with extra cervical or lumbar ribs and retarded ossification or incomplete fusion of 
sternebrae was observed in bracken-fed mice (Yasuda et al, 1974). 
 
In a study of 10 male bracken-fed quail, observations included: reduced testis weight relative 
to bodyweight (40% less on average), reduced male fertility and a doubling of the number of 
non-developed eggs produced by untreated females with which the bracken-treated males 
were mated (Evans, 1968). 
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5.4 Mutagenicity  
5.4.1 Mutagenicity of bracken / bracken extracts2  
The mutagenicity of bracken fern extracts was first investigated in insects. A fraction of a 
solvent-extract of bracken was reported to cause dominant lethal mutations in Drosophila 
melanogaster (Evans et al, 1967; Roberts et al, 1971).  
 
In other early mutagenicity tests, an aqueous extract of bracken caused reverse mutation in 
the wild-type of T4 rII bacteriophages (Roberts et al, 1971). The bacterium Escherichia coli 
KB(λ) was used as an indicator organism. It was lysed by the revertant wild-type phage but 
not by the T4 rII tester phage. 
 
Several studies have investigated the mutagenicity of bracken fern extracts using the Ames 
Salmonella typhimurium / mammalian mutagenicity test. Different extracts of bracken fern, 
boiling water and ethanol extracts were mutagenic to Salmonella typhimurium strains TA98 
and TA100 in the presence of S9 microsomes from livers of PCB-treated rats (Fukuoka et al, 
1978). Ether and acetone extracts were only mutagenic if the bracken was pre-treated with 
hesperidinase. In a test of the mutagenicity of an acetone extract of bracken fern in 
Salmonella typhimurium strains TA98 and TA100 in the presence and absence of induced 
rat liver S9 microsomes, the extract was found to be mutagenic to TA98 strains in the 
presence of S9 microsomes (White et al, 1983). Negative results were obtained in TA98 
strains without S9 microsomes and in TA100 strains with and without S9 microsomes. 
 
In another study, the mutagenicity of ethanol and water extracts of raw and cooked crosiers 
and stalks of young bracken was examined in Salmonella typhimurium strains TA98, TA100, 
TA1535 and TA1538 in the presence and absence of S9 microsomes (Yoon and Lee, 1988). 
The ethanol extracts from raw and cooked bracken were not found to be mutagenic in any of 
the strains tested. Small amounts of the water extract from raw bracken were mutagenic to 
the TA1538 strain in the absence of metabolic activation, whereas high toxicity was 
observed at higher levels of the extract. The water extract from raw bracken was not, 
however, mutagenic to any of the bacterial strains tested in the presence of S9 microsomes. 
Neither the water extract from cooked bracken nor the ethanol extract of bracken showed 
mutagenic activity in any of the strains tested.  
 
In a study of the cytogenic effects of bracken-fern extracts, Swiss mice were given 
intraperitoneal injections of water suspensions of bracken extracted in hexane, ethanol, hot 
water or cold water (Almeida Santos et al., 2006). All the bracken fern extracts tested 
induced structural and numerical chromosome aberrations (including gaps, breaks and 
acentric fragments, and hipodiploid and hyperdiploid aberrations) in peritoneal cells. Ethanol 
extracts also induced aneuploidy in peritoneal cells. Only hexanol and cold water extracts of 
bracken were found to induce structural chromosome aberrations in bone marrow cells. The 
study suggested that peritoneal cells may be more susceptible to structural and numerical 
chromosome aberrations induced by bracken fern whereas bone-marrow cells showed only 
structural aberrations. The authors proposed that bracken fern induces cytogenic damage to 
cells through DNA strand breakage and affects chromosome segregation, suggesting that 
bracken fern induced cancer may be modulated by chromosome aberrations.  
 
In a study to investigate whether exposures to bracken spores leads to the formation of DNA 
adducts, BDF1 mice were given Welsh bracken spores or extracts at 25 mg/mouse by oral 
gavage (Povey et al., 1996). DNA-adducts, detected by 32P-postlabelling analysis, were 
detected in the upper gastrointestinal tract (stomach plus small intestine) of mice 5 and 24 
hours after exposure to bracken extract or spores. No DNA-adducts were detected in the 
                                                      
2 Bracken extract differs to ptaquiloside in that the chemical identify of the toxin(s) under test is 
unknown 
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livers of the treated or control mice. Although adduct levels were similar 5 hours after 
treatment with spores or the extract, after 24 hours adduct levels in the extract-treated mice 
had diminished by > 75%. Adduct levels in spore-treated animals remained similar to those 
found after 5 hours, suggesting that DNA-reactive compounds may be released slowly from 
the spores. The authors proposed that as bracken-induced DNA adducts where detectable 
in rodent tissues by a 32P-post-labelling procedure commonly employed to investigate DNA 
damage in human populations, it may prove possible to apply such approaches to determine 
human exposure. 
 
In a follow-on study, 32P-postlabelling analysis of DNA adducts was carried out in tissues 
from rats fed dried young fronds of Brazillian bracken at 10% (w/w) in the diet for up to 70 
weeks, or water from cooked bracken as the only source of drinking water for up to 21 
weeks (Freitas et al., 1999b). Rats were also given single oral doses of methanol extracts of 
fresh bracken, dried bracken or cooked bracken. No DNA adducts were detected in the 
tissue samples from the stomach or ileum from any treated rats. These findings were in 
contrast to the early study in which DNA adducts had been detected in bracken-exposed 
mice. The authors proposed this may be due to differences between Welsh and Brazilian 
varieties of bracken.  
 
A number of studies have examined the cytogenic effects of bracken exposure in cows 
maintained on bracken-infested pastures in Brazil or Italy. Increased frequency of 
chromosomal aberrations was seen in the peripheral lymphocytes in blood samples taken 
from cows maintained on bracken-infested pastures in Brazil compared to blood from cows 
raised on bracken-free pasture (Moura et al., 1988). In another study, chromosomal 
aberrations were investigated in 56 cattle with chronic enzootic haematuria (CEH) raised on 
pastures giving access to bracken fern (Lioi et al, 2004). Of these animals, 27 showed 
neoplastic lesions of the urinary bladder. Tumour tissue from 11 of the 27 cattle contained 
bovine papillomavirus type 2 (BPV-2) DNA. Increased numbers of chromosomal aberrations 
were seen in all animals with CEH, as compared with 30 control cattle that had had no 
access to bracken fern. The highest clastogenic effect was observed in cattle with urinary 
bladder cancer and evidence of BPV-2 DNA, suggesting that BPV-2 and bracken fern act 
synergistically in the production of chromosomal instability. In 19 of 20 animals with CEH, 
two bracken fern toxic compounds (quercitin and ptaquiloside) were demonstrated in urine, 
serum and milk. Increased numbers of aneuploid cells and cells with sister chromatid 
exchanges, chromatid breaks, chromosome breaks, fragments and gaps were observed in 
the blood of 45 cows with BEH from bracken pastures in Italy compared to blood from 15 
cows which had no access to bracken  (Peretti et al, 2006).  
 
Ptaquiloside-DNA adducts were detected in the ileums of two bracken-fed Friesian male 
calves (Prakash et al, 1996). Mutations to the H-ras proto-oncogene were also seen in the 
ileums of these calves. The mutations corresponded to pyrimidine transversions at codon 61 
of H-ras. In vitro experiments indicated that the APT-alkyated H-ras primarily at the adenines 
and the rate of rate of depurination was sequence dependent. Investigation of DNA template 
activity using a plasmid DNA showed that DNA synthesis by T7-DNA-polymerase was 
terminated by the presence of all alkyated bases, but certain apurinic sites allowed DNA-
synthesis to continue. The authors proposed that the results suggested that initial alkylation 
by ptaquiloside in codon 61, followed by depurination and error in DNA-synthesis, led to 
activation of the H-ras proto-oncogene. 
 
In a human cytogenicity study, a significant increase in the number of chromosomal 
aberrations, including chromatid breaks and rearrangements was detected in the peripheral 
blood lymphocytes in 23 individuals (11 men and 12 women aged 39 to 60 years) from the 
Ouro Preto region of Minas Gerais, Brazil, who had regularly consumed cooked bracken for 
at least 8 years compared to a control group of non-consumers (Recouso et al, 2003). 
Clinical data including family cancer history, smoking and drinking habits were recorded. A 
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strong correlation was found between increased levels of chromosomal aberrations in 
lymphocytes and prolonged exposure to dietary bracken. No correlation was found between 
cytogenicity  and gender, smoking habits or alcohol consumption. 
 
Several studies have investigated the mutagenicity of milk from cows fed bracken using the 
Ames test. The mutagenicity of four organic solvent extract fractions of milk (pentane, 
methanol, chloroform, and chloroform: methanol (1:1)) from Swiss cows fed bracken at 1 
g/kg BW/day for 2 years (total intake per cow was 218 –252 kg) was investigated in 
Salmonella typhimurium strains TA98 TA100 and strain 45T of Bacillus subtilis in the 
absence of metabolic activation (Pamukcu et al, 1978). The chloroform:methanol milk 
fraction demonstrated mutagenic activity in the TA 100, but not in the TA 98 strain. Other 
fractions of milk from BF-fed cows and cows on normal diet were not mutagenic. 
 
The UK’s Ministry of Agriculture, Fisheries and Food (MAFF) commissioned a study to 
investigate whether mutagenic compounds present in bracken could be passed into the milk 
of bracken-fed goats (Symonds, 1991; Dean, 1991; MAFF, 1996a). Although considerably 
more cow’s milk is consumed in the UK than goat’s milk, cows are less likely to eat bracken 
fern under normal conditions. Unlike cows, goats tend to graze in marginal land where they 
have free access to bracken fern. In the study, three lactating goats were administered fresh 
young fronds of bracken collected locally in Yorkshire via the gastric route (15-30% w/w of 
the total diet, maximum dose 10 g/kg bw/day) for 4 weeks. Goats were milked three times 
per week. The mutagenic potential of the goat’s milk was assessed by measuring the 
induction of reversion to histidine independence in Salmonella typhimurium strain TA100 
using micro-suspension pre-incubation. The sensitivity of the test allowed for the detection of 
mutagen at concentrations of less that 0.5 μg/ml. No milk extracts from the bracken-fed 
goats induced a statistically significant increase in revertant numbers of TA100. On the basis 
of this study, MAFF deemed that it was unlikely that human populations would be exposed to 
mutagens via the milk of bracken-eating domestic livestock (MAFF, 1996a) 
 
5.4.2 Mutagenicity of ptaquiloside 
In a test for mutagenicity in Salmonella typhimurium strains TA98 and TA100, ptaquiloside 
extracted in methanol from bracken, was found to be mutagenic to both strains in the 
absence of an external metabolic activation system (van der Hoeven, et al., 1983). The 
mutagenic activity of ptaquiloside was only detected after incubation of the methanol extract 
under alkaline conditions (> pH 7) and was reported to account for over 50% of the 
mutagenic activity observed for bracken fern. Higher mutagenicity was observed at higher 
pH levels. The activation of ptaquiloside into a direct-acting mutagenic compound was found 
to occur very quickly at pH 12, but also occurred at a slower rate at the more physiological 
pH of 7.4.  
 
