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Abstract Riverbank filtration systems
are important drinking water resources.
Aquifers of riverbank filtration systems
are subjected to considerable dynam-
ics concerning the quantity and quality
of the infiltrating water. The microbio-
logical quality is mainly jeopardized by
faecal contamination of the main river.
Besides, water quality can be impacted
by growth of natural water-borne bacte-
ria due to the input of nutrients result-
ing in the proliferation of opportunis-
tic pathogens, impairment of odour and
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taste or bio-corrosion. The occurrence
of such phenomena indicates a biologi-
cal instability. For highly dynamic river-
bank filtration systems, it is thus of high
relevance to assess the biological stabil-
ity of the groundwater resource.

In the present study, we applied
a holistic, two-tiered concept of in
situ and predictive methods to as-
sess the biostability of the aquifer in
a bank filtration system of the Danube
River. We applied traditional cultiva-
tion-based and selected cultivation-
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independent methods—including cul-
tivation on yeast extract and R2A agar,
determination of total cell counts via
fluorescence microscopy and flow cy-
tometry, leucine incorporation and 16S
rRNA gene amplicon sequencing—at
critical control points along the in-
filtration path from the river to the
abstraction well.

The concentration of organic nu-
trients and the hydrological variabil-
ity were the main controlling factors
driving the biological stability of the
groundwater body. Wells situated at
greater distance displayed significantly
lower dissolved organic carbon concen-
trations and a dampened hydrological
influence in comparison to the well
situated next to the river. Apparent dis-
crepancies between the methods used
indicated a different indicator func-
tion of the cultivation-based and cul-
tivation-independent approaches. For
complex systems, we thus recommend
this new holistic concept for assess-
ing biostability by combining in situ as
well as predictive parameters and us-
ing cultivation-based and cultivation-
independent methods.

Keywords Biostability · Bank filtration ·
Cultivation · Cultivation independent ·
Cell count · Flow cytometry · Bacterial
growth · High through-put sequencing

Bewertung der biologischen
Stabilität in einem
Grundwasserleiter eines
Flussuferfiltrationssystems:
Kombination traditioneller
kultivierungsbasierter und
aufkommender
kultivierungsunabhängiger In-
situ- und Vorhersagemethoden

Zusammenfassung Flussuferfiltrati-
onssysteme sind wichtige Trinkwas-
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serressourcen. Die Aquifere von Ufer-
filtrationssystemen sind einer erhebli-
chen Dynamik in Bezug auf die Menge
und Qualität des infiltrierenden Was-
sers unterworfen. Die mikrobiologische
Qualität wird hauptsächlich durch die
fäkale Verunreinigung des Hauptflus-
ses gefährdet. Darüber hinaus kann die
Wasserqualität durch das Wachstum
natürlicher wasserbürtiger Bakterien
aufgrund von Nährstoffeinträgen be-
einträchtigt werden, was zur Vermeh-
rung opportunistischer Krankheitserre-
ger, zur Beeinträchtigung von Geruch
und Geschmack oder zur Biokorrosi-
on führen kann. Das Auftreten solcher
Phänomene deutet auf eine biologische
Instabilität hin. Für hochdynamische
Uferfiltrationssysteme ist es daher von
großer Bedeutung, die biologische Sta-
bilität der Grundwasserressource zu
bewerten.

In der vorliegenden Studie wurde ein
ganzheitliches, zweistufiges Konzept
aus In-situ- und Vorhersage-Methoden
angewandt, um die biologische Stabi-
lität des Aquifers in einem Uferfiltrati-
onssystem der Donau zu bewerten. Wir
wendeten traditionelle kultivierungsba-
sierte und ausgewählte kultivierungsu-
nabhängige Methoden – einschließlich
Kultivierung auf Hefeextrakt und R2A-
Agar, Bestimmung der Gesamtzellzahl
mittels Fluoreszenzmikroskopie und
Durchflusszytometrie, Leucin-Inkor-
poration und 16S rRNA-Genamplikon-
Sequenzierung – an kritischen Kontroll-
punkten entlang des Infiltrationspfads
vom Fluss zum Entnahmebrunnen an.

Die Konzentration der organischen
Nährstoffe und die hydrologische Va-
riabilität waren die wichtigsten Ein-
flussfaktoren für die biologische Sta-
bilität des Grundwasserkörpers. Brun-
nen in größerer Entfernung wiesen
deutlich niedrigere Konzentrationen
an gelöstem organischem Kohlenstoff
und einen gedämpften hydrologischen
Einfluss im Vergleich zum Brunnen
in Flussnähe auf. Offensichtliche Dis-
krepanzen zwischen den verwendeten
Methoden deuten auf eine unterschied-
liche Indikatorfunktion der kultivie-
rungsbasierten und kultivierungsunab-
hängigen Ansätze hin. Für komplexe
Systeme empfehlen wir daher dieses
neue ganzheitliche Konzept zur Bewer-
tung der Biostabilität durch die Kom-
bination von In-situ- und Vorhersage-
Parametern und die Verwendung kulti-
vierungsbasierter und kultivierungsun-
abhängiger Methoden.

