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Abstract

This report examines the mechanisms of faecal
coliform transport and die-off onthe land and in
the acpuatic environment . Equations derived from
these investgations are used todevelopa
mathematicalmodel of faecal coliformdynamics
in streams and rivers. Process equations
describingthe key die-off mechanismsinthe
aquatic envirormment are derived frompublished
data. Anovel approachisusedtodescribe the
entrainment of organisms whichhave settled to
theriver bed. thisisbased on field observations
during flowreleasesfromreservoirs. Adead-zone
appreach is used to model mixing and dispersicn
mechanisms, as well as simple flow routing
equations and terms specific to faecal coliform
dynamics, including settlement and entrainment,
and die-off due to sunlight, temperature and pH.
The modelaccurately reproducesthefielddata
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and is successfully applied to routine monitoring
data for the River Exe in Devon. Climate change
scenarios are examined for the driest and wettest
predictions for the year 2050: theseresultina 5.6%
reductionand a 1.6%increase infaecal coliform
concentrations, respectively. Aregionalmodel,
using GIS techniques to relate faecal coliform
concentrationtoland-use, shows a strong
correlationbetween agriculturalland-use and
fagcal coliform concentration. The regionalmodel
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ExecutiveSummary

This reportis based on the results of research
carried out under contract for the Department of
the Environment during the period 1991-1994*.
The objectives of this work were to ascertain the
key processes by which faecal coliforms are
transported through river catchments, to suggest
land-useimpacts on stream faecal coliform
concentrations, and to develop anintegrated
predictive model of faecal coliforrn concentrations
from point and non-point sources. The work is of
directrelevancetootherresearchonbacterial
water quality and will help to assess the risks
associated with exposure to waters containing
faecal contamination.

The key influences on the survival offacscal
coliformsin streams and rivers include lightand
turbidity, temperature and pH. Sunlightis
probably the mostimportant single driving
variable withregard tofaecal coliform die-offin
streams andrivers. A 90%reductionof aninitial
populationin a few hours might be expectedin
bright sunlight whereas indarknessthe
organisms may persist for many days. The effect
of solar radiation is reduced in turbid waters
becauselight penefrationisreduced andthe
organisms are shielded by an envelope of stnall
particles. Temperature and pHplay alesserrole
indetermining faecal coliforrn survival. Faecal
coliformsurvivalisextended insewage
contaminated or oxygen-stressed waters.

Examination of the processes of faecal coliform
transport within catchments suggests that the
significance of different processes and sources of
faecal contamination changes withlocation. In
headwater areas the supply of organisms is
dominated by non-point sources: organisms are
transported fromthe catchment surface by a
combination of surface run-offand non-matrix
throughflow in the subsurface zone during rainfall
events. Further downstreamthe emphasis
changes, as point sources and channel storage
interactions become more significantinthe supply
of contaminant organisms.

Previous models for faecal coliform dynamics
have used arange of approaches. Multivariate
statistical approachesrelate the bacterial
concentration to anumber ofdriving variables
using simple statistical relationships. Simple
deterministic first order decay functionshave
beenused for describing the exponential die-off of
abacterial population and, inapplicationtorivers,
have been combined with equationsto describe
fluid mixing processes and flow hydraulics. These

models alllacked the necessary structure to
describe the process of bacterial transportin
rivers adequately. Only the model of Jenkins
{1984) soughtto describe the transfer of
organisms to and from storage within the channel.

The new model presented in thisreport (Section
5) uses a mass balance structure similar to that
adopted by Jenkins and can successfully
reproduce the faecal coliformtime-series
produced during the field experiments described
in Section 5.

Themodelstructure and operationincorporates
the following assumptions:

e Thechannel-storeisdistributed acrossthe
entire channel.

¢ Theregionsofstorage respond sequentially to
rises in flow.

e Anygivenriseinflow will produce entrainment
of organisms fromthe channel.

e Atanyquasi-steady flowthe active supply area
of organismswillbecome depleted.

e No further entrainment can occur once the flow
recession commences.

e Further higher flows will still release organisms
fromstorage.

The model incorporates terms for the effects of
environmental influences derived fromdatainthe
literature, describing the effect of sunlight and
turbidity, temperature and pH onfaecal coliform
survivalinthe water columnn.

The model was successfully applied to areach of
the River Exe in Devonfor the years 1990 and
1991. The model operated well for extended
periods of data, the numbers of organisms in the
channel store remained stable and were, in effect,
self requlating. Seasonal effects were modelled
with a simple cosine function accounting for die-
off changes resulting from solar radiation and
temperature, overcoming the need for data for
these variables and reducing the number of
parameters needed to calibrate themodel. No
previousmodelhas givena satisfactory
description offaecal coliformriver dynamics. The
model applied here notonly gave a good fitto the
observed data but also has scope for application
to other water quality determinants.

Analysis of faecal coliform concentrationsin 13
upland Welsh catchments, together with data from
ADAS land-use maps and those derived from
surveys of stocking practices and fertiliser use




showed that catchments with higher proportions
ofimproved agriculturalland (with higher fertiliser
use and livestock densities) produce higher
gecmetricmean faecal coliform concentrations
than forested catchments. This finding reflects the
higher loadings of organisms fromlivestockin
agricultural catchments.

Examination of a further 12 catchmentsin
England, Scotland and Wales, representing a
broad range of size, land-use and faecal
contamination, demonstrated behaviour
consistent with the Welsh study. It was found that
agricultural land classes and groupings of
classes, perhaps relating to the lowland nature of
the catchment, produce more faecal coliforms
thanmore upland catchments with non-
agriculturalland-uses. The results suggest that the
proximity of faecal coliform supply areastothe
streamn channel will be significant to the
concentrationtherein.

Further studies will examine the relationships
betweenfaecal coliform concentrations and the

more recent ITE land- use classification system
which differentiates between grasslands used for
pasture, and those used for rough grazing, etc. A
greater number of sites will be used in this
analysis thus enhancing results already
presented.

The current version of the modelis capable of
simulating the changes in faecal coliform
concentrationsin ariver network atboth seasonal
and storm event time scales. The potential
applications of the model include: assisting the
assessment of changes in effluent discharges or
land-use on, for example, the health risk posed to
recreators by agivenriver reach; assessing
loadings of faecal contaminants to the marine
system and hence the impact on compliance with
health regulations relating tolocal bathing waters;
and to help drinking water abstractors predict the
timing, duration and magnitude of events of peak
bacterial concentrationinorderto preventthe
intake to water supplies with large faecal
contaminant loadings.

*This project was funded by the Department of Environment, Water Directorate, under project number PECD
Ref No. 7/7/385. It was started on I july 1§91 and completed at the end of June 1894. Other contributions to the
project were made by the National Rivers Authority who funded an expansion of the data collection elements of
the programme and the Natural Environment Research Council. The project was undertaken by the Institute of
Hydrology in conjunction with the Centre for Research into Environment and Health, University of Leeds.
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1 Introduction

1.1 Backgroundtothe project

This project was funded by the Department of
Environment with contributions fromthe National
Rivers Authority. The main aims of the project
were:

e toascertainthe key processesbywhich faecal
coliforms are transported throughriver
catchments;

e tosuggestland-use impacts onstreamfaecal
coliform concentrations;

e todevelop anintegrated predictivemodelof
faecal coliform concentrations frompointand -
non-point sources,

The work canbe integrated with other research
seekingto describe bacterial water quality and to
assess the risks associated with exposure to
waters containing faecal contamination.

The need to develop a predictive model for faecal
coliform concentrationsinrivers stems fromthe
fact that existing water quality models only contain
rudimentary process equations and the processes
controlling faecal coliform concentrations were
previouslyill-defined. The ability to predict
bacterial water quality and modelbacterial
transport has a number of benefits:

¢ Assessingthe impactof changingland-use or
effluent quality onbacterial water quality.

e Predicting loadings of faecal contaminants to
the coastal zone to assist in assessing periods
of poor bathing water quality.

e Determine the timing and magnitude of
episodes of poor bacterial water quality
associated with flow events in crder to
optimisethe closing of water abstraction
intakes to protect water supplies and reduce
disinfectant dosings.

1.2 The coliform index as an indicatox
of faecal contamination

The coliform group was chosen as an indicator
of bacterial water quality as a result of the work
of Escherisch who, in 1885, identified Bacillus
coli as being characteristic of the faeces of
warm-blooded animals (Dutka, 1873). The
group comprise; Escherischia, Klebsiella,
Enterobacter and Citrobacter types but not all,
however, are associated with faecal
contamination since Cifrobacter is not a faecal
coliform.

The faecal coliform index, which is used in the
field studies described in thisreport, was '
developed in an attempt to select only those types
specifically of faecal origin: Escherischia and
Klebsiella. Faecal coliforms or thermotolerant
coliforms canbe termed presumptive E.colias all
procedures inthe incubation for the identification
of E.coli (i.e. acid production) have been
undertaken apart fromthe final confirmatory tests
(i.e. gas productionfromlactose fermentation and
indole production from tryptophan). The agency
dataused inthe model application presented and
inthe examination ofland-use relationships are
also faecal coliform counts,

1.3 Sourcesandinputsofindicator
bacteriatocatchments

There are a wide variety of sources ofindicator
bacteria to catchrnents. Inputs to surface water
may be categorised as either point or non-point
sources (see Table 1.1} Non-point or diffuse
source inputs of faecal contarmination are
essentially those derived fromthe catchment
surface and representthe inputstotheriver
network which do not issue from a drain or pipe or
other such easily defined point. The supply of
organisms is determined by theland-use such as
depositionby grazers, applications of farm wastes
or sewage sludge, natural fauna, and recreational
uses. The magnitude and significance of these
sources will depend on the intensity of the
stocking practice or applicationrate of waste and
the degree of existing contaminationinthe
receiving water. Point source inputs arelocalised
sources which are easily identified and
quantifiable. These include leachate fromland
drainage systems, sewage works outfalls,
combined sewer storm overflows or industrial
discharges.

Other less obvious sources of faecal
contaminationhave beendocumented inthe
literature. Food processing waste waters
{(bacteriallevelsin vegetable processing wastes
are attributed to the seils in which they were
grown) the use of animal fertilisers, farm animals
and poor quality irrigation water. Inmeat
processing wastes, straw, blood, flesh, fat, offal
and manure from the intestines of the slaughtered
animals result in similar bacterial concentrations
to the faeces of farm animals (Geldreich and
Kenner, 1969). Standridgeetal. (1979) found that
outbreaks of various diseases onalake-side
recreational beach resulted from contamination




Table 1.1 Sources and inputs of faecal contamination to catchments, with typical indicator bacteria

concentrations
Source of {aecal Nature of input Typical values,
contamination allinFC
1. Non-point Diffuse inputs to the catchment surface, transported to surface waters
sources by hydrological processes. -
Natural Inputs Faeces of indigenous fauna e.g. rodents (FC par gram) [Geldreich and
Kenner, 1969) 2105
Avian Inputs from nesting or roosting bird colonies. (FC per gram faeces)
[Standridge, 1579] 3.1074.108
Enhanced Agricultural; use of farm animal wastes as fertilizers on arable and pasture 10% per 100ml
land, dirty water reuse schemes for irrigation/disposal, intensive stock [Evans and

grazing.

Owens, 1972]

Sewage sludge disposal; application to arable land and forestry as fertiliser.
Recreational; directly from contact water sports, contamination of rivers

draining catchments supporting enhanced recreational activity 107 per g human
[Geldreich and Kenner, 1969]. taeces
2. Point sources Localised, easily quantifiable sources, such as direct pipsed dischargesto a
water body.
Sewage works Constant piped dischargas of ireated domestic {a.g. FC/100ml} and 10-10%inal
industrial wastes [Cohan and Shuval, 1873; Menon, 1985]. 10° raw
Industrial Discharges from food processing industries; poultry/meat/potato plants,
effluents fruitvegetable canneries etc. [Manon, 1985]. 10%-107 per 100ml
Urbanrunoff, Combined sewer storm overflows'", storm drains®, contamination from g?
stormdrainage urban runcfi®, straet gutterst!. Storm induced inputs may result in =08
extremaly high *first-flush™ concentrations due to scour of material in pipes. RHO-5.10¢
Storm sewerage may be outdated and operate before sufficlent receiving Hy02-104
water can be achieved. (All values per dilution by 100ml) [1%2Burm and
Vaughn, 1866 {in®%Geldreich ot al., 1968)).
Landfill sites Evidence exists showing that leachates contain fascal indicators and that 10 per 100mi
bacteria can survive within sites for long periods [Blannon and Peterson, {tnwaste
1974, 105107 porg)
Landdrains Discharge of bacteria in leachate from agricultural land with artificial drainage

[Evans and Owens, 1972).

10-10° par 100mt

by a permanent water fowl population on the
shore. Similarly, gull populations have the
potential to lower the quality of night-roost water
bodies as well as streams receiving run-off from
nesting sites. Gulls may feed on agricultural
land, at landfills and sewage works and breed
on moorlands, often using reservoirs for safe
night-roosts. One herring gull may excrete
around 18.108 FC in a day: 19.10® is typical for a
man (Gould and Fletcher, 1978). Sanitary
landfills can pose a threat to the bacterial quality
of ground and surface waters as both wastes
and leachates contain high concentrations of

indicator bacteria (Table 1.1) (Donnelly et al.,
1981,1982). Niemi (1985) examined the
potential of fish farms as a source of faecal
contamination. In a survey of effluents and water
quality from various trout farms, the majonty of
the coliforms of faecal origin were traced to run-
off rombird droppings on surrounding land. This
mightbe expected: fish are notwarm-blooded
and do not have a permanent faecal coliform flora
intheir intestines. Inremote regions their facces
rarely containfaecal coliforms and positive
occurrences have beenattributed to
contarnination fromwildlife (Geldreich, 1970).




2 Relationshipsbetweenenvironmental
conditions, waterqualityand faecal

coliform mortality

The survival of faecal coliforms outside the
intestinal tractis influenced by a complex range of
interacting factors. These mightbe physical and
include the environmental conditions particular to
aspecificlocation or water body, the temperature
or light intensity or moisture status. The chemical
and microbiological hostility of alocation is also
significant, including the frophic status and
degree of inorganic pollution, whichin turm willbe
affected by environmental conditions.

Some of the studies reviewed use E.coli
enumerations instead of faecal coliform. Klebsiella
species, which comprise part of the faecal
coliform count, will survive longer inthe
environment outside the gut than £ coli, leading to
arelatively greater proportionofnon-E.coli '
species in a faecal coliform count. Although this
mightlead to the reporting of slightly reduced
survival irnes in such studies, evidence from
microbiological laboratories analysing
environmental samples suggests that between 80
and 85% offaecal coliforms in freshwater are
E.coli (Godiree, 1994). Hence this should not
detract fromthe overall conclusions sinceE.colf
still represent the most significant group inthe
organisms confributing to the faecal coliform
countin fresh waters.

2.1 Characterisingbacterialdie-off

To allow compariscn of the results of bacterial
survival studies, twomain descriptors are usedin
theliterature. These are the die-off rate coefficient
kand T, (the time taken for a population to fall to
90% of its initial value). The die-off rate coefficient
k isderived from first order decay dynamics as
described by Chick’'s Law, which describesa
simple exponential decline from an initial
population:

=10

z|=

where, N, = the initial population, and
N, = the population at time t > 0

N,= N,.10#

for, k=0thereisno die-off,
k < Oindicates growth, i.e. 10*!is positive,
and
k> 0 and increasing, die-cff is more rapid.

The die-off rate coefficient, k, is the amount the
log,, population falls per unit time, i.e.;
Nr
-kt=lo -
i No

-kt=log, N;-log, N,

= 109,My-10g,e N,
¢
where, t=t,-t,

kcantherefore be found graphically by plotting
the log, ,bacterial population against time and
extracting fromthe y axis the two intercepts from
the best straight line fit (see Figure 2.1} for one
hour on the x axis. T 1s the time taken for the
populationto fall by onelog,,cycle from the initial
value. Ift=T , or T, by defimition, at T, log, N, -
log,o Npg, = 1. .
1 2
k= ~— and —

TQO TEB
Inpractical applications there may be atime delay
before adecline inthe bacterial population
occurs. In such situations kis the slope of the die-
off portion of the graph, and T, remains the total
time from the beginning of an experiment to when
the populationhasfallenby 90%.

McFeters and Stuart (1972) use T% as their
measure of die-off, thisbeingthe imetakenfora
S0%reductionintheinitial bacterial population.
Assuming that simple first order decayis
appropriate, T, values canbe convertedto die-off
rate k;

& kT, =log,, 0.5
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Figure 2.1 Graphical derivation of die-off rate k and 90% reduction time T, assuming simple first order decay

dynamics

Direct comparison ofdie-off ratestakenfrom
different studies should be treated with caution.
Crane and Moore (1986) examined awiderange
of data from studies of bacterial die-off in the
environment. Die-offrates were found tobe highly
variable, spanning several orders of magnitude.
Environmental factors were assumed to be the
main cause of the differences but attempts to
relate die-off rates to these using multiple
regression were unsuccessful. Thusitwas
suggested that due to non-linearity in the effect of
pHand temperature ondie-off and the incomplete
reporting of experimental conditions, quantitative
definition of the effect of physical and climatic
factors on die-off rates was not possible with the
available data base Recent papers, however,
havemadethe development of suchrelationships
possible (see Sections 2.2, 2.3and 2.6).

8

2.2 Temperatureandfaecalcoliform
die-offrate

Faecal coliform survivalis generally extended at
lower temperatures. Thisis, however, morea
consequence ofthe generalreductioninbictic
metabolism ofthe whole microbial community.
Clearly, faecal coliforms multiply at the
temperatures experienced inthe intestines of
warmblooded animals. Outside this environment
die-offis enhanced athigher temperatures due to
greater activity amongst the hostile natural biota.

Laboratory experiments using dialysis chambers
inoculated with naturally occurring E.colfand
using filtered stream water tested the change in
E.colipopulation half-life over arange of
temperatures. Theresults showed bacterial die-off
to be proportional to temperature (McFetersand
Stuart, 1972). Asimilar result was found by Kunkle
and Meiman (1968) although they could not
separate the effects of temperature and surnlight.
Evison (1989) tested for the effect oftemperature

onE.colidie-off on water from the River Coquet
near the inletto the Warkworth water treatment
plant. This site is free from industrial pollution and
suffers only slight sewage contamination. Samples
were filter sterilised at 0.2um, raw sewage was
used as a source of E.colf and the effect of
temperature was examined inthe dark with
samplesinoculated with 0.25% raw sewage. Flint
(1987) performed a similar study to Evisonbut
compared the effect oftemperature ondie-offboth
up and downstream of a sewage effluent
discharge.

The results of these studies are shown in Figure
2.2which demonstrates alogarithmic relationship
betweendie-offrate and temperature. Two
distinct slopes occur according to whether the test
water is clean or sewage contaminated. A general
relationship for this type of curve is:

log k.= 0.7, + logi, k,

thus

k
8.7, =log, kr', -log,, kl‘. =log,, kﬁ

%
therefore

k!' = kf 10T

and the slope ofthe curve,8, is given by,

_ leg,, le -log,, kr,
Ta - T]

where, T, and T, are temperature in °C and k,,
and k,, are die-off at those temperatures. Interms
ofmodel application, the slope ofthe temperature
mediated die-off curve ismore important than the
actualdie-offrate. Givena particular model
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Figure 2.2 Plots of faecal coliform die-off rate against water temperature

calibration, the die-off coefficient will be set
accordingto arange ofinfluences and provided
that an appropriate slope value is chosen, the die-
offrate will self-adjust appropriately (Section 5.3).

Ingeneral, faecal coliformdie-off increases with
temperature, resulting froma combination of
greater expiryrate dueto enhanced metabolism
aswellasincreasingly vigourous predation and
competitionby the naturally occurringmicrobial
community (see Section 2.5). Thisrelationship can
berepresented by a simplelogarithmic
relationship, the slope of which relates to the
quality of the water at the target location, the effect
oftemperature beingless marked insewage
impacted waters(Table 2.2).

2.3 Thebactericidal effectofsunlight

The effect of sunlight on faecal coliform die-off is
dramatic; T, between one and two hours in bright
sunlight and a number of days in darkness have
beenobserved (Fujioka and Siwak, 1985). Similar
resultshave beenattained for containers
suspended inastream at shaded and exposed
sites, die-off occurring in only two hoursin
exposed containers (Kunkle and Meiman, 1968).
VanDonselet al {1967} found die-offto be twice
asrapid at an exposed lawn site comparedto a
shaded hillslope.

