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Sabina Karačić a, Oskar Modin a, Per Hagelia b, Frank Persson a, Britt-Marie Wilén a,* 

a Department of Architecture and Civil Engineering, Chalmers University of Technology, Göteborg, Göteborg, Sweden 
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A B S T R A C T   

Microbially induced deterioration is a threat to concrete infrastructures in marine environments. Complex mi
crobial biofilms form on concrete surfaces exposed to sea water and cause material deterioration. However, the 
mechanisms determining the composition and the development of the biofilm communities are poorly under
stood. We designed a mesocosm experiment to determine the influence of concrete surface structure (smooth/ 
rough) and steel fiber reinforcement (presence/absence) on biofilm development over a period of 455 days. This 
enabled a novel methodology to systematically assess biofilm formation of bacteria on concrete exposed to 
marine water. The biofilm communities were distinctly different from the planktonic communities in the sys
tems. The alpha diversity increased with time and longer time intervals correlated with higher turnover of taxa. 
Several taxa within Caulobacterales and Rhodobacterales were identified as early biofilm formers, which decreased 
in relative abundance and were replaced by taxa within Planctomycetales as the biofilm developed. Throughout 
the experimental period, concrete surface type influenced the microbial community composition. Some taxa such 
as Magnetospiraceae, Portibacter, Rubripirellula, and Rhodopirellula, possibly involved in the oxidation and 
reduction of iron, were for instance more abundant in biofilms on steel-fiber containing concrete. Null models 
suggested that mainly deterministic factors were shaping the microbial communities with limited importance of 
stochasticity at shorter time intervals.   

1. Introduction 

In marine and fresh waters, microorganisms colonize and form bio
films on biotic and abiotic surfaces (Vishwakarma 2020). This gives the 
microorganisms survival advantages such as increased nutrient avail
ability, protection from hydration, and increased tolerance to various 
environmental stressors, which makes biofilms hot spots of microbial 
activity in nature (Flemming and Wuertz 2019). Biofilm communities 
have properties that are different from free living bacterial cells with 
complex microbial interactions (Konopka 2009). 

Colonization and subsequent biofilm formation on manmade sur
faces can have negative effects such as unwanted biofouling, trans
mission of harmful microorganisms and biocorrosion (Flemming et al., 
2016; Song et al., 2019, Vishwakarma, 2020). For instance, in marine 
environments, submerged surfaces are rapidly colonized, which can lead 
to microbially induced deterioration (Wei et al., 2013; Noeiaghaei et al., 
2017; Zhou et al., 2021). Bacteria are the main microorganisms involved 

and early colonizers can determine the structure and function of more 
mature biofilms (Dang et al., 2011; Dang and Lovell 2016). The nature of 
the surfaces such as wettability, polarization, tension, and roughness 
influence biofilm formation (Crawford et al., 2012; Zhang et al., 2014; 
Caruso 2020; Vivier et al., 2021). Rough surfaces provide protection 
from unfavorable environments (Mitik-Dineva et al., 2008). Also, the 
mineral surface composition can be a main factor regulating the biofilm 
community structure, alpha diversity, and growth (Jones and Bennett 
2017). Various concrete mixes have been shown to impact the coloni
zation rate of algae (Natanzi et al., 2021) as well as the composition of 
bacterial biofilms (Voegel et al., 2020). However, studies investigating 
the importance of the surface type for biofilm formation are typically 
conducted in time frames of days or weeks (e.g. Jones et al., 2007; Zhang 
et al., 2014; Jones and Bennett 2017; Voegel et al., 2020; Hayek et al., 
2021; Ryley et al., 2021), and little is known about the long-term suc
cession of the microbial community and the role of surface type for 
mature biofilms, which is of relevance for manmade structures 
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persisting in the environment for many years. 
On concrete, microbial growth may reduce the pH at the concrete 

surface due to formation of biogenic acids such as carbonic acid, nitric 
acid, and sulfuric acid which will transform the cement matrix in the 
surface region into non-cementitious secondary phases and in extreme 
cases dissolve it (Bertron 2014). As the degradation proceeds in marine 
environments, the cement paste is leached and microcracks form. This 
leads to processes such as ingress of chloride, magnesium and sulfate 
ions and formation of magnesium silicate hydrate, magnesium hydrox
ide and sulfate attack, as well as corrosion of steel fibers and steel bars 
used for reinforcement (Hagelia 2011; Berrocal 2017). The corrosion 
can be further accelerated by the EPS in the biofilm, containing negative 
charges that can interact with metals and create galvanic reactions 
(Beech and Sunner 2004; Torres-Luque et al., 2014). 

Knowledge about the detailed mechanisms involved in biofilm for
mation and the biofilm interaction with the substratum is predominantly 
based on mechanistic studies using defined cultures of bacteria (see e.g. 
Dang and Lovell 2016). Such results cannot be directly transferred to 
natural ecosystems, which have a large diversity of microorganisms with 
properties and interactions that are hard to predict and where random 
processes come into play. In community ecology, stochasticity can be 
defined as random changes in the community structure with respect to 
species identities and/or functional traits due to stochastic or random 
processes of birth, death, immigration and emigration, spatiotemporal 
variation, and/or historical contingency, whereas selection due to 
fitness differences among microorganisms to environmental conditions 
and antagonistic or synergistic biotic interactions are considered 
deterministic factors (Zhou and Ning, 2017). For instance, the microbial 
attachment to surfaces from a highly diverse pool of planktonic micro
organisms is likely, to a large extent, described by stochastic factors 
(Zhou and Ning 2017). Studies of succession of species abundances over 
time in ecosystems have also shown that both deterministic factors and 
stochastic factors are important (Chase and Myers 2011; Dini-Andreote 
et al., 2015). Only a limited number of studies have investigated biofilm 
succession in natural ecosystems. For freshwater as well as saline water 
biofilms, the early stages of succession have been dominated by sto
chastic factors, while niche-based deterministic factors came into play as 
the biofilm matured (Veach et al., 2016; Brislawn et al., 2019). Similar 
patterns were observed for free-floating biofilms in wastewater treat
ment bioreactors (Liébana et al., 2019). Studies of mature biofilms on 
fiber reinforced sprayed concrete have furthermore suggested deter
ministic factors to be important for the community assembly (Karačić 
et al., 2018). It is, however, unclear whether stochastic or deterministic 
forces are key determinants for the biofilm succession as it forms and 
develops on concrete and whether the surface type is an important factor 
for the succession. 