Schlüsselwörter Biostabilität ·
Uferfiltration · Kultivierung ·
Kultivierungsunabhängig · Zellzahlen ·
Durchflusszytometrie · Bakterielles
Wachstum · Hochdurchsatz-
Sequenzierung

1 Introduction

Riverbank filtration systems are impor-
tant drinking water resources (Ray 2002;
Kühn and Müller 2000). In Europe,
many countries rely on groundwater
abstraction from groundwater aquifers
along the Danube River (Kirschner et al.
2015). In Austria, such porous aquifers
along the Danube serve as the main
or back-up drinking water resource for
more than 2 million people (e.g. cities
of Vienna, Linz, Tulln a.o.). In con-
trast to deep groundwater resources,
aquifers of riverbank filtration systems
are subjected to considerable dynamics
concerning the quantity and quality of
the infiltrating water, caused by fluc-
tuating river water levels, heavy pre-
cipitation events or varying pollution
levels. In order to provide safe drink-
ing water of the best chemical and
microbiological quality to consumers,
European water utilities are obliged to
adopt a complete risk-based approach
on water safety (EU 2020). This ap-
proach consists of three components,
including the implementation of a wa-
ter safety plan (WSP) according to WHO
guidelines (WHO 2005) and the assess-
ment of potential risks stemming from
distribution systems. A WSP includes
the comprehensive assessment of the
drinking water resource and produc-
tion line (“from the source to the tap”)
and the identification of critical control
points for water quality determination,
including chemical and microbiological
analysis.

The microbiological quality of drink-
ing water from riverine resources in
developed countries is predominantly
jeopardized by faecal transmitted mi-
croorganisms (i.e. pathogenic bac-
teria, viruses, parasites) from point-
source faecal pollution input of treated
wastewater or combined sewer over-
flows (e.g. Kirschner et al. 2017; Deme-
ter et al. 2021). However, drinking wa-
ter quality can also be impacted by the
unwanted growth of water-borne bac-
teria due to the input and availability
of inorganic and organic nutrients po-
tentially leading to the proliferation of
opportunistic pathogens, impairment
of odour and taste or bio-corrosion.

The occurrence of such phenomena
indicates a biological instability of the
distributed water. For riverbank filtra-
tion systems with fluctuating nutrient
and pollution levels, it is thus of high
relevance to assess the biological stabil-
ity of the groundwater resource before
distribution in addition to faecal pollu-
tion surveillance.

Traditional microbiological meth-
ods to assess biological stability rely
on cultivation-based approaches such
as the determination of the number of
heterotrophic bacteria (heterotrophic
plate counts, Reasoner 1990), the de-
termination of the assimilable organic
carbon (AOC) after Van der Kooij (1992)
and the determination of the growth
potential after Wricke et al. (2002). Al-
ternatively, the determination of the
biodegradable portion of the organic
carbon (BDOC) has been established
(Servais et al. 1987). Modern and holis-
tic concepts include the application
of cultivation-independent approaches
considering a combination of “in situ”
and “predictive” methods (Prest et al.
2016; Fillinger et al. 2019). Culti-
vation-independent in situ methods
comprise the direct determination of
(i) total bacterial cell counts via epi-
fluorescence microscopy (Servais et al.
1992b) or flow cytometry (Hammes
et al. 2008), (ii) the viability and ac-
tivity of the bacterial populations via
flow cytometry (Hammes et al. 2011)
or solid-phase cytometry (Riepl et al.
2011), ATP measurements (Hammes
et al. 2010) or the incorporation of
radiolabelled substrates (Servais et al.
1992a) and (iii) the bacterial commu-
nity composition by high throughput
sequencing approaches (Vierheilig et al.
2015; Fiedler et al. 2018). Such methods
can also be applied for the predictive
approach to assess biostability (deter-
mination of the growth potential of the
bacterial community), i.e. batch growth
experiments in the lab where the wa-
ter is analysed before distribution, and
the tests are used to predict the extent
of growth that could potentially occur
during water distribution (Prest et al.
2016).

In the present study, we applied this
modern, two-tiered concept of in situ
and predictive methods for a riverbank
filtration system of the Danube River in
Austria. We compared the traditional
cultivation-based with a selection of
cultivation-independent approaches to
assess the biostability of the porous
groundwater resource at critical control
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points along the groundwater flow-path
from the river to the drinking water ab-
straction well. Using this approach,
we could evaluate the meaningfulness
of the different methods concerning
biostability and comprehensively as-
sess the biostability of the groundwater
resource of the investigated riverbank
filtration system. The used cultivation
independent methods such as total cell
counts, leucine incorporation and 16S
rRNA gene sequencing fundamentally
extend the traditional approach and
allow for the first time a detailed look
into the inner life of the drinking wa-
ter “microcosm”, at the level of total
bacterial community biomass, activity
and composition. With this, a more
comprehensive and efficient problems
solution is ensured.

