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Abstract

Danish drinking water supplies based on ground mwitéout chlorination were investigated for
the presence of the water loussellus aquaticuand microinvertebrates (< 2 mm). In total 52
water samples were collected from fire hydran®ladlifferent locations, and two elevated tanks
(6,000 and 36,000 fas well as one clean water tank at a waterwat6 f) were inspected.
Several types of invertebrates from the phyla:ragbda, annelida (worms), plathyhelminthes
(flatworms) and mollusca (snails) were found. Inebrates were found at 94 % of the sampling
sites in the piped system with aquaticugpresent at 55 % of the sampling sites. Populatibris
aguaticuswere present in the two investigated elevatedsdmit not in the clean water tank at a
waterworks. Both adult and juvenite aquaticuglength of 2-9 mm) were found in tanks as well as
in pipes.A. aquaticusvas found only in samples collected from two ofeseinvestigated
distribution zones (zone 1 and 2), each suppliegttdy by one of the two investigated elevated
tanks containing\. aquaticusMicroinvertebrates were distributed througholizahes.
Comparisons with data from samples collected irBi88 showed that the distribution patterrfof
aguaticushad not changed considerably over 20 years. Qegdtipumps have separated the
distribution zones during the whole period and rhaye functioned as physical barriers in the
distribution systems, which large invertebrateshsagA. aquaticuscould not pass alive. Another
factor characterising zone 1 and 2 was the presgfincast iron pipes. The frequencyAaf
aguaticuswas significantly higher in cast iron pipes thamplastic pipesA. aquaticuscaught from
plastic pipes were mainly single living specimensl@ad specimens being transported passively
trough by the water flow, while cast iron pipesypded an environment suitable for relatively large
populations ofA. aquaticus Sediment volume for each sample was measuretharstudy
described for the first time that the correlati@ivieeen presence of livild. aquaticusand

sediment volume is not simple but rather expresyea minimum sediment value of approximately
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100 ml/n? sample. Presence Af aquaticusvas not correlated to turbidity of the water.
Measurements by ATP, heterotrophic plate countirdy@olilert® showed that the microbial
guality of the water was high at all locations withwithout animals. Four other large Danish
distribution companies were additionally sampleid€rpipe samples and one elevated tank), and
invertebrates were found in all systems, threeof tontainingA. aquaticusindicating a

nationwide occurrence.

Key words: invertebrates, microbial quality, distriion system, cast iron, water storage tank

1. Introduction

Invertebrate animals are present in drinking wdistribution systems worldwide. In tropical and
subtropical countries, some species of invertebrea® act as secondary hosts for parasites and
thereby pose a serious health risk to consumeisagE2004). In temperate areas, the presence of the
animals is largely regarded as an aesthetic problamLieverloo et al. 2002). However, previous
studies have shown that invertebrates such asaceats and nematodes can harbour bacterial
pathogens and potential pathogens Esgherichia col{indicator organism for faecal
contamination) (Bichai et al. 2008almonella livingstoné_evy et al. 1984) an@ampylobacter
jejuni (Schallenberg et al. 2005) and may play a rotaénsurvival of these organisms in drinking
water systems. The Danish water supply systemiaaed solely on ground water without
chlorination, which may increase the risks of gtowt bacteria and biofilm formation in the water
pipes (Martiny et al. 2003) that may serve as @ fapply for animals in the system. The absence
of hygienic barriers between waterworks and consanmeterms of chlorination increases the focus

on any potential carrier of pathogens such asrevgrtebrates.
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The abundance of invertebrates in distributed dntkvater is a source of consumer
complaints and the supply companies highly desii@ntrol the invertebrate abundance. Well
established sampling methods have been developgbd Metherlands to assess the abundance of
most invertebrate taxa in distribution systems, amgo-year survey has confirmed the wide
abundance of invertebrates (van Lieverloo et @420However, studies on the controlling
parameters for the distribution of invertebratesudihscale distribution systems are still lackirg.
order to obtain and distribute biostable drinkinatev, biostable materials are needed (van der
Kooij et al. 1999) and it has therefore been suggkthat pipe material may influence the
occurrence of invertebrates (van Lieverloo et @02). This hypothesis has not been tested on a full
scale distribution system, nor has the correlatiogedimentation in the pipes and turbidity of the
water. Van Lieverloo et al. (2002) suggest thattiplitation of invertebrates in distribution
systems depends on the presence of biofilms anoheatland it is known that keeping the pipes
clean by e.g. flushing diminishes the amount oénebrates in the system (Levy 1990, van
Lieverloo et al. 1998). The water consumption ire@sk has dropped approximately 40 % since
1990 with a similar tendency nationwide, which emndes the risk of high sedimentation rates in
water pipes constructed for higher flows.

The water louseAsellus aquaticuyss present in water distribution systems globally
(Australian Government 2004, Gauthier et al. 199y 1999), which often causes consumer
complaints (Walker 1983 and pers. obs.) due tsizts, which makes it visible to the naked eye.
Another nuisance is discoloration of the waterh®yfaeces of. aquaticugpellets). A survey from
the Netherlands showed that thoughaquaticusvas not the most abundant of invertebrates
present in water distribution systems, most ofitivertebrate biomass (86%) was formedty

aquaticus(van Lieverloo 1998).
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The aims of this study were, a) to implement meshtodexamine the distribution of
invertebrates in a drinking water system with spleemphasis oA. aquaticusb) to investigate the
spatial distribution ofA. aquaticusn different pressure zones and c) to identifytdexinfluencing
or being influenced by the presencefofaquaticuswith special emphasis on pipe materials,