The aim of this study is to assess the main factors that underpin the 
long-term formation and succession of microbial biofilms on concrete of 
various surface type exposed to marine water. Our hypothesis is that 
concrete surface type (rough/smooth concrete surfaces with/without 
steel fibers) influences the marine microbial biofilm formation. We 
expect that the composition of marine microbial biofilms forming on 
concrete are dynamic over time where stochastic factors, like random 
immigration of microorganisms from the water, have importance for the 
community assembly at an initial stage and that deterministic factors 
play a larger role as the biofilm develops. 

2. Materials and methods 

2.1. Experimental set-up 

2.1.1. Mesocosm set-up 
The mesocosm was composed of four separate recirculating systems, 

each consisting of: 1) an upper vessel made of 8 mm thick clear acrylic, 
20 × 25 × 53 cm, with a drainage port 10.5 cm from the bottom to 
maintain a constant volume of water in the vessel (14 L). Each upper 

vessel was equipped with 18 bottom effluent holes (7 mm) connected to 
tube regulators for flow control at 2 mL/min; 2) a middle vessel, 15 × 22 
× 53 cm (17.5 L) with a bottom drainage pipe; and 3) a bottom container 
of 25 L (Fig. S1). The water was recirculated from the bottom container 
to the upper vessel at 9 L/h by a peristaltic pump. The water was evenly 
distributed over the inclined surface of each concrete block. 

Seawater from 70 m depth was collected at Kristineberg Marine 
Research Station (University of Gothenburg) in Fiskebäckskil, Sweden. 
During collection, the sea water was filtered through a 50 μm filter for 
removal of debris and larger organisms. Every 2–6 weeks (average 3 
weeks) the water in the mesocosm (denoted “water from systems 1–4”) 
was replaced with new sea water (denoted “seawater”) to provide the 
system with inoculum. To compensate for evaporation, sterile ultrapure 
water (Milli-Q) was added to maintain constant volume in the systems. 
The mesocosm set-up was kept at 13 ◦C and placed in a dark room to 
avoid growth of algae. At regular intervals, pH and conductivity was 
measured in the system (WTW Multiliner 363IDS). The water was 
saturated with oxygen through recirculation of water in contact with the 
atmosphere. This set-up allowed for investigation of how biofilms 
formed on the concrete surfaces subjected to water flow, but also on how 
the concrete affected the water chemistry in the four systems. 

2.1.2. Concrete composition and description of the different treatments 
The concrete mix was made with 5% microsilica ELKEM grade 920 

added to RAPID Aalborg cement. Sand of Dmax = 0.4 mm was used for a 
high water/binder ratio of 0.80 with high permeability (prepared with 
tap water) in order to speed up concrete degradation. With the exception 
of the high water/binder-ratio, the concrete mix was similar to the ones 
used in the construction of a subsea road tunnel (Karačić et al., 2018). 
One batch of 20 L concrete mix was prepared with addition of steel fi
bers, (0.8 kg⋅m− 3) GSF 0520 which also contains small amounts of Zn, P, 
K, Ca, Mg, Si, O and C, and another batch without steel fibers. The 
concretes were cast in 10 × 10 × 10 cm standard wooden molds (EN 
12390-1). After demoulding, the concrete blocks were cut diagonally 
into triangular prisms using a diamond blade. Thereafter, half of samples 
were sand blasted to increase the surface roughness. All concrete pieces 
were stored in sterile ultrapure water (Milli-Q) for 30 days prior to 
starting the experiment to cure the concrete matrix and to wash away 
debris from sand blasting. A total of 72 triangular prisms were divided in 
four systems: 1) smooth concrete surface without steel fiber reinforce
ment 2) smooth concrete surface with steel fiber reinforcement 3) rough 
concrete surface without steel fiber reinforcement 4) rough concrete 

Table 1 
Characteristics of the concrete (presence/absence of steel fiber reinforcement 
and surface structure) and chemical composition of the water in systems 1–4 and 
in the seawater. Concentrations of other ions and statistical analysis are shown 
in the supplementary material (Table S1).  

Parameter System 1 System 2 System 3 System 4 Seawater 

Reinforcement no fiber steel 
fiber 

no fiber steel 
fiber 

- 

Surface structure smooth smooth rough rough - 
pH (of water) 8.32 ±

0.08 
8.36 ±
0.07 

8.35 ±
0.07 

8.38 ±
0.075 

8.18 ±
0.12 

Conductivity 
(mS cm− 1) 

52.93 ±
1.70 

52.81 ±
1.36 

53.22 ±
1.30 

53.89 ±
1.65 

50.41 ±
1.07 

Alkalinity 
(mgHCO3 l− 1) 

126 ± 14 130 ± 4 123 ± 7 135 ± 9 102 ± 15 

DOC (mg l− 1) 4.32 ±
2.21 

5.23 ±
3.27 

4.84 ±
2.80 

4.27 ±
2.87 

2.65 ±
1.38 

Ntot(mg l− 1) 0.068 ±
0.067 

0.100 ±
0.079 

0.092 ±
0.073 

0.066 ±
0.053 

0.066 ±
0.066 

Ca (mg l− 1) 503 ±
100 

513 ±
152 

471 ±
113 

464 ±
128 

458 ±
175 

Si (mg l− 1) 2.361 ±
1.310 

2.187 ±
1.074 

2.212 ±
1.257 

2.137 ±
1.207 

1.909 ±
1.027 

Fe (mg l− 1) 0.214 ±
0.023 

0.216 ±
0.015 

0.202 ±
0.023 

0.216 ±
0.026 

0.217 ±
0.024  
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surface with steel fiber reinforcement (Fig. S2, Table 1). 

