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Appendix I  Regulatory 
framework controlling 
catchment-based FIO 
sources

Appendix I.1  Regulatory framework for 
controlling catchment-based sources of 
faecal pollution
River Basin Management Planning (RBMP). 

The Water Environment and Water Services (Scotland) 
Act 2003 (as amended), aka WEWS Act, which transposes 
the Water Framework Directive (WFD) (2000/60/EC) 
to national law, requires SEPA to assess and address the 
pressures impacting the water quality in BWPA and SWPA. 
The aim is to achieve good classification status (or, if this 
is not possible, to reduce pressures) by 2027, as part of 
the plan developed under the RBMP process (SEPA 2015a; 
b). The plans are produced every six years by SEPA on 
behalf of Scottish Government (SG) and summarise: the 
state of the water environment; pressures affecting the 
water environment where it is in less than good condition; 
actions to protect and improve the water environment; 
and the objectives or outcomes following implementation. 
In this context, pressures posing a risk of faecal 
contamination to BWPA and SWPA must be detected and 
controlled. 

Controlled Activities Regulations. 

Rural diffuse pollution and direct effluent discharges to 
the water environment (i.e. rivers, lochs, transitional/
estuarine waters, coastal waters, groundwater, and 
groundwater-based wetlands) are controlled under the 
Water Environment (Controlled Activities) (Scotland) 
Regulations 2011 (as amended), also known as CAR. 
These regulations arose from the WEWS Act and cover 
a range of polluting activities including discharges to the 
water environment and diffuse pollution from agricultural 
management. SEPA issue authorisation, if appropriate for 
such activities. The type of authorisation required depends 
on the environmental risk of the proposed activity. In the 
context of microbiological pollution, there are three levels 
of control. The first level refers to the Diffuse Pollution 
General Binding Rules (DP GBR), which provide statutory 
controls over diffuse pollution from agricultural activities. 
The second level requires registration for activities which 
individually may pose a low pollution risk but cumulatively 
may pose a risk to the water environment, such as in 
the case of wastewater discharges to watercourses and 

to soakaways from septic tank systems (STS)1 serving a 
population equivalent (p.e.)2 of less than or equal to 15. 
The third level of control involves granting a licence for 
site-specific controls, particularly if constraints upon the 
activity are to be imposed, as in the case of Granted Point 
Sources (GraPS), which include: outflows of wastewater 
treatment works (WwTW); combined sewage overflows 
(CSO); stormtank overflows (STO); stormwater drains; 
emergency overflows (EO); and discharges (including 
those to soakaways) from STS serving more than 15 p.e.

The priority catchment approach. 

The Rural Diffuse Pollution Plan (RDP Plan) was launched 
in 2011 and aims to help SEPA to control diffuse 
pollution sources and to deliver the objectives set under 
RBMP (DPMAG-SEPA 2017). The RDP Plan includes a 
“national awareness-raising campaign” and the “priority 
catchment approach” for catchments where tackling 
diffuse pollution requires a more focused intervention. 
The priority catchment approach takes targeted action 
through a sequential process of assessing pressures, 
raising awareness, providing advice to land managers 
on compliance with DP GBR and delivering guidance on 
options available via the Scotland Rural Development 
Programme (SRDP) support to improve and protect 
water quality, beyond compliance with regulations. 
All waterbody catchments draining to BWPA and 
SWPA, hereafter reported as BW and SW catchments, 
respectively, are included in the priority catchment 
approach (DPMAG-SEPA 2017). With respect to faecal 
pollution, which is the major cause of non-compliances 
in BWPA and SWPA, the priority catchment approach 
targets issues related to poaching from livestock, poorly 
maintained consented STS and unlicensed sewage 
discharges (SEPA n.d.b). However, the only tangible 
information on STS in Scotland are their modelled - but 
not yet verified – locations. 

Appendix I.2  Microbiological surveys 
Microbiological surveys within BW and SW catchments. 
The BWPA and SWPA regulatory framework also 
requires undertaking microbiological surveys to identify 
FIO pressures and delineate the areas influencing the 
classification results at BWPA (i.e. bathing water profiles) 
and SWPA (i.e. sanitary profiles). The regulations do 

1	  A septic tank system (STS) consists of a septic tank and 
a soakaway, aka drainfield or leachfield. The effluent produced 
through physical settlement (primary treatment) of wastewater 
in the septic tank is subsequently overspilled to the soakaway for 
further treatment. Readers are advised to refer to an earlier CREW 
report by O’Keefe et al (2015), which reviewed evidence on STS 
design.
2	  For domestic housing, a minimum of 5 p.e. is used for 
any house with up to and including three bedrooms.
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not specify how microbiological surveys and monitoring 
of catchment-based FIO sources should be conducted 
to inform RBMP and the priority catchment approach. 
However, expert guidance is available to help agencies 
comply with the European Union (EU) regulatory 
framework (Appendix I.3). 

Bathing water profiles

The Bathing waters (Scotland) Regulations 2008, hereafter 
reported as BWPA Regulations, require SEPA to establish 
and thereafter keep under review, a bathing water profile 
for every bathing water (Part 2, par. 6). The minimum 
contents of a Bathing Water profile (hereafter reported 
as BW profile) are described in Box 1. Every BW profile 
must be reviewed at regular intervals ranging from every 
two years for BWPA classified as “poor” to every four 
years for BWPA classified as “good”. The frequency of 
reviews depends on BWPA water quality status, the nature 
and severity of the pollution impacting the BWPA, and 
the need for re-evaluating the management measures. 
In case of short-term pollution events, the profile must 
provide information on their frequency and duration and 
detail management measures for their elimination and/or 
control. 

Box I.1. Regulatory requirements for bathing water 

(BW) profiles.

With respect to microbiological pollution every BW 

profile must 

•	 Describe the physical, geographical and 
hydrological characteristics of the BWPA and of 
those waterbodies in its respective catchment area 
that could be sources of pollution to the BWPA.

•	 Identify the causes of potential pollution to BWPA 
and the public health risk.

•	 Identify the location of a monitoring point where 
most bathers are expected

•	 Provide information on causes, frequency and 
duration of short-term pollution in BWPA.

•	 Detail the management measures to eliminate the 
causes and control a short-term pollution event.

Source: Bathing waters (Scotland) Regulations 2008, 

Part 2, par.6.

The BWPA Regulations do not specify what monitoring 
techniques and strategies must be applied to identify the 
causes, sources, variability and duration of faecal pollution 
within BW catchments.

SWPA: Sanitary surveys

The Water Environment (SWPA: Environmental Objectives 
etc.) (Scotland) Regulations 2013, hereafter reported as 
SWPA Regulations, provide specifications for the setting of 
environmental objectives, the preparation of programmes 
of measures, and the content of the monitoring 
programmes. SWPA monitoring must, inter alia, assess 
risk to achieving the objectives that have been set for 
each SWPA. For a detailed account of national legislation 
on SWPA and its implementation see the CREW report 
produced by Akoumianaki et al (2018).

In parallel, Regulation (EC) 854/2004 (Annex II)3 requires 
competent authorities (e.g. food standard agencies) 
to undertake a number of tasks prior to granting a 
classification grade to a Shellfish Production Area (SPA). 
These tasks are collectively known as sanitary surveys 
and apply to all SPA sitting within SWPA. Sanitary 
surveys must account inter alia for all likely sources of 
faecal pollution of human and animal origin into the 
SPA, and their seasonal variations in the catchment area 
and in relation to rainfall, waste-water treatment and 
area-specific relevant factors (Box 2). In Scotland, Food 
Standard Scotland (FSS) monitors shellfish E. coli in each 
SPA sitting within a SWPA and has the responsibility for 
undertaking sanitary surveys. 

Box I.2. Sanitary survey tasks. 

A sanitary survey must: 

•	 Make an inventory of the sources of pollution of 
human and animal origin likely to be a source of 
contamination for the production area.

•	 Examine the quantities of organic pollutants in 
relation to seasonal variations of both human and 
animal populations in the catchment area, rainfall, 
waste-water treatment and area-specific relevant 
factors.

•	 Determine the characteristics of the circulation of 
pollutants by virtue of current patterns, bathymetry 
and the tidal cycle in the production area.

•	 Establish a shellfish sampling programme based 
on the examination of established data, and with 
a number of samples, a geographical distribution 
of the sampling points and a sampling frequency 
which must ensure that the results of the analysis 
are as representative as possible for the area 
considered.

Source: Regulation (EC) 854/2004, Annex II: 
Chapter II, Part A: par. 6

3	  This lays down the requirements for the organisation 
of official controls for live bivalve molluscs from classified SPA 
where commercial harvesting of bivalve shellfish is allowed. In 
Scotland, the competent authority for its implementation is Food 
Standard Scotland. 
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Appendix I.3  Guidance on undertaking 
bathing water profiles.
The European Environment Agency (EEA) produced a 
document providing guidance on undertaking BW profiles 
(hereafter reported as the EEA Guide) to support Member 
States in developing BW profiles (EEA 2009). The EEA 
Guide represents an informal consensus position on best 
practice, which is not legally binding.

The tasks prescribed in the EEA-Guide include two steps: 

(i) initial surveys (field or desk-based) to gather 
information on locations and types of all potential FIO 
sources and help to identify the main FIO sources which 
have the potential to influence BWPA status; 

(ii) a closer examination of the main FIO sources involving 
monitoring, statistical analyses of historical data and 
modelling in order to understand temporal variability of 
FIO delivery to a BWPA and inform further management 
action. 

These steps are detailed below.

Steps to identify the area or zone of influence and FIO 
variability therein.

1.	 Initial surveys refer to initial field or desktop mapping 
of all FIO sources with the aim of identifying the main 
FIO sources, i.e. the FIO sources with the potential to 
influence water quality in the BWPA. Initial surveys 
may focus on:

•	 The immediate vicinity of the BWPA, i.e. the 
shoreline. 

•	 The waterbody catchment(s) adjacent to the 
coastal/inland BWPA.

•	 The whole river catchment from headwaters 
to the BWPA (i.e. BW catchment), only for 
situations where the initial survey indicates a risk 
from multiple types of diffuse pollution sources in 
all sub-catchments nested in the BW catchment.

2.	 A “closer examination” of the main FIO sources may 
involve one or more tasks, depending on available 
resources and FIO risk. These tasks are summarised 
below.

•	 Using published, generic figures of FIO 
concentrations in various types of point-sources. 
For example, generic figures of FIO in different 
types of wastewater effluent discharges to a 
BWPA or in streams discharging to a BWPA can 
help to assess which FIO point sources may exert 
an influence on BWPA status. For small enclosed 
BWPA influenced by small stream discharges 

or direct effluent discharges into these streams, 
generic FIO figures can be introduced to simple 
spreadsheet models for estimating microbiological 
fluxes and attenuation during freshwater 
transport4. 

