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EXECUTIVE SUMMARY 
 
 
Defra project WD0811 identified 24 catchments potentially at risk of ptaquiloside (PTA) 
contamination of raw water. Modelling predicted maximum PTA concentrations in surface 
water in the order of 10 µg/L, which compared well to literature data on groundwater 
concentrations. However, there were several uncertainties in the model, particularly the 
quantity of ptaquiloside released into the environment, and a study was required to 
characterise better the risk that ptaquiloside may pose to drinking water. 
 
Eight monitoring sites (2 x private and 2 x public in both England and Wales) were identified 
that were deemed to be high risk based on bracken coverage and proximity of the 
abstraction point to bracken, though it was not possible to identify any catchment with the 
extreme characteristics used in the modelling in the previous project.  Samples of the raw 
and treated water (or kitchen supply where there was no treatment) were taken on a monthly 
basis. The sites included 3 reservoirs and a river (public water supplies) and 4 springs 
(private supplies), one of which was influenced by surface runoff. In addition to the monthly 
sampling, samples were taken from one of the feeder streams of a reservoir during 3 rain 
events. 
 
Samples were analysed for ptaquiloside (PTA) and its degradation product, pterosin B 
(PTB). The analytical lower limit of quantification of 0.05 µg/L.  
 
No PTA or PTB was detected in the public water supplies. 
 
No PTA or PTB was detected in the private water supplies. 
  
Ptaquiloside was detected in the feeder stream to one of the reservoirs, with concentrations 
ranging from < 0.05 µg/L to 0.35 µg/L. The first rain event of 14 August 2014 recorded the 
highest ptaquiloside concentrations with an average of 0.18 µg/L after a total 6.0 mm of rain. 
There were no positive detections of PTA on 01 September 2014 following 0.6 mm of 
rainfall. On 23rd September, there was a total of 4.6 mm of rain. Three out of 5 samples gave 
positive results (> 0.05 µg/L) with a mean concentration of 0.08 µg ptaquiloside/L for the 
positive results and an overall maximum of 0.11 µg/L. Including all the samples for this rain 
event to calculate the mean gave an average concentration of 0.05 µg/L. This feeder stream 
was not representative of the water quality in the reservoir as a whole. 
 
The model originally developed under project WD0811 was amended to match the 
catchment characteristics of the monitoring site with the feeder stream that was also 
sampled. The soil type was changed to Belmont. The quantity of ptaquiloside entering the 
soil remained unchanged, as additional work carried out whilst this study was ongoing 
demonstrated that the quantity of PTA in throughflow was similar to that in washoff assumed 
in the original model. However, the quantity of PTA released can be used to reflect lower 
bracken coverage within the catchment (as the model assumed 100%), and a lower 
loading/bracken coverage was included for comparative purposes. The model results 
compared well to the measured concentrations in the feeder stream. It should be noted 
however that the model predicts concentrations for percolate which is assumed to enter 
surface water and there is no dilution in the stream.  
 
The presence of PTA and PTB in the small feeder stream but the absence in the raw water 
of the reservoir illustrates that in-stream dynamics and/or storage conditions may be 
important but there has been no research on this in relation to ptaquiloside. Dilution could 
also explain the absence of PTA/PTB detections in raw water for public supplies.  
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Due to the absence of any positive detections of PTA or PTB at the 8 monitoring sites it was 
not possible to comment on the role of factors such as pH, water treatment processes, 
bracken coverage on the fate of PTA and PTB in the environment. It was noted that the 
springs of the private water supplies were all small and similar in magnitude to the feeder 
stream of the reservoir where PTA was detected. The absence of PTA and PTB in the 
private water supplies indicates that either exposure is different at the springs, or perhaps 
the storage of water in the field affects PTA concentrations.  
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1 INTRODUCTION 

It has been known for many decades that consumption of bracken by livestock causes 
tumours, ‘bright blindness’ and/or death, and the carcinogenicity of bracken is well 
established. In the 1980’s, the compound ptaquiloside (PTA) was isolated as a major toxin in 
bracken (Saito et al., 1989; van der Hoeven et al., 1983). Subsequent research in Denmark 
identified that ptaquiloside was widely present in bracken throughout the growing season, in 
the rhizomes and soil beneath bracken stands, and that PTA could readily be washed off 
bracken fronds (Rasmussen et al., 2003a). Given the association of bracken with upland 
areas and the fact that the uplands provide over one third of the water supply for England 
and Wales, there was a possibility that these drinking water supplies could be at risk from 
PTA contamination.  In order to provide an indication of the reality of this risk, the Drinking 
Water Inspectorate (DWI) commissioned a desk-based research project to undertake a 
preliminary risk assessment of ptaquiloside in drinking water supplies (Defra project 
WD0811). Project WD0811 utilised existing information available in the literature to consider 
the fate of PTA in the environment, and it adopted a pesticide fate model to predict 
ptaquiloside concentrations in soil water from four soil types that are typically associated with 
bracken. Depending on the soil type, the 90th percentile annual maximum concentration of 
ptaquiloside in percolate (which was assumed to equate to raw water) over a 20-year period 
ranged from 4.2 to 11.5 µg/L, with an overall maximum of 26.7 µg/L. These predicted 
environmental concentrations (PECs) were a similar order of magnitude to measured data 
from drinking water wells in Denmark and Sweden, 4-6 µg/L and 45 µg/L respectively 
(Rasmussen, 2003). However, the production of ptaquiloside by bracken varies widely, even 
within a single stand of bracken; it also varies seasonally, and many uncertainties remain 
with regards to the release of PTA from bracken into the environment. The previous study 
highlighted the fact that, in the absence of any other data, ptaquiloside release assumed in 
the model was a) based on a single, unreplicated laboratory study with a duration of 1.5 
hours using 30 ml of water; b) the rate of ptaquiloside removal was assumed constant with 
successive rainfall events, yet no-one knows whether or not there is a continuous or a 
limited supply of ptaquiloside available for release into the environment. The release of PTA 
into the environment was highlighted as the largest area of uncertainty in the model.  The 
model was likely to predict degradation through the soil profile quite well, but degradation 
within a water body was not considered, and 100% bracken coverage was assumed. 
Consequently, whilst the model provided an estimate of ptaquiloside concentrations based 
on the data available at the time, a number of uncertainties were highlighted and the validity 
of the model predictions was not known.  Based on these extreme worst-case estimates, 
exposure to ptaquiloside via drinking water is likely to be minimal and is unlikely to pose a 
more significant risk than other routes of exposure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

2 
 

In order to characterise better the risk of ptaquiloside being present in raw and treated water 
in England and Wales, quantification of ptaquiloside in a small number of public and private 
water supplies was required.  
 
The objectives of the current study were to: 
 
1) Develop an analytical method for ptaquiloside with a limit of quantification of approximately 

1 µg/L and to test its performance. 

2) Identify 4 public supplies and 4 private supplies in England and Wales where there is 
considered to be a relatively high risk of finding PTA in the source and final waters.  

3) Identify any additional water quality parameters that may impact on the presence of 
ptaquiloside that will therefore support interpretation of the results. 

4) Devise and conduct a monitoring survey for ptaquiloside and other routine parameters at 
the chosen sites, in agreement with DWI. 

 5) Gather relevant hydrometric data such as rainfall, river flow data and reservoir levels for the 
sampling occasions/periods.  

6) Interpret the findings based on knowledge of the catchment conditions at the time of 
sampling and compare with the estimates obtained in the previous report.  
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2 MONITORING SITES 

The findings of Defra Project WD0811 “Ptaquiloside and other bracken toxins: A preliminary 
risk assessment” provided the basis for identifying high risk sites suitable for sampling. Using 
a GIS overlay of bracken coverage, soil type, rainfall, slope, and whether or not an 
abstraction point existed in the catchment, Project WD0811 identified 24 potentially high risk 
sites. In the current study, each site was visited in order to verify whether or not the site was 
indeed likely to be a high risk (see Table 1). In addition to the sites identified in project 
WD0811, water companies, the Lake District National Park, Local Authority Environment 
Officers responsible for risk assessing Private Water Supplies, contract aerial sprayers, and 
researchers in the field of bracken were contacted to ascertain whether there were any 
known areas of dense bracken in the vicinity of water supplies. This information request led 
to a further 6 reservoirs and 10 private water supplies being visited throughout England and 
Wales.  
 

Table 1 Sites previously identified as potentially h igh risk and subsequent groundtruth findings 
Catchment 
identifier Risk Comment 

1 Medium Lots of dilution 
2 Medium - low Immense dilution 

3 
Medium - low Dense bracken on hillside but ~ 800m from bracken to abstraction 

point 
4 Very low No bracken 
5 Medium Bracken on steep slopes, but wide, flat valley floor 
6 Low Lots of bracken, but inactive abstraction point. 
7 High Lots of bracken, but treatment works not currently in use. 
8 Medium - low Some bracken coverage  

9 
Medium Bracken immediately over collection area & some dense patches in 

catchment, but also lots of moorland 

10 

Low Wall-to-wall bracken over several hectares. The bracken was being 
baled for bedding. Although an abstraction licence was held, the 
abstraction point was no actively used. 

