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Drinking water must be sufficiently biostable to avoid excessive microbial and invertebrate growth in
disinfectant-free distribution systems. The production of biologically stable drinking water is challenging for
conventional surface water treatment plants using reservoirs as feed water due to the presence of slowly
biodegradable particulate and high-molecular weight biopolymeric organic carbon (high-MW OC) which in
creases the Microbial Growth Potential (MGP) in the feed water and produced drinking water. The study pre
sented here provides new insights in the relationship between high-MW OC and MGP for a full-scale surface
water treatment plant. Controlled-conditions addition series experiments showed that MGP increases linearly
with the high-MW OC concentration with a seasonally variable ratio. Laboratory filtration indicated that MGP is
mainly attributable to the high-MW OC subfraction of > 0.12 µm particle size coinciding with microbial biomass.
Intensive field monitoring revealed clear seasonal patterns in the plant’s feed water and treated water levels of
high-MW OC, biomass and MGP. These parameters reach maximum levels in the periods of high water tem
perature with the notable exception of the treated water’s high-MW OC concentration which exhibits an opposite
seasonal pattern (reflecting seasonally variable removal in the treatment). Moreover, the field monitoring
showed that MGP correlates well with the concentrations of biodegradable biopolymeric OC and with microbial
biomass measured as ATP (adenosine triphosphate) and cell counts, but not with the total high-MW OC con
centration in the treated water. Theoretical estimations showed that the OC quantities present in and consumed
by the microbial biomass are in the same order of magnitude as slowly biodegradable biopolymers. From these
results it is concluded that specifically the microbial biomass-associated and biodegradable biopolymeric OC
subfraction of the totally present high-MW OC is important for MGP. Finally, the MGP-assay results and theo
retical calculations showed for the high-MW OC matrix that the microbial biomass’ OC consumption for
maintenance is significant vis-á-vis that for growth, and that stable and high levels of biomass are sustained in the
treated water which may adversely affect biological stability in the distribution network.

Abbreviations: AOC, Assimilable Organic Carbon; AOC-A3, slowly biodegradable biopolymeric AOC (bioassay) (µg biopolymer mix-C/L); AOC-P17/NOX, low
molecular weight, easily biodegradable AOC (bioassay) (µg acetate-C/L); ATP, Adenosine tri phosphate; ATP0, ATPmin, ATPmax, initial, minimum and maximum ATP
concentration observed during the BPP-incubation (ng/L); BACF, Biological Activated Carbon Filtration; BPC14, Cumulative Biomass Production in the 14-day BPPincubation (ng.d/L); BPP, Biomass Production Potential (bioassay); Cg, OC consumption by microbial biomass growth during BPP-incubation (µg/L); Cm, OC con
sumption by microbial biomass maintenance during BPP-incubation (µg/L); kDa, kilo Dalton = 1000 Da (g/mol); LC-OCD, Liquid Chromatography – Organic Carbon
Detection; mD, biomass specific daily OC consumption for maintenance (µg nutrient-C/(d.µg biomass-C)); MGP, Microbial Growth Potential; OC, Organic Carbon; R2,
Coefficient of determination (–); RP, Pearson correlation coefficient (–); RS, Spearman-rho correlation coefficient (–); S…, Supplementary Information (Figure or
Table followed by number); TOC, Total Organic Carbon (mg/L).
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1. Introduction

relationship between high-MW OC and biostability.
The particular importance of high-MW OC for biostability of drink
ing water produced from eutrophic reservoir water as presented in
literature is based on correlations with various MGP bio-assay methods
and observed regrowth in distribution systems. However, the under
standing of the relationship between the MGP-parameters as measured
in produced water and the overall biostability in the disinfectant-free
distribution network is still in development (Prévost et al., 1998; van
der Kooij et al., 1999; van der Kooij and Veenendaal, 2013; Prest et al.,
2016; Hijnen et al., 2018; Schurer et al., 2019). The latter two studies
revealed that MGP (as BPP) correlated well with the concentration of
high-MW OC (and not with the concentration of easily assimilable OC)
in drinking water where MGP was OC-limited, but also that this rela
tionship showed a considerable statistical uncertainty. The main
complicating factor here is that the broad and changing composition and
thus biodegradability of the AOC-pool present in field samples inher
ently induces a variability in the responses of the MGP-assays, and thus
affects the MGP – high-MW OC relationship. In addition, the respective
importances of the subfractions encompassed by the totally present
(bulk) high-MW OC for biostability is currently not fully clear. Schurer
et al. (2019) showed that ultrafiltration of BACF-filtrate reduced MGP by
50 to 90% (depending on the specific parameter), which demonstrated
the importance of the high-MW OC fraction for MGP but did not yet
provide further discrimination for the > 0.12 µm particle size high-MW
OC subfraction. Therefore, a more detailed differentiation between the
respective contributions of the biopolymeric, microbial and invertebrate
biomass subfractions on MGP is desired to clarify their impact on
biostability.
Furthermore, surface water treatment in temperate climates is sub
jected to seasonal variations of several abiotic and biotic factors. Sea
sonal variations apply in the plant feed water’s temperature and
concentration and composition of biomass and algal-originated highMW OC, but also in the treatment’s removal efficiency of these com
poundsated water (van der Kooij et al., 2015; Park et al., 2016). Such
seasonal factors likely impact the produced water’s biostability, but
their effects have not yet been reported in detail. Finally, the impact of
the slowly biodegradable high-MW OC matrix on the levels of microbial
biomass which can be sustained under oligotrophic conditions in
drinking water requires attention. Using BPP-data, van der Kooij et al.
(2015, 2017) qualitatively showed that the available AOC is used not
only for growth (assimilation) but also for maintenance (dissimilation)
of the microbial biomass in the water sample. A dominance of biomass
maintenance over growth could lead to the presence of stable and high
levels of biomass for prolonged periods, which potentially has important
implications for biostability and regrowth in disinfectant-free distribu
tion networks.