2 Study design and methodology

As described above, a two-tiered ap-
proach was applied to study the biosta-
bility of a porous groundwater resource
within a riverbank filtration system of
the Danube River in Austria.

For assessment of in situ parame-
ters of biostability, water samples were
taken in approximate one-month in-
tervals over a 20 month period (n=22;
Oct 2014–May 2016) along a sequence
of 4 groundwater wells situated in in-
creasing distance to the river (20 to
536m) and following a groundwater
gradient from the river to the abstrac-
tion well. Groundwater for all mi-
crobiological analyses was collected
in combusted (muffle furnace, 550 °C,
4h) 5-L glass bottles after pumping
each well for 45min (van Driezum
et al. 2017). Basic physico-chemical
parameters (level of water table, pH,
water temperature, electrical conduc-
tivity, oxygen content) were immedi-
ately determined with portable meters.
Danube discharge and precipitation
data were obtained from a publicly
available website (https://www.noel.gv.
at/wasserstand/#/de/Messstellen). Ad-
ditional clean 1-L plastic bottles were
filled for chemical analysis after rinsing
three times with sample water. The
samples were immediately brought to
the laboratory and aliquoted for the
different parameters.

Cultivation-based and cultivation-
independent methods were applied.
Heterotrophic plate counts (HPC) were
determined after incubation at 22±1 °C
for 7 days on standard yeast extract agar
(YEA, OENORM EN ISO 6222 1999) and

at 27± 2 °C for 7 days on R2A agar (Rea-
soner and Geldreich 1985). Total cell
counts (TCC) were determined by epi-
fluorescence microscopy (van Driezum
et al. 2018). Bulk bacterial activity
was measured via the incorporation of
radio-labelled 3H-leucine into bacte-
rial biomass for 24h (LI) according to
the protocol published in van Driezum
et al. (2018). All chemical analysis of
organic and inorganic nutrients (dis-
solved organic carbon, nitrate, am-
monium) was performed according to
standard methods (van Driezum et al.
2018).

For the predictive assessment of
biostability, the growth potential of
the natural bacterial community was
determined in batch growth experi-
ments over a period of 6 months (n=10;
Nov 2015–May 2016). Triplicate 250ml
aliquots were filled without air bubbles
in combusted (550 °C, 4h) and tightly
sealed narrow-neck glass bottles with
ground glass-stoppers and stored in
the dark at 10± 1 °C (a representative
groundwater temperature) for 7 days.

Fig. 1 Visualizationof thedifferent in situ andpredictiveparameters to assess the
biostability of groundwater used in this study. Cultivation-basedmethods (left panel):
heterotrophicplate countsasa standardizedparameter. Sampling is followedby incu-
bationongrowthmediaforadefinedtimeandbyenumeratingthenumberofcolonieson
theplates. Cultivation-independentmethods (right panel): total bacterial cell counts,
incorporationof radiolabeled substrates (leucine), and16S rRNAgeneampliconse-
quencingascultivation-independentdiagnostic tools. Sampling is followedby (i) stain-
ing thebacteriawithSYBR-Greenandcounting in a flowcytometer or fluorescence
microscope (totalcell count), (ii) incubationwith radio-labelled leucine for24handmea-
surementof radioactivity inthebacterialproteinsvia liquidscintillationcounting (leucine
incorporation) and (iii) filtration,DNAextraction, amplificationof the16S rRNAgeneby
PCRandhigh through-put sequencing (16S-rRNAgeneampliconsequencing)

Special care was taken during filling
and handling the bottles to avoid con-
tamination with organic matter. At
day 7, the bottles were treated in an
ultrasonic bath for 5min, then opened
and the water sample was aliquoted
for the determination of the different
parameters. Bacterial colonies were de-
termined by plating various dilutions
(0.001 to 1ml) on R2A agar and incu-
bating the plates at 27± 2 °C for 7 days.
Total cell counts were determined via
flow cytometric analysis with an Attune
NxT flow cytometer (Thermo Fisher
Scientific, Schrammel et al. 2018). For
one representative batch growth exper-
iment (Nov 2015), the composition of
the total bacterial community was de-
termined by 16S rRNA gene amplicon
sequencing according to the protocol
of Savio et al. (2019). Fig. 1 gives
an overview on the different methods
applied in this study.
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3 Results

