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ORIGINAL ARTICLE

Establishing relative release kinetics of faecal indicator
organisms from different faecal matrices
C.J. Hodgson1, N. Bulmer1, D.R. Chadwick1, D.M. Oliver2, A.L. Heathwaite2, R.D. Fish3 and
M. Winter3

1 North Wyke Research, Okehampton, Devon, UK

2 Centre for Sustainable Water Management, Lancaster Environment Centre, Lancaster University, Lancaster, UK

3 Centre for Rural Policy Research, Department of Politics, Devon, UK

Introduction

Faecal indicator organisms (FIO) are currently defined as

Escherichia coli and intestinal enterococci (Anon, 2006)

whose presence in large numbers in the faeces of

mammals make them good bacterial indicators of faecal

pollution. FIO are key parameters used to index pollution

of public health significance in the new catchment scale
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Abstract

Aims: A laboratory assay for comparative characterization of various faecal

matrices with respect to faecal indicator organism (FIO) release using, artificial

rain water.

Methods and Results: Fresh sheep and beef-cattle faeces, dairy cattle slurry and

beef cattle farm yard manure (FYM) were collected from commercial units in

south-west England and applied to 20 randomized 1 m2 plots established on

permanent grassland. Representative samples from each faecal matrix (n = 5)

were collected on four occasions over 16 days. One gram of each sample was

transferred to a sterile vial to which 9 ml of standard local rain was carefully

pipetted. The vial was then rotated through 360�, 20 times in 60 s to ‘simulate’

a standardized interaction of the faecal material with rainfall, providing an

assay of comparative release potential. Appropriate decimal dilutions were pre-

pared from the eluent. Following agitation, with a sterile spatula, the remaining

faecal material and eluent in the vials were vortex mixed for 60 s before deci-

mal dilutions were prepared from the resulting mixture, providing a quantita-

tive assessment of the total FIO in the sample from which percentage release

could be determined. Bacterial concentrations were enumerated in duplicate by

membrane filtration following standard methods for FIO. Significant differ-

ences in release kinetics of Escherichia coli and enterococci from each of the

faecal matrices were determined.

Conclusions: Differences in release from each faecal substrate and between FIO

type (E. coli and intestinal enterococci) were observed in this laboratory study.

The order of release of E. coli from the faecal matrices (greatest to least,

expressed as a percentage of the total present) was dairy cattle slurry > beef

cattle FYM > beef-cattle faeces > sheep faeces. For intestinal enterococci the

order of percentage release was dairy cattle slurry > beef-cattle faeces > beef

cattle FYM > sheep faeces.

Significance and Impact of the Study: This laboratory-based method provides

the first data on the relative release kinetics of FIO from different faecal matri-

ces in rain water. This is fundamental information needed to parameterize

laboratory-based microbial models and inform approaches to field and

catchment risk assessment.
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water quality management approach advocated by the

Water Framework Directive (WFD) (EU) and the Clean

Water Act (USA) (Kay et al. 2008). Microbial pollution

as determined by FIO concentrations has been cited as

the most significant reason for water quality impairment

in recreational and shell-fish harvesting waters over the

last decade in the United States (Hyer and Moyer 2004;

Kay et al. 2008).

There is little information on the relative differences in

cell dispersal from differing faecal matrices found in agri-

cultural environments (Guber et al. 2006). Various factors

will impact on release kinetics of faecal bacteria in the

field (e.g. rainfall intensity, solution salinity and age of

faeces) but as a first approximation there is a fundamen-

tal need to understand which livestock manures are more

or less likely to release faecal bacteria under rainfall.

These release rates are crucial to underpin an evaluation

of combined transport and fate of cells in agricultural

environments and their subsequent delivery to surface

waters, yet few studies have investigated the release behav-

iour of indicator bacteria. Furthermore, this information

is complementary to studies of the differential die-off pat-

terns of FIO in faecal matrices (e.g. Oliver et al. 2006).

Initial studies have investigated other microbial contami-

nants such as, for example Cryptosporidium dispersal from

faecal material in agricultural systems, but have not con-

sidered the relative difference between different types of

faecal material with regard to their potential to disperse

faecal microbes (e.g. Schijven et al. 2004). With an

improved understanding of the likelihood of cell release

from different faecal substrates we can begin to target

simple mitigation strategies at the most risky faecal

sources found on pasture.

