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ABSTRACT
The impact of concrete composition and roughness on the formation of microalgal biofilms and
their photobiology were studied on marine infrastructures presenting four different composi-
tions combined with two degrees of roughness (rough and smooth). The structures were first
inoculated with a natural microphytobenthic biofilm and immersed in sterilised seawater with a
controlled photoperiod for six days. Photosynthetic activity was assessed with an imaging PAM-
(Pulse Amplitude Modulated) fluorometer and microtopography was monitored in parallel with
a 3-D camera. The results indicated that roughness had an impact on the biofilm biomass, its
physiological status and its photosynthetic efficiency and capacity. The assessment of surface
roughness indicated that negative reliefs were preferably colonised by MPB (microphytobenthic)
cells with better photosynthetic performances. Moreover, MPB biofilms showed better photoac-
climation in these microhabitats than on the positive and smooth reliefs. This study confirms
the importance of microhabitat for biofilm formation and their photobiology.
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Introduction

Artificial structures or Artificial Reefs (AR) have been
used for decades to attract fish or to protect shallow
coastal zones from trawling (Jensen et al. 2000), and
their development has intensified over the three last
decades (Vivier et al. 2021). Such structures are also
favourable areas for biodiversity as they act as settle-
ment zones and nurseries for many marine species
(Patranella et al. 2017) by providing a novel habitat
and supporting the primary production of organic
carbon and its transfer through the trophic network
(Charbonnel et al. 2002; Langhamer and Wilhelmsson
2009; Layman et al. 2016; Komyakova and Swearer
2018; Komyakova et al. 2019).

In aquatic environments, surfaces are rapidly
colonised by microorganisms (Bakker et al. 2003;
Bhosle et al. 2005). Microphytobenthos(MPB) is char-
acterised by the assemblage of photosynthetic

microalgae (mostly diatoms), cyanobacteria, protozoa
and macrophyte spores which form a biofilm on soft
sediment or hard substratum surfaces (Kromkamp et
al. 1995; Nagarkar et al. 2004). MPB is one of the
most important carbon sources for benthic and pela-
gic trophic webs on intertidal rocky shores (Bulleri
2005). MPB is also a pioneer assemblage in the suc-
cession of benthic communities, facilitating the settle-
ment of macroalgae and invertebrates (Huang and
Boney 1984; Hung et al. 2007). Biofilms vary in space
and over time; they are regulated by environmental
and biological parameters like nutrient availability
and top-down herbivory control by grazers
(Underwood 1984; Hillebrand et al. 2000; Jenkins et
al. 2001; Thompson et al. 2004, 2005). Thus, colonisa-
tion of hard substrata by MPB is a crucial step for the
following ecological succession of new hard substrata
in marine environments. The photo-biological fea-
tures of these biofilms may be cues that drive
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subsequent colonisation stages by mediating the bio-
adhesion of planktonic metazoan larvae during settle-
ment (Olivier et al. 2000; Tamburri et al. 2008;
Hladyz et al. 2011; Whalan and Webster 2014; Ly et
al. 2020).

Reflecting the ecological importance of biofilms in
marine environments, their colonisation mechanisms
and drivers have been widely studied (Huang and
Boney 1984; Hutchinson et al. 2006; Briand et al.
2012; 2017) on soft substrata (Jesus et al. 2006;
Orvain et al. 2012; Morelle et al. 2021) or hard sub-
strata (Anderson 1995; Bulleri 2005; Leite et al. 2012).
However, only a few authors have investigated the
impact of micro-topography, roughness, on biofilm
adhesion and colonisation (Chung et al. 2007; Doghri
et al. 2015) in marine ecosystems even though these
aspects have been widely explored in medical sciences
(Oh et al. 2009; Perera-Costa et al. 2014). Marine bio-
films are likely to be affected by the microstructure of
the substratum and its degree of roughness (Salta et
al. 2013; Souche et al. 2016), and it appears that MPB
do not colonise such substrata homogeneously
(Anderson and Underwood 1994; Hutchinson et al.
2006; Salta et al. 2013). Their complex micro-topog-
raphy creates a wide range of microenvironments,
mainly exposure to light, but also nutrient availability.
In small crevices on the surface of a rocky shore,
microalgae can find refuge from desiccation and light
overexposure which could impair DNA, or cell mem-
brane or protein integrity (Sekar et al. 2004; Perera-
Costa et al. 2014). The addition of marine co-produ-
ces like shells can also increase substratum porosity
and enhance its bio-receptivity (Cuadrado-Rica et
al. 2016).

