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DISCLAIMER

D

This report or document ("the Report”) is giventbg Institute of Environmental Scienc
and Research Limited ("ESR") solely for the benefitthe Hawke’s Bay Regional
Council and other Third Party Beneficiaries as mksdi in the Contract between ESR and
Envirolink, and is strictly subject to the condii®laid out in that Contract.

Neither ESR nor any of its employees makes any amé@yr express or implied, of
assumes any legal liability or responsibility faeuof the Report or its contents by any
other person or organisation.
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Summary

Hawke’s Bay Regional Council (HBRC) faces problemsietermining the significance
of sediments as contributors to loadings of enterdicators and pathogens in local
waterways. In a study conducted by HBRC, elevideels of faecal indicator organisms
were found in recreational waters during dry weathiéhe study raised questions as to the
origins of these elevated levels, in particular, ethler they came from sediment
resuspension or other sources. Accordingly, theoral council obtained an Envirolink

grant to enable ESR to review this topic by:
1. Providing information on the survival of pathageand viruses in sediments, and;

2. determining whether any information exists om tlorrelation between indicator

bacteria and pathogens counts in sediments.

Although a review of the international literatut@osved that occurrence and survival of
indicators and pathogens in the water column ha lextensively investigated, the
situation is less clear in sediments. However,ghgreasonable evidence that sediments
can accumulate and retain enteric indicators atitbgans. Furthermore, most published
evidence suggests that survival of enteric indisatmd pathogens is considerably longer
in sediments than it is in the overlying water cofu There is also evidence that
resuspension of sediments increases microbial nigribeoverlying water, particularly

during storm events.

The data on the relationships between indicatods gathogens in sediments are sparse
and inconclusive. Overall, there is no strong emie of correlations between indicator
and pathogen levels and survival in sediments, gwamgh continuous deposition may be

expected to have a greater integrating effect whaud be expected in surface waters.

Although no evidence of increased counts of indicahd pathogenic microbes in surface
waters due to resuspension was found in the HBR@ied, there was nevertheless
evidence of substantially elevated counts in thdingents. There are various possible
approaches to better ascertain the role of sedsnertiawke’s Bay rivers and estuaries,
which could include adding turbidity measuremeimtsnicrobial water quality surveys,

and intensive monitoring of selected sites durilogns events.
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1. Introduction

Three principal types of water-transmissible padmsgare found in New Zealand —
bacteria, such asalmonella and Campylobacter, protozoans (mainlyGiardia and
Cryptosporidium), and enteric viruses, such as the calicivirusgbidh includes the
norovirus group) and rotaviruses. These pathogemsostly to detect and enumerate, so
their possible presence is monitored by using atdic organisms, usualligscherichia

coli (E. coli) and enterococci.

The presence of both indicators and pathogensturalavaters (fresh and saline) in New
Zealand has been documented by regional councitsughout the country and in
nationwide survey$®. However, enumeration of enteric microbes inher column
alone may underestimate the total load in a catahnhbecause the underlying sediments
will also constitute a significant microbial resenv Although the presence of faecal
microbes, including enteric viruses, has been tegom sediments in New Zealand
coastal waters' *° and rivers'?, there is generally less local information avd#afor
sediments compared to that available for the oweglyvater bodies. Overseas studies
have demonstrated the reciprocal effects of sedaien on removing bacteria from the
water column and accumulating them in bottom stfata

Coastal lagoons have been assumed to protect toaséas by attenuating pollutants
However, there is now evidence that these coaatons could act as a source of
contaminants in coastal waters, because they areethpients of and storage areas for
many of the pollutants from the catchment.

In this report, we review the recent literaturetio@ deposition and survival of key enteric
indicators and pathogens in sediments. As notedealdlue to a paucity of New Zealand-

based information on this topic, the review rehegavily on overseas studies.
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2. Settlement Processes

The extent to which indicator and pathogenic orgiausi are concentrated in sediments
depends on the tendency of the organism to settlefdhe water column, either by itself
(free) or attached to particulate matter within wader.

Free bacteria can sink in a water column at rdtasdepend on the specific gravities of
the cells, water turbulence, and their degree dflityo'* ** "% In most rivers, estuaries
and coastal waters, natural turbulence means étihg velocities of free microbes are
very slow?® ?t This means deposition of individual cells witilp account for a small

proportion of their accumulation within sediments.

The protozoan pathoge@ryptosporidium, as a free particle, has a slow settling velocity
(0.5 pm &) due to its low specific gravity>. In comparison, the larger protozoan,
Giardia, has a faster settling velocity (5.5 pif).s

Although there do not appear to be any publishadiss specifically addressing settling
rates of free viruses, it is generally accepted thay can only fall out of the water
column when attached to particles, as they arestoall to settle naturally, even under

quiescent conditions 24

Settling rates for enteric microbes attached tdigdas are much faster than when they are
free entities, depending on the type and size ofigk they are attached t0. For
example,Giardia and Cryptosporidium readily attach to particles and attachment can be
as high as 93.19% %’

The ratio of attached to unattached microbes irergataries markedly, depending on the
particular organism, and this affects the rate gpasition in sediments. For instance,
Characklis et al. ** studied the portions of bacteria, protozoa andilvindicators
associated with settleable particles in stormwatercoli and enterococci showed a 20-
35% attachment, increasing to 30-35% during stowents. The spore-forming
bacterium,Clostridium perfringens (used as an indicator of past contamination ang ma
be used as a surrogate for protozoan pathogemsyeshthe highest attachment rate at 50-
70% during storm events. The rate of attachmeiacteriophages (viruses which infect
bacteria, used as indicators of viral contaminatiwas more variable (20-60%), but was
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generally found to be similar to faecal indicatacteria. Comparable rates of attachment

of E. coli and enterococci were reported by Feeal. 2 (30—-40%).