The evolving mandates of policy in the area of water

quality, such as the EU WFD 2000 ⁄ 60 ⁄ EC (Anon, 2000)

and revised Bathing Water Directive 2006 ⁄ 7 ⁄ EC (Anon,

2006) reflects growing acknowledgement of diffuse pollu-

tion derived from agriculture as the single biggest threat to

recreational water quality in England and Wales (DEFRA,

2007). The implications of the WFD are such that farmers

and land owners will have legal obligations to safeguard

water bodies and protect the environment. Risk assessment

frameworks for some agricultural contaminants, such as

the Phosphorous Index and nutrient-management plan-

ning are well established, allowing land owners to make

informed decisions at the field scale (Lemunyon and

Gilbert 1993; Coale et al. 2002; Buczko and Kuchenbuch

2007). However, there are few risk indexing tools that

address the impacts of diffuse microbial pollution from

agriculture (e.g. Oliver et al.2009), which is perhaps

surprising considering that FIO have been established for a

considerable time as a surrogate measure of infection

risk to humans (Kay et al. 2007). Furthermore the

‘evidence-base’ necessary to inform good regulatory prac-

tice in the context of microbial pollution from agriculture

(Kay et al. 2008) is partial. Empirical science takes time to

accumulate and does not map neatly on to the timescales

and exigencies of policy frameworks, most notably the

need for EU member states to meet their obligations under

the WFD by 2015. Consequently, laboratory-based experi-

ments that can provide an indication of relative release

kinetics for FIO from various faecal matrices in rain water

are essential to provide the data to drive early iterations of

risk tools that focus on identifying and mitigating micro-

bial diffuse pollution at the farm scale. The objective of

this study was to use a laboratory scale experiment to

determine the relative release kinetics of FIO in artificial

rain water over 16 days, from four distinct and common

faecal matrices: beef-cattle faeces; beef cattle (farm yard

manure, FYM); dairy cattle slurry; and sheep faeces.

Materials and methods

Collection of faecal material

Beef-cattle faeces, FYM and sheep faeces were collected

from a research farm at North Wyke Research, Devon,

UK (Grid ref: 985659). The cattle slurry was collected

from a nearby dairy unit. All faecal material was stored

immediately after collection, in the dark and at 4�C and

applied to land within 2–6 h. Beef-cattle faeces and FYM

were collected from cattle sheds housing 20 beef cattle

(Hereford · Friesian). Prior to collection of the faeces the

concrete feeding area was scraped and thoroughly cleaned

with a commercial farm disinfectant followed by washing

with a pressure hose as per standard farming practice.

This removed old remnants of different faecal types. The

cattle were then reintroduced onto the clean concrete area

and fresh faecal deposits were collected immediately after

defecation. Five deposits, from separate animals, were col-

lected in total using sterile plastic bags. Approximately

25 kg of beef cattle FYM was collected by scraping away

the top 10 cm of bedding material and digging out the

bedding to the concrete floor. The FYM was mixed thor-

oughly on a clean concrete surface. For the sheep faeces,

15 faeces (each faeces is comprised of a group of faecal

pellets) were collected from a flock (c. 60 head) of

Suffolk · ewes, which had been out wintering on a grass-

land paddock. A concrete collection yard was scraped and

cleaned thoroughly; the flock was corralled on the collec-

tion yard and left for 90 min. The flock was then released

and intact faecal deposits were collected in sterile plastic

bags. Approximately 27 l of dairy cattle slurry was col-

lected from a reception pit. The slurry had been mixed by

an automated stirrer for 24 h prior to collection to ensure

that it was as homogeneous as possible.
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Sampling of faecal material

The faecal material was exposed to field conditions and

sampled on a series of dates in March and April 2008 for

use within a controlled laboratory experiment. Faecal

material was placed onto 20 randomized 2 m2 plots

established on permanent grassland that had not been

grazed or received livestock manure for 20 years. The

treatments comprised five plots of one beef-cattle faeces,

five plots of sheep faeces comprising three faecal deposits,

five plots of beef cattle FYM and five plots of dairy slurry.

The FYM and slurry were broadcast (surface) applied at

the equivalent rate of 45 t and 45 m3 ha)1, respectively,

within the confines of a 1 m2 quadrat. This application

rate was chosen because it represents a realistic upper

level used in the UK and is within the limit outlined in

codes of good agricultural practice (MAFF, 1998).