sedimentation, turbidity and microbial water qualit

2. Material and methods

2.1. Locations

The investigated water supply system in Odenseniaek supplies approximately 150,000 people,
via a distribution system with 1,000 km of pipesl @ntotal pipe volume of 40,000°nThe supply
company distributes slightly more than 10 millioA per year with an average flow velocity in the
pipes of 0-0.5 m/s. Hence the average resideneeisinwo days but varies from 1 to 14 days. The
majority of pipes are PVC pipes (46%) or PE/PEMepiB83%), while 20 % of the pipes are
concrete, asbestos cement or ductile iron pipelsléTH. The remaining cast iron pipes (1 %) are
currently being replaced by plastic pipes. The Buppstem is divided into 11 pressure zones of
which zones 1-8 were sampled. Although connecltexdptessure varies in the different zones,
which are separated by centrifugal pumps. The supgtiwork is constructed after a finger
principle, which means that it is branched andaharidirectional flow, hence terminating at the
consumers. The transmission network on the othed leadesigned as a ring system in order to
obtain security of supply. The raw water is growater treated only by aeration/stripping and
biological rapid sand filtration, and distributedtivout the use of chlorination. Main water quality

parameters are presented in Table 2.

2.2. Sampling from pipes and in clean water tanks
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Water samples from pipes were collected by flusifiom above ground fire hydrants. Before each
sampling, the part of the hydrant above the wainwas flushed with tap water to remove
terrestrial animals living in the water free pdrttee hydrant. Clean water (10-20 L) was poured
into the hydrant and pumped out through a draivadee with a manual pump. For sampling a
flowmeter and a fire hose were attached to thedntdand the water was flushed directly into
transparent single-use plastic bags in*Icontainers. The flowmeter was cleansed after each
sampling and a fresh pre-rinsed fire hose was asedch site. No water was discharged by pre-
flushing in order to be able to detect invertelsatdabiting dead ends by the hydrants.

At each site samples were obtained by flushing® Anmaximum obtainable flow
(turbulent flow). The sampled volume was measuesdiime unit in order to calculate the flow
velocity, and the Reynolds numbers were reportathfies were obtained from 31 locations. To
avoid public interest, filtration on the streetlz sampling point was not used but all samplegwer
transported to the waterworks and slowly filter&dlQ L/min) successively through two nets with
mesh sizes of 500 and 100 um. To avoid contamimdtin one sample to another the nets were
cleansed with tap water at high flow.

Reproducibility was investigated at three locatiat®ere sampling was repeated one
or two times with varying time intervals (Table 3).
Three water tanks: one 700 olean water tank of a waterworks and two elevéaalis (elevated
tank 1 containing 36,000and elevated tank 2 containing 6,00%) mere emptied and the floors
were carefully inspected. In the elevated tanilrahdom samples (each covering 0.3% were
taken on the floor in half of the tank. In the athalf of the tank the flush channel (36)rin the
length of the tank was sampled by sucking up theals with 10 ml pipettes.

Asellus aquaticus/as easily visible in the 500 pm net samples,evhib ml sediment per

sample from 100 pm net samples and samples fromm elater tanks were examined by stereo
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microscopy with a Protec digital camera (16x11.8804.0 magnification). Invertebrates were
identified, counted and measured (head to tail).

In order to investigate whether the occurrenceneéitebrates in the drinking water
supply was nationwide, additional samples wererntdkam four large Danish water supply systems
during March - December 2009. Three times threegpseswere obtained from cast iron pipes
(Aarhus Water Ltd, Aalborg Supply, Water Ltd andEFROR Water Ltd) by flushing and one

sample was collected by visual inspection in antgrafevated tank (Copenhagen Energy Ltd).

2.3. Validation of sampling from pipes

Prior to the main sampling rounds, sampling efficiewas studied at varying flow velocities, with
swabbing applied, with cut out pieces of pipes ftrdtion with various mesh sizes. Up to three
samples were taken at low laminar flow (Reynoldsibers < 2,100) as well as up to three samples
at maximum obtainable flow (turbulent flow, Reym®ldumbers > 2,100) at each locality. After
sampling, 150 meters of plastic pipe were swabhiéuavfoam sponge and finally two meters of
pipe were cut out for visual inspection. Swabbiragswot possible in cast iron pipes due to scaling
but two meters of pipe were cut out for visual exspn. Four mesh sizes were tested for filtration

of the water samples (500, 100, 20 and 10 pm).

2.4. Analyses

Bacterial analyses Biofilm samples were collected from the innergogurfaces of the cut out pipe
pieces by scraping of biofilm from 10 émwith a cotton bud. Three scrapes were taken fiwn t
plastic pipe (one before and two after swabbindpaisponge). Three samples were taken from two
pieces of one meter cast iron pipes (one from tige @ne from the middle and one from a vent).

Each cotton bud was kept cold in 10 ml sterile watsil 50 pl of the suspension was spread on
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R-A and 1 ml was spread on yeast extract agar phates 24 hours and incubated 14 days at 20°
C and 22° C. Regular bacterial control measurent@ntsPC (heterotrophic plate counts on yeast
extract agar) at 22° C and 37° C as well as Ct®len the supply system were conducted by
Eurofins. Sediment samples from the 36,00Gtavated tank 1 were investigated for bacterial
numbers by BA colony count 20° C, yeast colony count 22° C ard5Asellus aquaticuper

sample at randomly chosen samplings were crushiiadawnortar and analysed fascherichia coli
and other coliform bacteria by Colilert®. ATP measuents on the sediment were conducted on an
Advance Coupe (Celsis, Landgraaf, The Netherlamit)a Celsis Kit.

Iron and Manganese:Sediment from the elevated tank 1 was analysedditent of iron and
manganese by absorption flame spectrometry aftdrdigestion with 14M HN®@and filtration
(DS259 2003).