Light has both direct and indirect effects, the: -
direct eflectbemgcelldamage, and indirectly
throughits effect ontemperature ormoisture .

Table 2.2 Surnmary of 8 values taken from a range of studies

0, slope of temperature affected die-off curve in clean and contaminated water

Clean rivers

Source ]
Evison {1988) 0.0449
Flint(1987) 0.038%
McFeters and Stuart (1972) 0.0511
Meanvalue 0.0447

Sewage contaminated waters

Source a
Qinat.al. (1991) 0.0131
Flint (1987) 0.0136

. Meanvalue " 0.01335
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Figure 2.3 Plots of faecal coliform die-off rate against light intensity

conditions. Insurface waters oxygen producticn
and the excretion of algal toxins exerts a further
stressonthe contaminant organisms (Verstraete
andVoets, 1972).

Figure 2.3 summarises the results offive studies
examining the relationship betweenlight intensity
and faecal coliform die-offin both fresh and
seawatersunder both field andlaboratory
conditions. Lightintensity values are expressedin
W.m?and die-offrates per day. Thishas required
the conversion of much of the data; no comrmon
measure of light intensity has been used in these
studies (Table 2.3).

Table 2.3 Conversion factors for comparison of light
intensity values

Alternative Unit of
Light Intensity

Equivalent Light Intensity
in W.m?

1 calorie.cm2.day! 0.4845

1 pEinstein.m<.hr 6.3131.10%

The effect of solar radiation on faecal coliform die-
off is affected by the initial quality of the stream or
waterbody. Verstraete and Voets (1972) showed
that die-off due to solar radiation was greater in
cleanlake water than in heavily sewage
contarninated water. Solar radiation accounted for
40-50% ofthe observed E.colivariation. Inclean
waters, good light penetration leads to optimal

die-off conditions through the direct lethal effect of
sunlight, adequate oxygen supply to the hostile
indigenous bicta and production oftoxins by
algae. Inpoorer quality or perhaps deep waters,
where light attenuation is significant, the benefits
of sunlight will be reduced. Poor penetration,
protection by adsorptionto particulates and
oxygenstress ofthe natural micro-community will
resultinextended faecal coliformsurvival. Onthe
catchment surface, factors such as aspect, slope
and vegetationcover willbe importantin
determining the influence of sunlight onifaecal
coliformsurvival.

Auer and Niehaus (1993}, studyingfaecal coliform
dynamicsinlake environments, developed
equationsrelating depth averaged light intensity,
1 and die-off, k,

zavg’'

I

k1=kd+a tany

wherek isthe die-offrate under darkness
conditions and o is the rate constant which might

bederived fromFigure 2.3.
L
Lo = n‘“‘;’ A{l-em 3y

I, ... 15 the mean light intensity at the water surface
angn is the light attenuation coefficient.
Pommepuyetal. (1992) demonstrate the
relationship between suspended matter and light
attenuation (Figure 2.4), giving the following
relationship:
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Infreshriver water 73% of observed light
attenuation was due to suspended rnatter;
dissolved organic matter also contributed to this
effect.

24 Soiltype,moisture and faecal
coliform survival onthe catchment
surface

In soils, and on the catchment surface, moisture is
perhaps the mostimportant factor in determining
bacterial survival (VanDonselet al,, 1967). Moist
land areas contribute significantly greater
numbers offaecal bacteriato surface waters than
dryer areas (Hunter and McDonald, 1991 a;
Bagdasaryan, 1964) and survivalis greatly
extended during periods of water-logging
(Chandleretal., 1981), see Figure 2.5.

Moisture content and retention properties of the
soil are inturn influenced by other factors that may
indirectly affect bacterial survival, for instance, soil
type and vegetationcover (Beard, 1940; Hunter
and McDonald, 1991a). Vegetationtype, asan
indicator oflong-term soil moisture regime, could
be used as a marker for zonation of a catchment
into active and passive areas. Active zones
includeboggy/moistareaswherebacterial
survivalis enhanced and run-offisactively
generated. Reductions in bacterial inputsto
surface waters could be achieved by preventing
livestock access to such zones (Hunter and
McDonald, 1991). Vegetationtype and cover also
influence soil moisture conditions. Dense sward
affordsprotectionfrom adverse environmental
conditions, limiting the effect of sunlight, wind and
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Figure 2.5 Scatter plot of log,, median E.coli count
(per Sg) against log, , soil moisture content (% of dry
welght) for a catchment in the Yorkshire Dales (after
Hunter and McDonald, 1981)

hightemperatures (Chandleretal., 1981; Zyman
and Sorber, 1988). Waste applicationinfluences
moisture supply and retention. Liquid animal
wastes have highmoisture content and good
moeisture retention properties (Crane and Moore,
1986) thus their applicationto such “active'’ zones
mightbeavoided.

The nature of a soil, in terms of nutrient supply,
moistureretention and particie/bacterium
interactions may also be significant in determining
faecal coliform die-off. Inathree year study,
Chandleretal. (1981) examined the persistence of
faecal coliforms in soils varying from clay toloam,
in areas with rainfalls from 500 to 1000 mm.
Subsoil profiles were taken from plotsirrigated
with piggery waste at weekly intervals until
contaminant crganisms could nolonger be
detected, at which time further waste applications
weremade. The average concentration ofthe
applied slurry was 3.10°faecal coliforms per

100 mlwithmean dry matter contentof 1.9%, the
applicationrate approximatingto a 30mmdepth
of slurry. The overall T, was 9 days for pastures
and 11 days intop soil. These values were not
significantly different at higher or lower waste
applicationrates, nor was die-off significantly
different six weeks after application. Faecal
coliform concentration of the slurry was found to
have a greater effect on soil concentrations than
applicationrate. Ofthe 12 soil types tested, only
one differed significantly (Chandleretal,, 1981).
The results suggest that such wastes not only
supply vastnumbers of bacteria but also, by
maintaining moisturelevels, provide conditions
suitable for extended survival.

T, values of three days and 25 days have been
observedinsandy andloamsoils, respectively.




These results are attributed to the higher
organic matter (OM) content and better
moisture retention of the loam soil (Van Donsel
et al., 1967). This effect may be a function of the
relative sizes of the bacteria and particles since
clay size particles (hundredths of a micron
diameter) have been observed to coat the
outside of the much larger bacteria (a few
microns in size) affording protection from
microbial predators (Roper and Marshall, 1978)
(see Section 2.8).

Faecal coliform survival is enhanced in rmoist
soils and in locations which favour the continuity
of cool moist conditions, i.e. shaded, well
vegetated areas in soils with good moisture
retention.

25 Influenceofnaturalmicrobial
predationand competitiononfaecal
coliformsurvival

The components of the naturalmicrobial
community, which have the most significant
impactonfaecal coliformdie-off, vary between
different acuatic environments. Itis significant to
note that the capacity for self-purificationin
sewage contarmninated watersisreduced with
respectto clean waters. The following section
highlights a number of studies in this field
indicating the importance of microbial purification
processesindeterminingfaecal coliform
concentrations. The incorporaticn ofsuch
interactionsinto aworkingmodelwould be
difficult and indeed undesirable giventhe need to
represent many relationships ofuncertain
causality, however, the general effectsare
modelled implicitly within the other die-offterms
(Section5.3).

The balance of microbial communities is
maintained by acomplex array ofinter-
relationships between populations within that
comrmnunity. One ofthe consequences ofthese
interactions is the ability to eliminate populations
of contarmninant organisms including faecal
coliforms (Verstraete and Voets, 1972). Anumber
of shudies have attempted to isclate the sections of
the natural microbial community which cause the
most rapid die-off of faecal coliforms, all showing
thatdifferent microbes dominate die-offin
different environrnents.

Intests on clean and polluted lake watersin
Belgiurn successive filtering of water samples was
undertakento exarnine the effect of removing
sections ofthe microbial community ondie-off
rates. Removals were carried out by filtering
samples in the following sequence; algae and
protozoa at Sum, bacteria at 0.45um,

bacteriophages' and other anti-microbial agents
by autoclaving at 120°C for ten minutes.
Samples were inoculated with E.coli cultured
from natural strains and added to a nutrient
preparation. The anti-microbial agents, referred
to as thermolabile toxins, unstable and sensitive
to heat, were shown to be largely non-diffusible
and it was suggested that they could be a
coliphage, a Bdellovibrio or a high molecular
antibiotic. Further filtration {0.22pm), however,
showed that they were not Bdellovibrios, which
measure at least 0.3- 0.4pum. A dilution
experiment eventually demonstrated that both
coliphages and a potent colicidal toxin were
present in the waters. In general, each removal
resulted in successive reductions in die-off rate.
There were marked differences between the
clean and polluted waters. In the polluted water
the greatest effect was noted by removal of
bacteriophages and thermolabile toxins, whilein
the clean water it was indigenous bacteria (Figure
2.6). Inthe clean water the ability of the microbial
community to reduce theE. colipopulation was
greater than inthe polluted water but the nature
and origin of the agents acting in the polluted
water remained unknown (Verstraete and Voets,
1972).

A more recent study discusses the role of
ultramicrobacteria, identified in experiments
similar innature to those of Verstraete and Voets
(1972), indestroying E.coli. Infact, this agent was
found to act similarly to coliphage and the
colicidal toxinmentioned above. Samples ofriver
water fromup and downstream of a sewage
works outfall were successively filtered toremove
fractions of the natural biota, firstly through
Whatman No.1 papers, then through 0.45um
Millipore membrane filters and finally sterilisation
by autoclaving. The filtrates and raw samples
were thenused indie-off experiments, with results
expressed asT,, (Figure 2.1) and die-off
coefficient k. Die-off was termed disappearance
because, it was suggested, there wasno evidence
that E.colfhad actually died. Little difference was
observedindie-offbetweenraw samples and
those free of protozoa and suspended material,
suggesting the minimalimportance ofthese
factors (Figure 2.7a and b). In clean samples,
collected upstream ofthe sewage discharge, the
removal ofthe majority of competingbacteriaby
filtration at 0.45um had the greatest effect on
survival. Downstreamofthe discharge removal of
bacteria had less effect than the removal of phage
andultramicrobacteria (Table 2.4). These were
found onmicroscopic examinationtobe very
motile (Flint, 1987). The results are similar to those
of Verstraete and Voets (1972) and suggest the
mportance of different microbial purification
processes under different environmental
conditions.

t A bacteriophage is a virus whose hostis a bacterium. E. coliis known to be host to anumber of bacteriophages (Singleton and Sainsbury, 1961).
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Table 2.4 Die-off rate k (d") and percentage reduction in die-off rate (in brackets) in clean and sewage
contaminated river water following serial removal of natural biota by filtration, temperature=15°C, afler Flint

(1987).
Unfiltered Protozoaand Removal of Autoclaved
SMremoved bacteria
Clean river water 0.47(0.0%) 0.44 (7.0%) 0.0286(94.0%) 0.0{100.0%)
Downstream
of sewage discharge 0.25(0.0%) 0.2 (20.0%) 0.105 (58.0%) 0.0(100.0%)

Enzinger and Cooper (1976) reviewed a
number of early studies finding that Bdellovibrio
bacteriovorous® had been associated with
increased die-off of E.coliin natural waters. This
was thought to be unlike phages which require an
actively growing host, arequirementnot usually
met by E.coli when released into the hostile
natural environment. Protozoanreduction of E.coli
in sewage was thought to result from the action of
motile strains or ciliates. In experiments with
estuarine water, Enzinger and Cooper (1976)
tested the effect of removing protozoaand
bacteria on E.colidie-off. In separate tests,
protozoawereremoved from samples by
membrane filtration and indigenous bacteria were
removed by antibiotics, Antibiotic resistant E.coli
strains were used as the test organism in the latter
test. E.coli die-off was most rapid in the presence
ofthe complete indigenous population and related
tothe development of predator populations, Die-
offfollowing freatrnent with antibioticstoremove
the naturally occurring bacteriawas almost as
rapid. Filtrationto remove protozoa had amuch
greater effect, reducing die-off considerably

(Figure 2.3).

The natural biota were fractionated further by
filtration at the following pore sizes: with
0.22um, filtrates were generally free of natural
organisms and E.coli numbers in these samples
remained near constant; with 0.45um, only
bdellovibrios were present in filtrates causing a
slight increase in die-off rate. Results for 0.8 and
1.2 um filtrates were similar; these contained
bdellovibrio plus one or two other bacteria
capable of E.coli destruction. The 1.2 and 3.0
pm filtrates both contained numerous micro-
ciliates and micro-flagellates. Only the 3um
fltrates contained protozoa and die-off was most
rapid in these. The time-lag preceeding the
onset of die-off in these experiments was
probably due to the time taken for the
protozoan population to reach sufficient density
to effect a detectable removal of E.coli. Protozoa
thus exerted the greatest influence on survival in
these samples of estuarine water and may also
exert pressure on bacterial populations in other
environments (Enzinger and Cooper, 1976).

? A parasitic bacterium whose hosts include E.coli.
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Brettar and Héfle (1992) studying lake
mesocosms found that a range of grazing
organisrns flourished in a series of stages after
the introduction of E.coli to that system. During
the first three days of the experiments, E.coli
reduction, it is suggested, was dominated by
motile protozoa referred to as flagellates. These
are organisms which can move around of their
own free will. The E.coli cells were free-living,
1.e. not settled or attached to particles, during
this period. An assessment of the target particle
size for flagellates showed that they graze on
particles of about the size of free-living E.col,
0.8 to 1.2 um. Following the elimination of the
majority of the free living E.coli by flagellates, a
population of larger, multi-cellular rotifers,

K cochleanis and Conchillus unicomis,
developed. These organisms graze on particles
of about the size of E.coli upto 20um. After ten
days macrozooplankton of the Daphnia species
became dominant. Daphnia feed on particles of
up to 35um. These organisms eliminated the
remaining largely particle associated E.coli
numbers. Phage was not found to be important
in determining E.colf reduction in this instance.
This study showed the rapid removal of free-
living E.coll. Particle associated organisms,
being eliminated more slowly, benefit from
advantages resulting from nutrient availability
on particle surfaces and the ability to settle into
the favourable environment of the bed
sediments (see Section 2.8).

Clearly, natural microbial communities can
exert considerable stress on E.coli populations.
Different organisms will be “’survival limiting” in
different environments. Inclean freshwaters
natural bacteria cause the most rapid die-off. In
sewage-contarninated waters phages,
ultramicrobacteria and heat sensitive toxins cause
the greatestdie-off whereasin estuarine waters
faecal coliform die-off may be dominated by
protozoanpredation. mpolluted watersa
reductionin competitionmight result fromthe
abundance of nutrients or increased survival may
result from the stress exerted on the natural biota
by highnumbers of alien microbes and the
reduction inthe physical and chemical quality of
the environment. It is likely that similar




behaviour occurs on the catchment surface and
sub-surface however, the relative impact of
different indigenous microbes on bacterial
survival in these environments is not well
docurmented.

2.6 The influence of acidity (pH) on
faecal coliform survival

Extremes of pH have been observed to
enhance faecal coliform die-off in soils and
freshwaters. Yates and Yates (1988) noted that
pH3-4 has a detrimental effect on bacterial
survival in soils and water. Acid mine waters,
approximately pH3, cause rapid faecal coliform
die-off. In in-situ tests, reductions from 108 to 100
FC.100 ml"! were observed in two hours, which
approximates to a Ty, of half an hour compared
with neutral waters in which the reductions
observed were negligible (Carlson-Gunnoe et
al., 1983). Similarly, in acid peat soils of pH2.9-
4.5, die-off within a few days was observed, as
opposed to several weeks in limestone soil. Low
pH may not only affect faecal coliform survival
ability but also nutrient availability and the
action of antimicrobial agents (Cuthbert ef al,
1955). Cohen (1922) found that optimum
survival was promoted at around pHS5-6.4.
McFeters and Stuart (1972) examined E.coli
die-off on either side of neutral pH. Using
dialysis chambers in tests conducted at 10°C
the greatest survival was observed between
pH5.5 and 7.5, die-off increasing sharply
beyond these values (Figure 2.8).

(per day)

pH

k ., die-off rate

0.1

pH
Figure 2.8 Piot of observed (after McFeters and
Stuart, 1972) and modelled (solid line) of E.coli die-off
rale per day againstpH =~

There are several mechanisms of cell damage
resulting in enhanced faecal coliform die-off
under extremes of pH. These include hydrogen
ion absorption to cell walls under acidic
conditions, the inhibition of cation (Na*, K*, Ca**)
replacement within cells and the leakage of
potassium and other compounds essential to
normal cell function. In alkaline situations the
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binding of heavy metals to the cell membrane
may also cause death or injury by inhibiting the
transfer of a variety of metabolites (McCalla,
1964; Singleton and Sainsbury, 1981).

These observations suggest that a general
relationship between pH and faecal coliform die-
off canbe represented by a simple hyperbolic
cosine function of the form;

k, =k, cosh{a(pH, -pH}

Where, pH__ isthe pH at which die-offisata
minim umgj‘;;) and ais a constant of
proportionahty. Inthe case of McFeters and Stuart
(1972);

k,,=0.135 cosh ( -0.445 (6.5 - pH) }

and valuesfork , derived from this equation are
plotted (solid line) in Figure 2.8.

2.7 Dissolved oxygencontent

Ithas already been suggested that the trophic
status of a water body can influence faecal
coliform survival (Section 2.5). Highnutrient
loadings lead to oxygen stress in the natural
microbial community resultingin extended faecal
coliformsurvival (Figure 2.9). Inwell aerated
water die-offis enhanced (Zerfas, 1970).
Verstraete and Voets (1972) found die-offtobe
positively correlated with dissolved oxygen
contentin sewage contarinated waters. Similarly
oxygendepletionresultingfromice-cover has
been shown to enhance bacterial survival (Himet
al, 1979; Gordon, 1972, Davenport etal., 1976).

Nitrogen flushed

Aerated

l L) L) T
2 4 6

Percentage of initial population

Time (days)

Figure 2.9 Survival of faecal coliform in raw niver
water at 20°C in aerated, static and N, flushed flasks
{(after Zerfas, 1970)

These studies show that faecal coliform die-offis
morerapid inhealthy and oxygenrichwaters,
however, there is to date no data available inthe




Table 2.5 Bactenial survival in different sediments (Burton et al., 1987; *Sherer et al., 1988)

Clay/silt/sand ratio % Organic matter

Total Kjeldahl Nitrogen Total Phasphorous

E.colidie-offrate

contant {ppm) (ppm) k(hr'}
75:25: 0 148 3.18 998 0.126
28:55:12 6.2 16.32 6.90 0.236
25:51:24 5.2 1397 14,30 0.167
12:76:11 9.0 24.10 7.70 0.330
2:0:98 0.7 0.319
34:34:32 *0.66610°
14:12:4 "0.79110%

literature suitable for the developmentofa
general mathematical relationship between
dissolved oxygenand die-off.

2.8 Suspendedmatter,sedimentsand
nutrients and othereffects

Suspended matter, sediments and associated
nutrients play a significant but complex role in
determining faecal coliform survival and transport
dynamics. The role of suspended matter in
attenuating ight propagationthroughthe water
column and the ability of clay mineralsto forman
envelope around a bacterium and thus afford
protectionfrom predationhas alreadybeen
discussed.: Bacterium/particle interactions are
impontantindetermining transport withinriver
channels {Section 3.1), sedimentation of clumped
or particle associated organismsis responsible
for apparent die-offinthe water column. Settled
organisms accumnulate at the water/channel-bed
interface forminga‘‘channel-bed store” where
relatively stable environmental conditions suit
extended survivaland later disturbance may
causeresuspension into the overlyingwater and
transportdownstream. There hasbeenmuch
study of water colurnn/channel bed sediment
relationships but faecal coliform survivalin
channelbed storage ispoorly understood.

The main limitation of many studies examining
survival in channel storage is the lack of
representative conditions through the use of
sterile samples and inoculation with effluents
which are unlikely to contain the range of
organismsthatwould be expected under field
conditions. Inthe absence of the natural rnicrobial
community, growth ofenteric bacteriahasbeen
observed attemperatures above 10°Cinlow
nutrient mountain stream water and more rapidly
Innutrient extracts fromthe stream bottom

sediments. It has been suggested that extensive
growth may occur in bottom sediments. Thisis an
environmentless sensitive to diurnal effects where
nutrients can be in high concentrations relative to
free flowing water (Hendricks and Morrison, 1967,
Verstraete and Voets, 1972).