To facilitate broadcast application at the plot scale a

miniature ‘splash-plate’ device was used. The faecal mate-

rial was exposed to natural weather conditions over the

course of the study; meteorological data were collected in

the field using a Skye Minimet 4 Meteorological Station

(Skye Instruments Ltd, Powys, UK). Representative sam-

ples, c. 2 g, from the four faecal matrices were taken,

using a sterile spatula, from each of the five replicates on

four separate occasions, for the beef cattle and sheep fae-

ces and three separate occasions for the Beef FYM and

dairy cattle slurry, over 16 days (day 1, 3, 9 and 16) to

investigate release from freshly deposited ⁄ applied faecal

matrices and also ageing faecal matrices. The rationale for

not taking a sample on day 1 for the FYM and slurry was

related to current best practice, which recommends that

farmers do not apply animal manures when rain is immi-

nent. The spatula was sterilized by immersion in Virkon

(Anachem Ltd, Luton, UK) and rinsing with sterile-de-

ionized water between each plot. Faecal samples were

placed into sterile vials and immediately returned to the

laboratory for analysis.

Generation of standardized, sterile rainwater

Standard rain water characteristic of the local area was

generated by dissolving salts in deionized water. The

resulting composition was typical of rainwater collected at

North Wyke Research, pH 5Æ64, (composition (g l)1):

CaCl, 2Æ465; MgCl, 1Æ919; FeCl, 0Æ0445; NH4NO3, 0Æ430;

K2SO4, 0Æ617; NaCl, 3Æ317. The artificial rainwater was

sterilized using an autoclave (15 min at 121�C).

Determination of FIO concentrations

A laboratory experiment following a protocol used to

measure phosphorus mobilization from soil was used

(The DESPRAL test) but adapted to measure FIO release

from faecal matrices Withers et al. 2007). Briefly, one

gram of each of the faecally derived substrates was added to

a sterile vial in replicate (n = 5) to which 9 ml of sterile-

standardized rain water was pipetted slowly down the side

of the vial so as to avoid agitating the organic matter.

The vial was then rotated through 360�, 20 times in 60 s

to simulate a standardized interaction of the faecal mate-

rial with rainfall, providing an assay of comparative

release potential under controlled laboratory conditions.

One millilitre of the eluent was aseptically transferred to

9 ml of sterile Ringers (Oxoid, Basingstoke, UK) and

appropriate serial 10-fold dilutions were made, standard

methods of membrane filtration were used to determine

bacterial concentrations (Anon, 2002). Samples were

washed through the filtration unit with 20 ml of sterile

Ringer’s solution. Membrane filters of 0Æ45 lm pore size

(Pall Gellman Sciences, East Hills, NY) were aseptically

transferred to Membrane Lactose Glucuronide Agar

(Oxoid) and incubated inverted, at 44Æ5�C (±0Æ2�C) for

18–24 h for E. coli and Slanetz and Bartley (Oxoid) incu-

bated at 37Æ0�C (±0Æ2�C) for 44–48 h, for intestinal

enterococci. The remaining rain and faecal material was

homogenized by vortex mixing for 60 s and agitating with

a sterile spatula. Appropriate decimal dilutions were

prepared in 9 ml of Ringers and duplicate FIO concentra-

tions were determined as described above providing a

quantitative assessment of the total FIO in the sample

from which release percentage could be determined. FIO

concentrations were analysed in the laboratory within 2 h

of sample collection. The remaining faecal material was

used to determine the gravimetric water content by

drying at 105�C for 24 h.

Statistical analyses

Raw FIO counts were normalized by transforming to

Log10 colony forming units (CFU) g)1 (dry wt., dry

weight). Means and associated standard deviations and

percentage of FIO released in the artificial rain water were

calculated using Excel (Microsoft Excel 2003; Microsoft

Corporation, 2003). A general linear model with repeated

measures was performed on each faecal matrix at each

sampling time to test for differences in cells released from

each treatment (GenStat 10th edition; VSN International

Ltd, Hemel Hempstead, UK).