11 High Immense amount of bracken, (but serves small number) 

12 
Low Bracken coverage on steep slopes, but not on tops; inactive 

abstraction point 
13 Medium - Low Some bracken coverage; difficult access 
14 Very low Little bracken, mainly acid grassland 

15 
Low Dilution - Bracken near abstraction point, but main water supply (tarn) 

situated above bracken 
16 Medium - low Some bracken coverage 
17 Negligible Industrial water supply 
18 Very low Improved pasture 
19 Very low Very little bracken present; mainly semi-improved pasture 

20 
Medium - high One side of reservoir been cleared of bracken, but present in 

remainder of catchment and growing right up to water’s edge 
21 Negligible Industrial water supply 
22 Very low Little bracken, mainly acid grassland 
23 Low Little bracken – forest and grazing 
24 Low Primary abstraction point lies above where bracken present 

 
Based on the findings of project WD0811, the following factors were to be considered when 
identifying high risk sites: 
 
1. The density and coverage of bracken within the catchment and the proximity of the 

bracken to the actual abstraction point; 
2. Soil properties and slope 
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3. Water body type (reservoir, river, borehole) and, for reservoirs, residence time and 
catchment characteristics; 

4. Water treatment processes, targeting the highest risk, i.e. no treatment, filtration or UV; 
5. Proximity of the site to an existing hydrometric station; 
6. Access to the site, especially in winter. 

 
Following the groundtruthing  - which identified fewer high risk sites than first appeared 
based on the preliminary risk assessment - it was not possible to optimise all the above 
factors in choosing high risk sites, and the quantity of bracken in the catchment was the 
over-riding factor. Nevertheless, many of the desired factors were represented across the 8 
sites. The notable exception is the absence of a borehole/groundwater as a water body type, 
although springs are included. Two boreholes were visited, but these were considered to be 
low risk compared to other sites identified due to the depth of the borehole and the lower 
density of bracken in the surrounding area.  
 
Some of the potentially high risk sites identified in WD0811 did not in fact pose any risk, or 
only a small risk. One reason for this discrepancy is that the risk assessment in project 
WD0811 used the UK Landcover map (2000) 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. However, it was possible that smaller coverages of bracken 
may exist, but, due to their size, would not be classified as bracken. Given that a coverage 
of, for example, 80% bracken would still be likely to pose a potential risk but would not be 
classified as bracken in the Landcover map, an approach was needed to account for this, 
and the land classes bracken + acid grassland were used as a measure of bracken area in 
project WD0811. The site visits identified that some of the high risk sites did indeed 
comprise acid grassland, or other, and did not comprise dense bracken hence the identified 
‘potential’ risk was not realised. Other reasons why potentially high risk sites were not in fact 
a risk were: a) although there was dense bracken in the catchment, the abstraction point 
was situated above where the bracken was growing, and b) the abstraction point was no 
longer in use. 
 
A notable observation during the site visits was that it was commonplace for the steep(er) 
slopes surrounding a water body to be covered in dense bracken as far as the eye could 
see. However, when standing level with the water body, the flatter top of the hill was not 
visible, and it was only by walking to the top that it was possible to see that the vegetation on 
the higher, flatter land was typically characterised by moorland, rough grazing or similar with 
very little bracken. This pattern may arise due to several factors: a) bracken does not 
proliferate in water-logged soils, as associated with flatter land, b) it is easier to 
manage/keep bracken under control on the flatter land and there is more incentive to do so 
for grouse shooting, c) the steeper slopes are closer to the water body so weed control by 
herbicides may be discouraged by water companies and/or not permitted by the 
Environment Agency.  
 
This pattern of bracken growth means that, in terms of public perception, whilst a 
catchment may look completely covered in bracken, t he bracken does in fact 
comprise a lower proportion of the total catchment area than it may appear to do so.     
 
The findings of the site visits were discussed with DWI and eight sites were chosen for 
monitoring, two public and two private water supplies in both England and Wales. A 
summary of the sites included in the monitoring programme is given in Table 2.  
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Table 2 Summary description of the 8 monitored site s 
 

Site 
name 

County  Water body  
type 

Typical 
water pH 

Soil type  Catchment description  Treatment/Collection setup  

English 
Public 1 

North 
Yorkshire 

Reservoir 7.1 651a Belmont 
Dense bracken adjacent to main streams feeding 
into reservoir and all along lower slopes cf 
moorland on hill top. 

Dilution from other raw water,  
NaOH, flash mixer (ferric sulphate),  
Clarifier; rapid gravity filter, Chlorination 

English 
Public 2 

Cumbria River 6.5 

611a Malvern 
311e Bangor 

541j Denbigh 1 
721c Wilcocks 2 

Many dense bracken patches on lower slopes of 
hills, pasture on flat valley floor between foot of 
slope & river. Substantial dilution potential from 
tarn. 

Active flow clarification AlSO4 coagulation 
1st stage rapid gravity filter (solids), 
Chlorination 
2nd stage rapid gravity filter (metals), 
Chlorination 

English 
Private 1 

Herefordshire 
Spring with 

surface runoff 
influence 

8.0 
541d Eardiston 2 

 

Dense bracken all along hill slopes, only narrow 
hilltop for ‘dilution water’, spring situated just 
below bracken. 

Sedimentation tank, piped into brick holding 
tank, piped to house.  

English 
Private 2 

Herefordshire Spring 7.8 
541d Eardiston 2 

 

Dense bracken all along hill slopes, only narrow 
hilltop for ‘dilution water’, spring situated in 
bracken area. 

Brick collecting tank, but passes through 
quickly into 2700L plastic holding tank 

Welsh 
Public 1 Gwynedd Reservoir 6.1 654a Hafren 

Large patches of bracken around catchment 
interspersed with other vegetation. Bracken 
grows at water’s edge in some areas. 

Filtration 
UV, Chlorination (if required) 

Welsh 
Public 2 Gwynedd Reservoir 7.0 611c Manod 

Bracken grows right up to reservoir edge – 
growing in shingle ‘beach’. Bracken clearance on 
half the catchment, so bracken coverage on only 
~ 3rd of catchment. 

Filtration 
UV, Chlorination 

Welsh 
Private 1 

Gwynedd Spring 6.9 
611c Manod 
311e Bangor 

1013b Crowdy 2 

Large patches of bracken on slopes, bracken 
previously cleared in field where spring tapped 
although now bracken in immediate vicinity of 
spring. Extensive moorland on hill top. 

Plastic holding tank direct to house 

Welsh 
Private 2 

Powys Spring 7.7 
611c Manod 

713b Sportsmans 
713c Fforest 

Extremely dense bracken on adjacent hills, but 
clean inbye between bracken area and spring. 
Bracken harvested for bedding. 

Don’t spread manure in field above spring; 
concrete holding tank in field, piped to plastic 
water tank in house then to taps. Utility room 
receives water direct from concrete tank. 
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3 SAMPLING 

Samples were collected on a monthly basis (approximately) for 12 months during 
2014/2015. The actual timing depended on external factors such as the accessibility of the 
site and the availability of site engineers (at the public water supplies).  Samples were 
collected from the raw water source and from the treated water (public supplies)/kitchen tap 
(private supplies). Triplicate field samples were taken, but only 2 were analysed; the third 
sample being available for confirmation, or in case a spare was required. Samples were 
collected in 120 mL amber glass bottles which were pre-rinsed in the water to be collected 
immediately prior to collecting the sample. The rinsate was discarded downstream of the 
collection point. During each monthly sample collection, a single field control was generated 
by decanting demineralised water into a sample bottle in the field, and subsequently treating 
this as a sample. All samples were labelled with a unique number and each bottle was 
placed in a separate plastic bag. Samples were placed in a cool box with ice packs and a 
TinyTag data logger to record temperature for transport to Fera laboratories. The English 
private samples were collected by the home owners who were trained in the sampling 
procedure. These samples were collected in the morning and couriered to Fera. The English 
Public 1 samples were collected by Fera and the English Public 2 samples were collected by 
a water company. All the English Public samples arrived at Fera on the same day as 
collection. With the exception of one batch of samples, the English samples were generally 
extracted within 30 hours of collection. The Welsh samples were collected by the same 
person on a single day, stored overnight in a refrigerator and transported to Fera the 
following day. Samples were extracted on the day of receipt. All extracts were either 
analysed within hours of being extracted, or they were stored at 4°C and analysed within 48 
hours following extraction. 
 
Bracken fronds (n = 3) were collected during the bracken growing season from each of the 
sites and stored frozen prior to analysis. The fronds were collected after collection of the 
water samples in order to avoid cross-contamination. A single composite sample from each 
site was analysed to provide some indication of the levels of ptaquiloside in the fronds. This 
analysis was completed independently of the water samples to avoid cross-contamination. It 
was not the intention of this study to quantify the temporal variation in ptaquiloside in the 
fronds within a single site, as it has already been demonstrated that ptaquiloside is highly 
variable even within a single stand of bracken (Rasmussen et al., 2003b) and very many 
measurements would need to be made in order to generate any results that could be used to 
explain any patterns in water PTA concentrations. In this study it was intended that 
measurements of PTA in the bracken fronds would prove presence or absence of 
ptaquiloside. 
 