2.1.3. Sampling 
The mesocosm was operated for 455 days (65 weeks). At each 

sampling occasion, triplicate concrete pieces were taken out (handled 
with sterile gloves to avoid contamination) and stored at − 20 ◦C until 
DNA extraction. Sampling was conducted after 147, 245, 301, 357 and 
413 days. The last triplicate samples from day 455 were used for SEM- 
analysis and no DNA was extracted. Photos were taken of every con
crete piece of pristine concrete and at each sampling occasion to follow 
microbial colonization and change in concrete appearance. For DNA 
extraction, the concrete surface of each sample was scraped off with a 
sterile scalpel and collected in DNA-free tubes (performed in a sterile 
UV-disinfected cabin). For SEM analysis, concrete samples with biofilm 
were cut in small pieces (≈1 cm2) with diamond saw with water as 
coolant, and in some cases biofilm with concrete material was carefully 
peeled off using a scalpel. 

Filtered (0.2 μm) water samples were collected at every water 
replacement of the mesocosm from systems 1–4 and from the new 
seawater. The water samples were stored at − 20 ◦C for subsequent 
analysis. Planktonic microorganisms in the seawater and water from the 
mesocosms (0.4–1 L) were collected on 0.2 μm membrane filters 
(Sartorius Stedim Biotech, 47 mm), which were stored at − 20 ◦C for 
DNA extraction. 

2.2. Analytical methods 

2.2.1. Chemical analyses 
In the filtered water samples, selected metals were quantified by 

quadrupole Inductively Coupled Plasma. Mass Spectroscopy (ICP-MS) 
using an iCAP Qc (Thermo Fisher Scientific, Wilmington, DE, USA) and 
dissolved ions were analyzed using a Dionex ICS-900 ion chromato
graph. Dissolved organic carbon (DOC) and total nitrogen in filtered 
water samples were measured using a Shimadzu TOC-V analyzer. 
Alkalinity was measured (TitroLine®7000) according to standard 
methods (APHA 1998). 

2.2.2. Scanning electron microscopy (SEM) 
Small pieces of selected concrete samples were mounted on a metal 

stub for SEM. Pristine and uncoated samples were investigated under 
high-vacuum mode at an acceleration voltage of 20 kV, spot size of 5 μm, 
and a working distance of 10.2–14.3 mm using a Quanta200 ESEM (FEI). 
The Oxford Inca Energy Dispersive X-ray (EDX) was used for chemical 
characterization and chemical point analysis. Data analysis was pre
formed using the INCA EDS software. Other samples were analyzed in a 
Hitachi S–3600N Scanning Electron Microscope (SEM) available at the 
GeoLAb, Natural History Museum, University of Oslo. The instrument is 
equipped with a Bruker XFlash® 5030 energy dispersive X-ray detector 
(EDX), running on Quantax 400 (Esprit 1.9), for semi-quantitative 
elemental analysis and hyperspectral mapping, with <127 eV FWHM 
at MnKα energy resolution. Samples were mounted on carbon tape and 
analyzed in variable pressure (VP) mode (20 Pa), 15.0 kV accelerating 
voltage, ca 50 nA beam current. 

2.2.3. DNA extraction, amplification, and sequencing 
A total of 60 concrete samples and 47 membrane filters (0.2 μm) 

were collected for DNA analysis. Total genomic DNA was extracted 
using the Fast DNA spin kit for soil (MP Biomedicals) following the 
manufacturer’s protocol. The V4 hyper-variable region of the 16S rRNA 
gene was amplified in duplicates, using the forward primer 515′F and 
the reverse primer 806R (Caporaso et al., 2011; Hugerth et al., 2014) to 
cover both bacteria and archaea. The primers were indexed according to 
Kozich et al. (2013). PCR was conducted in 20 μl reactions using the 
Phusion Hot Start II DNA Polymerase (0.2 μl) (Thermo Scientific), 5X 
Phusion HF Buffer (4 μl), 10 mM dNTPs (0.4 μl), DMSO (0.6 μl), genomic 
DNA (1 μl), and 1 μl of each of the forward and reverse primers (10 μM). 

The PCR was carried out as follows: initial denaturation at 98 ◦C for 30 s, 
denaturation at 98 ◦C for 10 s, annealing at 55.8 ◦C for 30 s, and 
extension at 72 ◦C for 30 s for 30 cycles, followed by final extension at 
72 ◦C for 10 min. The duplicate PCR products were quality checked by 
standard gel electrophoresis, pooled and purified with the MagJET NGS 
Cleanup and Size Selection Kit (Thermo Scientific). The DNA concen
tration was measured using a Qubit 3.0 fluorometer (Invitrogen) with 
the dsDNA HS assay kit (Invitrogen). The PCR products were pooled in 
equimolar amounts and the quality was confirmed using TapeStation 
(Agilent Technologies). Sequencing was performed on an Illumina 
MiSeq using reagent kit v3. Raw sequence reads have been deposited in 
the NCBI Sequence Read Archive: BioProject PRJNA747171, accession 
number SUB10009856. 