Results

Meteorological conditions

Meteorological conditions during the experiment were

relatively dry. A total of 12 mm of rain fell during the

Establishing relative release kinetics of faecal indicator organisms C.J. Hodgson et al.
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16 days, with no single day recording more than 5 mm,

air temperature, recorded at 10 cm above the ground,

ranged from )1Æ2 to 11Æ1�C. There was very little visible

deterioration of the faecal material as a result of weather

conditions from day 1 to 9. However, by day 16, it was

apparent that all four matrices were drying as evidenced

by the reported percentage dry matters (see Tables 1

and 2). By day 16, there was little physical evidence of

the faecal material being incorporated into the soil and

each faecal matrix was still occupying its original area

within its respective grassland plot.

FIO concentrations in faecal material and FIO release

Fresh beef and sheep faeces collected on day 1 had mean

(n = 5) E. coli concentrations of 5Æ74 and 6Æ91 Log10

Table 1 Mean Escherichia coli concentrations and dry matter in each of the four faecal matrices (n = 5 for each faecal matrix) and concentrations

and percentage of cells lost following dispersion experiment, standard deviations are shown in parentheses

Faecal matrix Day

Total cell concentration

detected in faecal material

Log10 CFU g)1 dry wt.

Cell concentration

detected in rain water

Log10 CFU g)1 dry wt.

Escherichia coli released

in rain water (%)

Dry matter of

faecal material (%)

Beef-cattle faeces 1 5Æ74 (0Æ79) 5Æ15 (1Æ02) 30Æ7 (17Æ6) 10Æ8 (1Æ7)

3 4Æ61 (0Æ55) 2Æ94 (1Æ74) 20Æ9 (27Æ4) 13Æ5 (1Æ6)

9 4Æ47 (0Æ75) 3Æ94 (0Æ66) 32Æ9 (17Æ1) 15Æ4 (1Æ5)

16 2Æ85 (1Æ87) 1Æ84 (1Æ82) 15Æ1 (25Æ4) 41Æ1 (28Æ6)

Sheep faeces 1 6Æ91 (0Æ61) 6Æ15 (0Æ367) 22Æ5 (21Æ3) 20Æ2 (1Æ9)

3 5Æ01 (2Æ88) 3Æ27 (1Æ95) 0Æ8 (0Æ9) 30Æ6 (15Æ0)

9 8Æ03 (0Æ17) 4Æ88 (2Æ73) 1Æ0 (0Æ8) 27Æ1 (4Æ7)

16 6Æ76 (0Æ84) 4Æ56 (0Æ64) 0Æ8 (0Æ5) 60Æ8 (17Æ7)

Beef farm yard manure 1 ND

3 5Æ66 (0Æ50) 4Æ91 (1Æ02) 34Æ6 (35Æ9) 24Æ7 (3Æ7)

9 5Æ28 (1Æ32) 4Æ37 (1Æ19) 21Æ0 (24Æ7) 21Æ7 (3Æ0)

16 4Æ21 (1Æ20) 1Æ34 (2Æ10) 1Æ8 (3Æ9) 65Æ1 (21Æ7)

Dairy cattle slurry 1 ND

3 6Æ53 (0Æ02) 6Æ23 (0Æ02) 50Æ2 (0Æ7) 17Æ0 (0Æ9)

9 5Æ71 (0Æ15) 5Æ40 (0Æ17) 49Æ5 (2Æ1) 20Æ2 (1Æ6)

16 3Æ52 (0Æ37) 1Æ95 (1Æ16) 6Æ5 (6Æ9) 55Æ6 (9Æ8)

ND, no data (refer to Materials and methods for rationale).

Table 2 Mean intestinal enterococci (IE) concentrations and dry matter in each of the four faecal matrices (n = 5 for each faecal matrix) and

concentrations and percentage of cells lost following dispersion experiment, standard deviations are shown in parentheses

Faecal matrix Day

Total cell concentration

detected in faecal material

Log10 CFU g)1 dry wt.

Cell concentration

detected in rain water

Log10 CFU

g)1 dry wt.