3.1 Storm event sampling 
 
At one of the reservoirs, in addition to the monthly samples, samples were collected from a 
feeder stream during three rain events in the height of the bracken growing season. This 
information would be a step towards providing validation data for the model and it could 
contribute to our understanding of the fate of ptaquiloside in the environment in order to 
assist with predictions and a general understanding of the risk that ptaquiloside may pose to 
drinking water. 
 
Over the course of a rain event, five consecutive grab samples were taken from the stream 
approximately every 20 minutes. Samples were stored in amber glass bottles and 
subsequently treated as described above. Rainfall data collected at 15-minute intervals (see 
section 3.2) were used to calculate the total rainfall during the sampling event. 
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3.2 Rainfall & hydrometric measurements 
 
Daily rainfall measurements were taken from the nearest Environment Agency rainfall 
monitoring station which all used tipping bucket rain gauges. In addition to the daily 
measurements, monthly data for the previous decade were obtained in order to provide an 
indication of how wet, or dry, the sampling month was compared to the previous 10-years. At 
3 of the reservoirs, rain gauges were on site (Table 3).  
 
 

Table 3 Approximate rain gauge distance from sampli ng site 
Site name  Approx. distance 

from rain gauge 
to site (miles) 

English Public 1 - reservoir 0 
English Public 2 - river 0 

English Private 1 - reservoir 4 
English Private 2 - reservoir 4 

Welsh Public 1 0 
Welsh Public 2 7 
Welsh Private 1 3 
Welsh Private 2 6 

 
 
Rainfall data for the sampling period compared to the longer term data are shown in Figure 1 
and Figure 2 which show the minimum, maximum and median monthly rainfalls, plus the 
total monthly rainfall of the actual month when a sample was taken. The notable observation 
is that September was a particularly dry month, whereas May was a wetter than average 
month.   
 
Hydrometric data was obtained from Environment agency hydrometric stations where it was 
available (English Public 2), or from water companies (Welsh reservoirs). Reservoir water 
level data were generally recorded at least every four days. When a sampling event 
occurred on a day where the water level was not recorded, the two water levels either side of 
the sampling date were averaged to give a mean value and this value was used as a 
measure of water level for the day of sampling. For the English reservoir, no water level data 
was provided by the water company. For the private water supplies there were no suitable 
hydrometric stations in the vicinity that would provide a reasonable estimate of water flow. 
Observations were made by the person collecting the samples if there were any extreme 
events. It had been intended to install an automatic sampler and flow recorder for the storm 
sampling events, but the site was not suitable due to the open access, the popularity of the 
area and the lack of control over the area.   
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Note the difference in scale for English Private 1 & 2 

 
Figure 1 Total monthly rainfall showing the maximum , minimum, and median values for the period stated,  plus for the month when a sample was taken for the  
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Figure 2 Total monthly rainfall showing the maximum, minimum , and median  values for the period stated, plu s for the month when a sample was taken for the 

Welsh sites 
 
The raingauge representative of Welsh Private 2 was situated only 6 miles away, but the results should be treated with caution as it would be 
expected that, for this upland area, the volumes would be more akin to Welsh Private 1. 
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4 CHEMICAL ANALYSIS 

4.1 Ptaquiloside standard 
There is no commercially-available ptaquiloside for calibration purposes, thus it was 
necessary to manufacture a ptaquiloside standard for the quantification of PTA in water 
samples. This involves extracting ptaquiloside from bracken, purifying the extract and 
confirming the purity. This task was undertaken by the University of Copenhagen. The purity 
of the PTA standard was verified by nuclear magnetic resonance (NMR) at the University of 
Copenhagen prior to dispatch and again at Fera.  
 
The first two batches of PTA were sent as a frozen powder, using dry ice to maintain 
cryogenic conditions. However, despite the purity being > 70% when dispatched, the 
samples degraded en route and the purity was ca. 20% or less when received at Fera. 
Following the receipt of 2 poor, quality standards, efforts were made to secure an alternative 
supply within the UK which would greatly reduce the possibility of degradation during transit. 
The potential supplier prepared a batch of ‘ptaquiloside’ standard, but when the purity was 
checked there was no ptaquiloside present, and the potential supplier made no further 
attempt to create any more PTA standard. The University of Copenhagen also had some 
difficulties in creating the PTA standard, and even when the same method was followed, the 
purity of the standard could be low (< 25%), requiring them to repeat the extraction on a 
number of occasions. However, the University of Copenhagen continued to develop their 
extraction technique and they were subsequently able to obtain a purity of > 90%. Following 
transport to Fera, this batch of PTA had a purity of 72% The University of Copenhagen 
subsequently proposed transporting the PTA standard dissolved in 40% methanol which 
would reduce the potential for degradation. This had the added benefit of less loss of the 
standard material, as it  was physically very difficult to remove residues remaining in the 
vessel in which it was stored when the ‘powder’ became ‘wet’ on freezing, due to sorption of 
water vapour. Given the immense resource required to manufacture small amounts of 
ptaquiloside standard, this was a significant loss of the standard material.  
 
The disadvantage of receiving ptaquiloside pre-prepared in methanol was that it could not be 
analysed by NMR directly, unlike the powder. The methanol-based sample would have to be 
dried and reconstituted in an NMR-compatible solvent, and this is reliant on accurate 
gravimetric measurements. However, these potential issues could be addressed and were 
far less problematic than the degradation during transport of the PTA powder. The final 
batch of ptaquiloside standard was sent in 40% methanol.  
 
4.2 Analytical method 
The analysis of ptaquiloside and pterosin B was based on the method of Jensen et al (2008). 
The stock solution was removed from the freezer and allowed to warm to room temperature. 
Calibration standards were made up in methanol : MilliQ water (1:1) in the range 1 – 
300 µg/L. The stock solution was returned to the freezer. Calibration solutions were 
prepared on the same day of extraction. All standards and samples for liquid 
chromatography (LC) were kept in amber glass vials to reduce the potential for photo-
degradation of the ptaquiloside.   
 
4.2.1 Extraction 
Oasis Max SPE columns (60 mg) were used to extract PTA and PTB from water samples. 
The cartridges were conditioned with 2 mL HPLC-grade methanol followed by 2 mL 
deionised water. A total of 20 mL of each water sample was transferred to the cartridge 
which was subsequently washed with 2 mL of MilliQ water followed by 2 mL of 15% (v/v) 
methanol. Elution was performed using 2 x 0.25 mL of 80% (v/v) methanol. MilliQ water 
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(0.5 mL) was then added to the extract and mixed thoroughly by inverting several times.  An 
aliquot (0.5 mL) of this was pipetted into a 2 mL amber vial for further hydrolysis to PTB (see 
section 4.2.4) and the remainder was capped in the vial for PTA analysis.     
 
4.2.2 Instrumentation 
LC-MS/MS: A Waters TQ-S UPLC-MS/MS system was used with associated Acquity UPLC 
sample manager, column manager and binary solvent system for the chromatographic 
separation of ptaquiloside and pterosin B. The column temperature was set to 40°C. 
Separation was performed using a 50 x 2.0 mm i.d, 3 µm Phenomenex Gemini C6-Phenyl 
110 Å column with an eluent of aqueous 3 mM ammonium acetate (A) and 40% methanol 
(B). The flow rate was set to 0.3 mL/minute. The retention times were 2.18 minutes for 
ptaquiloside and 3.11 mins for pterosin B. The injection volume was 3.0 µL. The gradients 
used were as follows: 
 
Time 
(Min) 

Flow Rate 
(µl/min) A (%) B (%) 

0 300 90 10 
1 300 60 40 

3.5 300 30 70 
4.0 300 10 90 
5.8 300 10 90 
8.0 300 90 10 

Detection was made using the detection mode in electrospray positive MRM. Ion traces of 
m/z 421.21> 241.1 (quantitative ion) for PTA and 421.21 >203.12 (qualitative confirmation 
ion) were recorded. For PTB ions monitored were m/z 219.3 > 201.0 (quantitative ion) and 
219.3 > 173.20 (qualitative ion). 
 
The limit of quantitation (LOQ) was 0.05 µg/L including the pre-concentration by SPE. 
Detection limits could be lower but were susceptible to a decrease in confirmation quality 
criteria, e.g. signal to background noise peak response and ion ratio acceptance ranges. 
 
4.2.3 Validation 
Validation of the method using the second batch of ptaquiloside standard using 6 replicates 
and river-water spiked with 50 µg/L ptaquiloside, gave recoveries of 45% and 57% for PTA 
and PTB respectively. Whilst this recovery is lower than preferred, the coefficient of variation 
was low (6.8%) indicating that the method is highly reproducible, thus providing confidence 
in the method.  
 
Each batch of samples contained an analytical blank (cf field blank) and two spikes – a high 
and a low concentration, 200 µg/L and 20 µg/L respectively, after pre-concentration. These 
underwent the same extraction and analytical procedures as the samples to give a measure 
of the analytical recovery. The majority of samples utilised the higher purity PTA standard for 
measuring the analytical recovery, and under these circumstances recoveries were typical 
between 70% to 100% for PTA and  80% to 130% for PTB which were an improvement on 
the initial validation recoveries.     
 