These observations were confirmed by other mutagenicity studies. Ptaquiloside was tested 
for bacterial mutagenicity in strains TA98 and TA100 of Salmonella typhimurium at different 
pHs (Nagao et al, 1989; Matoba et al, 1989). Although no mutagenic activity was found in 
either strain at pH 7.4 in the absence of metabolic activation, ptaquiloside was mutagenic to 
both strains when pre-incubated at pH 8.5. Other studies also found that ptaquiloside was 
mutagenic to TA98 when tested in the absence of metabolic activation at pH 8.4 (Burkhalter 
et al. 1996) and that ptaquiloside was less potent at causing chromosomal aberrations when 
tested at pH 5.3 than at pH 7.4 or pH 8.0, needing concentrations about 90 times greater to 
cause a significant effect when tested without metabolic activation (Matsuoka et al. 1989).  
 
A series of further mutagenicity tests using various chemical analogues and derivatives of 
ptaquiloside suggested that the activate form, APT may be responsible for the mutagenicity 
seen in Salmonella typhimurium strains TA98, TA100 and TA1535/pSK1002 (Nagao et al., 
1989, Schmidt, et al., 2005). Compounds that were chemically similar to APT, but lacked an 
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activated cyclopropane moiety, were not mutagenic to Salmonella typhimurium TA98 or 
TA100 strains. 
 
Ptaquiloside was found to be a potent genotoxic mutagen in mammalian cells in vitro 
inducing SCEs and HGPRT-deficient mutants in V79 Chinese hamster cells, unscheduled 
DNA synthesis in human fibroblasts and type III transformed foci in C3H 10T1/2 cells (van 
der Hoeven et al., 1983). In an in vitro test for clastogenicity at different pHs in a Chinese 
hamster lung fibroblast cell line (CHL) in the presence and absence of S9 from the livers of 
PCB-treated male F344 rats, ptaquiloside induced chromosomal aberrations at doses as low 
as 4.5 µg/ml (0.0113 mM; Matsuoka et al, 1989). The clastogenic effect was pH-dependent, 
with less potent effects being observed at lower pHs. The same activity was observed at a 
90-fold higher dose at pH 5.3 in the culture medium compared with the activity at pH 7.4 or 
pH 8.0. The authors proposed that the clastogenic effect is involved in the mechanism of 
carcinogenic potency of ptaquiloside in animals. 
 
Other studies reported that ptaquiloside produces DNA-adducts in vitro (Shahin et al, 1995) 
and caused in vitro unscheduled DNA repair at pH 7.2 in a primary culture of rat hepatocytes 
(Mori et al., 1985). DNA-adducts were observed in the tissue of mammary glands of 
Sprague-Dawley rats given activated ptaquiloside (APT) at 3 mg/rat intravenously for 10 
consecutive weeks (Shahin, 1998a). Double mutations at codons 58 (G to T or G to A) and 
59 (A to C or A to G) of the H-ras were found in the mammary tissue of 6 out of 10 rats 
(Shahin, et al. 1998b). DNA-adducts have also been observed in the ileum of rats after with 
weekly intravenous doses of 3 mg/rat of APT for 10 weeks (Shahin et al. 1998a and 1998b). 
   
5.5 Carcinogenicity 
5.5.1 Farm animal studies 
Two neoplastic disease syndromes have been observed in farm animals: neoplasia of the 
urinary bladder (bovine enzootic haematuria) and a syndrome involving upper alimentary 
carcinoma (Shahin et al, 1999). These syndromes have been reproduced by bracken 
feeding studies.  
 
Bovine enzootic haematuria (BEH) is a syndrome observed world-wide in livestock after 
prolonged dietary exposure to bracken. It is named from the clinical and epidemiological 
manifestations of multiple, mixed tumours of the urinary bladder, which can be epithelial, 
connective tissue or vascular in origin (Shahin et al, 1999). BEH involves changes to the 
urinary bladder including capillary ectasia, angiomatous cavity formation and vascularised 
proliferation of mesenchyme and epithelium with eventual infiltration of large parts of the 
bladder lumen by papillary carcinomas, transitional epithelium carcinomas, 
haemangiosarcomas and fibromas (Alonso-Amelot and Avendaño, 2002).  
 
A study of 123 cattle with BEH on farms in Spain followed some of the pathological changes 
that occurred in the disease (Perez-Alenza et al., 2006). Monocytosis with otherwise normal 
haematological parameters represented an initial response to the consumption of bracken 
and was suggested as an early haematological marker of BEH. Later phases were 
characterised by anaemia, leucopaenia, thrombocytopaenia, monocytosis, 
hypergammaglobulinaemia, microhaematuria and proteinuria. In the final phase of the 
disease, monocyte counts returned to normal levels, but other changes persisted.  
 
Twenty-two cases of BEH (10.6%) were seen in 206 cattle kept on bracken-infested land in 
Bolivia (Marrero et al., 2001). Anaemia and leucopaenia were seen in all of the animals with 
BEH and raised temperatures and variable respiratory and cardiac frequencies were 
reported in some animals. All animals with BEH had bladder tumours 
(haemangiocarcinomas, haemangiosarcomas and fibrosarcomas) and 50% also had 
oesophageal squamous cell carcinomas (Marrero et al., 2001). 
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A slow-developing epidermoid carcinoma of the upper alimentary canal including the oral 
cavity, nasopharynx, oesophagus and forestomach, associated with chronic dietary 
exposure to bracken has been reported in cattle and sheep in the UK (Fenwick, 1988; 
Shahin et al, 1999). Cattle in upland areas of Scotland and northern England are 
substantially more prone to alimentary cancer than those in the immediately neighbouring 
lowlands (Jarrett et al., 1978). In 75% of cases, affected cattle came from marginal or hill 
land infested with bracken.  
 
The cattle tumours are believed to be caused by the malignant transformation of the bovine 
papilloma virus Type 4 (BPV-4) (Shahin et al, 1999). Papillomaviruses have been found in 
the upper alimentary tract of almost all cattle affected by epidermoid carcinoma (Fenwick, 
1988). Although papillomas caused by papillomaviruses normally regress in healthy cattle, a 
correlation has been found between persistent papillomatosis and cancer in bracken-fed 
cattle from the upland areas of the UK (Jarrett, 1978; Jarrett et al, 1978). An association 
between urinary bladder carcinoma and BPV-2 has also been suggested (Shahin et al, 
1999).  
 
The involvement of BPV-4 in cancers of the alimentary canal and of the urinary bladder has 
been demonstrated in cattle inoculated with BPV-4 and fed bracken (Campo et al, 1992 and 
1994). Similarly in an examination of 1133 slaughterhouse cattle from a bracken-infested 
region of Italy, BPV-4 was found in more than 60% of the histologically confirmed 
oesophageal papillomas (Borzacchiello et al, 2003a). BPV-4 induces benign papillomas in 
the upper gastrointestinal tract in cattle that can undergo neoplastic progression to 
carcinoma in animals grazing on bracken (Campo et al, 1999). Cattle bladder cancers have 
also been associated with the presence of another papillomavirus, BPV-2 (Campo, 1997; 
Borazacchiello et al, 2003b). Expression of the genes for cyclooxygenases-1 and –2 (COX-1 
and COX-2), expression of the viral oncoprotein E5 and the presence of activated H-ras 
have also been detected in bladder tumours from cattle suffering from BEH (Borzacchiello, 
et al., 2003b and 2003c). Infection by papillomavirus and dietary exposure to bracken fern or 
its constituent chemicals may be involved in the carcinogenesis of upper GI tract tumours in 
humans (Campo et al, 1999). 
 
Cofactors such as quercetin and immunosuppressive agents exist in bracken that can 
contribute to tumour progression (Shahin et al, 1999). Studies have been carried out on the 
relevance of bracken as an environmental co-carcinogen of BVP-4 to papilloma progression 
and the presence of BPV-2 in bovine urinary bladder (Shahin et al, 1999).  
 
In a bracken-feeding study, 30 cattle were fed a total of up to 144 kg of fresh bracken and up 
to 1572 kg of dried bracken (average dose: 5.6 to 12.8 g bracken/kg bw/day) for up to 1920 
days (Pamukcu et al, 1976). Haematuria occurred from 60 days of the study, and anaemia 
and leucopoenia occurred later. Papillomas appeared in the bladders after 1 year and 
carcinomas after 2.6 years. Of the 30 cattle that received bracken, 22 developed haematuria 
and 20 developed tumours of the urinary bladder within 5.3 years. No bladder tumours were 
found in any of the 14 control cows, 8 of which died after 4 years and 6 survived 10 years. In 
another study, 68 out of 652 (10.4%) cows kept on bracken in Costa Rica, showed 
haematuria and bladder lesions, many of which were neoplastic (papillomas, haemangioma 
and transitional cell carcinomas; Villalobos-Salazar et al., 1989). 
 
In another feeding study, 7 out of 8 lambs fed a diet containing dried young bracken fronds 
(0.9 kg dried bracken/sheep/week) for up to 62 months developed bladder cancer  (McCrea 
and Head, 1981). No tumours were found in 8 control animals. Progressive retinal 
degeneration was found in one of the bracken-treated animals. 
 



 

 

51 

 

Papillary tumours of the urinary bladder were observed in 4 cows fed bracken in their diet at 
1 g bracken/kg bw/day over 1.5 to 2 years. No tumours were observed in two control cows 
(Pamukcu et al. 1978). 
 
5.5.2 Studies in laboratory animals  
No carcinogenicity bioassays of bracken, performed to modern standards are available. 
Carcinogenicity of bracken and its components has been investigated in numerous, more 
limited studies in a variety of species of laboratory animals. 
 
Milk from bracken-fed cows was reported to be carcinogenic to rats (Pamukcu, et al., 1978). 
Four Brown Swiss cows were fed bracken in the diet at 1 g/kg bw/day) for 2 years (total 
ingested: 218 – 252 kg) whereas two cows were fed a normal hay-grain diet. Milk from the 
cows was fed to rats as either fresh or freeze-dried powdered milk mixed with grain diet. Of 
the milk-fed rats, 9/34 fed whole milk and 11/56 fed the powdered milk diet developed small 
intestine, kidney, or urinary bladder carcinomas within 117 weeks, while 0 of 70 rats fed 
either whole or powdered milk from cows receiving a normal diet, and 0 of 20 rats fed a 
basic grain diet displayed neoplasia of these organs. Six organic solvent extract fractions of 
milk were prepared from bracken-fed or normal diet-fed cows. Diethyl ether and ethyl 
acetate fractions displayed the highest murine acute toxicity. The murine bladder 
carcinogenicity of prepared fractions was assessed by the pellet implantation technique. 
Diethyl ether fractions from milk of BF-fed cows induced bladder carcinoma in 10/24 mice 
compared with the corresponding fraction of normal diet-fed cows (3/19) or mice exposed to 
only the cholesterol vehicle (5/30, 6/40) (p < 0.01). 
 
Milk from bracken-fed cows also produced bladder cancer in mice (Evans et al, 1972). In a 
supplementary experiment, extracts from the milk of bracken-fed cows (25% w/w in the diet) 
was fed to mice throughout pregnancy and lactation. The offspring were maintained on 
normal diet for 12-18 months before being killed for post-mortem. Increased incidences of 
pulmonary adenomas were seen in the groups of mice that were given methyl acetate 
extract (75% [8/12] had pulmonary adenomas), methyl acetate residue (55% [6/11]) or 
alkaline ether residue (20% [7/20]), but the incidence in those given alkaline ether extract 
(5% [1/21]) was similar to that in the control group (4% [1/27]). It was concluded that bracken 
contains toxic substances that can be excreted into milk and can pass the placental barrier.  
 