•	 Investigating FIO monitoring and/or 
experiments. This type of monitoring is essential 
to capture all scales of temporal variability and 
understand which FIO sources must be controlled 
to improve BWPA status. Investigating FIO 
sources and in-stream FIO variability may require 
one to four years’ worth of data. The EC-GW 
Guide does not mention explicitly where and how 
investigative monitoring or experiments should 
take place, mainly because circumstances vary 
by Member State and catchment. However, it is 
mentioned that this monitoring can take place 
over a range of circumstances such as dry vs wet 
weather, winter vs summer, and day vs night.:

oo At the outlet of waterbody catchments with 
rural land use.

oo At the stream/river mouth to the coastal area 
within or adjacent the BWPA.

oo Downstream wastewater effluent discharge 
points.

•	 Using modelling tools. Accounting for dilution 
during FIO transport and bacterial decay from 
source to the BWPA is essential to assess whether 
a given FIO point source can really influence a 
BWPA. A simple approach is to account for T90, 
which refers to the time required for elimination 
of 90% of a population of microorganisms in-
stream under a range of values of temperature, 
flow in-stream, tidal current speed, UV radiation, 
salinity, and stream-length or distance of a source 
from river mouth. Indicative T90 values for E. coli 
in freshwaters in temperate regions mentioned in 
the EC-BW Guide are based on Beaudeau et al., 
2001: 

oo T90 <4hours for small rivers up to 8-10 km 
long.

oo T90 >4h for rivers more than 10 km long and 
increases with stream depth and turbidity. 

For BWPA that are influenced by a complex river 
network, modelling can be used for estimating 
microbiological fluxes and attenuation during 
transfer from sources to a BWPA5. FIO transport 

4	  In Scotland, this may be more relevant to SWPA 
located in small lochs rather than to BWPA, which are often 
located in open coastal areas. 
5	  FIO transport models are not further explored because 
their need and requirements will be explored in CREW projects 
that are under development.
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models are not explicitly mentioned in the EC-BW 
Guide. This can be partly attributed to the very few 
examples of models projecting FIO transport from 
catchment based FIO sources to the sea at the time 
of developing the EC-BW Guide. In addition, the 
EC-BW Guide emphasises assessing FIO sources 
in the immediate vicinity of the BWPA, whereby 
understanding FIO transport can be based on 
statistical approaches and historical monitoring 
data (see below). It must be also noted that the 
EC-BW Guide emphasises estimating FIO dilution, 
dispersion and decay in seawater, highlighting the 
use of coastal hydrodynamic modelling to account 
for dispersion and duration of FIO plumes in the 
sea. 

•	 Analysis of historical data. Historical data refer 
to past events and circumstances pertaining to 
a particular BWPA. Linking historical data with 
routine monitoring data at BWPA can usefully 
contribute to assessing the influence of diffuse 
and point sources of FIO pollution, a prerequisite 
being a good understanding of locations and 
temporal variability of discharges from FIO 
sources. Linking can be explored through 
statistical analyses (i.e. correlation, regression, 
95th-percentile calculation), or more simply, 
visualised with graphs. Historical data can include:

oo Meteorological data at BWPA and if needed 
at the BW catchment (rain, temperature and 
solar radiation). The EC-BW Guide provides 
examples of exploring the influence of heavy 
rains on exceedances of FIO standards at 
a BWPA by simply comparing BWPA FIO 
during dry conditions and following heavy 
rain6. 

oo Bacteriological data related to exceedances of 
bathing water standards, in-stream FIO data, 

6	  This approach could not be trialled in Scotland because 
there were not sufficient in-stream FIO data. 

and content of direct discharges to BWPA. 

oo Data related to man-made pressures, such 
as numbers of visitors per bathing season; 
agricultural activity; point sources.

oo Bathing water characteristics, e.g. water 
temperature, oceanographic data), which can 
inform hydrodynamic modelling.

oo Registration of complaints; which may 
indicate the type of FIO source posing a risk 
to public health.

oo Any evidence on changes in activities or 
processes related to discharge of FIO to the 
BWPA or within the catchment draining to 
the BWPA.

Appendix I.4  Guidance on undertaking 
sanitary surveys prior to shellfish 
growing. 
A European Union (EU) expert working group 
has produced A Guide to Good Practice for the 
Microbiological Monitoring of Bivalve Mollusc Harvesting 
Areas-Technical Application authored by the European 
Reference Laboratory (EURL) and CEFAS, hereafter 
reported as the EURL-CEFAS-SW Guide (EURL-CEFAS 
2017). The purpose of the Guide is to assist competent 
authorities in implementing scientifically based OC 
programs. The recommendations identify good practice 
in the application of the sampling plan and sanitary 
surveys in order to meet the requirements or intent of 
the Regulation (EC) 854/2004. The EURL-CEFAS-SW 
Guide specifies how to undertake: a desk study to identify 
pollution sources; a shoreline (field) survey to confirm the 
findings of the desk study; a bacteriological survey, as part 
of field investigations; hydrographic surveys; assessment 
of historical microbiological data, if any; and overall 
evaluation of existing information. An earlier CREW report 
by Akoumianaki et al. (2018) reviewed in detail the tasks 
prescribed in the EURL-CEFAS-SW Guide in the context of 
SWPA. 



5

Table I.1 The SW Guide’s recommendation for the tasks in sanitary surveys. Source: EURL-CEFAS 2017a. 

Sanitary survey task Description and purpose

Desk based study 
to identify pollution 
sources

This involves:

•	 Characterisation of the production area 
•	 Identification of actual and potential pollution sources related to: 

oo Direct sewage discharges: continuous, rainfall dependent, emergency
oo Land use 
oo Livestock

Other pollution sources such as wildlife and ships and boats

A shoreline survey This is a field investigation (visual/sampling) to confirm initial findings of the desk-based study and whether 
all significant sources of contamination have been revealed by the desk-based study.

A bacteriological survey This is to explore and identify the worst-location and the worst- condition (i.e. rain or tidal stage, worst-
season) to account for increased FIO risk 

Analysis of historical 
microbiological data

Where such data is available for the species-area SPA, this analysis should supplement and not override the 
other elements of the sanitary survey.

Data assessment This may involve assessment of 

•	 the effect of each FIO source to the SPA based on available data and maps
•	 the combined shellfish contamination risk on from all faecal pollution sources
•	 hydrodynamic modelling to predict microbial load in SPA

Report This should describe (including maps) and interpret all data. Its major output is the microbiological sampling 
plan.

Data handling and 
storage

This refers to storing the data in a secure, well-organised and easily accessible, GIS-linked database to enable 
proper validation and access by all interested parties and subsequent analyses of the data.

APPENDIX II  MATERIALS 
AND METHODS

Appendix II.1  Literature review 
approach
Both peer-reviewed and grey literature was reviewed. 
Computerised searches for peer-reviewed literature were 
performed using web-based search engines such as 
ScienceDirect (SD 2018); Google Scholar (GS n.d.); Web 
of Science (WoS n.d.); the legislative database of the 
Food Agricultural Organisation-FAO, FAOLEX (FAOLEX 
n.d.); and the Official Home of UK legislation (n.d.). 
Evidence was also extracted by searching the web sites of 
the organisations involved in the undertaking of bathing 
water profiles in bathing waters and of sanitary surveys in 
shellfish waters. 

To answer the questions about microbiological monitoring 
strategies and “how often” and “where” monitoring 
should be carried out we searched the following terms 
(alone and in combination): microbial; bathing water* or 
bathing water protected area or swimming or recreational; 
“shellfish water* OR shellfish water protected area; 
“how often”; where; sampling or monitoring; microbial 
source tracking; Escherichia coli OR Bacter* OR microb* 
OR faecal indicator; “water framework directive” OR 
WFD; “sanitary survey* OR sanitary profil* OR bathing 
water profil*. The search output was screening for their 
relevance to the aim and objectives of the project and 
mainly informed the delivery of objectives 3, 4 and 5. 

Techniques/technologies

To address questions on new and existing technologies 
for monitoring FIOs, we searched the following terms 
(alone and in combination): Escherichia coli or E. coli 
or faecal indicator organisms or FIOs; monitoring or 
detection or methods; technologies or sensor or low-cost 
sensor; surface water; microbial source tracking. The 
search outputs were screened for their relevance to inform 
objectives 1, 2 and 3. In addition, expert advice was 
garnered from a water research and consultancy company 
and a company that manufactures science equipment. We 
asked for advice from WRc and Trace2O.

Appendix II.2  Data used for developing 
the GIS-based approach
Data used for developing the GIS-based approach to help 
assess placed-based risk of in-stream FIO contamination 
are outlined in Table II.2a and Table II.2b and are detailed 
below.

Location and type of treatment data for all potential FIO 
point sources from SEPA. We used locations of public 
or private point sources discharging directly or indirectly 
via a soakaway to surface waters or groundwater. We 
included the following types of point sources and effluent 
discharged.

•	 Effluent discharges granted by SEPA under Controlled 
Activity Regulations (CAR) (hereafter reported as 
“granted point sources”- GraPS) such as sewage 
effluent from:
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oo waste water treatment works (WwTW), from 
primary to tertiary treatment

oo combined sewage overflows (CSO), which 
discharge untreated effluent during stormflows

oo emergency overflows (EO), which discharge 
untreated effluent regardless of flow/rain

oo septic tanks serving more than 15 people, 
which usually discharge effluent after primary or 
secondary treatment

•	 Organic effluent from GraPS, which contains material 
of animal/vegetable origin from food and drink 
manufacture and exerts a notable Biological Oxygen 
Demand (BOD); it may also contain sewage.

•	 Other effluent from GraPS, which may be a mixture 
organic and inorganic effluent1 including leachate 
effluent.

•	 Trade effluent from GraPS, which refers to any 
effluent produced in the course of any trade of 
industry and businesses and carries the untreated 
water straight to local rivers, lochs and the coast.

•	 Surface water drainage effluent from GraPS, which 
runoff from residential land, industrial estates, 
motorways and roads, mines and construction sites.

•	 Effluent discharges from modelled locations of 
domestic septic tanks serving fewer than 15 people.

For modelled locations of domestic septic tanks, and 
modelled locations of septic tanks serving fewer than 15 
people, which are simply registered we used:

•	 Distance from watercourse (i.e. streams, rivers, lochs/
lakes and the coastline adjacent to BWPA and SWPA). 

