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ABSTRACT

Deterioration of concrete is a large societal cost. In the Oslofjord subsea tunnel (Norway), deteri-
oration of sprayed concrete and corrosion of reinforcing steel fibres occur under biofilm formed
at sites with intrusion of saline groundwater. In this study, the microbial community structure, in
situ environmental gradients and chemical composition of the biofilms were examined at three
tunnel sites. Ammonia- and nitrite-oxidising microorganisms, in particular Nitrosopumilus sp., and
iron-oxidising bacteria within Mariprofundus sp., were omnipresent, together with a diversity of
presumably heterotrophic bacteria. Alpha- and beta diversity measures showed significant differ-
ences in richness and community structure between the sites as well as over time and null-mod-
els suggested that deterministic factors were important for the community assembly. The
superficial flow of water over the biofilm had a strong effect on oxygen penetration in the bio-
film and was identified as one major environmental gradient that varied between the sites, likely
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being important for shaping the microbial communities.

Introduction

Biodeterioration of concrete caused by the metabolic
activities of microorganisms, including bacteria, archaea,
fungi and algae, results in significant societal problems
with a large worldwide economic impact (Gaylarde and
Morton 1999). The deterioration of concrete leads to
undesirable changes in concrete structure and function
due to changes in the material components, including
cracking, spalling, pitting and leaching of compounds
from the concrete matrix (Cwalina 2008; Harbulakova
et al. 2013). For biodeterioration to occur, microbial col-
onisation and biofilm formation is needed, a process
referred to as biofouling. Formation of biofilms provides
several advantages for their community members such
as easy access to nutrients, and resistance to extreme
environments and aggressive compounds. In the biofilm,
the microbial cells are embedded in self-produced extra-
cellular polymeric substances (EPS). Mature biofilms are
highly hydrated and open structures with void spaces
between colonies of diverse microorganisms creating
gradients of microenvironments (Stoodley et al. 1999;
Okabe et al. 2007). Concrete surfaces provide favourable
conditions for biofouling due to their high roughness

with pores and microcracks (Hughes et al. 2013). After
construction, concrete is immune to microbial colonisa-
tion because of the high alkalinity, with pH in the range
of 11-13. Biofouling occurs once the pH has dropped
to 9-10, due to carbonation caused by the presence of
carbon dioxide (Bastidas-Arteaga et al. 2008). Microbial
growth and succession of the biofilms formed on the
concrete further reduces the pH due to the release of
biogenic acids such as carbonic acid, nitric acid, hydro-
gen sulphide and sulphuric acid, which eventually dis-
solve the cement paste matrix (Okabe et al. 2007; Peyre
Lavigne et al. 2015). However, the biogenic acids alone
cannot explain the full deterioration of concrete, which
is rather an effect of ongoing microbial interactions
(Magniont et al. 2011). The decreased pH also promotes
corrosion of the reinforcing steel bars and fibres
(Taylor 1997). Steel corrosion is furthermore accelerated
by the EPS in the biofilms, which contain negative
charges that promote ionic- and electrostatic binding
with metals creating galvanic reactions (Beech and

Sunner 2004).
In the marine environment, biodeterioration of con-

crete structures is a widespread problem, for instance
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of pipelines and off-shore infrastructure in the oil and
gas industry (Noeiaghaei et al. 2017). In seawater, bio-
deterioration is complex and occurs in conjugation
with abiotic processes including carbonation, chlorine
ingress and sulphate attack. These processes increase
concrete permeability, which reduces the concrete
strength and facilitates cracking. Increased concrete
porosity can furthermore result in deep corrosion of
the concrete reinforcement (Torres-Luque et al. 2014).
Unlike in sewers systems, where the general microbial
mechanisms for deterioration are thoroughly investi-
gated (Noeiaghaei et al. 2017), little is known about
the biological interactions leading to biodeterioration
of concrete infrastructure in the marine environment.
A novel case of biodeterioration of fibre reinforced
sprayed concrete used for rock support has been
detected in some Norwegian subsea tunnels (Hagelia
2007). Previous research, mainly focusing on the
Oslofjord subsea tunnel, has shown that degradation
of the cement paste matrix was due to a combined
biotic and abiotic attack. Biofilms of iron-rich dark
rusty to orange slime and manganese-rich dark
material, associated with saline leakages on the rough
and tortuous sprayed concrete surfaces, had caused
variably deep disintegration of the calcium silicate
hydrate (C-S-H). This effect was at least partly due to
acidification (pH 5.5-6.5) of saline tunnel waters (pH
7.5-8) caused by chemical reactions within the bio-
films. A multiproxy study, involving concrete petrog-
raphy, scanning electron microscopy (SEM),
microchemical analysis, X-ray diffraction, water
chemical analysis and stable carbon and sulphur iso-
topes, demonstrated that reactions within the biofilm
were influenced by biomineral formation and redox
reactions, being sensitive to growth of biota. The bio-
films interacted with the iron, manganese, sulphur,
carbon and nitrogen cycles. Carbonates such as cal-
cite, aragonite and magnesite occurred in degraded
concrete underneath biofilm in the presence of bio-
minerals (Mn-oxides buserite and todorokite and fer-
rihydrite). Reduction of Mn, Fe and S took place in
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thick biofilms involving temporary formation of sul-
phide. The evidence suggests that acidification within
the biofilm was caused by oxidation of Fe(II) and
Mn(II), sulphuric acid formed by reoxidation of sul-
phides, redox reactions between Fe and Mn compounds
and organic acids. Microorganisms visible under SEM
resembled Gallionella or Mariprofundus and Leptrohrix
discophora, associated with manganese oxides. The abi-
otic attack mainly affected the concrete adjacent to the
rock mass, being characterised by calcium leaching,
breakdown of portlandite, magnesium attack and thau-
masite sulphate attack and transformations of the
cement paste matrix in response to ion-rich water.
Further details may be found in Hagelia (2011a).