3.1 In situ monitoring

Over the whole investigation period,
both cultivation-based in situ meth-
ods, i.e. HPC counts on YEA and R2A
medium, followed the same pattern
with an absolute peak at the end of
January, 2016 (Fig. 2). Incubation
on R2A agar resulted in significantly
higher values than incubation on YEA
(paired T-test; average difference of
43 colony forming units (CFU)/ml;
T= 3.06; p< 0.01) but log-transformed
data of both methods were highly sig-
nificantly inter-correlated (rho= 0.97;
p< 0.001; Table 1). For both media,
colony counts markedly decreased
with increasing distance to the river
(rho= –0.85 and –0.87 for YEA and R2A
respectively, P< 0.001). Highest values
were observed for the well located 20m
away from the river with values ranging
from 22 to 1080CFU/ml determined
with YEA and from 28 to 2180CFU/ml
determined with R2A. In the abstrac-
tion well located 536m away from the
river, colony counts ranged from 0 to

Fig. 2 Seasonal variability of cultivation-based (left panel: heterotrophicplate countsonR2Aandyeast extract agar, YEA) andcul-
tivation-independentmethods (right panel: total cell counts, TCCand leucine incorporation rates, LI) in four groundwaterwells from
ariverbankabstractionsystemof theDanubeRiver inAustriaduring the investigationperiod (Oct. 2014–May2016). Thewellsaresit-
uated in increasingdistance from the river; thenamesof thewells indicate their distance (inm) to the river. Bars indicate the standard
deviationof three (colonycounts)or four (LI) replicatemeasurements. NoLImeasurementsavailableon3dates in2016,noHPCmea-
surementsavailable ononedate in2014

9CFU/ml only for YEA and from 0 to
28CFU/ml on R2A (Fig. 2).

Both cultivation-independent in situ
assays showed highly similar patterns as
the cultivation assays. Both, total cell
counts and leucine incorporation rates
peaked at the beginning of the inves-
tigation period and at the end of Jan-
uary 2016. Log-transformed TCC and LI
data were highly significantly inter-cor-
related (rho= 0.82, p<0.001) and highly
significantly correlated with the culti-
vation assays, with correlation coeffi-
cients ranging from 0.81–0.90 (p<0.001,
see Table 1).

For both, TCC and LI, highest vari-
ability was observed in the two wells
situated next to the Danube River
(Fig. 2) and significantly decreased
with increasing distance to the river
(rho= –0.82 and –0.88 for TCC and LI
respectively, p< 0.001). Cell counts
ranged from 134,500 to 328,000 cells
ml–1 in well 20m and from 58,000 to
307,000 cells ml–1 in well 33m. In the
groundwater abstraction well 536m,
cell count variability was markedly
dampened and ranged from 48,000
to 95,500 cells ml–1. Similarly, LI rates

ranged from 0.7 to 23.9 fmol ml–1 day–1

in well 20m and from 0.31 to 9.9 fmol
ml–1 day–1 in well 33m. More stable
conditions with much lower incorpora-
tion rates were observed for the ground-
water abstraction well 536m, with val-
ues ranging from 0.07 to 0.41 fmol ml–1

day–1.

3.1.1 Correlation with environmental
parameters

When pooling the whole data set, all
biostability in situ parameters were,
next to the negative correlation with
the distance from the river, highly sig-
nificantly correlated with the amount of
organic matter (DOC; rho= 0.52–0.57,
p<0.001; Table 2). No other environ-
mental variable showed a significant
relationship. Neither inorganic ni-
trogen compounds, nor precipitation
events nor the seasonal temporal cycle
had significant impact on the in situ
biological stability parameters in the
investigated system.

However, when only the data from
well 20m, situated in closest proximity
to the Danube, was considered in cor-
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Table 1 Spearmanrankcorrelationof to-
tal cell counts (TCC), leucine incorpora-
tion(LI)andcolonycountsonyeastextract
agar (YEA) andR2Aagar

LI YEA R2A
TCC rho 0.82 0.81 0.82

p-value <0.001 <0.001 <0.001

N 72 84 84
LI rho – 0.88 0.90

p-value – <0.001 <0.001

N – 68 68
YEA rho – – 0.97

p-value – – <0.001

N – – 84

relation analysis, a significant positive
correlation of discharge with all in situ
parameters (TCC: rho= 0.49, p<0.05;
LI: rho= 0.59, p< 0.01; R2A: rho= 0.57,
p< 0.01; YEA: rho= 0.60, p<0.01) was
observed. For all other wells with
a higher distance to the Danube no
significant relationship of the biosta-
bility parameters with discharge was
observed.

3.2 Predictive biostability assessment

For the series of batch growth experi-
ments for predictive biostability assess-
ment, determination of total cell counts
by flow cytometry and cultivation on
R2A medium were applied. The in-
crease in cell counts and colony counts
was determined after incubation at
10 °C for 7 days. With the cell-based ap-
proach, a gradient of increasing biolog-
ical instability with increasing distance
to the river (20m=33m>292m>536m)
and significant correlation with dis-
tance (rho= 0.79, p<0.001) was ob-
served. As for the in situ parameters,
values peaked at the end of January,
2016. A smaller peak was observed at
the end of March, 2016 in well 20 and

Table 2 Spearmanrankcorrelationof totalcell counts (TCC), leucine incorporation (LI), colonycountsonyeastextract (YEA) and
R2Aagarwith environmental variables

Distance Precipitation Discharge Temperature DOC NH4 NO3
TCC rho –0.82 0.04 0.03 –0.03 0.56 –0.28 –0.17

p-value <0.001 n. s. n. s. n. s. <0.001 n. s. n. s.