•	 Soil runoff risk based on the runoff risk map of 
Scotland (partial cover) by Lilly and Bagaley (2018a). 
This map was included in the analyses because of 
uncertainties regarding the state and location of 
drainfields. For example, locating a drainfield in soils 
prone to surface runoff compromises the hydraulic 
performance of the drainfield (e.g. Withers et al 
2014), thus increasing the risk of FIO discharges to 
watercourses following storm events.

oo Low runoff risk refers to soils that can store large 
volumes of water or can allow water to quickly 
infiltrate and so surface runoff is limited.

oo Moderate runoff risk refers to soils that have a 
moderate capacity to store rainfall or to allow 
water to infiltrate; these soils will reach saturation 
under some circumstances, leading to runoff.

oo High runoff risk refers to soils that have a limited 
capacity to store rainfall or to allow water to 

1	 Inorganic effluent does not exert a notable BOD, and, 
therefore, it was excluded from this exercise.

infiltrate. The soil will quickly saturate, leading to 
rapid runoff.

•	 Soil leaching potential based on the risk map depicting 
soil permeability, and thus risk of groundwater FIO 
contamination, produced by Lilly and Bagaley 2018b. 
We included this map in our analyses because in areas 
with high soil leaching potential FIO in drainfields 
may migrate downward through the vadose zone 
(i.e. shallow, unsaturated groundwater) and into 
groundwater, and eventually discharge into surface 
waters through the stream bed or seabed when the 
water table is elevated.

oo Low soil leaching potential refers to soils in which 
potential pollutants are unlikely to move down 
through the soil due to low permeability.

oo Intermediate soil leaching potential refers to 
soils with a moderate ability to retain potential 
pollutants and which allow some pollutants and 
liquids to move through the soil. For example, 
deep, permeable, medium textured soils with 
high topsoil organic matter contents can possibly 
transmit non - or weakly - adsorbed pollutants 
and liquid discharges, such as septic tank effluent 
to drainfields.

oo High soil leaching potential refers to soils with 
very little ability to retain potential pollutants 
and which allow pollutants and liquids to move 
rapidly down through them to underlying 
groundwater.

•	 Density i.e. number of septic tanks within a square 
kilometre. A common finding in the literature is 
that areas with high septic tank density are most 
susceptible to groundwater and surface water 
contamination from septic system FIO discharges 
(Lusk et al 2017 and literature cited therein). The US 
Environment Protection Agency (EPA) defines high 
density as a density greater than 40 septic systems per 
square mile (Katz et al., 2010; Borchardt et al., 2003 
cited in Lusk et al 2017). We calculated density per 
square kilometre:

oo Low density refers to a density of septic tank 
systems up to 4 / km2. 

oo Intermediate density refers to a density of septic 
tank systems in the range of 5-19 / km2.

oo High density to a density of septic tank systems 
equal to or higher than 20 / km2.

We also used GIS spatial data

•	 Waterbody catchment boundaries in relation to BWPA 
and SWPA.

•	 Land use data from LCM-2007 maps.

•	 Output of SCIMAP-FIO for livestock. This helped 
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to assess areas at risk from high in-stream FIO due 
to agricultural land use. We included the output for 
Channel Erosion Accumulation risk which shows 
where FIO from livestock accumulate in-stream faster 
than the stream water flow can dilute them.

•	 Wildlife. It must be noted that little evidence is readily 
available.

•	 OS river network and shorelines 
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Appendix II-Table II.2a  Summary of data used for developing a GIS-based approach to help assess place-based risk of in-stream FIO 
contamination and thereafter prioritise monitoring towards sites posing greatest risk of FIO delivery from catchment to BWPA and 
SWPA. For explanation of the regulatory framework see Section 3.2.

Type of data Description - Use Justification Source

Point sources Locations of Granted Point Sources (GraPS)

•	 waste water treatment works (WwTW) providing primary, 
secondary or tertiary treatment and discharging domestic/
organic / other / trade effluent.

•	 combined sewage overflows (CSO), 

•	 emergency overflows (EO), 

•	 septic tank systems (STS) serving more than 15 people, 
providing primary to tertiary treatment and discharging 
domestic/organic / other / trade effluent.

Sources of FIO SEPA

Modelled locations domestic septic tank systems (STS) serving 
< 15 people

Distance of 
domestic septic 
tanks from 
watercourses

We included four distance classes: Proxy of FIO contamination risk 
of streams, lakes and coastal 
waters from domestic septic 
tanks through runoff and 
leaching 

Calculated (see 
Appendix II.3)Near:

0-10m

10-50m

Far:

50 -100m

>100m

Soil runoff risk •	 Low runoff risk when surface runoff is limited.

•	 Moderate runoff risk when soils reach saturation under 
some circumstances, leading to runoff.

•	 High runoff risk when soils quickly saturate, leading to 
rapid runoff. 

Proxy of where FIO from 
domestic septic tanks can 
contaminate streams and coasts 
through runoff

Scotland’s soils 
(2018)

Soil leaching 
potential

•	 Low soil leaching potential in soils characterised by low 
permeability.

•	 Intermediate soil leaching potential when soils allow some 
pollutants and liquids to move through. 

•	 High soil leaching potential when soils allow pollutants and 
liquids to move rapidly down 

Proxy of where FIO from 
domestic septic tanks can 
contaminate groundwater 

Scotland’s soils 
(2018)

Density of septic 
tanks within a 
square kilometre

We included the following classes:

•	 Low density: 4 domestic septic tanks per km2

•	 Intermediate density: 5-20 domestic septic tanks per km2

•	 High density: >20 domestic septic tanks per km2

Proxy of where FIO loading 
in an area poses a FIO 
contamination risk 

Calculated (see 
Appendix II.3)

Output of 
SCIMAP-FIO for 
livestock

We included the output for Channel erosion accumulation risk 
which shows where FIO from livestock accumulate in-stream 
faster than the stream water flow can dilute them.

Proxy of sites with high 
in-stream FIO from diffuse 
agricultural pollution

SCIMAP 

Land use data We used Broad Habitats from LCM-2007 maps. % of LU-LC at a waterbody 
scale is a proxy of FIO exported 
from a catchment (Kay et al 
2008a).

CEH  
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Appendix II-Table II.2b  Ordinary Survey-OS and catchment and protected area boundary data.

Data description Use Source

OS river network and 
shorelines

Reflects the river network which acts as a corridor delivering FIO from catchment based-
sources to the coast

Open access

Baseline waterbody 
catchments

Reflects and integrates point and diffuse pollution sources land use. 

•	 Coastal waterbody catchments refer to baseline waterbody catchments adjacent to 
the shoreline and to the receiving BWPA or SWPA

•	 Upstream waterbody catchments refer to baseline waterbody catchments upstream 
of coastal catchment

SEPA

BW catchment boundaries Reflects and integrates land use and management issues potentially influencing BWPA SEPA

SW catchment boundaries Reflects and integrates land use and management issues potentially influencing BWPA SEPA

BWPA boundary Shows where regulatory monitoring to assess compliance with bathing water standards 
take place.

SEPA

SWPA boundary Shows where water quality should be protected to enable shellfish harvesting SEPA

SWPA monitoring point Shows where within a shellfish production area there is the highest risk of shellfish E.coli 
contamination

FSS

Areas designated for birds Open access

Appendix II.3  Description of GIS-based 
method

Assessing place-based risk

The following steps were undertaken to develop the GIS-
based approach to assess place-based FIO risk:

1.	 We used readily available datasets and modelled 
data (see Appendix II.2) and combined selected data 
layers to assess risk of in-stream FIO contamination 
based on literature review findings (Section 3.1). SEPA 
provided spatial data on GraPS and the modelled 
locations of septic tank systems for 11 BWPA and 
5 SWPA (hereafter reported as trial catchments) to 
support the development of the GIS-based approach. 
In consultation with SEPA and because of limited 
resources we focused on one BW catchment (Nairn) 
and one SW catchment (Loch Ryan).

2.	 For the risk from GraPS we considered two risk 
indicators: Location in relation to BWPA and SWPA, 
and type of treatment. 

•	 Location: GraPS located in a baseline waterbody 
catchment immediately adjacent to the BWPA or 
the SWPA (i.e. coastal waterbody) assumed to 
be posing a higher risk to BWPA or SWPA than 
GraPS located in waterbody catchments further 
upstream. 

•	 Type of wastewater treatment: effluent from 
untreated, primary or secondary GraPS was 
assumed to be posing a higher risk to BWPA or 
SWPA than effluent from tertiary treatment.

•	 Decision on place-based risk to prioritise FIO 
monitoring at sites where: 

oo Highest priority: GraPS discharging 

continuously or intermittently effluent that 
is untreated, or after primary or secondary 
treatment and are located within coastal 
baseline waterbodies.

oo Intermediate priority: GraPS discharging 
continuously or intermittently effluent that 
is untreated, or after primary or secondary 
treatment and are located within waterbodies 
upstream of coastal waterbodies.

oo Low priority: GraPS discharging effluent after 
tertiary treatment in baseline waterbodies 
upstream of coastal waterbody catchments.

3.	 For the risk from septic tanks systems, we considered 
the following risk indicators: soil leaching, runoff, 
distance of modelled location of septic tanks from 
watercourses and shoreline and density per square 
kilometre. Details are provided in Appendix II.2. 

•	 Decision on place-based risk to prioritise FIO 
monitoring at sites where: 

oo Highest priority: Septic tanks are located 
near the watercourse or shoreline on soils 
high/intermediate leaching potential and 
high/intermediate runoff potential and 
belong to clusters of more than 20 septic 
tanks per square kilometre.

oo Intermediate priority: septic tanks located 
within 10m of watercourses or the shoreline, 
and septic tanks within 50m of soils with 
high or intermediate leaching potential and 
high runoff risk.

oo Low priority: septic tanks located at distances 
>50m from watercourses and the shoreline, 
not belonging to clusters of >20 septic tanks 
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/km2 and not located on soils with high 
leaching potential and high runoff risk. 

4.	 For risk from pet-related sources of FIO we looked 
at locations of built-up areas in relation to the river 
network and the BWPA, assuming that built-up areas 
adjacent to the river network and the shoreline pose a 
higher risk than those located further away. 

5.	 For risk from wildlife, we could not identify any 
reliable risk indicators. Apart from location of 
designated areas for birds and the type of soils in 
these areas. 

•	 High priority: Designated areas containing soils 
with high/intermediate SLP or RR located in 
coastal baseline waterbodies. 