2.2.4. Bioinformatics and statistical analysis 
The sequence reads were processed using the VSEARCH v.2.13.1 

(Rognes et al., 2016) and DADA2 v.1.16 (Callahan et al., 2016) pipe
lines, which determine amplicon sequence variants (ASVs). Based on the 
VSEARCH and DADA2 count tables, a consensus table of ASVs detected 
in both pipelines was generated using qdiv (Modin et al., 2020). Tax
onomy was assigned with SINTAX (Edgar 2016) within VSEARCH using 
the Silva database v.132 (Quast et al., 2013). The dataset was rarefied by 
subsampling each sample to 17879 reads. 

Alpha and beta diversity was calculated using the Hill number 
framework, which allows a systematic evaluation of the impact of 
relative abundance on diversity measures (Chao et al., 2014; Jost 2006). 
The parameter q is the diversity order. At a q of 0, all ASVs are 
considered equally important irrespective of their relative abundance. 
At a q of 1, each ASV is weighted according to its relative abundance in a 
sample. For alpha diversity (qD), this means that 0D is equal to the 
number of ASVs found in a sample (richness) while 1D can be interpreted 
as the number of “common” ASVs. The corresponding dissimilarity 
index (qd) shows the fraction of all (0d) and common (1d) ASVs not 
shared between a pair of samples (Jost 2007; Modin et al., 2020). 

Null models were used to determine the dissimilarity caused by 
compositional turnover between samples and to assess the roles of 
deterministic and stochastic factors for microbial community assembly. 
For this, the Raup-Crick null model (Chase et al., 2011; Raup and Crick 
1979) adapted for Hill-based dissimilarities (Modin et al., 2020) was 
used. Permanova (9999 permutations) was used to assess the statistical 
significance of differences between groups of samples (Anderson 2001). 
PICRUSt2 was used to predict metabolic functions of the microbial 
communities based on the 16S rRNA gene sequences (Douglas et al., 
2020). The pipeline was run with default settings and the relative 
abundances of MetaCyc pathways were determined for each sample 
(Caspi et al., 2020). 

Data visualization, ordination, calculation of alpha and beta di
versity, null modelling, and permanova tests were conducted in qdiv. 
Univariate statistical tests (Two-way Anova, Levene’s and Shapiro- 
Wilk’s test and post-hoc Games-Howels test) were performed using the 
Real Statistics add-in to Excel. The DESeq2 method (Love et al., 2014) to 
test differential abundance of ASVs with time and between systems was 
carried out in R (R Core Team, 2020). Details about the analysis are 
provided in the supplementary methods. 

3. Results 

3.1. Biofilm growth on the concrete 

This study consisted of four treatments with concrete surfaces with/ 
without steel fibers and with/without treatment to increase surface 
roughness (Table 1, Fig. S2). A thin, slightly slimy layer of biofilm was 
formed on all concrete surfaces (Fig. 1). In the presence of steel fibers, 
orange deposits also appeared. However, there was no visible difference 
in biofilm appearance on the smooth and rough concrete surfaces. 
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3.2. Signs of degradation of the concrete surfaces 

Selected concrete samples were examined by SEM to indicate mi
crobial cells and mineral transformations on the concrete surfaces. Mi
croorganisms were observed on both concrete with and without steel 
fibers, while secondary deposits were omnipresent on the surfaces with 
steel fibers (system 4) but were less visible on the surfaces without 
(system 3) (Fig. S3). At day 357, system 3 was characterized by signif
icantly calcium-leached cement paste as indicated by very low Ca/Si 
ratios and tiny aggregate particles being separated from the paste in an 
otherwise porous matrix (Fig. S6). At day 455, system 4 showed several 
additional features with heavily mineralized constituents consisting of 
iron hydroxide or iron oxyhydroxide with variable contents of Al, Si and 
Mg (Fig. S4) as well as domains without Fe (Fig. S5). In some domains 
the composition resembles magnesium-silicate hydrate with additional 
Si and Al (Magnesium-aluminum-silicate hydrate, MASH) suggesting 
impact of cement paste transformations. There was a notable scarcity/ 
absence of Ca in the deposits, suggesting that Ca might have been dis
solved into the water phase (Figs. S4 and S5). 

3.3. Chemical composition of the water 

The chemical composition of the seawater and the water that had 
percolated over the concrete blocks in systems 1–4 is summarized in 
Table 1 and Table S1. For the ions, metals, and dissolved organic carbon 
(DOC), the concentrations were not significantly different between the 
water systems, indicating that the experiment had minor effect on these 
parameters. However, the water in systems 1–4 had significantly higher 
pH, alkalinity, conductivity, and DOC compared to the sea water 
(Table 1) although the average values were in the same range. Especially 
for pH, differences between the systems also indicated that the iron 

fibers and surface structure had an impact (significant difference be
tween system 1 and 2, system 3 and 4 as well as between systems 1 and 
3, p < 0.05, Table S2). There was a linear correlation between DOC and 
total nitrogen which may indicate microbial growth (r2 = 0.80, p =
0.04). In addition, the differences over time in the concentration of 
several of the ions, metals, and DOC, as well as of pH and conductivity 
were significant (p < 0.05), likely reflecting the seasonal changes of the 
seawater (Table S2, Fig. S7). The higher pH at the start of the experiment 
could be due to dissolution of cementitious material, followed by a 
levelling off and a subsequent increase during the last part of the 
experiment. 

The dissolution of the cement matrix was assessed by calculating the 
cumulative concentrations of the chemical constituent in the water of 
the systems with time. For some of the constituents, an increase in cu
mulative concentrations was observed. Systems 2 and 4 had higher cu
mulative increase in alkalinity, whereas the systems 1 and 3 had higher 
cumulative increase in conductivity (Fig. S8). The increase in cumula
tive alkalinity shows that carbonate containing constituents have dis
solved from the cement matrix. The increase in cumulative conductivity 
reflects the release of various ions to the water phase. For some ions, 
Ca2+, SO4

2− , K+ and the metal Cr, which are constituents of concrete, the 
cumulative concentrations increased with time (Fig. S8), whereas no or 
even negative cumulative concentrations were observed for the ions Cl− , 
Na+, Mg2+, and metals V, Mn, Fe, Co, Ni, Cu, Zn, and Cd. 