Turbidity: After settling for a minimum of two hours, 5 lites§ sample were transferred to a
plastic container. Following 5 sec. of shakingbtdity was measured in triplicates on a Hach
2100N Laboratory Turbidimeter. Repeated measuresneete made on all samples when only 200
L of water sample remained in the £ container. Turbidity readings on the initial wategre in
accordance with the repeated measurements.

Sediment volume Sediment remaining in the 100 and 500 pm fileard sediment scraped from
the 1 nfi plastic bags were stored in glass bottles. Akeliraentation for a minimum of seven days,

the total sediment volume of all three fractionswaeasured.

Statistical analyses were performed using R soéBrDevelopment Core Team 2010).

3. Results and discussion

3.1. Validation of sampling methodology
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Sampling at different flow rates revealed that anigroscopic invertebrates and oligochaete
worms were flushed out at laminar flow (Reynoldsniers < 2,100). Highly turbulent flow
(Reynolds numbers >25,000) was necessary to flusAsellus aquaticusVhen a pipe was
swabbed with a sponge following sampling, it waseded that even after flushing at highly
turbulent flow bothA. aquaticusand microscopic invertebrates were still preseihé pipes. In a
previous study with flushing at 1.0 m/s, the remi@fficiencies of different invertebrate groups
varied between 30 % and 75 % assuming a completeviad by extensive cleaning (high velocity
flushing and swabbing with 3 consecutive swab®raampling. Mains couplings though, proved
to be hide-outs foA. aquaticusout of reach for practical sampling methods (vaeverloo et al.
2004). In the present study additional invertelsratere not found in the cut out piece of plastic
pipe nor in the cast iron pipe but this may be wune time consuming process of cutting the pipes
during which the animals may escape.

In studies operating with fixed flows (e.g. van\géoo et al. 2004), the sampling procedure is only
applicable on pipes within a certain interval gigodiameters since flow velocities depend on the
main diameters. In this study pipes with diameten 63 to 500 mm were sampled. In order to
apply the method to all pipe sizes a novel apprasohg Reynolds numbers was adopted, which
allows for expressing the actual turbulence thattivertebrates experience while the pipes are
being flushed.

The 10 um mesh clogged instantly, and the 20 punhmesclogged frequently and were only used
in the methodology studies. Van Lieverloo et abl02) found that 100 um nets retained 53 — 100 %
of the taxa with copepod larvae and nematodes libgardest to retain. A 20 um mesh could be
used to obtain greater accuracy on the quantifinain microinvertebrates but for the purpose of
this study, processing of more samples was favaxédr implementation of the methodology, all

subsequent sampling was done at maximum obtaiflalle Sampling size of 1 fwas chosen as
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the standard sample size due to prioritisatiomefguantity of sampling localities, though this
volume is most likely to be too small to identifly positive samples. This is in accordance with a 2
year survey in the Netherlands, where a samplenwelof 1 ni was recommended due to
applicability (van Lieverloo et al. 2004). The Iditration rate of 5-10 L/min minimised injuring
the invertebrates but damage during sampling meydtto an underestimation of the number of
samples containing living. aquaticus

Random sampling in the first half of the 36,000atevated tank 1 yielded only oAe
aquaticusin total from 20 random samples covering a totahaf 7 M. A. aquaticusvas not
randomly distributed on the floor of the tank batlgered in remaining pools of water. In the second
half of the tank >20@\.. aquaticusvere sampled from an area of 3@imthe flush channel cutting
transversely through the tank with remaining waiée optimal sampling method in tanks was
inspection of the entire floor, which was donetia 700 mi and the 6,000 frtanks. When size does
not allow this method samples should be collecteahfflush channels and similar low lying areas

with water remaining.

3.2. Reproducibility of flushing pipes

Three locations were sampled two or three timebI€ra). At site 1, nésellus aquaticusvas

found during the first sampling, though 3 mere flushed out at highly turbulent flow (Reyr®Id
number: 100,000, flow: 1.1 m/s). Microscopy of theshed out sediment revealed a high number of
A. aquaticugellets. When sampling at the same site approeiynane year later, twA. aquaticus
were caught in 1 frof flushed out water, which indicates tataquaticusvas present or had been
present recently at site 1 during the first sangpéind that the population size remained low over
time. At the sites 9 and 1B, aquaticusvere caught at all samplings at higher as welbagr

numbers per fithan at the previous sampling. At a sampling cetetliless than two months after

1C



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

the first sampling at site 9 the caught numbek cdiquaticusvas raised from 9/frto 16/n¥, hence
there was no indication &. aquaticuseing removed from the location on a long termesby

sampling at maximum obtainable flow (Reynolds nundie34,000).

3.3. Occurrence of invertebrates in pipes and cleater tanks

Invertebrates within the phyla: arthropoda, anme(idorms) and plathyhelminthes (flatworms)
were found in the drinking water distribution systé-ig. 1). The observed invertebrates are all
commonly found in drinking water distribution syste (Evins 2004, van Lieverloo et al. 2002). A
land slug was observed on the wall of a clean watet. The water lousésellus aquaticysvas
found at 55 % of the investigated sampling powtsje 94 % of the samples contained animals
when microscopic invertebrates (< 2 mm) and anaekidre included. The highest concentrations
of microinvertebrates observed were 9000 specim@rﬁﬂmple with an average of 800
specimens/thsample. Levels of 0-959 invertebratedimdrinking water leaving the water works
were measured in a German groundwater based s(ipgl$W 1997). The concentration 8f
aquaticusin the positive samples varied between 1 and &4isfens/mwith an average of 4/n
This is slightly higher than observed in the Gerrsarvey, where 1-18. aquaticugm® with an
average of 2/fhwere observed. Compared to observations decadeh@se concentrations are
relatively low, e.g. another survey from Germarnyoms concentrations &. aquaticusof 5-30
specimens/fh(Schwarz et al. 1966).