IE released in

rain water (%)

Dry matter of faecal

material (%)

Beef-cattle faeces 1 6Æ92 (0Æ28) 6Æ30 (0Æ31) 26Æ8 (13Æ1) 10Æ8 (1Æ7)

3 6Æ14 (0Æ60) 5Æ34 (0Æ94) 22Æ4 (17Æ3) 13Æ5 (1Æ6)

9 5Æ12 (0Æ79) 4Æ78 (0Æ82) 44Æ0 (7Æ4) 15Æ4 (1Æ5)

16 4Æ37 (0Æ29) 3Æ59 (0Æ76) 27Æ4 (23Æ4) 41Æ1 (28Æ6)

Sheep faeces 1 6Æ16 (0Æ39) 4Æ61 (0Æ16) 5Æ2 (7Æ6) 20Æ2 (1Æ9)

3 6Æ37 (0Æ44) 4Æ30 (0Æ58) 1Æ3 (1Æ3) 30Æ6 (15Æ0)

9 6Æ06 (0Æ68) 4Æ53 (1Æ04) 4Æ7 (4Æ7) 27Æ1 (4Æ7)

16 5Æ47 (0Æ81) 1Æ74 (1Æ69) 0Æ2 (0Æ4) 60Æ8 (17Æ7)

Beef farm yard manure 1 ND

3 5Æ77 (0Æ65) 4Æ72 (0Æ65) 26Æ5 (33Æ9) 24Æ7 (3Æ7)

9 5Æ69 (0Æ18) 4Æ82 (0Æ58) 17Æ2 (9Æ1) 21Æ7 (3Æ0)

16 4Æ56 (0Æ66) 2Æ43 (1Æ54) 2Æ5 (2Æ8) 65Æ1 (21Æ7)

Dairy cattle slurry 1 ND

3 8Æ41 (0Æ05) 8Æ11 (0Æ06) 49Æ5 (1Æ3) 17Æ0 (0Æ9)

9 6Æ39 (0Æ16) 6Æ07 (0Æ17) 47Æ9 (1Æ4) 20Æ2 (1Æ6)

16 4Æ31 (0Æ09) 2Æ71 (1Æ66) 17Æ4 (16Æ5) 55Æ6 (9Æ8)

ND, no data (as Table 1, see rationale in Materials and methods).
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CFU g)1 dry wt. respectively (Table 1). Mean (n = 5)

concentrations of intestinal enterococci were 6Æ92 (beef)

and 6Æ16 (sheep), Log10 CFU g)1 dry wt. (Table 2). On

day 1, the percentage loss (release) of E. coli in rain water

for the beef cattle and sheep faeces was similar at 30Æ6%

and 22Æ5% respectively (Fig. 1). In contrast there was a

statistically significant difference (P = 0Æ013) in the per-

centage loss of intestinal enterococci in rain water

between beef cattle and sheep faeces, 26Æ8% and 5Æ2%

respectively (Fig. 1).

There was a general decline observed in total viable

bacterial cells, both E. coli and intestinal enterococci, for

the three bovine faecal matrices over the 16 days. In con-

trast the total viable E. coli concentration in sheep faeces

showed no general decline over the 16 days, with an

actual increase observed on day 9 (a mean concentration

of 8Æ03 Log10 CFU g)1 dry wt.). At day 16, the total viable

concentration of E. coli and intestinal enterococci was sig-

nificantly greater in the sheep faeces compared with all

three bovine faecal matrices (P < 0Æ001) and (P < 0Æ010),

respectively.

When the mean Log10 CFU g)1 recovered in the rain

water were compared over time it was found that between

day 3 to day 16 there were significant differences between

both E. coli and intestinal enterococci across all four fae-

cal matrices (P < 0Æ001). The order of release of E. coli

from the faecal matrices (greatest to least, expressed as a

percentage of the total present) was dairy cattle slurry >

beef cattle FYM > beef-cattle faeces > sheep faeces. For

intestinal enterococci the order of percentage release was

dairy cattle slurry > beef-cattle faeces > beef cattle

FYM > sheep faeces.

Discussion

The initial concentrations of faecal indicators were

broadly similar across all manure types, which is consis-

tent with concentrations reported in the literature for cat-

tle faeces (Sinton et al. 2007; Van Kessel et al. 2007;

Moriarty et al. 2008) and sheep faeces (Avery et al. 2004).