N 88 88 88 88 85 68 72
LI rho –0.88 –0.03 0.16 –0.04 0.53 –0.17 –0.02

p-value <0.001 n. s. n. s. n. s. <0.001 n. s. n. s.

N 72 72 72 72 69 68 72
YEA rho –0.85 0.08 0.17 –0.09 0.52 –0.29 0.13

p-value <0.001 n. s. n. s. n. s. <0.001 n. s. n. s.

N 84 84 84 84 81 64 68
R2A rho –0.87 0.05 0.13 –0.15 0.57 –0.03 –0.12

p-value <0.001 n. s. n. s. n. s. <0.001 n. s. n. s.

N 84 84 84 84 81 64 68

Precipitation cumulative precipitation of seven-day period before sampling, discharge maximum discharge during seven-day period before sampling,
DOC dissolved organic carbon, n. s. not significantly correlated

33m, where no samples of well 292
and 536m are available. In contrast,
with the cultivation-based approach
well 292m displayed the highest bio-
logical instability, with peaks at the end
of January and middle of April, 2016.
Despite its vicinity to the Danube, well
20m had HPC values at a partly similar
low level as well 536m. Despite of these
discrepancies, HPC correlated signifi-
cantly with TCC (rho= 0.49, p<0.01).
No correlation with the distance from
the Danube was observed (see Fig. 3).

3.2.1 Correlation with in situ biostability
and environmental parameters

R2A colony counts from batch growth
experiments did not significantly corre-
late with any in situ indicator of biosta-
bility or any environmental variable,
except with YEA colony counts (Ta-
ble 3). In contrast, TCC counts from
batch growth experiments correlated
significantly with all in situ biostability
parameters as well as with the distance
from the river and with DOC (Table 3).

Surprisingly, a weak significant neg-
ative correlation occurred with ground-
water temperature. No significant rela-

tionship to precipitation and discharge
or to the inorganic nitrogen compounds
was observed. When only the data from
well 20m, situated in closest proximity
to the Danube, was considered in cor-
relation analysis, no significant corre-
lation of predictive biostability param-
eters with discharge occurred, either.
In contrast, in situ biostability param-
eters did show significant correlation
with discharge in this well (see 3.1.1).
The smaller sample size for the pre-
dictive parameters and the fact that
sampling was not guided by discharge,
most likely prevented the detection of
a significant positive relationship.

3.2.2 Determination of the bacterial
community composition by 16S
rRNA gene amplicon sequencing

Discrepancies between the cell-based
and cultivation-based approaches for
predictive biostability assessment were
observed (see above). As both ap-
proaches target different levels of the
groundwater bacterial community (to-
tal community vs. the culturable, copi-
otrophic subpopulation), specific dis-
agreements between the methods can
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be expected. With 16S rRNA gene am-
plicon sequencing, the black box of
bacterial community composition can
be opened and allows explaining the
observed differences. For one represen-
tative sampling date (Nov 30, 2015), the
groundwater samples collected from
the four wells were analysed for the
bacterial community composition via
16S rRNA gene amplicon sequencing,
both at the time of sampling (T0) and
after 7 days of incubation of the batch
growth experiments (T7) (Fig. 4). The
results indicate that in the two wells
with high distance to the Danube,
the bacterial communities at T0 are
rather similar to each other. At the
class level (Fig. 4a), sequence reads of
representatives of Omnitrophia make
up approximately 40% of all bacte-
rial reads in both wells, other classes
show a comparable relative abundance.
In contrast, in the wells next to the
Danube Omnitrophia are much less
abundant and a considerable amounts
of Actinobacteria (specifically in well
33m) and Brocadiae (specifically in
well 20m) are present. Interestingly,
gamma-Proteobacteria (Fig. 4a) and
specifically those belonging to the fam-
ily Pseudomonadaceae (Fig. 4b), com-
prising well-known biofilm forming
and opportunistic pathogenic species
(e.g. Pseudomonas aeruginosa) were
not detectable at T0, but showed mas-
sive abundance in all 4 wells at T7 of
the batch growth experiments. This
happened specifically in well 292m,
where in one replicate after 7 days of
incubation, more than 50% of the total
population was composed of Pseu-
domonas spp. In the abstraction well
536m, Hydrogenophaga (belonging to
the family Comamonadaceae) became
another dominating bacterial group,
while in well 33 and 20m members
of the families Methylophilaceae and
Oxalobacteriaceae became dominant,
respectively.