However, basic knowledge about the specific role of
the community structure of the microbial biofilms in
the subsea tunnels, as well as of biofilms on related
concrete structures in marine environments, is lacking.
In order to understand and ultimately prevent deterior-
ation processes caused by microbial activity, such
knowledge is pivotal. In this study high throughput
amplicon sequencing of 16S rRNA genes was used to
assess the composition, diversity and community
assembly of microbial biofilms at three sites subjected
to concrete deterioration in the Oslofjord subsea tun-
nel. The chemical microenvironment within the bio-
film was measured in situ, using oxygen and pH
microelectrodes, as well as measurement of the chem-
ical composition of water and biofilm with the aim of
providing a linkage between the biofilm community
structure and the environmental conditions.

Materials and methods
Site description

Sampling was performed in the Oslofjord subsea road
tunnel near Drobak, Norway (59°39'53”N 10°36'47"E/
59.66472°N 10.61306°E, Figure S1). The Oslofjord
tunnel is 7,306-m long with a width of 11.5m reach-
ing a maximum depth of 134 m below the sea level
(Figure 1). The rock mass mainly consists of granitic

Verpen Hurum

OSLOFJORD SUBSEA TUNNEL

Drobak Frogn

Figure 1. Overview of the Oslofjord showing the tunnel length and depth/height relative to the sea level.
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gneiss and pegmatite with joints and fault zones car-
rying clay minerals. Biofilm samples were collected
from three different tunnel localities: the Main
Tunnel, the Pump Station and the Oslofjord Test Site
(Figures S2 and S3), representing two different con-
crete substrata. (1) The concretes at the Main Tunnel
and the Pump Station were sprayed in 1999 as per-
manent rock support. These concretes were based on
a rapid setting cement (CEM I) with water/binder-
ratio = 0.42, a binder content about 514 eq kg m3,
5% silica fume (by cement weight), steel fibre
reinforcement and superplasticers. The concretes rep-
resent Durability Class M45 and Strength Class B45
according to the concrete standard NS EN 206. Al-
sulphate was used as setting accelerator. (2) The
Oslofjord Test Site for sprayed concrete durability
was established by the Norwegian Public Roads
Administration in March 2010. Soon after the site
establishment, microbial biofilms were observed
(Hagelia 2011b). The concrete at the Test Site was
based on CEM II/AV 42,5R (eg with ~18% fly ash),
and otherwise prepared with different mixes. The bio-
film sampling stations are located on sprayed con-
cretes made with water/binder ratio = 0.43, 4% silica
fume, superplactisiser and both steel fibres and poly-
propylene fibres. Al-sulphate was used as setting
accelerator. The concrete corresponds to M45 and
B45, similar to the two other sites. However, concrete
made with fly ash cements are regarded as more dur-
able than those based on CEM 1. The NS EN 206
Exposure Class, to assess risks for cement paste deg-
radation and steel fibre corrosion, was XC2-XC3,
XS3, XA3 at all three investigated sites and all con-
crete mixes used are regarded as durable in such an
environment (see Tables S1 and S2 for an overview of
the EN 206 exposure classification). However, it
should be noted that the standard environmental clas-
sification for concrete does not account for the effects
of biofilms (Hagelia 2011a; Bertron 2014).

The water temperatures were 13°C at the Pump
Station and 8-9°C at the Main Tunnel and Test Site
locations, being fairly constant over several years. The
water flow rates associated with biofilms were not
measured, but were mainly characterised by slowly
seeping waters at all locations. It should, however, be
noted that the water load at the Pump Station
increased permanently in 2013, both spatially and
volumetrically. In contrast, water flow during the pre-
ceding 13-14years was characterised by slowly seep-
ing waters sustaining biofilm formation in a much
smaller area.

BIOFOULING . 1163

Sampling and chemical analysis

Biofilm samples for microbial community analysis
were collected from the three tunnel sites on three
occasions: November 2015, March 2016 and October
2016. Core samples of the thick and soft biofilm
(10-15mm thickness) were collected using metallic
tubes, whilst thin biofilms were scraped off the con-
crete with a scalpel. The biofilm samples were snap-
frozen in an ethanol-dry-ice mixture immediately at
sampling, kept in dry ice during transportation, and
stored at —80 °C until nucleic acid extraction. A subset
of the biofilm samples was also used for chemical
analyses (see below). The water samples for chemical
analyses were collected in 500ml sterile bottles and
stored in dry-ice during transportation to the labora-
tory. All water samples were filtered (0.45pum) before
analysis. The biofilm samples for chemical analysis
were homogenised and dried at 105°C prior to ana-
lysis. Selected metals from water and biofilm samples
were quantified by quadrupole Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) using a iCAP
Qc (Thermo Fisher Scientific, Wilmington, DE, USA)
after microwave digestion, using HNO;, following the
EPA 3051 protocol for ETHOS EASY system digestion.
Total solids (TS) and volatile solids (VS) of the bio-
films were analysed according to APHA 1998 Standard
Methods 2490 A-D. Chloride, nitrate, ammonium and
sulphate in the water were analysed according to
FINAS accreditation methods (RA2018, RA2046).

