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Abstract: Methane is a potential source of carbon in drinking water. Typically, it is removed at
waterworks during an initial treatment step such as aeration or stripping. Remaining methane
may be converted by methane-oxidizing bacteria to organic carbon, which is then available for
heterotrophic growth and may ultimately contribute to invertebrate growth. We investigated the
presence of invertebrates at a waterworks with incomplete methane removal and at a waterworks
without methane. Microscopy and analyses of 16S and 18S ribosomal genes were conducted on filter
sand from full-scale biological rapid sand filters. Primary filters with methane were dominated by
methane- and ammonia-oxidizing bacteria. Upper layers of secondary filters were dominated by
heterotrophic bacteria, while the deepest layer contained 92% eukaryote DNA. Rotifers, nematodes,
platyhelminths and annelids constituted 22% of the DNA in the secondary filters. Filters with methane
contained higher shares of invertebrates (13%) than the filter without methane (7%). Furthermore,
pilot studies were conducted to estimate suitable levels of methane when implementing methane
removal technologies. Methane concentrations of 0.24 mg/L caused rapid visible growth. Vacuum
stripping and nitrogen addition removed methane to 0.018–0.03 mg/L and prevented growth of
methane-oxidizing bacteria.

Keywords: eukaryotes; protists; groundwater; AOC (assimilable organic carbon); waterworks; sand
filters; removal; treatment

1. Introduction

Drinking water systems are low-nutrient environments with the presence of naturally
occurring organisms [1,2]. Many of these organisms are crucial to maintain good drinking
water quality in waterworks as well as in distribution systems. Danish drinking water is
based on groundwater, which typically undergoes only aeration and biological rapid sand
filtration before being distributed without a disinfection step [3]. Biological processes in
rapid sand filters are crucial to remove substances such as ammonia and nitrite [4] and can
also contribute to the removal of iron [5] and degradation of pesticides [3]. Furthermore,
stable biofilm in pipes of non-chlorinated systems has been found to improve the water
quality [6]. However, maintaining a stable system requires control of the nutrients in the sys-
tem to obtain biostable water [1,7,8] and prevent excessive growth. Biostable water has been
defined as water containing assimilable carbon (AOC) below 10 µg/L in non-chlorinated
water [9]. Drinking water with high levels of available carbon may cause challenges such as
high levels of heterotrophic bacteria, protists and invertebrates [10,11], triggering problems
such as clogging of systems, high levels of visible invertebrates and bad odour and taste
due to, e.g., low oxygen levels. Overall, this impedes the quality and aesthetics of the
drinking water and causes consumer complaints [11–13]. Furthermore, some species within
the group of coliform bacteria such as Serratia fonticola grow at low temperatures (confirmed
from 4–10 ◦C) in water with high concentrations of available carbon [14,15].

The parametric value in the Danish drinking water regulation [16] of non-volatile
organic carbon (NVOC) is 4 mg/L. AOC measurements are only rarely performed but
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available data [17] report levels below 10 µg/L in six investigated waterworks and concen-
trations of 20–40 µg/L in the remaining four investigated waterworks in Zealand, Denmark.
Despite the generally high level of biological stability in Danish drinking water, cases of
excessive invertebrate growth at waterworks and especially occurrence of worms up to
10 cm have been reported several times [18]. Common factors of the affected utilities
were the presence of methane in the groundwater resource. However, investigations of
the relationship between groundwater containing methane, different methane removal
strategies and biological growth in drinking water lack.

Methane concentrations in the groundwater of 14 waterworks in Denmark have
previously been reported to be up to 20.6 mg/L [19]. The aim of this study was to investigate
whether relatively low methane concentrations of 0.25 mg/L on average in groundwater
contributed to unwanted biological growth at an existing waterworks. Analyses at a
waterworks without methane, which has previously been classified as having climax
sand filters with top predators present [20], was performed and included as a reference.
Furthermore, pilot studies with various degrees of methane removal were conducted to
determine methane influence on bacterial growth in drinking water.

