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Abstract: Relatively high E. coli and Faecal Streptococci (FS) numbers have been reported in the
waters surrounding Blakeney Point, East Anglia, UK, an area containing significant shellfishery
industries including mussels and cockles, despite the implementation of development works aimed
at reducing residual contamination problems. The aim of this study was to evaluate the potential
of using bacterial analyses and sterol profiling to assess the current levels and source of faecal
pollution at Blakeney Point. No evidence of significant human faecal contamination of water in and
around Blakeney Point could be found using either traditional microbiological analyses or sterol
profile analysis. The presence of significant quantities of sitosterol, however, suggests that faecal
contamination of water from birds does occur but at the concentration detected would not affect
water quality. Analysis of cockles and mussels taken from the area show that negligible levels of
coprostanol were present, confirming that faecal pollution was not causing any contamination issues.
Apart from cholesterol, brassicasterol, an algal biomarker, as expected was dominant in shellfish
flesh. The results confirm that current water treatment processes are successful in ensuring water
quality at Blakeney Point and that a combination of microbial testing with sterol profile analysis
confirmed that low microbial concentrations of faecal contaminants present in and around Blakeney
Point most probably originate from migratory and/or resident bird species.
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1. Introduction

Bacterial indicators of faecal pollution, such as the faecal coliforms (FC)/faecal strep-
tococci (FS) ratio, have been extensively used to quantify faecal material entering aquatic
systems [1]. The main origins of faecal contamination found in rivers, streams, and estuaries
tend to be from the release of untreated sewage or treated wastewater effluent, stormwater
drains, industrial effluents, and run-off from adjacent animal farms [2–5]. Determining the
origin of faecal pollution, particularly in areas with established shellfisheries is essential
in both assessing potential health risks and implementing an effective remediation action
plan [6]. In a recent paper [1], this approach was used to identify a sewage outfall to be
the main source of FC impacting oyster beds, with additional FS from agricultural sources.
However, the application of bacterial indicators to identify sources of faecal pollution is
difficult due to the effect of different environmental conditions such as temperature and
salinity, which significantly affect bacterial survival rates [7–10]. Additionally, neither FC
or FS or their ratio can be used to identify sources of faecal pollution as there is no one
species restricted to a single animal [11–13].

Water 2021, 13, 3192. https://doi.org/10.3390/w13223192 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0003-2387-968X
https://orcid.org/0000-0002-1950-3543
https://orcid.org/0000-0002-4593-3010
https://orcid.org/0000-0002-2871-609X
https://doi.org/10.3390/w13223192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13223192
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13223192?type=check_update&version=1


Water 2021, 13, 3192 2 of 12

In contrast, the use of biomarkers, such as faecal sterols, can distinguish between
human and animal sources of faecal contamination [14–16]. In addition, other biomarkers
such as alkylnaphalenes [17], brominated dioxins [18], and polyaromatic hydrocarbons [19]
have been used as pollution biomarkers and to assess the health of marine mussels [20,21].
Sterols present in environmental waters can originate from human sewage, livestock
faecal input, wild bird populations, as well as benthic macro-invertebrates. The source
specificity is due to various factors including diet [15], the biosynthesis of specific sterols by
animals [9], and the transformation of sterols to stanols of various isometric configurations
by gut microflora [9,22]. Although individual sterols cannot per se differentiate between
sources of faecal pollution [23], different sterols are present in differing abundance or ratios
in animals [24–28]. Therefore, the detection and enumeration of sterols in aquatic samples,
together with the use of ratios of selected sterols, can differentiate between human and
animal faecal contamination, and possibly identify the group of animals which are affecting
water quality. Using sterol profile analysis, we recently reported that human and bird
sources contributed to the faecal pollution impacting the oyster beds in the Blackwater
Estuary, UK [16].