3.4. Alpha diversity of the microbial communities 

Alpha diversity was measured at the diversity order of 0 (0D), 
equivalent to richness giving equal weight to all ASVs, and 1 (1D), taking 
the relative abundances of the ASVs into account. Across all four sys
tems, alpha diversity of the biofilm communities increased over time for 

Fig. 1. Concrete blocks from system 1 (A), system 2 (B), system 3 (C), and system 4 (D). The three blocks from each system are sampled on day 1 (left), day 301 
(middle), and day 413 (right). 
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both 0D and 1D (ANOVA, p < 0.001 and p < 0.01, respectively) (Fig. 2). 
Although alpha diversity was also different between the four types of 
biofilm (B1–B4) for both 0D and 1D (ANOVA, p < 0.01), post-hoc testing 
could not separate the biofilm types (Games-Howell, p > 0.05), indi
cating that this pattern was of minor importance. The alpha diversity of 
the biofilm communities was higher (Fig. 2) than the diversity of the 
planktonic communities (Fig. S9). 

3.5. Beta diversity of the microbial communities 

Small fractions of ASVs were entirely unique to the biofilm com
munities on the concrete of different types or to the planktonic com
munities, based on Venn diagrams (Fig. S10), with a total of 1206 ASVs 
(92% of reads) being shared between all sample types over all time 
points. Although most ASVs appeared in all sample types, their relative 
abundances differed. As a consequence, the biofilms and the planktonic 
microorganisms in the seawater and the water in the systems 1–4 formed 
three distinct microbial communities (Fig. 3A) with significant differ
ences between the three groups (p = 0.0001, Permanova). The changes 
in biofilm community composition during the experiment are shown in 
Fig. 3B. There was a significant difference in composition between the 
four concrete types (p = 0.0001, Permanova), but all biofilm commu
nities followed a similar temporal trajectory. Incidence-based dissimi
larity indices (0d, Fig. S11) showed the same pattern as the relative 
abundance-based dissimilarity (1d, Fig. 3). The planktonic microbial 
communities also followed a temporal trajectory but the separation 
between the four systems was not as clear as for the biofilms, although a 
significant difference could be observed with the 0d index (Fig. S12). 

The biofilm communities clustered based on the presence/absence of 
steel fibers in the concrete as well as the surface structure of the concrete 
(smooth/rough). The dissimilarity between samples collected from 
concrete surface with and without steel fibers were consistently signif
icantly higher than the dissimilarity between samples from rough and 
smooth surface, which in turn had higher dissimilarity than the replicate 
samples (Fig. 3C). 

Time was an important parameter affecting biofilm community 
composition. Longer time difference between two samples correlated 
with higher dissimilarity (Fig. 3D). The temporal rate of change in 
community composition in the biofilms was determined by dividing the 
dissimilarity between a pair of samples from a system with the time 
difference (in days) between the samples. The Bray-Curtis dissimilarity 
index was used to allow comparison to a previous meta-study, which 
used this index to describe temporal changes in microbial community 
composition in various environments (Shade et al., 2013). The 
Bray-Curtis index gives high weight to the relative abundance of ASVs 
and is therefore quite insensitive to changes occurring among 
low-abundant ASVs. The rate of change ranged from 0.0081 ± 0.0015 
d− 1 (avg. ± st. dev.) for a time difference of 56 d, to 0.0031 ± 0.0001 

d− 1 for a time difference of 266 d (Fig. S13). 
Microbial community assembly of the biofilms was assessed using 

the Raup-Crick null model (Raup and Crick 1979). This null model fixes 
the richness in each sample, which means that dissimilarities between 
samples observed are caused by compositional turnover, not by richness 
differences. It also gives an indication whether deterministic or sto
chastic processes drive community assembly (Chase et al., 2011). In the 
null model, the microbial community composition of each sample is 
reconstructed by randomly drawing ASVs from a regional pool and 
populate them with read counts (Stegen et al., 2013). This is repeated 
multiple times and each time, pairwise dissimilarities are calculated 
between the randomly generated sample communities. These null model 
dissimilarities are then compared to the observed dissimilarities be
tween the real samples. The null model results (qRC) are reported as an 
index constrained between 0 and 1. A value close to 0 means that two 
samples have higher compositional similarity than the null expectation, 
and a value close to 1 means that the compositional turnover is greater 
than the null expectation. Intermediate values indicate the dissimilarity 
between samples can be explained by random assembly (Modin et al., 
2020). The definition of the regional pool from which ASVs and read 
counts are drawn is crucial for the interpretation of the null model 
results. 

We considered all biofilm samples to be part of the regional pool. 
Fig. 4 shows how time differences between samples from the same 
system affected the null model results. For the incidence-based index 
(0RC), the value is 0 for time differences less than approximately 150 
days. This means that when it comes to presence/absence of ASVs, the 
compositional similarity is much higher than what would be under a 
random assembly process. The relative abundance-based index (1RC) 
has intermediate values, which means that the difference in relative 
abundance between the detected ASVs could be explained by random 
processes. At longer time intervals (>250 d), the 0RC index has inter
mediate values or is close to 1 in some systems. The 1RC is close to 1 in 
all systems. This means that there has been a significant change in the 
identity of ASVs and especially in the relative abundance of ASVs. A 
comparison of null model results between systems showed that at all 
time points, the 0RC was close to 0 and the 1RC had intermediate values 
(Fig. S14). This suggests that it is primarily time that drives turnover in 
community composition in the biofilms. Turnover caused by different 
concrete surface in the four systems is small in comparison, and the 
biofilms in all four systems follow the same temporal trajectory. This 
agrees with the PCoA ordination of the biofilm communities on the four 
concrete types over time (Fig. 3B). 