The studies confirmed that the reference waterworks contained annelids, which are
top predators in sand filters. Furthermore, the study showed that the waterworks with
methane in the groundwater maintained even higher shares of invertebrates (13%) than the
reference waterworks (7%). Investigations of methane removal showed that concentrations
of only 0.24 mg methane/L may cause rapid bacterial growth, whereas concentrations of
0.018–0.03 mg/L did not contribute to visible growth nor the presence of genetic material
from methane-oxidizing bacteria.

2. Materials and Methods
2.1. Full-Scale Waterworks

Two of the thirteen waterworks in HOFOR, Greater Copenhagen Utility, were investi-
gated. One was chosen for having the highest concentration of methane in the groundwater
and the other for being an old waterworks without methane, previously classified as a
climax sand filter [20]. Slangerup waterworks treats approximately 7.3 mill. m3 groundwa-
ter/year, which is abstracted from four well fields. Three of the well fields contain minor
concentrations of methane ≤0.5 mg/L, whereas one contains up to maximum 9 mg/L with
an average of 3.5 mg/L. The water from this well field is stripped in vacuum stripping
columns to reach a methane concentration of 0.5 mg/L before it is treated at the waterworks.
The mixed groundwater with an average methane concentration of 0.25 mg/L is aerated in
closed aeration cassettes and is subsequently treated in primary (empty bed contact time,
EBCT: 22 min) and secondary rapid sand filters (EBCT: 25 min) after which it is stored in a
clean water tank until distribution to consumers. Slangerup waterworks was renovated in
2007 and thus the age of the filter sand was 12 years at the point of sampling.

Hvidovre waterworks, the reference waterworks, treats approximately 0.2 mill. m3 ground-
water per year. The methane concentration in the groundwater is generally < 0.005 mg/L with
few samples during the previous 10 years containing maximum 0.013 mg methane/L
before aeration. The water is aerated by a stair aerator and is subsequently filtered by a
single rapid biological filtration step (EBCT: 72 min). The exact age of the filter is unknown
but is > 40 years. Subsequently, the water is treated by GAC filtration and UV disinfection
before the water is stored in a clean water tank and distributed to consumers.

Chlorine is not applied at any of the waterworks neither during treatment nor distribution.
Water and filter sand samples were collected from Hvidovre waterworks during 29–30

October 2019 and Slangerup waterworks on 10 December 2019.

2.1.1. Filter Sand Sampling

Immediately before sampling, all equipment was washed in Pripan soap, disinfected
with 1% hypochlorite and rinsed with water. Due to renovation, the primary filters at
Slangerup waterworks were taken out of operation seven days before sampling, whereas
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other investigated filters were taken out of operation immediately before sampling. All
filters were filled with water at all times.

Core samples (0 to 40 cm depth) of the filter sand were collected from three randomly
distributed spots in the investigated sand filters by using an acrylic tube (length: 50 cm;
inner diameter: 26 mm). The core samples were subdivided into four 10 cm fractions
(0–10 cm; 10–20 cm; 20–30 cm and 30–40 cm) and fractions from the three sampling points
were transferred to disinfected plastic buckets in which they were mixed into a composite
sample. For Hvidovre waterworks it was only possible to gather filter sand from the top
20 cm due to densely packed sand in the deep layers.

The filter sand samples were covered with water from the top of the sand filters. They
were transported to the laboratory in the plastic buckets, while kept at 4 ◦C. After arrival at
the laboratory a subsample was immediately transferred to a 50 mL centrifuge tube and
stored at −18 ◦C until it was sent for DNA extractions and analysis. Another fraction of
the samples was used for light microscopy.

2.1.2. Water Sampling

At Slangerup waterworks, water samples were collected throughout the treatment
steps: before aeration of the methane containing groundwater, from the reaction chamber
after aeration, after primary filters and at the outlet of the waterworks. The water samples
were collected after flushing the bottles with three volumes of water. Water samples were
collected from taps except for the reaction chamber, where the water sample was collected
by a bucket on an extendable shaft, through a lid in the chamber. Before use, the equipment
was washed in Pripan soap, disinfected with 1% hypochlorite and rinsed with water.
Samples were kept at 4 ◦C until analysis. As for the sand samples a subsample of the
water from the reaction chamber was immediately transferred to a 50 mL centrifuge tube
upon arrival at the laboratory and stored at −18 ◦C until it was sent for DNA extractions
and analysis.