GIS analyses - Data collation steps

1.	 Dissolve WaterCourseLink on 'fictitious' fields to get 
crom_streams_diss (15 individual 'reaches')

2.	 Buffer reaches to 50m, round end, no dissolve - 
crom_streams_50m

3.	 Use Spatial Join with crom_streams_50m and septic 
tank file to get count of septics within 50m of each 
reach. Alias JOIN_COUNT field as 'septics' - crom_
streams_50m_septics  
See https://support.esri.com/en/technical-
article/000008599

4.	 For SCIMAP outputs, the outputs do not follow 
the 'real' stream network, rather the modelled one. 
Create new set of buffers @ 500m distance, with the 
flat option - crom_streams_500m_for_SCIMAP

5.	 Spatial Join between crom_streams_500m_for_
SCIMAP and SCIMAP_FIO, this time using JOIN_
ONE_TO_MANY and INTERSECT options - crom_
streams_SCIMAP. This produces a file where each 
SCIMAP risk point is appended to the 500m buffer 
around each reach. Export this file to Excel and work 
out average of risk points in order to get an overall 
'class' for the reach. 

6.	 Spatial Join the Granted point sources shapefile, as 
above for septics - crom_streams_50m_septics_GP

7.	 Spatial Join the coast_500m file to get reaches close 
to the coast. Use ONE_TO_ONE and INTERSECT for 
the join type - crom_streams_50m_septics_GP_coast

8.	 INTERSECT the leaching risk file. Export as with the 
SCIMAP data, summarise in Excel, work out the 
dominant leaching class in the reach.

9.	 INTERSECT the crom_streams_50m_septics_GP_coast 
file with the Cromarty urban_areas file. Export the 
table to Excel and work out the total area of each 
reach covered by urban areas. 

10.	 Import all the Excel tables into Arc and join to the 
crom_streams_50m_septics_GP_coast file using the 
ORIG_ID field; create a calculated field to work out 
the area of urban as a % of each reach area.

11.	 Export the whole dataset to a new one to 'fix' the 
joins permanently

12.	 We now have an attribute table with a row for each 
'reach' plus the following:

•	 no of septic tanks within 50m

•	 no of granted point sources within 50m (and 
what type it is)

•	 avg SCIMAP-FIO risk rating in a 500m buffer 
around the reach

•	 the percentage urban area within 50m

•	 whether the reach is within 500m of the coast

•	 the dominant soil leaching risk potential in the 
50m buffer around the reach

Additional GIS analyses

13.	 Septic tank density. 

•	 Create a 50m fishnet for the catchment

•	 Add a column to the septic file called Count and 
populate it with a value of 1 for each point

•	 Use Point to Raster to convert the septic tank 
locations to a raster. Choose 50m cell size, 
COUNT as the cell assignment type, and set the 
fishnet as the processing extent in environments. 
This gives a 50m raster with the number of tanks 
in each cell as the value field

•	 Use Spatial Analyst > Neighborhood > Focal 
Statistics with a 20 x 20 rectangle neighborhood 
(so everything with 1km of the cell), and SUM as 
the statistics type (and check ignore no data)

•	 Convert this raster to a polygon (simplify 
polygons)

•	 Add a column to the shapefile table and calculate 
a class that corresponds to each of the 3 classes: 
<5, 5 - 20 and >20.

•	 Dissolve the polygons based on this class, then 
symbolise according to High/Med/Low

14.	 Septic tank proximity to watercourses

•	 Spatial Join baseline_WBs with septic tank 
locations for each range band (<10, 10-50, 50-
100, >100m). Make sure to use ONE_TO_MANY 
join type

•	 Export to Excel, then pivot to count no occurring
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15.	 Septic tanks on soils with high leaching potential/
runoff

•	 Spatial Join septic tank locations with SLP/runoff 
layer

•	 Spatial Join baseline_WBs with septic tank_SLP/
runoff layer. Make sure to use ONE_TO_MANY 
join type

•	 Export to Excel, then pivot to count no occurring

16.	 Land Cover

•	 See Appendix II in Akoumianaki et al. 2018.

17.	 Granted point sources

•	 filter out anything that isn't an effluent from 
GraPS layer (e.g. cooling water)

•	 Spatial join baseline_WBs with GraPS layer. Make 
sure to use ONE_TO_MANY join type

•	 Export to Excel; list each source rather than 
counting all occurrences

18.	 Length of rivers

•	 Spatial Join baseline_WBs with OS_Mastermap 
layer

•	 export to Excel, pivot and sum lengths

19.	 Distance to sea

•	 Dissolve OS mastermap Water layer on 
permanence field to get Nairn_OSWater_diss

•	 Edit to extend the lowest part of the network so 
it reaches the river 'mouth'; add a point

•	 Intersect this layer with baseline catchment layer 
- this produces a multipoint file with a number of 
exraneous points. See here for how to convert to 
a simple point file: https://support.esri.com/en/
technical-article/000007983

•	 Edit out all the unneeded point to give a rough 
approximation of where the outflow of each 
catchment is (need to manually remove a 
number of points where the river and catchment 
boundaries have crossed because the boundaries 
were generated from a DEM).

•	 With the 'clean' file of points, clip the river 
network to break it into 'reaches'

•	 Sum the length of each reach (cumulative) to get 
distance of each catchment outflow to the mouth
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Appendix III	  Generic 
FIO export coefficient per 
land use/land cover type.

Table III.1 FIO export coefficients (cfu/km2/h) per land use under base-flow and high-flow conditions based on data from 205 sub-
catchments in the UK studied by Kay et al (2008a). Base flow refers to dry weather conditions and runoff ranging from 2.43 to 196 m3 
/ km2 of catchment / hour, with higher values in winter months; high flow refers to rainfall-response flow and runoff ranging from 
7.90 to 1070 m3 / km2 of catchment / hour, with higher values in summer months. 
IP: Improved pasture; NG=Rough grazing; WL: Woodland; BU: built-up areas; GM: Geometric mean 

Land use FIO group Base flow (GM) High flow (GM)

≥75% IG Total coliforms 2.9 X 109 2.7 X 1011

Faecal coliforms 8.3 X 108 1.2 X 1011

Enterococci 9.6 X 107 2.2 X 1010

≥75% RG Total coliforms 7.1 X 108 5.3 X 1010

Faecal coliforms 2.5 X 108 2.5 X 1010

Enterococci 3.3 X 107 3.6 X 109

≥75% WL Total coliforms 3.1 X 108 1.4 X 1010

Faecal coliforms 2.0 X 107 3.3 X 109

Enterococci 8.5 X 106 3.8 X 108

<2.5% BU (Rural) Total coliforms 9.3 X 108 6.1 X 1010

Faecal coliforms 4.2 X 108 2.6 X 1010

Enterococci 4.9 X 107 4.7 X 109

2.5<BU<9.9%(Semi urban) Total coliforms 4.2 X 109 1.5 X 1011

Faecal coliforms 1.2 X 109 4.6 X 1010

Enterococci 1.5 X 108 1.1 X 109

≥10% BU (Urban) Total coliforms 8.5 X 109 4.1 X 1011

Faecal coliforms 2.8 X 109 1.3 X 1011

Enterococci 4.0 X 108 2.7 X 1010
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/

management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)
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 c
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D
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to regulatory 
framework/

management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)

Phase
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 m
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 t
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D
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 o
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to regulatory 
framework/

management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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 c
an

 
id

en
tif

y 
po

in
t 

so
ur

ce
s 

of
 r

el
at

iv
el

y 
co

ol
er

 o
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 t
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to regulatory 
framework/

management policy 

Available in market/ 
Scotland

Equipment needed

Time to process samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)
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 p
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at
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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, c
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 m
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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i D
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)
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in
g 

Sh
el

lfi
sh

 
D

rin
ki

ng
 

R
es

ea
rc

h

Ye
s

La
b:

 F
lo

w
 

C
yt

om
et

er
; 

FA
C

S 
m

ac
hi

ne
. 

Fi
el

d:
 s

ta
nd

ar
d 

sa
m

pl
in

g 
eq

ui
pm

en
t.

1.
5h

Lo
w

-m
ed

 
fo

r 
FC

S;
 

m
ed

-h
ig

h 
fo

r 
FA

C
S/

 n
ot

 
fo

r 
us

e 
in

 t
he

 
fie

ld
.

H
ig

h 
(c

os
t 

of
 

FC
S/

FA
C

S)
 -

 
~

 £
50

K
 F

C
S 

an
d 

£1
00

K
 

fo
r 

FA
C

S

?
D

ep
en

ds
 o

n 
ap

pl
ic

at
io

n 
an

d 
m

at
rix

. 
D

is
cr

ep
an

ci
es

 
in

 v
ia

bl
e 

co
un

ts
 

FC
S 

vs
. c

ul
tu

re
. 

In
te

rf
er

en
ce

 
fr

om
 

pa
rt

ic
ul

at
es

 in
 

tu
rb

id
 s

am
pl

es
 

(g
iv

es
 f

al
se

 
po

si
tiv

es
).

 S
W

 
ar

e 
ai

m
in

g 
to

 
ge

t 
th

is
 m

et
ho

d 
ac

cr
ed

ite
d 

fo
r 

TV
C

s.

1,
 2

, 
3
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)

Phase

D
N

A
-b

as
ed

 
m

et
ho

ds
 -

 
Q

PC
R

C
ur

re
nt

 t
ec

hn
ol

og
y.

 
La

b-
ba

se
d.

 Q
PC

R
 

of
 b

io
m

ar
ke

rs
 

(e
.g

. B
ac

te
ro

id
es

, 
m

ito
ch

on
dr

ia
, 

vi
ru

se
s)

. 

Li
br

ar
y-

in
de

pe
nd

en
t

D
iffi

cu
lt 

- 
– 

la
bo

ur
 

in
te

ns
iv

e 
an

d 
tim

e 
co

ns
um

in
g

Ye
s

R
es

ea
rc

h
Ye

s 
(b

ut
 

ne
ed

 t
o 

de
ve

lo
p 

th
e 

as
sa

y)

La
b:

 fi
ltr

at
io

n 
un

it,
 b

ea
d 

be
at

er
, 

ce
nt

rif
ug

e,
 

vo
rt

ex
, Q

ub
it/

na
no

dr
op

, 
Q

PC
R

 p
la

te
s,

 
Q

PC
R

 m
ac

hi
ne

, 
w

at
er

 b
at

h,
 

re
ag

en
ts

 a
nd

 
co

ns
um

ab
le

s.
 

Fi
el

d:
 s

ta
nd

ar
d 

sa
m

pl
in

g 
eq

ui
pm

en
t.

24
->

48
h

M
ed

/n
ot

 f
or

 
us

e 
in

 t
he

 
fie

ld

H
ig

h 
- 

re
qu

ire
s 

ba
si

c 
m

ol
ec

ul
ar

 
bi

ol
og

y 
la

b

£7
.3

6 
D

N
A

 
ex

tr
ac

tio
n 

ki
t;

 £
0.