3.6. Microbial community composition 

The most abundant taxa, grouped by order, are shown in Fig. 5. The 
development of the biofilm communities appears to be synchronized in 

Fig. 2. Alpha diversity of biofilm samples over time for the different treatments (B1–B4). Diversity (D) as Hill number with diversity order 0 (A) and 1 (B).  
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the four systems, which is in agreement with Fig. 3B. Caulobacterales and 
Rhodobacterales decrease in relative abundance over time while Plank
tomycetales, Rhizobiales, and Pirellulaes show increasing trends. Similar 
temporal trends for the mentioned orders are seen in the water samples. 
However, some orders such as Cellvibrionales, Salinisphearales, and 
SAR86 clade appear in higher relative abundance in the water samples in 
comparison to the biofilms. Some orders, most notably Marine Group II 
and Nitrosopumilales, have high relative abundance in the seawater but 
they do not remain in the laboratory mesocosm. 

To investigate how time, steel fiber content, and surface structure 
affected the abundance of individual ASVs in the biofilms, DESeq2 was 
used (Love et al., 2014). Fig. 6 shows ASVs with statistically significant 

differences in abundance between sample types and over time (p <
0.001). The ASVs are grouped based on genus and only ASVs with a log2 
(fold-change) of at least 2 and a relative abundance exceeding 0.5% in at 
least one sample are shown. For the time variable, the log2(fold-change) 
refers to the change in abundance occurring over one year of biofilm 
development. In total, 72 ASVs changed significantly in abundance with 
time. These could be grouped according to taxa. Within Planctomycetales 
and Rhizobiales, all ASVs increased over time. Even within Rhodo
bacterales, there were also many ASVs that increased over time. The 
overall decrease seen in Fig. 5 is driven by Roseobacter, which is an 
abundant genus within that order. A similar phenomenon is seen for the 
ASVs belonging to Pirellulales. Within Caulobacterales, most ASVs 

Fig. 3. Beta diversity based on 1d dissimilarities. (A) PCoA of all samples in the study. (B) PCoA of the biofilm samples, where the ellipses encircle replicate samples 
from the same time point. The time point (day of the experiment) is denoted at each ellipse. (C) Dissimilarities between the biofilm samples of replicates (grey), 
concrete surfaces with different roughness (blue), and concrete with and without iron fibers (red). The average and standard error of pairwise dissimilarities are 
shown. Asterisks (*) indicate that the dissimilarity between samples from concrete with and without iron fibers is significantly greater than the dissimilarity of 
samples from concrete with different roughness (p < 0.05, Welch’s t-test). (D) The effect of time difference on dissimilarities. Each point shows the average of several 
pairwise dissimilarities. Error bars show standard error (too small to be seen in the graph). At a time-difference of 0, the 1d represents dissimilarity between bio
logical replicates. 

Fig. 4. Null model results (qRC) for the incidence-based based dissimilarity index (A, 0d) and the relative-abundance based dissimilarity index (B, 1d). The x-axis 
shows the time difference between the samples being compared. The average value of pairwise comparisons of samples from the same system are shown. The error 
bars show the standard error of the mean. 
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decreased in abundance with time, which is consistent with Fig. 5. 
However, one genus, Hyphomonas, have ASVs that both increase and 
decrease with time. The same phenomenon can be observed for ASVs 
classified as OM190, Rhodobacteraceae, and Glaciecola. Furthermore, 10 
and 38 ASVs were different in abundance based on the surface structure 
of the concrete and the presence/absence of steel fiber reinforcement, 
respectively (Fig. 6). Examples of taxa that appeared to favor steel 
fiber-containing concrete were Magnetospiraceae, Portibacter, Rubripir
ellula, and Rhodopirellula. 

Of the ASVs that decreased with time, most were more abundant in 
biofilm than in water indicating they were early biofilm forming bac
teria (Fig. 6). Overall, 81 ASVs were significantly more abundant in the 
biofilms and only 7 ASVs were more abundant in the water (p < 0.05, 
DESeq2, Table S3), which also reflects the higher alpha diversity of the 
biofilm samples (Fig. S9). All ASVs showing significant differential 
abundance based on DESeq2 analysis are shown in Tables S3–S6. 

4. Discussion 

Microorganisms can provide us with both ecosystem services and 
disservices (Lyytimäki et al., 2008). Microorganisms intentionally 
embedded in concrete can contribute to increased durability due to 
self-healing effects (Nathaniel et al., 2020), while microbial biofilms 
forming on the concrete surface typically contribute to reduced perfor
mance and lifespan by disintegration of the surface material (Noeiaghaei 
et al., 2017). A fundamental understanding of how such biofilms form 
and how the community members succeed on the surfaces is key for 
assessment of the degradation. 

4.1. Early biofilm development 

Even though biofilm on the concrete was composed of typical marine 
taxa, the biofilm community composition was distinctly different from 
the planktonic composition in the flowing water and the seawater 
(Fig. 3A). The compositional differences between replicate biofilm 

samples were much smaller than could be explained by stochasticity (see 
time zero in Fig. 4), which suggests that deterministic forces, like 
environmental conditions, were important for shaping the biofilm 
community. This can be exemplified with the concrete surface types, 
where the dissimilarity was considerably larger between biofilm com
munities on different surface types than between replicates within each 
surface types (Fig. 3C). This also confirms observations in other eco
systems (Ali et al., 2019; Besemer et al., 2012), that biofilm formation 
primarily depends on species traits and environmental conditions, 
rather than random mass immigration from the water phase. 