At Hvidovre waterworks, water samples were collected the day after sand sampling.
Samples were collected at a sampling point before activated carbon filtration and at the
outlet of the clean water tank. Microbiological samples were collected in single-use sterile
bottles while samples for chemical analyses were collected in pre-cleaned glass bottles.
Samples were kept at 4 ◦C until analysis.

2.2. Pilot Columns

Pilot studies were conducted with various degrees of methane removal at Slangerup
waterworks to investigate the methane levels that would prevent unwanted growth in the sys-
tem. One setup used drinking water from Slangerup waterworks with <0.01 mg methane/L.
The remaining setups used anaerobic groundwater from two of the well fields from Slangerup
waterworks with a methane concentration varying between 0.16 and 0.48 mg/L.

2.2.1. Columns without Methane Removal (Setup and Sampling)

A first set of pilot studies were conducted in a pellet softening reactor due to imple-
mentation of water softening at the waterworks. The reactor was made of transparent PE
and had an inner diameter of 9.9 cm and a height of 6.7 m. The reactor was operated with a
water flowrate of 0.6 m3/h, which corresponds to an upwards velocity of 76 m/h. Sodium
hydroxide (NaOH) 27% was dosed at the bottom of the reactor. The NaOH dosage varied
from 90 to 120 mg/L depending on the inlet water quality; the effluent pH was approx-
imately 9. The reactor was filled until 1.5 m with quartz sand (0.35–0.5 mm diameter),
which served as seeding material. Over time, calcium carbonate (CaCO3) precipitated onto
the seeding material, forming pellets. Pellets were removed and more quartz sand was
added at regular intervals to keep a stable fluid bed height in the reactor. From the top of
the reactor a small part of the softened water flowed through a polytetrafluoroethylene
(PTFE) hose (10 mm diameter) to a water control panel. The pilot plant was operated for
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four months from mid-March to mid-July 2019. The first three months was with anaerobic
groundwater and the last month with drinking water.

A water sample from the top of the pellet reactor containing visible bacterial growth
was collected two days after the onset of the pilot tests with anaerobic groundwater. A
sample with visible bacterial growth from the PTFE hose was collected after three months
of tests with anaerobic groundwater. All samples were stored at −18 ◦C until they were
sent for DNA extractions and analysis.

2.2.2. Columns with Methane Removal (Setup and Sampling)

Another set of pilot studies were conducted in a vacuum stripping column from
February to March 2022. Two experiments were carried out: one without nitrogen dosing
and another with a nitrogen dosing of 0.8 g/h N2. Each experiment ran for one month.

The vacuum column was made of stainless steel and had an inner diameter of 26 cm, a
height of 4 m and was filled with stainless steel packing material until 2 m. It was operated
with an absolute vacuum of 35 mbar and a water flowrate of 0.6 m3/h, which corresponds
to a downward velocity of 11 m/h. The pilot plant has the option to dose nitrogen gas
at the bottom of the vacuum column to improve efficiency of the stripping process. After
leaving the vacuum column the water was fully aerated with a small pump, and a small
part of the aerated water flowed through a 6 m PTFE hose (10 mm diameter). The hose was
changed after each experiment.

Water samples were collected at the inlet and outlet of the vacuum stripping column.

2.3. Microscopy

Core samples of filter sand were hand shaken with water collected in the core samples.
Microscopy of the water was conducted with a Zeiss Axio Lab.A1 microscope mounted
with an Axiocam 305 Color camera and Zen 2.5 software, Carl Zeiss Microscopy GmbH,
Jena, Germany.