A. aquaticusvaried in size from 2 to 9 mm, which is small cared toA. aquaticus
from fresh water ponds, which can reach 20 rAmaquaticussampled in this study were brown
with small eyes (Fig. 1). Characterisficaquaticugpellets (DVGW 1997, Walker 1983) were
observed in many sediment samples (Fig. 2) andddmiused as an indication of the presenck of

aquaticuspopulations.
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The highest occurrence Af aquaticusdn the clean water tanks was found in the
36,000 i elevated tank 1. The averagefofaquaticusn the flush channel in half the tank was
7/n?. In the elevated tank 2 of 6,006,ran equivalent of 0.A. aquaticusn® was found on the
floor of the tankA. aquaticusannelida and microinvertebrates were found it leédvated tanks
but not in the clean water tank of the waterwoseks]j the water supply company had never
observedA. aquaticusor their trails (Fig. 2) during previous controisclean water tanks of any
waterworks. In a German drinking water supply systpartially supplied by ground wate,
aquaticuswas also found in 50 % of the samples from th&iligion system, while né.
aquaticuscould be found at the waterworks (DVGW 1997).

Both of the investigated elevated tanks containkyer of fine grained sediment.
There was no sediment in the 708 ctean water tank at the waterworks and the badteri
concentration in the water in this tank was 23 GRlUWater (HPC 22° C). The sediment from the
elevated tank 1 had a high content of iron (5 nwgggweight), manganese (1 mg/g wet weight) and
bacteria (76,000 +/- 2,700 pg ATP/ml wet sedimerat 440,000 CFU/ml wet sediment by HPC 22°
C. ATP measures of water leaving the two elevade#is before and after the periods of sampling
were low, varying between 1 and 6 pg ATP/ml (Cadit and Albrechtsen 2010).

Samples taken from four additional large Danislridhistion companies, nationwide,
showed the presence of invertebrates in all ingattd systemd\. aquaticusvas found in three of

four systems.

3.4. Distribution between pressure zones
Pressure zone 1 with the elevated tank 1 contdaimecdhajority of the caugisellus aquaticu68
% positive samples in zone 1, Fig. 3), while miowartebrates were present in all parts of the

investigated distribution system (94 % positive pkes) (Fig. 4). Pressure zone 2 with the elevated

12
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tank 2 had a fewh. aquaticugositive samples, with only one livig aquaticusand only an
average of 1 specimen per positive sampleANaquaticusvere caught in the remaining zones;
zone 3 — zone 8 (Fig. 3).

Samples from 1988-89 covering the same area shawedilar distribution pattern:
46 % of the samples in zone 1 were positivA.chquaticusvhile only 5 % of the samples in zones
2 - 8 were positive and only containing déadaquaticugFig. 3). Hence, the distribution of living
and dead?. aquaticusn the samples from 2008-09 was consistent wighstimples from 1988-89
(p = 1.000, Fisher’'s exact probability test for 2aBles). This indicates that the populations are
quite stable once established or that newly entgpedimens have similar habitat preferences as
prior populations. Previous studies conclude thatastablishment of breeding populations are
responsible for the greatest number of invertebratelistribution systems (Evins 2004). DVGW
(1997) pointed at a pipe leakage 30 years pritliéanvestigations as the way of entry for
aguaticus and Small and Graves (1968) identified specieireral distribution systems in the
1960s that according to Evins (2004) had not beearded from natural water since the 1920s.

The repeated samplings (Table 3) showed that therence ofA. aquaticusvas
independent on the season of the year. In natur@quaticudreed between February and October
(Gledhill et al. 1993), while this was not the caséhe investigated drinking water distribution
system since we found juvenite aquaticusall year roundA. aquaticugs known to adapt to
changing environments over a small spatiotempaaegHargeby et al. 2004). Our observations
showed that populations in the drinking water systeere able to increase their life span since
natural populations in northern Europe are recoedfé span of up to 1 year (Gledhill et al. 1993)
while theA. aquaticuscollected in this study survived in culture (10°darkness, on sediment

collected from water pipes and on maple leavesyjoto 2% years.
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Zone 1 contained above 70 % of the cast iron papdise system (Table 2) and was
furthermore the earliest constructed zone (staitirtge 19" century), which would provide plenty
of time for the populations to establish. Zone @tamed the remaining cast iron pipes (Table 2). It
is likely thatA. aquaticusover time has entered the distribution systentheiozones than zone 1
and 2 but have not been able to establish breguipglations. Since zone 1 hosted a larger
percentage of both cast iron pipes &ndquaticughan zone 2, pipe material may have the greatest
impact on the distribution d&. aquaticusPrevious literature states that a speciesAikequaticus
is recruited into the system infrequently and iraBmumbers but reach high numbers by successful
establishment and breeding (Smalls and Greaves).18t8rnatively, the elevated tanks in zone 1
and 2 may have functioned as sourcesoaquaticusbut since the 36,000%elevated tank 1 has
been emptied, chlorinated and hosed down one yeartp sampling breeding populations may
also exist in the pipes. The presence of both jlemd aduliA. aquaticug2-9 mm) in tanks as
well as in pipes supports the presence of bregupglations in both systems. Finally, a factor
which could inhibit migration between zones wasdaaetrifugal pumps, which separated the zones,
and may have functioned as physical barriers By@gilarger invertebrates with the fast rotating

blades.