In this work, we extend earlier studies [1,16] by incorporating both bacterial-and
biomarker-based analysis at another important shellfishery producing estuary. Importantly,
we demonstrate the benefits of using both microbiological and sterol analyses and confirm
the general applicability of this approach to the global shellfish industry. In this study site,
relatively high E. coli numbers have been reported in the waters surrounding Blakeney
Point, despite the implementation of development works the purpose of which was to
reduce residual contamination problems. There exist several potential sources of contam-
ination that could impact Blakeney Point. This investigation examined water quality in
terms of faecal loading around Blakeney Point. Several sites were chosen as potential point
sources of faecal material from grazing cattle, wild bird populations, and human activity
(Figure 1). The aim of this study was to evaluate the potential of using bacterial analyses
and sterol profiling to estimate both the current levels and source of faecal pollution within
an important shellfish producing estuary. This approach may be widely applicable for use
as a management tool for the shellfish industry.
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2. Materials and Methods
2.1. Description of the Sampling Area

Blakeney Point is located within the North Norfolk Area and represents a 6.4 km spit
of flint-derived shingle and sand dunes, created by longshore drift (Figure 1). The different
sampling sites used in this study are shown in Table 1.

Table 1. Sampling site numbers, site name, and samples taken during the study.

Site Number Sampling Site Name Samples Types

1 Simpoles Head Mussels
2 Freshers Creek Cockles
3 Mortson Creek Water
4 Blakeney Harbour Water
5 Blakeney Harbour Sluice Water
6 Blakeney Channel (Scaupe Run) Water
7 River Cley (below weir) Water
8 River Cley (above weir) Water

2.2. Sample Collection

This investigation represents a rapid assessment during a single time period. A
clustered study design was used; water samples (5 L, n = 18) were collected at low tide,
in triplicate in Schott bottles with polytetrafluoroethylene (PTFE) lids cleaned using 3%
Decon 90, rinsed with distilled water and oven dried. Samples were analysed in the
laboratory within 12 h of sample collection. Eight sites were examined in total; Figure 1
shows the position of each sample site. Samples of shellfish were also taken from two sites;
shellfish (mussels and cockles, n = 20 for each) were collected from Simpoles Head and
Freshers Creek (Site 1 and 2, respectively). Results of water sample analysis represents
real-time contamination whilst results obtained from the shellfish represent accumulation
of contaminants over several weeks and therefore concentrations and profiles represent a
much longer time period.

All samples were stored in an insulated box containing ice packs. All samples were
kept at 4 ◦C until analysis.

2.3. Chemicals and Reagents

All chemicals and reagents used in this study were of analytical grade and used
without further purification. The following chemicals were purchased from Sigma-Aldrich
(Suffolk, UK): 4-methyl-umbelliferyl-β-d-glucuronide (MUG), methylumbelliferyl-β-d-
glucoside (MUD), methanol (CH3OH), hexane (C6H14) and chloroform (CHCl3) (all an-
alytical grade), trimethylsilyl (TMS), BSTFA (bis(trimethylsilyl)trifluoroacetamide and
5α-cholestane. A-1 media for the growth of bacterial indicators was purchased from Ox-
oid (Cheshire, UK). Ultrapure water (18.3 MΩ·cm−1) was used throughout. Helium was
sourced from BOC (London, UK).

2.4. Bacterial Analysis of Water

An aliquot (1 mL) of each water sample was mixed with 9 mL of sterile saline water. A
series of 10-fold dilutions (up to 10−3 for water) were prepared. Water was analysed using
an MTP method [29]. Briefly, A-1 medium used for the detection of E. coli and facial was
amended with 4-methyl-umbelliferyl-β-d-glucuronide (MUG) while for the enumeration
of FS, A-1 media was amended with methylumbelliferyl-β-d-glucoside (MUD) [29]. The
concentrations of E. coli and FS were estimated according to the most probable number
calculation with 8 wells and 5 tubes per dilution. The results were expressed as number of
bacteria per 100 mL of water.
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2.5. Sterol Extraction and Analysis

Water was filtered through pre-combusted (at 450 ◦C) GFF glass fibre filters (Whatman,
Kent, UK, nominal pore size = 0.45 µm, diameter = 47 mm). Water samples were quanti-
tatively extracted using the one-phase CHCl3/MeOH/H2O Bligh and Dyer method [30]
with a ratio of 1:2:0.8 (v/v/v). In this study, 30 mL of H2O, 75 mL of methanol and 37.5 mL
of CHCl3 were added to a separation funnel together with 10–20 µg of internal standard
(IS, 5α-cholestane). Sterols were derivatised into their corresponding trimethylsilyl (TMS)
ethers by the addition of 100 µL of BSTFA (bis(trimethylsilyl)) trifluoroacetamide.