2.4. Analyses of Specific Water Quality Parameters

The samples were analysed for methane, nitrate, total nitrogen, total phosphorous,
orthophosphate, sulphate, sulphide and NVOC at Eurofins accredited laboratory, as well as
for standard water quality parameters (temperature, pH, conductivity, oxygen, hardness,
calcium, magnesium, potassium, sodium, iron, manganese, ammonium, nitrite, alkalinity,
hydrogen carbonate, carbon dioxide and nickel) at the accredited laboratory at HOFOR,
Greater Copenhagen Utility. Water quality data are presented in Figure S4 and Tables
S1 and S2. Assimilable organic carbon (AOC) was analysed at the Danish research and
technology Institute DHI Water Environment Health. The applied method was The AOC
manual by van der Kooij and Veenendall, Kiwa [21] modified as DHI internal method
M 19.1, SOP 818.

Samples of biofilm mixed with loose deposits in the PTFE hoses were collected at the
end of each experiment after a month of operation. PTFE hoses were removed and stored
at −18 ◦C until analysis.

2.5. Molecular Analyses

DNA extraction and analysis as well as data analysis were performed at Statens
Serum Institut, Copenhagen, Denmark. DNA was extracted by a modified version of the
previously described methods [22]. For filter sand 500 µL wet filter sand material and
1.4 mm Zirconium beads were used. For eukaryote analysis, the 18S ribosomal RNA gene
was targeted with three different primer sets. The G3-1 and G6-1 primers target the hyper
variable regions V3–V4 of the 18S rRNA gene, while the G4-3 primers target V3–V5. For
prokaryotes the 16S rRNA gene was targeted using a modified version of the published
universal prokaryotic primers 341F/806R, amplifying the V3–V4 hyper variable region [23].
DNA was amplified using a 2-step nested PCR and amplicons were sequenced on a
desktop sequencer (MiSeq; Illumina, Inc., San Diego, CA, USA). Sequence data are available
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at the European Nucleotide Archive (Table S3). Sequences were mapped using BION
software previously described by Ring et al. [24]. Query sequences were compared against
amplicon extracts from Silva, version 123, with improved taxonomy for eukaryotes [24].
For 16S sequences the RDP database was applied. Results are semiquantitative and used to
estimate relative fractions of organisms in each sample. A cut off value of 500 gene copies
was applied.

3. Results
3.1. Efficiency of Full-Scale Water Treatment

To investigate whether Slangerup waterworks removed all unwanted substances as ex-
pected, water samples were collected throughout the treatment processes. Unexpectedly, all
monitored parameters fulfilled Danish drinking water criteria [16] already after prefiltration.
The inlet to the secondary filters contained low levels of methane (0.023 mg/L) and ammonia
(0.042 mg/L) (Figure 1), and accordingly, the secondary filter only contained a low fraction of
ammonia- and methane-oxidizing bacteria (8 and 5%, respectively) (Figure 2). AOC concentra-
tions were below 3 µg/L at all treatment steps except from the reaction chamber with an AOC
concentration of 88 µg/L (Figure 1).
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Figure 1. Water quality parameters before aeration, after aeration (reaction chamber), after primary
sand filters and at the outlet of Slangerup waterworks. Concentration of (A) methane (mg/L),
(B) oxygen (mg/L), (C) AOC (µg/L) and (D) ammonium, nitrite and nitrate (mg/L).

At Hvidovre waterworks, water quality fulfilled the requirements of the investigated
parameters after aeration and sand filtration at the time of sampling. In general, methane
concentrations before aeration ranged between 0.010–0.013 mg/L, and methane was re-
moved to below detection (0.01 mg/L) during aeration. Ammonia concentrations in the
groundwater were 0.5 mg/litre and after sand filtration below detection (<0.005 mg/L), as
was nitrite (<0.001 mg/L) at the time of sampling.

3.2. Organisms in Rapid Sand Filters
3.2.1. Microscopy

Water from stirred sand samples from four depth profiles (0–10 cm, 10–20 cm, 20–30 cm
and 30–40 cm) were examined by light microscopy. All samples contained inorganic
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particles and bacteria. Few samples contained protists and few multicellular eukaryotes
(fungi and micro invertebrates) (Figure S1). Some structures resembled faecal pellets from
invertebrates and remains from diatoms. Samples from primary filters contained higher
concentrations of particles than samples from secondary filters (Figures S2 and S3), which
is in accordance with iron precipitation occurring mainly in the primary filters. Generally,
only few invertebrates were detected in filter sand samples.