4 Discussion

4.1 Elucidating the factors driving
biological stability in the Danube
riverbank filtration system

In the investigated riverbank filtra-
tion system, a dominant complex of
factors drives the biological stability
of the groundwater body. This com-
plex comprises the concentration of
organic nutrients (DOC) and the hy-
drological variability of the river, both

of them depending on the distance
of the groundwater wells to the river
following the groundwater gradient
from the river to the abstraction well.
Except for the cultivation-based pre-
dictive biostability approach, all in situ
and predictive biostability parameters
declined with increasing distance to the
Danube. Wells situated further from the
river displayed significantly lower DOC
concentrations and also a dampened
hydrological influence in comparison
to well 20m situated next to the river.
Only in this well in situ biological sta-
bility parameters correlated with river
discharge. It is well known that the
availability of organic carbon often rep-
resents the limiting factor of bacterial
growth in raw drinking water (e.g. Van
der Kooij 1995; Prest et al. 2016), aside
from water temperature (Prest et al.

Fig. 3 Seasonal variability of heterotrophicplate countsonR2Amediumand total
cell counts (TCC) inbatchgrowthexperimentsperformedduring the investigationof
4groundwaterwells in a river bank filtration systemof theDanubeRiver inAustria.The
wells are situated in increasingdistance from the river; thenamesof thewells indicate
their distance (inm) to the river. Bars indicate the standarddeviationof three replicate
measurements

2016). In the system investigated here,
the dynamics in water temperature was
no obvious controlling factor, although
a weak negative correlation between
TCC development and temperature
could be observed in the batch growth
cultures. Inorganic nutrients or pre-
cipitation did also not appear to be
decisive factors concerning biostabil-
ity. It has been reported recently (van
Driezum et al. 2018) that the bacterial
community in the groundwater body
of this investigated riverbank filtration
system is massively influenced by flood
levels. During such flood events, river
water with high nutrient and bacterial
load infiltrates into the aquifer, leading
to a spontaneous increase in bacte-
rial numbers and to a detachment of
bacteria from desiccated subsurface
particles.

Assessing biological stability in a porous groundwater aquifer of a riverbank filtration system: combining traditional. . . 495



Originalarbeit

Table 3 Spearman rankcorrelationof total cell counts (TCC_T7) andcolonycountsonR2Aagar (R2A_T7) at day7 frombatch
growthexperimentswith in situ indicatorsof biostability andenvironmental variables

In situ biostability parameters Environmental variables

TCC LI R2A YEA Distance Precipitation Discharge Temperature DOC NH4 NO3
R2A_T7 rho 0.26 0.28 0.29 0.34 –0.25 0.14 –0.31 0.27 0.05 –0.10 0.19

p-value n. s. n. s. n. s. <0.05 n. s. n. s. n. s. n. s. n. s. n. s. n. s.

N 38 24 38 38 38 38 38 38 38 24 24
TCC_T7 rho 0.86 0.81 0.82 0.81 –0.79 –0.04 –0.12 –0.40 0.53 –0.19 0.31

p-value <0.001 <0.001 <0.001 <0.001 <0.001 n. s. n. s. <0.05 <0.001 n. s. n. s.

N 38 24 38 38 38 38 38 38 38 24 24

LI leucine incorporation, precipitation cumulative precipitation of seven-day period before sampling, discharge maximum discharge during seven-day period
before sampling, DOC dissolved organic carbon, n. s. not significantly correlated

4.2 The new holistic concept to assess
biostability and specific assets and
drawbacks of the different
biostability parameters

In this study, a new holistic concept,
adapted from Prest et al. (2016), was
applied to assess the biostability of
a groundwater body in a riverbank fil-
tration system. This concept is based
on the use of (i) in situ parameters and
(ii) predictive parameters of biostability.
As the widely used cultivation-based
microbiological parameters only target
a sub-part of the bacterial communi-
ties (van Nevel et al. 2017), cultivation-
independent methods to quantify to-
tal bacterial numbers and activity were
additionally used. Moreover, to open
the black box of bacterial community
composition, 16S rRNA gene amplicon
sequencing was performed. With this
method, discrepancies between culti-
vation-based and cultivation-indepen-
dent results concerning the biostability
of the investigated groundwater could
be resolved.

Standard cultivation-based in situ
assessment of biostability (heterotrophic
plate counts) sometimes fails to lead to
statistically sound results. The number
of colonies can be too low to display
sufficient statistical variability and the
bacterial groups growing on the agar
used (YEA or R2A) are not represen-
tative for the total bacterial commu-
nity, as only a minor proportion is
culturable. Therefore, in many systems,
heterotrophic plate counts and total
bacterial cell counts lead to uncou-
pled results (Van Nevel et al. 2017).
In this study, we used R2A in addi-
tion to the standard YEA medium and
prolongation of the incubation time to
7 days, in order to enhance the sen-
sitivity of the cultivation-based assay.
By this, the results of both cultivation-
based assays were highly correlated