Enteric indicators and pathogens may be dischargedatural waters in effluent or farm
runoff already attached to particulate matfer® * Others may be discharged as free
entities but attach to naturally-occurring colloisd other particles in the waterwly
Storm events will have important, although compkfkects on this process because there
will be an increase in waterway turbulence and @atese in sedimentation. This may
increase both the number of particles bearing lathandicators and the number of
particles available for attachment to free microb&se fresh input of particles from the
surrounding land, and resuspension of upstreanmseds will increase the sediment load

during high rainfall events (see Section 7).

3. Attachment Mechanisms

Microbes attach (adsorb) to particles by a numiieromplex and interrelated processes.
Bacteria, viruses and most other particles tentlaee a net negative charge in natural
waters, and thus mutually repel each other. Howegwecesses have been identified that
can overcome this repulsion. The negative chaegellsion can be overcome by the
phenomenon of a compressed electric double I&jeallowing bacteria to attach to
particle surfaces. Once attached, they are helolace by Van der Waals forces and
hydrophobic interactions®. This effect is most marked in waters with higimic
contents, implying that particle association ishieigin saline water¥" * Attachment by
Van der Waals forces is sometimes termed weak s#tersorption, as the linkages are
easily broken by shear forces such as wave actigarbulence®® 3’ With this type of
adsorption, bacteria are not in direct contact i particle but are held closely to the
surface by the attractant forces.

A more permanent form of adsorption can also ocatnich involves physical contact
between bacteria and the particulate matter. fadditated by cellular appendages or
extracellular polymers excreted from the c&ll This form of attachment is not only
important in removing bacteria from the water cahjrbut may also enhance survival

rates in the sediment following deposition (sedtiSeat).
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The processes affecting virus attachment to pestibbve been reviewed previougly*®
“1 Factors generally regarded as enhancing visradion, include low pH?, high ionic

strength®?, and a high cation exchange capatityf the particle surfacéd *

4. Survival in Sediment

Once in the sediment, faecal indicator organisnts @athogens may remain attached to
the particulate matter or they may detach. Baatdrat remain attached may survive for
prolonged periods due to the associated parti¢kring them protection from predation
and solar radiatiofi®. There is also evidence that some enteric bactgiven the right
conditions, can grow in sedimerts™ Although the data on the survival of viruses in
sediments are sparse, there is evidence that #awival is also extended in
sediments *° There is a paucity of research on the survifarotozoa in sediments but
it may be assumed they will survive for long pesicas there is evidence of extended

survival in terrestrial environments °% °2

In sediments, enteric microbes enter a very diffesmnvironment to that encountered in
the water column. Most importantly, when buriedbiottom layers, they are protected
from sunlight, which is widely recognised as thmgipal mechanism inactivating enteric

microbes in shallow watefs” >3

Most studies have suggested that the presencgaiiormatter in sediments significantly
increases bacterial survivdl®”. The organic material may provide a protectiweta” >®
and a supply of readily available nutrients to mii@s within the sediment *°®? There
have been, however, few correlations reported abmggnic matter levels and bacterial
survival, therefore other factors may contributdahe overall survival of bacteria within

sediments®.

Predation and grazing may be significant factofecéihg the survival of bacteria in
sediments. Roper and Marsh3lbuggested that bacteria in sediments are protécted

unicellular and multicellular predators and grazersthe interstitial spaces by two
mechanisms. First, anaerobic conditions may inlti® activities of these antagonistic
organisms. Second, attachment to particles masn far physical barrier shielding

bacterial cells from predation and grazing. EquaBauerfeindet al. ®* found that
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bacteria survived longer in sediments sterilisedalyoclaving compared with natural
sediment. The increase in survival, however, map dlave been due to the effect of
autoclaving on sediments, which may have convertgdents into more accessible forms
for utilisation by bacteria, particularly in the smce of competitors or predators.

Davies et al. %

showed a net die off in bacteria, exceplbstridium perfringens
(C. perfringens), when predators were present. They suggestédnbaeduced survival

in natural sediment samples was due to predatigmaaing by natural protozoa.

Whatever the combination of factors that enhancen&l, it is well known that bacteria
persist longer in sediments than in overlying watgumns>® > % ¢ The extent, to
which enhanced survival occurs, depends on thécpkat bacterium. Daviest al. ®°
found no decrease i@. perfringens spores in marine and freshwater sediments over a
period of 28 days. In addition, tlgy values (time taken for 90% inactivation) for the
indicator organisms, faecal coliforms and faecakmbcocci, in sediment microcosms
were up to 85 days. Moogtal. (2003)% found that a strain ddalmonella (mr-DT-104)
survived for up to 119 days in sediment, which wesr twice the survival rate recorded

in water (54 days). Karimet al. ®” reported that the die-off rate @almonella
typhimurium in sediment was 0.312 Iqgupr day compared to 0.345 log per day in water

samples.