4.2.4 Hydrolysis 
The 0.5 mL aliquot remaining from the MilliQ water diluted SPE cartridge eluate that was 
pipetted into a 2 mL vial (see section 4.2.1), was hydrolysed by the addition of 75 µL of 1 M 
NaOH (aq), shaking the vial, and incubating it at 40 °C for 1 hour.  After cooling to room 
temperature, the solution was treated with 5 N H2SO4 (75 µL), vortexed, and analysed by 
UPLC-MS/MS (Fletcher et al., 2011). 
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4.2.5 Resin method 
Due to the initial low recoveries, an alternative approach to PTA analysis was also 
considered using polyamide resin. Polyamide resin is used in the clean-up stage during the 
manufacture of ptaquiloside from bracken. The resin is highly efficacious at removing PTB 
(Agnew & Lauren, 1991), although it can remove a small proportion of PTA as well. We 
tested the theory that it would be possible to determine the PTA content of a water sample 
by first removing the PTB from the sample using polyamide resin, hydrolysing the eluent to 
convert any PTA into PTB and then analysing the sample for PTB. We confirmed the 
findings of Agnew & Lauren (1991) that polyamide resin was effective at removing PTB, but 
the resin was also effective at removing PTA at the low concentrations of PTA that we 
considered (20 µg). The resin is ordinarily used for clean-up for extraction from bracken, i.e. 
very high concentrations of PTA and PTB. If the absolute amount of PTA removed is ca. 
10 µg, then this is insignificant when compared to the many milligrams of PTA being created 
from extracting bracken. However, an absolute value of 10 µg is a considerable proportion of 
the 20 µg loading we used in our tests which were representative of concentrations expected 
in the field. 
 
Analysis of PTA by pre-extraction of PTB from a water sample using resin, followed by 
subsequent conversion of PTA to PTB was discounted. 
 
 
4.3 Storage stability tests 
The impact of storage conditions (duration, temperature, glass or plastic) on the 
concentration of PTA in water samples was investigated. River water, collected from a 
bracken-free catchment, was spiked with a nominal concentration of either 20 µg/L or 200 
µg/L PTA, although due to the poor purity of the standard initially available, actual 
concentrations were calculated to be 5 and 50 µg/L. Samples were only spiked with PTA; 
any PTB detected was assumed to have come from the PTA. Samples were stored in either 
amber glass bottles or HDPE bottles and stored in the fridge (4°C) or freezer (-20°C). The 
duration of storage tested was 1 to 3 weeks.  
 
At the time of the test, only the relatively impure PTA standard was available and no PTA 
was detected at the lowest concentration. At the higher concentration recovery after 2 
week’s storage was higher than after one week’s storage in the freezer. Due to this anomaly 
with PTA, data relating to PTB – which, up to this point in the study, had been detected more 
reliably – was used to determine storage conditions, in addition to discussions with the 
developers of the original analytical ptaquiloside method and associated research. PTB 
recoveries were lower from plastic than glass, thus glass was chosen as the material in 
which to collect samples.  
 
4.4 Does DOC in water affect PTA concentrations? 
Organic compounds can sorb to dissolved organic carbon (DOC) present in water which 
impacts on the fate of the compound in the environment (e.g. Katsoyiannis & Samara, 2007; 
Bejarano et al, 2005; Gooddy et al., 2007). As a large organic molecule that has some 
affinity for organic carbon (Rasmussen et al, 2005), it was possible that DOC concentrations 
in water could affect the ptaquiloside concentration. As a first step to investigating this 
theory, a simple test was undertaken where 3 concentrations of DOC-enriched water were 
prepared and the recovery of PTA quantified. DOC enriched water was generated by half-
filling a one-litre amber glass jar with John Innes peat compost and topping up the bottle with 
deionised water. The mixture was left to stand for at least 48 hours after which the water was 
decanted off. This created a visibly, highly coloured water. As this was a preliminary test, the 
DOC was not quantified and different concentrations were generated by diluting the initial 
water with river water, where the river water was collected from a bracken-free catchment 
(see Table 4). The test was performed in triplicate. 
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Table 4 Recoveries of PTA and PTB from water containi ng different concentrations of DOC 

 

Spike 
level 

  Mean % recovery 
Blank  
(1:1) 

High DOC  
(4:1) 

Medium DOC 
(0.67:1) 

Low DOC 
(0.25:1) 

PTA PTB PTA PTB PTA PTB PTA PTB 
1 µg/L < LOD < LOD < LOD < LOD < LOD < LOD <LOD < LOD 

10 µg/L < LOD < LOD 39 81 45 94 49 98 
 The ratio in parentheses is the volume of lab-generated DOC water:volume of river water 

 
The levels of DOC expected to be encountered in the field, based on the visual colour of the 
water, was that of the medium and low DOC for which there was no significant difference in 
the recoveries. 
 
4.5 pH  
Rasmussen et al (2005) investigated the stability of ptaquiloside in an aqueous solution for 
24 hours at 25°C.  They concluded that PTA was stable between pH 4-7 for 24 hours, but 
unstable below pH 4. The Danes postulated, from their experience, that PTA would be 
unstable above pH 8 although this was not verified under experimental conditions. A simple 
test was undertaken where river water from a bracken-free catchment was buffered to give 
contrasting pHs (pH 4.9 and pH 9.0) and spiked with known amounts of ptaquiloside to give 
concentrations of 0.5 and 10 µg/L ptaquiloside. At the lower concentration, no PTA was 
detected at pH 9, but it was detected at pH 4.9. Similarly, there was a lower recovery (14%) 
at high pH for the higher spike level compared to the samples at pH 4.9 (recovery = 38%; 
this was the typical ‘full’ recovery value for PTA during initial investigations). This test also 
demonstrated that there was some PTA remaining at the high pH level thus the impact of pH 
on a sample may be concentration dependent. 
 
4.6 Quantification of Ptaquiloside in bracken frond s 
The bracken fronds were freeze-dried for 1-2 days in a metal container covered by a lid 
containing numerous fine holes.  The freeze-dried fronds were transferred to a plastic bag in 
which they were crushed to a rough powder. A portion of this dry bracken (0.4 g) was 
transferred to a centrifuge tube and 15 mL of MilliQ water was added. The tube was shaken 
for 60 minutes on a shaker and then centrifuged for 20 minutes at 4°C and 3500 rpm. Serial 
dilutions of the supernatant were made using 40% methanol as the diluent. The solutions 
were filtered through a 0.2 µm syringe filter prior to analysis by LC-MS. Due to the expected 
high concentration of PTA (10-100 µg/L) the extraction phase described in section 4.2.1 was 
not required.  
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5 RESULTS - PTAQUILOSIDE CONCENTRATIONS IN RAW & 
DRINKING WATER 

5.1 Public water supplies 
There were no positive detections  of ptaquiloside or its degradation product, pterosin B, in 
any of the samples collected from the public water supplies in both England and Wales. For 
reference, the limit of quantification for all water samples was ordinarily 0.05 µg/L. 
 
5.2 Private water supplies 
There were no positive detections  of ptaquiloside or its degradation product, pterosin B, in 
any of the samples collected from the English private water supplies. 
 
There were no positive detections  of ptaquiloside or its degradation product, pterosin B, in 
the samples collected from the Welsh private water supplies. However, a small peak was 
observed in chromatographs of samples from a single sampling event (October 2014) at one 
of the sites, although this observation should be treated with extreme caution as the peak 
corresponded to concentrations (0.004 to 0.005 µg/L) well below the limit of detection (LOD) 
(<0.01µg/L), where the LOD is an operational definition defined as the peak height at which 
the signal is 3 times greater than that of the background noise.  
 
The primary reasons for reporting this observation is 1) there were no discernible peaks in 
any of the blanks, yet there were small peaks visible in the chromatographs for the samples 
discussed here, albeit that these peaks were less than 3 x the background noise, hence they 
must be classed as < LOD in order to comply with UKAS accreditation; 2) when the samples 
were re-run using lower calibration standards (0.004 and 0.005 µg/L), the peaks of the 
samples were in accord with the peaks of these lower calibration standards further 
supporting the possible presence of PTA (at very low concentrations). Nevertheless, the 
formal result for this sample (reported in Annex 10) is less than the limit of detection (<0.01 
µg/L). Pterosin B was not detected in these samples although given the very low 
concentrations of (possible) PTA, and the slightly higher limit of quantification for PTB, it 
would not be expected to be able to detect PTB at these low concentrations. 

 
5.3 Rain event samples 
Ptaquiloside was detected in the feeder stream to one of the reservoirs, with concentrations 
ranging from < 0.05 µg/L to 0.35 µg/L. The first rain event of 14 August 2014 recorded the 
highest ptaquiloside concentrations with an average of 0.18 µg/L after a total 6.0 mm of rain. 
There were no positive detections of PTA on 01 September 2014 following 0.6 mm of 
rainfall. On 23rd September, there was a total of 4.6 mm of rain. Three out of 5 samples gave 
positive results (> 0.05 µg/L) with a mean concentration of 0.08 µg ptaquiloside/L for the 
positive results and an overall maximum of 0.11 µg/L. Including all the samples for this rain 
event to calculate the mean gave an average concentration of 0.05 µg/L.  
 