DNA extraction, PCR, sequencing and
data analysis

A full description of the workflow, including bioinfor-
matics, is found in the Supplemental material. Briefly,
DNA was extracted from 500 mg of biofilm using the
Fast DNA spin kit for soil (MP Biomedicals, Santa
Ana, CA, USA) and the 16S V4 region of the rRNA
gene was amplified by PCR using the primers 515'F
and 806R, to cover both bacteria and archaea
(Caporaso et al. 2011; Hugerth et al. 2014). After
purification and normalisation, the pooled PCR prod-
ucts were sequenced on an Illumina MiSeq using the
MiSeq Reagent Kit v2 (Illumina Inc., San Diego, CA,
USA). Sequence processing and curation was per-
formed using USEARCH v.10 (Edgar 2010) with clas-
sification to the MiDAS curated database (Mcllroy
et al. 2015). Putative functions of the classified
sequence variants (SVs) were assigned according to
literature. Sequence reads were deposited at the NCBI
Sequence Read Archives, Bioproject PRJNA481470,
accession numbers SAMN09669680-SAMN09669744.
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Multivariate statistics; diversity- and null-model
calculations; and data visualisation were conducted
within the R packages ampvis 1.14 (Albertsen et al.
2015), vegan 2.5.1 (Oksanen et al. 2017) and picante
1.6.2 (Kembel et al. 2010). Beta diversity was esti-
mated using pairwise Serensen and Bray-Curtis dis-
similarities and visualised using principal coordinate
analysis (PCoA). Differences in beta diversity were
tested for using permutational multivariate analysis of
variance (PERMANOVA). The standardised effect
size (SES) for pairwise Serensen dissimilarities was
estimated in vegan to test for stochastic community
assembly, with a null-model that preserves species
richness and species incidence, using the quasiswap
algorithm, with settings thin = 1,000 and 999 simu-
lated null-communities. Unweighted nearest taxon
index was estimated using picante with the null-
model “taxa.labels” at 999 iterations to test for phylo-
genetic clustering among closely related taxa. Possible
links between the microbial community structure and
the chemical properties of the biofilm and the water
were explored with environmental fitting (envfit, 999
permutations) to PCoA ordinations based on
Serensen dissimilarities in vegan. Differences in com-
munity richness and evenness were tested for using
Welch’s ANOVA followed by post hoc analysis using
the Games-Howell test.

Microsensor measurements

In situ gradient measurements of oxygen and pH in
the biofilms were performed from the biofilm-water
interface towards the substratum. The Clark-type
oxygen microsensor (tip diameter 50um; OX-50,
Unisense, Aarhus, Denmark) was calibrated with 100%
air-saturated saline groundwater at the prevailing tem-
perature in a calibration chamber (CAL300) following
the manufacturer’s protocol. The pH microsensor (tip
diameter 50pum, linear range pH 4-9; pH-50,
Unisense), used in combination with a reference elec-
trode (tip diameter of 50 pm; REF-50, Unisense), was
linearly calibrated with three pH buffer points (pH 4, 7
and 9) at the prevailing temperature. Microelectrodes
were connected to a field microsensor multimeter
(Unisense); fixed in a motorised micromanipulator
(MM33-2, MC-232; Unisense A/S); and controlled by
the software SensorTrace PRO (Unisense A/S). Prior to
each measurement, the biofilm depth was estimated
using a spent microsensor. The microsensor tip was
positioned at the biofilm-water interface, defined
as the starting position (0pm on graphs), by means
of the micromanipulator and microprofiling was

conducted in steps of 500 um with a waiting period
before each measurement of 10s.

Scanning electron microscopy (SEM)

Uncoated handpicked samples were mounted on carbon
tape. Chemical point analyses (1-2 um?®) were performed
on pristine untreated samples, using a Hitachi
S-4800SEM with energy-dispersive X-ray spectroscopy
(EDS, Noran System SIX, Thermo Fischer Scientific,
Wilmington, DE, USA). The instrument was operated at
accelerating voltage, 15kV, at high vacuum. Analytical
accuracy for most elements is within 1-2% (w w)
with somewhat less accuracy for carbon and nitrogen.
Back scatter electron images were also captured.

Results
Water and biofilm chemistry

The saline groundwater from the Oslofjord subsea
tunnel had a general composition similar to seawater,
with high concentrations of chloride (20-22g 17",
sodium (10g 1”") and sulphate (2.7-33¢g 1), and
low concentrations of ammonium (<0.3-0.7 mg Y,
nitrate (3.0 mg I™") and dissolved organic carbon
(<1.5mg 17'). In a campaign, water samples were
taken from both water that flowed through rock mass
without interaction with the concrete and from water
after interaction with the concrete and associated bio-
film. Calcium, magnesium and vanadium concentra-
tions were higher in the water that had been in
contact with biofilm and concrete, compared to the
water that had only been in contact with the rock
mass for all (Ca) or 5/6 (Mg, V) of the comparisons
(Table 1), while for the other elements, no apparent
differences were detected.