2.6. Sterol Extraction from Shellfish

Shellfish were collected from Freshers Creek (mussels: Site 2) and from Simpoles
Head (cockles: Site 1). Shellfish flesh (n = 6 for each analysis) was cleaned by scrubbing
and washing in cold water and following removal, the flesh was freeze dried for 24 h
using Christ Alpha 1–2 LDplus −55 ◦C Freeze Dryer, and 10–15 g of the dried flesh
was homogenised and extracted using hexane [31]. Samples extracted with hexane were
derivatised as described above.

2.7. Sterol Analysis

Gas chromatography analysis was performed with a Carlo Erba 8060 GC, fitted with
a Fisons Mass Detector 800 (i.e., a mass spectrometer, MS). The GC conditions were as
follows: separation on an HT-5 column with a 25 m × 0.22 mm ID and 0.1 µm film
thickness using a cool on column injector and a temperature program of injection at 60 ◦C
for 2 min; 10 ◦C min−1 to 300 ◦C; 3 ◦C min−1 to 320 ◦C; 10 ◦C min−1 to 360 ◦C for 10 min.
Helium was used as the carrier gas at a flow rate of 2 mL min−1, and 1 µL injections were
carried out on the GC using an auto-injector (AS-800). The MS was used in the EI mode at
70 eV with mass scanning from 45 to 585 m/z over 1 s. The results were analyzed using
the MassLab 1.4 software package (ThermoQuest, Manchester, UK) provided with the
instrument. Identification of sterols was performed through a combination of standards
and application to the National Institute of Standards and Technology (NIST) mass spectral
library [32]. Peak identification was based on a relative retention time and total ion mass
spectral comparison with an external standard. Sterols were quantified by peak area
comparison with the internal standard 5α-cholestane. Extraction efficiency was between
85 and 110%; day-to-day variability showed a relative standard error of <10%. The limit of
detection was 0.01 µg L−1.

2.8. Statistical Analyses

MPN returns discontinuous data and therefore non-parametric statistical analysis was
used for all the MPN data. For comparisons between two samples, a Mann–Whitney U
test was used and for multiple sample comparisons, a Kruskal–Wallis test was used. To
determine any association between variables, Spearman’s correlation tests were carried
out. All statistical tests were performed using SigmaStat.

Analysis of variance (ANOVA; p = 0.05) was used to determine significant differences
among the major sterols and total sterols. Prior to analysis, the homogeneity of variance and
normal distribution were assessed. When normality was not fulfilled, data transformation
was performed prior to ANOVA (e.g., log transformation) [32]. ANOVA was followed by
the Tukey post hoc test. Pearson correlation between sterols in shellfish flesh and potential
sources of faecal contamination in water samples was carried out using SPSS version 24.
Both p values, 0.01 and 0.05, were used for correlation analysis. Results are presented as
mean ± standard error, unless otherwise stated.

3. Results and Discussion
3.1. Microbial Analysis

Highest concentrations were obtained from Freshers Creek (Site 2—see Figure 1), with
E. coli numbers reaching 400 per 100 mL of water. This number is significantly below the
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Bathing Waters Directive guidelines (Bathing Water Directive 2006/7/EC) if they were
applied; concentrations obtained from other sites were significant lower. There was no
significant difference in concentrations determined within the River Cley (Sites 7 and 8) and
within the Blakeney Channel at Scaupe Run (Site 6) and Simpoles Head (Site 1). Lowest
concentrations were determined at Morston Creek (Site 3).

Compared to many inland waters affected by faecal contamination, the E. coli con-
centrations are low in most samples examined (Figure 2a). In one study examining E. coli
concentrations in water overlying oyster beds at low tide monitored over 12 months
ranged from 0 to 367 cells 100 mL−l [1]. The same study also identified concentrations
of E. coli > 5000 cells per 100 mL−1 in stream water. In another study examining E. coli
concentrations in rivers in south-west Victoria, Australia E. coli concentrations were re-
ported >10,000 cfu/100 mL−1 [33]. The authors were examining the impact of agricultural
contamination on water quality.