Allen (1953) found that coliform survivalin
different mud samples was quite uniform and that
the organisms were concentrated inthe top 5 cm
of sediment. Jenkins (1984} sampling for E.coliin
the River Washburn in the UK showed that
conventional grab sampling of sreambed
sediments for bacterial analysis diluted the
surface concentration. By means of a suction
method, the organisms were showntobe
concentrated atthe water/channel-bed interface.
Recent studies have attempted to address the
problemoffaecal coliform mortality in sediments.
The die-off rates from the two studies are
approachingan order of rmagnitude difference
(Table 2.5). Inneither study do conditions
approachthose that might be encountered inthe
field. Shereretal (1992) mixed cow manure with
their sedirmnent samples, introducing the liquor and
organic matter from the manure to the sediment,
as well as distributing the organisms evenly
throughout the test samples. It is likely that if cow
manure actually entered a stream inaraw form
the various components would separate, the liquid
component would become diluted into the flow
and the solids would disperse and perhaps settle
onthe surface of existing deposits. The die-off
rates observed inthis study were verylow, the
experiments were undertakenindarknessat 8°C.
Giventhat the addition of manure provides an
environment derived fromthe parent faecal
material, rich in nutrients and lacking indigenous
stream biota, the slow die-offrates mightbe
expected. E.coliconcentrations have been found
to correlate with phosphorous, nitrogen, and
organic nutrients (Hirnet al, 1980). The results of




Burtonetal (1987) are at the other extreme. This
study attempted to mimic the physical and
chemical conditions indifferent freshwater
sediments using a continuous flowlaboratory
microcosm. Therequirements for adequately
simulating field conditions were, however, only
partly met. The water usedto circulate overthe
sediment samples, althoughreconstituted to the
major ionconcentrations observedinthe field,
was sterile . The sediment samples were stored at
4°C for up to two weeks before use, the test
organismswere initially distributed evenly
throughout the sediment samples and no
reference was made to the lighting conditions
used during the tests. The only sediment
characteristicfor whichthere was an apparent
relationship with die-off was particle size; E.coli
survivinglonger insediments with atleast 25%
clay content (Table 2.5). Stephenson and Rychert
(1982), suggested that crganic matter content may
have a critical influence on the survival and/or
multiplication of the bacteria in sediments. This
suggestion was not supported by the results of
Burtonet al. (1987), who proposed that the lack of
arelationship was due to the vanable nature of
organic matter and otherinfluences onsurvival

Roper and Mitchell (1978) demonstrated the
protection of E.coli from bdellovibrio by
montmerillonitic clays; electron-microscopy
revealed thatE colf cells became envelopedina
thicklayer of clay capable of excluding
bdellovibrio. Colloidal montmorillonite offered
less protection than crude momntmorillonite which
may form amore complete envelope aroundthe
bacterium. The experiments were undertaken
using seawater diluted to 6955 conductivity,
which is typical of many UK rivers. It is possible
that this coating effecthad some influence onthe
resulis of Burtonetal (1987).

Findlayetal {1990) cbserved a self-protection
mechanism in estuarine waters. Inthe albsence of
sediment particlesE. coliwere found to aggregate
forming aninner core protected fromthe osmotic
stress caused by salt water.

Tests with sterile seawaier have shown that the
provision ofadequate nuirients or suspended
solids enhance E.coli survival and that these
effects are mutually exclusive. The same nutrient
concentration was used in all of these
experiments, which were carried outat20°Cand
5°C. At20°Cmaximumdie-offwas observed at
suspended solids (SS) concentrationof 12.5mg.1.
Athigher orlower SS concentrations survival was
extended. The suggested explanationfor this
behaviour was that atlow SS concentrationgood
nutrient availability enhanced survival. High S5
concentration also enhanced survival as aresult of
an adsorption-protection mechanism. Atthe point

of maximum die-offthe available nutrients were
preferentially adsorbedtothe available particle
sites, lowering both nutrient availability and
protection affordable by adsorption. At5°Cthe
addition of S5 to samples had a more marked
effect. Peak die-off occurred at 5mg SS.17, this
may have beenduetoslower bacterial
metabolisrm and dirminished ability to utilise the
availablenuirients at the lower temperature
(Milneetal, 1991).

Table 2.6 E.coli die-off rate in filter sterilized water
from the River Coquet containing different proportions
of sterile sewage effluent (after Evison, 19889)

% Sterile sewage

concentration 0.025 0.25 25 25

Die-off rate (d") 0.136 0.316 0.279 0.043

Table 2.6 shows the results of Evison (1989)
demonstrating extended E.colisurvivalunder
high and low nutrient concentrations. The sewage
effluent nutrient supplement used in these tests
was autoclaved and the ratio of particulates to
nutrients can be presumed to have been the same
In each test. This perhaps rules cut a nutrient/
particle relationship with die-off, the observations
resulting from ametabolic effect, whereby atlow
nutrient concentrations the organisms survive
longer thus reducing their metabolism. With the
highnutrientlevelsthe organisms canmultiply
sufficiently well to maintain their populations for
longer. Atthe intermediate concentrationsthe
organisms maintain a normal metabolism without
multiplying sufficiently and hence die-offmore
rapidly.

Brettar and Héfle (1992) found that extended long-
termsurvival in samples with added growth
mediumresulted indirectly from the development
of algal particles offering survivat niches for E'.coli
cells. This effect was thought to be more
significant than any protectionafforded by the
organicmatter provided by the growthmedium.

E.colicells can, under conditions of nutrient
starvation, enter a state of dormancy whereby they
cannotbe detected by culture enumeration
methods but canbe shownto remain viable by
direct counts and capable of returningtc a
culturable state when conditions are appropriate
(Brettar and Hofle, 1992; Roszak and Colwell,
1987).

The effects of particulates and nutrient supply on
faecal coliform survival are complex, the most
tangible of these being the reduction of light
penetration into the water colurmn, the shielding
from light and predators afforded by a coating of
fine particles and the enhancement of settling
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Figure 2.10 Piots of log, , faccal coliforrn concentration (dashed line) and log,, discharge (solid line) for the River
Dee at Huntington showing seasonal variation between the calendar years 1989 and 1992

properties. Survival atthe chamnel-bed/water
interface is greater than that in the water column;
channel-bed storage represents amajor source of
organisms capable oflowering the quality ofthe
overlyingwater when suitably disturbed. Attempts
to quantify this survival have produced wide
variations in die-offrate as a result of the inability
to createrealistic conditions in the laboratory.

2.9 Seasonalbehaviour

Ingeneral the seasonal variations in faecal
coliform concentrations observedinawiderange
of studies correspondtothe hydrological year
(Davenportetal, 1976; Gordon, 1972; Hirnetal,
1979).

The highest concentrations are observedinthe
winter months during periods of higher flows. In
the summer months concentrations are much
lower (Figure 2.10). The explanationfor this
behaviourisrelatively straightforward although
the exact causality is difficult to determine given
the number of factors involved. The main
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difficulties are indeterminingwhether the
variationis supply/transport dominated or die-off
dominated. Section 3 ofthisreportexamines
faecal coliform transport processes fromthe
catchment and in the stream channel. Givenan
understanding ofthese supply/transport
mechanisms and the die-off processes discussed
above it can be seen that both groups of
processeswilllead toenhanced concentrations
during the winter months and vice versa.

The factors that will lead to extended winter
survival oforganismsinclude: fewer daylight
hours, lower temperatures, moister land surface,
shorterresidencetimesineachriverreachand
protectionfromlight and predationby
particulates. Supply and transport factors include
rapid transport from the catchment surface, more
frequentoperation of stormsewage overflows and
frequent scouring of settled organisms. Both the
die-off and transport processes actto cause
higher bacterial concentrations. Inthe summer
monthsthe effects arereversed, die-offthrough-
out the catchment is enhanced and low flows
result nminimal transport within the catchment.




3 Storage andtransportoffaecal
coliformsincatchments

We now examine how the organisms are stored
within and transported through a catchment, from
deposition on the land-surface to transportinthe
riverine environment.

Ontheland-surface, bacteriamayremainlocked-
upin parent faecal material for extended periods.
Oncereleased they canbecome adsorbed onto
soil and organic matter and survive for long
enough to provide a semi-permanentreservoir
capable of contaminating the swrrounding aquatic
environment following transport by hydrological
processes (Hunter and McDonald, 1991a). Stored
faecalbacteriahave beenshowntobereleased
up to four months after being deposited (Evans
and Owens, 1972). Inlowland areas, transportby
water infiltrating the soil mass may account for the
majority of bacteriareaching surface waters from
nen-point sources, althoughthesemaybe
insignificant compared with inputs from point
sources or inputs from bacteria stored inthe
stream bed. Inupland areasbacteriaare
transported by surface runoff as well as matrix
and non-matrix soil through-flow. Duringbase-flow
conditionsinputsmay be provided by returnflows
and matrix through-flow. The relativeimportance
of these pathways depends on the nature of the
catchment, the antecedent soil roisture status
and the occurrence of rainfall, its duration and
intensity. Bacteria enter a water body with solids
or free in suspension. In stream and river
channels bacteria are stored inthe bed, attached
to particles, plants and surfaces such asrocks.
Transfer to channelbed-storage is by settlement,
either directly, or attached to particulates, or as
flocs. Low density particulates, such as orgaric
solids and flocs, will remain in suspension at low
flow velocities as will associated bacteria. The
transport dynamics arelikely tobe dependant on
the nature of the fluvial system. In fast upland
streams the transport dynamics willbe dependant
onflow, whereas inlarge and slow flowing
lowlandriversthe general bacterial behaviour
may be morelikely to be dependent onsupply
and die-off processes.

3.1 Theprocessofadsorptionandthe
attachmentoffaecal coliformsto
differentsubstrates

The process of adsorption or attachment is
important in understanding storage and transport
of faecal coliforms within catchments. Bacteria,
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including faecal coliforms, canbecome adsorbed
or attached to any sclid surface, i.e. sedirment
particles, rocks, plant and animal surfaces,
organic matter, and to each other (Marshall,
1979). These organisms may also become coated
by clay particles (Roper and Marshall, 1978). A
description ofthe mechanisms underlying this
attachment process assists in the understanding
of bacterial dynamics in catchrments.

The solid surfaces at the interfaces between
objects generally have netnegative charge and as
aresult attract cations which occupy the charge
sites and effectively cancel out the negative
surface charges. Alayer of swongly adsorbed
cations a few nanometres thick is formed at the
interface surface, knownas the Stern-layer.
Beyond thislayerthe electrostatic forcesdecay
almost exponentially, as doesthe difference in
numbers of cations to anions. This zone is termed
the diffuse layer (Marshall, 1979; White, 1979).
The concentration of cations at particle surfaces
causesrepulsionbetween particles because of
thelike electrostatic charges. However, non-
electrostatic forces also act between particles.
These are Van Der Waals forces whichhave a
weak attractive effect that exceedsthe
electrostatic repulsionin allbut very low ionic
strength solutions.

Inlow ionic strength waters electrostatic repulsion
exceeds Vander Waals attraction at allbut the
very closest particle separations. For adsorption
to occur the surfaces must actually make contact
or collide with each other (Figure 3.1(b)). Inmost
freshwatershowever, the salt concentration is
high enough to reduce the extent of the diffuse
layer, allowing the Van Der Waals attractionto
exceed electrostatic repulsion. The particlesor
surfaces come to rest at a distance where the
attraction and repulsionforces are in equilibrium.
By thismechanismbacteriamaybecomeloosely
adsorbed or attached at an interface and are
desorbed by the application of a suitable shear.
force (Marshall, 1979). Evidence for this kind of
loose adsorptionwasnoted by Grimes (1974) who
observed thatthe disturbance and relocationof ..
bed sedimentsby dredging operations caused a
release of organisms.

Mineral sediment particles have adefinable
adsorptive capacity determined by surface areato
volumeratio. The greater thisratio the larger the
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Figure 3.1 (a) Schematic representation of the interaction between potentially overlapping cation clouds
accompanying a negatively-charged bacterium as if approaches a negatively-charged inferface. (b) Idealised
curves showing the potential energy of inferaction as a function of distance between a bacterium and an
interface in solutions of different sait concentiration (after Marshall 1979).

density of charge sites available for adsorption.
Claymineralshave excellentadsorptive
properties, silts, fine sands and coarser sands
have successivelylower adsorptive capacity
(Marshall, 1979). In sandy sediments the actual
particle size distribution is important. Unlike clays,
whichhave internal charge surfaces available for
adsorption, only the outer surface of a sand grain
is available for adsorption. Thus, the smaller the
mean particle size the greater the availability of
adsorption sites ina given volume of sediment.

The relationship between bacteria and particles
doesnot appear to be welldocumented inthe
literature. It could be argued that the relative sizes
of particles to organisms may be significant in
determining both bacterial transport and survival
dynamics. Very small particles, clays and humnics
for instance, may actually forma coating around
larger organisms (Roper and Mitchell, 1978),
affording protection and increasing the likelihood
of settlement. [f evenly coated with similar size
particles, it is possible that the coating willnot be
easily detached fromthe organism. Where
particles are of the same order of size asthe
organism the protection afforded by the particle
may be minimal and the likelihood of detachment
higher. For particle sizes increasingly larger than
the organism, the particle might develop a coating
of organisms and hence the organisms adopt the
settlernent characteristics of that particle. In this
case the protection afforded by the particle may
be less and the organisms easily detachedin
turbulent flows.

These types of attachment will not occurin
isolation, they will take place atthe sametime asa
range of other processes such as coagulation and
flocculation. The dominant phase of adsorption
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will depend on the flow regime, the supply, range
and nature of particles and particle sizes. The
degree ofadsorption also varies between species
of bacteria (White, 1979) and the degree of
saturation of adsorptionsites, Adsorption
mereases with an increase of pH above 8.0, the
addition of divalent cations, i.e. increased icnic
strength and, in soils, with decreasing soil !
moisture (Bitton, 1980). |

3.2 Transportoffaecalcoliformsinto
surface waters

Bacteria enter stream andriver channels froma
greatmany sources. Point source inputsinciude
effluent discharges such as dorestic and farm
effluents as well as storm-water drains, storm
sewage overflows, etc. Theseinputs are
measurable interms of load and quality and thus
their incorporation into water quality modelsis
relatively straightforward. Bacterialinputs from
non-point sources are not so easily dealt with due
to the multitude of sources, pathways and
variables whichinfluence their pagsageintoa
channel. This section concentrates onthe
transport offaecal bacteria from the catchment
surface intostreams andrivers.

Sub-surface transport
Two of the main transport mechanisms for

" bacteria within soils are matrix through-flow and
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non-matrix through-flow. Experiments with
disturbed and undisturbed soil columns have
shownthat macropore transportisnot an
important pathway for bacterial transportin
disturbed soils. nundisturbed soilshowever,
transport viamacropores canresult in significant
contaminationmany tens of metres fromthe



source ofbacteria (Smithetal, 1985). Knowledge
of currentland-use may therefore be quite
significant inaccurately determiningbacterial
inputs from agricultural land in uplanc
catchments, because changesinland-use will
alter the hydrological response ofthe catchment
torainfall and hence patterns of bacterial
transport. During frequently occurring or short
durationrainfall events however, the sub-soil
transport ofbacteria will be dominated by matrix
throughflow resulting inno significant transport
beyond afewmetres (Germannetal.,1987).
Macropore flow is more likely to occur when
infiltration excess or saturation excess occurs, and
bacterial transportis enhanced inthe saturated
zone (Hagedornetal, 1981).

Hunteretal, (1992) examined therelative
contributions of inputs from overland flow, matrix
throughflow, and non-matrix through-flowto
stream bacterialnumbers in anupland
experimental catchmentin Yorkshire. Matrix
throughflow was found to produce a small stream
bacterialloading in comparison with non-matrix
throughflow and overland flow. This was due to
low concentrations and low flows. [t was
suggested that, as the bulk of matrix through flow
input occurs at or below the stream surface, this
flow mechanism could account for alarge
proportion of the water input to the channel, but
could only input relatively smallnumbers of
bacteria due to the capacity of the soil matrix to
filter them out. Mechanisms which retainbacteria,
such as filtration, are sometimes described as
depositionmechanisms, those whichdislodge
trappedbacteria arereferred to as entrainment
mechanisms, the latter being oflesser importance
whenconsideringbacterial transport (Hormberger
etal., 1992; Corapciogluand Haridas, 1985). The
maindepositionmechanisms, i.e. restrictionsto
bacterial transport in the soil matrix, are straining

or filtration in the contact zones of adjacent pores,
sedimentation inthe pore spaces, and adsorption
(Corapcioglu and Haridas, 1985). The presence of
organic rnaterial can also limit the extent of
bacterial transport in soils. Mats cornposed of
bacteria or extracellular polymers form anintegral
part of septic tank drain fields, acting as fine filters
to strain out organisms (Yates and Yates, 1988).

Hunteretal (1992) observedfaecal coliformloads
ofthree and five orders of magnitude higher from
non-matrix through-flow and overland flow than
matrix through-flow, suggesting that matrix
through-flow is not a significant contributor of
base flow bacterial inputs to the stream channel.
Thelow frequency of zero values of bacterial
concentrationat non-matrix through-flow sampling
outlets suggested that those sites were end-points
of extended macropore systems. Field
observations showed that water and entrained
organisms from the catchment surface close to the
streamreached the non-matrix through-flow
sampling sites viaroot systems and non-biclogical
voids. It was suggested that most of these voids
occurred near to the soil surface where plant root
density isgreatest. '

Evans and Owens ({1972) examined theresponse
of pasture, underlainby an extensive land
drainage system, to an applicationof piggery
effluent (Figure 3.2). The variationinE.coli
concentrationinthe land-drain water inthe
absence of fresh inputs of faecal material was also
examined (Figure 3.3). This was affected by flow-
rate, the number of bacteria in the soil or onthe
vegetation and therate of application of slurry.
The relationship between flow and E.coli
concentrationaccounted for 77% of the observed -
E.colivariation, but was not valid while large
volumes of applied shury remained ontheland
surface. Figure 3.2 shows the rapid response of
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Figure 3.2 Response of E.colf concentration in water draining an extensive land drainage system fo an
application of piggery waste {after Owens and Evans, 1973)
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Figure 3.3 Variation of E.coli concentration in water draining an extensive land drainage system in the absence
of recent inputs of faecal bacteria (afler Igneous and Evans, 1972)

the systemto the application of waste. Discharge
was monitored continuously throughout this test
and found not to be affected by the application.
After peaking, the bacterial concentrationreturned
tonear background levels within a matter of days.

The results of a later study (Evans and Owens,
1973) suggested that atverylow discharges
bacterialnumbersrise (Figure 3.4) and suggested
that this observationmight merely be an artefact
ofthe data resulting from too few samples at low
flows. However, itmay be that the lack of dilution
by soil water resulted inamore concentrated
leachate. the latter was the case thenthe
minirmum bacterial concentrationcould have been
due todilution. Athigher drain discharges the flow
simply has an increased entrainment and washout
capacity. This may be due to factors such as the
proportion ofthe productive soilmass
contributing bacteria into the flow, i.e. less at
lower flows, or pore water velocity, greater
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Figure 3.4 Curve showing relationship between
viable bacteria and land drain discharge (after Owens
and Evans, 1973)
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detachment of bacteria from soil particles
occurring athigher velocities.

Rainfallrun-off

Bacterial counts inreceiving waters, resulting
from non-point source contarnination, willbe
highly dependant onlocalhydrological
characteristics (Kunkle, 1970). The capacity ofa
particular rainfall eventto transportlarge numbers
ofbacteriato areceiving water willdepend upon
the catchment characteristics, the nature of the
rainfall event, the antecedent moisture status of
the catchment and the supply of faecal bacteria to
the catchment surface, Surface run-offand non-
matrix throughflow provide efficient transport
pathways during rainfall events and their
developmentwilldepend upon antecedent
moisture status, soiltype, vegetation cover, slope
and the presence ofimpermeable surfaces. The
duration and intensity of the rainfall event are
importanttothe development of infiltration excess,
saturation excess and macropore flow. Thelocal
climatic conditions may influence
evapotranspirationrates and hence effective
rainfall and total transport capacity of a given
storm. The spatial extent of the event will also be
important in determining total and peak
discharges ofbacteria.