3.5. Sedimentation

The availability of food plays a great part in tiglity of Asellus aquaticuso survive and establish
breeding populations. The number of liviAgaguaticusvas not directly correlated to the sediment
volume in the samples (Pearson’s test for cormigtihowever the vast majority of samples with
living A. aguaticuscontained a substantial volume of sediment (tylyicaore than 100 ml

sediment/m sample) (Fig. 5).
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All samples were collected at highly turbulent flo{Reynolds numbers > 24,000). At
these velocities, sediment volume was not corréleddlushing flow velocities or Reynolds
numbers (R-values below 0.22), hence the correldt@ween sediment volume afddaquaticus
positive samples cannot be explained by highehoa¢nit rates due to more efficient flushing.
Regular flushing of pipe systems can reduce theroence ofA. aquaticugvan Lieverloo et al.
1998) but, to our knowledge, no quantitative catiehs have been made before. Repeated
sampling at three localities showed that sedimehtrae varied from sampling to sampling and
neither the sediment nér. aquaticusvere eliminated by sampling at maximum obtainélohe
(Table 3). Flushing larger water volumes than®latrmaximum obtainable flow may reduce the
sediment to values below the threshold of approtéiga 00 ml sediment/frsample, where living

A. aquaticusvas found to occur, and hence reduce their occcere

3.6. Pipe materials

To investigate the importance of pipe materialscavmpared samples from cast iron and plastic
pipes in zone 1. Although present in both pipe $ygignificantly more samples from cast iron pipes
than from plastic pipes containédellus aquaticu§100 % positive samples versus 45 % positive
samples) (p = 0.018, Fisher’s exact probability fess2x2 tables) (Fig. 6). Five samples were taken
at localities within a 300 m radius with the saroarse of water supplying all five points. Three of
the sampled pipes were plastic pipes and the rémggiwo were cast iron pipes. Only the cast iron
pipes contained. aquaticusThis indicates that cast iron pipes provide arirenment suitable for
breeding populations &. aquaticuswvhile A. aquaticusaught from plastic pipes are mainly single
living specimens or dead specimens, which may baeas transported passively through by the
water flow. The average concentrationfofaquaticusvas also higher in cast iron pipes (6

specimens/f) than in plastic pipes (1.6 specimef)rp = 0.037, Mann-Whitney U-test) (Fig. 6).
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342 There was no difference between the median valu¢heamean value of sedimenf/m
343 sample in cast iron and plastic pipes on a 5 % lefveignificance (Mann-Whitney U-test and a t-
344 test with log transformation of the data), henadamount of sediment was similar in the two pipe
345 types. High sediment volumes (>100 ml sedimefhs@mmple) were obtained from plastic pipes in
346 45 % of the samples but only 40 % of the fractiothwigh sediment volumes containad

347 aquaticus Therefore the pipe type itself had a large inflte2on the occurrence Af aguaticus
348 which was not just caused by one pipe type accuinglanore sediment than the other.

349 There may be several factors involved in making icas pipes a preferable habitat #r

350 aquaticus They provided many hiding places due to corrosind scaling. More food, e.g. from
351 iron-oxidising and nitrite-oxidising bacteria mag &vailable in cast iron pipes (Martiny et al.
352 2005). Finally, the cast iron pipes were old pifigsto 90 years) providing an undisturbed

353 environment. Since all cast iron pipes were moa® 2 years old at the time of sampling, there
354 was no basis for studying the effects of pipe dgmast iron pipes. For plastic pipes, the samples
355 taken in 2008-09 containing. aquaticus wex all but one from pipes older than 32 years. &1 th
356 1988-89 samples all. aquaticus pasve samples were from pipes, which were 17-19yedd at
357 the time of sampling. The common characteristiche$e positive samples were that the pipes
358 originated from around 1970. Hence, it may merelydbe to factors correlated to the specific
359 period of the construction of the system in 197%htthe pipe age itself.

360

361 3.7. Turbidity

362 The abundance dfsellus aquaticugid not correlate with turbidity. This was probabkcause
363 high turbidity values were often measured due doir@n or black manganese colloidal particles,

364 which did not sediment in spite of days of settlaighe samples. Hence, since turbidity does not
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365 simply reflect the amount of sediment, turbiditynoat be used for prediction of the presencé.of
366 aquaticus

367

368 3.8. Microbial water quality

369 Over the two years of sampling heterotrophic ptatents (HPC 37° C) did not exceed 5 CFU/ml at
370 any control measurement at the sampling pointghieivere anyscherichia colior other

371 coliform bacteria detected at any sampling locatioin the analyses of crush@dellus aquaticus
372 This is contrary to land slugs intruding clean waseks, which have been observed to cause
373 measurable concentrations of coliform bacteria @itiphed results).

374 Scrapes from biofilm (not sediment) in the cut pieices of pipes showed low levels of
375 heterotrophic bacteria (below an average of 190 /€f€) HPC 22° C) in cast iron as well as

376 plastic pipes. At 80 % of the sampling locatiorsgterial numbers measured prior to and after
377 sampling did not exceed 10 CFU/mI (HPC 22° C). Diamish guideline value of 200 CFU/ml

378 (HPC 22° C for water at the consumers tap) wasese@ at two locations. The two exceedings
379 were measured after sampling at the two sites, evbiges had been cut out and were most likely
380 generated by the pipe work. Bacterial concentrationreased from 3 CFU/ml before sampling to
381 210 CFU/ml after sampling, and from 4 CFU/ml befsaepling to 220 CFU/ml after sampling.
382 There was no correlation between the distributioAsellus aquaticuand heterotrophic bacteria
383 based on the regular control measurements anditlmebial quality of the water in the distribution
384 system was good in the investigated zones ovemtbgears of sampling, including locations

385 whereA. aquaticusvas caught repeatedly.