In general, when enteric bacteria are releasedt@nvironment, they soon succumb to
the stresses they encounter, including desiccafimm, nutrient levels and sunlight.

. ®® conducted a

However, exceptions to this have been reported. ekample, Jengt a
laboratory-based microcosm study on the survivaEmgrococci faecalis in sediments
from an estuary in the USA. The survival curvesenmeharacterised by a growth phase
followed by a stationary phase, a logarithmic depayiod, and/or finally by a tailing
region. Thus, an exponential decay model couldb@otipplied tcE. faecalis in these
estuarine sediments, which appeared to demondfrdtmecalis reproduction within 10
days. In addition, the authors found no eviderte® survival or growth rates were

affected by the amount of organic matter presetitersediment.

A recent study on freshwater sediments in Switperldound high levels of faecal
indicator organisms: 3.1 x 1. coli and 1.2 x 1D enterococci colony forming units
(CFU) per 100 granf®. In this survival experiment no faecal indicagmowth was

observed, possibly due to predation by naturallygagng benthic organisms.
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Far less is known about the survival of virusesédiments compared to bacteria, and
much of the literature contains conflicting infortioa. Viruses are generally regarded as
being too small to be sought as food by other nieso They may, however, be ingested
along with the particles to which they are attachadl thus be affected by the activities
of interstitial grazers. Although the factors affeg virus survival in sediments do not
appear to have been systematically investigatedimsmt appears to enhance virus
survival. For example, LaBelle and Gerflafound that virus adsorption to estuarine
sediment greatly increased survival time. Theg(time taken for 90% reduction in live
cells) value of poliovirus varied from 1.4 daysseawater alone (protected from sunlight)
to 6.0 days in estuarine sediment. Increased\&lref viruses (poliovirus and rotavirus)
was observed in a survey of a polluted estuary @lv&ston Bay* where infectious
viruses were isolated after 19 days when they wasseciated with solids, compared to up

to 9 days when the viruses were freely suspendsdawater samples.

It is not possible for enteric viruses to replicatetside a host cell, so there is no
possibility of growth in sediments. Bacteriophag@ésuses that infect bacteria) used as
surrogates for viruses were found to be more likelgdsorb to surfaces with higher total
acidity and were more stable compared to free hapteages®. Although it has
sometimes been suggested that enteric bacteriophaggy replicate in aquatic
environments® "% the evidence for their replication in natural eratis questionablé’ "3

At present it may be assumed that bacteriophagestaeplicate in sediments.

There is also little published information on th&véval of pathogenic protozoans in
sediments, mostly due to the costly and laborioethods required for their culture and
enumeration® > Karim et al. ®” investigated the survival dBiardia in the water and
sediments of constructed wetlands. They found thatcontrast to bacteriophages
(coliphages and phage PRDGjardia survived longer in the water than in the sediment.
It is important to note, however, that these experits were conducted in microcosms in
the laboratory, so the relevance of the data to rbhtural environment could be
guestioned. Like viruses, protozoan parasitesocéynreplicate inside the body of a host,
so there is no possibility of their replicationtive environment. Although information on
survival in sediments is limited, bot@ryptosporidium and Giardia exhibit prolonged
survival in other environments and this, coupledhwheir low infective doses, means

they still pose a potential risk to humans if inge<® *"
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In summary, a complex range of interacting facappear to be involved in the survival
of indicators and pathogens (and the possible dgrayitbacteria) in sediments. These

factors are still poorly understood and more resear needed in this area.

5. Relationships Between Indicator and Pathogen Numbers in
Sediments

For practical reasons, microbial water quality narng relies on the use of indicator
organisms, such ak. coli and enterococci, to predict the behaviour and igalnof
pathogens in waterways. Although this approach mavide useful information on
pathogen behaviour, recent research has highlightellems in relying too heavily on
only one or two indicator organisms to predict befaviour of a wide range of different
types of pathogens (bacterial, viral and protozod®r example, there is now evidence
that enterococci are not always reliable indicatonsmarine waters and waste stabilisation
pond effluent ® " "2 and that they may also grow in some aquatic enuiients'” *° In
response to this issue, a number of studies hase feblished on the relative survival of

indicator organisms and selected pathogens in findisaline waters>% 7842

The relative survival rate of indicator organisnml gpathogens in sediments has been
investigated previously. For instance, Bureral. ® compared survival of the faecal
indicator organism,E. coli, with pathogens;Klebseilla pneumoniae, Pseudomonas
aeruginosa and Salmonella newport in freshwater sediments. All of the bacteriaddst
had prolonged survival in sediments compared toothexlying water in the microcosm
used. P. aeruginosa and K. pneumoniae survived consistently longer thdn coli and

S newport. The survival ofE. coli was comparable witls. newport and both survived
longer in sediments with higher clay content. Théhars concluded thd. coli was an

adequate indicator & newport in several types of freshwater sediments.

Garrido-Perrezet al. "® suggest thaC. perfringens may be a good alternative to the

conventional indicator organisms (namety coli and enterococci) as an indicator of

faecal contamination in water and sediments as# present in most samples and did not
show any growth characteristics. In a study ofastralian estuary (water and sediment
samples)C. perfringens was found to be the most useful indicator of fhgcdution and

was the only indicator significantly correlated kihe presence of pathogerttardia
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and the opportunistic bacterial genfssomonas 3. This study also showed that F-RNA

bacteriophage was not significantly correlated \aily of the pathogens examined.