The chemical composition of the biofilm is shown
in Table 2. Sampling points for the biofilm are shown
in Figure S3. Relatively high concentrations of iron
and calcium were detected in orange samples while
black biofilm samples contained relatively high con-
centrations of manganese. The loss on ignition, as a
measure of organic matter content of the biofilm, was
12.6 £0.7% (average + SD), indicating that most of the
biofilm components were inorganic.

Biofilm community composition

Taxonomic analysis of the 16§ rRNA SVs showed
that members of the phylum Proteobacteria were pre-
dominant, representing 44-49% of the total biofilm
community. Besides Proteobacteria the majority of
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Table 1. Chemical composition of the water samples taken after contact with biofilm and concrete (WCB) or only in contact
with rock mass (WR) from the three sites.

Site Pump Station Pump Station Pump Station Test Site Test Site Main Tunnel
Year 2015 2016 2016 2016 2017 2017

Water type weB WR weB WR weB WR weB WR WCB WR WCB WR
Mg mg I 2,232 1,147 1,323 1,202 1,150 821 1,416 1,400 1,121 1,224 1,880 1,291
Al mg I’ 0.356 0.673 0.319 0.378 0.328 0.352 0.646 0.381 0.531 0.392 0.781 0.558
Ca mg I~ 604 292 343 297 274 236 362 314 384 361 513 486
Ti mg I’ 0.96 0.848 1.009 0.887 0.815 0.783 0.993 0.898 0.618 0.675 0.826 0.821
\' mg I 0.26 0.127 0.146 0.132 0.126 0.114 0.16 0.155 0.144 0.158 0.216 0.152
Cr mg I’ 0.015 0.009 0.011 0.212 0.007 0.007 0.016 0.01 0.01 0.01 0.01 0.01
Mn mg I~ 1.32 1.28 1.31 1.28 1.03 1.28 1.36 1.54 2.1 1.7 1 1.09
Fe mg I’ 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.17 0.17 0.01 0.02
Co mg I 0.003 0.002 0.002 0.004 0.001 0.005 0.003 0.002 0.002 0.003 0.003 0.003
Ni mg I~ 0.747 0.247 0.784 0.942 0.809 1.198 1.559 1.229 0.004 1.161 5324 0.028
Cu mg I~ 0.42 0.266 0.337 0.398 0.294 0.462 0.495 0.476 0.233 0.456 0.231 0.883
Zn mg |~ 1.025 0.801 1.072 5.983 1.141 3.382 3377 3.249 0.091 3.241 0.243 4.77
Cd mg I 0.001 0.002 0.001 0.002 0.001 0.002 0.002 0.002 0.006 0.004 0.002 0.009
Pb mg I’ 0.032 0.037 0.039 0.082 0.048 0.172 0.097 0.125 0.068 0.167 0.32 0.006
Table 2. Chemical composition of the biofilms sampled in 2017.
Site Pump Station Test Site Main Tunnel
Sampling points P1 P2 T1F1 T1F1 top T2F2 T2S2 M2S3 M1S3 M2S2
Biofilm description Black Orange Orange Orange/Black Orange/Black Black Black Orange/Black Black
Mg mgg’ 23.04 36.97 39.65 17.77 14.2 17.14 29.19 27.75 24
Al mg g'1 291 0.55 2 1.58 1.25 1.94 14.56 13.69 0.72
Ca mgg’ 29.68 30.94 38.2 221 20.84 23.24 17.85 50.47 6.99
Mn mg g'1 284.07 260.84 74.83 89.95 132.97 225.49 40.56 38.74 329
Fe mgg’ 157.19 538.2 792.33 209.58 246.29 103.57 2332 17.75 17.31
Ti mg g'1 0.19 0.09 0.21 0.13 0.06 0.13 1.14 1.03 0.01
Cr mgg’ nd* nd nd 0.01 nd nd 0.03 0.03 nd
Co mg g'1 0.01 0.03 nd 0.02 0.01 0.01 0.02 0.02 nd
Ni mgg’ 0.33 0.1 0.24 0.18 0.08 0.07 0.07 0.08 0.19
Cu mg g'1 0.09 0.07 0.25 0.16 0.15 0.04 0.14 0.15 0.08
Zn mgg’ 0.5 0.79 0.61 1.06 0.51 0.53 2.46 0.36 0.4
Pb mg g'1 0.05 0.04 0.09 0.07 0.07 0.04 0.04 0.04 0.03
TSS gl 240 219 220 280 363 350 166 131.8 93
Loss on ignition % 1.7 13.8 12.8 12.76 13.56 12 11.87 12.59 123

The sampling points are illustrated in Figure S3.
*Not detected.

the SVs belonged to Planctomycetes, Thaumarchaeota,
Bacteroidetes and  Actinobacteria. In  addition,
Acidobacteria and Nitrospirae were present with rela-
tive sequence abundance >2% of the total commun-
ities in the 64 biofilm samples (Figure 2).