The deployment and management of hard sub-
strata has recently become more important in the cur-
rent ecological and societal context with the
development of immerged marine structures for the
purpose of ecological involvement by the creation of
novel habitats with expected economic benefits (i.e.
the construction of offshore wind farms, seawalls and
dikes). Such structures offer innovative solutions with
the use of novel materials that increase both their
quantitative and qualitative colonisation. The develop-
ment of marine resources can be promoted by adding
coproducts like fragments of oyster shells, which are
considered as marine production waste. Shell frag-
ments can also be considered as natural long-term
carbon storage that can be exploited to mitigate cli-
mate change (Lejart 2009). This study investigated
several photosynthetic indicators of MPB biofilms and
how biomass developed on different structures. To

this end, marine infrastructures (MI) were built to
assess the importance of the composition and rough-
ness of the concrete in MPB colonisation and primary
productivity.

Materials and methods

Experimental setup

A total of 50MI samples were constructed. The MI
were shaped like a cobble (5 cm�5 cm�3 cm; L��h)
and for this study, four concrete formulations were
designed with two types of cement, Portland cement,
CEM I/A-LL 42.5 R CE PM-CP2 NF and CEM II/A
(S-V) 32.5N-LH CE PM-ES-CP1 NF as these two
types of cement are suitable for use in seawater.
Granular class 0/2mm siliceous alluvial sand was
used. Alluvial aggregates of two sizes, 4/10mm and
10/20mm, were also used. Twenty percent of the
aggregates (4/10mm) were replaced by oyster shell
aggregates to study the effect of this biomineral by-
product on the recruitment of oyster larvae. It has
been shown that the incorporation of mollusc shell
aggregates (6/12.5mm) could increase the bio-recep-
tivity of concrete because they provide an ideal sub-
stratum for the settlement of marine organisms
(Graham et al. 2017; Hanlon et al. 2018). Six control
samples were made of PVC, as this type of support is
suitable and is generally used for oyster larval catchers
in shellfish aquaculture.

The absolute density [NF EN 1097-6:2014-01],
granular compactness [NF EN 932-2:1999-08 (NF EN
932-2 1999)] and water absorption coefficient [NF EN
1097-6:2014-01] of the different materials were deter-
mined. After the characterisation of the raw materials
concrete mixes were formulated in accordance with
NF EN 206-1 (NF EN 206-1 2016). Table 1 lists the
four concrete formulations tested (type 1 to type 4).
Each formulation was composed of the cement I
(CEM I) or cement II (CEM II) and of the addition
or not of oyster shells. In this study, the control struc-
tures were polyvinyl chloride (PVC) structures and
corresponded to type 5.

These MI had two different surfaces: one rough
and one smooth. The mean gross surface rugosity
(Rg) was calculated as the mean of the difference
between the five higher and lower points of the struc-
ture. The mean Rg by structure type was: 6.19mm for
the rough ones, 2.72mm for the smooth ones and
1.08mm for the PVC controls. Each structure was
exposed in sterile seawater for one week in order to
condition the concrete. Sterilisation was achieved with
UV treatment (JBL AquaCristal UV-C 36W) for 48 h
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(Figure 1). Then, the vertical sides of each MI were
paraffined to prevent their colonisation from the
external borders. Twenty microcosms
(16.2 cm�11.2 cm�11.7 cm; L�l�h) were created to
optimise the environmental conditions and promote
microphytobenthic development. The internal walls of
each microcosm were also covered with paraffin to
prevent any interaction between the MI during the
experiment. The MI were placed in several microcosm
by three and all microcosms were disposed in a meso-
cosm (650 L) with sterilised sea water and alimented
with a circulation pump (300 l h�1). Air was bubbled
in each microcosm. All microcosms were entirely
immersed at the same level in the mesocosm.

Experimental monitoring

Several parameters and indicators were measured over
a period of six days after the addition of biofilms.
Temperature and pH were recorded throughout the
experiment. The distance between the LED and the
MI was 60 cm. Light intensities were recorded con-
tinuously (i.e. at 1min intervals) using Onset Hobo
UA-002 Pendant light/temperatureVR data logger
placed on specified cores in the tank.

Microphytobenthic biofilms were taken from nat-
ural sea samples in tanks with running seawater
pumped from the shore in front of the marine station
of the University of Caen (CREC) which is located in
the Bay of Seine (French-English Channel). Several
large MI built with the same material as the sample
MI used for this experiment were placed in these
large tanks. Dense microphytobenthic biofilms were
obtained on these large MI after incubation for two
weeks with running seawater. MPB biofilm were
sampled gently on the large MI with a toothbrush
then, biofilms were diluted in 1 l of seawater. Then,
this stock solution containing resuspended biofilms
was added in the sterile mesocosm one week after the
setup of MI in each microcosm.