Hartz et al. *° investigated the survival of the faecal indicatmganisms E. coli and

enterococci) in beach sand and experimental misraso Their results showed
prolonged survival of faecal indicators in sedinsecdompared with water, and there was
evidence of growth in the absence of predatorse dithors postulated that this may
cause problems when using these organisms as faeteators as the high numbers
present may be resuspended in the overlying whter,it is not clear that pathogens

would follow the same pattern or have the abiltgtow in sediments.

A study of intertidal sediments in the UK showed #bsence of the pathogenic strains of
C. jeuni, C. coli and Salmonella ®. Faecal coliforms and faecal streptococci were
isolated throughout the year with no obvious sealsdrends in their numbers but
thermophilicCampylobacter spp. (notC. jegjuni or C. coli) showed a strong seasonality,
with greater increases in numbers occurring mostlfhe summer months.In situ
deposition of bacteria from overlying water duriidpl cover showed deposition rates of
approximately 0.1% of the total population of fdecaliforms, 0.01% of the faecal
streptococci and 1% of th@ampylobacter spp. in the sediments. They concluded that
sediment could act as a reservoir for bacteriag@ally faecal indicator organisms.
However, they reported an absenceSalimonella and thermophilicCampylobacter of
non-human origin present in sediments, suggestag $ediment does not act as a

reservoir for these organisms.

Finally, it should be noted that it is not surprgsithat indicator and pathogen counts are
frequently poorly correlated in the water columnindicators, by definition, are
consistently present in water polluted by faecatemal; pathogens tend to be present
intermittently, depending on disease incidencehim upstream communities, or carriage
rates in livestock in the catchment. Furthermtnere is such a wide range of pathogen
types (bacterial, viral, protozoan), that one iathc alone could not be expected to
simulate the behaviour of all pathogens. Ratharetis increasing investigation into the
use of “model” organisms to study the incidence aand/ival of pathogens.g. phage
PRD1 as a model of adenoviruses. Due to the faatt sediments tend to integrate
microbial pollutants, closer relationships betwé&smilar” indicators and pathogens may
possibly occur. This issue requires a lot moreaesh before conclusions can be drawn
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about the extent of similarities between pathogamd indicator organisms in sediments

and their potential for resuspension.

6. Stratification in Sediment

In a water column, enteric microbes are free t@wutate with water currents and
turbulence. Most, however, appear to become f#chtin sediments, either due to the
sequence in which the particles to which they #isched are laid down, or in response to
depth-related favourable and unfavourable enviranialeonditions. In addition, at least
in freshwater sediments, some motile enteric becteray be able to migrate small

vertical distances.

The stratification of enteric microbes in sedimewniises not appear to have been
extensively investigated. However, in the abowelsiof Campylobacter in sediment$?,

it was found that the faecal indicator organismsewisolated predominantly from the
surface layers of the sediments and declined in bemmwith depth, whereas
Campylobacter spp were restricted to the surface layer. Inlarostudy, the survival of
the faecal indicator organismg&. coli and enterococci, was assessed in a 90-day
laboratory experiment, where regular sampling wadeuaken in sediment cores at
different depth$®. BothE. coli and enterococci survived for the length of theegixpent
(90 days) in sediment samples close to the suffaéecm depth).E. coli survived at all
depths (0-10 cm) for up to 30 days, whereas emendcdisappeared in the deepest
samples (8-10 cm) taken after 30 days.

7. Resuspension

The accumulation and enhanced survival of pathageacteria and viruses in sediments
(and the possible growth of some bacteria) are amiyortant if these microbes are
brought into contact with the public via direct taxt or resuspension of sediments. The
large number of microbes present in sediments mepat®ven if only a small proportion
of them are resuspended it may be cause for confmrexample when they come into

contact with recreational water users in high ehodigses to cause infection.
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Enteric microbes can re-enter the water columnway nechanisms - detachment from
particles, or resuspension of the particles to Wwithey are attached. The first mechanism
is probably far less important due to the fact ttagoid re-attachment is likely to occur,
although there is evidence that viruses can be &daflom particulate matter in saline

environments®,

Most of the resuspension of microbes is likely ®wsult from sediment particle
resuspension, and this is in turn, most likelyasutt from various forms of disturbance.
It has been demonstrated that tides, boats andrhactavity can resuspend bacteria, and
to a lesser extent viruses, in the water coludif® Even if the particles subsequently
resettle, this disturbance may act to reduce miatadurvival due to exposure to solar
radiation in the surface watefa In a study of beaches in Europe, resuspension of
indicator organisms only occurred in rough watattipularly during windy weather,
suggesting that only sporadic resuspension wasriaegd™. In a survey of sediments in
Switzerland, the levels of enteric microbes werenfbto be high, but they were not
deemed high enough to cause a decline in the watdity according to EU (European
Union) bathing water directives, if they were rgmersded. The authors suggested that
levels of 16 CFU per 100 g would be needed for such exceeddncescur. The same
study investigated the survival timesmfcoli in sediments in laboratory trials. Die-off
of bacteria in sediments was reported to be slawih @nly 10% occurring within 85 days
%5, As the same proportion & coli remained culturable during the experimental period
the authors proposed that sediments offer a staldefavourable environment, which, if
resuspension occurred, could provide a long-teek of contamination. Friegt al. *®
reported high persistence rates in sediments adrakbacteriaK. coli, enterococci and
Vibrio), and that the numbers recovered significantlyaased following a large storm
event (Hurricane Ophelia) in the US. This reseatemonstrated that during heavy
storms, resuspension of microbes occurred intoothexlying water. Resuspension of
indicator organisms and pathogens in canal sedsredter heavy rainfall has also been
reported in the USA®.
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8. Conclusions

Adherence to New Zealand recreational water quaijiydelines only requires that
E. coli levels in the water column are monitored. HoweWeis may underestimate the
microbial load in the catchment, because it dogsaggount for the microbes in the

sediments.
To answer the questions asked by HBRC, namely:

1. What information is available on the survival of pathogens and viruses in

sediments?