37
 

Q
ub

it;
 £

2.
49

 
m

as
te

rm
ix

. 
A

ls
o 

re
qu

ire
s 

cl
on

in
g 

ki
t.

A
ss

ay
s 

ne
ed

 
va

lid
at

io
n.

 
Se

ns
iti

vi
ty

 a
nd

 
sp

ec
ifi

ci
ty

 v
ar

ie
s 

ac
co

rd
in

g 
to

 
as

sa
y 

(H
ar

w
oo

d 
et

 a
l.,

 2
01

4)
. 

In
te

rf
er

en
ce

 
fr

om
 P

C
R

 
in

hi
bi

to
rs

. A
ss

ay
 

w
ill

 d
et

ec
t 

bo
th

 
liv

e 
an

d 
de

ad
 

ce
lls

. D
et

ec
tio

n:
 

us
ua

lly
 1

02
 

ge
ne

 c
op

ie
s 

(P
ag

al
in

g,
 

pe
rs

on
al

 
co

m
m

).

1,
 2

, 
3

D
N

A
-b

as
ed

 
m

et
ho

ds
 -

 
m

ic
ro

ar
ra

y

Em
er

gi
ng

 
te

ch
no

lo
gy

. L
ab

-
ba

se
d.

 C
us

to
m

 
m

ic
ro

ar
ra

y 
ta

rg
et

in
g 

pa
th

og
en

s 
(v

iru
se

s,
 

ba
ct

er
ia

, p
ro

to
zo

a)
, 

m
ic

ro
bi

al
 s

ou
rc

e 
tr

ac
ki

ng
 (

M
ST

) 
m

ar
ke

rs
, a

nd
 

an
tib

io
tic

 r
es

is
ta

nc
e 

ge
ne

s.
 

Li
br

ar
y-

in
de

pe
nd

en
t

D
iffi

cu
lt 

– 
re

qu
ire

s 
fa

ci
lit

y 
to

 
m

ak
e 

th
e 

m
ic

ro
ar

ra
y 

an
d 

th
en

 
re

ad
 r

es
ul

ts

Ye
s

R
es

ea
rc

h
Ye

s 
(b

ut
 

ne
ed

 t
o 

de
ve

lo
p 

an
d 

m
ak

e 
th

e 
m

ic
ro

ar
ra

y)

La
b:

 fi
ltr

at
io

n 
un

it,
 b

ea
d 

be
at

er
, 

ce
nt

rif
ug

e,
 

vo
rt

ex
, Q

ub
it/

na
no

dr
op

, 
re

ag
en

ts
 a

nd
 

co
ns

um
ab

le
s,

 
cu

st
om

 
m

ic
ro

ar
ra

y,
 

m
ic

ro
ar

ra
y 

an
al

ys
is

. F
ie

ld
:  

st
an

da
rd

 
sa

m
pl

in
g 

eq
ui

pm
en

t.

24
->

48
h

M
ed

/ 
no

t 
fo

r 
us

e 
in

 t
he

 
fie

ld

H
ig

h 
- 

re
qu

ire
s 

ba
si

c 
m

ol
ec

ul
ar

 
bi

ol
og

y 
la

b

£7
.3

6 
D

N
A

 
ex

tr
ac

tio
n 

ki
t;

 £
0.

37
 

Q
ub

it;
 

£6
.1

2 
w

ho
le

 
ge

no
m

e 
am

pl
ifi

ca
tio

n 
ki

t.

Se
ns

iti
vi

ty
 

is
 2

1-
33

%
 

(r
eq

ui
re

s 
hi

gh
 

co
nc

en
tr

at
io

ns
 

of
 D

N
A

) 
an

d 
sp

ec
ifi

ci
ty

 is
 

83
-9

0%
 (

Li
 

et
 a

l.,
 2

01
5)

. 
In

te
rf

er
en

ce
 

fr
om

 P
C

R
 

in
hi

bi
to

rs
. A

ss
ay

 
w

ill
 d

et
ec

t 
bo

th
 

liv
e 

an
d 

de
ad

 
ce

lls
.

1,
 2

, 
3
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)

Phase

Ba
ct

iq
ua

nt
 

W
at

er
 (

by
 

m
yc

om
et

er
)

Em
er

gi
ng

 
te

ch
no

lo
gy

. L
ab

 
or

 fi
el

d-
ba

se
d.

 
M

ea
su

re
s 

to
ta

l 
ba

ct
er

ia
l a

ct
iv

ity
 

(in
cl

ud
in

g 
pl

an
kt

on
ic

 b
ac

te
ria

, 
pa

rt
ic

le
 a

ss
oc

ia
te

d 
ba

ct
er

ia
, a

na
er

ob
es

 
as

 w
el

l a
s 

ae
ro

be
s)

, 
so

 it
 d

oe
s 

no
t 

di
st

in
gu

is
h 

be
tw

ee
n 

FI
O

s 
an

d 
ot

he
r 

ba
ct

er
ia

. W
at

er
 

sa
m

pl
es

 a
re

 fi
lte

re
d 

th
ro

ug
h 

a 
0.

22
 

µm
 fi

lte
r 

w
hi

ch
 is

 
sa

tu
ra

te
d 

w
ith

 a
 

su
rp

lu
s 

of
 e

nz
ym

e 
su

bs
tr

at
e,

 t
o 

re
le

as
e 

a 
flu

or
es

ce
nt

 
co

m
po

un
d.

 

Li
br

ar
y-

in
de

pe
nd

en
t

Ea
sy

N
o

Ba
th

in
g 

D
rin

ki
ng

Ye
s 

– 
pu

rc
ha

se
 

fr
om

 t
he

 U
S

La
b:

 N
on

e.
 

Fi
el

d:
 s

ta
nd

ar
d 

sa
m

pl
in

g 
eq

ui
pm

en
t

<
1h

Lo
w

/ 
ea

sy
 

to
 u

se
 in

 t
he

 
fie

ld

? 
(c

os
t 

of
 

de
vi

ce
)

N
on

e
U

SE
PA

 v
er

ifi
ed

 
an

d 
re

po
rt

ed
 

to
 b

e 
hi

gh
ly

 
re

pr
od

uc
ib

le
 

(s
ee

 w
eb

si
te

).
 

Te
ch

no
lo

gy
 

is
 s

pe
ci

fic
 f

or
 

a 
nu

m
be

r 
of

 b
ac

te
ria

 
co

ve
rin

g 
al

l m
aj

or
 

ta
xo

no
m

ic
 

gr
ou

ps
 (

se
e 

w
eb

si
te

).
 It

 
is

 s
en

si
tiv

e 
en

ou
gh

 t
ha

t 
it 

is
 c

om
pa

ra
bl

e 
w

ith
 t

ra
di

tio
na

l 
cu

lti
va

tio
n-

ba
se

d 
m

et
ho

ds
 

(s
ee

 w
eb

si
te

).

1,
 2

Ba
ct

oS
en

se
Em

er
gi

ng
 

te
ch

no
lo

gy
. 

C
on

tin
ou

s 
m

on
ito

rin
g.

 In
-l

in
e 

au
to

m
at

ed
 fl

ow
 

cy
to

m
et

er
 –

 d
et

ec
ts

 
lig

ht
 s

ca
tt

er
 t

o 
m

ea
su

re
 t

ot
al

 
m

ic
ro

bi
al

 c
el

l c
ou

nt
 

or
 in

ta
ct

 c
el

l c
ou

nt
; 

w
eb

 in
te

rf
ac

e 
fo

r 
vi

ew
in

g 
re

su
lts

 
re

m
ot

el
y.

 

Li
br

ar
y-

in
de

pe
nd

en
t

M
ed

iu
m

Ye
s

D
rin

ki
ng

Ye
s

N
on

e
20

 m
in

Lo
w

/ 
no

 in
fo

 
on

 lo
gi

st
ic

s 
in

 t
he

 fi
el

d

? 
C

os
t 

of
 

de
vi

ce
? 

C
os

t 
of

 r
efi

ll 
ca

rt
rid

ge
s

N
ot

 y
et

 
su

ffi
ci

en
t 

fo
r 

re
al

 t
im

e 
m

on
ito

rin
g 

of
 

sp
ec

ifi
c 

ta
rg

et
s 

i.e
. F

IO
s.

 
Se

ns
iti

vi
ty

: 
1x

10
3  

– 
1x

10
6  

ce
lls

/m
l. 

D
et

ec
tio

n 
lim

it:
 

1x
10

2  
ce

lls
/

m
l. 

N
o 

in
fo

 o
n 

sp
ec

ifi
ci

ty
 o

r 
in

te
rf

er
en

ce
, 

bu
t 

pr
es

um
ab

ly
 

af
fe

ct
ed

 b
y 

tu
rb

id
ity

.

1,
 2
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Technology      

Description; Current 
or Emerging 
technology; category 
(lab or field-based 
or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)

Phase

BA
C

Tc
on

tr
ol

 
(M

ic
ro

LA
N

)
Em

er
gi

ng
 

te
ch

no
lo

gy
. 

C
on

tin
uo

us
 

m
on

ito
rin

g.
 

M
ea

su
re

s 
th

e 
sp

ec
ifi

c 
en

zy
m

at
ic

 
ac

tiv
iti

es
 o

f 
β-

ga
la

ct
os

id
as

e 
(c

ol
ifo

rm
s)

, 
β-

gl
uc

ur
on

id
as

e 
(E

. 
co

li)
 a

nd
 a

lk
al

in
e 

ph
os

ph
at

as
e 

(t
ot

al
 

ac
tiv

ity
, b

io
m

as
s)

. 

Li
br

ar
y-

in
de

pe
nd

en
t

D
iffi

cu
lt

Ye
s

D
rin

ki
ng

Ye
s 

– 
pu

rc
ha

se
 

fr
om

 t
he

 
N

et
he

rla
nd

s

N
on

e
1-

2h
Lo

w
/

in
st

ru
m

en
t 

co
m

pa
ct

**

H
ig

h 
(c

os
t 

of
 

in
st

al
la

tio
n 

an
d 

tr
ai

ni
ng

)

? 
C

os
t 

of
 r

efi
ll 

ca
rt

rid
ge

s

In
te

rf
er

en
ce

 
ca

us
ed

 b
y 

tu
rb

id
ity

. 
M

or
e 

te
st

in
g 

is
 r

eq
ui

re
d 

to
 

un
de

rs
ta

nd
 

th
e 

lim
it 

of
 

de
te

ct
io

n 
in

 
di

ff
er

en
t 

w
at

er
 

ty
pe

s.
 H

ow
ev

er
, 

it 
is

 r
ob

us
t 

in
 r

el
at

iv
el

y 
cl

ea
n 

w
at

er
s 

(P
ui

gd
om

en
ec

h 
et

 a
l.,

 2
01

7)
.