In a two-year, non-standard study, mice were given 200 mg of bracken spores in a water 
suspension daily (Evans and Galpin, 1990). Increased incidences of gastric cancer and 
leukaemia were observed: 52/98 treated mice developed malignancies; 28/98 developed 
leukaemias (mainly lymphocytic) and 6/98 developed stomach cancers. No control mice 
developed leukaemia or stomach cancers. Two control mice developed mammary 
malignancies.  
 
In another study, mice were fed a diet containing 330 g/kg of dried young bracken fronds for 
17 weeks (Hirono et al, 1975). Intestinal tumours developed at the terminal jejunum in 11/34 
of the mice and lung adenomas developed in 7/10 of mice that survived more than 37 
weeks. No tumours were found in control mice.  
 
In another study, 40 mice were fed dried bracken mixed with grain (ratio: 1:2) on alternative 
weeks for 60 weeks (Pamukcu et al., 1972). All of the 33 mice that survived 30 weeks or 
more developed lymphatic leukaemia with multiple organ involvement. In addition; 5 of these 
mice developed multiple epithelial tumours of the lungs. None of the mice developed 
intestinal or bladder tumours. No tumours were detected in any of the 38 control mice that 
survived 30-60 weeks.  
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In a study of pregnant mice, animals were fed for 6 weeks, throughout gestation and 
lactation, on diet containing 25 % w/w dried bracken (Evans et al, 1972). Offspring were kept 
on bracken-free diets for 12-18 months before being sacrificed. Post-mortem examination 
revealed increased pulmonary adenomas. The authors proposed that the carcinogenic factor 
in bracken could pass from the exposed mother to its offspring through the placenta and/or 
the milk.  
 
Multiple ileal adenocarcinomas were observed in early bracken feeding studies in rodents 
(Evans and Mason, 1965). Twenty male and 20 female rats were fed dried bracken fronds at 
33% w/win the diet, initially for 89 days, followed, 56 days later, by a second dosing period of 
11 days (100 days in total). At 346 days after the start of the experiment, all 20 male and 14 
female bracken-fed rats had died whereas all control rats survived. Bracken-treated rats had 
multiple small tumours in the ileum of all but one of the bracken-treated rats (this female had 
a mammary tumour). In 10 of the animals with small ileal tumours there was also a large (2-
4cm diameter) ileal tumour, which in some cases protruded through the muscle wall of the 
intestines and adhered to surrounding tissues. Histological examination of the ileal tumours 
showed them to be adenocarcinomas of the mucosa.  
 
In another study rats were fed dried bracken at 33% w/w in the diet for up to 52 weeks 
(Pamukcu and Price, 1969). A second group of 38 males and 52 females was fed the same 
diet but was also given weekly subcutaneous injections of 2 mg thiamine hydrochloride (to 
counteract any thiaminase activity of the bracken), and a third group of 10 males and 12 
females were kept as controls. All bracken-fed rats (with or without thiamine injections) 
developed intestinal tumours. Urinary bladder carcinomas were seen in 6/17 males and 4/14 
females in the group given bracken alone and in 19/36 male and 35/51 females in group 
given bracken plus thiamine.  
 
In a study of rats fed dried, young bracken crosiers at 5% w/w in the diet for up to 70 weeks, 
all bracken-fed rats developed tumours in the gastrointestinal tract, mainly in the ileum 
(Santos, et al., 1987). Most tumours were malignant (adenocarcinomas and sarcomas), but 
some benign tumours were also found. One bracken-fed rat developed a lymphoma. No 
tumours were found in the control rats. 
 
In another study, rats were fed dried, young bracken fronds at 10% w/w in the diet or water 
from the cooking of the bracken (Freitas, et al., 2002).  The rats were killed 15 – 20 months 
later, when presenting signs of poor health. At post-mortem, 4/6 rats given dried bracken, 
developed ileal tumours (adenomas and adenocarcinomas), 2 of these also developed 
bladder papillomas and 2 rats did not have any tumours. Of rats fed bracken cooking water, 
17/20 developed ileal tumours (adenomas and adenocarcinomas and carcinomas), 8/20 had 
bladder tumours (papillomas, adenomas and carcinomas, 8/20 developed tumours at other 
sites (cervical polyps, cervical fibromas, cystadenofibroma and uterine leiomyoma). and 
none were free of tumours. In the 13 controls, one rat had a cystadenofibroma. DNA was 
extracted from 8 selected tumours of the bladder and intestines and from adjacent normal 
tissue. Exons 5-9 of the p53 gene and exons 1 and 2 of the K-ras and H-ras genes were 
examined by DNA-sequencing. No mutations were found at any of these sites on the DNA 
from the tumours. Amplification of five microsatellite loci (IGHE, PRLR, ADRB2, PBPC2 and 
IVD) in the malignant tumours and in surrounding normal tissue did not show any instability. 
 
Multiple ileal tumours (adenomas, fibroadenomas and adenocarcinomas) and transitional 
cell carcinomas of the urinary bladder were observed in rats fed powdered bracken at 30% 
w/w in the diet for 58 weeks (Pamukcu et al, 1980b). Intestinal tumours (adenomas, 
adenocarcinomas and fibrosarcomas) were found in 17/19 bracken-fed rats and bladder 
tumours (papillomas and transitional cell carcinomas) were found in 14/19 bracken-fed rats.  
No intestinal or bladder tumours were found in untreated rats. 
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In Japan, bracken is consumed as food after the harshness has been removed using a 
variety of processing methods. A series of rodent studies to investigate the carcinogenic 
effects of bracken ingested as human food (e.g. in various processed forms) were carried 
out by the Japanese researchers, Hirono et al. in the 1970s and 80s, prior to the 
identification of ptaquiloside as the principal carcinogen in bracken.   
 
In a study to investigate the carcinogenicity of young bracken used as human food, rats were 
fed either, dried young unprocessed bracken (Group I), processed bracken treated with 
boiling water (Group II), or water from boiled bracken (Group 3) at 33% w/w in the diet for 17 
weeks, and observed for 70 weeks (Hirono, et al., 1970). Control rats were given a basal 
diet. All Group I rats that survived for 30 weeks developed tumours in the ileum (16/24 had 
adenomas, 18/24 adenocarcinomas and 12/24 sarcomas) and 7/24 rats developed caecal 
tumours (6/24 adenomas and 1/24 sarcoma). No rats in Group I survived to the end of the 
study. In Group II, 9/12 rats developed intestinal tumours (7/12 had adenomas and 3/12 had 
adenocarcinomas), 3/12 rats developed carcinomas of the urinary bladder and 1 had lung 
adenoma. No statistically significant incidence of tumours were observed in Group III rats 
with respect to control rats (Group III: 1 breast sarcoma and 2 bladder papillomas; controls: 
1 bladder papilloma was seen in the control group). The authors proposed that a lower 
incidence of cancer in the rats given boiled bracken (75% of Group II) as compared to the 
unboiled bracken (92.3% of Group I) was observed because the process of boiling bracken 
may remove or destroy some of the carcinogenic agent in bracken.  
 
In a further study of the carcinogenicity of processed bracken, as used for human food, rats 
were fed either unprocessed bracken (Group I) or processed bracken (Group II had bracken 
boiled with wood ash for 20 hrs; Group III had bracken boiled with sodium bicarbonate for 20 
hours and Group IV had bracken treated with a mixture of sodium chloride, burnt alum and 
bittern) at 33% w/w in the diet for 4 months (Hirono, et al., 1972). Control rats were given a 
basal diet. Of rats fed unprocessed bracken (Group I), 10/12 developed tumours of the ileum 
(adenomas, adenocarcinomas and sarcomas) and 2/12 had bladder tumours (papilloma or 
carcinoma). None of the rats given processed forms of bracken (Groups II, III and IV) 
developed bladder tumours, and the incidence of ileal tumours was much lower than in 
Group I: 3/12 Group II rats had ileal adenomas; 1/10 Group III rat had an ileal 
adenocarcinoma and 1/10 Group IV rat had an adenoma. None of the control rats developed 
tumours. The authors proposed that whilst processing of bracken by boiling with wood ash, 
sodium bicarbonate or salt reduced its carcinogenic potential, weak carcinogenic activity was 
still retained by the processed bracken. 
 
In a comparative study of the carcinogenic activity of different parts of bracken, rats were fed 
either the curled tops of young bracken fronds (crosiers) or the stalks (curled tops excluded) 
at 11, 20 or 33% w/w for 2 months and observed for up to 16 months (Hirono, et al., 1973). 
Intestinal and bladder tumours were observed across both treated groups, at all 
concentrations. More tumours, of greater variety were observed in rats fed bracken crosiers 
at dietary concentrations of bracken at 20% w/w or greater than in rats fed the stems of 
bracken fronds at the same dietary concentration. No tumours were observed in control rats. 
The authors proposed that the crosiers (the part of the plant sometimes eaten by humans) 
are more carcinogenic than the stalks of bracken.  
 
In the same study rats were fed bracken fronds, bracken rhizomes or bracken starch (made 
from bracken rhizomes) at 33% w/w in the diet for 17 weeks and observed for 70 weeks 
(Hirono, et al., 1973). No control rats were included in the study. No tumours were seen in 
rats given bracken starch, but 13/18 rats given bracken fronds and all 13 of the rats given 
rhizomes developed intestinal tumours. One frond-fed rat and one-rhizome fed rat developed 
bladder tumours. The authors proposed that the bracken fronds are more carcinogenic that 
bracken rhizomes but starch from bracken rhizomes is not carcinogenic.  
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In another study to investigate the carcinogenic activity of bracken used a human food, ACI 
rats were fed either untreated bracken (Group A), bracken immersed in water treated plus 
wood ash (Group B), bracken immersed in water with sodium bicarbonate (Group C), or 
bracken that had been pickled in salt and then immersed in water (Group D), for 17 weeks 
and were observed for 70 weeks (Hirono, et al., 1975). The incidences of tumours in Groups 
A, B, C and D were 11/14, 3/12, 1/10 and 1/10, respectively. Most of the tumours were in the 
ileum. No tumours were found in controls fed a basal diet without bracken. The authors 
proposed that while processing bracken using different methods reduces the levels of 
carcinogen, the bracken still retains some carcinogenic activity.  
 
In the same study, ACI rats were fed either unprocessed bracken or bracken that had been 
cooked in boiling water for 5-10 minutes at 33% in the diet for 4 months (Hirono, et al., 
1975). After the treatment period, the rats were all fed a control diet and were allowed to live 
out their lifespan. In rats fed on unprocessed bracken 2/26 died of pneumonia within 7 
months. Of the surviving rats, all (24/24) died of multiple ileal tumours (adenomas, 
adenocarcinomas and sarcomas) within 14 months of the start of feeding. Six of these also 
had caecal tumours (mainly adenomas) and one had a bladder papilloma. In rats fed cooked 
bracken, the onset of tumours was later and the rats survived longer. In this group, ileal 
tumours (adenomas, adenocarcinomas) were observed in 9/12 rats (75%), rectal 
adenocarcinoma in 1 rat and bladder tumours (papillomas and carcinomas) in 6 rats. Only 
one control rat developed a bladder papilloma. The authors proposed that cooking reduced 
the potential carcinogenicity of bracken to induce intestinal tumours, but increased the 
number of tumours found in the bladder, possibly as a result of longer survival. 
 