3.2.2. Molecular Analyses

Primary filters at Slangerup waterworks were dominated by bacteria (Figure 2).
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and Hvidovre waterworks (HW). Samples were collected at different depths, starting with 0 cm at
the top of the sand. Dashed lines separate prokaryotes from eukaryotes.

The dominating bacteria were ammonia-oxidizing bacteria (28% of total DNA in
the primary filters) and methane-oxidizing bacteria (27%). In the secondary filters these
bacteria constituted a smaller fraction (8% ammonia-oxidizing and 5% methane-oxidizing
bacteria), whereas the share of other bacteria increased from 18 to 23%. The top layers of
the secondary filters (0–10 cm and 10–20 cm) contained up to 39% “other bacteria”, mainly
heterotrophic bacteria and a higher share of eukaryotes than the prefilters. In the deepest
layer of the secondary filter (30–40 cm), 92% of the DNA was eukaryotic. Invertebrates
were most abundant in secondary filters, where they constituted an average 22% of the
DNA throughout the filter. In the primary filters, only 3% was invertebrate DNA, resulting
in an average of 13% of the DNA in the filter samples’ origination from invertebrates.

Rotifers and platyhelminths were present in the primary filters, whereas nematodes,
platyhelminths and annelids were present the secondary filters. In total, 28% of the DNA
in the primary filters was eukaryotic and 64% in the secondary filters was eukaryotic.

In the water sample collected at the surface of the reaction chamber after aeration
at Slangerup waterworks, 36% was bacteria DNA, mainly sulphur oxidizing, methane
oxidizing and iron oxidizing. Eukaryote DNA dominated with 44% protists and 20%
gastrotrichs (Chaetonotus spp.) (data not shown, accession number in Table S3).

At the reference waterworks without methane, ammonia-oxidizing bacteria dominated the
filter, followed by heterotrophic bacteria, protists and invertebrates. In total, 27% of the DNA
was eukaryotic, 7% from invertebrates, which was all identified as annelid DNA (Figure 2).

Fungi were present in all investigated filters, accounting for 2–9% of the DNA (Figure 2).

3.3. Estimation of Suitable Methane Levels

Pilot studies were conducted to investigate the degree of methane removal that would
prevent unwanted growth in the system. The stripping columns reduced methane from an
average of 0.36 to 0.03 mg/L without nitrogen dosing (93% removal) and to 0.018 mg/L
when dosing nitrogen (95% removal).
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3.3.1. Inspection of Visible Growth

No visible growth occurred in the studies with aerobic drinking water with methane
concentrations <0.01 mg/L. On the contrary, clogging of hoses (Figure 3B) and visible
clumps (Figure 3A) occurred already after two days in studies with anaerobic groundwater
with average methane concentrations of 0.24 mg/L. The bacterial growth took place in the
top of the reactor (Figure 3A), where a low degree of oxygenation occurred. A thick layer of
biofilm quickly settled at the top of the reactor and in the hoses after the reactor (Figure 3B).
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Figure 3. Pilot studies conducted at Slangerup waterworks. (A) Visible growth at the top of pilot
column with anaerobic groundwater with methane. (B) Hoses in control panel which clogged due
to growth in study with anaerobic groundwater. (C) Hose with iron precipitation in study with
vacuum stripping.

No visible growth occurred in the pilot studies with vacuum stripping with average
methane concentrations of 0.03 and 0.018 mg/L. However, precipitation of iron occurred in
the hoses installed after the aeration step (Figure 3C).