386

387 4. Conclusions
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In conclusion, this first investigation of invertabe occurrence in a Danish drinking water

distribution system showed that:

Flushing at highly turbulent flow (Reynolds humber24,000) and preferably swabbing
was necessary to sampieellus aquaticuom drinking water pipes, but swabbing injured
the animals

Juvenile and adult invertebrates @quaticusor microinvertebrates) were present in 94 %
of the samples, both in the distribution systemipes and in the clean water tanks
Microinvertebrates were present in all parts ofdfstribution system, while the occurrence
of A. aquaticusvas influenced by the location in the distributgystem (percentage of cast
iron pipes, separation by centrifugal pumps)

Data from 1988-89 samples showed that the distabygattern ofA. aquaticushad not
changed considerably over 20 years.

Microinvertebrates were present in cast iron a$ ageplastic pipes

A. aquaticusvas present mainly in cast iron pipes and in higleacentrations than in
plastic pipes

The number of livingA. aquaticusn the samples was not directly correlated torsedt
volume in samples but the vast majority of samgilas were positive with livind\.
aquaticuscontained a substantial volume of sediment (apprately 100 ml sediment/fn
sample)

The microbial quality of the investigated drinkimgter distribution system was high and

without correlation to the presenceAfaquaticus

Perspective
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Despite various attempts over time, total removaheertebrates from drinking water supply
systems have shown close to impossible. A greainge to consumers is caused by larger animals
like Asellus aquaticusThe knowledge obtained from this study can bdieghpo control the

presence oA. aquaticusy replacing cast iron pipes with plastic pipeaieas with high
concentrations of\. aquaticus Sediment threshold values in supply system caisbd to

determine a feasible level of cleaning of the pipesrder to controA. aquaticugpopulations.

Acknowledgements

We greatly acknowledge VCS Denmark Ltd and the bvidaterTechnology Graduate School for
co-funding the project. Special thanks to all imeal people at VCS Denmark Ltd for being part of
carrying out the project. We greatly acknowledge amonymous reviewers for constructive
comments on the manuscript. Thanks to Arnaud Deehdeter Wieberg Larsen and Henrik Spliid
for sharing their knowledge and to Copenhagen Bnktd, Aarhus Water Ltd, Aalborg Supply,
Water Ltd and TRE-FOR Water Ltd for allowing ussample from their supply systems. Thanks to
Walter Brisch (GEUS) for interesting field tripgsheth Brusendorff is acknowledged for her
assistance on graphics. Thanks to Susanne Krusklama Refstrup for help in the lab and finally

thanks to Charlotte B. Corfitzen and Oluva K. Vdagfruitful discussions and support in the lab.

References

Australian Government (2004) Australian drinkingt@raguidelines 6, National Water Quality Managenf&nategy,
chap. 5

Bichai, F., Barbeau, B. and Payment, P. (2009)eRtion against UV disinfection &. coli bacteria and. subtilis
spores ingested by. elegansiematodesWater Res43, 3397-3406.

Corfitzen, C.B. and Albrechtsen, H.-J. (2010) Mlmadogical investigations of the effects of UV tteeent in the
supply system of Water Center South, phase 2. @nidh: Mikrobiologiske undersggelser af effekte®fbelysning
i VandCenter Syds ledningsnet, fase 2). DTU Envitent, Technical University of Denmark

DVGW (1997) Animals in water supply systems (in @an: Tierische Organismen in Wasserversorgungsamjag
DVGW Regelwerk, Technische Mitteilung, Hinweis W127

DS (2003) Determination of metals in water, sludgd sediments - General guidelines for deternundty atomic
absorption spectrophotometry in flame. Danish StahdDS 259, %' ver.

Evins, C. (2004) Small animals in drinking watestdbution systems. I8afe piped water: managing microbial water
quality in piped distribution systemi@&/orld Health Organization, IWA Publishing, Londdi©1-120.

19



443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

Gautheir, V., Gérard, B., Portal, J.-M., BlockCl.and Gatel, D. (1999) Orgnic matter as loose siépm a drinking
water distribution systenWater Res33, 1014-1026.

Gledhill, T., Sutcliffe, D.W. and Williams, W.D. gB3)British Freshwater Crustacea Malacostraca: A keyhwi
ecological notesFreshwater Biological Association, Scientific Redtion no. 52, 173 pp.

Gray, N.F. (1999) Water Technology an introducfionscientists and engineers. Elsevier, 548 pp.

Hargeby, A., Johansson, J. and Ahnesj6, J. (260)itat specific pigmentation in a freshwater isshpoadaptive
evolution over a small spatiotemporal sc&eolution.58, 81-94.

Levy, R.V., Cheetham, R.D., Davis, J., Winer, Gd &tart, F.L. (1984) Novel method for studying theblic health
significance of macroinvertebrates occurring ingde waterAppl. Environ. Microbiol 47, 889-894.

Levy, R.V. (1990) Invertebrates and associateddsicin drinking water distribution lines. Drinking water
microbiology McFeters, G.A. (ed.) Springer-Verlag, 224 — 238.

Martiny, A. C., Albrechtsen, H.-J., Arvin, E. andolh, S. (2005) Identification of bacteria in bilofi and bulk water
samples from a non-chlorinated model drinking watstribution system: Detection of a large nitriteidizing
population associated witkitrospira spp.Appl. Environ. Microbiol 71,8611-8617

Martiny, A. C., Jgrgensen, T. M, Albrechtsen, H.Alvin, E. and Molin, S. (2003) Long-term successof structure
and diversity of a biofilm formed in a model dringiwater distribution system\ppl. Environ. Microbial 69 (11),
6899-6907.

R Development Core Team (2010). R: A language and@ment for statistical computing. R Foundation
Statistical Computing, Vienna, Austria. ISBN 3-96@607-0, URL http://www.R-project.org/.