1,
 2

M
ic

ro
bi

al
 

Bi
oa

na
ly

se
r 

(P
ho

to
ni

c 
Bi

os
ys

te
m

s)

Em
er

gi
ng

 
te

ch
no

lo
gy

. F
ie

ld
-

ba
se

d.
 M

ea
su

re
s 

m
et

ab
ol

ic
 a

ct
iv

ity
 

of
 c

ol
ifo

rm
s.

 
O

rig
in

al
ly

 d
es

ig
ne

d 
by

 U
S 

D
ep

ar
tm

en
t 

of
 D

ef
en

ce
 (

D
oD

) 
fo

r 
tr

oo
ps

 t
o 

te
st

 
dr

in
ki

ng
 w

at
er

 
qu

al
ity

. P
or

ta
bl

e.
 

C
an

 b
e 

qu
al

ita
tiv

e,
 

se
m

i-
qu

an
tit

at
iv

e 
or

 
qu

an
tit

at
iv

e.
 

Li
br

ar
y-

in
de

pe
nd

en
t

Ea
sy

N
o

Ba
th

in
g 

D
rin

ki
ng

N
o

N
on

e
30

 m
in

s 
(8

h 
fo

r 
a 

si
ng

le
 

ba
ct

er
iu

m
)

Lo
w

/ 
no

 in
fo

 
on

 lo
gi

st
ic

s 
in

 t
he

 fi
el

d

? 
C

os
t 

of
 

de
vi

ce
. 

?
H

ig
h 

as
 h

as
 IP

 
an

d 
us

ed
 b

y 
D

oD
. N

o 
in

fo
 

on
 s

pe
ci

fic
ity

 
or

 in
te

rf
er

en
ce

. 
D

et
ec

tio
n:

 
si

ng
le

 c
el

l

1,
 2
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Technology      

Description; Current 
or Emerging 
technology; category 
(lab or field-based 
or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, 
interference)

Phase

BA
C

M
O

N
 

(G
R

U
N

D
FO

S)
Em

er
gi

ng
 

te
ch

no
lo

gy
. 

C
on

tin
uo

us
 

m
on

ito
rin

g.
 

Sa
m

pl
es

 d
ire

ct
ly

 
fr

om
 t

he
 w

at
er

 li
ne

 
an

d 
de

liv
er

s 
re

su
lts

 
w

ith
in

 m
in

ut
es

 f
or

 
yo

u 
to

 a
cc

es
s 

on
 

yo
ur

 m
ob

ile
 d

ev
ic

e 
or

 P
C

. M
ea

su
re

s 
to

ta
l b

ac
te

ria
 

(in
cl

ud
in

g 
V

BN
C

) 
an

d 
no

n-
ba

ct
er

ia
 

pa
rt

ic
le

s 
by

 v
is

ua
l 

in
sp

ec
tio

n.
 

Li
br

ar
y-

in
de

pe
nd

en
t

Ea
sy

N
o

In
-s

tr
ea

m
 

D
rin

ki
ng

 
Ba

th
in

g 
Sh

el
lfi

sh
 

R
es

ea
rc

h

Ye
s 

– 
pu

rc
ha

se
 

fr
om

 
D

en
m

ar
k

N
on

e
M

in
ut

es
Lo

w
/ 

no
 in

fo
 

on
 lo

gi
st

ic
s 

in
 t

he
 fi

el
d

? 
(c

os
t 

of
 

de
vi

ce
))

?
N

ot
 y

et
 

su
ffi

ci
en

t 
fo

r 
re

al
 t

im
e 

m
on

ito
rin

g 
of

 
sp

ec
ifi

c 
ta

rg
et

s 
i.e

. F
IO

s.
 

In
te

rf
er

en
ce

 
fr

om
 b

ub
bl

es
, 

bi
ofi

lm
 a

nd
 

fo
ul

in
g 

ta
ke

n 
in

to
 a

cc
ou

nt
 

(O
le

se
n 

et
 

al
., 

20
18

).
 

R
ep

or
te

d 
to

 
ha

ve
 h

ig
h 

se
ns

iti
vi

ty
 

(O
le

se
n 

et
 a

l.,
 

20
18

).

1,
 2
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)

Phase

C
ol

iM
in

de
r 

C
M

I-
01

 
(V

W
M

 
So

lu
tio

ns
)

Em
er

gi
ng

 
te

ch
no

lo
gy

. 
C

on
tin

uo
us

 
m

on
ito

rin
g.

 
Te

st
s 

fo
r 

E.
 c

ol
i, 

en
te

ro
co

cc
i a

nd
 

to
ta

l b
ac

te
ria

 
(e

nz
ym

at
ic

 re
ac

tio
n)

 
us

in
g 

flu
or

es
ce

nc
e.

 

Li
br

ar
y-

in
de

pe
nd

en
t

Ea
sy

N
o

In
-s

tr
ea

m
 

Ba
th

in
g 

Sh
el

lfi
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)Emerging 
technology

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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e 
1A

.

C
ol

is
ca

n 
Ea

sy
ge

l®
 s

ys
te

m
Se

e 
Ta

bl
e 

1A
.

C
ol

ile
rt

Se
e 

Ta
bl

e 
1A

.

M
I A

ga
r

Se
e 

Ta
bl

e 
1A

.

C
hr

om
oc

ul
t 

C
ol

ifo
rm

 A
ga

r
Se

e 
Ta

bl
e 

1A
.

M
em

br
an

e 
la

ct
os

e 
gl

uc
ur

on
id

e 
ag

ar
 

(M
LG

A
)

Se
e 

Ta
bl

e 
1A

.

A
qu

aF
le

x 
(b

y 
Tr

ac
e2

O
)

Se
e 

Ta
bl

e 
1A

.

C
om

pa
rt

m
en

t 
ba

g 
Te

st
 (

by
 

A
qu

ag
en

x)

Se
e 

Ta
bl

e 
1A

.

C
ol

ita
g 

(b
y 

Pa
lin

te
st

)
Se

e 
Ta

bl
e 

1A
.

aq
ua

C
H

EC
K

36
5 

(B
rig

ht
w

at
er

 
D

ia
gn

os
tic

s)
 

(s
am

e 
as

 
A

qu
at

es
t 

by
 t

he
 

U
ni

ve
rs

ity
 o

f 
Br

is
to

l)

Se
e 

Ta
bl

e 
1A

.



29

Ta
bl

e 
IV

.1
C

  P
ha

se
 3

: C
on

fi
rm

at
or

y/
hy

po
th

es
is

-d
ri

ve
n 

te
st

in
g 

of
 F

IO
 s

ou
rc

es
Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)
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library-independent

Ease of use
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Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)

Phase

Bi
om

ar
ke

rs
 

- 
A

nt
ib

io
tic

 
re

si
st

an
ce

C
ur

re
nt

 t
ec

hn
ol

og
y.

 
La

b-
ba

se
d.

 S
el

ec
tiv

e 
cu

lti
va

tio
n 

of
 

FI
O

s,
 f

ol
lo

w
ed

 b
y 

an
tib

io
tic

 r
es

is
ta

nc
e 

pa
tt

er
ns

 (
A

R
Ps

) 
of

 
FI

O
 is

ol
at

es
 (

e.
g.

 
en

te
ro

co
cc

i, 
E.

 c
ol

i)
. 

Li
br

ar
y-

de
pe

nd
en

t
D

iffi
cu

lt 
– 

la
bo

ur
 

in
te

ns
iv

e 
an

d 
tim

e 
co

ns
um

in
g

Ye
s

R
es

ea
rc

h
Ye

s
La

b:
 a

nt
ib

io
tic

s,
 

se
le

ct
iv

e 
gr

ow
th

 
m

ed
ia

, a
ut

oc
la

ve
, 

in
cu

ba
to

r, 
fil

tr
at

io
n 

un
it,

 la
m

in
ar

 fl
ow

 
ca

bi
ne

t,
 c

la
ss

 II
 s

af
et

y 
ca

bi
ne

t,
 c

on
su

m
ab

le
s.

 
Fi

el
d:

 s
ta

nd
ar

d 
sa

m
pl

in
g 

eq
ui

pm
en

t.

>
48

h
M

ed
 (

tim
e 

co
ns

um
in

g)
/ 

no
t 

fo
r 

us
e 

in
 

th
e 

fie
ld

H
ig

h 
- 

re
qu

ire
s 

ba
si

c 
m

ic
ro

bi
ol

og
y 

la
b 

w
ith

 C
la

ss
 

II 
ca

bi
ne

t

D
ep

en
ds

 
on

 s
el

ec
tiv

e 
m

ed
ia

Lo
w

 (
ne

ed
s 

m
or

e 
va

lid
at

io
n)

. 
Te

ch
ni

qu
e 

m
ay

 b
e 

ge
og

ra
ph

ic
al

ly
 

sp
ec

ifi
c.

 
In

te
rf

er
en

ce
 

lo
w

 a
s 

on
ly

 
vi

ab
le

 c
el

ls
 w

ill
 

gr
ow

.

3

D
N

A
-b

as
ed

 
m

et
ho

ds
 -

 
rib

ot
yp

in
g

C
ur

re
nt

 t
ec

hn
ol

og
y.

 
La

b-
ba

se
d.

 S
el

ec
tiv

e 
cu

lti
va

tio
n 

of
 

FI
O

s,
 f

ol
lo

w
ed

 b
y 

rib
ot

yp
in

g 
of

 w
ho

le
 

ge
no

m
es

. 

Li
br

ar
y-

de
pe

nd
en

t
D

iffi
cu

lt 
– 

la
bo

ur
 

in
te

ns
iv

e 
an

d 
tim

e 
co

ns
um

in
g

Ye
s

R
es

ea
rc

h
Ye

s
La

b:
 fi

ltr
at

io
n 

un
it,

 
fil

te
rs

, i
nc

ub
at

or
, 

ce
nt

rif
ug

e,
 v

or
te

x,
 

re
ag

en
ts

 a
nd

 
co

ns
um

ab
le

s,
 

Q
ub

it/
na

no
dr

op
, 

ge
l e

le
ct

ro
ph

or
es

is
 

or
 s

ou
th

er
n 

bl
ot

 
w

ith
 p

ro
be

s.
 F

ie
ld

: 
st

an
da

rd
 s

am
pl

in
g 

eq
ui

pm
en

t.