3.3.2. Molecular Analyses of Prokaryotes and Eukaryotes

Ribosomal 16S (prokaryotes) and 18S (eukaryotes) genes were analysed in samples
from three of the four pilot studies (columns with no methane removal as well columns
with vacuum stripping) (Figure 4). None of the samples contained DNA from invertebrates.
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Figure 4. Fractions of DNA from organisms in samples from three pilot studies. Eukaryotes consist of
amebae and other protists while prokaryotes are bacteria categorized on the basis of their metabolism.
“Top of column” is a sample of water with visible growth. “Hose after column” is biomass from
clogged hose. Both samples were collected in the study with groundwater with methane. “Vacuum
without nitrogen” was analysed in loose deposits in a hose after 1 month study. “Vacuum with
nitrogen” was analysed in loose deposits in a hose after 1 month study.
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In the column with visible growth, 26–27% of the DNA originated from methane-
oxidizing bacteria both at the top of the reactor and in the PTFE hose (Figure 4). At the top
of the reactor, iron- and sulphur-oxidizing bacteria were present. In the PTFE hose only
1% of the bacteria was iron-oxidizing bacteria and none were sulphur oxidizing, whereas
“other chemotrophic bacteria” constituted 32% of the bacteria. The two genera constituting
of the group “other chemotrophic bacteria” were Hydrogenophaga sp. (hydrogen oxidizer)
and Methylotenera sp. (methylotroph). Methylotenera may utilize single carbon compounds
from converted methane and thereby contribute to the food web. Protist DNA constituted
30–40% of the DNA both at the top of the reactor and in the PTFE hose.

In the studies with vacuum removal of methane, the bacteria in all samples of loose
deposits from the PTFE hoses were mainly sulphur oxidizing (58–64% of the bacteria). Amoebae
and other protists constituted up to 74% of the total DNA (Figure 4). There was no significant
difference between samples from the top and bottom of the hose (results not shown), nor
between samples taken from experiments with and without nitrogen dosing (Figure 4).

The columns for vacuum stripping of methane were each operated for one month,
hence slowly developing microbiological communities may not have been established
yet. Methane-oxidizing bacteria were below the cut off value of 500 gene copies in all
samples after methane removal. However, during vacuum stripping without nitrogen
there was a low abundance (close to the cut off value) of Methylotenera versatilis, which
is able to oxidize methanol. In contrast, this bacterium was not present in samples when
nitrogen was applied in the stripping process (0.018 mg methane/L), which may mean
that it grows slowly in the columns when nitrogen is omitted from the stripping process
(0.03 mg methane/L), but this growth is avoided by nitrogen dosing resulting in lower
methane concentrations.

3.3.3. AOC Analyses

Results from AOC measurements in water samples from the vacuum stripping column
indicated that the water was biologically stable both in the inlet and outlet of the column
(Table 1), as the AOC was lower than the 10 µg/L that characterizes biostable drinking water [9].

Table 1. Concentrations of assimilable organic carbon (AOC) in water sampled in pilot studies with
different methane concentrations.

Parameter

Vacuum Stripping
without N2 Dosing

Vacuum Stripping with
0.8 g/h N2 Dosing

Inlet Outlet Inlet Outlet

Methane (average) (mg/L) 0.36 0.03 0.36 0.018

AOC (µg/L) 5.7 5.2 8.4 6.7

The results also indicate that vacuum stripping does not lead to increased AOC con-
centrations, as concentrations remained stable throughout the vacuum column. Since
methane-oxidizing bacteria convert methane to bacterial biomass, it is not a simple trans-
formation into AOC. Some methane-oxidizing bacteria may be eaten by eukaryotes, while
others grow or decay. The unchanged AOC content in the water may therefore be due
to both the effective methane removal and the fact that any remaining methane is not
converted to AOC until oxygen is available.

4. Discussion
4.1. Effect of Methane on Invertebrate Populations

Invertebrate DNA was present at Slangerup waterworks (Figure 2), while microscopy
did not reveal excessive growth, as seen in other investigated systems [12,25–29]. This
corresponds with the generally low carbon content as measured by AOC concentrations
(<3 µg AOC/L before aeration, after primary filters and at the outlet of the waterworks and
89 µg AOC/L after aeration) (Figure 1) as well as relatively low methane concentrations
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(average of 0.25 mg/L before aeration). Drinking water systems with heavy infestations are
known from, e.g., water treatment with biological activated carbon [27] and waterworks
with methane [18], as well as in distribution systems [12,29]. The primary filters contained
rotifers and platyhelminths (3% of total primary filter DNA), while annelids and nematodes
dominated in secondary filters (20% of total secondary filter DNA) with low platyhelminth
levels (1%). The succession of organisms was shown throughout the filters (Figure 2). The
primary filter was dominated by primary producers (methane- and ammonia-oxidizing
bacteria), while the share of heterotrophic bacteria and eukaryotes increased in the upper
layers of the secondary filter. The lower layers of the secondary filter were highly eukaryotic,
with 85% of the DNA at 20–40 cm depth being eukaryotic. Invertebrates were not limited
to specific depths of the secondary filter but found from top to bottom.