1.1. The importance of high molecular weight (high-MW) OC for the
biostability of disinfectant-free treated surface water
Disinfectant-free distribution of drinking water enhances the water’s
quality by reducing byproduct formation and improving odor and taste,
and is therefore increasingly being implemented in, e.g., the
Netherlands, Scandinavia, Switzerland and Germany. A critically
important condition to enable such disinfectant-free distribution is that
the produced drinking water is biostable and excess abundance of mi
crobial and invertebrate biomass in the distribution network is avoided
(Rittman and Snoeyink, 1984; van der Kooij et al., 1999; van der Kooij
and Veenendaal, 2013). Such excessive biomass regrowth may result in
the violation of regulatory limits on microbial parameters (e.g., colony
count, coliforms, Aeromonas, Legionella) and impairment of the water’s
esthetical quality (brown water, invertebrate presence) (van Lieverloo
et al., 2012; van der Kooij and Veenendaal, 2013; Liu et al., 2014; Hij
nen et al., 2018). A biologically stable drinking water is characterized by
low concentrations of assimilable (biodegradable) Organic Carbon
(AOC) and ensuing low levels of Microbial Growth Potential (MGP) (van
der Kooij and Veenendaal, 2013).
Several in-vitro bio-assay methods have become available to quan
tify the MGP ofdrinking water as compound-specific Assimilable OC
(AOC; AOC-P17/NOX, AOC-A3) and overall growth potential (BPP:
Biomass Production Potential; BGP: Bacterial Growth Potential) (van der
Kooij et al., 1982; Hammes and Egli, 2005; van der Kooij and Vee
nendaal, 2013; Sack et al., 2010, 2011). These methods have been
applied amongst other biostability parameters such as DOC, biomass,
Biodegradable Dissolved Organic Carbon (BDOC) and Biofilm Forma
tion Rate (BFR) in multiple case studies on water treatment and distri
bution. These studies demonstrated that it is challenging to produce
adequately biostable drinking water from eutrophic lake and reservoir
water bysurface water treatment trains which typically comprise con
ventional pretreatment (coagulation – separation − rapid media filtra
tion), main disinfection (ultraviolet, ozonation or advanced oxidation)
and biological activated carbon filtration (BACF). Commonly, easily
biodegradable low-MW compounds measured as AOC-P17/NOX have
traditionally been considered as the main parameter for biostability
(van der Kooij et al., 1982; LeChevallier et al., 1993). However, several
studies have proved that the presence of especially slowly biodegrad
able, biopolymeric high Molecular-Weight (MW) Organic Carbon
(high-MW OC), which originates from the source surface water, nega
tively affects the MGP and biological stability of the produced drinking
water (Volk et al., 1997; Park et al., 2016; Schurer et al., 2019) and
causes regrowth in the distribution network (van der Kooij et al., 2015;
Hijnen et al., 2018). This high-MW OC fraction comprises the respective
subfractions of colloidal biopolymeric substances (polysaccharides,
long-chain fatty acids and proteins), submicron to micron (0.1 – 1.0 µm)
sized particulates in the form of bacterial biomass (van der Kooij et al.,
2015), and larger-sized invertebrates.

1.3. Objective of this study
The objective of the present study is to investigate in detail the
relationship between high-MW OC and biostability measured as MGP in
the same drinking water produced from surface water as studied before
by Hijnen et al. (2018) and Schurer et al. (2019), by specifically
addressing: i) their quantitative relationship under controlled condi
tions; ii) the respective importances of the submicron particulate and
biomass high-MW OC’s subfractions for MGP; iii) their seasonal varia
tions and parameter correlations in the plant’s feed water, pretreated
water and produced drinking water; and iv) the impact of a high-MW OC
matrix on the balance between biomass growth and maintenance, and its
implication for biostability in the distribution network. These objectives
were approached by a combination of extensive field monitoring at a
full-scale surface water treatment plant, laboratory experimentation
under controlled conditions, and theoretical calculations using approx
imated conversion and yield factors.

1.2. Gaps in the understanding of the relationships between high-MW OC
and MGP in biostability assessment in surface water treatment
The biological stability of drinking water can be enhanced by
implementation of water treatment processes which target the reduction
of high-MW OC and AOC levels, such as river bank and dune infiltration,
slow sand filtration, and membrane filtration (ultrafiltration, nano
filtration or reversed osmosis) (Escobar et al., 2000; Hammes et al.,
2010; van der Kooij et al., 2017; Schurer et al., 2019). However, such
processes entail significant treatment costs, spatial footprint demand
(infiltration, slow sand filtration), and/or energy consumption, water
losses and concentrate disposal challenges (membrane filtration). Se
lection of the optimal surface water treatment approach to produce
biostable drinking water thus necessitates a solid understanding of the
2
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2. Methods and materials

winter, 1 mg/L starch-based flocculant aid, clariflocculation, rapid dual
media filtration, UV-disinfection, Biological Activated Carbon Filtration
(BACF; 20 min contact time), momentary filtrate-disinfection (ClO2 dose
≤ 0.08 mg/L, no residual left after clear water storge and at the distri
bution pumping) and aeration and pH correction before clear water
storage and distribution pumping. The periodical application of the
starch-based coagulant aid in the pretreatment did not measurably affect
the concentrations of the LC-OCD biopolymer and PHMOC concentra
tions (data not shown).

2.1. Research outline and test site
The relationship between MGP and high-MW OC and its subfractions
was investigated for the treated water (represented by BACF-filtrate) of a
surface water treatment plant by a combination of laboratory experi
ments, field data monitoring and evaluation, and theoretical calcula
tions, of which the respective approach and objectives are presented in
Table 1. The main analytical parameters applied in the addition series,
laboratory filtration and field monitoring encompassed (method details
are provided in Sections 2.2 to 2.4):

2.2. Analytical methods – organic carbon
High-MW OC was determined as the biopolymer fraction in Liquid
Chromatography – Organic Carbon Detection (LC–OCD, Huber et al.,
2011, ≥ 20 kDa MW) and as Particulate and/or High-Molecular Weight
Organic Carbon (PHMOC) (van der Kooij et al., 2015; Hijnen et al.,
2018) based on their earlier good correlation for BACF-filtrate (Schurer
et al., 2019). In brief, the PHMOC was the Total Organic Carbon (TOC;
by Shimadzu-V) content of the concentrate obtained after crossflow
ultrafiltration of ~100 L freshly sampled water over a 30 kDa membrane
(HF80S, Fresenius Medical Care) (van der Kooij and Veenendaal, 2013),
the concentrate encompassing all colloidal OC ≥ 30 kDa (~ ≥ 0.01 µm)
and particulate OC (including all microbial and invertebrate biomass).
The standard LC–OCD method included 0.45 µm prefiltration and
therefore any larger particulate organic material was excluded from the
analytical results. LC–OCD was also used to quantify other OC fractions
(humic compounds, building blocks, low-MW neutral and acidic
compounds).

• high-MW OC: LC–OCD biopolymer and PHMOC;
• biomass: ATP, cell count, and invertebrate count;
• microbial growth potential (MGP): on easily biodegradable low-MW
OC by AOC-P17/NOX, on slowly biodegradable biopolymers by
AOC-A3, and total MGP by BPP.
The laboratory experiments and field monitoring involved a fullscale surface water treatment plant of Evides Water Company in the
south-western area of the Netherlands, which was the same site for
previous studies on biostability by Hijnen et al. (2018) and Schurer et al.
(2019). The plant uses reservoir water as raw water source (‘feed water’)
which contains seasonally high concentrations of high-MW OC. The
produced water features comparatively high levels of high-MW OC and
MGP (as BPP and AOC-A3) and regrowth is observed in the
disinfectant-free distribution network. The configuration of the treat
ment plant and its feed water source is described in short as follows.
Abstracted river water is stored in open reservoirs (four-month deten
tion period) and subsequently conveyed to the treatment plant after
low-dose chlorination to prevent clamshell growth in the transport
mains (0.5 mg/L Cl2, no residual free chlorine left on reception at the
treatment plant). The plant’s feed water is consecutively treated by
microstraining (35 µm mesh size), coagulation (6 mg/L Fe and, in