with the results from the cultivation-
independent methods (total bacterial
cell counts and activity). This indicates
that the adapted cultivation method is
sensitive enough to resolve variations
and that it can be used as a useful in
situ method for studying biostability
in this system. R2A medium increased
the retrieval of culturable heterotrophic
bacteria, but also cultivation on YEA
delivered sufficient resolution. The rea-
son for the observed high compliance
of the cultivation-based and cultiva-
tion-independent in situ methods in
this system is most likely the fact that
the dominating factor influencing this
system is the vicinity to and the large
influence of the river. By the input
of nutrients and copiotrophic bacteria
from the river into the groundwater
body, there is a strong co-correlation
between the total bacterial community
and these bacterial sub-populations.
Thus both, the cultivation-based and
the cultivation-independent parame-
ters characterizing the bacterial com-
munity of this system react in the same
way.

The traditional cultivation-based
assay can easily be performed by rou-
tine water laboratories, but it takes
up to 3 days before a result is avail-
able (Table 4). Using this method,
one can also refer to legally anchored
reference values; however, their abso-
lute validity has been questioned (Van
Nevel et al. 2017). The determination
of total cell counts in drinking water
has been established as a standard
parameter in Switzerland (Schweiz-
erisches Lebensmittelbuch 2012; Egli
and Bucheli 2014) and can quickly be
determined by flow cytometry (or epi-
fluorescence microscopy) within a few
hours after sampling (Table 4). This
method has therefore been increas-
ingly used for high temporal resolu-
tion water monitoring in recent years,

specifically when determined with flow
cytometry (Prest et al. 2013; Besmer
et al. 2016). Moreover, the method
can also be enhanced to distinguish
between viable and dead or active and
inactive cells (Hoefel et al. 2003). In
contrast to the more conservative in
situ biostability parameter TCC, activity
parameters such as leucine incorpora-
tion show variability at a shorter time
scale, as both input of external bacteria
and internal regrowth are immediately
reflected by higher activity rates. LI
rates can be determined within 24h
and additionally allow the calculation
of bacterial community growth rates
and turnover (van Driezum et al. 2018).
This method can only be performed
in specialised laboratories due to the
handling of radiolabelled material (Ta-
ble 4). The reason why LI and TCC
corresponded so well in this study,
despite targeting different aspects of
biostability (biomass vs activity) is the
fact that the hydrology driven input of
external bacteria dominates the inter-
nal growth phenomena (van Driezum
et al. 2018) and the “slower” parameter
TCC therefore reacts similarly as the
“quicker” parameter LI.

Concerning the predictive biosta-
bility parameters, obvious differences
between the cultivation-based and the
cultivation-independent approachwere
observed, leading to different conclu-
sions concerning the biostability of
the investigated wells. While the TCC
method coincides with the results of the
in situ parameters, with increasing in-
stability towards the Danube River and
dependence on the concentration of
organic matter, the cultivation on R2A
medium indicated that well 292m with
a high distance to the river has the high-
est biological instability. 16S rRNA gene
amplicon sequencing revealed that
specifically in this well, representatives
of the genus Pseudomonas massively
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Fig. 4 Compositionof thebacterialcommunities ingroundwatersamplesof the4wells
of the investigatedriverbankfiltrationsystemof theDanube inAustria. aCompositionat
class level,bcompositionat family level. T0: samplesat timeof sampling, T7: samples
after 7daysof batch incubationat 10°C for predictivebiostability assessment. Bars in
differentcolours represent the relativeabundanceof sequence reads (in%)of thedom-
inantbacterial groups. (R1–R3 threebiological replicates)

increased in the batch growth experi-
ments, a genus that includes important
bacterial pathogens (e.g. Pseudomonas
aeruginosa) and biofilm formers. It can
thus be concluded that—under certain
circumstances—the two different me-
thodical approaches have a different
indicator function concerning biosta-
bility. While TCC provide information
on biostability problems concerning
the bulk bacterial community, HPC
might indicate biostability problems
arising from specific bacterial sub-
populations that are overlooked when
the total population is analysed (Ta-
ble 4). Thus, both approaches should
be considered when biostability is to
be assessed in a holistic way. Leucine
incorporation is another method that
could provide additional information
concerning predictive biostability as-
sessment (although not used in the
growth experiments in this study). De-
spite small changes in total cell counts,
a high LI activity could occur in batch
growth experiments indicating a sub-
stantial transformation of the bacterial
community in terms of community
composition (Table 4).