A review of the international literature showedtttieere is strong evidence to suggest that
sediments accumulate and retain enteric indicadas pathogens. Furthermore, most
published evidence suggests that survival ratesiafobes in sediments are considerably
higher than in the overlying water column. Althbuthe mechanisms are not fully

understood, an increased level of organic mattpeans to be the principal reason for the

enhanced survival rates from the literature avéelab

2. Is there any information on the correlation betveen sediment resuspended

indicator bacteria and pathogens/viruses?

Research in surface waters has shown that, althtaegtal indicator organisms fulfil a
useful function in demonstrating the possible pneseof pathogens and, in some cases
they broadly mimic pathogen behaviour, there issk of over-reliance on one or two

bacterial indicators.

For sediments, the data on the relationships betwebcators and pathogens are sparse
and inconclusive. Overall, there is no strong emie of correlations between indicator
and pathogens levels and survival in sediments) gweugh continuous deposition may
be expected to have a greater integrating effert ould be expected in surface waters.
This is an issue which requires further researdébrbeconclusions can be made.

Microbesin aquatic sediments 11 July 2009



References

Danovaro R, Manini E, DelllAnno A. Higher Abundanaf Bacteria than of Viruses
in Deep Mediterranean Sedimenégpl Environ Microbiol. 2002 March 1, 2002;
68(3): 1468-72.

Sinton LW, Donnison AM. Characterisation of faestieptococci from some New
Zealand effluents and receiving wateféew Zealand Journal of Marine and
Freshwater Research. 1994;28 145-58.

3 Ferguson CM, Coote BG, Ashbolt NJ, Stevenson IMlaRonships between
indicators, pathogens and water quality in an esteasystem.Water Research.
1996;30(9): 2045-54.

Rao VC, Seidel KM, Goyal SM, Metcalf TG, Melnick.Jsolation of enteroviruses
from water, suspended solids, and sediments fronveGan Bay: survival of
poliovirus and rotavirus adsorbed to sedimergpl Environ Microbiol. 1984

August 1, 198448(2): 404-9.

Sakoda A, Sakai Y, Hayakawa K, Suzuki M. Adsomptiof viruses in water
environment onto solid surfaced/ater Science and Technology. 1997;3%7): 107-
14.

Sinton LW, Finlay RK, Lynch PA. Sunlight Inactivan of Fecal Bacteriophages
and Bacteria in Sewage-Polluted Seawappl Environ Microbiol. 1999 August 1,
1999;65(8): 3605-13.

! Sinton LW, Hall CH, Lynch PA, Davies-Colley RJ.8ight inactivation of fecal
indicator bacteria and bacteriophages from wasigilstation pond effluent in fresh
and saline water&ppl Environ Microbiol. 2002 Mar;68(3): 1122-31.

Microbesin aquatic sediments 12 July 2009



10

11

12

13

14

15

Till D, McBride G, Ball A, Taylor K, Pyle E. Largscale freshwater
microbiological study: rationale, results and risBsurnal of Water and Health.
2008 Decp(4): 443-60.

Lewis GD, Austin, F. J., Loutit, M., W. Enterovaes of human origin and faecal
coliforms in river water and sediments down strdeom a sewage outfall in the
Taieri River, OtagoNew Zealand Journal of Marine and Freshwater Research.
1986;20: 101-5.

Loutit MW, Lewis, G. D. Faecal bacteria from sewagffluent in sediments around
a sewage outfalNew Zealand Journal of Marine and Freshwater Research. 1985;
19: 177-85.

Muirhead RW, Davies-Colley RJ, Donnison AM, Nag#l§. Faecal bacteria yields
in artificial flood events: quantifying in-streartoses.Water Res. 2004 Mar;38(5):
1215-24.

Brookes JD, Antenucci J, Hipsey M, Burch MD, AshidJ, Ferguson C. Fate and
transport of pathogens in lakes and reservdtrsironment International. 2004;
30(5): 741-59.

Characklis GW, Dilts MJ, Simmons lii OD, Likirdolms CA, Krometis L-AH,
Sobsey MD. Microbial partitioning to settleable fodes in stormwaterWater
Research. 2005;39(9): 1773-82.

Dai X, Boll J. Settling velocity of Cryptosporidiu parvum and Giardia lamblia.
Water Research. 2006;40(6): 1321-5.

Deloffre J, Lafite R, Lesueur P, Lesourd S, VerieyGuézennec L. Sedimentary
processes on an intertidal mudflat in the upperrotamial Seine estuary, France.
Estuarine, Coastal and Shelf Science. 2005;64(4): 710-20.