Several of the taxa that had significantly higher abundance in the 
biofilms than in the water showed a decreasing trend in the biofilms (see 
black squares in blue circles in Fig. 6). This indicates that they were early 
biofilm forming bacteria on the concrete and conditioned the surface for 
subsequent microorganisms. Over time, the early biofilm formers 
decreased in relative abundance because of competition from invading 
species. Hence, being an early biofilm former did not spur long-term 
abundance, which is in line with findings in other biofilms (Brislawn 
et al., 2019). In this study, species within a number of taxonomic orders 
served as such early biofilm formers (Fig. 6 and Fig. S15). Ponticaulis sp. 
and Hyphomonas sp. were two of the most abundant genera and have 
previously been found to play important roles in biofilm formation on 
steel in marine environments (Procópio 2020). A Roseobacter clade has 
previously been detected in high abundances in biofilms forming on 
SiO2 surfaces after short-term (2.5 weeks) exposure in the sea (Sanli 
et al., 2015). Similarly, Blastopirellula sp. have been shown to prefer
entially colonize and form biofilms on SiO2 immersed in the sea for one 
week (Wang et al., 2020), supporting that these two bacterial taxa are 
important in early-stage biofilm formation in marine environments. 

4.2. Succession of the biofilm community 

Time was the major factor shaping the biofilm communities (Fig. 3B, 
D). In the succession, many of the ASVs that were abundant in the early 
phase decreased in relative abundance (Fig. S15) as other ASVs 

Fig. 5. The 20 most abundant orders in the microbial communities. The colour bar indicates percentage relative abundance in the samples. For the biofilms (B1–B4) 
triplicate samples were merged. For the water samples, samples were merged into three groups representing the early phase (day 49–147), the middle phase (day 
168–280) and the later phase (day 315–413). For the sea water (SW), all samples were merged. 
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Fig. 6. ASVs with significant differential abundance based on DESeq2 results (padj < 0.001). Positive log2(fold-change) means that the ASV increased in abundance 
with time (black squares), had higher abundance on steel fiber containing surfaces (red circles), or had higher abundance on smooth surfaces (orange X). Each point 
represents one ASVs. They are grouped based on genus classification on the left y-axis. The right y-axis shows taxonomic order. The red/pink and blue/light blue bars 
on the right x-axis shows how the orders are grouped into classes and phyla, respectively. If a point is surrounded by a blue circle, it means that ASV had a 
significantly higher abundance in the biofilm in comparison to the water samples (padj < 0.05). 
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increased (Fig. S18) and the biofilm communities developed and grad
ually became more diverse (Fig. 2). Previous studies report different 
diversity patterns during biofilm community development. Jackson 
et al. (2001) observed elevated richness during initial colonization, 
which was followed by a slight decrease in richness as a result of 
competition and limited niche availability. Then, as the biofilm 
matured, more niches became available which permitted growth of a 
larger variation of species resulting in increased alpha diversity. Other 
studies of biofilms have shown linear increases of richness and alpha 
diversity over time (Redford and Fierer 2009; Veach et al., 2016) which 
follow general patterns of species-time relationships observed in many 
microbial ecosystems (Shade et al., 2013). Deterministic forces of spe
cies interactions and environmental filtering are likely an important 
explanation for the increase in diversity over time. As the biofilm de
velops, microorganisms able to utilize extracellular polymers and 
metabolic by-products find niches within the biofilm (Datta et al., 2016). 
The long-term exposure of the concrete to sea water also causes changes 
in physical-chemical properties, which can change the environmental 
niches and cause changes in the microbial community (Caruso 2020). 
The biofilms observed were very thin, appeared as a slimy layer prob
ably consisting of a hydrated matrix of extracellular polymeric sub
stances (Fig. 1) (Flemming et al., 2016). Thin biofilms give rise to low 
diffusion resistance and hence absence of distinct chemical niches, such 
as anaerobic zones, where more metabolically diverse microorganisms 
can proliferate (Stewart 2003). With time, a thicker biofilm would 
probably have formed, resulting in an even more diverse microbial 
community. 

The temporal rate of change in biofilm community composition 
(Fig. S13) was the same as those determined for microbial communities 
in lakes, freshwater streams, air, wastewater treatment plants, marine 
environments, soil, flowers, and humans for similar time intervals 
(Shade et al., 2013), suggesting that at time scales of several months 
microbial community changes are generally gradual with little drastic 
events. Even so, there was indeed turnover of taxa within the biofilm 
communities over the longer time intervals, as shown by the null models 
(Fig. 4). This also indicates that deterministic forces (species interactions 
and environmental filtering) were important for shaping the microbial 
community composition over the longer time intervals, while at shorter 
ones, stochastic immigration/emigration and drift were having a 
somewhat larger influence, which supports recent findings of succession 
in other biofilm systems (Liébana et al., 2019; Veach et al., 2016; Bri
slawn et al., 2019). 

For some taxa, we could see that one ASV was replaced by another 
ASV within the same genus or family. This could indicate competitive 
exclusion in the biofilm, assuming that closely related species occupy 
similar environmental niches (Stegen et al., 2013). Within Hyphomonas, 
two ASVs showed significant changes with time. ASV18 decreased with 
time and had higher relative abundance on concrete without steel fibers 
while ASV105 tended to increase with time and had higher relative 
abundance on concrete with steel fibers (Fig. S17). Two ASVs within 
Glaciecola showed similar, but less evident, trends. Several ASVs within 
the phylum Planctomycetota increased significantly over time (Fig. S18). 
Particularly ASV3, a Planctomicrobium sp., became dominant in systems 
1, 2, and 4, reaching over 30% relative abundance. The type-strain of 
this genus, Planctomicrobium piriforme, was isolated from a boreal lake 
and found not to grow at NaCl concentrations above 0.5% (Kulichev
skaya et al., 2015). However, ASV3 had only 88% nucleotide identity to 
this strain. Instead, a BLASTn search of NCBI Genbank resulted in 
matches with 100% nucleotide identities from both wastewater treat
ment systems (LR637872.1) and coastal seawater (JF948432) suggest
ing that this ASV represented a species that can grow in many different 
habitats. 