2.3. Analytical methods – microbial growth potential (MGP)
The microbial growth potential (MGP) of the water was assessed
with the well-defined pure-culture bioassays AOC-P17/NOX for easily
assimilable, low-MW OC and AOC-A3 for biodegradable biopolymer OC,
and with the autochthonous bacteria-based Biomass Production Poten
tial (BPP) bioassay for the totally present biodegradable OC-pool (van
der Kooij et al., 1992; Sack et al., 2010, 2011 and van der Kooij and
Veenendaal, 2013). All analyses were conducted in duplicate in
AOC-free glassware (Erlenmeyer flasks) and processed within 24 h after
sampling and storage at 4 ◦ C to prevent decay of the OC or biomass
matrix. The AOC-concentrations were determined from the maximum
growth (as colony count) of selected pure bacterial cultures in water
samples after pasteurization, addition of phosphate and nitrate to ensure
growth-limitation on OC, and incubation in the dark at 15 ◦ C, using yield
factors available for strains P17 and NOX on acetate-C and for A3 on a
mix of (poly)saccharides and proteins (fructose, maltose, laminarin,
amylopectin, xyloglucan, proline and gelatin). The BPP assay involved
the monitoring of the autochthonous biomass concentration as ATP
(adenosine triphosphate) in unpasteurized water samples during incu
bation (in dark, 25 ◦ C) after phosphate and nitrate addition, and after
inoculation with 1 mL BACF-filtrate in the experiments described in
Sections 2.5 and 2.6 to re-introduce the original autochthonous con
sortium. The cumulative ATP concentration during the BPP14-day in
cubation period BPC14 (ng ATP .d/L) represented the combined response
of biomass growth and maintenance (van der Kooij et al., 2015).

Table 1
Outline of the conducted study.
Experimental
order

Approach (section)

Objective (section)

Parameters

1

Laboratory highMW OC addition
series (2.5)

PHMOC, BPP, AOCA3, AOC-P17/NOX

2

Laboratory
filtration
experiments (2.6)

3

Treatment plant
field monitoring
and parameter
correlations (2.7)

Establishment of the
quantitative
relationship between
(30 kDa isolated) highMW OC and MGP
under controlled
conditions (3.1)
Establishment of the
particle-size
distribution of highMW OC subfractions
and MGP under
controlled conditions
(3.2)
Assessment of the
seasonal patterns of
and parameter
correlations between
high-MW OC
subfractions and MGP
in practice water
treatment conditions
(3.3, 3.4)
Estimates of OC
quantities present in
and consumed by
biomass for growth
and maintenance in
the MGP assay (3.5)

4

Theoretical
calculations on OC
presence and
consumption (2.8)

LC–OCD, ATP, cell
count, BPP, AOC-A3,
AOC-P17/NOX*

LC–OCD, PHMOC,
ATP, cell count,
invertebrates, BPP,
AOC-A3, AOC-P17/
NOX

2.4. Analytical methods – biomass and other parameters
Microbial biomass in the water phase was monitored as total ATP
(adenosine triphosphate) for active biomass and total and membraneintact cell counts for bacterial numbers. Total ATP was determined
spectrophotometrically (Celsis method with LuminEX reagentia, Charles
River) at 10 s incubation (van der Wielen and van der Kooij, 2010). Total
and intact cell counts were enumerated by flow cytometry according to
the protocol and equipment (BD Accuri C6) described by Prest et al.
(2013). Invertebrate and invertebrate detritus speciation, density and

(data from field
monitoring and
laboratory filtration)

3
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biovolume were determined by visual microscopic inspection of (100 to
500 mL) water samples using a dissection microscope (Leica MZ APO,
magnification up to 100 ×) and the Bacchus automated size measure
ment system (Carpentier et al., 1999), and were expressed as total
fresh-weight biomass obtained by multiplying the biovolume with an
assumed density of 1 µg/µm3. Chlorophyll-a (determined according to
the applicable (NEN, 2006) standard) was used as indicator for density
of algae.

by Spearman-rho (correlation coefficient RS). Data with a normal dis
tribution after log-transformation were additionally assessed by Pearson
(correlation coefficient RP). Correlations were classified as ‘moderate’,
‘good’ and ‘strong’ for values of RP and RS ranging between 0.40 and
0.60, 0.60 and 0.80, and ≥ 0.80, respectively. All correlations with RP
and RS > 0.40 featured a p-value of ≤ 0.02 meeting the significance
criterion p < 0.05. The results of the addition series experiments were
evaluated on linearity by least-square regression analysis and trend line
fitting in MS Excel for Office 365, where the coefficient of determination
R2 described the goodness of the fit.

2.5. Determination of the quantitative relationship between high-MW OC
and MGP parameters by addition series experiments

2.8. Theoretical estimation of biomass OC content and OC consumptions
for growth and maintenance

To verify the assumed importance of high-MW OC for MGP, the
quantitative relationship between the concentration of high-MW OC and
ensuing responses in MGP parameters was investigated under controlled
conditions by addition series experiments in the laboratory. Hereto, a
high-MW OC concentrate was isolated from BACF-filtrate by 30 kDa
ultrafiltration as described for the PHMOC-method (Section 2.2) and
subsequently added in increasing amounts (by pipetting) to 600 mL
blank water in AOC-free Erlenmeyer flasks. The blank water was an
aerobic groundwater with a low OC content and a high biological sta
bility (van der Kooij and Veenendaal, 2013). Next, all flasks were
pasteurized and inoculated with 1 mL BACF-filtrate to establish the same
natural microbial consortium in all samples, and then further processed
as AOC-A3, AOC-P17/NOX (for control purposes) and BPP assays. The
experiments were conducted once in summer and once in winter to
assess seasonal differences.

The quantity of OC in the bacterial and invertebrate biomass in the
BACF-filtrate was calculated using conversion factors available from
literature for ATP (250 ng C/ng ATP Karl (1980) and total cell count (10
to 120 fg C/µm3 cell volume, Bratbak and Dundas, 1984; Nagata, 1986;
Fagerbakke et al., 1996; Khachikyan et al., 2019), and 0.05 µg C/µg
fresh-weight invertebrate biomass (Winberg et al., 1971, and assuming
that 25% of biomass is carbon).
For the waters studied here, OC was considered to be the substrate
most relevant as energy source for MGP as the concentrations of other
potential energy sources were very low (iron and manganese < 5 µg/L,
ammonia: ~ 10 µg/L). The OC-consumption by the microbial biomass
present in the water samples was estimated here from the BPPincubation curves, including its distribution over respectively biomass
growth and biomass maintenance. The distinction between biomass
growth and biomass maintenance was manifest in the BPP-incubation
curves typical for BACF-filtrate as shown in Fig. 1a and 1b as follows.
Firstly, ATP (i.e., biomass) levels drop rapidly from the initial level at
sampling (ATP0) to a stabilized minimum level (ATPmin) in the lag-phase
where the biomass adapts to the incubation environment. The subse
quent increase from ATPmin to ATPmax indicates the production of
biomass in the growth phase. At the maximum reached level (ATPmax),
biomass concentrations remain constant (stationary phase) where the
available OC is used for the maintenance of the cells’ membrane
integrity, osmotic condition and protein renewal. The BPC14-value
(indicated in Fig. 1a) thus encompasses both maintenance and growth of
the biomass.
OC-consumptions by the microbial biomass present in the water
samples were estimated from the BPP-incubation curves using theoret
ically derived yield factors. Unlike the AOC-methods A3 and P17/NOX,
the BPP-assay cannot provide an exact and well-defined AOC quantifi
cation, as the variability in OC-compounds, autochthonous biomass
consortia and initial biomass concentrations inherent to the BPP-assay
rule out the existence of a fixed and uniform biomass-to-OC yield fac
tor (van der Wielen and Hijnen (2016), using acetate as model sub
strate). Furthermore, Pirt (1982) demonstrated that the OC-to-biomass
yield correlates positively with the biomass growth rate, i.e., is not
constant, under oligotrophic conditions and slowly biodegradable OC.
Nevertheless, adopting theoretical approximations allows estimations
on the order-of-magnitude level as follows. The 14-day BPP-incubation
results of the field monitoring and filtration experiments were therefore
used here to estimate the respective OC-consumptions for biomass
growth (Cg) from the biomass increase in the growth phase, for main
tenance (Cm) from the minimal biomass concentration ATPmin
(assuming for simplification reasons a constant OC-consumption for
maintenance throughout the whole incubation), and the total
OC-consumption (Cg + Cm) by the by the following theoretical calcu
lations (main parameters are also indicated in Fig. 1a):