The top 25 SVs from the three different tunnel sites
are shown in Figure 3. Many of the SVs were affiliated
to autotrophic nitrogen converting microorganisms.
The most abundant microorganism was the ammonia-
oxidising archaeon Nitrosopumilus sp. with an average
relative sequence read abundance of 17% across all
samples. Also, betaproteobacterial ammonia-oxidising
bacteria within the Nitrosomonadaceae were common
in the biofilm (average relative abundance of 2.5%).
SVs affiliated to the marine nitrite-oxidising bacterium
Nitrospina sp. were present at average abundance
of 2.0% with several samples having >10% relative
abundance. Nitrite-oxidising or completely nitrifying

Nitrospira sp. were present at an average relative abun-
dance of 1.2%, as were anammox Dbacteria within
Candidatus Scalindua sp. Furthermore, the iron-oxidis-
ing bacterium Mariprofundus sp. was detected at high
relative abundance (>10%) in a few samples with an
average relative abundance of 2.0%. Several SVs were
furthermore assigned to putative heterotrophic bacteria
within the Saprospiraceae (2.9% average relative abun-
dance), the marine benthic group JTB255 (1.3%),
Kordiimonadaceae (1.3%) and Marinicella (1.9%).

Biofilm diversity and community assembly

Alpha diversity was measured as taxonomic richness
(observed number of SVs) and evenness (Simpson’s)
for the biofilm communities from the three tunnel
sites (Figure 4). The richness was significantly differ-
ent between the sites (Welch’s ANOVA, p <0.001),
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Protecbacteria
Planctomycetes
Thaumarchaeota
Bacteroidetes
Actinobacteria .
Nitrospirae
Acidobacteria
Candidate division BRC1
TM6
Gemmatimonadetes
Chlamydiae

Candidate division KB1

Cyanobacteria ' .
Verrucomicrobia —

Chloroflexi

0.1 10.0

Read abundance (%)

Figure 2. Boxplot showing the top 15 major phyla in the biofilms. Read abundance (x-axis) is displayed on a log-scale. The
boxplot depicts the median (vertical bold line); 25th and 75th percentiles (box delimiters); minimum and maximum values

excluding outliers (horizontal lines); and outliers (dots).

with the Pump Station having significantly lower rich-
ness than the Test Site (post hoc, Games-Howell,
p<0.001). However, evenness was rather similar
between the sites with no significant differences.

The beta diversity of the biofilm communities from
the three tunnel sites across all three sampling occa-
sions was visualised with PCoA based on Serensen
dissimilarities (Figure 5). The three sites clearly sepa-
rated in community structure. Slightly less pro-
nounced separation was observed based on
Bray-Curtis dissimilarities, which put a large weight-
ing on the abundant community members (Figure
S4). The separation between sites was confirmed by
PERMANOVA for both dissimilarities based on
Serensen and Bray-Curtis, showing that the three
sites were significantly different from each other in
community structure (Tables 3 and S3). In addition,
clear temporal dynamics of the microbial commun-
ities from November 2015 to October 2016 was
observed at the Pump Station, while for the Test Site
and the Main Tunnel, no significant changes were
observed (Tables 3 and S3).

To assess the variations in beta diversity independ-
ent of the variations in alpha diversity, and thereby
also to assess the effect of stochasticity on the micro-
bial community assembly, null-models were used.

Analysis based on standard effect size (SES) showed
that within each site, SES was similar to, or lower
than, two SDs from the null-model predictions of
random community assembly, while between sites,
SES were similar to or higher than two SDs from the
null-model predictions (Figure 6). Furthermore, ana-
lysis using nearest taxon index indicated significant
phylogenetical clustering among closely related taxa
within the microbial communities at each site
(Figure S5).

The biofilm chemical composition could not
explain the observed microbial community structure,
as assessed by environmental fitting (Table S5).
Neither could the chemical composition in the water
coming from the rock mass (Table S4). However, for
the water samples in contact with the biofilm and
concrete, calcium, magnesium and vanadium dis-
played a significant fit to the ordination (Table S4).

Microscopic analysis of biofilm

SEM-EDS point analysis of biofilm sampled in 2016
(Figure 7) showed twisted stalks (points 1 and 2), sug-
gesting the presence of the marine iron-oxidising bac-
terium Mariprofundus sp., as well as non-specified
biomass (points 3 and 4) and anticipated mineral
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Figure 3. Heatmap showing the 25 most abundant SVs in the biofilm at the Main Tunnel (M), Pump Station (P) and the Test Site
(T). Abundance data show average values at each sampling occasion (November 2015, March 2016 and October 2016).

material (point 5). Results from the EDS analysis of
points 1-5 are shown in Table 3. Besides oxygen and
carbon, expected to be found in organic material, the
stalks (points 1 and 2) were particularly rich in iron.
Even the non-specified biomass (points 3-4) con-
tained a lot of iron compared to the mineral material
(point 5), which had a Si/O-ratio of 0.5, confirming
this was quartz with associated biogenic carbon.

Biofilm in situ gradients of pH and
dissolved oxygen

Microsensor profiling of pH and concentrations of
dissolved oxygen (DO) was performed at the Pump
Station site, at several local spots. The measured DO
profiles revealed differences among local spots which
varied in their superficial water flow rate. With high
superficial water flow rate, DO decreased at a lesser

extent with biofilm depth than at lower superficial
water flow rate (Figure 8). The largest differences in
DO concentrations were measured in biofilm with
only slight dripping of water across the biofilm sur-
face. Here DO decreased from 9mg 1" at the bio-
film-water interface to below 3mg 1~ in the inner
biofilm regions close to the concrete (as measured by
penetrating a sacrificial microsensor into the con-
crete). In contrast to DO, only slight changes in pH
were observed with increasing biofilm depth, typically
from a pH ~8.2 at the biofilm-water interface to 7.7
in the inner biofilm regions (Figure S6).