4.3. Effect of concrete surface type on the microbial community 

Concrete surface type influenced the biofilm community 

composition. The biofilm communities on the rough and smooth con
crete surfaces were different to each other over the entire duration of the 
experiment (413 days, Fig. 3B and C). This suggests that the effects of 
surface topography can prevail for long periods of time, not only during 
colonization and early-stage biofilm formation, as previously shown for 
both natural and artificial surfaces (Jones and Bennett 2017; Zhang 
et al., 2014). However, the effects of surface topography were small. 
Only a limited number of ASVs were significantly different between the 
rough and smooth surfaces (Fig. 6). Probably, topography differences 
between the rough and smooth concrete were minor at the scale relevant 
for microbial colonization, as has also been observed for various con
crete mixes (Voegel et al., 2020). Steel fiber reinforcement had greater 
effect on the biofilm community composition than the surface topog
raphy (Fig. 3C), with a number of ASVs having significantly different 
abundance in the presence of steel fibers (Fig. 6). Most of the taxa that 
had significantly higher abundance in the biofilms on the steel fiber 
reinforced concrete have unknown roles in the community. The 
well-known marine iron-oxidizer Mariprofundus within Zetaproteobac
teria (McBeth et al., 2011) was not enriched on the concrete surfaces 
with steel fiber. It was only detected in a few biofilm samples on con
crete without steel fibers (system 1). However, one ASV within Magne
tospiraceae, a group of magnetotactic bacteria, was significantly more 
abundant in biofilms on steel-containing concrete. Magnetotactic bac
teria have efficient iron-uptake systems for dissolved Fe(II) and Fe(III) 
and are important for iron biomineralization (Amor et al., 2020). The 
ASV had high relative abundance in the first sample taken on day 147 
and then decreased over time. This may suggest that this bacterium 
contributed to metabolizing iron in the early stages of biofilm formation 
and then decreased in relative abundance when most of the exposed iron 
surface had been converted into insoluble iron oxides/hydroxides 
(Fig. S16). Indeed, iron hydroxide and/or iron oxyhydroxide was 
observed by SEM (Fig. S4) and orange deposits were seen on the surfaces 
of concrete containing steel fibers (Fig. 1). Other ASVs within Porti
bacter, Rubripirellula, and Rhodopirellula, also favored steel-fiber con
taining concrete although they were also present on concrete without 
steel fibers. Portibacter sp. has previously been found to thrive on iron 
slag (Ogawa et al., 2020) and Planctomycetes, which include Rubripir
ellula and Rhodopirellula, have been found in iron-hydroxide deposits in 
marine environments, suggesting that these microorganisms may be 
involved in iron metabolism (Storesund and Øvreås, 2013). Presence of 
iron can have systematic effects on microbial communities, that besides 
involving species converting iron and sulfur commonly associated with 
corrosion processes (Ramirez et al., 2016), also involves microorganisms 
capable of nitrogen cycling, as well as bacteria with less evident func
tions in the iron-associated microbiomes (Huang et al., 2021; Ogawa 
et al., 2020). 

4.4. Effect of biofilms on the concrete surface 

Both the SEM-analysis and the chemical composition of the water 
gave indications of concrete degradation in the outermost layers. There 
were signs of concrete transformation and little/no Ca in the outermost 
concrete layers, suggesting Ca dissolution (Figs. S4–S6). This was sup
ported by consistently higher concentrations of Ca and other concrete 
constituents in the water after recirculation in the system for a few 
weeks (Fig. S8). Formation of biogenic acids near the concrete surface by 
the biofilm community may have assisted in the cement paste dissolu
tion. Biogenic acids can be produced by microorganisms via a number of 
metabolic pathways, including conversions of sulfur, nitrogen, and 
organic carbon (Bertron 2014). No typical acid-producing clades of 
bacteria, like sulfur- and ammonia-oxidizing bacteria, were detected 
among the main ASVs in the biofilm communities (Fig. 5, Table S3). But 
even common traits, like fermentation to produce low molecular weight 
fatty acids from complex organic molecules, or release of CO2, can cause 
concrete degradation, especially considering the elevated local con
centrations in the concrete-biofilm interface (Magniont et al., 2011). 
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Metagenomic predictions indicated that the pathway for mixed acid 
fermentation was common in the biofilm (16–30% of the identified 
microbial taxa possessed the pathway, Supplementary data file 1), 
indicating that this may have been an important process contributing to 
the observed concrete dissolution. Interestingly, the fraction of the 
community having the mixed fermentation pathway decreased with 
time in the biofilm but not in the water phase (Fig. S19), suggesting that 
the biofilm growth mode selected for taxa with other pathways for 
organic matter turnover. And as expected, the prokaryotic TCA cycle I 
(and other variants of the TCA cycle, e.g. IV and V) resulting in pro
duction of CO2, were omnipresent in the predicted metagenomes (Sup
plementary data file 1). It should also be noted that the metabolic 
potential of the large share of unidentified microbial community 
members cannot be predicted based on 16S rRNA genes. Hence, to fully 
understand the biotic mechanisms resulting in the concrete degradation, 
which was outside the scope of this study, other approaches like true 
meta-omics would be needed. 

5. Conclusions 

The biofilm communities on the concrete were distinctly different 
from the pelagic communities in the surrounding water, with limited 
influence of stochastic immigration. Time was the main factor shaping 
the biofilm communities, with increases in alpha diversity and turnover 
of taxa mostly driven by deterministic processes. However, specific taxa 
were associated with the presence/absence of iron fiber and to a lesser 
extent with the rough/smooth surfaces throughout the study period of 
413 days, resulting in a long-lasting effect of substratum properties on 
biofilm communities. 
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