Microbesin aquatic sediments 13 July 2009



16

17

18

19

20

21

22

23

24

25

Steets BM, Holden PA. A mechanistic model of rdrasfsociated fecal coliform
fate and transport through a coastal lagdtater Research. 2003;37(3): 589-608.

Jassby AD. The ecological significance of sinkiagplanktonic bacteriaCanadian
Journal of Microbiology. 1975;21: 270-4.

Pedrés-Alio C, Mas J, Gasol JM, Guerrero R. Sigkspeeds of free-living
phototrophic bacteria determined with covered amebuered trapsl Plankton Res.
1989 January 1, 198%1(5): 887-905.

Bailey MC, Hamilton DP. Wind induced sediment igsension: a lake-wide model.
Ecological Modelling. 1997;99(2-3): 217-28.

Bai S, Lung W-S. Modeling sediment impact on thensport of fecal bacteria.
Water Research. 2005;39(20): 5232-40.

Mahler BJ, Personné JC, Lods GF, Drogue C. Trahsgofree and particulate-
associated bacteria in kardournal of Hydrology. 2000;2383-4): 179-93.

Gray NF. Monitoring and removal of pathogensDrinking Water Quality:
Problems and Solutions. 2nd ed: Cambridge University Press 2008:316-7.

Yavuz Corapcioglu M, Haridas A. Microbial transpor soils and groundwater: A

numerical modelAdvances in Water Resources. 1985;8(4): 188-200.

Yates MV, Yates, S. R. Virus survival and transporgroundwater\Water Science
and Technology. 1988;20: 301-7.

Searcy KE, Packman Al, Atwill ER, Harter T. Assaadn of Cryptosporidium
parvum with Suspended Particles: Impact on OocgslirSentation Appl Environ
Microbiol. 2005 February 1, 20031(2): 1072-8.

Microbesin aquatic sediments 14 July 2009



26

27

28

29

30

31

32

33

34

Kuczynska E, Shelton DR, Pachepsky Y. Effect ofviBe Manure on
Cryptosporidium parvum Oocyst Attachment to Soippl Environ Microbiol. 2005
October 1, 200571(10): 6394-7.

Medema GJ, Schets FM, Teunis PFM, Havelaar AHins&dtation of Free and
Attached Cryptosporidium Oocysts and Giardia CystsWater. Appl Environ
Microbiol. 1998 November 1, 19984(11): 4460-6.

Fries JS, Characklis, G. W., Noble, R. T. Attachtn&f Fecal Indicator Bacteria to
Particles in the Neuse River Estuary, NJournal of Environmental Engineering.
2006;132 1338-45.

Servais P, Garcia-Armisen T, George |, Billen &c#& bacteria in the rivers of the
Seine drainage network (France): Sources, fatararaklling. Science of The Total
Environment. 2007;3751-3): 152-67.

Van Donsel DJ, Geldreich EE, Clarke NA. Seasonatiations in Survival of
Indicator Bacteria in Soil and Their Contributiom $torm-water PollutionAppl
Environ Microbiol. 1967 November 1, 19615(6): 1362-70.

LaBelle R, Gerba CP. Investigations into the prtive effect of estuarine sediment
on virus survivalWater Research. 1982;16(4): 469-78.

Stumm W, Morgan, J. Aquatic Chemistry. 2nd ed. New York: Wiley-Interscience
1981.

Tsao YH, Evans DF, Wennerstroem H. Long-rangeactibn between a
hydrophobic surface and a polar surface is strorthan that between two
hydrophobic surfacesangmuir. 1993 03/019(3): 779-85.

Gannon JT, Mingelgrin U, Alexander M, Wagenet Rdcterial transport through
homogeneous soifoil Biology and Biochemistry. 1991;23(12): 1155-60.

Microbesin aquatic sediments 15 July 2009



35

36

37

38

39

40

41

42

Tan Y, Cannon, J.T. , Baveye, P., Alexander, M9419 Water Resour. Res.
30:3243-3252. . Transport of bacteria in an aqufard—Experiments and model
simulations Water Resource Research. 1994;30: 3243-52.

Boks NP, Norde W, van der Mei HC, Busscher HJ.césrinvolved in bacterial
adhesion to hydrophilic and hydrophobic surfadéicrobiology. 2008 October 1,
2008;154(10): 3122-33.

Palmateer GA, McLean, D. E., Kutas, W. L., Meigsn8. M. Suspended
particulate/bacterial interaction in agriculturabims. In: Rao SS, edParticulate

matter and aquatic contaminants. Florida: Boca Raton 1993:1-40.

Gerba CP, Stagg CH, Abadie MG. Characterizatiors@fiage solid-associated
viruses and behavior in natural watéf@ter Research. 1978;12(10): 805-12.

Yates MV, Gerba, C. P., Kelly, L. M. Virus pergste in groundwateApplied
and Environmental Microbiology. 1985;49: 778-81.

Yates MV, Yates, S. R. A comparison of geostaktivethods for estimating virus

inactivation rates in ground waté&kater Research. 1987;21: 1119-25.

Mathess G, Pekdeger, A., Schroeter, J. Persistendetransport of bacteria and

viruses

groundwater — a conceptual evaluatidournal of Contaminant Hydrology. 1988;2:

171-88.