Hvidovre waterworks was unique in having top predators (turbellarians) in the food
web in a previous study of 11 Danish waterworks [20]. This was attributed to age, since
the study found that age was the strongest of the investigated correlating parameters to
eukaryotic OUT (operational taxonomic unit) richness. The study suggested that Hvidovre
waterworks with an age of 40 years and five defined levels of the food web represented
(ranging from primary producers to omnivorous metazoans) should be considered as close
to a climax ecosystem as can be expected for sand filters. Our results from Hvidovre
waterworks confirmed the results by Harder et al. [20] by having high concentration of an-
nelids (7% of total DNA), which are top predators in sand filter food webs. This illustrates
the complexity of investigating food availability in drinking water systems with multiple
factors of importance. The conclusion of Harder et al. [20] of age being the main parameter
for invertebrate occurrence in sand filters correlates with building a complex food web
over time. However, it is remarkable that Hvidovre waterworks with the largest eukaryote
diversity in a cross-country study had a lower eukaryote diversity than Slangerup water-
works (sand filter age of 12 years) in our study. In addition to age, our study suggests that
the additional available carbon supplied by methane oxidation contributed even further to
invertebrate growth at Slangerup waterworks. Slangerup waterworks has an even larger
share of invertebrates (13%) compared to Hvidovre waterworks (7%). In comparison with
other raw water resources in Denmark [19], Slangerup waterworks is in the relatively low
range of methane concentrations. Still, a previous study of four Danish waterworks, includ-
ing Slangerup waterworks, estimated that the amount of eukaryote DNA was 3–30 times
higher at Slangerup waterworks than found at the other sampled waterworks [30].

The water sample collected in the reaction chamber between the aeration step and
primary filter at Slangerup waterworks showed to be a separate niche. Sulphur-oxidizing,
methane-oxidizing and iron-oxidizing bacteria constituted 33% of the DNA in the sample,
while eukaryote DNA dominated with 44% protists and 20% gastrotrichs (Chaetonotus
spp.). Reaction chambers contain stagnant water and hence sedimentation as well as
contents of sulphur and methane if not removed completely. Regular drainage of sedi-
ment from reaction chambers will contribute to lower concentrations of organic material
at waterworks.

Fungi, which are also able to enhance the availability of carbon to other organisms,
were present at both waterworks. There was no distinct pattern in their location neither
regarding depth nor filter stage (Figure 2). Fungi is not further discussed in this paper, but
74 genera of fungi isolated from drinking water are described in a recent review [31].

4.2. Which Methane Concentration to Aim for?

To add an applicable approach to the knowledge of increased biological growth
due to methane, we investigated to what extent methane should be removed to avoid
excessive growth.

In full-scale measurements at Slangerup waterworks, the methane concentration was
measured as 0.023 mg/L after aeration. At this concentration, a large proportion of methane-
oxidizing bacteria was identified in the primary filters (Figure 2), which indicated that even
a low content of methane can cause unwanted growth. At a Dutch utility, Wessels [32] also



Water 2023, 15, 1044 10 of 12

found that methane concentration after treatment should be below 0.01 mg/L to supply
biostable water when accounting for the background level of AOC present in the water.
Wessels [32] estimated that 1 µg CH4 corresponds to 0.4 µg AOC.

In the samples with anaerobic groundwater from the top of the pellet reactor
(0.24 mg methane/L) there was a large proportion of methane-oxidizing bacteria and
high amounts of visible biomass after only two days. In the following study with methane-
free drinking water (<0.01 mg/L) in the same reactor there was no visible growth.