2.6. Particle-size distribution of high-MW OC and MGP by laboratory
filtration experiments
The distribution of high-MW OC, biomass and MGP parameters ac
cording to particle size was investigated by laboratory filtration of
BACF-filtrate. BACF-filtrate was filtered under gravity over flat-sheet
membranes with pores sizes of respectively 0.1, 0.22, 0.4 and 3 µm
(Millipore Isopore polycarbonate, 47 mm diameter, types VCTP04700,
GTTP04700, HTTP04700 and TSTP04700, respectively). Filter holders
(ThermoFisher Scientific, Nalgene) were autoclaved and the complete
filtration setup including membranes was flushed with 6 L milli-q water
in advance of the actual filtration runs with BACF-filtrate. The obtained
laboratory-filtrates (collected in 1 L AOC-free glass Schott Duran bottles)
were poured over in AOC-free Erlenmeyer flasks and further analyzed on
ATP, cell count, LC–OCD, AOC-A3 and BPC14. The 0.1 µm laboratory
filtration exhibited rapid filter clogging which necessitated frequent
change of filter membrane, whereas their BPP-incubation curves
featured a deviating shape and a significant spread between their du
plicates. These results were therefore considered to be unreliable and
were excluded from further evaluation. Ultrafiltration results from
Schurer et al. (2019) using the same water (BACF-filtrate) and filtration
principle (size exclusion) as the laboratory filtration were used to
compare the effect of smaller membrane pore sizes (0.02 and 0.12 µm).
2.7. Seasonal variations and parameter correlations in high-MW OC and
MGP by field monitoring in the full-scale surface water treatment plant
The field monitoring study involved sampling on the parameters
described in Sections 2.2 to 2.4 in the full-scale treatment plant’s feed
water, pretreated water (after rapid filtration or UV disinfection) and
BACF-filtrate (considered to be representative for distributed drinking
water without interference of the ClO2 post-disinfection in the biomass
and biostability analysis, notably ATP and intact cell count). The
monitoring period encompassed a four-year period to cover multiple
season alternations.
The field monitoring data set was evaluated on parameter correla
tions using Realstats in MS Excel for Office 365. Most of the data proved
not normally distributed (checked by Shapiro-Wilk) and were assessed

Cg = (ATPmax – ATPmin) × 250 × 2, and
Cm = ATPmin × 250 × mD × 14
The factors ‘250′ , ‘2′ and ‘14′ respectively represent the C (µg/L) to ATP
4
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Fig. 1. a: Schematic representation of a BPP-incubation curve typical for BACF-filtrate in which the derivation of the OC-consumptions for biomass growth (Cg,
vertical arrow) and maintenance (Cm, dotted rectangle) according to the formulae and factors described in Section 2.8 is schematically indicated. The shaded area
represents the BPC14. b: typical BPP-incubation curves for BACF-filtrate during the year.

(ng/L) conversion factor (Karl et al., 1981), the commonly applied ratio
between dissimilation and assimilation (biomass production) (Heijnen
and van Dijken, 1992), and the duration of the BPP-incubation (days).
For the biomass specific maintenance rate mD a value of 0.29 ± 0.06 µg
C/µg biomass-C.day at the BPP incubation temperature of 25 ◦ C was
adopted here based on data by Tijhuis et al. (1993) (their Eq. 21, as the
average for six organic compounds under aerobic conditions as listed in
Table S1, and following their conclusion that mD was significantly
impacted by the temperature but not by the electron donor – receptor
system) in analogy to the approach of Blokker and van der Wielen
(2018).

shown in Figs. 2a and 2b, AOC-A3 and BPC14 increased linearly as
function of the high-MW OC concentration (R2 ≥ 0.89) at concentrations
above 25 µg/L, whereas AOC-P17/NOX remained low in all samples.
The clear increase of AOC-A3 vis-á-vis AOC-P17/NOX demonstrated
the responsiveness of AOC-A3 to the high-MW OC compounds present in
drinking water, in line with the nutritional characteristics of the pure
cultures applied in the respective MGP assays (Section 2.3). Moreover,
BPC14 correlated well with AOC-A3 (R2 ≥ 0.88) but not with AOC-P17/
NOX, similar to findings later presented in Section 3.2 (laboratory
filtration) and Sections 3.3 and 3.4 (field monitoring). In addition, the
observed BPP incubations typically featured stable and low ATP levels
without any distinct sharp spikes in the first seven days, followed by a
gradual increase up to eventual stabilization in the second week. This
curve shape is representative for MGP being dominated by slowly
biodegradable, high-MW compounds (van der Kooij et al., 2015)
(whereas BPP-curves in waters with high concentrations of easily
assimilable OC after (advanced) oxidation (van der Kooij et al. 2015 and
2017) or by acetate addition (van der Wielen and Hijnen, 2016) show a
steep increase of ATP during the first few days followed by a decline).
The slopes of the linear trend lines in Figs. 2a and 2b were used to
determine the ratio between MGP and the high-MW OC concentration.

3. Results
3.1. Quantitative relationship between BACF-filtrate high-MW OC and
MGP
The impact of high-MW OC on MGP was verified under controlled
conditions in the laboratory by the addition of increasing amounts of a
high-MW OC concentrate isolated from BACF-filtrate to a blank water
(water quality data of the BACF-filtrate and blank water in Table S2). As

Fig. 2. Effect of the addition of high-MW OC on BPC14, AOC-A3 and AOC-P17/NOX in a) winter; b) summer (average values of duplicates, error bars indicate
standard deviation). Concentrations of high-MW OC calculated from (concentrate TOC (mg C/L) × added concentrate volume (mL) / 600 mL blank volume). All
plotted data were corrected for the blank values by subtraction.
5
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The obtained values of the respective ratio’s for BPC14 and AOC-A3 were
higher in summer (1.2 ng.d/µg and 0.06 µg/µg) than in winter (0.6 ng.d/
µg and 0.04 µg/µg), which suggested the presence of a seasonal differ
ence. Concluding, the experimental data thus clearly demonstrate the
potency of high-MW OC to induce MGP in BACF-filtrate, according to a
linear relationship of which the MGP-to-high-MW OC concentration
ratio is seasonally variable. How the individual subfractions encom
passed by the total high-MW OC contribute to MGP and how this ex
plains the variability of their ratio will be addressed in the following
sections.