Redman JA, Walker SL, Elimelech M. Bacterial Adbasand Transport in Porous
Media:&nbsp; Role of the Secondary Energy Minimunvironmental Science &
Technology. 2004;38(6): 1777-85.

Microbesin aquatic sediments 16 July 2009



43

44

45

46

47

48

49

50

Lipson SM, Stotzky G. Adsorption of reovirus t@glminerals: effects of cation-
exchange capacity, cation saturation, and surfaea. Appl Environ Microbiol.
1983 September 1, 19885(3): 673-82.

Moore BE, Sagik, B. P., Sorber, C. A. Viral traodpto groundwater at a
wastewater land application sitédournal of Water Pollution Control Federation.
1981;53: 1492-502.

Vilker VL, Fong, J. C., Seyed-Hoseyni, M. Poliaygradsorption to narrow particle
size fractions of sand and montmorillonite clajpurnal of Colloid Interface
Science. 1983;92: 422-35.

Anderson KL, Whitlock JE, Harwood VJ. Persisteaoel Differential Survival of
Fecal Indicator Bacteria in Subtropical Waters aediments.Appl Environ
Microbiol. 2005 June 1, 20031(6): 3041-8.

Desmarais TR, Solo-Gabriele HM, Palmer CJ. Infagenf Soil on Fecal Indicator
Organisms in a Tidally Influenced Subtropical Eowiment. Appl Environ
Microbiol. 2002 March 1, 20088(3): 1165-72.

Fries JS, Characklis GW, Noble RT. Sediment-watathange olibrio sp. and
fecal indicator bacteria: Implications for persigte and transport in the Neuse
River Estuary, North Carolina, USMater Research. 2008;42(4-5): 941-50.

Grossart H-P, Kiorboe T, Tang K, Ploug H. Bacte@@lonization of Particles:
Growth and Interaction®ppl Environ Microbiol. 2003 June 1, 20089(6): 3500-
9.

Hartz A, Cuvelier M, Nowosielski K, Bonilla TD, @en M, Esiobu N, et al.
Survival Potential oEscherichia coli and Enterococci in Subtropical Beach Sand:
Implications for Water Quality Managerd. Environ Qual. 2008 May 1, 2008;
37(3): 898-905.

Microbesin aquatic sediments 17 July 2009



51 Ives RL, Kamarainen AM, John DE, Rose JB. Use efl Culture To Assess

Cryptosporidium parvum Survival Rates in Natural Groundwaters and Surface
Waters. Appl Environ Microbiol. 2007 September 15, 20073(18): 5968-70.

2 Robertson LJ, Campbell AT, Smith HV. Survival 6fyptosporidium parvum

oocysts under various environmental pressufggl Environ Microbiol. 1992
November 1, 199258(11): 3494-500.

> Davies-Colley RJ, Bell RG, Donnison AM. Sunlightattivation of Enterococci

and Fecal Coliforms in Sewage Effluent Diluted ima&ater. Appl Environ
Microbiol. 1994 June 1, 1996((6): 2049-58.

®  Brown CM, Eilwood, D. C., Hunter, J. R. 1977. Gtbwof bacteria at surfaces:
Influence of nutrient concentratiofrSEMS Microbiology Letters. 1977;1: 163-6.

% Gerba CP, McLeod, J. S. Effect of sediments orstheival ofEscherichia coli in

marine watersApplied and Environmental Microbiology. 1976;32(1): 114-20.

56 Hood MA, Ness GE. Survival dfibrio cholerae andEscherichia coli in estuarine

waters and sedimen®ppl Environ Microbiol. 1982 March 1, 19823(3): 578-84.

5" Ghoul M, Bernard T, Cormier M. Evidence th&scherichia coli accumulates

glycine betaine from marine sedimemgpl Environ Microbiol. 1990 February 1,
1990;56(2): 551-4.
8 Gauthier MJ, Le Rudulier D. Survival in seawateEscherichia coli cells grown in
marine sediments containing glycine betaifgpl Environ Microbiol. 1990
September 1, 19966(9): 2915-8.

®  Shiaris MP, Rex AC, Pettibone GW, Keay K, McManBs Rex MA, et al.
Distribution of indicator bacteria andbrio parahaemolyticus in sewage-polluted
intertidal sedimentsAppl Environ Microbiol. 1987 August 1, 198B3(8): 1756-61.

Microbesin aquatic sediments 18 July 2009



60

61

62

63

64

65

66

67

Milne DP, Curran, J. C., Findlay, J. S., CrowthkrM., Bennett, J., Wood, B. J. B.
The effect of dissolved nutrients and inorganicpemsied solids on the survival of

E.cali in seawatefWater Science and Technology. 1991;24: 133-6.

Luna GM, Manini E, Danovaro R. Large Fraction a¢¢ddd and Inactive Bacteria in
Coastal Marine Sediments: Comparison of Protocals Determination and
Ecological SignificanceAppl Environ Microbiol. 2002 July 1, 200268(7): 3509-
13.

Rusch A, Forster S, Huettel M. Bacteria, diatomnsl aetritus in an intertidal
sandflat subject to advective transport across Waer-sediment interface.
Biogeochemistry. 2001;55(1): 1-27.

Roper MM, Marshall KC. Biological Control Agent$ $ewage Bacteria in Marine
Habitats.Marine and Freshwater Research. 1978;29(3): 335-43.