Hunter and McDonald (1991b) studying a small
research plot adjacentto the River Skellin
Yorkshire examined the relationship between
faecal coliform concentrationin overland and
stream flow to parametersreflecting the rate and
timing of rainfall events {see Table 3.1).

Variables were chosentoreflectthelongand
short term influences on bacterialloss from the
catchment land store. The indicators of recent
rainfall were significant in determining both
overland and stream flow faecal coliform




Table 3.1 Variables used to test the significance of
rainfall events on overland and stream flow bacterial
dynamics (after Hunter and McDonald, 1991b)

Variable  Description

Name

RFT1 Rainfall in the 4HRS praeceding sampling (mm)
RFT2 Raintallin the 24HRS preceding sampling {mm)
RFT3 Raintall in the week preceading sampling (mm)
TRF1 Time elapsed since daily rainfall > 1 mm (days)
TRF2 Time elapsad since daily rainfall > 3 mm (days)
TRF3 Time elapsed since daily rainfall > 10 mm (days)
NRF No. days in preceding 10 when rainfall > 1Tmm
ST Stage hgt. at time of sampling

TST Time since stage hgt. > 0.23 m ( base-flow)
RSD Relative sheep stocking density

T™P Mean air temperature for the day preceding

sampling

concentrations, as was the time since the stream
stage height was greater thanbaseflow. Relative
stocking density and the temperature for the
previous day also had some significance to
stream and overland faecal coliformn
concentrations, respectively (Table 3.2). Variables
that accounted for less than 2% ofthe observed
variationin the data were ignored. The results
agreed with examinations of seascnal trends
which were found to be flow dependant. Inthe
winter there was sufficient rainfall to maintain
lower bacteriallevels due to a greater rate of
washout from the catchment land store (Hunter
and McDaonald, 1991b).

Kunkle (1970), studyingupland catchments with
permeable soils, found that bacterial contributions

Table 3.2 Results of multiple regression analyses
examuming the significance of rainfall events to stream
and overland flow bacterial dynamics (after Hunier
and McDonald, 1991b.

Variable  Multiple regression results for log10 FC

concentration (FC/1 00 mi}in;

Qverland flow Streamwater

{Mean FC concentration

per 100 ml)

Specific R? Spscific R?
RFT1 0.248 0.174
RFT2 0.155 0.154
Eard

TST 0.167 0.229
™FP 0.024
RSD 0.082
Multiple R? 0.594 0.639
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from areas away from stream margins were small
compared tothose derived near channel, and
grazing had minimalirmpact when carried out
away fromthe stream margins. Upland areas
contributedlittle or no overland flow during
storms, most storm run-off originatingon
saturated areas which built up along channel
edges. [t was therefore suggested that due to the
run-off processes, bacterial contaminationis
probably more a function of activities in and
around the stream channel than ofbasin-wide
land-use. Similarly, Hunter and McDonald (1991a)
found that moist'areas, where overland flow was
preferentially generated, contributed significantly
higher numbers offaecal bacteria to surface
watersthandryareas.

Hunteretal (1992) working inthe same research
plotas Hunter and McDonald (1991b), examined
specificrelationships between stream faecal
coliform concentrations and inputloadings from
variousinflow components; overland flow, matrix
through-flow and non-matrix through-flow,at11
sites along the channel. The faecal coliform load
contributed by overland flow wasfive orders of
magmnitude higher than matrix throughflow and
two orders of magnitude higher than non-matrix
through-flow. Overland flowwasamajor
conitributor to streambacterialload duringboth
base and storm-flow conditions. Seeps, springs,
returnflows and protostreams all contributed to
overland flow. Protostreams develop during
rainfall where subsurface and surface flows
combine to produce adefined and recognisable
channel. Protostreams were suggested tobe very
important in the transport of bacteriafromthe
catchment surfaceto stream-bed store. The
bacterialinputrate was suggested asbeing
largely determined by rainfall conditions, positive
correlation was found between faecal coliform
inputload and stream stage height from both
overland and non-matrix throughflow sites (Figure
3.5). Ataquarter ofthe overland flow sites
however, thisrelationshipwasreversed asaresult
oflocalised depletion of the land store caused by
rising flow and increasing bacterialremoval.
Faecal coliform load at these sites however, still
increased with rising flow. It was suggested that
areaspronetodepletionmayhavebeenthose
subject to continual water movemnent and hence
bacterialremoval. Considerable variation was
found in the median faecal coliformload values for
overland flow at different sitesreflecting the
hydrological processesinfluencingthe flowtoa
particular sampling point. Flowswere derived, for
example, frombacteriologically purenear-channel
return flows, or fromhighly concentrated flowin
protostreams. Strong positive relationships were
also found between stage height andin-stream
faecal coliform concentration.
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Figure 3.5 Scatter plots of log,, faecal coliform load
against stage height for nputs from (a) overland flow
and (b) non-matrix through-flow (after Hunter et al,
1952

These studies indicate that faecal coliform inputs
inupland areas of catchments are from the
channel margins and that transport is
concentrated at or near the ground surface. The
impactof soil matrix through-flow on stream
bacterial dynamicsisinsignificant and macropore
and run-offin protostreams in response to rainfall
dominatestransport fromthese areas.

Inlowland areas the significance of inputs to the
stream channel islikely to change. Denser human
population will result inimpacts from effluent .
treatrnent works and storage within the channel
bed willbecome more significant. Indeed, Hunter
et al. (1992) suggest that the relative importance of
inputs from the catchment land store and the
channel-bedbacterial store may dependtoa
great extent on the location at which the stream is
sampled (Figure 3.6). At upland locations the flow
conditions are such that erosion in the channel
predomninates, resulting inthe likely dominance of
land surface over bed store inputs.

\\\

3.3 Transportandstorage offaecal
coliformsin streams and rivers

Enteric bacteriainthe aquatic environment exist
both freely suspended in the water column and
attached to particles and other solid substrates.
The transport of bactenia in stream and river
channels comprisestwomain components, the
transientmovement of bacteria storedinthe
stream channel bed and the movement of
organisims suspended in the flow. The settlement
deposition, storage and subsequentre-
suspension of organisms is one of the major
processesofbacterialtransportinriver channels.
E.colidensities in the stream channel bed may be
up to 1000 times higher than in the water colurnn
(Van Donsel and Geldreich, 1971; Matsonet

al. 1978; Stephensonand Rychert, 1982). The
release of stored organisms from the stream bed
may result fromdisturbances by crossing cattle, a
passing beat or a person wading or paddling
(Shereret.al, 1988). The main cause of
resuspensionis increasing flow resulting from
stormrun-offor artificially induced flowreleases
(Kunkle and Meiman, 1968; Kay and McDonald,
1980;Jenkins, 1984; Shereret.al, 1988). Large
impoundments, such aslakes andreservoirs, act
as bacterial sinks, low flow velocities may result in
rapid settlement of particle associated organisms,
freeliving faecal coliforms will undergo rapid die-
offinthe water column. Only major flow events
are likely toresult in significant transportbeyond
the water body (Johmsonand Ford, 1987).

The settlement of organisms

The settlement process for faecal coliformsis
drivenby effects which actto increase the
settlement potential of the organisms, the
attachment to particulates and formation of flocs
or clumps of bacteria result in the enhancermmnent of
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Figure 3.6 The relative importance of bacterial input rates from the catchment land store and the channel
sediment store to stream bacterial dynamics, with distance downstream (after Hunter et al,, 1992)
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settlementrates andhence removalfromthe
water column.

Experiments to assess whether the adsorption of
bacteria onto estuarine silts and marine muds
takes place in the water column or at the channel
bedhave shownthat 20% offaecal coliformsare
adsorbedimmediately onto particlesin
suspension (Milneetal,,1986). Weiss(1951)
suggested that effective adsorptionwas
dependant on the availability of sufficient
sediment with high adsorptive capacity. Matson
etal (1978) examined therelationship between
water and channel-bed bacterialnumbersup and
downstream of asewage effluentdischarge.
Upstream of the discharge point a statistically
significant correlation of stream-bed to water
column bacterial concentrations was found, This
was not the case downstream and it was
suggested thatupstream the concentrations were
inequilibrium, whereas downstream the sediment
was saturated with respect to bacteria. More
recentresearch (Milneet al, 1986) has shown
however, thatthe low density particulates
associated with sewage effluents remainin
suspension atlow velocities, hence limitingthe
ability of such bacteriato transfer from the water
colurmntothe strearn-bed.

Inthe presence of muds and silts in estuary water
bacterial deposition was found to be a function of
time and the deposition rate was directly
proportional to SS concentration. With sewage
final effluent faecal coliform deposition from the
top 30 mm was not a function of time and no
significant alterationin concentration occurred
afterthree hours. Similarly, when effluent was
mixed with estuary water, deposition offaecal
coliform was no longer a function of ime and the
depositionrate exhibited no correlation with SS.
Asthe bacteria were found to be just aslikely to
become adsorbed to effluent particles asto
estuarine silts and muds, the differencein
deposition was attnibuted to the settling
characteristics ofthe particles. The experiments
were carried out with concentrations of between
5x10%to Tx10% E.coliper 100 mland it was
suggested that at other concentrations different
behaviourmaybe observed. Forexample
indigenous and microorganisms of faecal origin
may compete for adsorption sites (Milne et
al,1986).

Jenkins (1984) examined bacterial settlementrates
in still water using natural sediment from the River
Washbumin Yorkshire. Up to 75% of E.colisettled
out within the first few minutes of the experiments.
The results suggested that 80% of the bacteria
were asscciated with particles of less than 30um
diameter, or whose settling velocity was
equivalent to that of mineral sediment grains of
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less than 30pm diameter. This result was found to
be in agreement with the results of Mitchell and
Chamberlain (1978). Cannonetal (1983) and
Auer and Niehuas (1993) found the majority of
faecal coliforms (approx. 90%) to be associated
with particle sizes of between0.45-10um. Settling
ratesinthe order of 1.2 m.day for these particles
have beendemonstrated by sedimenttrap
experiments in OnondagaLake, New York (Auer
and Niehuas, 1993). Such a settlement rate might
be applicable to quiescent zones atriver margins
but turbulence effects would tend toreduce the
net settlementrate.

Resuspension fromthe stream-bed bacterial
store

Early studies in the United States (Morrison and
Fair, 1966; Kunkle and Meirman, 1968; McSwain
and Swarnk, 1977) demonstrated enhanced
coliform concentrations during high or rising flows
and possible links with suspended sediment
concerntration and the stream-bed/water contact
area. [t was suggested that the supply of
orgarisms was finite, beingexhausted by
successive flow events (Elder, 1978) and a
seasonal pattern of bacterial accumulation inthe
stream channel was observed, periods oflow flow
favouring sedimentation andvice versa (Streeter,
1934).

Kayand McDonald (1980), demonstrating
inadequacies in the studies of Morrison and Fair
(1966), McSwainand Swank (1977) and Kunkle
and Meiman (1968) due to infrequent sampling
and other factors, were prompted tomake amore
thorough examination ofthe sources and
behaviour offaecal coliformsin streams during
stormevents.

Anintensive programme of sarnpling for coliform
organisms — both during periods of constant
flow, to establish background variationsin
concentrations and in storm events to determine
some genuine pattern in coliformresponse to flow
events— was undertaken in the River Washbum
catchmentin Yorkshire (Kay and McDonald,
1880). Total coliform concentrations, observed
over three 24 hour periodsin summer and winter,
were found to be highly variable (between 2 and
600 counts per 100 ml). During the rising limb of
all storm events significant increasesin
concentrationwere observed. Inorderto
determine the source of organisms causing these
rises, controlled releases were made betweentwo
ofthe reservoirs inthe Washbum systemto
generate artificial low events. It washypothesised
thatifthe increased bacterialnumbers during
hydrograph events were aresult of soil-matrix
throughflow, non-matrix throughflow and overland
flow, the artificially produced hydrograph would
not cause anincrease in the bacterial
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Figure 3.7 Propagation of artificially generated hydrograph with response of total coliforms (TC) and E.coll
concentration at locations (a) 400 m, and (b) 2500 m downstream of the hydrograph source (after McDonald et

al, 1982)

concentrationsinthe stream and may evenreduce
~levelsbydilution, giventhat the reservoir water
was oflow bacterial concentration (McDonald et
al.,, 1982). Thefirstexperimental release showed
this hypothesisto be false, marked bacterial
peaks coincided with the peak stage of the
hydrograph the magnitude of which was of similar
tothe increases observed duningnatural events.
Causal mechanisms suggested for the observed
responses were; entrairument ofbacteriafromthe
channelbed, entrainment ofbacteriaadheringto
sediment onthe channel bed, the release of
organisms through bank wash and collapse and
wash-out of channel pools. The secondrelease
was designedto cause bed disturbance with
minimal stagerise. Asix-fold increase invelocity
was achieved following low flow velocities during
acoldrain-free period. Again anincrease in
coliform concentration of similar magnitude tothe
naturalhydrographresponse occurred,
suggesting adirectbacterial or ndirect sediment/
bacterialresponse (Kay and McDonald, 1980).
Furtherreleasesmade during the same
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experimental programme indicated thatthe peak
bacterial concentrationincreases with distance
downstream, suggesting continued entrainmment
and accumulation of organisms from storage
within the charnel as the flood wave propagates
(Figure 3.7). The finite nature of the channel
supply of organisms was also observed duringa
prolongedrelease to provide water for slalom
canoeing. High flow was maintained throughout
the event and following the bacterial peak, which
coincided with the hydrograph peak, the
concentration began to falland would eventually
become exhausted (Figure 3.8).

To confirm the above results arelease was made
immediately after a major natural flow event that
should have flushed the channel bed free of
organisms. The release did not cause a bacterial
peak and slight dilution was chserved. It was
noted that inputs from overland flow would have
beenremoved during the passage ofthe peak
and recedinglimb ofthe naturalhydrograph
(McDonaldetal, 1982).
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Figure 3.8 The response of total coliforms (TC) and E.coll concentration to a step change in stage height (afier

McDonald et al., 1883)
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Hunteretal (1992) suggest that the relative
significance of bacterial inputs from channel bed
and the catchment surface may depend onthe
location at which a stream or river is sampled,
inputs from the bed, itis suggested, will generally
increase in significance with distance downstream
wherelower flow velocities predominate and
greater setttement occurs.

Settlement and die-off dominates the hehaviour of
faecalcoliformsinlakes and reservoirs, although
re-suspension may occur at the margins ofthe
water body. Re-suspension ofbacteria by wind-
wave action was thought to be responsible for
faecal coliform concentrations of up to two orders
of magnitude higher at a depth of 1 foct above the
bed than at the surface in Lake Houston in the
United States (Davis and Valentino, 1985). In Lake
Michigan (USA) a survey was carried-out offaecal
coliform concentrations around the rnouth ofthe
Milwaukee River. Concentrations decreased with
distance from the mouth, they also decreased with
depth. The numbers of organisms werenoteven

elevatedinsamplestakenwhere bottom
sediments were knownto have beendisturbed in
the process of sampling. This behaviour was
thought to be due to a thermocline at the interface
ofwarmriver water flowing over cold lake water.
No significant difference inlevels during dry or
wet weather was found, the main inputs of faecal
indicators being sewage effluents, urban run-off
and storm overflows (Zanonietal., 1978). The
situation in DeGray Lake, Arkansas, was quite
different. Storm flows from feeder streams were
found to contribute considerableloads of
nutrients, bacteria and suspended sediment,
capable of travelling the full 32 km length of the
reservoirinconly eightdays. The average
residencetime ofthe reservoiris 1.4 years
(Johnsonand Ford, 1987). These results suggest
that althoughirmnpoundments may generally actas
asink for organismstravelling through ariver
system, during high flows transport mightbe
sufficiently rapid for large numbers of organisms
totravel pastthe impoundment into the river
downstream.

23




4 Existingmodelsforfaecalcoliform
transportandsurvival

4.1 Bacterial die-off models

Crane and Moore (1986) undertook a thorough
exarnination of bacterial die-cfmodellingand the
following section summarises some of this work.

Physically based models used todescribe
bacterialdie-offare generally based onsimple
first order decay dynamics as givenby Chick’s
Law (Equation 4.1 and Section 2.1},

..... ie. N=N .10+ 4.1
The equation describeslogarithmicdie-off ofa
bacterial population (N} over a time period (0 tot),
with constant die-offrate (k). Fiqure 4.1 shows
form curvesforbacterial decay rommodels
based onfirstorder dynamics. Curve 1 describes
simple first order decay as given by Chick's Law

(Ecuation4.1).

Equations 4.2 to 4.10 extend Chick’'s Law inan
attemptto account for a variety of observed die-off
effects. Imrnediate and constarnt die-off of the
entire populationis described by Equation 4.1.
Equation 4.2 allows for a pericd ofextended
survival and growth until { > ¢, the time delay,
after whichdecline commences (Figure 4.1, curve
2).

i

= 100w 4.2)

o
Equation 4.3 is proposed for die-offofa
population composed of anumber of sub-groups
withdifferenttolerances to environmental
stresses.

1

N,

0

= a.10% ‘+ b1 (4.3)
Achangingdie-offrate may be observed over
time as susceptible groups die-offmore rapidly
leavinglonger lived sub-groups such that the
overall die-off rate takes the shape of curve 3in
Figure 4.1.Equation 4.3 representstwo bacterial
sub-groups witha and bthe proportions of the
total bacterial population havingdie-off ratesk,
andk, (Streeter, 1934). This equation may be
extendedto give a complex series explaining a
large number of sub-groups with different die-off
rates (Equation4.4).

N

t

N{l

=al0kt+ b 10%! + ... n 104 (4.4)

24

1

loglON

time (or distance)

Figure 4.1 Bactenal die-off curves as predicted by
meoedels in the Iiterature (after Crane and Moore, 1988)

Anumber of other models intheliterature
produce a function sinilar in shape to curve 3
(Equations 4.5 and 4.6}, including the statistical
model of Burtonet al. (1987).

N 1-10%
N, © Z3kd (4.5)
Wherek'isthe die-off coefficient,
LI 1+ n.l%f) -lte (46)

N,

and in Equation 4.6, k, is the initial die-off
coefficient and nnis the coefficient of retardation,
n>0for atype 3 curve, n<Ofor type 4 (Phelps,
1944, Fair and Geyer, 1954).

L= Qe

4.7}
/]
Similarly inEquation 4.7, a non-uniformity
coefficient is used, again withn>!foratype 3
curve,n<!fortype 4 (Fairetal 1971). Curve 4
describes a situation where acontinually rising
deathrate occurs, perhaps inthe presence of
toxic compounds or as aresult of chlorination.
Frostand Streeter (1924) used a statistical
approachto produce a formula giving the function
shownascurve 5 (Figure 4.1) and constants b, ¢,
dandkinEquation 4.8 are empirically derived to
fit the data.

N,
A

o

_ b

T 1+ (et + d)lO* (4.8)




Burtonet al (1987) ina study of bacterial survival
indifferent freshwater sediments developeda
statistically based model. In this study the only
sediment characteristic for whichtherewas an
apparentrelationship with die-off wasparticle
size; this relationship, however, was not built into
themodel. The general model formwas

y=Aets (4.9)

fromwhich the following equation was derived,;

mMC=a+bn(t+ 1) +e 4.10)
InCisthe natural logarithm of the initial bacterial
density, ais the intercept, bis the die-off slope, tis
time and ¢is the residual error.

For applications toriver water quality these die-off
models must be used in conjunction with
hydrodynamic and dispersionmodels and the
modelsneedtoinclude a component describing
the transfer of organisms to and from storage
within the stream channel.

4.2 Waterqualitymodelsbasedonthe
advection-dispersion equationand
bacterial die-offfunctions

Anumber of water quality models exist that
simulate a wide range of pollutants and water
cruality characteristics, includingbacterial
concentration. Applications ofsuch modelsare
wideranging and include lake systems, estuaries
and rivers. Such models donot always offera
detailed description of the processesrelating to
bacterial dynamics and often only include simple
time decay models such asthose discussedin
Section4.1. These models do, however,
incorporate hydrodynamic and dispersion
equations in order to describe water flow inthe
channel and mixing and dispersion processes
within the flow.

The advection-dispersionequation (ADE)
The ADE is commonly used in water quality
modelling for describing contaminant transport.
Twoterms, one for advection (the longitudinal
movement with the flow) and the other descnbing
dispersion (the effect of mixing on the pollutant
concentration). The model canbe developed for
one, two and three-dimensional transport
depending on the nature of the systemtobe
modelled. Inrivers, based onthe assumption that
the flow is well mixed throughoutits cross-section,
acne-dimensional formulationisused (Equaticn
4.11).

oC

ac
EY S

X
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ot

o (411

where, x = distance downstream
C = concentration
U = mean flow velocity
D = dispersioncoefficient.