3.3. Seasonal variability of high-MW OC, biomass and MGP in feed water
and treated water
The water quality data of the feed water, pretreated water and BACFfiltrate obtained during the field monitoring of the full-scale treatment
plant are summarized in Table 2. Water temperature, high MW OC,
biomass and MGP parameters all exhibited clear seasonal variabilities in
feed water, pretreated water and BACF-filtrate as shown in Figs. 4a-f.
The observed average levels and reductions of the field monitoring pa
rameters were in the same range as reported in literature for similar
treatment trains and feed waters (van der Kooij et al., 2015; Park et al.,
2016; Hijnen et al., 2018).
The water temperature ranged between 5 and 22 ◦ C and was above
10 – 13 ◦ C in the period between April to October, which is henceforth
designated as ‘summer’ here. High-MW OC, biomass and MGP in the
feed water and pretreated water all reached maximum levels in summer.
Algal density in the feed water (cyanobacteria and diatoms) was also the
highest in summer.
The concentrations of high-MW OC in BACF-filtrate (Fig. 4c) were
mostly higher (and more irregular) in winter (~ 100 – 150 µg/L) than in
summer (~50 µg/L). This seasonal pattern was thus contrary to that of
the feed water. Removal of high-MW OC in the pretreatment and BACFfiltration was thus seasonally variable and appreciably higher (~ 60%)
in summer than in winter where reductions dropped to negligible or
even negative amounts (i.e., release).
MGP and biomass were mainly removed in the pretreatment
(average reduction 70 to 90%) whereas additional reduction in the
BACF-filtration was only small (less than 10%). BPC14, AOC-A3, ATP
and cell count exhibited a similar seasonal pattern in BACF-filtrate as in
the feed and pretreated water, i.e., with maximum levels occurring in
the summer period (Figs. 4d – f, cell count data not shown). ATP was
cell-bound (free ATP < 1 ng/L) and correlated well with intact (RP 0.87,
N = 28) and total cell count (RS 0.71, N = 36). Microbial and inverte
brate activity in the BACF-filters was also the highest in summer as
indicated by the increases in oxygen consumption in the filter beds and
in the concentrations of invertebrate biomass and their detritus (Fig. 4e).
Concentrations of AOC-P17/NOX in BACF-filtrate (Table 2) were
without any obvious seasonal pattern (data not shown) and remained on
average around the 10 µg/L considered as upper level to avoid regrowth

3.2. Relationships between high-MW OC particle size and MGP for BACFfiltrate
Based on the results presented by Schurer et al. (2019) the impor
tance of the sub-/micron particle size subfraction of the high-MW OC for
MGP was further verified by laboratory filtration experiments. Here,
BACF-filtrate (water quality data in Table S3) was filtered through
membranes with pore sizes of 0.22, 0.45 and 3.0 µm with results as
shown in Fig. 3, which for comparison also includes data of the same
BACF-filtrate after ultrafiltration with membrane pores sizes of 0.02 and
0.12 µm (Schurer et al., 2019). The relative passages of BPC14, AOC-A3,
ATP and cell counts all showed a marked change in the > 0.12 to 0.45
µm pore size range, whereas the change in LC–OCD biopolymer passage
remained comparatively small. This suggests that the large change in
MGP is caused by only a small fraction of the totally present high-MW
OC. The concentrations of the other LC–OCD fractions remained un
altered by the filtrations, implying that BPC14 and AOC-A3 were not
significantly affected by these OC-fractions.
Although the hydrodynamic conditions partially differ between the
laboratory filtrations and ultrafiltration, the respective retentions of the
various OC-fractions were clearly distinguishable and in agreement with
expectations based on their MW, the applied membrane pore sizes and
the size-exclusion filtration mechanism. Furthermore, the samples’
BPC14 (curves in Figure S4) correlated well with AOC-A3 (R2 ≥ 0.92) as
well as with ATP and cell count (R2 ≥ 0.80) in a similar way as the
addition series and the BACF-filtrate field monitoring later discussed in
Section 3.4 Based on these results it is thus concluded that MGP as BPC14
and AOC-A3 in BACF-filtrate is mostly attributable to the sub-/micron
0.12 − 0.45 µm particle size which coincides with the microbial biomass
subfraction of the total high-MW OC. The validity of this principle
finding under laboratory conditions for practice water treatment con
ditions will be explored in the next section.

Table 2
Summary of water quality parameters of feed (reservoir) water, pretreated water
and BACF-filtrate as average value ± standard deviation for a three-year period
(N > 20 unless indicated otherwise: a5 – 10; b11 – 20); ‘n.a.’: not applicable; ‘f.
w.’: fresh weight; ‘− ’: no data; *: measured during peak algal presence; ‘bp’:
biopolymer; ‘Ac’: acetate.
Quality parameter
Feed water parameters
Temperature ( ◦ C);min −
max
Chlorophyll (µg/L)
High-MW OC parameters
PHMOC (µg/L)
LC–OCD biopolymer (µg/
L)
Biomass parameters
ATP (ng/L)
Total cell count (× 106/mL)
Intact cell count (× 106/
mL)
Invertebrates (µg/L f.w.)
Detritus (µg/L f.w.)
Biostability parameters
BPC14 (ng ATP .d/L)
AOC-A3 (µg bp-mix C /L)
AOC-P17/NOX (µg Ac-C
/L)

Fig. 3. Passage of LC–OCD-fractions, biomass and MGP observed in the BACFfiltrate laboratory filtrations (‘LF’) and ultrafiltrations (‘UF’; data from Schurer
et al., 2019). Average values of two separate filtration rounds, error bars denote
standard deviation. ‘hs+bb’: sum of humic substances and building blocks;
‘bp’: biopolymer.
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Feed water

Pretreated
water

BACF-filtrate

13.2 ± 6.0; 5 –
21
3.6 ± 4.8

(as feed water)
<0.6 ± 0.5*b

(as feed
water)
<0.2 ± 0.2

411 ± 157b
265 ± 92

184 ± 39b
122 ± 24

118 ± 42
92 ± 45

178 ± 350
2.0 ± 1.4
0.7 ± 0.9

18 ± 20b
−
−

12 ± 11
0.6 ± 0.4
0.3 ± 0.2

160 ± 200
(n.a.)

−
(n.a.)

14 ± 18
7 ± 20

923 ± 585
141 ± 105
86 ± 86b

262 ± 189b
13 ± 8a
10 ± 2a

164 ± 64
9±4
11 ± 5
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Fig. 4. Seasonal patterns of water quality parameters in plant feed water a) temperature and chlorophyll; b) BPC14 and AOC-A3; plant feed water and BACF-filtrate c)
LC–OCD biopolymer and PHMOC; d) ATP; BACF-filtrate e) invertebrate biomass; f) BPC14 and AOC-A3. Lines for visual aid only.

by low-MW OC compounds (van der Kooij et al., 1992). The absence of
possible P (phosphorus)-limitation was verified by the observed simi
larity of BPP incubation curves with and without the assays’s standard
P-addition (Schurer et al., 2019).