Bauerfeind S, Gerhardt, G. G., Rheinheimer, Ges$tigations on the survival of
faecal bacteria in experiments with and withoutireedt additionZbl Bakt Hyg, |
Abt Orig B. 1981;174 364-74.

Davies CM, Long JA, Donald M, Ashbolt NJ. Surviailfecal microorganisms in
marine and freshwater sedimenfppl Environ Microbiol. 1995 May 1, 1995;
61(5): 1888-96.

Moore BC, Martinez E, Gay JM, Rice DH. Survival 8&lmonella enterica in
Freshwater and Sediments and Transmission by thetAgMidge Chironomus
tentans (Chironomidae: Diptera)ppl Environ Microbiol. 2003 August 1, 2003;
69(8): 4556-60.

Karim MR, Manshadi FD, Karpiscak MM, Gerba CP. esistence and removal
of enteric pathogens in constructed wetlavuster Research. 2004;38(7): 1831-7.

Microbesin aquatic sediments 19 July 2009



68

69

70

71

72

73

74

75

Jeng HAC, Sinclair, R., Daniels, R., Andrew, En®al of Enterococci faecalis in
estuarine sedimentkiternational Journal of Environmental Sudies. 2005;62: 283-
91.

Haller L, Poté J, Loizeau J-L, Wildi W. Distribati and survival of faecal indicator
bacteria in the sediments of the Bay of Vidy, L&eneva, Switzerlandtcol ogical

Indicators. In Press, Corrected Proof

Vaugn JM, Metcalf, T. G. Coliphages as indicatofenteric viruses in shellfish
and shellfish raising estuarine watehater Research. 1975;9(7): 613-6.

Borrego JJ, Cornax, R., Morinigo, M.A., Martineakkares, E. Romero, P.
Coliphages as an indicator of faecal pollution iatev. Water Research. 1990;24:
111-6.

Sinton LW. Survival of enteric bacteria in seawaiiotic and abiotic factors. In:
Belkin SS, Colwell, R. R., edOceans and Health: Pathogens in the Marine

Environment. New York: Kluwer Academic/Plenum Publishers 2005.

Hernandez-Delgado EA, Toranzos, G.lAssitu replication studies of somatic and
male-specific coliphages in a tropical pristinesriwVater Science and Technology.
1995;31(5-6): 247-50.

Bradford SA, Bettahar M. Straining, Attachment, danDetachment of
Cryptosporidium Oocysts in Saturated Porous Medid&nviron Qual. 2005 March
1, 2005;34(2): 469-78.

Bradford SA, Tadassa YF, Pachepsky Y. TransportGardia and Manure
Suspensions in Saturated Porous Medlienviron Qual. 2006 April 3, 200635(3):
749-57.

Microbesin aquatic sediments 20 July 2009



" DuPont HL, Chappell CL, Sterling CR, Okhuysen R@se JB, Jakubowski W. The
Infectivity of Cryptosporidium parvum in Healthy VolunteersN Engl J Med. 1995
March 30, 1995332(13): 855-9.

" Rose JB, Haas CN, Regli S. Risk assessment aricbcohwaterborne giardiasis.

AmJ Public Health. 1991 June 1, 1998]1(6): 709-13.

8 Garrido-Pérez MC, Anfuso E, Acevedo A, PeralesgédarMachuca JA. Microbial
indicators of faecal contamination in waters andiraents of beach bathing zones.
International Journal of Hygiene and Environmental Health. 2008;211(5-6): 510-7.

®  Goyal SM, Gerba CP, Melnick JL. Occurrence andribistion of bacterial
indicators and pathogens in canal communities albaedrexas coasfppl Environ
Microbiol. 1977 August 1, 197B4(2): 139-49.

80 Lisle JT, Smith JJ, Edwards DD, McFeters GA. Omenee of Microbial Indicators
and Clostridium perfringens in Wastewater, Water Column Samples, Sediments,
Drinking Water, and Weddell Seal Feces Collected@Wurdo Station, Antarctica.
Appl Environ Microbiol. 2004 December 1, 20040(12): 7269-76.

81 Obiri-Danso K, Jones K. Intertidal sediments asereoirs for hippurate negative

campylobacters, salmonellae and faecal indicatothriee EU recognised bathing
waters in North West England/ater Research. 2000;34(2): 519-27.

82 Touron A, Berthe T, Gargala G, Fournier M, RatajcaVl, Servais P, et al.

Assessment of faecal contamination and the relstipnbetween pathogens and
faecal bacterial indicators in an estuarine envitent (Seine, FranceMarine
Pollution Bulletin. 2007;54(9): 1441-50.

8 Burton GA, Jr., Gunnison D, Lanza GR. Survivapbathogenic bacteria in various

freshwater sedimentdppl Environ Microbiol. 1987 April 1, 198753(4): 633-8.

Microbesin aquatic sediments 21 July 2009



8 Pettibone GW, Irvine KN, Monahan KM. Impact of hifs passage on bacteria
levels and suspended sediment characteristics @nBitiffalo River, New York.
Water Research. 1996;30(10): 2517-21.

8 Simental L, Martinez-Urtaza J. Climate Patternsvéning the Presence and
Permanence of Salmonellae in Coastal Areas of Badhidodos Santos, Mexico.
Appl Environ Microbiol. 2008 October 1, 20084(19): 5918-24.

Microbesin aquatic sediments 22 July 2009