In contrast to the numbers of E. coli identified, extremely high concentrations of FS
(17,000 per 100 mL) were observed at Blakeney Harbour Sluice; generally, FS concentrations
were high at many of the sites. Apart from Blakeney Harbour Sluice, high concentrations
were also observed at Freshers Creek (2000 per 100 mL). Blakeney Harbour also showed
relatively high concentrations of FS but there was no significant difference in the concen-
trations of FS determined for the other sites. The numbers reported are similar to a study
examining FS concentrations in water overlying oyster beds at low tide, which reached
13,500 cells 100 mL−1 [1]; the same study reported FS concentrations in stream water were
reported as high as >25,000 cells per 100 mL−1.

The E. coli: FS ratio can be used to indicate the most probable source of faecal con-
tamination and with limited accuracy predict if pollution is from humans or animals [7].
Ratios > 4 suggest human and ratios < 0.7 suggest that animals are the major contributor
to faecal pollution. In all cases, the ratio recorded were <0.25, suggesting that the major
contributor to the faecal pollution of Blakeney was animal based. There were no differences
between the River Cley sites, sites situated within the Blakeney Channel (Scaupe Run and
Simpoles Head) and Freshers Creek. These sites exhibited significantly higher ratios than
those observed at the remaining sites. The values obtained suggest that animals play a
more important role in influencing faecal contaminations at Blakeney, although the low
ratios determined for the Blakeney Harbour and Morston Creek sites are due to high FS
counts and low E. coli counts, suggesting that these latter sites are more affected by animal
pollution than the other sites, although the E. coli:FS ratio cannot be used to differentiate
between animals.

3.2. Sterol Concentrations and Sterol Profile Analysis of Water Samples

Having established the animal nature of the faecal contamination at sites around
Blakeney Point, sterol analysis was carried out on the same samples (Figure 3A). Total
sterol concentrations in water samples were highest within Blakeney Harbour Sluice.
Concentrations were at an intermediate level within Blakeney Channel and lowest within
Blakeney Harbour and the River Cley (Figure 3A). The range of total sterol concentrations
observed were generally lower than the 250 ng 100 mL−1–480 ng 100 mL−1 range that was
reported for water overlying Salcott Creek oyster fisheries over a 12-month period [16].

In terms of the sterol profile, this was largely dominated by cholesterol. Cholesterol
dominates the sterols presents in all samples besides Site 1, the River Cley Above the
Weir where no sterols were detected. Cholesterol is found in many different organisms
and although it can indicate faecal pollution, the lack of specificity associated with this
parameter does not lend well to its use as a species faecal biomarker. In a previous study,
cholesterol was found to represent on average 49% of the total sterol concentration in
water overlying Salcott Creek oyster fisheries over a 12-month period. In the present
study, cholesterol represents 89% of the total sterol concentration reported across all sites
(480 ng 100 mL−1).
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Figure 2. (A). Concentrations of E. coli in environmental water samples taken during low tide from 
around Blakeney Point. Values represent mean data. (B). Concentrations of Faecal Streptococci (FS) 
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Figure 2. (A). Concentrations of E. coli in environmental water samples taken during low tide from
around Blakeney Point. Values represent mean data. (B). Concentrations of Faecal Streptococci
(FS) from environmental water samples taken during low tide from around Blakeney point. Values
represent mean data. (C). The ratio of E. coli to Faecal Streptococci in water samples collected
from around Blakeney Point during a low tide period. (1) Simpoles Head, (2) Freshers Creek,
(3) Mortson Creek, (4) Blakeney Harbour, (5) Blakeney Harbour Sluice, (6) Scaupe Run, (7) River Cley
(below weir), (8) River Cley (above weir). Lower case letters above the bars (A,B) a, b, c, denote the
significance between the sites at p < 0.05.
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Figure 3. (A). Total water sterol concentrations of at each of the sites. Concentrations (ng per 100 mL of seawater) are given
in ranges and are indicated by the different sized symbols and are indicated by the different sized symbols. (1) Simpoles
Head, (2) Freshers Creek, (3) Mortson Creek, (4) Blakeney Harbour, (5) Blakeney Harbour Sluice, (6) Scaupe Run, (7) River
Cley (below weir), (8) River Cley (above weir). (B) Relative concentrations of sterols in water samples taken from around
Blakeney Point during a low tide period with omission of cholesterol.