In this simple formulation it is assumed that there
are no inflows or sinks and that the contarninant is
conservative innahire, i.e. itisnot transformed by
physical, chemical or biologicalreactions. Figure
4.2 is a graphical representation ofhow the ADE
works, showing how the concentration of a pulse
of contarminant entering a pointx in ariver attime
t,changesthrough time. Figure 4.2a, showshow
the model works f U=0, i.e. for dispersion only, as
might occur in a still pond. Figure 4.2b shows the
vanationin C if D = 0i.e. for advection only, an
unreal situation, used here todemonstrate the
model. Combining the two effects gives Figure

4 2cshowing transportdownstreamand
attenuation of the contaminant concentration. The
ADE is utilised in the following models and is
applied to salinity variation, sediment and
bacterialtransport. For flood-wave propagation
the velocitytermin Equation 4.11 uses the
kinematic wave velocity instead of mean velocity,
the velocity of the flood-wave frontis greater than
the meanvelocity.

Estuarine transport model using the
advection-dispersionequation (ADE)
Aphysically based modelling approachhasbeen
applied to the dispersal and inactivation of
bacteriainanestuary {Crowther, 1891, Wallis et
al,, 1989). The modelis based on Equations 4.12
t04.13. The hydrodynamic modeluses
conservation of mass (or continuity) and
conservationofmomentumn (Equations4.12and
4.13, respectively).

an, 30

(W+ W’)W+ 3% Epl-b (4.12)
and
Q. 3 oh gARdp _
at+‘5}[ﬁ] +gAS!+gAﬁ+m—-0 (413)
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where, Qisdischarge in cumecs, his stage
height, t1s time, xis distance downstream, Wis
the width of the estuary at the waters surface, W
isthe average width of storage areas, I is lateral
inflows per unitlength (m?.sec!), fiis density
(kg.m™), Ais cross sectional area of flow (m?), Ris
hydraulic radius and S, friction slope.

The model assumes that storage areas such as
docks and basins do not affect the momentum
balance in the estuary and that lateral inflows add
no momentum to the flow. The effect on solute
concentraticns of the docks is also ignored, these
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Concentration in time and distance (conservative pollutant)

Distance Downstream

Figure 4.2 A graphical representation of modelling the dispersal of a conservative contaminant under steady

flow conditions using the ADE

storage areas tendingtobe poorly mixed being
long and narrow with small entrances. The
advection-dispersion equation (ADE) isusedto
modeltransport of a conservative solute, in this
case salinity, and is extended to account for
sediment and bacteria (Equations 4.14t0 4.16.Ais
assumed constant to allow comparison with
Equation4.11).

a5 _ Qds %S L

o~ Rax* Dok YA (19
3, -

o9C aC ’C. | L

yb=-9m+omﬁ + .G, +KC, (4.16)

where, Sis salinity, C, C, are the concentration of
sediment and bactena, Dis the dispersion
coefficient, E is the amount of sediment eroded
fromthe channelbed, D, is the depositionrate,
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subscripts sand Lrefer to static storage areas and
lateralinflows and Kis the bacterial die-off rate
sh.

Theinfluences onbacterial survival are lumped
into one value, X, derived from experimental
results as a function of local salinity and
suspended solids concentration. The bacterial
concentration is modelled as a function of flow
with first order decay, the influence of sediment
dynarnics onthe bacterial concentration is
assurned to be unimportant (Equations 4.15and
4.16). The reason for this apparent omission is not
given, butitmay, however, be dueto the nature of
the supply offaecal coliform organisms. Milne et
al. (1986) found that there was no significant
settlement of organisms frommixtures of sewage
effluentand seawater.

Sedimentis modelled using the Krone formula,
relating entrainment, £ and deposition, D._to
charnelbed shear velocity (u,) and critical




velocities of deposition and entrainment, v,and v,
Equations 4.17 and 4.18 show the functions used
(Crowther, 1991).
For depositionu, <v,
2
D,=( '%ﬂ) W,v, .. foru <v, @.17)
and for erosion u, > v,

u?
E= (72- BWx .. foru,>v,

(4.18)

Where, y is the erosion rate, W, the bed width and
v the settling velocity. Shear velocity, u,, isgiven

_ -k
H
log, (30.2-2
og, { ks}

ue ||

(4.19)

wherek is the Nikuradse sand roughness
coefficient, His depth, and k, the von Karman
constant for flow with sedirnent, is0.174.

Thehysteresis observed by Hjulstrom (1935), ina
series of experiments examining the entrainment
and settlement characteristics of individual
sediment grain sizes, is accounted for by setting
v, > v, since the energy required to entrain
particles is greater than that necessary to maintain
their suspension. Therefore for v, <u, <v_the
sediment will be maintained in transport, i.e. there
isnonetdeposition or entrainment.

This method of assuming either entrainment or
deposition is a different approach to that of
Jenkins (1984), which assumesthat deposition
occurs continuously and the occurrence of either
netentrainment or depositiondependsuponthe
relativerates of erosionand deposition.

Application of Equations 4.17 and 4.18 to bacterial
transportmightbe achieved by adjusting the
threshold entrainment and deposition velocities,
asappropriate.

RiverTransport Model (ADE)

The ADE has been frequently employed in water
quality modelling, especially onlarge lowland
rivers, for example the Tigris River inIraq (Al-
Layla and Al-Rizzo, 1989). This application of the
modeluses a one-dimensional version of the ADE
to simulate a steady-state decline in total coliform
count along a 75 km stretch downstream of the
“Saddam" Damn. Microbial self-purification of the
river isdescribed by a simple first order decay
coefficient similar to that of Crowther (1991)
(Equation 4.16). Figure 4.3 shows the profile of
measured and simulated coliform concentrations
with distance downstream of the dam.
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Figure 4.3 Profile of simulated and measured
coliform bactena concentrations for the Tigris river in
Irag

Whilst the general trend of coliform decay is
effectivelymodelled, thereis someinadecuacyin
either the selection of die-off rate or the”
identification of inputs of faecal contamination that
may account for the under and over estimations
observedinFiqure4.3.

43 IHQUASAR

The model QUASAR (Quality Simulation Along
Rivers) was developedtoassessthe
environmental impact of pollutants onriver water
quality (Whiteheadetal., 1979}). The modelhas
been applied to range of UK rivers such asthe
River Tawe to assess heavy metal polluticn, and
the River Thames, to assess the movement and
distribution of nitrates and algae (Whitehead and
Williams, 1982; Whitehead and Hornberger, 1984).
E.coli, nitrate, dissolved oxygen (DQO),
biochemical oxygendemand (BOD), ammonia,
ammoniumion, temperature, crtho-phosphate,
pH, and "conservative” water quality parameter
concentrations cancurrently bemodelled. The
model performs a mass balance of flow and water
quality sequentially down ariver system. To
modelthese parameterstheriverisdivided up
intoreaches. Thereachboundariesare
determined by pointsintheriver where thereisa
change inthe water quality or flow due to the
confluence with a tributary, the location ofa
sewage treatment final effluent discharge, an
abstraction, or the location of weirs. Biological and
chemical processes areincorporated for each
determinand asrequired. The lowmodelsare
derived from the Muskingum-Cunge flowrouting
method and give agood approximationtothe
advection-dispersion equation (ADE) (Equation
4.20). For a full description of the application of
this technique see Whiteheadet al.(1979).

0
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Where, Q = discharge
u = kinematic wave velocity -
D = dispersion coefficient

The flow equations provide discharge data for the
contaminant mixing models. The treatment of
E.coliis simplified with a first order temperature
dependantdecayrate (Ecuation4.21). The
organisms are assumedtoundergo die-offand
mixing within the channel only. The effects of
sedimentation and resuspensionare notmodelled
and the effect of sunlight on die-offignored. The
mass-balance equations are based on
Continuously Stirred Tank Reactor (CSTR) theory
taken from chemical engineering. This approach
is similar to Aggregated Dead Zone (ADZ) or
Active Mixing Zone (AMZ) dispersion modelling
(Young and Wallis, 1986; Walliset al,, 1989; Wallis,
1983). Henderson-Sellerset al. {1988) discussthe
relative merits ofthe ADE and ADZ approachesto
dispersion modelling. The ADZ approachisfeltto
offer a better conceptuallisation of mixing
processes in natural channels, gives abetter fitto
time series oftracer concentrations derived from
field experiments and does not suffer frorn the
nurnerical difficulties encountered when
approximating the ADE in computer applications.

Where, (), = discharge at time ¢
V' =reach volume
C, = bacterial concentration at time ¢
U , = is the upstream input to the reach
allowing for travel ime 1.
I = sources and sinks due to effluents,
abstractions etc.
k =temperature dependant bacterial
die-off coefficient (days!)

This form of the model is only capable of
describing the distance decay observed
downstream cf a point-source input discharging
large numbers of bacteria. In Section 5 this
Equation 4.22 is modified by the addition of terms
for the transfer of faecal coliforms to and from
storage within the channel (Equation 5.8).

44 Processbasedmodellingof
bacterialdynamicsinuplandstreams

Inamodel developedtopredictbacterial
numbers inupland streams (Jenkinset al., 1984),
water and sediment bacterial concentrations are
represented by mass balance equations such that:

Equation 4.22 shows the QUASAR formulation for C=I+W-5-D (4.23)
E.coli at the time of writing.
N=S§S-W-D (4.24)

ac, Q@ o)
E‘zT/L-Uﬂ.,"v‘-C,”.“‘-Cr (4.22)
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Figure 4.4 Profile of simulated and measured coliform bacteria concentrations for the Tigris river in Iraq (afler,

Al-Layla and Al-Rizzo, 1989)
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where Cis the concentration of E.coli in the flow,
Nis the number of E.coli in channel bed
sediments, Iis input from upstream and the land-
surface, Wis washout from bed sediments, Sis
loss to sediments (settlement). Disnetdie-offasa
result of environmental stresses.

Sedimentbehaviouris determined by the flow
characteristics ofthe streami.e., turbulence and
velocity asrelated to discharge. The onset of
washout is assumed to occur at some threshold
discharge below which the washouttermis zero.
It was recognised that this may be a simplification
ofamore complicated fluvial process associated
with sedimentrelease following cobble movement
and may also be sensitive to the adherence
characteristics of the bacteria to the bed and/or
sediment. Non-point source inputs are perceived
tobe associated with "quick' and "base’ flow run-
offcomponents. The base-flow component
comprises soil through-flow and groundwater
flow, responsible for maintaining inputs during dry
periods. The quickflow componentrelatingto
rainfall events over the catchment, resultingin
surface run-off and non-matrix through-flow. Itis
assurned that rainfall-induced processesincrease
in intensity through the storm and that inputs to the
channelincreaselinearly withdischarge.
Background and discharge related input are
assumed to be diluted by the volume offlow. The
input of bacteria to the stream from the
surrounding catchment () is, therefore, givenby:

]:éﬂ.+.£9.'_g_:_lﬂ_+]

4.25
Q Q ° (4.25)
wherel, is background input, Io isdischarge
related inputand Qis discharge.

Bacterial inputs from the catchment surface are
assumed to enter the water store cnly, in the first
instance. Transfer between the water and bed
sediment bacterial storesismeodelledasan
internal function of the reach. Increased inputs
raise the sediment store bacterialnumbers
indirectly by providinglarger numbers ofbacteria
for sedimentation. It is suggested that this
sedimentation effect is unlikely to remain linear as
discharge increases due to the effect of
turbulence, which is assumed toreducetherate
of settlement. The model uses a threshold
discharge value at which bacterial settlingis

halved (Equation 4.26)
— Q _
= P"‘]+_OIPO C —p.C (4.26)

whereP_ is the rate of settlement (proportion of
total load settling per unit time), P, isthe
discharge at which P_ halves.

The mode! accounts for changes in stream
hydraulic characteristics with discharge, which
will affect the rate of change of numbers of
bacteria per unit streambed areai.e. as discharge
rises the increased hydraulic radius allows
bacteriato settle over alarger area (Equation
4.27)

P, . Q9 cC
dN 1+ 0/, S

(4.27)

dar o v.w - vw

where Nis the number of bacteria in the bed
sediment store per unitbed area, vis velocity and
wis the channel width.

It is assumed that v.w = Q/h, where his the mean
flow depth and that h o F, where F= 0.5,
therefore:

vw= O (4.28)
o . :
Substituting Equation 4.27 into 4.28 and
rearranginggives
N _p & (s (4.29)

dt ® 1+ QP

This modification causes a slight decrease inthe
number of bacteria settling into the sediment store
once 0 > P, The entrainment of organisms at
some thres%old discharge Q,is givenby
W=a(C- Q5N (4.30)

The constant, a, represents the total bacterial
wash-out for Q > Q) and is expressed as

7
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4.31)

where, T, represents the proportion of the
bacterial store washed out at adischarge of Q0 +

Imist,

Equation 4.30is further modified to account for the
fact that washout was found to be a function of the
size ofthe bed sediment store, i.e. itis assumed
that the entrainment capacity of the flow limits the
amount of bacteria washed-out of the bed store. In
Equation 4.30, Nisreplaced by:

N. Sat
N+ Sat

f(N) = (4.32)

where Satis the maximurn value of f{IV}, which
only approaches Satfor values of Nmuch greater
thanSat (Figure 4.4). This term effectively limits
the number of organisrns available for washout at
any time-step.



The term for bacterial die-off D in Equations
4.23 and 4.24, is based on the assumption that

the net die-off follows simple first order decay %\r =-K.N+pQC-a(Q- Q)N © (4.35)
dynamics
whereK_andX are bacterial die-off coefficients
C,=C,e* (4.33) inwater and sediment, pis the settlernent
coefficient.
where C and C,are concentrations at time ¢{=0
and tand kis the die-offrate coefficient. In validation runs the model was found to predict
both timing and magnitude of bacterial peaks
The differential equations for the model are as adequately, under arange of conditions. It was
follows: suggested, however, that further calibrationand
. parameterisationwereneededto produce the
dc a((F-QHN 1 observed coincidence ofbacterial peaks with
- KC-pCH Q + "(JJL th (4.34) respecttothe hydrograph peaks (Jenkinset al,
1984).
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5 Towardsanewmodeloffaecal coliform

stream dy:_\a.m.ics

Faecal coliform concentrations are commonly
modelled usingwater quality models based onthe
Advection DispersionEquation (ADE) (see
Henderson-Sellerset al., 1988) with additional
terms for die-off or disappearance using simple
first order decay coefficients to describe the net
reductioninconcentraticn with time and/or
distance travelled downstream (Walliset al., 1989;
Al-Laylaand Al-Rizzo, 1989; White and Dracup,
1977). Extensionstothese simple firstorder
models include the development of arange of
characteristic die-off curves and the incorporation
ofterms to relate the effects of temperature and
msolation on coliform die-off (Auer and Niehaus,
1993; Crane and Moore, 1986; Canaleetal., 1973).
E.colihas been modelled in this mamner in
QUASAR, ariver network water quality and flow
modeldevelcpedbythe Institute of Hydrology.
Alternative, statistically-based approachesuse
rmultivariate analysisto developmodels of
coliform concentrationsrelated to anumber of
physical and/or chernical influences (Mahloch,
1874) or, for example, to variablesdescribingthe
timing, frecquency and duration of rainfall or flow
events (Kay and McDonald, 1983). In-channel
storage of faecal coliforms, however, hasbeen
largelyignored inmodelling applications, despite
the fact that its significance to water quality has
beenrecognised for some time (Van Donseland
Geldreich, 1871, Matsonet al,, 1978). The first
modelto incorporate terms for the transfer of
organisms to and from storage within the channel
was developed by Jenkins (1984). This section
describes controlled field experiments designed
to extend the work of Jenkins (1984), leading to the
development of a new conceptulalisation of faecal
coliform dynarmnics in stream channels.

5.1 Fieldstudiesforthe examinationof
in-channel storage processes

Experiments were carried outatthree sites where
artificial changes in flow could be made inorder
todetermine the channelfaecal coliformresponse
without inputs from the adjacent catchment. The
dataderived were used to formulate the structure
and parameterise the newmodel.

The studysites

These were inmid-Wales on the Afon Rheidol,
whichflowsthrough Aberystwythinto the Irish
Sea, the Afon Clywedog inthe headwaters ofthe
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River Severnand the River Washlburn, a tributary
ofthe River Wharfe north of Leeds.

Inthe Rheidoel catchment controlled flowreleases
were provided by ahydroelectric scheme. The
river was sampled 10k downstrearmn of the Cwm
Rheidolreservoir inthe catchment flood plain.
Thereachis characterised by a partially confined
irreqularly meandering poolrifile sequence witha
bed slope of approximately 1:660. The soilisclay
loam. Faecal inputs are derived fromthe grazing
of sheep and cattle and there is also a small
sewage treatmentworks.

The Afon Clywedogin the Upper Severnwas
sampled at either end of a 4 kmreach
immediately downstream ofthe Llyn Clywedog
reservoir, Thereachistopographically confined
and initially of step-pool configuration, rapidly
changing to a poolriffle sequence of bed-slope
1.:100. The immediate banks and valley slopesare
grazed by sheep, domesticinputs are thoughtto
be minimal. The soil is clay loam.

OntheRiver Washburnreleasesaremade
between a series of four impoundments. Sampling
for faecal coliforms was carried out during a
release, made for white-water canoeists, between
Thruscross and Fewston Reservoirs. The channel
inthis reach is a poolriffie sequence with a slope
of around 1:100 confined within anarrow valley.
The channel banks are stabilised by trees,
boulders and, inplaces, by the underlying
bedrock. The valleyflooris covered by clayloam
soil and is grazed by sheep and cattle. Either end
ofa !.5kmreach was sampled.

Samplingand analysistechnicques

Sampling commenced prior tothereleasesto
establishinitial concentrations. Release waters
were also sampled. Stage, temperatwre and
conductivity wererecorded at each sampling
interval, samples being taken from asnear to the
centre of flow as possible at approximately 0.6 of
the flow depth. Samples 0of 400 ml were collected
inpre-sterilized containers and storedinthe dark
prior totransportationtothelaboratory for
analysis. Duplicate samples were taken at
intervals of 10 samples for quality control
purposes. From each sample six enumerations
were made usingthe membranefiltration
technique (HM.5.0, 1883). Threelots of 100 ml
and 1 mlwerefiltered and enumerated withinsix.




Table 5.1 Geometric mean faecal coliform concentra tions (cfu per 100 mi) for the three experimental release
sites showing differences in concentration during hydrograph rise and recession and the accumulation of

organisms with transport downstream

Site Sample point Fulldata Rise Recession
Rheidol (17.2.93) 80.41 1271 63.7
Washburn (26.5.93) upstream 126.5
downstream 211.7
Clywedog (28.5.93) upstream 348 €8.6 13.5
downstream 407.9 89223 140.3

hours of collection, with the results expressed as
colony-forming units (cfu) per 100ml. By making
replicate enumerationsthe confidence interval
about an estimate is reduced by a factor related to
the square root of the number of replicates
(Fleisher and McFadden, 1980, Fleisheret al.,
1993). Inthis case triplicate enumeration results in
approximatelyal . 73timesimprovementin
accuracy. The use of two filtering volumes
ensures ease of counting both high and low
numbersof organisms.

Experimentalreleases

The firstrelease carried out on the Afon Rheidol
on 17.2.93, sampling at one site only, was an
artificial hydrographbased ondatafromthe
adjacent Ystwyth catchment. The hydrograph
shape was approximated by a series of steps
which inlater experiments were exaggerated as
they were found to cause a marked faecal coliform
response. A step change in flow was made onthe

Washburnand afurther artificial hydrograph on
the Clywedog.

Initial observations

Allrelease waters were oflow bacterial
concentrationand dry antecedent conditions
meant that catchment derived inputs were
minimal. The observed responses are therefore
assumed to result from inputs to the flow from
channel storage. Figures 5.1 and 5.2 and Table 5.1
demonstrate the accumulation of entrained
organisms in the flow, with distance downstream
during sampling onthe Clywedog and Washburn.,
The Washburnresults demonstrate the finite
nature ofthe channel-bed supply of organisms

(Figure5.2).