SchallenbergM., Bremer, P.J., Henkel, S., Launhardt, A. andrBuC.W. (20055urvival of Campylobacter jejunin
Water: Effect of Grazing by the Freshwater Crusaaé@aphnia carinata(Cladocera).Appl. Environ. Microbial 71
(9), 5085-5088.

Schwarz, H., Kucera, R., Klapper, H., Kramer, W &uthuster, W. 1966. Erfahrungen bei der Bek&dmpfiomgAsellus
aquaticusin den Wasserversorgungsanlagen der Stadt Maggldbantschritte der Wasserchemie und ihrer
Grenzgebieted, 96-127 (in German).

Smalls, I.C. and Greaves, G.F. (1968) A surveynafnals in distribution system$®Vater treatment and examination
17, 150-186.

van der Kooij, D., van Lieverloo, J.H.M., SchellaltA. and Hiemstra, P. (1999) Distributing drinkkivater without
disinfectant: highest achievement or height ofyfdll Water SRT — Aqud8, 31-37.

van Lieverloo, J.H.M., Bosbhoom, D.W., Bakker, G Brpuwer, A.J., Voogt, R. and De Roos, J.E.M. (208dmpling
and quantifying invertebrates from drinking watestdbution mainsWater Res38, 1101-1112.

van Lieverloo, J.H.M., van der Kooij, D., Hoogenkem, W. (2002) Invertebratesid protozoans (free-living) in
drinking water distribution systemk: Encyclopedia of environmental microbiolo@jtton, G. (ed.) New York:
Wiley, 1718-33.

van Lieverloo, J.H.M., van Buuren, R., Veenend@aland van der Kooij, D. (1998) Controlling inwelstates in
distribution systems with zero or low disinfectassidual Water Suppl16. 199-204.

Walker, A.P. (1983) The microscopy of consumer clammgs.J. Inst. Water Eng. Sc87, 200-214.

2C



484  Table 1. Characteristics and number of sampling sits in the various distribution zones

Zone Area Pipes Resident pop. Revenue Pipe material [%] Samples taken #
[km?] [km] # water [m?] Plastic  Castiron Other Plastic Cast iron
1 78 463 93,567 5,971,911 74 2 24 11 8
2 78 383 54,467 2,871,174 81 1 18 5 2
3 23 43 1,624 83,474 99 0 1 1 0
5 16 22 1,557 79,535 96 0 4 1 0
6 7 8 281 11,040 93 0 7 1 0
7 4 12 1,805 84,525 100 0 0 1 0
8 2 5 208 9,616 100 0 0 1 0
Total 208 936 153,509 9,111,275 79.2 14 194 21 10
485
486
487  Table 2. Main water quality parameters of the supp} system in Odense, Denmark
Water quality paramett  Measured values in Oder Danish guideline valut
Oxygen 9.0-9.3 mg/l Min. 5 mgl/l
NVOC 1.3-2.0 mg/l Max. 4 mg/l
Temperature 5-16°C Max. 12°C (recommended)
Conductivity 57-79 mS/m Min. 30 mS/m (recommended)
Total hardness 14-21 H degrees 5-30 H degreesn(reeaded)
pH 7.4-7.6 7.0-8.5
Iron <0.01-0.02 mgl/l Max. 0.1 mg/I
Manganese <0.005 mgl/l Max. 0.02 mg/l
Ammonium <0.01-0.06 mgl/l Max. 0.05 mg/l
488
489 Table 3. Repeated samplings
%’ 1®sampling  2°sampling % sampling
I
8 (92] o (s2] S ™ S
= e £ E tE e £E
Q@ h] 0= B 0= v o=
= a 2 EE 2 EE& 2 £E
= 2 5 %5 % Ts 3 B3
() ()] < n > < n > < o>
1 07.01.08 +24.03.0¢ 0 18C 2 20C - -
9 23.10.08 + 15.12.08 10.06.0¢ 9 5 16 6C 5 2C
15 15.12.08 + 16.03.( 9 17C 3 30C -
490
491
492
493
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Figure 1. A) Adult and juvenile Asellus aquaticus (Malacostraca) B)Seed schrimp (OstracodaC) Flatworm
(Turbellaria) D) Land slug from a clean water tankE) Cyclops sp. (Maxillopoda) F) Tubifex sp. (Clitellata) G)
Springtail (Entognatha. Photos: S.C.B. Christensel

Figure 2. Traces ofAsellus aquaticus. A) Trails on sediment in empty elevated tank. Bpellets (faeces). Tr
characteristic transverse fissure is seen on somelfets. Photos: S.C.B. Christense

Figure 3. Distribution of Asellus aquaticus in pressure zones 1-8. Ae distribution of living and dead A. aquaticus
in the samples from 2008-0%vas consister with the samples from 1988-89 (p = 1.006jsher’s exact probability
test for 2x2 tables) The elevated water tanks in zones 1 and 2 cont&dA. aquaticus, while none was observed il
the clean water tank in zone 8. LivingA. aquaticus were observed in zoe 1 covering a wide aria while livincA.
aguaticusin zone 2 was found at only one sampling locatioMo A. aquaticus was observed in zones-8. Numbers
refer to sampling locations.

Figure 4. Samples containing imertebrates in distribution zone 1 and dstribution zones 2-8.

Figure 5. Numbers of livingAsellus aquaticus and the connection to sediment volumper sample Pointed bars
show values above 2500 ml sediment above twoA. aquaticusm®sample. The proportion ofA. aquaticus in
samples containing >100 ml sediment/frsample (53%) was significantly higher than in samgs containing <10(
ml sediment/n? sample (10%) (p = 0.08, Fisher's exact probability test for 2x2 tables).”