furthermore that BPC14 and AOC-A3 correlated strongly with biomass
measured as ATP, which was newly included as additional parameter
here. The strong correlation observed between PHMOC and LC–OCD
biopolymer concentrations was in line with Schurer et al. (2019).
Additionally, parameter correlations were evaluated separately for
BACF-filtrate alone since its seasonal pattern of high-MW OC concen
trations was different (i.e., opposite) from that in the other water types
(Section 3.3). For BACF-filtrate the correlation between BPC14 and AOCA3 was strong as shown in Table 3 and Fig. 5a. Both MGP parameters
correlated poorly with AOC-P17/NOX, LC–OCD low-MW OC concen
trations, and only moderately with invertebrate biomass and detritus.
Correlation with the LC–OCD humic substances concentration was
moderately well, but the existence of a strong causal relationship was
rejected by the results of the laboratory filtration experiments previously
described.
The observed good correlations between total MGP as BPC14 and the
biodegradable biopolymer concentration AOC-A3, the typical BPP in
cubation curve shapes, the linearity observed in the high-MW OC
addition series and the importance of the > 0.12 µm particle size fraction

3.4. Relationships between high-MW OC, biomass and MGP in the field
monitoring study
The treatment plant monitoring data were investigated on correla
tions between MGP, OC and biomass parameters with results shown in
Table 3. The aggregated data set of feed water, pretreated water and
BACF-filtrate showed that MGP as BPC14 and AOC-A3 correlated well
with the high-MW OC concentration (PHMOC and LC–OCD
biopolymer), and not significantly with AOC-P17/NOX. The observed
BPP-incubation curve shape (Fig. 1b) was typical for MGP dominated by
slowly biodegradable, high-MW OC compounds as described in Section
3.1. These results confirmed the general importance of high-MW OC for
MGP, in line with the approach and results by Hijnen et al. (2018) for
similar surface water treatment conditions. The current study showed
7
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Fig. 5b. This demonstrates that the importance of the biomass-associated
high-MW OC subfraction for MGP as suggested by the filtration exper
iments’ outcome is also valid under the practical conditions of full-scale
BACF-filtration. The particular importance of the biomass-associated
high-MW OC subfraction also explains the aforementioned seasonal
variability of the total high-MW OC’s biodegradability. The results thus
show that MGP in BACF-filtrate is not governed exclusively by the
totally present quantity of high-MW OC, but instead is predominantly
determined by the microbial biomass-associated subfraction of the highMW OC.

Table 3
Correlations as Spearman-rho correlation coefficient (RS) of the MGP parameters
BPC14 and AOC-A3 with the other monitoring parameters for the aggregated
(feed water, pretreated water, BACF-filtrate) data set, and separately for BACFfiltrate. ‘n.s.’: not significant (p ≥ 0.05); –: not applicable; ‘n.a.’: not available; a
Pearson RP after log-log transformation; number of observations between
brackets.
correlating parameter

aggregated data set

BACF-filtrate

BPC14

AOC-A3

BPC14

AOC-A3

AOC-A3
AOC-P17/NOX
PHMOC
LC–OCD biopolymer
LC–OCD humic subst.
LC–OCD other
fractions
Invertebrate biomass
Invertebrate detritus
ATP

0.87 (98)
n.a.
0.79 (116)
0.76 (138)
–
–

–
n.a.
0.74 (83)
0.77 (76)
–
–

0.82 (24)
n.s. (51)
n.s. (25)
n.s. (35)
0.60 (35)
0.40 (35)

–
n.s. (26)
n.s. (20)
n.s. (24)
0.63 (29)
0.43 (29)

–
–
0.80 (89)

–
–
0.82 (36)

0.60 (25)
n.s. (26)
0.79 (24)

Total cell count

n.a.

n.a.

LC–OCD biopolymer

PHMOC
0.88 (51)

PHMOC
0.51 (31)

n.s. (48)
n.s. (52)
0.66; 0.74a
(67)
0.67; 0.79a
(36)

3.5. Biomass OC content and consumption for maintenance and growth
To provide a theoretical understanding of the role of biomass in
MGP, the OC-quantities present in the biomass as well as the OCquantities consumed by the biomass were estimated for BACF-filtrate
using field monitoring data (Table 2), BPP incubation curves and liter
ature conversion factors by the approach described in Section 2.8.
Assuming a cell volume range between 0.15 and 1.0 µm3 and a C-content
of 10 to 100 fg per µm3, the average total cell count of 0.6 × 106/mL
amounts to a biomass-OC content of 10 – 60 µg C/L. Using a C:ATP ratio
of 250, the average 12 ng/L ATP in BACF-filtrate which accounts for
50% of the totally present bacterial biomass (based on the ratio between
intact and total cell counts) amounts to a significantly lower 6 µg

n.s. (16)

observed in the filtration experiments all pointed consistently to a strong
connection between MGP and the presence of slowly biodegradable,
high-MW OC compounds. However, despite these indications that MGP
was dominated by high-MW OC, no significant correlation was observed
between MGP and the high-MW OC concentration in BACF-filtrate.
Therefore, their relationship was investigated on the presence of tem
poral systematic trends by assessing the ratios of BPC14 and AOC-A3 to
the high-MW OC concentration in BACF-filtrate (calculated from the
paired field monitoring data). As shown in Fig. 6, the ratios exhibited a
clear seasonal pattern with minima and maxima in winter and summer,
respectively, in the range of 0.5 to 4.0 ng.d/µg (BPC14) and of 0.02 to
0.3 µg/µg (AOC-A3). These values agree well with the seasonal ranking
and order of magnitude obtained in the addition series experiment
(assuming that MGP remains linear to the high-MW OC concentration
and independent from AOC-P17/NOX). The observed pattern in the
MGP — high-MW OC concentration ratio thus indicates that the overall
biodegradability of totally present high-MW OC is seasonally variable.
In addition, the field monitoring data importantly showed that MGP
as BPC14 and AOC-A3 correlated well to strongly with the biomass pa
rameters cell count and ATP for BACF-filtrate as shown in Table 3 and

Fig. 6. Seasonal patterns in the BPC14 and AOC-A3 ratios to the high-MW OC
concentration (no distinction made between LC–OCD biopolymer and
PHMOC) for BACF-filtrate.

Fig. 5. Correlation plots for BACF-filtrate a) AOC-A3 and BPC14 and b) ATP and BPC14 for the addition series experiments, field sampling and ultrafiltration- and
laboratory filtration experiments.
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biomass-C/L. The invertebrate biomass-C was estimated at a low 1 µg/L
(5% of the average 21 µg/L fresh-weight).
Seeing the good correlations of BPC14 and AOC-A3 with ATP, the
biomass’ theoretical total OC-consumption during the 14-day BPPincubations (Cm + Cg) was calculated based on the biomass concentra
tion present at the moment of sample collection (ATP0) for field-sampled
and laboratory-filtered BACF-filtrate. As shown in Fig. 7a, the calculated
total OC-consumption increased as function of ATP0, and ranged from 5
to 20 µg/L which was in the same order of magnitude as the AOC-A3
concentrations measured in BACF-filtrate. The share of Cm of the total
OC-consumption was 30 to 80% and this proportion increased for higher
ATP0 levels (Fig. 7b). The impact of the initial biomass concentration in
shifting the OC-consumption from biomass growth towards biomass
maintenance is also qualitatively observable in the shape of the BPPincubation curves of BACF-filtrate (Fig. 1b): samples with higher
levels of ATP0 showed flatter curves with a smaller ATP-increase in the
growth phase, but also a persistence of stable and high ATP-levels
throughout the latter half of the incubation period. Overall, these re
sults emphasize the importance of biomass maintenance vis-á-vis
growth in the growth potential assessment of disinfectant-free drinking
water produced from eutrophic reservoir water containing significant
levels of initial biomass and a slowly biodegradable OC nutrient matrix.