There are very few studies that have attempted to quan-

tify and compare the release of FIO by rain water from a

suite of faecal matrices. This laboratory scale investigation

is unique in its attempt to ‘order’ the relative release of

FIO from four typical faecal matrices, found predomi-

nantly in grassland farming systems in the UK. The

research conducted has concentrated on the release of

specific pathogens. For example Davies et al. (2004) have

examined the dispersion of Cryptosporidium oocysts from

faecal pats under simulated rainfall events while Bradford

and Schijven (2002) evaluated the impact of solution

salinity on the release of Giardia and Cryptosporidium

from dairy calf manure. Ferguson et al. (2007) investi-

gated the microbial (Cryptosporidium, E. coli and a

bacteriophage, PRD 1) transport from cattle faeces under

simulated rainfall events at the field scale, but did not
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assess the difference in release from the diversity of faecal

types found in agricultural environments. Others have

assessed the release kinetics of a range of manure-borne

contaminants, including FIO, alongside nutrient release

from dairy manure applied to runoff plots, but again did

not compare release kinetics attributed to different faecal

matrices (Stout et al. 2005; Guber et al. 2006; Dao et al.

2008). Of course, while the study we report here has

made an assessment of rainfall-induced release of FIO

from faecal material others have commented that insect

and worm communities can also facilitate transfer of FIO

from faecal sources into the environment (Texier et al.

2008).

As the faecal material aged its percentage dry matter

content increased and for sheep faeces, beef FYM and

dairy cattle slurry this increase was coincident with a

reduction in the percentage of FIO recovered in the rain

water, which was far more pronounced by day 16 (i.e.

fewer cells were released and the risk of mobilization

had decreased). This would not appear to be an artefact

of cell death as the total bacterial concentrations in the

faecal material were still relatively high. It is more likely

that the bacteria became encapsulated within the faecal

matrix (thus less mobile) and were not released in the

rain water during the dispersion experiment. While there

was a corresponding increase in the percentage dry mat-

ter content in the beef-cattle faeces over time, 41% by

day 16, the percentage loss of FIO in the rain water was

far greater than that observed in the other faecal matri-

ces on day 16. It is arguable that had the faecal material

dried to the same dry matter content the percentage

release of FIO may have been the same across all faecal

matrices.

Notably, the loss of intestinal enterococci from beef-

cattle faeces, as a percentage, was actually greater at day

16, when the dry mater content was around 41%, than

day 3, when the dry matter content was 13Æ5%. This

would suggest that, for beef-cattle faeces, intestinal

enterococci are associated with the more solid fraction of

the faecal material. This observation concurs with Guber

et al. (2007) who found substantial numbers of entero-

cocci were apparently present in the less readily sus-

pended, possibly solid, parts of cattle manure. The

relatively high percentage of E. coli released from all four

faecal materials at the first analysis (day 1 for the beef

cattle and sheep faeces and day 3 for the FYM and slurry)

suggests they are probably associated with the more liquid

fraction of animal manures (Guber et al. 2007). The

observed significant difference in enterococci release for

beef cattle vs sheep faeces is potentially related to differ-

ences in physical composition of the two faecal materials

when the rain water was added. Generally, the sheep-fae-

cal material remained relatively intact during the release

phase (rotation through 360�C, 20 times in 60 s) of the

laboratory experiment, whereas the beef-cattle faeces

tended to disaggregate more readily during the release

phase.

An interesting observation was that the proportion of

FIO released from the sheep faeces was relatively small

throughout the duration of the experiment. However, it

should be noted that although the percentage loss was

small the actual concentration of viable FIO in the rain

water was still relatively large at 4Æ56 Log10 CFU g)1 dry

wt. Furthermore, there was no depreciable decline in FIO

concentrations recorded in the sheep-faecal material over

the 16 days [i.e. they did not undergo first-order die-off,

but instead persisted – a trait observed by others for

bovine faeces (Sinton et al. 2007)]. This is potentially sig-

nificant in that it shows that viable FIO can remain

within sheep faeces at elevated concentrations for at least

16 days. When this is considered in the context of sheep

and lamb numbers of which there are 34 million in the

UK (Anon, 2008), it highlights that faeces from grazing

sheep may: (i) act as a significant reservoir of FIO in the

environment and (ii) pose a considerable risk to micro-

bial water quality.

Data from this laboratory experiment provides a step-

change improvement in elucidating the relative order and

magnitude of rainfall-induced release of FIO from a suite

of faecal matrices commonly found on UK grassland

farms. Such data are needed to inform and parameterize

farm scale risk assessment tools for FIO (e.g. Oliver et al.

2009) to target management and mitigation strategies to

effectively protect watercourses from microbial contami-

nation.
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