Figure 6. The distribution of samples with living Asellus aquaticus and deadA. aquaticus from 8 cast iron pipes
and 11 plastic pipes from zone 1A. aquaticus was present in a significantly higher numbeiof samplesfrom cast
iron pipesthan plastic pipes (100 % positive samples versus 44 positive sample) (p= 0.018, Fisher’s exac
probability test for 2x2 tables). There was a sigfiicantly higher concentration of A. aquaticusin cast iron pipes
6.0/nT than in plastic pipes 1.6/m (p = 0.037, Manr-Whitney U-test).

Replicate samplings are removed. Deall. aquaticus may be present in samples with living\. aquaticus.
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533 Supplementary material
534
535 sampling data, invertebrate concentrations and baetrial values
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22eri 16.03.09 1 Cl 81 80 5.03 0.5050 39789 1500 31 2 0 1 2 1 <kl <1 <1
32dal 10.06.09 2 Cl 80 200 314 0.3590 108461 5000 50 O 0 10 <1 1 <1l <x1
17 hav 15.12.08 1 (¢]] 79 100 7.85 1.0600 106103 90 15 1 13 0 <1<1 <1 <1 <1 <«
21gst 16.03.09 1 Cl 76 100 7.85 0.5240 50930 500 58 4 1 1 2 1 <kl <1 <1
35mgl 10.06.09 1 Cl 73 150 17.7  0.2250 35368 50 68 0 1 5 8 <1 <kl <1 <1
9 hav 23.10.08 1 Cl 72 100 7.85 0.7340 72150 5 40 O 9 0 <1<1 <1 <1 <1 <«
9rep 05.12.08 1 Cl 72 100 7.85 0.8800 84883 60 23 0 16 O <11 <1 <1 <1 <«
9 rep 10.06.09 1 (¢]] 72 100 7.85 0.8800 84883 20 16 0 5 05 3 5 <kl <1 <1
25 hed 16.03.09 1 Cl 71 100 7.85 0.5250 53052 500 86 1 5 1 1 3 <1 <1 <1
27mar 16.03.09 2 Cl 70 150 17.7 0.5830 74980 <10 25 O 1 2 4 4 2 <1 <kl
4 got 25.06.08 1 Cl 67 100 7.85 0,6810 66000 4000 16 3 0 0 3 210 <kl <1 <1
15 vis 15.12.08 1 Cl 63 100 7.85 1.1B50 116714 170 23 9 0 0 9 <1 <kl <1 <1
15 rep 16.03.09 1 Cl 63 100 7.85 0.5270 57296 300 13 0 3 1 2 1 <kl <1 <1
23lari 16.03.09 1 PVC 52 100 7.85 0.7850 74272 10 5 1 2 1 2 1 <I<i <1 <1
5 roes 11.06.08 1 BON49 500 196 0.05 540 23000 <10 35 O 0 0 4 130 <1 <1 <1
14 brg 15.12.08 2 PVC 47 90 6.36  1.4850 129682 <50 97 0 0 5 18 40 <b <1 <1
10 kal 23.10.08 2 PVC 45 110 95 0.9920 100316 70 54 0 1 2 17 45 5 <1 <1 <1
33gat 10.06.09 1 PVC 43 110 95 1.0620 119607 Na Na O 1 Na 3 5 <kl <1 <1
34 hav 10.06.09 1 PVC 41 90 3.36 1.3620 122608 3000 90 O 0 15 8 <1 <kl <1 <«
1 dalt 07.01.08 1 PVC 40 90 6.36 1.1 420 99030 180 31 O 0 1 5 <« <1 3 <1l <1
1(rep) 24.03.09 1 PVC 40 90 6.36 0.89 340 80167 200 26 2 0 1 <1 4 5 2 <1l <1
7 spa 23.10.08 1 PVC 40 90 6.36 1.21 460 108461 30 39 0 1 1 27 20 3 <1 <1 <«
3 stef 11.06.08 1 PVC 39 110 95 1 570 110000 3000 18 1 1 3 4 220 <1 <1 <1 <«

13nev 15.12.08 8 PVC 34 90 6.36  0.7270 63662 40 4 0 0o 1 5 <1 4 <1 <1 <1
36 mik 10.06.09 2 PVC 33 90 6.36 147 560 132040 6100 60 1 0o 1 10 <1 1 <1 <1 <«
6 vaegt  23.10.08 PVC 32 90 6.36  1.3300 117893 440 84 O 0o 1 12 <1 1 <1 <1 <«
16 bir 15.12.08 PVC 29 90 6.36 2.1 800 188628 6013 O 0 3 4 10 <l1<1 <1 <1
2 sand 14.01.08 PEM 20 200 314 2 750 400000 34D 0 0 4 <1 <1 <l<1 <1 <«
24 chr 24.03.09 PEM 20 110 95 0.4250 48229 50 16 0 0o 1 2 1 <Ikl <1 <1
28 ejb 24.03.09 PE 20 110 95 0.7830 82953 10 1 © 0o 1 2 1 <Ikl <1 <1
30dyr  24.03.09 PVC 18 75 4.42  0.8230 65077 10 1720 0o 1 1 13 <11 <l <1
8 grst 23.10.08 PE 12 90 6.36  1.1450 106103 20 Na O 0o 1 <1 <1 <kl <1 <1
11 bir 231008 2 PE 10 63 312 289 540 181891 <10 26 O 1 1 1 10 <1 1 <l <1
3lbry 24.03.09 6 PE 9 90 6.36  0.3950 35368 10 10 O 0 O 13 19 <kl <1 <1
29geo 24.03.09 1 PE 8 90 6.36  1.1840 103745 150 17 O 0o 2 2 1 <kl <1 <1

kW R P g 9N

536 The samples are sorted primarily by pipe matenalsecondly by age. Cl: cast iron, BON: bonna (oete$ PVC: poly
537  vinyl chloride, PE: polyethylene, PEM; polyethylemedium density.
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