Scanning electron microscope observations
Scanning electron microscope (SEM) observations
were performed at the end of the monitoring period.
MPB biofilm was carefully sampled from a rough MI
with a soft toothbrush at the end of the experiment.
The sample was fixed overnight with glutaraldehyde
2.5% in a buffer of sodium cacodylate (0.2M) with
7% of saccharide during sedimentation on
ThermanoxTM strips. The samples were then rinsed in
this buffer and dehydrated in progressive ethanol
baths. Finally, the samples were dried using the crit-
ical point bypass method with CPD 030 LEICAVR .
Samples were metalized with platinum with JFC 1200
JEOLVR . Observations were made with the SEM Supra
55 ZEISSVR .

Photosynthetic parameters
Photosynthetic parameters were measured daily using
the Imaging-PAM fluorometer (Walz, Germany). The
IMAGING-PAM Chlorophyll Fluorometer was
designed to investigate the two-dimensional heteroge-
neities of photosynthetic activity. Fluorescence meas-
urements were carried out using the Maxi Version of
Imaging-PAM Chlorophyll Fluorometer (Walz,
Effeltrich, Germany) associated with a LED-Array
Illumination Unit IMAG-MAX/L (44 high-power
royal-blue (450 nm) LED-lamps) and a CCD Camera
IMAG- K7 equipped with a zoom objective lens (640
� 480 pixel resolution). Measurements were per-
formed at a fixed working distance of 18.5 cm. A 5-
min dark adaptation period allowed oxidation of the
electron acceptor pools before each measurement.
The saturation pulse intensity was 4,500 mmol photons
m�2 s�1 for 0.8 s at the surface of the sample and the
measuring pulse frequency was 8Hz. Rapid light
curves were performed as follows: samples were
exposed to eight incremental intensities of actinic
light (E): 0, 21, 111, 281, 396, 531, 611 and 701mmol
photons m�2 s�1 with 30 s irradiance steps.
Numerical values and fluorescence images were
extracted using analytical software (Imaging Win;
Walz). Auto-fluorescence of each structure was

Table 1. Concrete type formulation details.
Formulations

Components Type 1: CEM I no shells Type 2: CEM I with 20% shells Type 3: CEM II no shells Type 4: CEM II with 20% shells Type 5: PVC controls

Cement 350 350 350 350
Sand 800 800 800 800
Gravel 4/10 600 479 600 479
Gravel 10/20 500 500 500 500
Shell aggregates 121 121
Water 175 175 175 169
Superplasticiser 4.5 7 4.5 7

Footnote to Table 1: The four different concrete types (1 to 4) were composed of two different cements (CEM I or II) and the addition or not of 20%
oyster shells.
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Figure 1. Experimental setup design. Marine infrastructures were placed in threes in 20 microcosms (separated by the dashed
lines) placed in a large mesocosm (Image a). Microcosms (Image b) were randomly disposed in the mesocosm to guarantee the
total independence between sampled units. Artificial lightning and a circulation pump (300 l h�1) were added for the entire meso-
cosm. Air bubbling were added in each microcosm. All microcosms were entirely immersed at the same level in the mesocosm.
The average light was 113.83mmol photons m�2 s�1 for 8 h (from 8 am to 4 pm) and the average temperature was 20 �C.
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recorded before the experiment in order to apply a
correction to FO.

The maximum quantum efficiency of PSII (FV/FM)
was calculated using the following equation from
Genty et al. (1989):

FV
FM

¼ FM � F0ð Þ
FM

(1)

where FM is the maximum fluorescence yield meas-
ured after a saturating pulse and F0 the minimum
fluorescence yield immediately before the saturat-
ing pulse.