In the first study with vacuum stripping, the methane concentration without nitrogen
dosing was 0.03 mg/L after stripping, so it could be expected that growth of methane-
oxidizing bacteria would occur as at Slangerup waterworks. The explanation for the lack
of growth may be the duration of the study of one month compared to 12 years of growth
at Slangerup waterworks or the difference in methane removal methods (stripping versus
aeration) (Table 2).

Table 2. Summary of effect of methane concentration and removal on bacterial growth in the
different setups.

Average Inlet Conc.
(mg CH4/L)

Average Conc. after
CH4 Removal

(mg CH4/L)
Water Source Bacterial Growth

Hvidovre waterworks with
stair aerator <0.01 <0.01 Anaerobic

groundwater No visible growth

Slangerup waterworks with
aeration in closed cassettes 0.25 0.023 Anaerobic

groundwater Methane-oxidizing bacteria

Column without methane removal <0.01 <0.01 Aerobic drinking
water No visible growth

Column without methane removal 0.24 0.22 Anaerobic
groundwater Rapid visible growth

Column with vacuum stripping 0.36 0.03 Anaerobic
groundwater

No visible growth and no
methane-oxidizing bacteria

Column with vacuum stripping
and N2 dosing 0.36 0.018 Anaerobic

groundwater
No visible growth and no

methane-oxidizing bacteria

At Slangerup waterworks, the methane concentration in the groundwater is reduced
from approximately 0.25 mg/L to approximately 0.023 mg/L using aeration in closed
aeration cassettes. Inside the system, both methane and oxygen are present at the same
time, which can cause growth of methane-oxidizing bacteria. It is known from waterworks
with methane that the methane-oxidizing bacteria can grow where the aeration takes
place, for example, within the aeration steps [18]. In the vacuum stripping experiment,
methane concentration in groundwater was reduced from approximately 0.36 mg/L to
below ≤0.03 mg/L with aeration afterwards. With vacuum stripping, the methane is
pulled out of the system before oxygen enters the water. Vacuum stripping therefore has
the added advantage compared to aeration that no oxygen is available to the bacteria until
the methane is out of the system.

Methane removal by vacuum stripping down to ≤0.03 mg/L before aeration seems
to prevent unwanted microbiological growth at the waterworks and could help achieve
biostable water with good drinking water quality. To monitor unwanted microbiological
growth during distribution, where carbon from methane has become available for het-
erotrophic growth, a good indicator organism may be Serratia fonticola. Contrary to most
coliform bacteria, Serratia fonticola may grow in nutrient-rich drinking water systems, and
is easily monitored compared to, e.g., sampling of invertebrates.

It is still unexplored why methane-oxidizing bacteria were not registered after a one-
month pilot study with 0.03 mg methane/L as in the full-scale waterworks. Whether this
was due to the relatively short time period of the pilot studies of one month or the applied
method of stripping methane from the system down to ≤0.03 mg/L before air was available
for bacterial growth would be of great interest for future designs of water treatment plants.
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As methane is not only a potential source of carbon in drinking water, but also
a powerful greenhouse gas, the global warming potential of methane is estimated to
27–30 over 100 years [33]. At Slangerup waterworks, 1.8 tons of methane can potentially
be released to the atmosphere per year, corresponding to approximately 49 tons CO2-eq.
HOFOR, Greater Copenhagen Utility, is investigating the possibility of using catalytic
oxidation to convert the stripped methane into carbon dioxide.
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//www.mdpi.com/article/10.3390/w15061044/s1, Figure S1: Light microscopy photos of drainage
water from filter sand samples collected in primary filter at Slangerup waterworks; Figure S2:
Light microscopy photos of drainage water from filter sand samples collected in secondary filter at
Slangerup waterworks; Figure S3: Light microscopy photos of drainage water from filter sand samples
collected in single filter at Hvidovre waterworks; Figure S4: Photos from Slangerup waterworks
of sample and sampling; Figure S5: Water quality parameters throughout the treatment steps at
Slangerup waterworks; Table S1: Water quality parameters from four pilot columns situated at
Slangerup waterworks; Table S2: Water quality parameters after all treatment steps at Hvidovre
waterworks. Table S3: DNA sequencing data generated in this study with accession numbers from
the European Nucleotide Archive (ENA).
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