Responsestostepped hydrographs

The faecal coliform responses to releases on Afon
Clywedogand Rheidol (Figures 5.1 and 5.3)
exhibitthree main phases; low concentrations

12 2500
11 .‘
\\\
109 2000
91 ) Z
RS 5 T
P \ L1500 2
s 7 K 2
L - 3
. 2 ‘\\ x
£ 6 - £
—g J \flou downstream 1000 v-é
A 5 . &
-, s
. g
+ Faecal coliforms ' o
3.. [S . '500
Ry el A (downstream) .
(AN A
. ——r—d e/ \ (upsiream) o
09:36 10:48 12:00 13:12 14:24 15:36 16:48 18:00

Tune (hours:minutes)

Figure 5.1 Raw faecal coliform and flow data for the experimental flow release in a 4km reach of the Afon
Clywedog downstream of the Clywedog reservoir (26.5.93)
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precedingtherelease, enhanced concentration turbulent wavefront washingthe available
coinciding with the rising limb of the hydrograph organisms from bed storage with its passage

and areturn to background concentrations downstream. The supply of organisms is now
following the peak flow (Table 5.1). Examination diminished and the faecal coliform concentration
of the Clywedog data suggests that each step returnsto that ofthe reservoir water enteringthe

change inflow causes a faecal coliformresponse.  channel.
Inthe Washburn (Figure 5.2) the steeprisein
faecal coliform concentration corresponds tothe The on-set ofthe hydrographrecession, atboth

step change in flow. The peak concentrationis the Rheidol and Clywedog sites, resulted in the
followed by anexponentialdeclinedemonstrating ~ immediatereductioninbacterial concentrationto
the rapid entrainment of organisms at the highly background concentrations. The organisms
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available from storage are assumedtohave been
entrained into the flow and transported beyond
the studyreach, further pockets of organisms
stored in the channel only becoming available for
entrainment athigher flows.

The results suggest that organisms are entrained
from storage within the stream channel over a
range of rising flows, each quasi-steady flow
representing a threshold for entrainment atthe
nextriseinflow. The observed bacterialresponse
is likely to be affected by the distribution of
organisms within the channel and the interaction
of the flow with such supply areas.

Investigation of the behaviour of E.coliwithin the
bed ofthe River Washburn has shown that the
organisms are heterogeneously distributed. Weed
covered sites in slow flowing water were found to
accurnulate organisms during low flows and
become depleted athigher flows. In fast flowing
water thisbehaviour wasreversed, areasofweed
cover captured organisms at higher discharges.
Thisbehaviour wasrepeated atbare bed sites but
to alesser extent. In areas of sediment
accumulation the numbers of organisms
increased during low flows and vice versa
(Jenkins, 1984).

Large scale dead-zone featuresmay represent
significant storage areas for faecal coliforms. The
low flow velocities and large residence times of
such features are ideally suited to the
accumulation of organisms which may settle and
remaintrapped until some flow disturbance
releasesthem. Reynoldsetal (1991) studied a
dead-zoneinthe River Severn which wasfound to
have aresidence time inthe order of 25 days.

Iflarge scale dead-zones are assumedtcbea
significant source areafor faecal coliforms their
non-uniformoccurrence alongareachand
successive washoutmightresultinirregular
bacterial peaks such as those observed duringthe
artificial flow event on the Afon Rheidol (Figure
5.3). Certainly, the wash-out of alarge pocket of
storage in the vicinity of a sampling site is likely to
resultinthe observation of abacterial peak.

52 Modeldevelopment;the formulation of
in-channelstorage equations

Inthe model described below the heterogeneities
inchannel storage are ignored, assuming that the
effects of dispersion within the flow smooths out
the spikes produced by entrainment from
rregularly distributed storage zones. Entrainment
is modelled purely as a function of fliow. This
assumption appearsto be valid for the Clywedog
and Washburn data, but less so inthe Rheidol
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whichismore meandering and may have more
large dead-zone stones.

The channel-bed store equations

The formulation of these equations is based on the
assumption that the entrainment of organisms is
governed by changes in flow with respect to the
chamnelbed area. Areas ofbed storage are
assurned to occur randomly over the channelbed
and toundergo entrainment over awide range of
flows. Jenkins (1984) demonstrated that E.coliin
the bed ofthe Washburn were concentrated atthe
sediment/water interface. Itis, therefore, assurned
that as discharge increases, bed areas where the
flow was previously insufficient to cause
entrainmentundergo rapid scour from a thin
surface layer of particles with uniform entrainment
characteristics. Inthe new model, entrainment
from the many areas of storage islumped to give
a single value at areach outlet. The total number
of organisms are assumed initially to be evenly
distributed throughout the channelbed and
entrained sequentially asdiscrete numbers of
organisms onrising flows. A proportion ofthe
storage available is assumed to be depleted of
organisms at any flow. As flow rises, from any
preceding value, more organisms become
‘available' and are rapidly entrained into the flow
leaving these areas depleted until sufficient
recharge atlower flows has occurred. Thisis
achieved inthe model by partitioning the total
number of organisms, NT, inthe bed-store intoj
sub-units resulting in NV, organisms in each store
Nu=l;rv— and AO=9_rr.r}'_.9°_ (5.1)

The range of observed discharges, Q,to Q , is
divided by the number of sub-stores, givingthe
“bedaccess flow interval",AQ. The number of
sub-stores either undergoingwashout (n,) or
deposition (n ) is then determined, thus:

n":% and n, = —Qfg-c-?gL 5.2)

where Q) is the discharge at time t. At constant
flown bed areas are assumed to be depleted of
organisms, hence further entrainment can only
occur ifthe flow rises.

Organisms canbe re-worked withinthe channel,
beingentrained from one sub-store and deposited
intc another. The net change intotal bed-storage
innumbers of organisms is given by

dNT,

. .
= =Vkn,x,- ijﬂNt ; 6.3
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where x,is the water faecal coliform
concentration, Vis the volume of water inthe
reach and k is the settlement rate to each sub-
store. Entrainment occurs from n_channel-bed
partitions, the change in storage ineach partiion
is

o,

3 =- (w+kb)N“

5.4
where, wis the entrainment or washout rate and
kb is the net bacterial die-off rate.

Addition by settlement occurs into n individual
bed partitions at a constant rate. The change in
storage ineach sub-storeis

dN,,

=i = Vikx,- kN, (8.5)
Bacterial die-off within the bed is assumed to
occur at a constant rate. This is an over-
simplification ofa complex process controlled
largely by nutrient supply and the antagonistic
behaviour of the indigenous biota (Verstraete and
Voets, 1972). Asimple self-requlating population
dependent die-off functionmightbe more
appropriate, whereby anincrease inthenumnber
of setfled organisms causes the die-offrate to
increase. The significance of die-off will be more
important when considering model stability for
longer periods of data.

Bacterial dynamics inthe watercolumn
Inthe water column at a point in space and time
the faecal coliform concentration is assumedto be
amass balance of deposition, die-off, dispersion,
transport out of the reach and upstream inflows,
lateral inflows and entrainment from the channel
bed

In QUASAR dead-zone mixingis assumed to
dominate dispersion withinareach. Theterm
dead-zoneisused broadlytoinclude areasof
storage marginal to the main channel and all of
the small effects such as reverse flows on bends
or in pools, turbulent eddies and wakes
associated with roughness elements within the
bulk flow. Such areas may, infact, relate to
bacterial source areas within the channel. The
dispersive effectisachieved by the assumption
that each reach is comprised of a number of
Continuously Stirred Tank Reactors, CSTR, in
series.

The concentration of a conservative solute in Vis
governed by changesinthe inflow concentration
u, lfu, is greater than the concentration in the
dead-zone, x, that concentrationrises. Ifu, isless
thanx, x, falls. Advection is accounted for by a
pure time-delay 1. For a conservative solute or
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contaminant in a single reachthe model may be
written as a mass-balance of the form '

dVx
dt

Where, Qisdischarge. Dividing both sides of
Equation 5.6 by Vgives;

= Qu,, - Qx, (5.6)

(5.7)

(This is the basic form of the QUASAR model to
which extra source and sink terms are added as
appropriate for the system and determinandtobe
modelled.

Inthis case the determinant is faecal coliforms
which are assumed to be completely mixed
throughoutthe channel cross-sectionand the
effect of cumulative entrainrnentlongitudinally is
lumped together atthe reach outlet. The change
inbacterial concentrationisrepresentedby:

dx Q Q w
R TORTSERE SO

A,
N,
=0 7

Ne

t

(5.9)

Where k_ is the net faecal coliform die-off rate in
water and, is a time delay applied to the
entrained organisms. Figure 5.4 showsthe
systemsblock diagram for the faecal coliform
model: only six channel sub-stores are shown for
simplicity.

5.3 Faecalcoliformsurvival;relating
die-offto physicaland chemical
environmental variables

The death or die-off rate coefficients, k, and k,,
are composed of anumber ofterms, as derived
from the literature, to account for effects of
temperature, solar radiation and pH (Section 2)
such that the die-off rate in water;

k, =k, + Ak + Ak + Ak, (5.10)
where
Ak =al,, G.11D

isthe change in die-off rate due to solar radiation,
ais arate coefficient, ], _is the average light
intensity in Watts/m? received over the entire
water depth (z). The derivation of this equation is
summarised inSection 2.3 and includes example
coefficients derived from earlier studies

Ak =k {1 - 10°0 T (5.12)




In Equation 5.12, qis the slope of the die-oft/
temperature response curve. T, andT,are
temperature in °C at time stept-1 andt,
respectively. The derivation of this equation and
values ofqare givenin Section 2.2. In
summarising the literature studies of the effect of
temperature on coliform die-off, it was noted that
the effect oftemperature was less markedin
sewage contaminated waters. Values of gqwere
around 0.045 nnon-sewage impacted waters and
0.013 insewage contaminated waters.

Ak, =k, {1 -cosh(a[pH, _-pH )} (5.13)
The effect of pH on faecal coliform die-off can best
bedescribedusing ahyperbolic cosine function
(Equation 5.13). The die-off rate rises steeply
either side ofk_ , the pH value at which the die-
off rate is a mimumum, ais a rate parameter for
fitting the curve. For the derivation of Equation
5.13 and values of a, refer to Section 2.7.

The equation for die-off in the channel bed store,
k,, caninclude the above terms if required, but the
rate coefficients would be expectedtobe
different, in fact, lower than in the water column.
Alternatively, a constant value might suffice. Inthe
model runs described in this secticn and in
Section 6 a constant value of k, was used. Inthe
absence ofadequate datato parameterise the

extra terms in Equation 5.10, this approach
simplifies model calibration. Sirnilarly
pararneterisation and data availability for these
terms ink might lead to a further simplification, in
whichitis assumed that die-off varies sinusoidally
with the seasons and that random daily variations
indie-off, resulting from, say, cloud cover, canbe
ignored suchthat

k =k

wmn K (1 + COS [T+ wf]) (5.14)
where, k__isthe minimum die-offrate and k,
scales the amplitude of the seasonal variationin
die-off. Note that the cosine function is shiffed by nt
radians to start at a minimurm, © is the angular
velocity of the Earth's orbit of the Sun in radians/
day and {is the time step in days starting the
shortestday ofthe year.

54 Modellingresults

In the low events sampled in the field the
observed behaviour wasdominated by
entrainment and transport through thereach. The
effects of die-off and settlement are assumed to be
insignificant as the time scales over which they act
are largerelative to the speed aparcel of water
travelsthroughthe studyreaches. It was
necessaryto provide the initial total nurnber of
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Figure 5.5 Two-box conceptualisation of the faecal coliform mode! as applied to a single river reach
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on the Afon Rheidol!

organisms inbed-storage NT,and a number of
organisms inputto maintain the background
concentration where necessary. The number of
bed-store partitions was arbitrarily setatj=100.
The time delayt_ was found to give a
considerable improvementinmodelfitfor the
Rheidol and Clywedog data and is in the order of
0.2-0.3timesthetraveltimesoftherespective
reaches.

The observed bacterial concentrations onthe
Washburn and Clywedog canbe modelled well
(Figures 5.6,aandb). Onthe Rheidol, however,
the model fit to the observed data wasnot as good
(Figure 5.6,¢). Thismay be attributableto a
number of factors. The reach length is such that
the stage increments upstream are attenuated out
at the sampling site, hence there is insufficient
informationto perturbthe model. Thereach

studied, meanders and contains a number of
steepbends. Dead-zones downstream ofthese
bends acting as source areas of organisms may
dominate entrainment resulting in aresponse that
isnotregular, Thereachisregularly flushed by
releasesforhydroelectric power resultinginlow
faecal coliform concentrations at which
considerable random variationindetectionlevels
mightbeexpected.

The model presented here givesagood
conceptualisation of in-stream faecal coliform
dynamics, beingable toreproducefield
observations where existing models would fail.
Further developments might include modelling
other microbiologicaldeterminands (e.g. faecal
streptococci) and particle associated
contaminants such asheavy metals or
hydrocarbons.
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6 Modelapplicationandvalidation

The new model for faecal coliform dynamics in
stream channels has been shownto give agood
descriptionof entrainment episodesinresponse
to artificial flow releases. An application of the
modelto datafromthe routine monitoring
programmes of the National Rivers Authority and
water supply companiesis presented.

The difficulties presented by model applicationto
data not intended for modelling are discussed and
technicues for making model application and
calibration possible demonstrated. Following
calibration, modelresponse tohypotheticalland-
use and climate change scenarios is examined.

6.1 Dataavailability formodel
applicationand validation

The completion of a detailed questionnaire by the
laboratoriesresponsible for analyses ofboth the
NRA and water companies' data established the
use of conmeon analytical standards and practices
(H.M.S.0., 1983} thus ensuring that it would be
acceptable to use faecal coliform data from these
different sources. Where possible a broad suite of
other water quality determinands were included
and some of the locations coincided with flow
gauging sites, the latter being available fromthe
[HNational Water Archive. The microbiological
data are stored on the [H database and have been
used in an analysis of relationships with land-use
(see SectionT).

The faecal coliform model described in Section 5
requires input/output (/o) data and is applied on
areach by reach basis. The minimum data
requirement for model calibration/validationisi/o
fime-series of faecal coliform concentrations for
the top and bottom of the modelled reach and flow
data for one site. Data for solar radiation and
turbidity would also be beneficial for calibration of
the die-off component ofthe model, however,
givencertain assumptions die-off canbemade
into an implicit function of the model as will be
shownlater.

Much of the data available to this project were for
single sampling sites or multiple sampling sites
that are too far apart. These data are unsuitable
for model calibration/validation for the following
reasorns.

3

1. Inthe case of a single sampling site with flow
data, the modeller has two choices; treat the data
as either the input or output time-seriesi.e.
attempt tomodel areach downstream or
upstream of the site for which the data are
available. Ifthe data are to be treated as an input
senies, the modeller can use best estimates of
parameter values fromknowledge of existing
applications or from the literature but canhave no
idea ofthe accuracy of the model prediction. It
simply cannot be compared with actual values.
Similarly, ifthe data were tobe treated as an

" outputtime-series, itmaybe possibleto
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reproduce the observedfaecal coliforn
concentrations but it would be very difficult to
establish the source of organisms resulting inthe
observed bacterial concentration and care would
berequired inchoosingrealistic parameter
values.

2. Where multiple sites cnoneriver systemare
concemed, the main problemisthe distance
betweenthe sites. The greater the distance
between the sites, the larger the number of
tributaries contributing to the flow and bacterial
load, and the greater the likely number of effluent
discharges. Althoughitmightbe possible to
calibrate the model between the sites, it would be
necessary to make gross assumptions about the
inputs and impossible to assign accurately a
weighting to the impact of each on the whole

system.

Of the many sampling sites in England and Wales
for which faecal coliform data are held, only six
river systems had potential for model application.
Ofthese, the Tyne and the Thames had too few
data points while the Wye, Teifi and Dee had
multiple sites which were too far apart. Allother
sites were single monitoring points.

This left the River Exe in Deven with two sampled
sites along a 6 kinreach (see Figqure 6.1). The
upstreamsite is sampled by the National Rivers
Authority approximately every twotothree weeks
and islocated downstream of the Thorverton
sewage effluent discharge. The site coincides
with a flow gauging station for which data could
beretrieved fromthe IHNational Water Archive.

The downstream site is at the Pynesraw water
intake operated by South West Water plc. This site
is sampled on a weekly basis. Data for the years
1990 and 1991 were chosen for model application.
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6.2 Datapreparation

Because of the dynamic nature ofthe relationship
between flow and faecal coliform concentrations it
was decided that adaily (or ideally, more
frequent) time-step was suitable for running the
new model. To run the model on adaily basis, it
wasnecessary to provide daily time-seriesfor flow
and the upstream faecal coliform input
concentration. However, althoughdaily flows were
available fromthe National Water Archive for the
upstream site at Thorverton, it wasnecessaryto
generate anew daily time series for the faecal
coliform concentration since sampling for this
parameter only took place attwoto three week
intervals.

The time series for the Pynes intake consists of
regular weekly samples taken as part of the
routine raw water monitoring undertaken at that
works (Figure 6.2). The values obtained for this
site demonstrate a seasonal trend but it was
difficult to discern a similar trend in the data for
Thorverton, making it difficult to decide the best
way of generating anew time-series for that site.

It was assumed that the faecat coliform

concentration at Thorverton wasdominated by the
impact of the effluent discharge and that the
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concentration would vary seasonally according to
the dilution afforded by the flow inthe river. To
simulate the high variance observedinmost
faecal coliform time-series, arandomnoise
function was superimposed on the seasonal trend
fromwhich the new data were derived (Figure
6.3).

Comparison of Figures 6.2 and 6.3 shows that the
time-series offaecal coliform concentrations for
Thorvertonand Pynes Intake exhibit opposite
seasonality. A possible explanation for this
difference is as follows: the concentrations at -
Thorverton are assumedtoresultfromdilutionby
the flow of the dominant input of organisms from
the sewage discharge upstream. Sewage effluent
derived faecal coliforms are likely notto be
associated with settleable solids and will lack the
protectionafforded by such particulates from
harmful sunlight and to lesser extent microbial
predation (Sections 2 and 3). Inthe reach
downstream of Thorvertonrapid die-offinthe
water colurnnwould be expected. Athigher flows
traveltimesthroughthereachwillbe reduced,
hencethe proportion ofreleased organisms
reachingthe downstream site willbe greater.
Further, the supply of solids from the channel and
catchment upstream ofthe reach willimprove the
survival conditions resulting inslower die-off.
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6.3 Modelcalibration

The values of parameters chosenfor the
calibrationwere initially derived fromthe literature
{Auer and Nichaus, 1993; Eviscn, 1989; Flint, 1987,
Shereretal, 1992). Manual adjustment was used
to achieve the modelfit (Table 6.1). The value for
settlement velocity chosen (0.04 m.d"') isfar lower
thanthat found by Auer and Niehaus (1993). Their
vatue of 1.17 m.d! was for particulates inthe range
0.45-10 prn, with which over 90% of faecal
coliformbacteria were found tobe associated.
This settlement velocity was estimated from
settlement trap accurnulaticnin a lake
environment. The lower value used in this study
may be justified in two ways, the first is the fact
that the stronger mixing inriver flow willresultina

lower net accumulation compared to that in alake
and the second is that although the actual
gravitational setflementrate isunchanged,
forward and upward motion within the flow will
result inless settlement.

Die-offin the channel-bed store was assumedto
occur at a constant rate (Table 6.1). Die-offin the
water columnwas modelled with the equation
(see Section 5.3 and Table 6.1);

k =k +k_(l-cosn+ o)

w.

(6.1)

This function can be used in the absence of data
for solar radiation and temperature and was found
to simulate the seascnal effect of these variables

verywell (Figure 6.4b).

Table 6.1 Parameter assignmentsfor the faecal coliform component of QUASAR

Parameter Description Assignment Value

kew dig-offin water cosine ;easonm trend 0.3 to 0.9 par day
kb dis-off in bed stores constant 0.007 per day

ks settlement velocity constant 0.004 m.a*

w washoutrate constant 0.04 par day
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6.4 Modeloperation

Figures 6.4 a and b show the model fit to the
observed data and time series of flow and change
inchannel storage. Figure 6.4a shows the change
inchannel-bed storage with flow; bacterial
concentration is also shown. Arise in charnnel-bed
faecal coliformnumbers coincides with each
hydrographrecession. The generaltrend
indicates the net channel flushing during winter
high flows and accumulation during the summer
months. Once setttementhas reduced the
numbers of organisms available for settlement
from the water column, net die-off in the channel
store commences. Thisis seen after the surnmer
flow events of July 1990 and June 1991. Fiqure 6.5
showshow the bacterial concentration changes
with distance downstream. The concentrations at
the top of the modelled reach are higher than at
the bottom. This results from die-off and
settlement.