>
48

h
M

ed
/ 

no
t 

fo
r 

us
e 

in
 t

he
 

fie
ld

H
ig

h 
- 

re
qu

ire
s 

ba
si

c 
m

ic
ro

bi
ol

og
y 

la
b 

w
ith

 C
la

ss
 

II 
ca

bi
ne

t

£1
.0

0 
– 

cu
lti

va
tio

n;
 

£1
.7

5 
- 

D
N

A
 

ex
tr

ac
tio

n 
ki

t;
 £

0.
37

 
Q

ub
it;

 £
 

va
ria

bl
e 

fo
r 

re
st

ric
tio

n 
en

zy
m

es

R
ep

or
te

d 
to

 
be

 h
ig

hl
y 

re
pr

od
uc

ib
le

, 
bu

t 
te

ch
ni

qu
e 

is
 

ge
og

ra
ph

ic
al

ly
 

sp
ec

ifi
c 

(M
ea

ys
 

et
 a

l.,
 2

00
4)

. 
In

te
rf

er
en

ce
 

lo
w

 a
s 

on
ly

 
vi

ab
le

 c
el

ls
 w

ill
 

gr
ow

.

3

D
N

A
-b

as
ed

 
m

et
ho

ds
 –

 
Pu

ls
e 

fil
ed

 g
el

 
el

ec
tr

op
ho

re
si

s 
(P

FG
E)

C
ur

re
nt

 t
ec

hn
ol

og
y.

 
La

b-
ba

se
d.

 S
el

ec
tiv

e 
cu

lti
va

tio
n 

of
 F

IO
s,

 
fo

llo
w

ed
 b

y 
D

N
A

 
fin

ge
rp

rin
tin

g 
of

 
is

ol
at

es
 v

is
ua

lis
ed

 b
y 

ge
l e

le
ct

ro
ph

or
es

is
. 

Li
br

ar
y-

de
pe

nd
en

t
D

iffi
cu

lt 
– 

la
bo

ur
 

in
te

ns
iv

e 
an

d 
tim

e 
co

ns
um

in
g

Ye
s

R
es

ea
rc

h
Ye

s
La

b:
 fi

ltr
at

io
n 

un
it,

 in
cu

ba
to

r, 
ce

nt
rif

ug
e,

 v
or

te
x,

 
Q

ub
it/

na
no

dr
op

, 
ge

l e
le

ct
ro

ph
or

es
is

, 
re

ag
en

ts
 a

nd
 

co
ns

um
ab

le
s.

 F
ie

ld
: 

st
an

da
rd

 s
am

pl
in

g 
eq

ui
pm

en
t.

>
48

h
M

ed
/ 

no
t 

fo
r 

us
e 

in
 t

he
 

fie
ld

H
ig

h 
- 

re
qu

ire
s 

ba
si

c 
m

ic
ro

bi
ol

og
y 

la
b 

w
ith

 C
la

ss
 

II 
ca

bi
ne

t

£1
.0

0 
– 

cu
lti

va
tio

n;
 

£1
.7

5 
- 

D
N

A
 

ex
tr

ac
tio

n 
ki

t;
 £

0.
37

 
Q

ub
it;

 
£1

.5
0 

– 
PC

R
; £

 
va

ria
bl

e 
fo

r 
re

st
ric

tio
n 

en
zy

m
es

Ex
tr

em
el

y 
se

ns
iti

ve
, 

bu
t 

m
ay

 b
e 

to
o 

se
ns

iti
ve

 
to

 b
ro

ad
ly

 
di

sc
rim

in
at

e 
(M

ea
ys

 e
t 

al
., 

20
04

).
 

In
te

rf
er

en
ce

 
lo

w
 a

s 
on

ly
 

vi
ab

le
 c

el
ls

 w
ill

 
gr

ow
.

3



30

Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed
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samples
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Technology      

Description; Current or 
Emerging technology; 
category (lab or field-
based or continuous 
monitoring)

Library-dependent or 
library-independent

Ease of use

Expertise /training 
needed

Relevance to 
regulatory framework/
management policy 

Available in market/ 
Scotland

Equipment needed

Time to process 
samples

Planning hours/ 
logistics in the field

Set-up cost

Cost per sample

Reliability (sensitivity, 
specificity, interference)
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Table IV Content

Table Header Key

Description; Current or Emerging 
technology; category (lab 
or field-based or continuous 
monitoring)

Brief description of technology, what it measures; whether it is a current or emerging technology; 
category based on where the technology can be implemented. Continuous monitoring indicates 
technologies that can be left in situ.

Ease of use Easy/Medium/Difficult

Expertise or training needed Yes/No (No indicates nothing more than standard field sampling, good laboratory practice and basic 
understanding of aseptic technique)

Regulatory framework/
management policy to which 
technology is relevant

In-stream

Bathing

Shellfish

Drinking 

Research

Available in the market/in 
Scotland

Yes/No

Equipment needed Key laboratory or field equipment required (not exhaustive)

Response of technology to 
storage

<=24hrs

<=48hrs

Specify

Planning Hours Low/Med/High

Set-up cost Where available (for key equipment; not exhaustive)

Cost per sample Where available

Reliability Any biases/known aspects of reliability/unreliability compared with standard techniques

Relevance to strategy purpose E.g. suitable for initial screening, routine monitoring, source tracking

Blue shading Denotes the technology which we have identified as having the most potential for the criteria set out 
in the project aims. Please note that this does not preclude those technologies for other purposes.

Table IV.2  Effects of storage time on FIO quantification

Category of Technology Effect of Storage Time

Lab-based using cultivation-
based methods, DNA-based 
methods, flow cytometry or 
other biomarkers

- Results from stored samples will be affected by die-off.

-For any techniques based on DNA/RNA; storage is likely to result in loss of genetic material over time.  
RNA is likely to be lost rapidly. DNA loss depends on cell integrity which will be species dependent (e.g. 
Bacteroides do not survive for long periods in water, therefore DNA will be released, and free DNA 
tends to be broken down rapidly.  

-For flow cytometry, storage may influence cell integrity but depends on matrix composition and is 
likely to be similar to die-off effects for culture-based approaches.

-Stanols/sterols known to change over time but are unaffected by disinfection.

Field-based – mobile labs or 
probes, including those using 
cultivation-based methods

Would theoretically be affected by die-off but as these technologies are intended for use in the field 
this there should be no storage time.

Continuous monitoring In situ monitoring therefore generally no storage, however some platforms also allow samples to be 
stored for collection in which case storage time is likely to lead to effects on cell integrity/die-off.
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Appendix V  Trial results

This is a demonstration of what the toolbox approach to 
catchment surveys (Phase 1 of the monitoring strategy) 
can include in Scotland and how it can help design 
Phase 2 and Phase 3 of a catchment FIO monitoring 
strategy. It is useful to keep in mind that, in line with the 
broad monitoring guidelines for catchment surveys, we 
assume that the waterbody catchments adjacent to the 
coastline and the BWPA or SWPA (coastal waterbody 
catchments) pose a greater risk to BWPA and SWPA due 
to faster and direct FIO transport pathways from sources 
to the receiving coastal waters. Non-coastal waterbody 
catchments (inland waterbody catchments) being 
further away from the coastline, especially in larger river 
catchments, pose a lower risk to BWPA and SWPA due 
to longer pathways and potentially a greater degree of 
dilution during transport from catchment-based sources to 
the coast. It must be noted that this assumption is tested 
during Phase 1 of the FIO monitoring strategy. 

Appendix V.1  Nairn Catchment

Risk from Granted Point sources (GraPS)

Figure VI.1a shows that there is high density of CSO in 
the coastal waterbody catchments, suggesting that FIO 
monitoring during Phase 1 and Phase 2 should focus on 
the impact of CSO in the coastal catchments. Specific 
monitoring considerations-options 1 are:

•	 Monitoring in-stream FIO concentration in the coastal 
waterbody catchments during both dry and wet 
weather (i.e. applying the hybrid monitoring design). 

•	 Monitoring in the main stem of the Nairn river 
upstream of CSO (at the confluence of streams 
and the main stem downstream of primary and 
secondary GraPS) during dry weather. This can show 
whether continuous discharges from GraPS providing 
primary and secondary treatment exert an impact on 
instream FIO concentrations upstream of the coastal 
waterbody catchments.

1	  Specific recommendations cannot be given because 
action depends on field screening and actual FIO data.

Figure V.1a. Locations of GraPS at the Nairn river catchment. Data sources: SEPA, OS; see also Appendix II.2.
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•	 FIO monitoring in the morning during baseflow. This 
will enable capturing the maximum in-stream FIO 
concentrations in relation to continuous discharges 
from GraPS providing primary and secondary 
treatment before solar radiation and other factors (see 
Section 3.1) reduce FIO. 

•	 FIO monitoring before peak flow during stormflow. 
This will enable understand FIO from the CSO before 
dilution (“first flush”) and whether discharges from 
rainfall-dependent diffuse FIO sources (see Section 
3.1) exert an impact on instream-FIO concentrations. 
This monitoring may be applied during Phase 1, Phase 
2 and Phase 3. 

•	 The “bracketing” approach (See Section 3.3) to 
monitoring during Phase 2 and 3 in the coastal 
waterbody catchments under both wet and dry 
weather. This can help to distinguish between CSO 
and diffuse pollution FIO sources (as in Figure 2 of the 
main document) during stormflow and understand 
background FIO concentrations and predominant 
sources before CSO discharges.

Risk from septic tank systems (STS)

We examined risk from STS to watercourses in relation to 
soil runoff risk and soil leaching potential, assuming that 
there is a higher FIO pollution risk from STS (including 
discharges to soakaways, due to misconnections and 
directly to watercourses) when these are located at 
distances less than 10m from watercourses at areas 
characterised by high soil runoff risk and or high soil 
leaching potential. The results show that in the coastal 
waterbody catchments there are 7 STS within 10m from 
watercourses, 198 STS on soils characterised by high 
runoff risk and 324 STS on soils characterised by high 
leaching potential (Table V.1). It can be also observed that 
there are high density clusters of STS (i.e. >20 STS/Km2) 
on soils characterised by high runoff risk and high leaching 
potential in the coastal waterbody catchments (Table V.1, 

Figure V.1b and c). Further, there are many more high-
density STS in the coastal than in the inland waterbody 
catchments (Figure V.1b and c). 

These findings strongly indicate that monitoring to 
detect FIO from STS should initially focus on the coastal 
waterbody catchments, in line with literature-based 
monitoring strategy recommendations. Monitoring 
considerations include:

•	 Verifying and exploring though field visits the 
locations and performance characteristics of the 6 STS 
within 10m from watercourses and the high-density 
clusters in the coastal waterbody catchments.