The apparent increase in ptaquiloside stream water concentrations with the higher rainfall 
volumes was investigated further by looking at the 15 minute rainfall data in relation to the 
concentration of the individual samples at each time point, but no pattern could be observed. 
It is possible that although higher rainfall amounts can wash more ptaquiloside from the 
fronds, there also reaches a point when dilution from upstream in the catchment influences 
the streamwater concentrations. 
 
Pterosin B (PTB), a more stable degradation product of ptaquiloside, was not detected in 
any of the streamwater samples, although this may partly be a facet of the higher limit of 
quantification (0.5 µg/L). As expected, when the samples were hydrolysed (see section 
4.2.4) to force the degradation of PTA, PTB was detected in all those samples where PTA 
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was also detected. PTB concentrations in hydrolysed samples from the first storm event 
ranged from 0.5 to 13 µg/L for the positive detections (one sample < 0.5 µg/L) and 2 – 3 µg 
PTB/L in the last storm event. Although there was a positive relationship between PTB and 
PTA concentrations, this was not consistent and it was not possible to establish a predictive 
relationship of one concentration from the other.  
 
5.4 Ptaquiloside in the bracken fronds 
 
The ptaquiloside content of the fronds was quantified following freeze-drying and the results 
are presented in Figure 3. There was wide variation between the sites; the variability of the 
ptaquiloside content of bracken is known (Rasmussen et al, 2003b).  
 

  
 

Figure 3 Ptaquiloside content of bracken fronds from  each monitoring catchment 
 

 
 
The only known previous measurements of ptaquiloside content of British bracken were 
reported in project WD0811 and the information is provided below (Table 5) for reference. 
 
 

Table 5 Ptaquiloside concentrations in the fronds of  Scottish bracken 
 Ptaquiloside µg/g dry frond 

 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) 

 
 
The quantities of ptaquiloside in bracken in the current study are generally higher than those 
reported for Loch Grannoch, with the highest amount in the current study being > 10 mg 
PTA/g dry weight bracken. The quantities of PTA associated with bracken at the English 
private sites are relatively low, but still comparable to the lower values in Table 5  It should 
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be noted however that Rasmussen (2003) air-dried his bracken samples whereas samples 
were freeze-dried in this study, and it has subsequently been demonstrated that treatment 
method prior to extraction significantly influences the quantity of illudane glycosides 
(including PTA) and pterosins recovered (Caceres-Pena et al., 2013), with significantly less 
recovery (~ 30%) for air-dried samples compared to freeze-dried samples. The data on the 
PTA content of bracken in this study further support the fact that this is a spatially variable 
factor. 
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6 MODEL REFINEMENT 

The quantification of ptaquiloside in the feeder stream of the English Public 1 site presented 
an opportunity to validate the model developed under project WD0811. Where appropriate, 
parameters within the model were changed to match those of the catchment monitored, and 
these are discussed in more detail below. 
 
6.1 Overview of the original PTA leaching model 
Leaching of PTA from the soil profile was simulated using the PEARL model (FOCUS 
PEARL version 4.4.41). PEARL is a mechanistic model that describes the hydrology of the 
soil, the transport of water through the soil and the fate and transport of chemicals entering 
the soil. Its main use is for the risk assessment of pesticide leaching to groundwater in 
support of pesticide registration in Europe. However, as a pesticide is a large organic 
molecule, and the behaviour of chemicals in the environment depends on the physic-
chemical properties of the compound and not its functional ‘class’ as determined by humans, 
it is reasonable to assume that the environmental fate of ptaquiloside, which is also a large 
organic molecule, can be described by the same processes that affect pesticides, and hence 
the same model can be used. 
 
The PEARL model is one-dimensional (vertical flow down the profile); lateral flow in the soil 
profile itself, or dilution with water from nearby areas was not included. It was assumed that 
water reaching the bottom of the soil profile entered surface water without any further dilution 
or degradation. The model reports the annual average concentration by dividing the total 
PTA in leachate by the total water volume that leached from the soil over the whole year.  
 
The model was used to calculate the amount of PTA in water seeping from the soil profile, 
which can then potentially enter the stream by lateral flow across the bedrock into the 
stream. The amount of PTA  leaching from the soil depends on: 1) the amount of rainfall, 2) 
the amount of water taken up by the vegetation and/or evaporating from the soil surface (and 
therefore reducing the amount of water leaching from the soil), 3) the amount of PTA 
released by the plants, 4) the amount of PTA binding to the soil (and therefore reducing its 
mobility) and 5) the amount of PTA broken down in the soil by hydrolysis or microbial 
degradation.  
 
Input for the PEARL model can be divided into: Soil properties, local weather data, 
vegetation properties and substance properties. 
 
6.1.1 Soil profile 
Soil properties are key to determining the fate of chemicals in the environment and these are 
dependent on soil type. In the original model, the soil types included in the model were 
determined on the basis of bracken coverage, i.e. those soil types that were most commonly 
found under bracken. These soils were Eardiston, Malvern, Manod and Bangor. Whilst these 
soils were present at several of the monitoring sites (see Table 2), the soil at the English 
Public 1 site was Belmont and the model was changed to reflect this. 
 
The Belmont soil properties were taken from the SEISMIC database2. The Belmont soil 
series is part of the stagnopodzols group, characterised by a peaty topsoil and periodically 
wet bleached subsurface horizon over an iron-enriched subsoil3. Table 6 shows the texture 
and organic matter content of the soil horizons implemented in PEARL. The soil profile is 
75 cm deep on top of bedrock. The top 10-cm layer is organic. Hydrological properties of the 

                                                
1 www.pearl.pesticidemodels.eu/focus.htm; 
2 http://www.landis.org.uk/services/seismic.cfm 
3 http://www.landis.org.uk/services/soilsguide/series.cfm?serno=113 
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soil were taken from the SEISMIC database, or calculated using the Hypres pedotransfer 
function (Wösten, 1999) when missing.  
 

Table 6 Soil texture properties for the Belmont soil  series (from SEISMIC)  
Soil layer  depth  sand%  clay %  OM% OC%* 

1 0-10 - - 30.34 17.6 
2 10-20 70 18 5.69 3.3 
3 20-21 55 24 8.45 4.9 
4 21-50 24 23 3.10 1.8 
5 50-75 23 13 1.03 0.6 

*Calculated using the standard equation OM% = 1.724 x OC% 
OM = organic matter; OC = organic carbon 

 
The organic carbon content is a key parameter in determining PTA leaching as PTA has 
some ability to bind to organic carbon. Although the organic carbon content of the Eardiston 
and Malvern soils (> 40%) was higher than that of the Belmont, the depth of this organic 
layer in the Belmont soil is twice that of the Eardiston and Malvern series and therefore the 
Belmont soils potentially provides a greater opportunity for retention and/or degradation of 
ptaquiloside. 
 
6.1.2 Weather data 
PEARL requires input of daily weather data including rainfall, minimum and maximum 
temperatures and potential evapotranspiration. To cover a range of weather conditions, 20-
years of historical data from Okehampton was used. The data was taken from FOCUS, 
which is ordinarily used for pesticide leaching assessments. Figure 4 shows the annual 
rainfall in each of the 20 years of the Okehampton weather data. The total amount of rainfall 
at the English Public 1 site during April 2014-March 2015 was circa 940 mm, which 
corresponds to the amount of rainfall in year 15 of the Okehampton dataset.  
 

 
Figure 4 Annual rainfall in the 20-year Okehampton weather data (blue bars) and the rainfall measured 

during the 12-month field measurements at Embsey (re d line).    
 
6.1.3 Bracken cover 
The vegetative (bracken) cover was simulated in PEARL by assuming a leaf area index (LAI) 
of 4 and a rooting depth of 60 cm. This compares to the properties of a field with oilseed 
rape. The vegetation was assumed to start growth on the 1st of May, reaching its maximum 
rooting depth of 60cm and a plant height of 0.5 m on the 15th of May, and continuing to grow 
to a maximum plant height of 1.2m on the 23rd of July. The plant then dies off on the 1st of 
November.  
 
Although the plant foliage dies in November, the dead plants remain all year around. There 
is some evidence that ptaquiloside is present in dead bracken plants (Saito et al., 1989), 
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thus, in the model, it is assumed that PTA is available to be leached all year round. This is 
achieved in the model by setting the leaf area index of bracken to 4 for 12 months of the 
year. The dead plant roots will however not be taking up water from the soil during winter 
(thus there will be more water available to induce leaching), and the rooting depth was 
therefore set to zero during winter. These attributes are all the same as the original version 
of the model.  
 