Figure 3B represents the relative concentrations of sterols in the absence of cholesterol.
Relatively high concentrations of coprostanol, a faecal biomarker, was the only sterol found
within the River Cley, below the weir (12 ng 100 mL−1). Coprostanol was also detected
at Scaupe Run, immediately downstream from the River Cley (20 ng 100 mL−1) and at
Simpoles Head (6 ng 100 mL−1) (Figure 3B). Coprostanol represents the principal sewage
biomarker, suggesting human origin of faecal material. However, no individual sterol
can differentiate between sources of faecal pollution because they are not restricted to one
organism [23]; coprostanol is also present in the faeces of pigs and cats [14,34]. At Scaupe
Run, however, relative high concentrations of sitosterol were also detected suggesting, in
the absence of fucosterol, that animal grazing activity and resulting faecal input could be
affecting this site along with contamination from the River Cley originating below the Weir.
High concentrations of sitosterol, indicative of terrestrial vegetation and grazing animal
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activity including birds, were also found at Blakeney Harbour Sluice (28 ng 100 mL−1),
which drains a grazing marsh, Simpoles Head (12 ng 100 mL−1) which, coupled with
the other sterols suggest that the relative high concentrations of sitosterol is a result of
faecal contamination from herbivores, most probably grazing birds [35]. Water sampled at
Scaupe Run and Morston also exhibited low concentrations of fucosterol, an indicator of
the presence of microalgae [36].

At Simpoles Head (Site 1) within the Blakeney Channel and downstream from Sites 7
and 8, the relative concentration of coprostanol decreases further whilst sitosterol increases,
suggesting that grazing activity is increasingly more important as a source of contamination
downstream. Within Blakeney Harbour Sluice (Site 5), the dominant sterol other than
cholesterol is sitosterol which dominates the relative sterol profile, although coprostanol is
present within waters of Site 5 albeit at very low concentrations. Biomarkers of algae were
also abundant at Site 5. Within Blakeney Harbour, coprostanol and sitosterol dominate
with equal importance to the overall profile—cholesterol, and fucosterol, an indicator of
macroalgae is also relatively important, potentially due to elevated nutrients (an untested
variable). The relative sterol profile of Morston was very similar to that of the Harbour, but
less so with sitosterol and coprostanol becoming a slightly more important fucosterol.

Examination of the profile of sterols using absolute concentrations allows hypotheses
to be made regarding the extent of species pollution but when carrying out inter-site
comparisons, the varying levels of sterols present can lead to misinterpretation and false
conclusions. Such bias towards more heavily contaminated sites can be alleviated by
normalising the actual concentrations against the total sterol concentration present at a
particular site. The resulting value can be converted into the percentage and the relative
importance of the different sterols at each site can be investigated (Figure 4).
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Figure 4. The relative concentrations of coprostanol (5b-cop) and sitosterol in water samples, as
calculated from the total sterol concentration minus cholesterol, at various sites around Blakeney
as determined during a low tide period. (1) Simpoles Head, (2) Freshers Creek, (3) Mortson Creek,
(4) Blakeney Harbour, (5) Blakeney Harbour Sluice, (6) Scaupe Run, (7) River Cley (below weir),
(8) River Cley (above weir).

Figure 4 shows how the relative contribution of coprostanol and sitosterol varies
with site within the study area. The relative importance of coprostanol decreases from
The Cley and Scaupe Run (Site 6 to 5). Out of all sites, highest concentrations of the two
sterols was found at Blakeney Harbour Sluice (Site 5), which is dominated by sitosterol and
relative levels and actual concentration of coprostanol levels are low. The importance of
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the two sterols then becomes equal at Morston and Blakeney Harbour (Sites 3 and 4) due
to decreased concentrations of sitosterol rather than increases in coprostanol.