In a study of the carcinogenicity of boiling-water extracts of bracken, ACI rats were fed either 
dried bracken (at 33 % w/w in the diet for 3 months; Group 1) or aqueous extracts of dried 
bracken (as boiling (Group 2) or cold (Group 3) water extract at 60 g /L for up to 16 months 
or boiling water extract (Group 4) at 60 g/L for their lifetime; (Hirono, et al., 1978). Most of 
the rats given untreated dried bracken (Group 1) or boiling water extract (Groups 2 & 4) 
developed tumours in the urinary bladder (transitional cell carcinomas and squamous cell 
carcinomas) and ileum (adenomas, adenocarcinomas and fibrosarcomas). No tumours were 
found in rats given cold water extract of bracken (Group 3). In the same study, an aqueous 
extract of bracken was tested for carcinogenicity in ACI rats. The extract was fed to rats for 
500 days (Hirono, et al., 1978). Out of the 10 test rats, 9 developed bladder tumours 
(transitional cell carcinomas) and 8 of these also had ileal tumours (8/10 had adenomas and 
7/10 had adenocarcinomas). On the basis of this study, the authors proposed that the 
carcinogen in bracken is extractable in boiling water and probably water-soluble.  
 
The incidence of cancer at different sites following ingestion of bracken frond was 
investigated in Sprague-Dawley rats fed bracken fronds at 30% w/w in the diet for 260 days 
(Hirono, et al., 1983). Mammary adenocarcinomas were seen in 8 females, mammary 
papillary adenocarcinomas in 13 females, ileal adenomas were seen in 14 males and 9 
females, ileal adenocarcinomas were seen in 13 males and 12 females, spindle cell 
fibrosarcomas were seen in the ileum of 1 male and 1 female, urinary bladder carcinomas 
were seen in 6 males and 6 females, bladder papillomas in 3 males and 1 female and 
squamous cell carcinoma of the Zymbal gland was seen in 2 females. No tumours were 
found in untreated rats.  
 
Induction of hyperplastic nodules in the liver by dietary intake of bracken was investigated in 
Sprague-Dawley or ACI rats fed dried, mature bracken fronds at 33% w/w in the diet for 260 
days or 180 days respectively (Hirono, et al., 1984c). Hyperplastic nodules, considered to be 
pre-neoplastic lesions, were detected in the livers of 6/29 bracken-fed Sprague-Dawley rats 
and 4/30 bracken-fed ACI rats. No lesions were observed in control rats. In the same study, 
different fractions of bracken, reported to be carcinogenic were also administered to rats to 
induce hyperplastic nodules. Two fractions (IV-B and V-A) were found to be strongly 
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carcinogenic, simultaneously inducing mammary cancer and ileal and urinary tumours, 
frequently seen in rats fed a bracken diet. The researchers conducted further carcinogenicity 
tests using ptaquiloside. 
 

In a guinea pig study, animals were fed a diet of 30% w/w bracken fern powder (containing 
3.74 ± 0.6 mg/kg of ptaquiloside) for 30 months, followed by a further 24 months on normal 
diet that contained no bracken (Dawra, et al., 2002). Post-mortems were performed on 
surviving animals killed at weeks 52-54 of the study. Congestion was observed in the lamina 
propria of the bladder in 13/16 treated animals and in all but one case this was accompanied 
by oedema and/or haemorrhage. Epithelial hyperplasia was seen in 13/16 treated animals. 
Bladder tumours were found in 3/13 treated animals: an adenocarcinoma in the lamina 
propria, an adenocarcinoma in the muscle layer and a transitional cell carcinoma in the 
lamina propria. All of the animals with bladder tumours and one other treated animal had 
haematuria. An adenocarcinoma of sebaceous gland was found in one of the treated 
animals. Six of the treated animals had inflammatory changes in the intestines, 3 had a 
proliferative change to the epithelium and one had squamous metaplasia of the ileal 
epithelium. Proliferation of goblet cells was seen in almost all of the treated animals. Other 
changes seen in treated animals included severe congestion of the sinusoids and periportal 
vessels in the liver, mild to severe hepatocellular degeneration, congestion and mild to 
moderate degenerative changes in the myocardium, areas of emphysema in the lungs, 
severe congestion of the cortex of the kidneys. No significant histopathological changes 
were observed control animals. 
 
In another study, female strain guinea pigs were fed either a control diet or a diet containing 
30% (w/w) of dried Japanese bracken crosiers (Ushijima, et al., 1983). These diets were fed 
for periods of 5-10 days (males and females used in this experiment only), 20-80 days or 11-
15 months. Bracken-fed guinea pigs had haematuria and intense oedema of the urinary 
bladder from the 5th day of exposure onwards. Pan myelopathy of the bone marrow was 
seen in those given bracken for 5-10 days. All guinea pigs fed bracken for 11-15 months 
developed transitional cell carcinomas of the bladder and 83.3% of these animals also 
developed intestinal tumours, including carcinomas (53%) and sarcomas.  
 
In another study guinea pigs (n=13) were given a dietary supplement of bracken fronds for 
77 days, and were then kept on a bracken-free diet for the rest of their life (Evans IA, 1968; 
Evans IA, et al., 1967). One treated animal died of adenocarcinoma of the jejunum at 23 
months. Nine of the 13 treated animals had chronic intermittent haemorrhages from the 
urinary bladder, and epithelial hyperplasia, papillary adenoma and carcinoma of the bladder 
were seen in several (numbers not reported) of the treated animals. No changes were seen 
in the bladders of control animals. 
 
5.5.3 Feeding studies with  Ptaquiloside and activated Ptaquiloside (APT)  
A series of studies performed independently by workers in Japan (Niwa, et al., 1983; Hirono, 
et al., 1984a & 1984b) and in The Netherlands (van der Hoeven, et al., 1983) suggested that 
ptaquiloside was a potential animal carcinogen.  
 
In an initial study of the carcinogenicity of ptaquiloside, rats received intra-gastric doses of 
ptaquiloside, isolated from bracken, according to two regimes:  Group 1 received a single 
dose at 780 mg/kg bw followed by weekly doses of 100-200 mg/kg bw for the next 8 weeks 
whereas Group 2 received twice-weekly doses of 100-150 mg/kg bw for 8½ weeks (Hirono 
et al, 1984a).  All rats were killed after 300 days. All rats in Group 1 were reported to have 
loss of bodyweight, urinary incontinence and haematuria following the initial administration of 
780 mg/kg bw, and 5 rats in this group died within the first 83 days of the experiment. All of 
the 7 animals in Group 1 that survived more than 190 days developed mammary tumours 
(adenocarcinomas, papillary carcinomas and anaplastic carcinomas) with an average of 4.8 
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tumours per rat. Seven of the rats in Group 1 also developed multiple ileal carcinomas and 
most of the rats in this group had hyperplasia or metaplasia of the urinary bladder mucosa. 
In Group 2, 10 /11 rats surviving at least 165 days developed mammary tumours (3.9 
tumours per rat on average) of similar types to those seen in Group 1 and multiple ileal 
adenocarcinomas. Transitional cell hyperplasia was seen in the bladders of 7 out of the 11 
Group 2 survivors and a urinary bladder papilloma was found in one of them. No tumours 
were found in any of the control rats. 
 
In another study, rats were fed ptaquiloside at 0.027-0.08% w/w in the diet ptaquiloside for 
210 days (0.04% for 15 days, then 0.027% for 40 days, 0.04% for 52 days, 0.08% for 40 
days and then 0.04% for 60 days (Hirono, et al., 1987). All treated rats developed tumours in 
the ileum (adenomas, adenocarcinomas and malignant fibrous histiocytomas) and bladder 
(transitional cell carcinomas, keratinising squamous cell carcinomas and sarcomas). Four of 
the control rats developed bladder papillomas. 
 
In a study to establish a rat model for investigating ptaquiloside -induced carcinogenesis via 
the intravenous route, determine the role of APT (activated ptaquiloside) in the model and 
monitor changes at molecular and cellular levels, rats were dosed with either ptaquiloside or 
APT intravenously (at 3 mg/rat) for 10 consecutive weeks (Shahin et al. 1998a). One group 
of rat was sacrificed immediately for TNF alpha and DNA adduct analyses. A second group 
of rats was kept alive for 30 more weeks to allow for tumour formation. Histopathological 
studies were conducted on tissues at the end of the study. Rats dosed with ptaquiloside or 
APT showed marked increase in monocyte and TNF alpha levels. These levels remained 
high even 30 weeks after the last dosing. Analysis of DNA showed the presence of DNA 
adducts in APT-treated animals in target organs. In addition, 40% of APT-treated rats 
developed mammary gland tumours (adenocarcinomas or papillary carcinomas). The 
authors proposed that the study had been the first to demonstrate the potential of activated 
ptaquiloside as a carcinogen in vivo.  The authors also suggested that exposure to 
ptaquiloside could be monitored using monocyte and TNF alpha levels, although this has not 
been proven. 
 
In a study of the ptaquiloside-induced carcinogenesis, two groups of Sprague-Dawley rats 
were given a chronic dose of APT at 3 mg/rat (20.7 mg/kg bw) weeks for 10 weeks via 
intravenous or intragastric routes (Shahin, et al., 1998b). A third group of rats was given a 
weekly dose of 6mg (41.4 mg/kg bw) of APT for 3 weeks via the intragastric route 
corresponding to acute dosing. Ischaemic tubular necrosis was observed in the kidneys of 
rats dosed chronically via the intravenous or intragastric routes. Only rats dosed chronically 
via the intravenous route developed mammary gland adenocarcinomas (4/10 rats).  
Production of apoptotic bodies in the liver, necrosis of blood cell precursors in the bone 
marrow and ischaemic tubular necrosis in the kidney were observed in rats dosed acutely 
with APT via the intragastric route. No rats in this group developed tumours. No mutations 
were found in the H-ras and p53 genes in the mammary glands of either the i.g. rats or the 
tumour-bearing i.v. rats. However, the mammary glands of a further group of rats, which 
received APT via the intravenous route and were killed before tumour development, carried 
Pu to Pu and Pu to Py double mutations in codons 58 and 59 of H-ras. The authors 
proposed that the route of administration has an important role in the nature of the disease 
arising from ptaquiloside exposure. The study suggested that APT had a role in ptaquiloside-
induced carcinogenesis, with activation of H-ras occurring as an early event. 

 
5.5.4 Inhalation exposure to bracken spores  
Inhalation exposure of rats to high levels of bracken spores caused severe pathological 
effects on the respiratory system and caused carcinomas in the respiratory tract (Caulton, 
1999). 
 