6.1.4 PTA release from bracken 
There is little information on how much PTA is released by bracken plants during its growth 
and/or decay cycle. Project WD0811 assumed a maximum concentration of 700 µg/L which 
was based on a single small experiment by Rasmussen (2003). Unpublished work (Jones, 
2014) demonstrated that ptaquiloside was consistently removed with 3 simulated successive 
‘rainfall  events’ (~ 30 mL deionised water) with a gap of 20 minutes between each one. In 
addition, throughfall samples were collected from beneath the bracken canopy. Ptaquiloside 
concentrations in these samples were much higher than the simulated rainfall and more akin 
to the concentrations of Rasmussen (2003). The throughfall concentrations also had a 
positive correlation with rainfall. Both these findings provide supporting evidence that PTA 
loss is dependent on rainfall volume and that the assumption that there is a continuous loss 
of ptaquiloside during a rain event, with the quantity of PTA removed (and therefore entering 
the soil) is not unreasonable. The relatively high quantities of PTA measured in throughfall at 
the English Public 1 site indicate that there is no need to amend the loading of PTA in the 
model. However, this variable can also be used as a measure of bracken coverage as 
essentially, the less bracken, the lower the PTA loading. To investigate the impact of this, a 
lower loading scenario was also considered (10 µg/L). bracken coverage in the original 
model was 100% and a reduction from 700 µg/L to 10 µg/L is large but this stance was taken 
in order to illustrate clearly the possible impact of this variable on the model output. 
 
The daily amount of PTA entering the soil is calculated from the concentration (700 or 10 
µg/L) multiplied by the total amount of rainfall on that day.  
 
 
6.1.5 PTA properties 
The fate of PTA in soils depends on its binding to soil, and on how quickly it is degraded by 
hydrolysis or microbial degradation. Binding to the soil is described in PEARL by sorption on 
soil organic matter using the Freundlich sorption coefficient Kom = 2.7 and Freundlich 
exponent 1/n = 0.95. Degradation was described by a half-life of 2 days (DT50 = 2 days) at 
reference conditions (soil temperature of 20°C and soil moisture content at pF2). PTA is 
non-volatile and highly soluble, therefore its vapour pressure was set to zero, and its 
solubility to a very high value. These parameters remain unchanged. 
 
6.2 Modelling Results  
 
The predicted annual average ptaquiloside concentrations in percolate for the high and low 
loading scenarios are given in Appendix 13 with summary statistics in Table 7. 
 
Table 7 Summary statistics of the predicted annual a verage ptaquiloside concentration in percolate for a 

20-year period for different soil and PTA loading s cenarios 
 Annual Average ptaquiloside concentration (µg/L)  
 High PTA release Low PTA release 
 Eardiston Belmont Belmont 

90th percentile 2.09 0.21 0.002 
Average 1.28 0.14 0.001 
Median 1.03 0.07 0.001 
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Ptaquiloside concentrations in the Belmont soil (English Public 1 site) were predicted to be a 
factor of 10 lower than from the Eardiston soil, which was identified as a worst case soil for 
PTA leaching in project WD0811. The annual average predicted concentrations at the high 
PTA loading scenario compare well to the measured data in the feeder stream during the 
storm event (see calculations below) and indicates that the order of magnitude of the 
predictions is reasonable.  
 
The measured overall mean stream water concentration of PTA during the rain events was 
calculated as 0.088 µg/L, where a value of 0.025 µg/L (half the LOQ) was assigned to 
samples with a concentration of < LOQ. For comparison, assuming these < LOQ values to 
be 0.001 µg/L, gives a mean concentration of 0.075 µg/L.   
 
The predicted PTA concentrations reported above are annual average concentrations and 
these do not necessarily reflect the concentrations that will occur during a single rain event. 
The model output data were investigated further. For the 15th year - which had the similar 
total rainfall as English Public 1 site - the annual average concentration showed a small peak 
in May, very low concentrations over the summer (higher temperatures = more degradation, 
and higher evapotranspiration = less water available for leaching), and a large peak in 
November when there is more water available for leaching (PTA is present/available for 
leaching all year round). To date there is no information on the temporal variation of in-
stream concentrations of ptaquiloside, thus it is not possible to verify, or otherwise, whether 
this pattern of loss is realised. 
 
An alternative approach was taken where the annual maximum value of PTA leached was 
the parameter considered. The model output data are given in Appendix 14 with summary 
statistics in Table 8.  
 
Table 8 Summary statistics of the predicted annual m aximum ptaquiloside concentration in percolate for 

a 20-year period for different soil and PTA loading scenarios 
 Maximum  ptaquiloside concentration (µg/L)  

 High PTA release Low PTA release 
 Eardiston Belmont  Belmont 

90th percentile 11.5 1.40  0.013 
Average 6.3 0.72  0.007 
Median - 0.31  0.003 

 
 
Figure 5 illustrates the daily maximum concentration of ptaquiloside through year 15 – the 
closest total annual rainfall to English Public 1 site – for the low loading scenario and Figure 
6 for the high PTA loading scenario. The pattern of loss is exactly the same and it is the 
concentration (vertical axis) that differs. 
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Figure 5 Daily maximum PTA concentration for Year 15  for the low PTA loading scenario 
 
 

 
 

Figure 6 Daily maximum PTA concentration for Year 15  for the high PTA loading scenario 
 
 
It is reiterated here that the predicted concentrations from the model are for percolate and 
the model does not account for any dilution. The small feeder stream is likely to receive such 
percolate, hence the good comparison of concentrations. However, the water in the main 
reservoir is likely to be subject to dilution, hence there were no positive detects for PTA or 
PTB in the raw water to the drinking water treatment works. 
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7 DISCUSSION 

The key finding of the monitoring programme is that there were no positive detections of 
ptaquiloside in any of the public water supplies, despite these being identified as potentially 
high risk sites as surmised by the dense bracken coverage in the catchment, the proximity of 
the bracken to the abstraction point, and the pH of the water, where PTA was expected to be 
stable in the pH range 4 to < 8. The ptaquiloside content in the bracken at the English Public 
1 site was high (~ 1.7% of dry weight) and therefore potentially a high risk, but no PTA was 
detected in the raw water or drinking water at this site. Similarly, there were no reliable 
positive ptaquiloside detections at any of the private water supplies, despite these also 
appearing to be high risk based on knowledge of bracken coverage and absence of any 
water treatment. 
 
It was identified in project WD0811 that private water supplies were likely to have the highest 
risk of ptaquiloside contamination due to the absence of a treatment technology that is likely 
to degrade PTA, but also, there is less potential for dilution and storage (and hence time for 
degradation) compared to public water supplies. This comparative high risk remains, 
although the actual risk to private water supplies is lower than originally considered in project 
WD0811 due to the practical consideration of water quantity when people are choosing a 
water supply. Where possible, homeowners will choose a water supply that flows throughout 
the year regardless of rainfall amount. Such a flow is more likely to be associated with 
aquifers that do not respond to surface water flow. Where aquifers exist, there is greater 
opportunity for degradation of PTA as water flows towards it, and during storage. In addition, 
some or all of the catchment area of a spring/aquifer could lie beyond the above-ground 
watershed in which the spring is situated, thus the actual risk may be lower than perceived 
based on above-ground information.  
 
Ptaquiloside was present in the bracken at all sites, so a PTA source was confirmed. It was 
further demonstrated, at one site, that PTA could enter streams in the immediate vicinity of 
bracken and be present at detectable concentrations (up to 0.38 µg/L) in this small feeder 
stream. These same samples also confirmed that hydrolysis of samples to PTB could be 
used to confirm the presence of PTA although, given that the limit of quantification for PTA 
(< 0.05µg/L) was ordinarily ten times lower than that of PTB (0.5 µg/L) the use of PTB as a 
tracer of PTA may have limited value. 
 
The presence of PTA in the feeder stream but the total absence of any PTA or PTB in the 
reservoir indicates that the in-stream/in-reservoir dynamics and/or storage conditions could 
be relevant to the environmental fate of PTA, but there is a dearth of research in this area. In 
the case of the feeder stream, there was large dilution in the reservoir, plus there was 
substantial aeration - which may or may not augment degradation – as the water flowed 
down an open channel to the drinking water treatment plant.  
 
There are several factors in the environment that affect the fate of ptaquiloside once it has 
been released. Ptaquiloside is a highly unstable compound, as evidenced by the 
degradation of the initial standard. It was expected that pH in particular would influence PTA 
concentrations, based on the findings of Rasmussen et al (2005). For 5 out of the 8 sites, the 
typical pH of the water sampled was between 6.1 and 7.1 which is the pH range in which 
ptaquiloside is stable. The remaining 3 sites (English private 1 and 2, and Welsh Private 2) 
the pH was closer to 8. At this higher pH, PTA is expected to be more unstable (Rasmussen 
et al., 2005). It was noted that the springs of the private water supplies were all small and 
somewhat similar in magnitude to the feeder stream of the reservoir where PTA was 
detected. The absence of PTA and PTB in the private water supplies indicates that either 
exposure is different at the springs, as the hydrological connection between the initial PTA 
source and the spring water may be more tortuous than that of the feeder stream, or 
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perhaps the storage of water in the field affects PTA concentrations. It is intended to follow 
up the latter theory with further research outside the current study.  
 