Discussion

Deterioration of the subsea tunnel reinforced sprayed
concrete is a complex phenomenon caused by biotic
and abiotic interactions which result in breakdown of
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Figure 4. Richness (observed number of SVs) and evenness
(Simpson’s) of the microbial communities at the Main Tunnel
(M), Pump Station (P) and the Test Site (T). The boxplot
depicts the median (horizontal bold line); 25th and 75th per-
centiles (box delimiters); minimum and maximum values
excluding outliers (vertical lines); and outliers (dots).
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Figure 5. PCoA ordination based Sgrensen dissimilarities
across the three sampling occasions of the microbial commun-
ities at the Main Tunnel (M), Pump Station (P) and the Test
Site (T).

C-S-H, material loss and associated steel fibre corro-
sion. However, despite detailed documentation of
sprayed concrete deterioration (see Hagelia 2011a), a
mechanistic understanding of the underlying bio-
logical processes is lacking and data about microbial
community structure on marine concrete surfaces are
generally scarce. The composition of mature marine
biofilms is affected by physical factors (light, tempera-
ture, water content and flow rate), chemical factors
(pH, redox potential, the concentrations of eg DO,
sulphide, nitrate and iron) and seasonal as well as
geographical components affecting the local environ-
ment (Munn 2011). The effects of environmental

Table 3. PERMANOVA based on Segrensen dissimilarities to
test for differences in microbial community structure for the
Main Tunnel (M), Pump Station (P) and the Test Site (T).

df SS MS Pseudo F p

Between sites (M, P, T) 2 217 1.08 9.03 0.001
Residuals 61 7.32 0.12

Total 63 9.49

Between occasions, T 2 0.32 0.16 1.42 0.066
Residuals 20 2.24 0.1

Total 22 2.56

Between occasions, M 1 0.12 0.11 0.86 0.56
Residuals 7 0.90 0.13

Total 8 1.02

Between occasions, P 2 0.55 0.27 248 0.001
Residuals 29 3.20 0.1

Total 31 3.75

Notes: df = degrees of freedom; SS = sum of squares; MS = mean squares;
Pseudo F=F value by permutation, p-values based on 999 permutations.
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Figure 6. Standard effect size (SES) based on null-model pre-
dictions on the microbial communities in the Main Tunnel (M),
Pump Station (P) and the Test Site (T). The three tests to the
left show the SES within each site (M_M, P_P, T_T) and the
three tests to the right show the SES between the sites (M_P,
M_T, T_P). The hatched horizontal lines designate two SDs
from the variation predicted by the null-model. The boxplot
depicts the median (horizontal bold line); 25th and 75th per-
centiles (box delimiters); minimum and maximum values
excluding outliers (vertical lines); and outliers (dots).

conditions on the assembly of microbial communities
falls within deterministic factors, where selection
shapes the microbial community due to differences in
fitness among the organisms. It is well known that
deterministic factors are important for microbial com-
munity assembly (Besemer et al. 2012; Delgado-
Baquerizo et al. 2017). However, deterministic factors
alone cannot explain the microbial diversity observed
in nature and manmade systems. In many cases, con-
siderable variation in microbial communities, such as
biofilms, can be explained by stochastic factors
through dispersal limitation, drift and diversification
(Ofiteru et al. 2010; Zhou et al. 2013).

Here, the microbial composition, diversity and dis-
tribution were analysed for biofilms from three sites



Table 4. SEM-EDS analyses (atomic %) of the biofilm samples.
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Point (6] C Fe Si cl Na Ca S Mg Mn M
1 20.1 248 37.6 7.1 36 1.7 23 0.5 0.4 0.5 23
2 225 325 28 6.8 3.1 19 1.9 0.6 0.5 0.7 1.9
3 28.7 276 25.1 9.4 29 1.8 1.7 0.4 0.5 03 1.7
4 37.7 30.6 18.4 5.1 25 2.7 13 0.4 0.4 ND 13
5 455 289 34 20.1 0.9 0.5 0.4 ND ND ND 0.4

Notes: M = minors. Analysed points correspond to Figure 7.

Figure 7. SEM back scatter micrograph of biofilm biomass.
Analysis points 1-5 refer to measurements by EDS (see Table
4). Scale bar = 10 um.

affected by concrete deterioration in the Oslofjord
subsea tunnel, from November 2015 to October 2016.
The samples of biofilm were collected from several
locations at each site, subjected to water flow from
different cracks in the concrete. Based on sequence
analysis of the 16S rRNA genes, it was clear that the
microbial communities at the three sites were differ-
ent from each other, despite their geographical prox-
imity, with <200 m between the sites. The separation
between the sites was more pronounced with
Serensen dissimilarities giving equal weight to rare
and abundant species (Figure 5, Table 3), suggesting
that rare taxa had a major influence on the separation
of communities. However, even with Bray-Curtis dis-
similarities, giving a large weighting to abundant
community members, the sites separated significantly
(Figure S4, Table S3). Consequently, the variation in
community structure between the tunnel sites was
larger than the variation between different biofilm
samples at each site (Table 3). Null-models were used
to investigate whether these patterns were independ-
ent of the observed variation in richness (Figure 4)
and at the same time to shed light on the mechanisms
underpinning the microbial community assembly
(Chase and Myers 2011; Stegen et al. 2012). SES con-
firmed that the separation between the tunnel sites
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Figure 8. Parallel DO microprofiles from the biofilm-water
interface (0mm) measured at the pump station at local spots
with different superficial water flow rate. Each data point
shows the mean value and the SD (n=3).