source of high-MW OC in surface water treatment.
The opposite seasonal trends in the feed water and BACF-filtrate
high-MW OC concentrations show that the impact of the feed water’s
quality on the produced drinking water’s MGP is more complex than a
straightforward direct and constant passage through the treatment
steps. The observed pretreatment’s seasonally variable removal effi
ciency for high-MW OC (at unchanged coagulant dose) suggests that its
coagulability is affected by the ambient water temperature and the highMW OC concentration and composition (e.g., the ratio between protei
nous and polysaccharidic substances, Pivokonsky et al., 2006). Further
removal by the BACF-filtration correlates with water temperature and
biological activity in the filters, which suggests a major but only
seasonally present role of biodegradation (in line with Siembida-Lösch
et al., 2015). Biomass is largely (but not completely) removed in the
conventional pretreatment whereas removal in BACF filtration is
seasonally variable (Servais et al., 1991). Furthermore, the pretreatment
and BACF-filtration steps can induce appreciable shifts in the biomass’
microbiome (Lautenschlager et al., 2014; Park et al., 2016) with sea
sonal variability in biomass density in BACF-filtration (Servais et al.,
1991), which suggests that only a minor part of the BACF-filtrate
biomass originates from the feed water. Further understanding of the
fate and interactions between high-MW OC and biomass throughout the
treatment, and their eventual impact on the drinking water’s MGP is of
interest, e.g. by detailed characterization of the high-MW OC’s chem
istry (e.g., (Nguyen et al., 2005)Villacorte et al., 2015) and biomass’
microbiome. In addition, revealing the biomass’ metabolic activity and
pathways by novel metagenomic and proteomic methods is potentially
promising in clarifying the relationship between AOC compounds,
biomass and MGP, although they are still in an experimental phase of
application.

4. Discussion
4.1. The impact of feed water quality on treated water high-MW OC,
biomass and MGP
The detailed monitoring conducted in the current study enables a
more detailed evaluation of the impact of the feed water quality and
treatment efficiency on the produced drinking water (represented by
BACF-filtrate) high-MW OC, biomass and MGP than hitherto available.
The simultaneity of algal abundance in the reservoirs and increased
concentrations of high-MW OC in the plant’s feed water points to a
seasonal (summerly) production of high-MW OC by the reservoir
ecosystem. A mixture of biopolymeric substances such as carbohydrates,
amino acids, amino sugars, proteins, lipids and fatty acids can be pro
duced by algae, depending on their abundance, speciation and growth
phase (Nguyen et al., 2005; Pivokonsky et al., 2006; Pivokonsky et al.,
2014). The high proportion of carbohydrates (~ 55%) supports the
high-Mw OC’s algal origin (Pivokonsky et al., 2014; Hijnen et al., 2018).
The results thus show that algal activity can be a major and variable

4.2. The significances of the high-MW OC subfractions for MGP
The results obtained by the addition series, filtration experiments
and field monitoring in this study all point to the new insight of the
specific importance of the biomass-associated sub-/micron fraction of
the high-MW OC for MGP (as BPC14 and AOC-A3) in BACF-filtrate. Thus,
MGP is impacted by not only the concentration but also by the compo
sition of the high-MW OC, especially the biomass-associated subfraction.
As a result, MGP can be high despite low concentrations of high-MW OC,
as witnessed here for summer conditions in the BACF-filtrate investi
gated here. This explains the spread observed in the correlation between

Fig. 7. a) Theoretical OC-consumption for biomass maintenance (Cm) and total for biomass growth and maintenance (Cm + Cg); samples’ AOC-A3 concentration
approximated by dotted line; b) percentage Cm of the total OC-consumption for BACF-filtrate field monitoring and laboratory filtration experiments by the calcu
lations presented in Section 2.8.
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BPC14 and the high-MW OC concentration observed for similar water
types by Hijnen et al. (2018; R2 0.71 for the aggregated data set of raw
water, pretreated water and BACF-filtrate).
In addition to the aforementioned major importance of the sub-/
micron biomass-associated high-MW OC subfraction for MGP, also the
residual biodegradable OC fractions of a smaller particle size may still be
relevant for MGP and biostability. The observation that the < 0.12 µm
pore size ultrafiltrates and laboratory filtrates featured a comparatively
low but still measurable level of BPC14 despite being devoid of bacterial
biomass and AOC-A3 type compounds (Section 3.2 of this paper and
Schurer et al., 2019) shows that also the OC-fractions which are not
retained by the filtrations can still serve as nutrient source, but induce a
lower level of MGP (Fig. 3). This residual OC contains smaller bio
polymers, humic substances and lower-MW OC. The latter fraction is to
some extent biodegradable as reflected by the AOC-P17/NOX values.
However, the BPP incubation curve shapes of the laboratory filtrations
still suggest prevalence of slowly biodegradable OC, possibly being the
residual (non-filterable) biopolymers or (an association with) humic
compounds (Volk et al., 1997).

4.4. The importance of biomass maintenance in drinking water with a
slowly biodegradable high-MW OC nutrient matrix
The evaluations of the BACF-filtrate BPP-incubations in Section 3.5
show that the presence of significant amounts of initial biomass in a
slowly biodegradable AOC-pool results in the shift of OC-consumption
from biomass growth towards maintenance. The potential importance
of biomass maintenance is further emphasized by extending the BPPincubations to 28 days as incidentally performed for the laboratory fil
trations (curves in Figure S4). These curves show that biomass levels
remain stable and high also after the initial 14-day BPP incubation
period. This demonstrates the capability of the BACF-filtrate AOC-ma
trix to support biomass maintenance at a significant biomass level for an
extended period. For an assumed prolongation of biomass maintenance
at the level of ATPmax by a second 14 days a total OC-consumption of 30
± 11 µg/L is calculated, of which 85% for maintenance (Cm). This OCconsumption exceeds the available AOC-A3 quantity but is still below
the total high-MW OC quantity present as LC–OCD biopolymer and
PHMOC, and might thus be supported by that other AOC, e.g., the re
sidual biopolymers, humic substances, and/or recycled cellular
material.
Summarizing, the BPP results and theoretical OC-estimations ob
tained in this study highlight the relative importance of biomass main
tenance over biomass growth in drinking water dominated by slowly
biodegradable, high-MW OC compounds, and the ensuing potential to
sustain prolonged stable biomass levels in that drinking water (van der
Kooij et al., 2017).