The absence of any positive detects in the monthly monitoring programme negated the 
possibility of confirming, or otherwise, the relationship between pH and ptaquiloside 
concentrations in water. Other factors that were to be considered that could have an impact 
on the concentrations of PTA in water were the treatment process at the drinking water 
treatment plant, water volume (as an indicator of dilution), and season, but similarly, no 
correlations could be made due to the absence of any positive detects. It was postulated that 
if PTA was present in raw water that it would be relatively easy to treat by pH-amendment 
due to its unstable nature.  
 
The maximum concentrations detected in the feeder stream to the reservoir, per rain event 
were 0.35 µg/L, < 0.05 µg/L and 0.11 µg/L for the 1st, 2nd and 3rd rain event respectively. For 
the first and last rain event, the measured concentrations were greater than the maximum 
predicted concentration in percolate for the low loading scenario (Figure 5) and comparable 
to predicted concentrations of the high loading scenario (median maximum concentration = 
0.31 µg/L, Table 8). The amount of PTA detected in washoff at the English Public 1 site was, 
on the whole, more than ten times lower than that of Rasmussen (2003) and it was for this 
reason that a low loading scenario was included in the model. However, it was also identified 
that the ptaquiloside content of the bracken at the English site was high – in the order of 
mg/g dry weight bracken, and over five times higher than that recorded by Rasmussen et al 
(2003). This finding again illustrates our lack of understanding regarding the release of PTA 
from bracken to the wider environment, and how variable it can be. However, when all the 
information is considered together, reasonable use can be made of the information, as 
evidenced by this study and the similarity between the measured streamwater 
concentrations and the model predictions.  
 
The fact that the Welsh company were not successful in extracting PTA from bracken even 
though they had previously done so, and they could not explain why there was no PTA in the 
extract supports the notion that creating PTA standards is a difficult process. The initial 
difficulties with the ptaquiloside standard reflected the fact that research in this area was still 
in the developmental stage when the project commenced, and during the course of the 
project the initial problems were addressed at the University of Copenhagen as they 
continued to develop research in relation to ptaquiloside. The finding that PTA can be stored 
in methanol successfully will assist future research.  
 
 
7.1 Future work 
The University of Copenhagen and Fera are continuing their collaboration and they intend to 
investigate some of the outstanding issues. To provide further confidence to householders 
with private water supplies it is intended to undertake a laboratory experiment to investigate 
the efficacy of simple, inexpensive ‘treatment’ processes.  
 
In-stream dynamics of ptaquiloside has been identified as an area where there has been no 
research and this could partly explain the lack of ptaquiloside detected in raw water 
abstracted for drinking water compared to the concentrations in the feeder stream, although 
it is acknowledged that for the relevant site in this study, dilution is likely to have been a 
major factor in the reduction of PTA concentrations of the feeder stream. Information on PTA 
dynamics within the stream will contribute to describing its fate after release and the 
information could be used to improve predictive modelling and to re-affirming the low risk of 
PTA contamination of public drinking water supplies. 
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10 APPENDIX – PTA & PTB CONCENTRATIONS IN INDIVIDUA L WATER SAMPLES 

 

 
 

Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

8 < LOD < LOD 19 < LOD < LOD 30 < LOD < LOD 41 < LOD < LOD 52 < LOD < LOD 63 < LOD < LOD

9 < LOD < LOD 20 < LOD < LOD 31 < LOD < LOD 42 < LOD < LOD 53 < LOD < LOD 64 < LOD < LOD

4 < LOD < LOD 16 < LOD < LOD 27 < LOD < LOD 38 < LOD < LOD 49 < LOD < LOD 60 < LOD < LOD

5 < LOD < LOD 17 < LOD < LOD 28 < LOD < LOD 39 < LOD < LOD 50 < LOD < LOD 61 < LOD < LOD

Bla nk 7 < LOD < LOD 15 < LOD < LOD 26 < LOD < LOD 37 < LOD < LOD 48 < LOD < LOD 59 < LOD < LOD

73 < LOD < LOD 84 < LOD < LOD 95 < LOD < LOD 111 < LOD < LOD 119 < LOD < LOD 127 < LOD < LOD

74 < LOD < LOD 85 < LOD < LOD 96 < LOD < LOD 112 < LOD < LOD 120 < LOD < LOD 128 < LOD < LOD

70 < LOD < LOD 81 < LOD < LOD 92 < LOD < LOD 108 < LOD < LOD 116 < LOD < LOD 124 < LOD < LOD

71 < LOD < LOD 82 < LOD < LOD 93 < LOD < LOD 110 < LOD < LOD 117 < LOD < LOD 125 < LOD < LOD

Bla nk 69 < LOD < LOD 80 < LOD < LOD 91 < LOD < LOD 107 < LOD < LOD 115 < LOD < LOD 123 < LOD < LOD

Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

134 < LOD < LOD 142 < LOD < LOD 152 < LOD < LOD 160 < LOD < LOD 168 < LOD < LOD 176 < LOD < LOD

135 < LOD < LOD 143 < LOD < LOD 153 < LOD < LOD 161 < LOD < LOD 169 < LOD < LOD 177 < LOD < LOD

131 < LOD < LOD 139 < LOD < LOD 149 < LOD < LOD 156 < LOD < LOD 164 < LOD < LOD 172 < LOD < LOD

132 < LOD < LOD 140 < LOD < LOD 150 < LOD < LOD 157 < LOD < LOD 165 < LOD < LOD 173 < LOD < LOD

Bla nk 137 < LOD < LOD 145 < LOD < LOD 148 < LOD < LOD 159 < LOD < LOD 167 < LOD < LOD 175 < LOD < LOD

184 < LOD < LOD 192 < LOD < LOD 200 < LOD < LOD 215 < LOD < LOD 223 < LOD < LOD 231 < LOD < LOD

185 < LOD < LOD 193 < LOD < LOD 201 < LOD < LOD 216 < LOD < LOD 224 < LOD < LOD 232 < LOD < LOD

180 < LOD < LOD 188 < LOD < LOD 196 < LOD < LOD 211 < LOD < LOD 219 < LOD < LOD 227 < LOD < LOD

181 < LOD < LOD 189 < LOD < LOD 197 < LOD < LOD 212 < LOD < LOD 220 < LOD < LOD 228 < LOD < LOD

Bla nk 183 < LOD < LOD 191 < LOD < LOD 199 < LOD < LOD 214 < LOD < LOD 222 < LOD < LOD 230 < LOD < LOD

English 

Private 1

English 

Private 2

04-Feb-15

04-Feb-15

27-Feb-14 02-Apr-14 30-Apr-14 09-Jun-14 01-Jul -14 05-Aug-14

02-Sep-14 01-Oct-14 04-Nov-14 17-Dec-14 26-Jan-15

Ra w

Drinking

Ra w

Drinking

Ra w

Drinking

02-Sep-14 01-Oct-14 04-Nov-14 17-Dec-14 26-Jan-15

27-Feb-14 02-Apr-14 30-Apr-14 09-Jun-14 01-Jul -14 05-Aug-14

Ra w

Drinking
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Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