was larger than between the samples within each site
(Figure 6). Analysis of nearest taxon index further-
more showed that the phylogenetic clustering of SVs
in each sample of biofilm was significantly higher
than would be predicted by chance (Figure S5). Such
observations have been interpreted as evidence of
deterministic habitat filtering (Webb et al., 2002;
Horner-Devine and Bohannan 2006) where phylogen-
etically similar organisms share traits that would
enable them to persist in given habitats (here the sub-
sea tunnel biofilms). Between the tunnel sites, SES
was higher than predicted by the null-model and
within each site SES was lower. This finding suggests
that deterministic forces were important for the
assembly of the microbial communities (Chase and
Myers 2011).

Data on the chemical composition of the influent
water coming from the rock could not help in
explaining the differences in microbial communities
between the sites. However, in the samples of water
after contact with biofilm, the concentrations of cal-
cium, magnesium and vanadium showed significant
fit to the ordination of the microbial community data
(Table S4). It has been established that vanadium can
leach from carbonated concrete (Miullauer et al.
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2012). Interestingly, these metals were leaching from
the concrete and biofilm surfaces to the water at all
three sites (Table 1). Although indicating that leach-
ing of these metals was linked to the microbial com-
munity structure differences, these observations need
to be interpreted with caution due to the limited
number of observations and warrant further investiga-
tion. Furthermore, the data on the chemical compos-
ition of the biofilm could not explain the microbial
community data (Table S5). The concrete at the Main
Tunnel and Pump Station had the same mix propor-
tions (M45) and strength (B45) as the concrete at the
Test Field, but differed in composition with addition
of fly ash and polypropylene fibres to the Test Field
concrete. Also, the concrete at the Test Field was
sprayed more recently than the concrete at the other
two sites. Comparative studies of biofouling on differ-
ent concretes by indigenous microorganisms are
scarce. Laboratory tests have shown differences in
biogenic acid production, calcium dissolution and
biofilm density on two types of concrete surfaces, sug-
gesting different microbial colonisation patterns
(Peyre Lavigne et al. 2015). Mineral properties of sur-
faces can certainly have a major effect on the compos-
ition and structure of microbial communities during
colonisation caused by differences in mineral porosity
and solubility as well as bioavailability of limiting
nutrients (Uroz et al. 2015; Jones and Bennett 2017).
However, for mature biofilms, the community struc-
ture is a result of multiple intricate abiotic and biotic
interactions over time (Battin et al. 2016). In the
Oslofjord tunnel, the biofilms developed over several
years on variably degrading concrete at all three sites.
Hence, the effect of the properties of the concrete on
the community structure are uncertain.

The temperature of the seeping water was consist-
ently higher at the Pump Station (13°C) than at the
Test Field and Main Tunnel (8-9°C). Since different
microorganisms have different temperature require-
ments, temperature can be expected to have affected
the microbial community structure, although the
magnitude remains unknown. Over large temperature
ranges, microbial diversity has been shown to peak at
mid-range, with lower diversity and concomitant
changes in microbial composition at more extreme
temperatures, consistent with the hypothesis that
fewer species are adapted to such environments
(Sharp et al. 2014; Wu et al. 2015). Smaller ranges of
non-extreme temperatures, such as in this study, have
however shown less conclusive effects on microbial
communities. Clear effects on composition have been
observed (Chong et al. 2018), but other studies have

shown no or limited effects on diversity and compos-
ition and stronger effects of other environmental
parameters (Fierer and Jackson 2006; Yergeau
et al. 2012).

At all sites, the flow of water over the biofilm var-
ied between different areas of the biofilm and between
the three sites. In particular, the water flow was con-
siderably greater at the Pump Station than at the
other sites. Although not being measurable over an
extensive biofilm area, these differences were easily
observed both visually and by the time required to
obtain water samples. At the Pump Station with its
higher flow rate, the microbial communities were
more dynamic over time than at the other sites
(Table 3). Furthermore, the richness varied signifi-
cantly between the sites, with the Pump Station hav-
ing the lowest richness (Figure 4a). These two
properties may well be linked, as larger richness has
proven beneficial for community stability for many
ecosystems including microbiota (Campbell et al.
2011; Tardy et al. 2014). It is well known that shear
forces and mass transport by the water flow have a
profound impact on biofilms (Stewart 2012). It can be
hypothesised that the lower flow of water at the Main
Tunnel and the Test Site would enable the establish-
ment of more niches driving selection for a biofilm
that would harbour a higher richness than the higher
water flow at the Pump Station. The importance of
superficial water flow rate for the DO concentrations
in the biofilm was shown by the in situ microsensor
measurements (Figure 8) and indicated a larger gradi-
ent of environmental conditions at the lower flow
rates, and hence most likely more niches. Indeed, it
has been shown that niche-differentiation caused by
differences in hydrodynamic flow are important for
biofilm community assembly (Besemer et al. 2009).
However, the effects of flow patterns on microbial
community structure may not be caused only by
selection via niche-differentiation, since stochastic dis-
persal of microorganisms, from the water to the bio-
film, could also have a considerable impact
(Woodcock et al. 2013). But at heterogeneous flow
conditions, for instance caused by rough and irregular
surfaces such as sprayed concrete, dispersal has failed
to explain community assembly patterns because of
the formation of niches and concomitant selection
(Woodcock et al. 2013; Battin et al. 2016).