•	 Hourly sampling for a couple of days during wet and 
dry weather to explore FIO concentrations upstream 
and downstream (“bracketing”) the 6 STS located 
within 10m from watercourses and the high-density 
STS clusters for Phase 1 monitoring. This monitoring 
will show whether and where there are STS-related 
hotspots within the area of influence.

•	 Monitoring at the confluence of the inland with 
the coastal waterbody catchments to explore any 
FIO influences from STS in the inland waterbody 
catchments and ensure that the area of influence 
during both wet and dry weather only includes the 
coastal waterbody catchments

•	 Weekly (morning or daily composite samples) 
monitoring for more than two years downstream of 
the STS hotspots identified during Phase 1 monitoring 
to identify their temporal variability (as per Phase 
2) and the dominant FIO sources downstream STS 
clusters (as per Phase 3). 

Risk from land use (diffuse pollution sources)

Figure VI.1d shows where FIO from livestock accumulate 
in-stream faster than the stream water flow can dilute 
them, therefore this SCIMAP output predicts the sites with 

Figure V.6 b and c. Septic tank systems (STS): modelled locations and high density clusters in relation to proximity to watercourses and soil 
runoff risk (left) and soil leaching potential (right). Data sources: SEPA, OS, SG; see also Appendix II.2.
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high in-stream FIO from diffuse agricultural pollution. We 
observed that high FIO can be expected at the headwaters 
of the Nairn river catchment. Less than 3% of the river 
length within the coastal catchments is at risk from diffuse 
(livestock) agricultural pollution. However, a small stream 
contributing to the main stem of the Nairn river in one of 
the coastal waterbody catchments (ID:20305) is predicted 
to have high in-stream FIO concentrations across most 
of its length. The implication for monitoring during Phase 
1 is that this small stream can be considered as a “point 
source” to the main stem and sampled downstream 
and upstream of the confluence with the main stem 
with the Nairn river during wet and dry weather (hybrid 
monitoring). This will help to understand how this small 
stream responds to rainfall in terms of FIO. The hybrid 
monitoring will also allow for separating the effects of 
background FIO due to STS and FIO due to agricultural 
land runoff. Therefore, this monitoring data must be 
considered in combination with data from STS in order to 
inform a better understanding of the separate timing of 
FIO discharges from different sources (i.e. continuous STS 
vs land runoff).

Additional considerations-options for Phase 2 (if that 
waterbody proves to be a FIO hotspot) include weekly 
(morning or daily composite) sampling or monitoring 
under the hybrid design upstream of the confluence to 
capture the FIO temporal variability generated by that 
“hotspot” waterbody and, potentially by STS hotspots. 

Once the timing of livestock and STS FIO is understood, 
confirmatory Phase 3 monitoring using MST tools can be 
applied to inform remedial action targeting.

Detecting predominant FIO sources with microbial source 
tracking at the Nairn Catchment

The National Waters Inventory of Scotland (NWIS) 
curated at the James Hutton Institute is an archive of 
surface water collected at end of catchment locations 
around Scotland. One of the sampling locations was in 
the Nairn catchment, i.e. Jubilee Bridge (SEPA sample 
ID: 202313) where several samples were taken over a 
two-year sampling period. Preliminary analysis of these 
samples was done using microbial source tracking (MST) 
tools (i.e. QPCR of host-specific Bacteroides). This data 
showed that over the two-year period, the predominant 
FIO pollution sources changed between ruminant-specific 
faecal pollution and human-specific faecal pollution. This 
indicates that selecting sites and times of monitoring 
during Phase 3 for MST is crucial for a clear understanding 
of the dominant FIO sources at a site. This finding also 
shows that identification of hotspots during Phase 1 and 
the temporal variability of different FIO sources during 
Phase 2 is essential for separating the effects of different 
FIO sources before applying MST tools to test types of 
sources at each site and time. 

Figure V.1d. SCIMAP-FIO output for the Nairn river catchment. Source: SCIMAP 2019.
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Appendix V.2  Loch Ryan Catchment
A description of Loch Ryan SW catchment akin to a 
desktop sanitary survey is available in an earlier CREW 
report by Akoumianaki et al 2018. For monitoring 
considerations related to tidal movements and salinity see 
Akoumianaki et al 2018. 

Risk from Granted Point sources (GraPS)

Figure VI.2a shows that the majority of CSO and 
stormwater overflows are gathered at the inner (southern) 
part of Loch Ryan in the vicinity of Stranraer, an area with 
urban land use. Of concern for the SWPA classification 
is the presence of WwTW providing primary treatment 
at Wig Bay (Caravan Park) and the CSO at Cairnryan 
Port (Table V.1). Loch Ryan SW catchment comprises 
small coastal waterbody catchments. As a result, CSO 
and WwTW are located at the coastline or at coastal 
streams less than 5km long, both situations posing a high 
FIO pollution risk to the SWPA due to short transport 
pathways - and therefore lower dilution - from sources to 
receiving waters. However, the SWPA is at good status 
and the SPA is classified as Class A (see also Akoumianaki 
et al 2018). Potentially, the coastal water and tidal 
circulation in the area enables sufficient mixing and 
dilution of polluted discharges to Loch Ryan. It is widely 
accepted that shellfish growing areas must be located in 
areas devoid of point sources. 

The implications for monitoring are to consider the 
following options:

•	 Water FIO sampling during wet and dry (before an/
or after the rain) weather including sampling during 
the tourist season at CSO or CSO cluster sites to 
understand their impact on water quality during and 
after rain. An earlier study showed elevated shellfish 
E. coli in samples collected up to 5-7 days after rainfall 
events in Scotland, indicating prolonged impact of 
rainfall dependent discharges on shellfish E. coli. 
Therefore, this sampling can clarify whether this is due 
to CSO or lingering high water FIO concentrations at 
SWPA due to the water circulation pattern and diffuse 
FIO pollution from catchment-based and sediment 
sources. Once Phase 1 monitoring has revealed the 
CSO hotspots, then Phase 2 and 3 monitoring can 
elucidate the contribution of human and animal 
sources to rainfall-dependent discharges as rainfall 
events progress and at events with different intensity. 

•	 Water FIO sampling in the vicinity of WwTW 
providing primary and secondary treatment. For 
Phase 1, this monitoring can be applied during dry 
weather and during the tourist season. However, 
understanding of the contribution of these sources to 
water FIO in the loch requires wet weather sampling, 
with more samples during the tourist season (hybrid 
monitoring). 

Risk from septic tank systems (STS)

We examined risk from STS to watercourses in relation to 
soil runoff risk and soil leaching potential, assuming that 
there is a higher FIO pollution risk from STS (including 
discharges to soakaways, due to misconnections and 
directly to watercourses) when these are located at 
distances less than 10m from watercourses at areas 
characterised by high soil runoff risk and or high soil 
leaching potential. The results show that there are 
approximately 400 STS in the small coastal waterbodies 
comprising the Loch Ryan SW catchment (Table V.1). 
Of them, there are 7 STS within 10m from watercourses 
and the coastline (Table V.1). Soil runoff risk and leaching 
potential were available for a large part of the Loch Ryan 
SW catchment but not for all of it. It appears that the 
majority of STS in the southern part of catchment are 
located on soils characterised by low runoff risk but high 
leaching potential. By contrast, STS in the south western 
parts of the catchment are in soils characterised mainly by 
low leaching potential but high runoff risk. It can be also 
observed that there is a high-density cluster of STS (i.e. 
>20 STS/Km2) in the inner part of the loch comprising 
STS located within 50 to >100m of the coastline on soils 
characterised by low runoff risk but high leaching potential 
(Table V.1, Figure V.2b and c). 

Figure V.2a. GraPS in Loch Ryan SW catchment. Data sources: 
SEPA, OS; see also Appendix II.2.
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The implications for Phase 1 monitoring is to: 

•	 Verify the locations and performance characteristics of 
the STS being located within 10m from watercourses 
and the coastline.

•	 Monitor water FIO in the vicinity of the high-density 
STS cluster, at the mouth of the streams with STS 
being located within 10m from watercourses and the 
vicinity of the STS within 10 m form the coastline. 

•	 Explore the performance and influence of STS 
located >10- 100m from the coastline and in streams 
discharging to the inner part of the loch, where they 
be accumulating causing legacy FIO problems.

•	 Apply the hybrid monitoring design but in addition to 
rainfall, tidal stage must be taken into account, e.g. 
consider collecting samples during high and low tide 
to assess how the tide affects seepage from coastal 
STS soakaways.

STS hotspot identification during Phase 1 can inform 
Phase 2 monitoring to identify temporal variation in 
STS-related FIO discharges. Phase 3 can be used in areas 
where there is a need to confirm or elucidate the effect of 
STS-related human sources at the SWPA against animal 
FIO sources, and potentially help to delineate exclusion 
zones for shellfish harvesting, if necessary. 

Figure V.2 b and c. Septic tank systems (STS) at the Loch Ryan SW catchment: modelled locations and high-density clusters in relation to 
proximity to watercourses and soil runoff risk (left) and soil leaching potential (right). Data sources: SEPA, OS, SG; see also Appendix II.2.

Risk from land use (diffuse pollution sources)

Figure V.2d shows where FIO from livestock accumulate 
in-stream faster than the stream water flow can dilute 
them, therefore this SCIMAP output predicts the sites with 
high in-stream FIO from diffuse agricultural pollution. We 
observed that high and moderate FIO concentrations can 
be expected throughout the small streams discharging at 
the south eastern parts of the Loch Ryan SW catchment 
as well as at the north eastern part of the catchment. The 
implication for water FIO monitoring during Phase 1 is 
that the small streams predicted to have high in-stream 
FIO concentrations can be considered as “point sources” 
to the coast and sampled at their mouth to Loch Ryan. 
The effect of rain, tide and wildlife (including gulls) must 
be considered during short-term monitoring to assess 
whether streams draining agricultural land are FIO 
hotspots to the SWPA. 

Additional considerations-options for Phase 2 include 
weekly (morning or daily composite) sampling or 
monitoring under the hybrid design and accounting for 
the influence of coastal current and tidal circulation. 
Once the timing of FIO discharges from GraPS, STS and 
livestock, has been investigated and evidence gaps have 
been identified, confirmatory Phase 3 monitoring using 
MST tools can be applied to enhance understanding and 
to inform remedial action targeting.
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Figure V.2d. SCIMAP-FIO output for the Loch Ryan SW catchment. Source: SCIMAP 2019.
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Appendix VI  Effect of 
storage time on efficacy 
of technique

Figure VI. 1. Percentage change in E. coli concentrations during sample storage. Source: Avery, unpublished data.
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Figure VI.2. Percentage change in Total Coliform concentrations during sample storage. Source: Avery, unpublished data.
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