4.3. Theoretical comparison of biomass OC content and consumptions
To further substantiate the importance of the high-MW OC sub
fractions for MGP observed in the field monitoring and laboratory ex
periments, the respective contributions of the various high-MW OC
subfractions to the AOC-pool as well as the consumption of OC by the
microbial biomass are evaluated and compared as follows based on the
theoretical approach and its background described in Section 2.8. The
estimated OC-quantity in invertebrates is very low (~ 1 µg C/L)
compared to that of microbial biomass as well as AOC-P17/NOX and
AOC-A3, and is therefore most likely irrelevant for MGP. The estimated
(average) microbial biomass-OC content in the BACF filtrate is in the
range 10 – 60 µg C/L. The estimated OC-consumption by the microbial
biomass in BACF-filtrate during the 14-day BPP-incubation (Cm + Cg of
12 ± 4 µg/L) was in the same order of magnitude as the estimated mi
crobial biomass OC-content, but also similar to the measured AOC-A3
concentrations (9 ± 4 μ g/L).
The similarity in biomass-OC and AOC-A3 quantities is further sup
ported by using data of growth experiments of the AOC-A3’s test strain
A3 (F. johnsoniae) on biomass substrates of pure P17 and NOX cultures
performed by Sack et al. (2009). From their original data, A3-yield
factors of 0.29 and 0.10 CFU/CFU were derivable. Under the assump
tion that these values are representative for the growth of A3 on BACFfiltrate microbial biomass, and using the AOC-A3 assays’ calibration
factor of 1.3 × 104 CFU/µg C (Sack et al., 2011), the average
BACF-filtrate total cell count of 0.6 × 106 cells/mL is equivalent to an
AOC-A3 content of 5 – 13 µg C/L. This value also corresponds well to the
AOC-A3 levels measured in the BACF-filtrate.
The similarity in the respective estimated quantities of the OCconsumption Cm + Cg, the OC present in the biomass subfraction, and
the AOC-A3 concentrations shows that the observed importance of the
microbial biomass high-MW OC subfraction for MGP is also realistic
from a theoretical viewpoint. A possible mechanism for growth and
maintenance associated with cell-biomass, of which the principle was
shown by Sack et al. (2010) for A3, is the reuse of soluble organic carbon
material released by intact cells and/or particulate cellular debris after
solubilization (‘cryptic growth’ Banks and Bryers, 1990). On the other
hand, Cm + Cg is well below the totally present high-MW OC concen
tration (~ 15 to 30% of the 100 ± 50 µg/L LC–OCD biopolymer,
Table 2). This suggests that part of the high-MW OC is potentially still
available for further assimilation by the biomass also after the 14-day
period used as evaluation basis here.

4.5. Implications of the findings for biostability during treatment and
distribution
This paper demonstrates the specific relevance of the microbial highMW OC subfraction for biostability as assessed by MGP-bioassays for the
investigated treated surface water type. MGP is thus not only dependent
on the totally present high-MW OC’s quantity, but also and predomi
nantly on its ambient biomass content. Therefore, treated water MGP
levels can be high even at low high-MW OC concentrations and viceversa. The results thus support that thorough removal of microbial
biomass (and simultaneously, other inorganic particulates) in the water
treatment may be promising in reducing the drinking water’s MGP
(Schurer et al., 2019). However, also the other (non-biomass associated)
OC-fractions still contribute to MGP (e.g., at situations of high
AOC-P17/NOX levels) and should therefore be included in monitoring
and evaluations.
This study also highlights the potential of drinking water containing
slowly degradable high-MW OC to maintain stable and high biomass
levels. The findings made here for the produced (treated) water have
potentially important implications for the biostability conditions in the
supplied distribution network. Similar to the treated water, the slowly
biodegradable OC matrix may enable a sustained presence of stable and
high levels of biomass (bacteria, protozoa and invertebrates) in biofilm
and suspended state in the distribution network, and thus negatively
affects regrowth and biostability (Boe-Hansen et al., 2003; van der Kooij
et al., 2017; Hijnen et al., 2018).
The importance of biomass maintenance in the produced drinking
water as discussed in the current study raises the question whether this
parameter might serve as predictor for regrowth in the distribution
network, and if so, which threshold level applies. The prolonged biomass
maintenance in oligotrophic treated water (BACF-filtrate) observed here
is in line with similar findings for slow sand filtrate by van der Kooij
et al. (2017). Data from that study indicate that regrowth (defined here
as the abundance of the indicator organism Aeromonas) in the distri
bution network is low for maintenance levels of 3 – 4 ng ATP/L in the
produced drinking water, and increases for ~ 15 ng ATP/L maintenance
levels (to which the levels observed in the current study were similar).
However, further interpretation must be made with caution, as the
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respective produced waters also differed in other water quality aspects
such as AOC.
Furthermore, the relationship between produced water MGP and the
biostability and regrowth in the distribution network is complex seen
the variety in nutrient uptake paths and physical environments. The
AOC-compounds may contribute to regrowth conditions by direct and
slow but long-term uptake in biofilms on the pipe wall and (loose) de
posits in the distribution system, and further onto higher trophic levels
such as invertebrates (van Lieverloo et al., 2012; Sack et al., 2014). Also,
(bio-)physical agglomeration of OC-compounds onto iron and manga
nese hydroxide particles may accelerate formation of loose deposits and
biofilm (Camper, 2004; Ginige et al., 2011). Furthermore, physical
conditions such as temperature, flow velocity, residence time, network
configuration, presence of sediments, pipe wall roughness and piping
and plumbing materials affect biostability and regrowth in the distri
bution network (Camper, 2004; Prévost et al., 1998; Liu et al., 2014;
Prest et al., 2016).
The used MGP and OC characterization methods showed their value
in elucidating the relationship between high-MW OC and MGP and the
relevance of biomass maintenance in detail in oligotrophic drinking
water. It is recommended that future studies include biological param
eters (ATP, flow cytometry-based cell count, -volume and growth assays
(BGP), as well as microbiome fingerprinting, proteomics and meta
genomics) to further understand this relationship. Additional work on
the effects and interactions of various conditions of the concentrations
and types of high-MW OC, biomass, and iron and manganese particu
lates on regrowth and biomass presence in full-scale distribution net
works and controllable model networks, e.g., recirculation pipe
simulators and annular- or disk reactors/biofilm- monitors will further
foster this understanding.

disinfectant-free distribution of treated surface water.
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Prévost, M., Rompré, A., Coallier, J., Servais, P., Laurent, P., Clément, B., Lafrance, P.,
1998. Suspended bacterial biomass and activity in full-scale drinking water
distribution systems: impact of water treatment. Water Res 32 (5), 1393–1406.
Rittmann, B.E., Snoeyink, V.L., 1984. Achieving biologically stable drinking water.
J. Am. Water Works Assoc. 76, 106–114.
Sack, E.L.W., van der Kooij, D., van der Wielen, P.W.J.J., 2010. Utilization of oligo- and
polysaccharides at microgram-per-litre levels in freshwater by Flavobacterium
johnsoniae. Appl. Environ. Microbiol. 108, 1430–1440.
Sack, E.L.W., van der Wielen, P.W.J.J., van der Kooij, D., 2011. Flavobacterium
johnsoniae as a model organism for characterizing biopolymer utilization in
oligotrophic freshwater environments. Appl. Environ. Microbiol. 77, 6931–6938.
Sack, E.L.W., van der Wielen, P.W.J.J., van der Kooij, D., 2014. Polysaccharides and
proteins added to flowing drinking water at microgram-per-liter levels promote the
formation of biofilms predominated by Bacteroidetes and Proteobacteria. Appl.
Environ. Microbiol. 80 (8), 2360–2371.
Servais, P., Billen, G., Ventresque, C., Bablon, G.P., 1991. Microbial activity in GAC
filters at the Choisy-Le-Roi treatment-plant. J. AWWA 83 (2), 62–68.

12