261 < LOD < LOD 274 < LOD < LOD 281 < LOD < LOD 286 < LOD < LOD 298 < LOD < LOD 306 < LOD < LOD

262 < LOD < LOD 275 < LOD < LOD 282 < LOD < LOD 287 < LOD < LOD 299 < LOD < LOD 307 < LOD < LOD

264 < LOD < LOD 271 < LOD < LOD 278 < LOD < LOD 289 < LOD < LOD 295 < LOD < LOD 303 < LOD < LOD

265 < LOD < LOD 272 < LOD < LOD 279 < LOD < LOD 290 < LOD < LOD 296 < LOD < LOD 304 < LOD < LOD

Bla nk 267 < LOD < LOD 277 < LOD < LOD 284 < LOD < LOD 292 < LOD < LOD # < LOD < LOD 309 < LOD < LOD

315 < LOD < LOD 322 < LOD < LOD 329 < LOD < LOD 336 < LOD < LOD 343 < LOD < LOD 350 < LOD < LOD

316 < LOD < LOD 323 < LOD < LOD 330 < LOD < LOD 337 < LOD < LOD 344 < LOD < LOD 351 < LOD < LOD

312 < LOD < LOD 319 < LOD < LOD 326 < LOD < LOD 333 < LOD < LOD 340 < LOD < LOD 347 < LOD < LOD

313 < LOD < LOD 320 < LOD < LOD 327 < LOD < LOD 334 < LOD < LOD 341 < LOD < LOD 348 < LOD < LOD

Bla nk 318 < LOD < LOD 325 < LOD < LOD 332 < LOD < LOD 339 < LOD < LOD 346 < LOD < LOD 353 < LOD < LOD

Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

391 < LOD < LOD 404 < LOD < LOD 411 < LOD < LOD 418 < LOD < LOD 425 < LOD < LOD 456 < LOD < LOD

392 < LOD < LOD 405 < LOD < LOD 412 < LOD < LOD 419 < LOD < LOD 426 < LOD < LOD 457 < LOD < LOD

394 < LOD < LOD 401 < LOD < LOD 408 < LOD < LOD 415 < LOD < LOD 422 < LOD < LOD 459 < LOD < LOD

395 < LOD < LOD 402 < LOD < LOD 409 < LOD < LOD 416 < LOD < LOD 423 < LOD < LOD 460 < LOD < LOD

Bla nk 397 < LOD < LOD 407 < LOD < LOD 413 < LOD < LOD 421 < LOD < LOD 428 < LOD < LOD 462 < LOD < LOD

466 < LOD < LOD 471 < LOD < LOD 477 < LOD < LOD 484 < LOD < LOD 491 < LOD < LOD 500 < LOD < LOD

467 < LOD < LOD 472 < LOD < LOD 478 < LOD < LOD 485 < LOD < LOD 492 < LOD < LOD 501 < LOD < LOD

463 < LOD < LOD 474 < LOD < LOD 480 < LOD < LOD 488 < LOD < LOD 494 < LOD < LOD 498 < LOD < LOD

464 < LOD < LOD 475 < LOD < LOD 481 < LOD < LOD 489 < LOD < LOD 495 < LOD < LOD 499 < LOD < LOD

Bla nk 469 < LOD < LOD 470 < LOD < LOD 483 < LOD < LOD 487 < LOD < LOD 497 < LOD < LOD 503 < LOD < LOD

02-Dec-14 21-Jan-15 11-Feb-15 04-Mar-15

Ra w

Drinking

01-Jul -14 29-Jul -14 15-Sep-14

30-Sep-14 11-Nov-14

Ra w

Drinking

English 

Public 1
11-Ma r-14 12-May-14  09-Jun-14

Drinking

29-Jul -14 15-Sep-14 30-Sep-1403-Jun-14 04-Nov-14

02-Dec-14 21-Ja n-15 11-Feb-15 04-Ma r-15 22-Apr-15

Drinking

13-May-15

Ra w

Ra w

01-Jul -14

English 

Public 2
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Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

524 < LOD < LOD 532 < LOD < LOD 540 < LOD < LOD 548 < LOD < LOD 556 < LOD < LOD 564 < LOD < LOD

525 < LOD < LOD 533 < LOD < LOD 541 < LOD < LOD 549 < LOD < LOD 557 < LOD < LOD 565 < LOD < LOD

521 < LOD < LOD 529 < LOD < LOD 537 < LOD < LOD 545 < LOD < LOD 553 < LOD < LOD 561 < LOD < LOD

522 < LOD < LOD 530 < LOD < LOD 538 < LOD < LOD 546 < LOD < LOD 554 < LOD < LOD 562 < LOD < LOD

Bla nk 528 < LOD < LOD 536 < LOD < LOD 544 < LOD < LOD 552 < LOD < LOD 560 < LOD < LOD 568 < LOD < LOD

572 < LOD < LOD 580 < LOD < LOD 588 < LOD < LOD 596 < LOD < LOD 604 < LOD < LOD 612 < LOD < LOD

573 < LOD < LOD 581 < LOD < LOD 590 < LOD < LOD 597 < LOD < LOD 605 < LOD < LOD 613 < LOD < LOD

569 < LOD < LOD 577 < LOD < LOD 585 < LOD < LOD 593 < LOD < LOD 601 < LOD < LOD 609 < LOD < LOD

570 < LOD < LOD 578 < LOD < LOD 586 < LOD < LOD 594 < LOD < LOD 602 < LOD < LOD 610 < LOD < LOD

Bla nk 576 < LOD < LOD 584 < LOD < LOD 592 < LOD < LOD 600 < LOD < LOD 608 < LOD < LOD 616 < LOD < LOD

Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

654 < LOD < LOD 662 < LOD < LOD 670 < LOD < LOD 678 < LOD < LOD 686 < LOD < LOD 694 < LOD < LOD

655 < LOD < LOD 663 < LOD < LOD 671 < LOD < LOD 679 < LOD < LOD 687 < LOD < LOD 695 < LOD < LOD

651 < LOD < LOD 659 < LOD < LOD 667 < LOD < LOD 675 < LOD < LOD 683 < LOD < LOD 691 < LOD < LOD

652 < LOD < LOD 660 < LOD < LOD 668 < LOD < LOD 676 < LOD < LOD 684 < LOD < LOD 692 < LOD < LOD

Bla nk 658 < LOD < LOD 666 < LOD < LOD 674 < LOD < LOD 682 < LOD < LOD 690 < LOD < LOD 698 < LOD < LOD

702 < LOD < LOD 710 < LOD < LOD 718 < LOD < LOD 726 < LOD < LOD 734 < LOD < LOD 742 < LOD < LOD

703 < LOD < LOD 711 < LOD < LOD 719 < LOD < LOD 727 < LOD < LOD 735 < LOD < LOD 743 < LOD < LOD

699 < LOD < LOD 707 < LOD < LOD 715 < LOD < LOD 723 < LOD < LOD 731 < LOD < LOD 739 < LOD < LOD

700 < LOD < LOD 708 < LOD < LOD 716 < LOD < LOD 724 < LOD < LOD 732 < LOD < LOD 740 < LOD < LOD

Bla nk 706 < LOD < LOD 714 < LOD < LOD 722 < LOD < LOD 730 < LOD < LOD 738 < LOD < LOD 746 < LOD < LOD

Welsh 

Private 1

Welsh 

Private 2

11-May-15 01-Jun-15

Ra w

Drinking

11-May-15 01-Jun-15

Ra w

Drinking

30-Jun-14 28-Jul -14 01-Sep-14 06-Oct-14 10-Nov-14 08-Dec-14

Ra w

Drinking

19-Jan-15 08-Feb-15 09-Ma r-15 20-Apr-15

Ra w

Drinking

19-Jan-15 08-Feb-15 09-Ma r-15 20-Apr-15

30-Jun-14 28-Jul -14 01-Sep-14 06-Oct-14 10-Nov-14 08-Dec-14
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Sample 

no.
PTA PTB

Sample 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mple 

no.
PTA PTB

Sa mpl e 

no.
PTA PTB

Sampl e 

no.
PTA PTB

915 < LOD < LOD 922 < LOD < LOD 930 < LOD < LOD 938 < LOD < LOD 946 < LOD < LOD 954 < LOD < LOD

916 < LOD < LOD 923 < LOD < LOD 931 < LOD < LOD 939 < LOD < LOD 947 < LOD < LOD 955 < LOD < LOD

911 < LOD < LOD 919 < LOD < LOD 927 < LOD < LOD 935 < LOD < LOD 943 < LOD < LOD 951 < LOD < LOD

912 < LOD < LOD 920 < LOD < LOD 928 < LOD < LOD 936 < LOD < LOD 944 < LOD < LOD 952 < LOD < LOD

Bla nk 914 < LOD < LOD 926 < LOD < LOD 934 < LOD < LOD 942 < LOD < LOD 950 < LOD < LOD 958 < LOD < LOD
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11 APPENDIX – PTA CHROMATOGRAPHS 

 
 

Non smoothed chromatogram for the mass transitions collected for PTA at the limit of quantitation (0.05 ng/ml in the sample). 
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12 APPENDIX – PTB CHROMATOGRAPHS 
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 Non smoothed chromatogram for the mass transitions collected for PTB at the limit of quantitation (0.05 ng/ml in the sample) 
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13 APPENDIX – MODELLING RESULTS: ANNUAL AVERAGE 

 
  

 Predicted annual average ptaquiloside concentration  
in percolate for the Belmont scenario 

Year High PTA release  
(700 µg/L) 

Low PTA release 
 (10 µg/L) 

1 0.127 0.001 

2 0.039 0.000 

3 0.069 0.001 

4 0.029 0.000 

5 0.874 0.009 

6 0.063 0.001 

7 0.021 0.000 

8 0.111 0.001 

9 0.047 0.000 

10 0.066 0.001 

11 0.031 0.000 

12 0.161 0.001 

13 0.136 0.001 

14 0.067 0.001 

15 0.026 0.000 

16 0.102 0.001 

17 0.107 0.001 

18 0.016 0.000 

19 0.146 0.001 

20 0.632 0.006 

 
 
Year 15 = closet total annual rainfall to English Public 1 
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14 APPENDIX – MODELLING RESULTS: MAXIMUM 

 Predicted annual maximum  ptaquiloside 
concentration in percolate for the Belmont scenario  

Year High PTA release  
(700 µg/L) 

Low PTA release  
(10 µg/L) 

1 0.613 0.0054 

2 0.301 0.0028 

3 0.314 0.0027 

4 0.220 0.0020 

5 4.478 0.0433 

6 0.213 0.0019 

7 0.166 0.0013 

8 0.595 0.0053 

9 0.124 0.0010 

10 0.402 0.0035 

11 0.156 0.0012 

12 0.504 0.0048 

13 0.818 0.0075 

14 0.242 0.0020 

15 0.186 0.0015 

16 0.303 0.0027 

17 0.353 0.0030 

18 0.115 0.0011 

19 1.209 0.0110 

20 3.146 0.0326 

 
Year 15 = closet total annual rainfall to English Public 1 

 