 

 

57 

 

5.6 Human epidemiological studies  
Eating bracken in Japan has been associated with a high prevalence of gastric (Hirono et al, 
1972; Haenszel et al, 1976) and oesophageal cancers (Kamon and Hirayama, 1975). 
Dietary habits were assessed by questionnaire as part of the Japan Collaborative Cohort 
Study for Evaluation of Cancer Risk (JACC) in cohorts of 46,465 men and 64,327 women 
aged 40-79 years, followed from 1988/1990 to 1999 (Lin, et al., 2006). During 1,042,608 
person-years of follow-up there were 300 deaths from pancreatic cancer. High daily 
consumptions of pickles and edible wild plants (mainly bracken crosiers) were significantly 
associated with increased risk of pancreatic cancer, particularly in men, who had a relative 
risk of 2.98 (95% CI = 1.46 – 6.07). Smoking did not modify the associations with dietary 
habits.  
 
In a study of 783 patients with stomach cancer and 1566 hospital controls in Hiroshima and 
Miyagi, a higher risk of stomach cancer was found in Japanese farmers versus other 
occupations, and in the Japanese population versus Hawaiian-Japanese (Haenszel et al., 
1972, 1976). An association was found between eating bracken and stomach cancer. 
Population differences were accounted for by higher Japanese consumptions rates of 
brackens.  
 
The links between dietary intake of bracken and cancers of the oesophagus were 
investigated in 98 cancer patients and 476 control subjects aged 60 years or older in Japan. 
The relative risk of cancer was 2.68 (95% CI = 1.38-5.21) in those who ate bracken daily and 
1.53 (95% CI = 0.90-2.62) in those who ate bracken occasionally, as compared with those 
who ate bracken rarely or not at all (χ2 trend = 8.04, p=0.004).  
 
In a retrospective case-control epidemiological study of 46 people with histologically 
confirmed stomach or oesophageal cancer in a Brazilian community, patients were matched 
for age and sex to 40 controls. Interviews and questionnaires revealed that 39 cases and 25 
controls regularly consumed bracken crosiers (after first boiling them for about half-an-hour). 
The unadjusted risk of developing oesophageal or stomach cancer was 3.40 and 3.45 times 
greater (5.47 for combined risk of oesophageal or stomach cancer) in the community 
compared with a control population who did not eat bracken. The combined age-sex 
adjusted rate corrected for smoking tobacco and drinking alcohol gave an increased risk of 
developing gastric or oesophageal cancer of 3.63 (95% confidence interval = 1.24 – 10.63) 
for those who ate bracken (Santos, et al., 1987; Marlière, et al, 1994 & 1999) 
 
A raised prevalence of gastric cancer was identified in bracken-infested areas of both Wales 
and South America (Galpin and Smith, 1986; Galpin, et al., 1990; Alonso-Amelot, et al., 
1996; Alonso-Amelot, 1997; Alonso-Amelot, et al., 1998; Alonso-Amelot and Avendaño, 
2001). Positive correlations have been identified between living in a bracken-infested area in 
North Wales and the development of cancers, including stomach cancer (Galpin and Smith, 
1986; Buckley, 1989). Similarly, in Venezuela, there was a higher prevalence of gastric 
cancer in people living in areas where bracken grew freely than in those living in areas 
where bracken did not grow (Alonso-Amelot and Avendaño, 2001). Often these areas 
depended on local milk production and it was suspected that people might be exposed to a 
carcinogen derived from bracken that was present in the milk. 
 
In a study of 101 histologically-confirmed gastric cancer patients from Gwynedd North 
Wales, patients were matched (by sex, age and social class) to 2 hospital in-patients without 
cancer and 77 of the gastric cancer patients were also matched, using the same criteria, to 1 
patient with a confirmed cancer of a different site, excluding oesophagus (Galpin, et al., 
1990). A total of 202 non-cancer controls and 77 cancer controls were used. A questionnaire 
was used to determine bracken exposure and source of water in childhood. Patients with 
childhood exposures to bracken had an increased risk of stomach cancer compared to 
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unexposed patients (RR = 2.34. p<0.001). The length of residence in Gwynedd was also 
associated with increased risk (RR=2.46, p<0.01). Consumption of buttermilk in childhood 
and as an adult were associated with increased risks (RR=1.61 and 1.86, respectively), 
which was significant in adults (p<0.05). It was suggested that consumers of acidic dairy 
products such as buttermilk could be at most risk because the carcinogenic agent in bracken 
appeared to be more stable under these conditions (Evans, 1987). The study was limited by 
the lack of a method for assessing exposure to bracken, the small number of subjects 
investigated, the use of hospital data as controls, and the lack of consideration of 
confounding factors, such as salt in the diet. 
 
Incidence of stomach and oesophageal cancers was investigated within the 34 districts of 
Gwynedd over the years 1974-1988 (Buckley, 1989). The incidences of these cancers were 
correlated with the proportion of each region with bracken-infestation, deep peat, shallow 
peat or without a mains water supply. There were strong correlations (p<0.001) between 
stomach cancer in females and bracken infestation, oesophageal cancer in males and 
bracken and oesophageal cancer in males and deep peat. There was a less strong positive 
correlation (p<0.05) between stomach cancer in males and bracken. There were negative 
correlations between stomach cancer in males (p<0.05) or females (p<0.001) and not being 
on mains water; between oesophageal cancer in females and not being on mains water 
(p<0.001); between oesophageal cancer in females and deep peat (p<0.05); and between 
stomach cancer in females and shallow peat (p<0.05). It was noted that although standard 
mortality ratios (SMR) for many of the districts of Gwynedd were greater than the national 
averages for Wales and England, the differences were not statistically significant. The 
authors concluded that the percentage of bracken cover was positively and spatially 
associated with incidences of cancers of the stomach and oesophagus, but that other factors 
might also affect incidences.  
 
Contamination of drinking water with bracken leachates has been proposed as a potential 
cause of human cancer (Rasmussen, et al., 2003a). However, a statistically significant 
correlation between the drinking of water from bracken infested watersheds and the 
prevalence of gastric cancer has not been found in Wales (Evans, 1979; Galpin and Smith, 
1986;). Galpin and Smith (1986) investigated whether there was a correlation between the 
drinking of water from bracken-infested watersheds and the prevalence of gastric cancer in 
the human population in Gwynedd, Wales, over the period (1954-1977). The age-adjusted 
standardised mortality ratio (SMR) was used as an index of relative mortality. The SMR was 
calculated for each administrative district by the indirect method, for ages 35-75 years. 
Standard death rates were obtained from the Registrar General’s Statistical Review of 
England and Wales. Assessment of bracken cover was made from maps of the Vegetation 
Survey of Wales 1961-1966. Information on water supply was provided by the Welsh Water 
Authority and this included details of catchments and distribution of supplies, runoff, 
treatment and abstraction for each source of water supply. An estimate of the potential 
annual average contamination (mean toxin index) was calculated for each water source by 
dividing the area occupied by bracken by the runoff. The results showed no statistically 
significant correlation between deaths from gastric cancer and the percentage of bracken in 
water catchments. Similarly examination of the relationship between the theoretical mean 
toxin index and the SMR failed to show any positive correlation. 
 
In a Venezuelan epidemiology study, death rates from different cancers over the period 
1990-1996 were compared in two areas of contrasting topography in the western region of 
the country: a bracken-infested mountainous area and a neighbouring lowland area that was 
essentially bracken-free (Alonso-Amelot and Avendaño, 2001). For both the mountainous 
area and the lowland area, the most common site for malignancies was the uterus (cervix 
and endometrium). In the mountainous area the second most common site for malignancy 
was the stomach, but stomach cancer was much less common in the lowland area. There 
was a marked increase in the mountainous area in the rate of deaths due to stomach cancer 
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(3.64 times higher) and smaller increases in the rates of cancers of the prostate, lungs and 
mouth. The authors considered that the most likely environmental cause of the increased 
rate of gastric cancer deaths in the mountainous area was exposure to milk from bracken-
fed cows. In the mountainous area, bracken was much more common and the prevalence of 
bracken-evoked bovine enzootic haematuria was high (18% of cattle in Mérida). It was 
postulated that ptaquiloside in the bracken that was eaten by cows was excreted in the milk, 
which was drunk locally and caused the gastric cancer in consumers. The possible influence 
of other factors, including poverty, diet, alcohol abuse and stomach infection with 
Helicobacter pylori, were considered but the authors considered the differences between the 
two regions with regard these factors were insufficient to be the cause of the difference in 
gastric cancer death rates. 
 
Increased prevalence of gastric cancer has also been seen in another bracken infested 
mountainous region of Venezuela. The ten-year (1985-1994) average gastric cancer 
mortality per 100,000 people was 27.53, as compared with 11.89, in a relatively bracken-free 
lowland region (Alonso-Amelot and Avendaño, 2001). The prevalence of gastritis was 1151 
per 100,000 and 1075 per 100,000 for high and low lands respectively. Eating of bracken 
was one of several dietary cancer risk factors considered in a study by Hirayama (1979).  
 
The incidence of gastric, oesophageal and cervical cancers in humans during 1981-1986 
was studied in contrasting regions of Costa Rica: a lowland bracken-free area and a 
highland area heavily infested with bracken. Standardised incidence rates of cancers in the 
two regions were taken from the National Cancer Register. In bracken-infested areas the 
frequency of gastric cancer varied from high (66-108 cases age-adjusted per 100,000 
inhabitants per year) to very high (>108); whereas in bracken-free areas there was a low 
frequency (<33). High rates of gastric cancer (2.73 times higher, with standardised incidence 
rates of 19.40 in lowlands and 53.02 in highlands) and oesophageal cancer (2.98 times 
higher, with standardised incidence rates of 1.28 in lowlands and 3.82 in highlands) were 
seen in the people in the bracken-infested highland area. When the incidences for the 
different sexes were analysed separately, an even greater difference was seen in the 
incidence of oesophageal cancer in women (7.64 times greater incidence in the bracken-
infested highlands than in the lowlands). There was no significant difference between the 
two areas in the incidence of cervical cancer in women (1.17 times higher incidence in the 
highlands). The authors suggested that the high rates of gastric and oesophageal cancers 
may be due to the contamination of local milk with a substance from the bracken eaten by 
cows. The consumption of bracken by the local cows was confirmed by the occurrence of 
bovine enzootic haematuria (BEH) in the herds of cows kept on the bracken-infested lands. 
(Vilalobos-Salazar, 1985; Villalobos-Salazar, et al., 1989) 
 
 

5.7 The carcinogenic mode of action of ptaquiloside 
Bracken fern is a genotoxic carcinogen that exhibits organ specificity with respect to its 
carcinogenic properties, inducing oesophageal, intestinal, and bladder tumours in cattle and 
rats. APT is considered to be the ultimate carcinogen of bracken, with ptaquiloside being its 
pro-carcinogen (Shahin et al, 1999).  
 