Although differences in community structure
between the three sites were evident, the composition
of the communities was comparable with many
shared abundant taxa (Figure 3). This observation
suggests that in general, similar mechanisms



controlled the community assembly of microorgan-
isms at the three sites. The microbial community
composition of the subsea tunnel biofilms was differ-
ent from the thoroughly investigated biofilms associ-
ated with concrete degradation in sewer pipes, where
sulphur-oxidising and -reducing clades are numeric-
ally and functionally important contributors (Gomez-
Alvarez et al. 2012; Cayford et al. 2017). The subsea
tunnel communities had similarities in composition to
sediments in the Oslofjord (Havelsrud et al. 2012), as
well as other marine sediments and biofilms (Choi
et al. 2016; McBeth and Emerson 2016), with abun-
dance of autotrophic nitrogen- and iron-oxidising
microorganisms and several taxa of marine hetero-
trophic bacteria.

The ammonia-oxidising archaeon Nitrosopumilus
sp. was observed at a particularly high abundance
and ammonia-oxidising  bacteria  within  the
Nitrosomonadaceae consistently  detected.
Nitrite-oxidising bacteria within Nitrospina, as well as
Nitrospira, were also common, as were anammox bac-
teria within Ca. Scalindua. The autotrophic nitrogen
converters were typically marine clades, well adapted
to low substrate concentrations and able to tolerate
low oxygen environments (Lucker et al. 2010; Park
et al. 2010; Liicker et al. 2013) or anoxic conditions
(Schmid et al. 2007), which may assist in explaining
their abundance in the biofilms having a range of DO
concentrations (Figure 8). Concrete deterioration
associated with the activities of nitrifying bacteria has
been observed in various concrete infrastructures
(Cwalina 2008; Noeiaghaei et al. 2017). In the
Oslofjord tunnel the nitrifiers may have contributed
to the deterioration of the sprayed concrete, but only
to certain degree given the low concentrations of
nitrogen species in the water. Iron-oxidising bacteria
of Mariprofundus sp. were detected in the biofilm at
high abundance. They oxidise Fe(I) to Fe(III) at
microaerophilic conditions and neutral pH, as
was detected in the biofilm. During growth,
Mariprofundus cells excrete extracellular stalks rich in
polysaccharides and Fe(IIl). Such twisted stalks rich
in iron were observed by SEM (Figure 7, Table 3),
confirming their activity in the biofilm. The stalks are
structures for deposition of metabolic products, which
prevent cell encrustation and increase the solubility of
Fe(II), thereby increasing the corrosion process (Chan
et al. 2011; McBeth et al. 2011). The presence of
Mariprofundus helps to explain the observed corro-
sion of the steel fibres in the sprayed concrete, the
orange biofilm colour, and the high iron concentra-
tion in the biofilms (Table 2). The biofilm also

were
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contained high concentrations of precipitated manga-
nese. However, no known manganese-oxidising bac-
teria were detected in the biofilms, as similarly
observed in a preliminary investigation in the
Oslofjord tunnel (Karaci¢ et al. 2016). Yet, microor-
ganisms resembling Leptothrix discophora were previ-
ously observed by SEM on samples collected at the
Pump Station in 2005, when the water flow was much
lower (Hagelia 2011a). Profound biogenic manganese
oxidation has, however, been detected without identi-
fication of any known manganese-oxidising bacteria
based on 16S rRNA gene sequences (Cao et al. 2015),
suggesting that this trait is not only restricted to the
phylogenetically diverse group of established manga-
nese oxidisers. In addition, the biofilms contained a
diversity of heterotrophic bacteria typically found in
marine water and sediment including members of the
marine benthic group JTB255 (Mufimann et al. 2017),
Saprospiracae ~ (Mcllroy and  Nielsen  2014),
Kordiimonadaceae (Xu et al. 2014) and Marinicella
(Rua and Thompson 2014). These organisms were
presumably utilising the small bioavailable fraction of
organic matter in the water as well as organic matter
from internal cycling of biofilm components.

This study provides a first exploration of the
microbial communities associated with concrete deg-
radation in subsea tunnels. The communities at the
three sites differed from each other, presumably influ-
enced by deterministic factors where differences in
water flow rate, temperature, concrete composition
and leaching of calcium, magnesium and vanadium
were identified as possible environmental gradients.
Among the identified microbial taxa, a clear role
of the omnipresent iron-oxidising bacterium
Mariprofundus for the observed steel fibre corrosion
could be established. Nitrifying- and heterotrophic
bacteria presumably contributed to mild acidification
and the thick biofilms likely caused locally high
concentrations of metabolites which would promote
concrete degradation, but the magnitude of these
processes for the subsea tunnel deterioration remains
uncertain. Moreover, many microbial taxa with
hitherto unknown metabolism were present in the
biofilm, pointing to the need for future detailed
microbial studies to fully understand the underlaying
mechanisms behind the observed biodeterioration.
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