3.3. Sterol Concentrations and Sterol Profile Analysis of Shellfish

The sterol profile of cockles and mussels was dominated by cholesterol. The concentra-
tion of this sterol was 1700 µg g−1 dry weight of flesh in mussels and 1180 g g−1 dry weight
in cockles (Figure 5). Cholesterol, previously reported to be present at high concentrations
in mussels [37], is a constituent of animal cell membranes and therefore found in most
organisms [38]. Brassicasterol was the second-most abundant sterol present in profiles of
cockles and mussels (Figure 5). Brassicasterol and chol5,22dienol are both indicators of
phytoplankton [27,39] and are abundant in shellfish flesh, probably reflecting the feeding
habits of the two molluscs. No coprostanol was detected, confirming that human sewage
does not impact either the mussels or cockles. Relatively high concentrations of sitosterol
suggest that grazing animal species may have a minor impact in terms of faecal input.
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3.4. Relationship between Sterol and Microbial Concentrations in Water Samples

To determine whether there are significant correlations between bacterial faecal indi-
cators and the two specific faecal sterols indicators coprostanol and sitosterol regression
analyses were carried out (Figure 6). Coprostanol is a general indicator of human sewage
and there was a strong association (R2 = 0.92, p < 0.001, n = 6) between E. coli numbers and
coprostanol concentrations (Figure 6A). In contrast, there was no significant relationship
between concentrations of E. coli and sitosterol, cholesterol, or total sterol concentrations
(data not shown). No significant relationship between FS and coprostanol, cholesterol,
and total sterol concentrations were observed (data not shown). However, a significant
relationship with sitosterol (R2 = 0.82, p < 0.001, n = 6) was observed (Figure 6B). The
correlation observed between the bacterial indicators and the main sterols identified in
the study (Figure 6) confirm not only the complementarity of the two approaches but also
the benefits of combining both bacterial and sterol profile analyses to elucidate the likely
source of faecal pollution. This approach can provide an important management tool to not
only monitor shellfish quality but also identify the sources of faecal pollution impacting
shellfish quality, allowing specific remedial action to be taken.
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4. Conclusions

The aim of this research was to enumerate and identify the extent and source of faecal
contamination impacting the waters surrounding Blakeney Harbour using both traditional
microbiological and novel sterol profile analytical approaches. Previously relatively high
E. coli and FS numbers have been reported in the waters surrounding Blakeney Point,
East Anglia, UK, an area containing significant shellfishery industries, including mussels
and cockles, despite the implementation of remedial works aimed at reducing residual
contamination problems. The highest concentrations of the faecal indicator E. coli were
obtained from Freshers Creek (Site 2 with E. coli numbers reaching 400 per 100 mL of water).
However, this number is significantly below the Bathing Waters Directive guidelines if
they were applied; in contrast, FS concentrations were high at many of the sites, reaching
17,000 per 100 mL Blakeney Harbour Sluice. The E. coli: FS ratio at all sites were <0.25,
suggesting that the major contributor to the faecal pollution of Blakeney was animal based,
with latter sites more affected by animal pollution.

Sterol profile analysis identified cholesterol as dominating the sterols present; choles-
terol is found in many different organisms and does not represent a species faecal biomarker.
Although coprostanol, a sewage biomarker was the only sterol found within the River Cley,
the concentration was low (12 ng 100 mL−1), confirming that no significant human faecal



Water 2021, 13, 3192 11 of 12

contamination could be detected in waters around Blakeney Point. Rather, the presence
of sitosterol in water samples suggests that the native bird population may be the main
source of faecal contamination, although at the concentration detected, it would not affect
water quality.

Analysis of cockles and mussels taken from the area confirm that faecal pollution was
not impacting shellfish quality. Apart from cholesterol, brassicasterol, an algal biomarker, as
expected was dominant in shellfish flesh. The results confirm that current water treatment
processes are successful in ensuring water quality at Blakeney Point and that a combining
microbial testing with sterol profile analysis led to concluding that microbial low residual
concentrations of faecal contaminants present in and around Blakeney Point most probably
originate from migratory and/or resident bird species.
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