It has been proposed that the activation of ptaquiloside into a mutagen at alkaline conditions 
may explain this organ specificity since the pH in these organs is relatively high compared to 
others (van der Hoeven et al., 1983). Tumours of the oesophagus, associated with a pH >8 
are specifically associated in cattle. In the rat, bracken fern predominantly induces tumours 
of the terminal section of the ileum, which has the highest pH in the intestine. Ptaquiloside 
may induce bladder cancer in cattle on account of the alkalinity of herbivorous animals. 
Since human urine is generally below pH 7 it has been proposed that bladder cancer after 
consumption of bracken may be unlikely (van der Hoeven et al., 1983).   
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In alkaline conditions ptaquiloside undergoes a transformation involving the splitting off the 
glucose moiety from the molecule to form ptaquilosin and then splitting off a hydroxyl group 
to form an illudane-dienone compound (APT) (Niwa, et al., 1983; van der Hoeven et al., 
1983; Shahin, et al, 1999a). APT has a greater capacity to alkylate DNA than ptaquiloside 
due to its electrophilicity (Alonso-Amelot and Avendaño, 2002). Although APT is stable in 
mildly alkaline conditions, it is immediately converted to pterosin B under weakly acidic 
conditions (Matsuoka et al, 1989).  
 
 
 
5.7.1 Expert evaluations of the carcinogenicity of bracken toxins  
In 1986, the International Agency for Research on Cancer (IARC) evaluated the potential 
carcinogenic risk of bracken fern to humans as part of a programme to produce critically 
evaluated monographs on individual chemicals (IARC, 1986). In its evaluation, IARC 
considered oral feeding studies involving processed and unprocessed bracken fern and its 
extracts in rodents and cattle reporting intestinal, bladder and mammary tumours and 
leukocyte leukaemia. IARC evaluated only one case-control study from Japan. The study 
suggested an association between intake of bracken fern and cancer of the oesophagus 
(IARC, 1986).  
 
Overall, IARC concluded that there was sufficient evidence for the carcinogenicity of bracken 
fern in experimental animals and limited evidence for the carcinogenicity of ptaquiloside 
derived from bracken fern. There was inadequate evidence for the carcinogenicity of 
bracken fern in humans. On this basis, IARC classified bracken fern in Group 2B: possibly 
carcinogenic to humans. This classification was based on the conclusion that the available 
epidemiological evidence for carcinogenicity in humans was inadequate, but that there was 
sufficient evidence of carcinogenicity in animals (IARC, 1986). 
 
 

5.8 Summary  
 
The toxicity of bracken fern and its constituent, ptaquiloside has been investigated in studies 
of farm and laboratory animals and in human epidemiological studies. The focus of these 
studies has primarily been on exposure via the oral route.  
 
Bracken fern causes a range of well-defined syndromes in farm animals. These include 
thiamine deficiency of monogastric animals, acute haemorrhagic syndrome (AHS) 
associated with bone marrow aplasia and upper alimentary ulceration, a progressive retinal 
degeneration (PRD) called “bright blindness” and two neoplastic disease syndromes: bovine 
enzootic haematuria and upper alimentary carcinoma.  
 
The mutagenic and carcinogenic potential of bracken fern, extracts of bracken fern 
components and ptaquiloside have been studied extensively in laboratory animals.  In oral 
carcinogenicity studies in mice, rats, guinea pigs and cows, bracken induced malignant or 
benign intestinal tumours in all species, except cows. Bracken also induced bladder 
carcinomas in rats, guinea pigs and cows, lymphocytic leukaemias in mice, and mammary 
carcinomas in rats. Oral administration of bracken processed for human consumption 
produced intestinal cancers, but at a lower rate of incidence than unprocessed bracken. 
Whereas starch made from bracken rhizomes did not produce tumours in rats, oral 
administration of boiling water extracts of bracken to rats induced intestinal and bladder 
tumours. Oral administration of bracken in mice induced maternal toxicity, some 
embryotoxicity and some minor abnormalities in offspring. Oral administration of ptaquiloside 
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isolated from bracken in rats produced mammary, intestinal and bladder tumours and 
unscheduled DNA synthesis in primary liver hepatocytes. 
 
There are several epidemiological studies of human populations in Japan, Brazil, Venezuela, 
Costa Rica and Wales that show an association between exposure to bracken and the 
development of cancers of the stomach and oesophagus. The studies in Japan and Brazil 
have investigated direct dietary association (eating bracken crosiers) with cancer whereas 
the studies from Venezuela, Costa Rica and Wales have investigated indirect exposure via 
contaminated water supplies or milk products.  Although a strong association between eating 
bracken and cancer in cattle has been established, the strength of association is less in 
human studies and no study has indicated that there is a definitive link. Whilst human 
studies do show an association between eating bracken and human stomach cancers, the 
studies lack the statistical power to demonstrate a clear dose-response relationship. A 
Japanese study showed a higher risk of oesophageal cancer in people who ate bracken 
regularly than in those who ate it only rarely (Kamon and Hirayama, 1975). Another 
Japanese study has suggested there is an association between eating wild plants (mainly 
bracken) and pancreatic cancer in men (Lin et al, 2006). The studies amongst exposed 
cohorts in Wales have also shown variable results with earlier studies (Evans, 1979, Galpin 
and Smith, 1986) showing no significant association with gastric cancer and other studies 
(Buckley 1989; Galpin et al 1990) reporting an association. In the study by Galpin et al 
(1990) it was found that comparing exposure versus non-exposure to bracken as a child 
gave a relative risk of 2.34 compared with non-cancer controls, and 2.09 compared with 
cancer controls). Consumption of buttermilk during adulthood compared to its non-
consumption gave a relative risk of 1.86 for the non-cancer controls and 2.67 for the cancer 
controls.  However this study did not appear to have considered cigarette smoking or other 
known risk factors for stomach cancer. 
 
In experimental animal studies, bracken was found to be a genotoxic carcinogen that 
exhibits organ specificity with respect to its carcinogenic properties, inducing intestinal and 
bladder tumours in cattle and rats.  There is evidence that ptaquiloside is a genotoxic 
carcinogen in bracken, with its carcinogenicity being related to DNA damage. The activation 
of ptaquiloside into a mutagen was found to occur more favourably under alkaline conditions 
(van der Hoeven, et al., 1983). 
 
Following an evaluation of the carcinogenic potential of bracken, IARC concluded that there 
was sufficient evidence for the carcinogenicity of bracken in experimental animals and 
limited evidence for the carcinogenicity of ptaquiloside. They concluded, however, that there 
was inadequate evidence for the carcinogenicity of bracken in humans and classified it into 
Group 2B: possibly carcinogenic to humans. This classification was based on the conclusion 
that although available epidemiological evidence for carcinogenicity in humans was 
inadequate, there was sufficient evidence of carcinogenicity of bracken in animals.  
 
Whilst bracken is a potential human genotoxic carcinogen, there is sound evidence that 
ptaquiloside is carcinogenic in animal models but the quality of carcinogenicity studies is 
insufficient to allow a reliable identification of a clear no-observed-adverse-effect level, 
benchmark dose, or a dose-response relationship. 
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6 ASSESSMENT OF HUMAN EXPOSURE TO PTAQUILOSIDE 
FROM DRINKING WATER   

 
Potential human exposure to ptaquiloside via ingestion of water, averaged over a lifetime, 
was calculated based on the concentration of ptaquiloside in drinking water, the intake of 
drinking water, exposure frequency and exposure duration (EPA, 2003). The following 
algorithm was used to calculated exposure:  
 
Iptaquiloside   =  Cdw x IRdw x BIO x EF x ED 
    ________________________ 
     AT x BW 
 
Iptaquiloside   = Potential lifetime average daily intake of ptaquiloside  

from ingestion of drinking water (μg/kg bodyweight) 
Cdw   = Concentration of ptaquiloside in drinking water (μg/L) 
IRdw   = Daily intake rate of drinking water (L/day) 
BIO   = Bioavailability  
EF   = Exposure frequency (days/year) 
ED   = Exposure duration (years) 
AT   = Averaging time for carcinogenic effects (days) 
 
The worst-case concentration of ptaquiloside in drinking water (Cdw) from a private supply 
that has only been subject to filtration and UV light is 8.6 μg/L. Cdw from a municipal upland 
supply (treated with coagulation, clarifier, filtration, chlorination) is 0.86 μg/L. Cdw from an 
advanced treatment works with additional ozonation and activated carbon is expected to be 
0.09 μg/L. 
 
To reflect the worst-case scenario for exposure to ptaquiloside from water ingestion, 
exposure was estimated for high-end consumers. A questionnaire-based survey of the 
consumption of tap water in England and Wales in 1995 reported that water ingestion is age 
dependent and the 97.5th percentile ingestion of drinking water in consumers is greater than 
2.4 L/day (DWI, 1996). The survey does not however provide detail of high-end water 
ingestion for different age groups.  Furthermore, the survey excludes ingestion of water used 
to prepare food or beverages and may underestimate water ingestion in the population. The 
US EPA Exposure Factors Handbook (EPA, 2009) provides 95th and 99th percentile 
estimates of combined direct (water ingested directly as a beverage) and indirect (water 
added in the preparation of food or beverages) drinking water consumption exceeding that 
reported in the UK survey and provides high-end consumption across different age groups. 
Assuming that patterns of direct and indirect water ingestion are not dissimilar in the UK to 
the US and to reflect the worst-case exposure scenarios, data from the US EPA Exposure 
Factors Handbook (Chapter 3, Table 3-1) for the 95th and 99th percentile consumers of 
drinking water for different age groups of the population were used in the exposure 
assessment.  
 
For exposure assessment purposes, it was assumed that 100% of ptaquiloside in drinking 
water is absorbed following ingestion. It was assumed that the frequency of exposure is 365 
days per year and the exposure duration reflecting a lifetime of exposure is given by the 
upper age of each age group range. The averaging time (AT) is equivalent to the lifetime of 
individuals of the general population: 70 years. For use in the calculations this value is 
converted to 25,550 days (i.e 70 years x 365 days/ year).  
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The estimated daily intake of ptaquiloside (lifetime average) in different age groups of the 
population in µg/kg bw/day from high-end consumption of drinking water from a private water 
supply, municipal upland supply and advanced treatment works are shown in Table 15 for 
95th percentile ingestion rates and in Table 16 for 99th percentile ingestion rates.  
 

Table 15 Potential lifetime average daily intake of ptaquiloside from ingestion of drinking water for a 
private water supply, a municipal upland supply and an advanced treatment supply assuming a 95th 

percentile ingestion rate. 

   

Potential lifetime average daily intake of ptaquiloside 
from ingestion of drinking water  

(μg/kg bw/day) 

Water treatment 
Upper age of 

group 
 

95th %ile water 
ingestion rate 

(ml/day) 

Bodyweight 
(kg) 

Private  
(filtration + UV) Upland municipal Advanced 

1 month 858 3.61 0.002 0 0.00003 
3 months 1053 3.69 0.009 0.001 0.00009 
6 months 1171 6.8 0.011 0.001 0.00011 

12 months 1147 8.9 0.016 0.002 0.00017 
2 years 893 11.9 0.018 0.002 0.00019 
3 years 912 14.7 0.023 0.002 0.00024 
6 years 1099 16.9 0.048 0.005 0.00050 
11 years 1251 27.8 0.061 0.006 0.00064 
16 years 1744 51.3 0.067 0.007 0.00070 
18 years 2002 62.6 0.071 0.007 0.00074 
21 years 2565 73.3 0.090 0.009 0.00095 

64 years 2848 73.0 0.307 0.031 0.0032 

70 years 2604 70.4 0.318 0.032 0.0033 
 

Estimates of the potential lifetime average daily intake of ptaquiloside from high-end 
ingestion of drinking water (direct or indirect via the use of water for food or drink 
preparation) indicate that exposure to ptaquiloside via this route is likely to be minimal. 
Assuming that the highest expected concentration of ptaquiloside of 8.6 μg/l would be 
associated with a private water supply, the worst-case estimate of the potential lifetime 
average daily intake of ptaquiloside would be 0.5 µg/kg bw/day for high-end (99th 
percentile) consumers between the ages of 21 and 64. Estimated lifetime average daily 
intakes in younger age groups would be orders of magnitude lower.   
 