Figure 6.6 shows the rapid reductionin channel
storage with distance from the effluent discharge
at Thorvertonreflectingthereduced
concentrationsinthe overlyingwater. Figures 6.7a
and b show episodes of entrainment from channel
storage which coincide with the flow eventsinthe
river.

6.5 Scenariotests;inputloadings

The aim of the coliform input loading scenarios
was to demonstrate the effect of simple increases
and decreases infaecal coliform concenirations
that might result from changes in population
density, land-use/stocking practices or sewage
effluenttreatment processes. Figure 6.8 showsthe
changes in model outputto increases of +15%
and reductions of -10% infaecal coliform loadings.
The changesinloading were made by simple
multiplication ofthe log,  transformed artificially
generated input time series for the Thorverton
sampling site.

Table 6.2 shows the percentage changesin
arithmetic and geometric mean faecal coliform
concentrations for the two input scenarios. The
increased input scenarioresultsin an
approximate 20% increaseinthelog  ;meanfaecal
coliform concentrations, the reduced mput
scenario causes means which are approximately
13 and 15% lower at Pynes Intake.

6.6 Scenariotests;impactsofclimate
change onflowregimes

The impact of clirate change on flow regimes
and consequently onfaecal coliform
concentrations has been examined, mparticular,
the irnpact of the change in flow on the modelled
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Table 6.2 Percentage change in log,, mean faecal coliform concentrations from the modelled values for various

scenarios.

*All fagcal coliform concentrations

Mean faecal coliform

Geometric mean faecal Maximum flowin

no. per 100ml concentration coliform concentration cumecs
Modelled 453 273 122.03
Dry scenario 322(-5.6%) 192(-6.5%) 78.79
Wetscenario 491 (+1.1%) 302 (+1.6%) 137.89
15% increase in inputs 1529 (+19.5%) 942 (+21.7%) 122.03
10% reductionininputs 202{-13.15%) 117(-15.2%) 122.03

reach for the wettest and driest scenarios
projectedforthe year 2050.

Arnell (1892) suggests that increasing
concentrations of greenhouse gases willhave
bothdirectand indirect effects onhydrological
processes. The most obvious impact willbe on
the magmnitude, intensity , duration, frequency and
timing of rainfall events, with the cbvious impact
onthe flow regime ofthe river drainingthe
catchment. Examples of possible changes might
be aflashier response resulting from drier
antecedent conditions and perhapsmore extreme
convective rainfall events, generatingrapid flow in
desiccation cracks with low infiltration into the soil
matrix. Conversely a slower response mightresult
frommore extended periods of frontal rainfall, the
catchment might be wetter and infilirationinto the
soil matrix rmight result in the catchment draining
more stowly. Changesin effective rainfallresulting
fromchangesinevaporativelossesfromthe
catchmentwill also be very significant.

The UK Climate Change Impact Review Group
(CCIRG) has proposed wettest and driest
scenarios with reductions or increases of up to
30% inannual average runoffin the year 2050
{(Armnell, 1992).

Scenarios of +/-20% are examined in this study by
the modification ofthe 1890-92 flow seriesforthe
River Exe at Thorverton (Figure 6.9). The flow
series is adjusted using a simple transfer function
of the form:

-1
Qo, _ _cbyz
Qi 1l-ca.z?

(6.2)

Where, Qi and Qoare the existing and modified
flow series, a,=1-b, b >a, resulting in a steeper
flood peak and shorter hydrographrecession and
vice versa. The multiplier cis adjusted to raise or
lower the annual average runoff, c=! forno
change.
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For the purpose of these tests, the faecal coliform
concentration input to the model was keptthe
same in order to exarnine the effect of the change
in flow on the modelled faecal coliform
concentration at Pynes intake. Figure 8.10 shows
the model cutput for the driest and wettest
scenarios; in generalthe differencesin
concentration betweenthe two scenarics are
minimal (Table 6.2), althcugh for the driest
scenario the low flow values of faecal coliform
concentration are rmuch lower than for the wettest
scenario. This difference can be attributed to the
increasedresidence time ofthe waterin the river
reachresulting in enhanced settlement and die-
off.

The likely impacts of climate change on faecal
coliform concentrations are asuncertainasthe
impactonflowregimes. The evidence presented
here suggeststhat higher temperatures and more
sunshine hours willresultin more rapid die-off
becausedrier conditions willlead to rnore rapid
die-off on the catchment surface and in soils.
Conversely, wetter conditions willresultinlower
riverresidence timesresultinginlessdie-off,
more moistscils willimprove survival and may
lead tomorerapid transport throughthe
catchment. Increased cloud cover willresultin
extended survival.

In general, the model is seento operate well for
these extended periods of data. The numbers of
organisms in the channel store are stable and in
effect self requlating. No initialisation value is
needed for the channel store. The entrainment
and settlement functions perform well; detailed
discussion of this behaviour is givenin Section 5.
The seasonal trend observed inthe data is
modelled with a simple cosine function for die-off
changesresulting from solar radiation and
temperature and overcomesthe problems
resulting from lack of data for these environmental
variables. A further benefit of this functionis a
reductioninthe number of parametersneededto
calibratethemodel. Only four parameters are
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required, ascalar for the water die-off coefficient,
bed-store die-cff coefficient, setilement velocity
and entrainmentrate. No previousmodelhas
given a satisfactory description cffaecal coliform
river dynamics; the model applied here not only
gives a good fitto the observed data but also has

50

scope for application to other water quality
determinants. Theseinclude particulates and
particulate-associated contaminants such as
heavymetals, organic compounds and radio-
nuclides.




I Relationshipsbetweenfaecal coliform
concentrations,land-use and catchment

characteristics

This section sumrmarises two studies examining
therelationship between stream faecal coliform
concentrations and descriptors of catchment land-
use and farming practices. The aim is to develop
the ability to predict non-point (land-use) derived
faecal coliform deliveryina catchment. Such a
relationship could be incorporated into the new
model offaecal coliform stream dynamics,
enhancing the ability to differentiate between
point and non-poeint sources of contamination.

The first study provides an analysis of faecal
coliform data for a set of upland catchments in
Wales, investigating the relationshipsbetween
faecal coliform concentration and the Agricultural
Development and Advisory Service (ADAS) land
classification data as well as information detived
from a farm questionnaire survey of fertiliser use
and animal populations in the target catchments.
The second study examinesthe relationship
betweenfaecal coliform concentration and the
Institute of Terrestrial Ecology'sland-cover
classification system.

1.1 ADASlandclassificationdataand
farm questionnaire study

This study defined the relationship betweenland-
use and faecal coliform delivery for a set of upland
catchments in west Wales, The use of catchment
descriptors relating to the supply of organismsto
the stream channel might assist in the prediction
ofnen-point source faecal coliform concentrations
both for planning purposes and in the calibration
of ariver network model such as QUASAR.

Materialsand methods

The study catchments were within the acid-
sensitive region of west Wales (Hormung et al,
1980). Thisareaisinthe “Crade A Less Favoured
Area” defined by The Welsh Office Agriculture
Department (W.Q.AD.) (W.O.AD., 1984). Landin
the catchments is suitable for either (1) upland hill
farming (mainly sheep with some dairy and beef
cattle production) or (ii) coniferous forestry
(W.0O.AD., 19864, 1986b). Land-use datafor each
catchment were acquired by (i) digitising A.D.A.S.
land classificationmaps (A.D.A.S., 1969) and (ii) a
farm questionnaire survey following initial contact
via National Farmers Union and Farm Workers
Union offices. The latter survey included
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variables such asfertilizer use (Limestone and
NPK) and populations cof sheep and cattle. Stock
onagricutturalupland catchmentsrepresent an
important source offaecal coliform organisms.
Stocking densities of ewes, cattle and the
combined total were calculated per unit area of
agricultural land (Grade IV + Grade V)

(animals km?).

Strearns were sampled at the catchment outlet at
regular intervals (generally weekly) between
Janmuary and October 1984. Because of this
sampling framework, these 'spot' samplestendto
reflectbase-flow stream conditions.

After aseptic collectioninpre-sterilized 250 ml
Pyrex glass-stoppered bottles, samples were
returnedtothelaboratoryinacold box and
analysed within six hours. Inthe laboratory,
samples were first diluted in 99 ml and 90 ml of
sterile Ringers solutionto provide serial dilutions.
Generally 10ml and 100 ml of original sample
werefiltered through Gelman 0.45 um
microbiological filters. The filters were placed on
aMembrane Lauryl Sulphate Broth {(Oxoid) and
incubated in copper canisters placedina
calibrated water bath for four hours at 30°C. The
canisters were thentransferred to a second water
bath for a further 14 hours incubation at 44°C (+
0.25°C). Thermotolerant coliforrm enurneration
followedrecommended practices (HM.S.0. 1983:
Section 7.9.4.2, Page 46). The count at 18 hoursis
technically a faecal coliform organismor
thermotolerant coliform count (see HM.S.0.,
1983, section.9.2, Page 45). No confirmatory
procedure was adopted to define the numbers of
E'scherichia coliwithin the overall thermotolerant
coliform group enumerated. Thisisnormal
practice for raw water (HM.S.0., 1983; Page 46).
Allcounts are expressed per 100 ml.

Results

Agriculturalland classesfallinto three categories
inthe study catchments; (i) forest, (i) Grade [V
and (iii) Grade V. Grade [V class includesland in
the valley bottoms used for silage production,
lamb fattening and some dairy/beef production.
Grade V class covers areas ofopenmoocrland
used for lamb production. The areas of
catchmentsinthese threeland-use categoriesare
shown in Table 7.1. This Table also details
catchment areas and annual rainfall. Table 7.2




Table 7.1 Study catchment areas, annual raipfall and land-use class areas

Catchment Area(km?) Rainfall{rmm) Forest(km? Grade IV(km?) Grade V{km?)
Berwyn 10.00 1715 6.57 1.33 210
Groes 12.40 1715 1.51 2.72 8.17
Camddwr 15.97 1225 .53 7.16 7.28
Ystwyth Trib. 2.386 1470 2.08 0.00 0.28
Nant Milwyn 389 1470 0.03 0.03 3.83
Nant Geiswyn 8.30 1715 6.74 0.00 4.57
Afon Dulas (N) 6.71 2100 5.56 0.00 1.15
Afon Dulas 26.67 2200 16.80 0.47 10.28
Afon Cerist 7.05 2300 0.03 0.18 6.84
Nantiago 6.18 2000 3.60 0.05 253
AfonHamog 9.65 2200 2.60 0.26 6.79
NantHelgog 3.54 2200 0.00 021 333
Nant Mwyro 4.76 2000 0.01 0.00 4.75
Table 7.2 Fertilizer use and stocking rates

Catchment NPK({tonnes) Limestone(tonnes) Braedingewes Cattle

Berwyn 17 106 2435 47

Groas 33 122 5825 10M

Camddwr 220 205 5476 302

Ystwyth Trib. 1] o 0 o

Nant Milwyn 0 o 1400 0

Nant Ceiswyn 15 50 1680 30

Aton Dulas (N} 1 0 200 3

Afon Dulas 23 257 2380 47

Afon Cerist 30 20 2693 at

Nantlago 14 o 1060 70

AfonHarnog 4 0 460 55

NantHelgog 0 0 450 0

Narnit Mwyro 0 0 1790 15

Table 7.3 Pearson correlation coefficients (1) (and significance (p)) between land classes, rainfall and land-use
survey variables

Variable % Forest % Grade IV % Grade V
Rainfall -0.0301 (0.461) -0.5621° (0.023) 0.2679(0.188)
NPK -0.2384(0.218) 0.9059°(0.000) -0.1184 (0.350)
Limestone 0.0692(0.411) 0.6011°(0.015) 0.2939(0.165)
Breeding ewes -0.4010(0.087) 0.8129°(0.000) 0.0917(0.383)
Cattle -0.2412(0.214) 0.8915'(0.000) -0.1113(0.359)
Total animals -0.3959 (0.090) 0.8706° (0.000) 0.0624 (0.420)
Ewa density -0.1969 (0.260) 0.3662(0.109) 0.0528(0.432)
Cattle density -0.1745 (0.284) 0.8561"(0.000) -0.1679(0.292)
Animal density -0.2104 (0.245) 0.4549(0.059) 00308 (0.460)

n=23in all cases “significant ata < 0.05

sumnmarises fertilizer and stockdata fromthe farm
survey.

revealed strong positive correlation coefficients
(N (p <0.02) between fertilizer use, stock
numbers, cattle density and the proportion of
Grade [V land in the catchments (Table 7.3). The
proportion of Grade IV land also showed a
significantinverse relationship with annual
precipitation.

Relationships between the proportion ofland in
the three use categories and land-use data from
the farm surveys were investigated using Pearson
productmoment correlation. This analysis
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Table 7.4 Summary statistics for faecal coliform concentrations (count 100 m!) in the study catchments

Catchment Geometric Mean Log, Std Dev Minimum Maximum N
All Samples 26.797 1.039 1.00 8912.51 328
Afon Berwyn 142.880 0.881 2.00 301995 29
Afon Groes 304.492 0.859 6.03 6025.60 27
Camddwr 499.035 0.878 13.18 g912.51 23
Ystwyth Trib. 4.420 0.715 1.00 72.44 27
Nant Milwyn 40.400 0.717 0.00 2.84 31
Nant Ceiswyn 1.999 0572 1.00 39.81 14
Dulas (Dovey Forest) 0.1 0.225 1.00 6.92 15
Dulas (at Corris} 8.257 0.940 1.00 398.11 15
Afon Caerist 47.641 0.849 1.00 1202.26 28
Nantlago 4321 0.790 1.00 28840 29
AfonHarnog 13.723 0.811 1.00 173.78 29
NantHelgog 26.733 0.666 1.00 316.23 29
Mwyro 24177 0.876 1.00 1047.1329 az

Table 7.5 Pearson correlation coefficients (r) (and significance (p)) between faecal coliform parameters and

land-use variables

Variable Geometric Mean Leg,, Std Dev Minimum Maximum
Area 0.3750(0.116) 0.4151(0.079) 0.3713(0.108) 0.3790(0.101)
Rainfall -0.59717(0.016) -0.0855 (0,391} -0.6070°(0.014) -0.5446"(0.027)
Forest -0.1706 (0.289) 0.0944{0.380) -0.1498(0.313) -0.1434(0.320)
Grade IV 0.97317(0.000) 0.3198(0.143) 0.9928"(0.000) 0.9559' (0.000)
Grade V 0.3720(0.105) 0.5766" (0.020) 0.3609(0.113) 0.3916(0.093)
% Forest -0.3202{0.143) -0.3276(0.105) -0.2756(0.181) -0.3015(0.158)
% Grade |V 0.9868 (0.000) 0.3369(0.131) 0.8756" (0.000) 0.9742°(0.000)
% Grade V -0.0700(0.410) 0.2623 (0.193) -0.1109(0.359) -0.0839(0.393)
NPK 0.8758°(0.000) 0.2846(0.173) 0.9457°(0.000) 0.8507°(0.000)
Limestona 0.5840°(0.018) 0.4696 (0.053) 0.5789' (0.019) 0.5999' (0.015)
Breeding ewes 0.8718"(0.000) 0.5068 (0.039) 0.7954" (0.001) 0.8978 (0.000)
Cattle 0.8551° (0.000) 0.2485(0.207) 0.9382' (0.000) 0.8233" (0.000)
Total animals 0.9166"(0.000) 0.4908"(0.044) 0.8638"(0.000} 0.9342" (0.000)
Ewe density 0.4270(0.073) 0.3596 (0.144) 0.2735(0.183) 0.4735{0.051)
Cattle density 0.8164'(0.000) 0.2808 (0.176) 0.8930° (0.000) 0.7956"(0.001)
Animals density 0.5087° (0.038) 0.3798(0.100} 0.3700{(0.107) 0.5510° (0.025)

n=23inall cases " significant at o < 0.05

The results of faecal coliform analysis are
summarised in Table 7.4. High geometricmean
concentrations (>100FC. 100 ml ") are associated
withthose catchments with relatively high
proportions of GradeIVland (13%- 45%). Low
geometric meanconcentrations (<10FC.100mi)
occur incatchments with relatively high
proportions offorested land (>45%).

Moderate geometricmean concentrations (10-
100FC.100ml!) appear to be associated with
those catchments showing high proportions of
Crade Vland (>70%). This pattern also reflects
the stocking density in the catchments. The low
geometricmeans are associated with forested
catchments, where the sole input of faecal
coliform organismsis from the resident wildlife
populations. Inthe agricultural catchments,

particularly those suppoertingrelatively high
numbers of cattle (i.e. those with a high proportion
of Grade [V1and), the agricultural livestock
represents the most significant source of faecal
coliform organisms.

Relationships betweenthe geometricmean, log,,
standard deviation, minimum and maximum
counts and land-use parameters were analysed
using Pearson product moment correlation. The
resultant correlation coefficients () and their
corresponding significancelevels (p) are shown
inTable 7.5, Strong positive correlations are
evidentbetweenthe geometricmeanfaecal
coliform concentrations and the amount of Grade
IVland, stock numbers, cattle density and NPK
fertilizer use (p0.001). The relationship with
limestone application was also positive and
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Table 7.6 Percentage land cover types for 12 UK catchments derived from the ITE 1978 32 land class system.

Catchment Builtup Coniferous Broadleaf Misc.natural  Moorland Bog
forest forest woodland
Macnachyle 0.5 59 0.75 394 64 20.72
River Exe 9.25 845 6.63 0.7 4.64 0.01
River Axe 15.34 1.5 1395 0.68 0.02 0
Ifon 1.57 2.07 6.45 1.04 8.73 0.07
Lugg 3.84 203 591 1.22 10.86 0.62
E.Cloddau 21.94 9.57 5.03 1.19 2.64 0.01
W.Cleddau 10.72 14,19 594 0.55 2.74 0
Teifi B.69 266 577 0.89 4.56 .02
Glaslyn 342 295 5.27 3.57 11.51 1.02
Dwyfor 425 2.09 5.83 1.69 7.61 0.18
Aled 1.85 225 6.29 1.48 ae8 0.14
Duddon 5.47 3902 2.05 7.1 9.29 5.58
Catchment Heathland Upland Permanent Leys Under
grasses grassland cultivation
Meonachyle 27.87 8.04 0.81 0 0
River Exe 092 11.22 29.77 19.27 8.29
River Axe o 231 14.15 27.06 2238
Ifon 2.06 16.47 40.91 16.69 373
Lugg 163 14.99 3312 15 10.28
E.Cleddau 0.55 8.29 26.89 16.52 6.66
W.Cleddau 0.52 943 2411 20.79 9.88
Teifi 0.8 16.58 40.81 13.48 4.3
Glaslyn 438 16.51 3239 15.4% 3.34
Dwyfor 2.24 16.32 39.07 15.99 3.56
Aled 243 16.38 39.92 16.71 36
Duddon 21.02 11.27 16.98 16.17 1.1

significant (p<0.02). Similar patterns are evident
for minimum and maximum faecal coliform
concentrations. Thelog,  standarddeviation
value was used as anindex of the variance in
faecal coliformcounts. This variable showed
weaker, significant (p<0.05), positive correlations
with the amount of grade V land and number of
breedingewes.

Conclusions

The analysis of faecal coliform concentrations in
13 upland Welsh catchments shows a consistent
pattern with land-use inthe catchments.
Catchments with higher proportions ofimproved
CGradeVagriculturalland, with higher fertilizer
use and livestock densities, produce higher
geometric meanfaecal coliform counts than
forested upland catchments. This willtend to
reflect the higher loading of faecal coliform
organisms from livestock in agricultural
catchrnents.

12 ITEland-coverclassificationstudy

The second ofthese studies examined
relationships between faecal coliforrn
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concentrations in 12 UK catchments and ITE land-
cover classification.

Materialsand methods

The ITE 1978 land classification uses a 1 kan grid
square and is organised into 32 classes, each
comprising proportionsof 1 1 land-cover types.
The percentagesofthe 11 land-covertypeswere
calculated from the land class data for each
catchment (Table 7.6). Theland-cover types might
thenbe categorised accordingto whetherthey are
likely to represent significant source areas for
faecal coliforms.e. those expected to be subject
to high stocking densities or faecal waste
applicationpractices.