5 Conclusions

In this study, we could successfully
demonstrate the importance of using
a holistic approach for the assessment
of biostability. Depending on the spe-
cific problem (health problems due to
growth of opportunistic pathogens, aes-
thetic problems due to the impairment
of odour and taste or technical prob-
lems due to biocorrosion, fouling or
clogging), a specifically adapted combi-
nation of cultivation-based and cultiva-
tion-independent in situ and predictive
methods is likely to be most useful, as
all the available traditional and emerg-
ing methods show theirs strength and
limitations. The combination of TCC
determined via flow cytometry, activ-
ity measurements via LI, and bacterial
community analysis via 16S rRNA gene
amplicon sequencing, which allows
both the evaluation of biostability prob-
lems at the level of the bulk community
and at the level of specific bacterial
groups (Table 4) is a straight-forward
and emerging, innovative approach.
Specific groups of interest could even
be analysed at higher resolution down
to the species level, when group-spe-
cific primers (e.g. for the genus Pseu-
domonas) are applied (Pereira et al.
2018) for 16S rRNA gene amplicon
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Table 4 Practical aspectsandcharacteristicsof thedifferent biostability assessmentmethodsused in this study
Method Routine/advanced Duration (time to re-

sult)
Assets Drawbacks

In situ parameters
HPC-YEA
(heterotrophic plate
count on yeast
extract agar)

Can be performed in routine
laboratory, standard
medium in Austria
(OENORM
EN ISO 6222 1999)

3 days, up to 7 days to
increase sensitivity

Legally anchored reference values available,
established in reference laboratories

Detects only a sub-popula-
tion of the bacterial commu-
nity

Good and very sensitive indicator for copi-
otrophic bacteria

Long time to result

HPC-R2A
(Heterotrophic plate
count on R2A agar)

Can be performed in routine
laboratory, standard
medium in other countries
(van Nevel et al. 2017)

3 days, up to 7 days to
increase sensitivity

Higher sensitivity than YEA, easy Detects only a sub-popula-
tion of the bacterial commu-
nity

Good very sensitive indicator for copiotrophic
bacteria

Long time to result

TCC
(Total cell count)

Advanced, on the way to
become a routine
parameter due to the
availability of easy-to-use
flow cytometers

15min Indicator for the total amount (standing stock)
of occurring cells

Sophisticated equipment
necessary (flow cytometer,
fluorescence microscope)

Short time-to-result No legal anchoring so far,
maybe in the future

Can be enhanced to distinguish between viable
and dead cells, near real-time monitoring
option

More conservative estimate

Indicator value often not
clear without further detailed
investigations

LI
(leucine
incorporation)

Advanced, can only be
performed by specialised
laboratories

24h Highly sensitive in situ activity parameter in
terms of resolution of disturbances/changes

Sophisticated

Can also be used in batch growth experiments
to visualize a potential transformation of the
bacterial community

Use of radiolabelled material

No legal
anchoring

Predictive parameters (batch growth experiments)
HPC-R2A
(Heterotrophic plate
count on R2A agar)

Can be performed in routine
laboratory

7 days (batch incuba-
tion)+ 3 days (analysis)

Potentially relevant sub-populations (copi-
otrophic bacteria) can be detected

Long time to result

Batch incubation may
be prolonged up to
3 weeks

Can be extended to target specific bacteria on
specific media (e.g. opportunistic pathogens,
biofilm formers or bacteria involved in technical
problems)

Biostability problems at the
level of the total bacterial
community may be
overlooked

Allows functional analysis of the isolates (e.g.
presence of pathogenic or resistance genes)

TCC
(Total cell count)

Advanced, on the way to
become a routine
parameter due to the
availability of easy-to-use
flow cytometers

7 days (batch incuba-
tion)+ 15min (analysis)

Assessment of the total bacterial community Biostability problems with
sub-populations or specific
indicators may be overlookedBatch incubation may

be prolonged up to
3 weeks

Can be enhanced to distinguish between viable
and dead cells

16S-rRNA gene
amplicon
sequencing

Highly advanced, can only
be performed in specialised
laboratories. Commercial
services becoming available

7 days (batch incu-
bation)+ 14 days
(analysis)

Opening the black box of bacterial communi-
ties: resolution of bacterial community composi-
tion down to the genus level

Highly sophisticated, long
time to result

Batch incubation may
be prolonged up to
3 weeks

With the use of genus or species specific
primers increased taxonomic resolution

No functional analysis of
strains possible (e.g. pres-
ence of pathogenic or resis-
tance genes)

Can also be applied for profiling of HPC (Farn-
leitner et al. 2004)

Not useful for typing and
characterisation at the strain
level

sequencing. However, 16S rRNA gene
amplicon sequencing is of limited value
when it comes to the analysis at the
strain level or the functional analysis of
the bacterial populations, e.g. the pres-
ence of pathogenic or antimicrobial
resistance genes. Aside from amplicon
sequencing of functional genes, culti-
vation-based methods are still the gold
standard to identify isolates down to
the strain level and perform functional

analysis of the organisms. In this re-
spect, the use of HPC is an easy method
that can be performed by standard lab-
oratories, providing information on
potential problems with copiotrophic
bacteria. For specific situations, cul-
tivation may have to be extended to
specific bacteria of interest, e.g. oppor-
tunistic pathogens, biofilm formers or
bacteria causing technical problems.
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