Water treatment carried out at municipal upland or advanced treatment works is expected to 
reduce the concentration of ptaquiloside in water ingested by consumers. Assuming high-
end (99th percentile) consumers between the ages of 21 and 64 years have the highest 
potential exposures, estimates of potential lifetime average daily intake for this age group 
would be 0.05 and 0.005 µg/kg bw/day for water from an upland municipal supply and an 
advanced water treatment works respectively. Intakes for other age groups are lower.  The 
assessment of exposure to ptaquiloside is based on the high-end, 95th or 99th percentile 
consumption of drinking water. It can be expected therefore that exposure for the majority of 
the populations, across different age groups will be lower than these estimates.  
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Table 16 Potential lifetime average daily intake of ptaquiloside from ingestion of drinking water for a 
private water supply, a municipal upland supply and an advanced treatment supply assuming a 99th 
percentile ingestion rate. 

   

Potential lifetime average daily intake of ptaquiloside 
from ingestion of drinking water  

(μg/kg bw/day) 

Water treatment 
Upper age of 

group 
 

99th %ile water 
ingestion rate 

(ml/day) 

Bodyweight 
(kg) 

Private 
 (filtration + UV) Upland municipal Advanced 

1 month 919 3.61 0.0025 0.0003 0.0000 
3 months 1264 3.69 0.0105 0.0011 0.0001 
6 months 1440 6.8 0.0130 0.0013 0.0001 

12 months 1586 8.9 0.0219 0.0022 0.0002 
2 years 1248 11.9 0.0258 0.0026 0.0003 
3 years 1388 14.7 0.0348 0.0035 0.0003 
6 years 1684 16.9 0.0735 0.0074 0.0007 
11 years 2024 27.8 0.0984 0.0099 0.0010 
16 years 2589 51.3 0.0992 0.0100 0.0010 
18 years 3804 62.6 0.1344 0.0135 0.0013 
21 years 3917 73.3 0.1379 0.0138 0.0014 
64 years 4665 73.0 0.5025 0.0504 0.0050 
70 years 3668 70.4 0.4481 0.0450 0.0045 

 
 
 
The risks to human health posed by the ingestion of ptaquiloside via drinking water cannot 
be assessed quantitatively.  Whilst bracken is a potential human genotoxic carcinogen, there 
is evidence that ptaquiloside is carcinogenic in animal models, but the quality of 
carcinogenicity studies is insufficient to allow a reliable identification of a clear no-observed-
adverse-effect level, benchmark dose, or a dose-response relationship. Therefore it is not 
possible to identify a dose of ptaquiloside from the ingestion of drinking water to which 
consumers may not be at increased risk of developing cancer. In an evaluation of the 
potential exposure to ptaquiloside from the consumption of milk from bracken-fed cows, the 
Committee on Toxicity of Chemicals in Food, Consumer Products and the Environment 
(COT) estimated that the 97.5th percentile intakes of ptaquiloside from consumption of cows 
milk by the institutional elderly and toddlers to be 0.046-0.36 mg/kg bw/day and 0.19-1.49 
mg/kg bw/day respectively (cf µg/kg bw/day in this study).  COT regarded that these 
estimates represented a conservative estimate of the maximum chronic intake of 
ptaquiloside from milk from bracken-fed cows receiving the maximum dose of ptaquiloside 
that will not cause clinical signs of toxicity in animals. The worst-case potential lifetime 
average daily intake of ptaquiloside from private water supplies, municipal upland supplies 
and an advanced treatment works are orders of magnitude lower that the potential intakes 
from high-end consumption of milk for the elderly and toddlers respectively. Although the risk 
from drinking water cannot be quantified, on the basis of the exposure assessment it is 
unlikely that exposure to ptaquiloside from the ingestion of water will pose a more significant 
risk to human health than other potential routes of exposure (e.g. dietary intake).  More 
realistic exposure estimates may be achieved through the use of probabilistic modelling. 
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7 DISCUSSION 

The outcome of the human health risk assessment is wholly dependent on the results of the 
environmental modelling which was limited by the available data – the lack of data on the 
quantity of ptaquiloside leached from bracken throughout the year being a notable 
deficiency. Whilst supporting data were used as far as possible, it was still necessary to 
make assumptions in order to derive input parameters for the model (discussed in section 
3.1). In the model, the 90th percentile of the yearly maximum concentrations was used as a 
measure of the ptaquiloside concentration in raw water, as this is standard practice for 
pesticide modelling. However, pesticides are applied at relatively infrequent intervals 
throughout the year, whereas, in this study, the ptaquiloside was ‘applied’ every day. It was 
also calculated that the total quantity of ptaquiloside leached represented approximately 22 – 
41% of the total load available in the bracken stand, whereas in the original laboratory study 
that measured the ptaquiloside removed from fronds when exposed to water droplets 
(Rasmussen et al., 2003b), the total quantity of ptaquiloside washed off the fronds 
represented only 0.04 – 0.24% of the total load, although it is not known whether more could 
have been washed off if the pinnae were exposed to more water.  It is possible that the total 
quantity of ptaquiloside leached in the model is an over-estimate, although this remains an 
unknown due to the absence of any field measurements in the UK. When considering these 
factors, it could be argued that the 90th percentile maximum concentration predicted by the 
model is overly cautious and the 90th percentile overall concentration, or the yearly average 
would suffice as a measure of a realistic worse case for ptaquiloside concentrations in raw 
water.  

 
In order to investigate the impact of varying the initial raw water concentration on the 
outcome of the human health risk assessment, additional calculations were made using the 
90th percentile concentration of all the data and the 90th percentile of the yearly average of 
ptaquiloside in raw water for the highest risk soil (Eardiston). Similar calculations were 
conducted for the Bangor, Malvern and Manod soil series. In addition, in order to 
demonstrate the effect of the quantity of ptaquiloside released from the fronds (the 
parameter with the greatest uncertainty) on the model output, the model was re-run with an 
‘application rate’ of 100 µg rather than 700 µg (see Appendix 10.6). The results of these 
calculations are given in Table 17 where it can be seen that the raw water concentration 
chosen as a representative worse case and/or the quantity of ptaquiloside assumed to leach 
from the bracken can vary the outcome of the human health risk assessment by a factor of 7 
or more. 

 
 
 



 

 

66 

 

 

 
 
 
 
Table 17 Ptaquiloside concentrations in drinking water and calculated daily intakes when varying the initial raw water concentration. 

 

Ptaquiloside   
leached from 
bracken (µg) 

Soil series 
Initial raw water 
concentration 

(µg/L) 

Value used: 
90%ile of: 

Ptaquiloside concentration in drinking water 
after treatment (µg/L) 

Lifetime average daily intake of 
ptaquiloside (µg/kg bw/day)* 

Private 
Simple 

Private 
Advanced

Municipal 
Upland 

Municipal 
Advanced

Private 
Advanced

Municipal 
Upland 

Municipal 
Advanced 

700 Eardiston 11.5 Yearly max. 1.15 8.625 0.863 0.086 0.502 0.050 0.005 

700 Eardiston 1.75 All data 0.175 1.313 0.131 0.013 0.077 0.008 0.001 

100 Eardiston 1.5 Yearly max. 0.150 1.125 0.113 0.011 0.066 0.007 0.001 

100 Eardiston 0.21 All data 0.021 0.158 0.016 0.002 0.0092 0.0009 0.0001 

700 Eardiston 2.09 Yearly mean 0.209 1.568 0.157 0.016 0.0916 0.0092 0.0009 
700 Bangor 0.8 Yearly mean 0.080 0.600 0.060 0.006 0.0351 0.0035 0.0004 
700 Malvern 0.95 Yearly mean 0.095 0.713 0.071 0.007 0.0416 0.0042 0.0004 
700 Manod 0.68 Yearly mean 0.068 0.510 0.051 0.005 0.0298 0.0030 0.0003 

*For the age group >21 to 64 which was the highest value 
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Although it has been discussed above that the quantity of ptaquiloside released into the 
environment in the model may be an overestimate, comparison of the output of the model 
with the only measured data on ptaquiloside in raw water (~ 5 µg/L and 45 µg/L in Denmark 
and Sweden respectively; Rasmussen, 2003) indicates that the model is likely to be 
reasonable. Similarly, other aspects of the model that may give overestimates of PECs, such 
as the fact that it only predicts concentrations in percolate and cannot account for any 
degradation in horizontal flow, are balanced by the fact that exposure via runoff is not 
accounted for. The model scenario also assumes 100% bracken coverage and no dilution. 
However, the characteristics of catchments identified as potentially high risk (section 2.6) 
and personal communication with aerial sprayers suggest that high bracken coverage in 
catchments does occur. Moreover, the method used to identify high risk catchments 
necessarily calculates bracken coverage by dividing the area of bracken by the area of the 
catchment. This will mask any local variations in bracken density within the catchment, and 
bracken is commonly associated with steep valley sides, i.e. close to a water source. 
Another data limitation in identifying the high risk catchments was the lack of GIS-compatible 
data on the location of private water supplies. An old study (1994 DoE Survey) suggested 
that there were a high number of private water supplies in Wales in particular, but it is not 
known how many of these are in the Environment Agency database. Whilst there were 
limitations in identifying high risk catchments and predicted concentrations of ptaquiloside in 
raw water, this was a preliminary investigation and addressing these limitations was beyond 
the scope of the current study. Indeed the study was successful in identifying relevant data 
gaps. 
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8 CONCLUSIONS 

• A number of catchments in Wales, the Lake District and to a lesser extent the 
Pennines have been identified as potentially having a high risk of ptaquiloside 
entering raw waters. 

 
• Notable data limitations in identifying high risk catchments were the lack of suitable 

data on the location of private water supplies, particularly in Wales, and the fact that 
the percent cover of bracken is determined by the area of bracken divided by the 
area of the catchment.  

 
• Measured data on the concentration of ptaquiloside in bracken is poor, and even 

more so in relation to the release of ptaquiloside into the soil environment. 
 

• A pesticide fate model was employed to predict the fate of ptaquiloside when 
released into the environment and the 90th percentile annual maximum concentration 
for the worse case soil was 11.5 µg/L. The quantity of ptaquiloside released into the 
environment throughout the year was the greatest source of uncertainty in the model. 
 

• The scenario used in the model was reasonably representative of actual catchments 
in England and/or Wales.  
 

• It is expected that advance water treatment works will substantially reduce the 
quantity of ptaquiloside in drinking water (by a factor ~ 100). Upland municipal 
supplies would reduce concentrations by > factor of 10. Private water supplies would 
be least effective, notably where treatment consisted of only filtration and UV 
disinfection. 
 

• Chlorination is expected to be beneficial in reducing ptaquiloside concentrations but 
there were uncertainties involved with the estimations. 
 

• The published literature on the toxicity of bracken fern and its constituents was 
extensive, but many of the studies were old, and few of them were up to modern 
standards. 
 