The 12 catchments used in this study were
selected because they combined several
attributes such as good water quality data and
flow data collected at the same point in the river
network. They alsorepresent abroadrangein
area, hydrology and bacteriological water quality
(Tables7.7 and 7.8).

The datausedinthese analyses were derived
fromroutine sampling programmes undertaken
by the NationalRivers Authority, the Water




Table 7.7 Catchment area, mean annual rainfall, mean flow and area under cultivation for 12 UK catchments

Number Catchment Area Rainfall Mean flow Areaunder
(km?) {mm) {m*.sec™) cultivation {km2)

1 Monachyle 77 2734 0.49 0

2 River Exe 600.9 1270 15.79 49.8146

3 River Axe 288.5 999 493 64.5663

4 Irfon 728 1815 3.2 27154

5 Lugg 203.3 1022 39 20.8992

6 E.Cleddau 183.1 1441 598 12,1945

7 W.Cleddau 197.6 1293 5.38 19.5229

8 Teifi 8936 1349 28.3 38.4248

9 Afon Glaslyn 68.6 3097 577 22912

10 Dwyfor 52.4 2082 252 1.8654

1 Aled 11.6 1363 0.16 0.4176

12 River Duddon 479 2174 3.15 0.5317

Table 7.8 Summary statistics for raw and log transformed faecal coliform data for 12 UK catchments for the

period 198810 1881
Catchment N Nlog,, Maximum Arithmetic Geometric Std Dev Log,StdDev  Skewnass Log,,
FC Mean Mean Skewness
Monachyle 42 34 920 57.76 6.81 187.03 7.50428 4.16214 1.02043
River Exe 85 a5 39000 3626.47 2038.89 6146.17 2.70692 4.45821 0.32805
River Axe 106 105 52000 4517.26 1794.62 8852.08 3.46242 3.52007 0.69146
Irfon 118 117 2300 186.36 102.94 272.18 3.4976 5.45184 -0.97039
Lugg 66 62 2000 577.42 4521 509.68 2.21371 1.38223 0.16077
E.Cleddau 174 169 5000 84593 552.67 870.39 2.64697 1.79982 0.10778
W.Cleddau 167 164 9700 887.37 497.67 1136.26 3.47164 3.80817 -1.22236
Teifi 840 828 9500 1191.73 716.07 1348.18 3.07006 251802 -0.88101
Glastyn 25 23 410 2512 6.27 81.21 4.23008 4.80714 1.12496
Dwyfor 48 46 2900 302.26 125,08 483.9 541819 4.01661 -1.05529
Aled 15 15 1380 234.47 58.02 304.3 7.04663 2.27455 -0.11434
R. Duddon 76 52 1650 813 23.97 24217 6.85149 5.02338 0.0056

Companies and IH-Scotland. To permit
comparison of data from different sources a
detailed questionnaire was sent to each ofthe
laboratoriesresponsible for microbial analyses.
This established the use of common analytical
standards and practices complying withReport 71
HM.S.0.,1983).

Meanfaecal coliform concentrations were
calculated for each site for a four-year period of
recordbetween 1988and 1891 (Table 1.8),
multiple scatter plots and multiple regression
tables were produced for faccal coliform values
and each individual land class, the actual area of
each land class in the catchment, rainfall, flow and
catchment area.

The initial tests highlighted correlations between
certainvariables. Visual examination of scatter
plots of the correlated variables showed that the
land cover and faecal coliform data were skewed
towards the origin. This clumping towardsthe
criginwasovercomebylog, and squareroot
transformations of the data. This did not
necessarily improve correlations butled toamore
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random scatter of the residuals to the model fits
(Figure7.1).

Multiple scatter plot representation of the data
demonstrated the multicolinearity oftheland-use
variables and prompted the lumping of the data
intobroad categoriesperceivedtorelateloosely
to upland and lowland areas. The upland group
(B) was negatively correlated to faecal coliform
parameters, thelowland group (&) was positively
correlated. Theresults of the analysesare
presentedbelow.

Results

Multiple scatter plots and regression analysis
highlighted both positive and negative )
relationships betweenpercentage land types and
faecal coliform values (Table 7.9). The scatter
plots proved to be usefulinidentifying
relationships notapparentinthe regressicntables
asaresult of cutliers, non-normality and skewness
inthe data.

The most significant relationship found was that
betweenmaximum and mean faecal coliform




Table 7.9 Pearson correlation coefficients () (and significance (p)} between faecal coltform parameters,

percentage land-cover types and land-cover areas

Variable Geometricmean Log,, Std Dev Maximum
Area 0.6305 (0.0279) -0.5633(0.0565) 0.4586 (0.1338)
Rainfall -0.6023(0.0382) 0.5540(0.0616) -0.5002(0.0977)
Flow 0.5469(0.1353) -0.4913(0.1048) 0.2824 (0.3739)
% Built 0.5407 (0.0641) -0.5486 (0.0647) 0.4879(0.1076)
[ x Area/ 100) 0.7364(0.0063) -0.5893{0.0438) ©.5979(0.0400)
% Conifers 0.1734(0.5900) -0.2038{0.5251) 0.0559(0.8631)
[ x Area/ 100) 0.6805(0.0149) -0.5323{0.0748) 0.4701(0.1230)
% Broadlaaf 0.6610(0.0193) -0.4951(0.1017) 0.7607 (0.0041)
[ x Area / 100) 0.8155(0.0012) -0.5702(0.0529) 0.7315(0.0069)
% Misc, natural -0.4978(0.0996) 0.6684 (0.0175) -0.3972(0.2011)
[ x Area/ 100] 0.3740(0.2310) -0.4185(0.1757) 0.2133(0.5056)
% Moors -0.5069 (0.0926) 0.6154(0.0331) -0.4647 (0.1279)
{ x Area/ 100) 0.3643(0.2444) -0.5258 (0.0791) 0.1256 (0.6973)
% Bog -0.3155(0.3178) 0.6347 (0.0266) -0.2416(0.4494)
[ x Area/ 100] 0.3960(0.2026) 0.4909(0.1051) -0.3571 (0.2545)
% Haath -0.4167(0.1743) 0.7470(0.0055) -0.3261 (0.3009)
[ x Area / 100] 0.0134(0.9671) 0.0734(0.8207) -0.0881{0.7853)
% Upland grasses -0.5203{0.0829) 0.0416(0.8979) -0.6299(0.0281)
[ x Area / 100) 0.3613(0.2485) -0.4521 (0.1401) 0.1694 (0.5086)
% Permanent grasses -0.1143(0.7235) -0.3632(0.2459) -0.2409{0.4507)
[ x Area/ 100] 0.4316(0.1612) -0.4801 {0.1142) 0.2460(0.4409)
% Leys 0.5585(0.0591) -0.4980(0.0994) 0.6129(0.0341)
( x Area 7 100] 0.8290(0.0008) -0.6072(0.0363) 0.6967 (0.0118)
% Cultivated 0.7356 (0.0064) -0.5500(0.0639) 0.8050(0.0016)
[ x Arga/ 100] 0.9425(0.0001) -0.5896(0.0436) 0.9130(0.0001)
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Figure 7.1 Plots of faecal coliform parameters against positively (a} and negatively (b) correlated groupings of

land-cover descriptors in 12 UK catchments
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Table 7.10 Correlation coefficients (¥?) (and significance (p)) between transformed faecal coliform paramelers
and percentage land-cover and land-cover areas

Land- caver variable Faecal coliform N P Cutlier
value
{Skewness) {Skewnsss) (p, where p>
0.0001)
Percentage land cover results
%heath (1.2358) I_m_{c(-0.6110) 10 0.8646 1,12
%heath (1.2358) I_g_fe{-0.9978) 10 0.8948 1,12
s_%heath (-0.2407) 1 g_fe({-0.9978) 10 0.8301 1,12
%misc_nat(1.6934) _g_fc{-0.7281) 11 0.8341 12
s_%miscnat(1.3658) I_g_fe(-0.7281) " 0.8527 12
% moors (2.4098) I_max_{c(0.5331)} 11 0.7533(0.0005) 1
s_%groupB1 (0.7817) I_g_fc(-0.4616) 12 0.7251 (0.0004) -
s_%group B2 (1.6754) I_g_{c(-0.6029) " 0.8022(0.0002) 9
s_%group B1 (0.9905) I_max_fc{0.3981) 11 0.7483(0.0008) i
Land-cover area results
|_broad {-1.0140} } g fc{-0.6029) 1 0.8229 g
s_broad (0.8420) s_g fc(0.9381) 1 0.9393 8
s_broad (0.6792) |_max_fc (0.7824) 9 0.9830 58,9
cultiv{0.7179) g_fc (1.4583) 1" 0.8882 9
cultiv (0.7179) s_m_{c(1.1550) 1 0.9232 9
|_cultiv(-0.6861) I_g_fc(-0.8029) 10 0.9319 9
s_cultiv (0.1365) I.m_fc(0.0641) 11 0.9091 9
s_cultiv (0.1365) s_g_fc(0.6819) 11 0.9305 9
s_cultiv (0.4714) I_max_fc(0.7824) 9 0.9886 589
s_loys (0.6604) s g fc(0.9281) 1 0.9069 8
s_loys (0.5052) I_max_fc (0.7824) 9 0.9419 58,9
group Al (1.2316) g_fe(1.6163) il 0.9857 8
5_group A2 (0.3876) s_g_Ic(0.7567) H 0.8518 -
5_group A2 (0.3876) I_max_fc(0.5331) 12 0.7436(0.0003) -
s_group A2 {0.5003) I_max_fc(0.7824) 9 0.9807 58,9
Key- The prefixes used in this table refer to the type of mean and the method of transformation used to improve the skewness of the raw

data; m, arithmetic mean, g, geometric mean, |, log,, transformation, s, square root transformation.***(see Figure 7.1).

Land- cover groupings:-

Group A1 = cultivation + leys + broadleaf woodland + built-up area (km?)
Group A2 = cultivation + leys + broadleaf woodland (km?)
Group B1 = moorland + miscellaneous natural woodland (% of catchment area)

Group B2 = mooriand + miscellaneous natural woodland + heathland + bogs (% of catchment area)

concentrations and percentage of cultivated land.
These results were considerably improved by
conversiontothe actual cultivated area in each
catchment (r>0.9, p=0.0001} implying that some
aspect of cultivated land management generatesa
significantnumber offaecal coliforms.

This result prompted a similar conversion of the
other land-cover types but only produced

improvements in fit with certain variables (Table

1.9}, Correlations with variableswhich, as
percentage values, werenegativelyrelated
became more scattered, e.q. miscellaneous
natural woodland, moors, bog, heath ete.
Examination of scatter plots for the improved
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correlations demonstrated the colinearity ofa
nurnber ofthe variables, as previcusly mentioned.
Thesewere groupedindifferentordersand
tested against the faecal coliform values. The
optimurn grouping (group AZ) was found tobe the
sum of broadleafwoodland, leys and cultivated
area(Table?.10,Figure7.1).

Percentageland-cover variablesnegatively
correlated withfaecal coliforms were also
grouped. The sum of moorland and miscellaneous
natural woodland (group Bl) gave the best fitto
thelog converted geometricmeanfaecal
coliform values, following square root conversion
(r* = 0.7251, p = 0.0004) with no outliers.




Log,, transformation of the faecal coliform means
and maximum values led to animprovement in fits
toboth percentage and arealand-cover values.
Squarercottransformation of theland-cover areas
improved the normality of that data and also the
fits to faecal coliform values (Table 7.10).

Figure 7.1 shows the two most significant
relationships between faecal coliformn values and
group AZ and group Bl variables. Theseresults
are highly significant and demeonstrate that the
appropriate grouping of potential causative
variables and non-linear transformations can
eliminate the problems caused by outliers, non-
normality and skewness inthe data.

Discussion

The positive relationships with the group A2 area
variables suggest thatthe actual area contributing
organisms within a catchment is more significant
thanthe percentage coverage of eachland type.
This resultis, in part, attributable to catchment
area although catchment area itselfisnot a
sufficient predictor offaecal coliform
concentration (Table 7.9). ltislikely thatlarger
catchments willhave greater proportions of
agriculturalland and hence livestock
concentrations as well as sewage and farm waste
application practices, thusderiving greater faecal
coliform concentrations.

The relationship with group Bl variablesindicates
that non-agricultural land-uses derive low faecal
coliformn concentrations, the faecal coliforrn
numbersderived fromsuch areas being caused
by wildlife, as suggested inSection7.1. Table 7.3
shows % Forestand % Grade Vlandtobe
negatively correlated and unrelated, respectively,
to animal stocking variables inthe 13 Welsh
upland catchments.

There is a similarity between this and the Group
A2 results in that they relate to catchment size or
scale. Clearly this might not be the case for a
broader sample of catchments where headwater
areasmay belargely agricultural.

Having established these land-use relationshipsit
isimportant to consider the physicalinterpretation
ofthe results. Catchments withlarger proportions
of poor/upland land areas have lower faecal
coliform concentrations. Inlarger catchrments
where valleys and floodplains are likely tohave
intensive agricultural uses (Grade IVland; Table
7.3, cultivated area; Table 7.9, 7.10). Interms of
modelling non-poeint scurce contaminationthese
results might be considered interms oftravel
times within the catchment and the implications
for die-offand retentionmechanisms.
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Kunkle (1970), studying upland catchments with
permeable soils, found that bacterial contributions
fromareasaway from strearmnmargins were small
compared tothose derived near-channeland
grazinghad minimal impact when carried out
away fromthe stream margins. Upland areas
contributedlittle or no overland flow during
storms, most stormrun-cff originating on
saturated areas which built-up along channel
edges. It was suggested, therefore, that due to the
run-offprocesses, bacterial contaminationis
probably more a function of activities in and
around the stream channel than of basin-wide
land-use. Similarly, Hunter and McDonald (1991)
found that moist areas, where overland flow was
preferentially generated, contributed significantly
higher numbers offaecal bacteriato surface
watersthandry areas.

This might explain why the square root of land-
cover area gives a straightline fitto log,
maximum andlog, geometric meanfaecal
coliform concentrations. Faecal coliform
concentrations are knowntobelog-normally
distributed; log, ,conversionnormalises their
distribution. Square rooting theland-cover area
produces alength whichmay represent the length
of stream channel passing through the land-use
area ofinterest. Each bank representsthe
termination of low pathways drainingthe
catchment, carrying organisms from contaminated
areas. The speed of the flow path and the distance
to the channel will determine the proportion of
orgamnisms initially undergoing transport that
actually surviveto enter the channel.

Future studies should examine travel times within
catchments in conjunction with an assessment of
the current spatial distribution of contaminative
land-cover. The development ofisochrone maps
combined with overlays of contaminative land-use
cover would allow the catchment planner to
assesscurrentland-use impacts and determine
appropriate land-use strategies using risk maps
based on handings of % loss due to die-off and
retentionprocesses.

The expansion of the sample of sites analysed and
the availability of enhancedland-use information
in conjunction with pursuit of the suggestions
made above will extend thiswork andimprove
confidenceintherelationships derived. The
Institute of Terrestrial Ecology has recently
developeda 17 classland-cover map for the UK
with 25 metre resolution. This comprises a total of
25 sub-classes and differentiates betweenland
types, i.e.roughpasture, pasture, meadow, tilled
land etc., and has good potential for building on
theresults already presented.




8 Conclusionsandsuggestions forfurther

work

1. The key influences on the survival of faecal
coliforms in streams and rivers are lightand
turbidity, temperature and pH. Faecal coliform
survivalisinfluenced by awide range of other
interactions and mechanisms; of these,
competition from — and predation by—the
natural microbial community, particle interactions
and nutrient effects are the most important. The
self purification ability of a water is also a function
ofwater quality. Inpoor quality or sewage-
contaminated waters the purifying effect of
sunlight and the influence of temperature changes
are dirninished.

These die-off effects arereflected inthe
seasonality observed inlongtime series offaecal
coliform concentrations. For example, inwinter
fewer daylighthours, lower temperatures, amore
moist catchment surface, shorter residence times
inriverreaches, protectionfromlightand
predationby particulates, results inenhanced
survival. Supply and transport factors alsotend to
resultinhigher winter concentration, morerapid
transportfromthe catchment surface, frequent
operation of storm sewage overflows and
scouring of settled organisms. In the summer
monthsthese effects arereversed: die-off
throughout the catchment is enhanced and low
flows result in minirmal transport within the
catchment. This is not, however, always the case.
Where the rate of input of organisms to a stream is
very high, die-off effects willbe reduced and
dilution will cause the greatest observed change
inbacterial concentration.

2. Examination ofthe key processes of faecal
coliform transport within catchments
demonstrated how the significance ofdifferent
processes and sources offaecal contamination
change withlocation. mheadwater areasthe
supply of organisms is dominated by non-point
sources; organismes are transported fromthe
catchment surface by a combination of surface
run-off and non-matrix through-flow inthe
subsurface zone duringrainfall events. Further
downstream the emphasis changes, point sources
and channel storage interactionsbecomingmore
significant to the supply of contaminative

organisms.

3. Previous modelsfor faecal coliform dynamics
used arange of approaches. Multivariate
statistical approachesrelate the bacterial
concentrationto anumber of driving variables
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using simple statistical relationships. Simple
deterministicfirst order decay functions have
beenused todescribe exponential die-offofa
bacterial population and in applicationtorivers
have beencombined with equationstodescribe
fluid mixing processes and flow hydraulics. These
models alllacked the necessary structure to
describe the process ofbacterial transportin
rivers adequately. The model of Jenkins (1984)
sought to describe the transfer of organismsto
and from storage within the channel.

Field experiments carried out during the project
provided information to improve uponthe results
ofJenkins. Although the eventual model structure
is similar, fewer parameters are required.

4, Themodelstructure and operation
incorporates the following assumptions:
e thechannel-storeisdistributed acrossthe
entire channel;

theregions of storage respond sequentially to
risesin flow;

any givenrise inflow will produce entrainment
of organisms from the channel,

atany quasi-steady flow, the active supply area
oforganisms willbecome depleted.

Entrainment is assumed o cease once the flow
recessioncommences. Further higher flows will
stillrelease organisms from storage.

The model incorporates terms for the effects of
sunlight and turbidity, temperature and pHon
faecal coliform survivalin the water colurnn.
These were derived from datainthe literature.

8. The model was successfully applied to areach
ofthe River Exe in Devon for the years 1990 and
1991. The model was seento operate well for
extended periods of data, the numbers of
organisms in the channel store remained stable
and were, ineffect, selfregulating. Seasonal
effects were modelled with a simple cosine
function accounting for die-off changesresulting
fromsolar radiation and temperature, cvercoming
the need for data for these variables and reducing
the number of parameters needed to calibrate the
model. Previousmodelshavenotgivena
satisfactory description offaecal coliformriver




dynamics. The model applied here gave agood fit
to the observed data and has scope for
applicationto other water quality determinants.

6. Further development ofthe model might
consider extending its scope tomodelling
particulates or other particle associated
contaminants such as metals, hiydrocarbbons or
radic-nuclides, and other microbiological
determinands such as faecal streptococci. Future
field-programmes might seek amore intensive
application of the model for further validation with
detailed monitoring of allrelevant variablesovera
period of severalmonths.

1. Consistent patterns betweenland -use and
faecal coliform concentrations in 25 UK
catchments were found. Faecal coliform
concentrations in 13 upland Welsh catchments
and data from ADAS land-use maps and derived
from surveys of stocking practices and fertilizer
usewere analysed. Catchments with higher
proportions ofimproved agricultural land, with
higher fertilizer use and livestock densities, were
found to produce higher geometric meanfaecal
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coliform concentrations than forested
catchments. This finding reflects the higher
loadings of organisms fromlivestockin
agricultural catchments.

Afurther 12 catchments in England, Scotland and
Walesrepresenting abroadrange of size, land-
use and faecal contamination were examined. The
results were consistent with the Welsh study and
confirmed that agricultural land classes and
groupings of classes perhaps relatingto the
lowland nature ofthe catchment produce more
faecal coliforms than more upland catchments
withnon-agriculturalland-uses.

Further studies should examine the relationships
betweenfaecal coliform concentrations and the
morerecentITE land -use classification system
which differentiates between grasslands used for
pasture or rough grazing, etc. Combined withthe
analysis of a greater number of sites, study of
travel-time effects and the spatial distribution of
land- uses, thiswould represent a valuable
enhancement of the results already presented
here.
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