• The risks to human health posed by the ingestion of ptaquiloside via drinking water 
cannot be assessed quantitatively. Whilst bracken is a potential human genotoxic 
carcinogen, there is evidence that ptaquiloside is carcinogenic in animal models, but 
the quality of carcinogenicity studies is insufficient to allow a reliable identification of 
a clear no-observed-adverse-effect level, benchmark dose, or a dose-response 
relationship. Therefore it is not possible to identify a dose of ptaquiloside from the 
ingestion of drinking water to which consumers may not be at increased risk of 
developing cancer. 

 
• The worst-case estimate (private water supply with no chlorination) of the potential 

lifetime average daily intake of ptaquiloside would be 0.5μg/kg bodyweight for high-
end (99th percentile) consumers between the age of 21 and 64. 
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• The estimated lifetime average daily intake of ptaquiloside is wholly dependent on 
the raw water concentration used in the calculations, and this must be taken into 
consideration when interpreting the findings. 

 
• Although the risk from drinking water cannot be quantified, on the basis of the 

exposure assessment it is unlikely that exposure to ptaquiloside from the ingestion of 
water will pose a more significant risk to human health than other potential routes of 
exposure (e.g. dietary intake).   

 
• This risk assessment has concerned ptaquiloside alone due to the absence of 

relevant data on other toxins present in bracken. 
 

• Analysing a select number of raw water and drinking water samples for ptaquiloside 
and assessing the impact of chlorination on ptaquiloside stability would provide more 
confidence in the findings. 
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10.1 Usage classes of abstraction points in England & Wales (EA data) 
Use Sub-purpose 

Animal Watering & General Use in non Farming situations Aquaculture fish 
Boiler Feed Aquaculture plant 
Conveying Materials Breweries/Wine 
Drinking, Cooking, Sanitary, Washing, (Small Garden) -
Commercial/Industrial/Public Services Business Parks 
Drinking, Cooking, Sanitary, Washing, (Small Garden) -
Household Chemicals 
Dust suppression Construction 
Effluent/Slurry Dilution Dairies 
Evaporative Cooling Electricity 
Fish Farm/Cress Pond Throughflow Extractive 
Fish Pass/Canoe Pass Food & Drink 
Gas Suppression/Scrubbing Forestry 
General Cooling (Existing Licences Only) (High Loss) General Agriculture 
General Cooling (Existing Licences Only) (Low Loss) Golf courses 
General Farming & Domestic Holiday sites, Camp sites & tourist attractions 
General use relating to Secondary Category (High Loss) Horticulture and Nurseries 
General use relating to Secondary Category (Low Loss) Hospitals 
General use relating to Secondary Category (Medium Loss) Hotels, Public Houses and Conference centres 
General use relating to Secondary Category (Very Low Loss) Industrial/Commercial/Energy/Public Services 
General Washing/Process Washing Laundry 
Heat Pump Machinery and Electronics 
Horticultural Watering Mechanical Non Electrical 
Hydraulic Rams Metal 
Hydraulic Testing Mineral Products 
Hydroelectric Power Generation Municipal grounds 
Lake & Pond Throughflow Navigation 
Large Garden Watering Non-remedial River/Wetland Support 
Laundry Use Orchards 
Make-Up or Top Up Water Other Environmental Improvements 
Milling & Water power other than electricity generation Other Industrial/Commercial/Public Services 
Mineral Washing Paper and Printing 
Non-Evaporative Cooling Petrochemicals 
Pollution Remediation Private Non-Industrial 
Potable Water Supply - Direct Private water supply 
Potable Water Supply - Storage Private Water Undertaking 
Process water Public administration 
Raw Water Supply Public Water Supply 
River Recirculation Pump & Treat 
Spray Irrigation - Anti Frost Racecourses 
Spray Irrigation - Anti Frost Storage Refuse and Recycling 
Spray Irrigation - Direct remedial River/Wetland Support 
Spray Irrigation - Spray Irrigation Definition Order Research non- University/College 
Spray Irrigation - Storage Retail 
Supply to a Canal for Throughflow Rubber 
Supply to a Leat for Throughflow Schools and Colleges 
Transfer between sources Slaughtering 
Vegetable washing Sports Grounds/Facilities 
Water Bottling Textiles & Leather 
Water Wheels Not used for Power Transport 
 Water supply related 
 Zoos/Kennels/Stables 
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10.2 Risk of ptaquiloside leaching associated with each Soilscape 

Soilscape Risk 
Reason for 
risk 

Blanket bog peat Low high om 
Fen peat Low high om 
Freely draining acid loamy over rock Medium acid 
Freely draining floodplain Medium precautionary 
Freely draining lime-rich loamy  Medium precautionary 
Freely draining sandy Breckland Medium sandy 
Freely draining slightly acid but base-rich High acid 
Freely draining slightly acid loamy High acid 
Freely draining slightly acid sandy High acid sandy 
Freely draining very acid sandy and loamy Low v acid 
Lime-rich loamy and clayey with impeded drainage Medium precautionary 

Loamy and clayey floodplain with naturally high groundwater Medium 
high 
groundwater 

Loamy and sandy with naturally high groundwater and a peaty surface Medium 
high 
groundwater 

Loamy with naturally high groundwater Medium 
high 
groundwater 

Naturally wet very acid sandy and loamy Low v acid 
Raised bog peat Low om 
Restored soils mostly from quarry and opencast spoil Low n/a 
Saltmarsh Low n/a 
Sand dunes Low n/a 
Shallow lime-rich over chalk or limestone Medium precautionary 
Shallow very acid peaty soils over rock Low v acid 
Slightly acid loamy and clayey soils with impeded drainage Medium acid 
Slowly permeable seasonally wet acid loamy and clayey Medium acid 
Slowly permeable seasonally wet slightly acid but base-rich loamy and 
clayey Medium acid 
Slowly permeable wet very acid upland soils with a peaty surface Low v acid 
Very acid loamy upland soils with a wet peaty surface Low v acid 
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10.3 Properties of the selected soil scenarios 

Layer Depth (cm) Particle size fractions 
Organic 
Carbon pH 

Bulk 
density 

Pore 
space 

Upper Lower Clay% Silt% Sand% % g/cm3 %vol 
EARDISTON H 0 5 n.a. n.a. n.a. 39.7 3.7 0.48 77.9 

A 5 20 15 36 49 2.1 3.9 1.24 52.7 
Bw1 20 50 14 31 55 0.8 4.1 1.33 49.6 
BC 50 60 12 19 69 0.3 4.2 1.44 45.7 
R 60 150 n.a. n.a. n.a. 0.1 n.a. n.a. n.a. 

MALVERN H 0 5 n.a. n.a. n.a. 39.7 4.1 0.48 77.9 
A 5 20 14 41 45 3.9 4.1 1.07 58.7 

Bpod
z 20 60 12 41 47 2.3 4.5 0.94 64 

BC 60 140 4 29 67 1 5.6 1.19 54.8 
R 140 150 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

MANOD A 0 25 27 43 30 8 4 0.89 64.7 
Bpod

z 25 60 20 43 37 1.6 4.1 0.96 63.4 

C 60 130 23 40 37 1.1 4.2 1.22 53.6 
R 130 150 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

BANGOR O 0 25 n.a. n.a. n.a. 26.3 4.2 0.59 74 
A 25 30 17 26 57 13 4.9 0.8 67.2 
R 30 150 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
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10.4 Annual rainfall and volume of percolate from the soil profile for the 20-
year simulation period 

Annual percolate volumes (mm) 

Year 
Rainfall 
(mm) 

Eardiston  
at 60 cm 

Malvern  
at 50 cm  

Manod  
at 50 cm  

Bangor  
at 30 cm  

1  1083  665  627  628  705 

2  673  317  271  266  363 

3  1056  576  584  585  640 

4  899  395  445  451  458 

5  1097  613  626  624  666 

6  1104  590  601  605  679 

7  1238  716  764  764  773 

8  1030  482  495  499  534 

9  906  431  430  443  474 

10  1161  727  690  684  785 

11  902  382  432  440  432 

12  1092  645  606  594  701 

13  1157  678  725  728  703 

14  1030  531  548  553  585 

15  938  502  468  463  556 

16  1016  588  565  560  639 

17  1113  698  703  705  756 

18  1132  599  653  653  659 

19  972  461  473  477  550 

20  1158  692  669  669  740 

Min  673  317  271  266  363 

Max  1238  727  764  764  785 

Average  1038  564  569  569  620 
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10.5 Total quantity of ptaquiloside released from bracken per year 

Year 
Rainfall (mm) 

Amount of ptaquiloside 
released from plants  

 (kg/ ha/yr) 

1 1083 7.53 

2 673 4.62 

3 1056 7.32 

4 899 6.16 

5 1097 7.61 

6 1104 7.66 

7 1238 8.51 

8 1030 7.16 

9 906 6.28 

10 1161 8.00 

11 902 6.19 

12 1092 7.50 

13 1157 7.91 

14 1030 7.09 

15 938 6.53 

16 1016 7.05 

17 1113 7.67 

18 1132 7.88 

19 972 6.55 

20 1158 7.91 

Average 1038 7.16 
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10.6 Influence of initial ptaquiloside release on model output 
The simulations for the Eardiston scenario were repeated to test the influence of the 
ptaquiloside concentrations that are released by the plant. Based on the reported 
concentrations by Rasmussen et al. (2003 JEC), a constant release of 700 µg/L ptaquiloside 
into the rainwater running off the plant leaves was initially assumed. The simulations were 
then repeated with a constant release of 100 µg/L ptaquiloside into the rainwater.   
 
The figure below shows the concentration of ptaquiloside that was predicted by the model in 
the percolate from the Eardiston soil if only 100 µg/L ptaquiloside was released from the 
plants. The annual maximum concentrations in the percolate ranged from 0.2 to 3.4 µg/L 
with a 90th percentile concentration of 1.5 µg/L. The table shows the maximum 
concentrations in comparison with those predicted for a release of 700 µg/L. Reducing the 
release of ptaquiloside by a factor 7 resulted in a decrease in concentrations by 
approximately a factor 8.  
  

 

Modelled daily concentration of ptaquiloside in percolate from Eardiston soil profile if only 100 ug/L 

release from the plants was assumed. 

 

 

 

 



 

 

86 

 

 

 

Annual maximum concentrations in percolate from Eardiston soil profile assuming a release of 700 
µg/L ptaquiloside from the Bracken foliage into rainwater, in comparison to results for a release of 100 

µg/L ptaquiloside from the plants. 

Year Annual maximum concentration (µg/L) 
If 700 µg/L released 

from plant 
If 100 µg/L released 

from plant 

1 6.5 0.8 

2 3.6 0.4 

3 6.2 0.8 

4 1.7 0.2 

5 26.7 3.4 

6 2.5 0.3 

7 5.1 0.6 

8 7.3 0.9 

9 2.0 0.2 

10 4.5 0.6 

11 1.9 0.2 

12 5.0 0.6 

13 5.6 0.7 

14 3.3 0.4 

15 3.7 0.4 

16 7.8 1.0 

17 4.8 0.6 

18 2.8 0.3 

19 11.4 1.4 

20 13.0 1.7 

Average 6.3 0.8 

90th percentile 11.5 1.5 

 
 

 