The maximum relative electron transport rate
(rETRMAX, relative units) was estimated by fitting
FLC data with the Webb model (Webb et al. 1974) to
estimate a (mmol electrons (mmol photons)�1 and Ek
(mmol photons m�2 s�1) with a the initial slope of
the FLC and Ek the light saturation index:

rETR ¼ a � Ek � 1� e�
E
Ek

� �
(2)

rETRMAX was then calculated as:

rETRMAX ¼ awebb � Ekwebb (3)

The other option was the Eilers and Peeters (1988)
model with a, b and c the equation coefficients to cal-
culate the rETRMAX and the photosynthetic efficiency
(a).

rETR ¼ E
ðaE2 þ bEþ cÞ (4)

or,

rETRMAX ¼ 1
ðbþ 2

ffiffiffiffiffi
ac

p Þ (5)

a was calculated as:

a ¼ 1
c

(6)

Finally, non-photochemical quenching (NPQ)
based on the relative difference between the max-
imum fluorescence measured in the dark-adapted
state, FM, and upon exposure to light, FM’ was calcu-
lated:

NPQ ¼ FM�FM0

FM0
(7)

To estimate photosynthetic a and rETRMAX for
each pixel of the fluorescence image, a nonlinear
regression model was fitted on RLC curves using the
simplex method of Nelder and Mead (1965).
According to the curve profile, the algorithm auto-
matically chose the fitting model between that of
Webb et al. (1974) and Eilers and Peeters (1988). In
the exceptional case where rETRMAX was much higher

than the highest rETR, a linear model was applied
and the highest rETR was considered as rETRMAX to
avoid overestimation. In the case where (1) the first
value (i.e. first E) was the highest in the RLC, (2)
RLC values were all equal to zero and (3) the set
comprised no more than three positive values, the
photosynthetic parameters were considered null.

3-D camera acquisitions. A 3-D camera was used to
map the micro-topography of MI and the changes it
underwent during the course of the experiment. The
model used was the Gocator 3110 which allows high
frequency analyses (i.e. a scan rate of 5Hz). MI were
assessed in pairs, a blue light (465 nm) and a stereo
scan were performed of each surface face to build a
numerical relief.
Chlorophyll a extractions. In order to convert the bio-
mass proxy F0 into Chl a biomass, 15MI were spe-
cially incubated in the same condition as those of this
experiment. Then, chlorophyll a (Chl a) was extracted
from MPB biofilms sampled on these MI after incu-
bation for 7, 14 and 28 days. The MPB biofilm was
sampled with a soft toothbrush on MI upper faces
and then diluted in 250ml of filtered sea water
(Stericup GV Millipore, Ø 0.22 mm). A sub-sample
(150ml) of the diluted sample was filtered through a
glass-fibre filter (Whatman, GF/F, 47mm, 0.7 mm)
and immediately frozen at �20 �C until analysis. A10-
ml aliquot of 90% acetone (v/v) was added for pig-
ment extraction and the sample was then left at 4 �C
in the dark for 12 h. After two 5-min centrifugations
at 1,700 g, the Chl a concentration of the extracts was
measured using a Trilogy fluorimeter (Turner
Designs, Sunnyvale, USA) according to Strickland and
Parsons (1968). These data allowed estimation of a
factor between F0 and Chl a calculated for 15 sam-
ples. The conversion factor calculated was:

F0
Chl a

¼ 0:362 (8)

with Chl a expressed in mg cm�2, R2 ¼ 0.365
and n¼ 99.

Data treatment and analysis

A MATLAB# routine (available upon request) was
developed to determine the values of each level of
fluorescence (F0, FM, FS (steady state fluorescence)
and FM’) for each pixel. For each sample, auto-fluor-
escence was deducted and the images corresponding
to all successive actinic light per RLC were nested in
a 3-D matrix. A colour value was assigned to each
gravy level and, using a conversion index (based on
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the fluorescence-colour scale provided by PAM soft-
ware), each pixel was converted into a numerical
value. The quantum efficiency of PSII charge separ-
ation (DF/FM’; fluorescence ratio) was calculated for
each pixel in each image as (FM’-FS)/FM’. To avoid
noise bias during imaging-PAM measurements, all FM
values below 0.048 were previously considered invalid.
Indeed, below this threshold, the values acquired were
too weak to be reliable (Heinz Walz GmbH 2014).
Subsequently, for each pixel and actinic light (E; lmol
photons m�2 s�1), the relative electron transport rate
was estimated (rETR¼DF/FM’ x E), rETR-I curves
were performed and the acclimatisation light (Ek,
lmol photons m�2 s�1) was estimated.
Microtopography data obtained with the 3D camera
were also exploited with a MATLAB# routine in
order to calculate the correlation between several
indicators (F0, FV/FM, rETRMAX, Ek, a and NPQ) and
the rugosity level. An upstream treatment allowed
correction of the potential inclination of the MI upper
face with the following polynomial equation:

Zinterp ¼ a� Xþ b� Yþ c� X:Yþ d (9)

with X and Y the 2-dimension axes of the top sur-
face of the concrete. The parameters a, b, c and d
were obtained with a simplex minimisation method
allowing the determination of the better equation
(higher R2) passing through the surface plan (Z0).
In order to determine the exact surface microtopog-
raphy without possible inclination plan interferences,
it was necessary to remove it. The difference
between these values was calculated for each pixel
as follows:

Zfinal ¼ Z0 � Zinterp (10)

Data analysis was performed with R i386 3.5.1 (R
Development Core Team 2008). Factors were

organised in a partial hierarchical design with three
fixed factors: age (2, 3, 4 or 6 days), roughness (rough,
smooth or PVC), type of concrete (1 to 5). Data nor-
mality was tested (Shapiro-Wilk normality test) and,
if necessary, data were transformed with the boxcox
function of the MASS package on R. A split-plot
ANOVA design was performed involving crossed fac-
tors see Potvin (1993) for a detailed description
(Figure 2) and Supplementary material. Tukey tests
were performed to distinguish any significant differ-
ences between several variables of a factor. Pearson
correlation tests were also performed between the
degree of roughness and each physiological indicator.
Imaging-PAM and 3-D camera analyses were per-
formed 2, 3, 4 and 6 days after the beginning of the
experiment on every MI.

Results

Environmental conditions and species
identification

Mesocosm temperature varied slightly from 18.6 �C to
21.4 �C from day 2 to 6 while the pH (þ/� 8.3)
remained constant throughout the experiment. The
light intensity at the surface of the MI was on average
113.83 mmol photons m�2 s�1 for 8 h (from 8 am to
4 pm) every day of the survey.

SEM observations revealed a wide diversity of MPB
species in different proportions (Figure 3).
Cylindrotheca closterium was abundant. Many MPB
biofilm fragments with high densities of cells
embedded in a matrix of EPS were found with a wide
range of genera including Amphora sp., C. closterium,
Entomoneis sp., Hantzschia sp., Microtabella sp.,
Thalassiosira sp., and some choanoflagellates.

Figure 2. Diagram of the split-plot ANOVA design. For each of the four investigated parameters, the same design was applied
with roughness and type of concrete in the main plots and age factor in the subplots.
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Biological parameters varied with the substratum

Chl a biomass
The averaged value of Chl a (mg cm�2) was calculated
for each MI (PVC, rough and smooth) at each sam-
pling point, from day 2 to day 6 after the start of the
experiment (Figure 4A). On PVC structures, Chl a
showed a slight increase from 0.0235 þ/� 0.0039 mg
cm�2 (standard deviation) to 0.0273 þ/� 0.0083 mg
cm�2 between day 2 and 6 (þ 0.0038 mg cm�2). On
smooth MI, it increased slightly from 0.0047 þ/�

0.0021 and 0.0113 þ/� 0.0042mg cm�2 between day
3 and 6 (þ 0.0066mg cm�2). On the rough MI, it
increased from 0.0091 þ/� 0.0028 and 0.0148 þ/�
0.0027 mg cm�2 (þ 0.0057mg cm�2). According to the
split-plot ANOVA (Supplementary material), there
was a significant effect of roughness, type of concrete
and age on the MPB biomass. An HSD Tukey test
(Supplementary material) revealed that each rough-
ness differed significantly from the other ones. There
was no significant difference between the types of

Figure 3. SEM observations of microphytobenthic biofilms sampled on one rough MI at the end of the experiment. Amphora sp.
(A); Thalassiosira sp. (B); Entomoneis sp. (C and E); choanoflagellate (D); Hantzschia sp. in the centre (F); high densities of cells
embedded in a matrix of EPS (G and H); Thalassiosira sp. (I); Microtabella sp. (J); Cylindrotheca closterium (K); C. closterium in the
centre (L).
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concrete except for PVC controls. In both cases, the
age factor had a significant effect on Chl a after
day 3.

Photosynthetic parameters
Several photosynthetic parameters were analysed with
Imaging-PAM by also providing an estimate of their
spatial variations. FV/FM (Figure 4B) of the PVC
structures remained constant during the first three
days (between 0.35 þ/� 0.02 and 0.36 þ/� 0.03), it
decreased on the fourth day to 0.30 þ/� 0.02 and
increased to 0.42 þ/� 0.04 on the last two days. FV/
FM for rough and smooth surfaces faces showed the
same dynamics, remaining constant for the first three
days, decreasing slightly on day 4 and finally increas-
ing until day 6. On the rough surfaces, photosynthetic
yields FV/FM reached 0.52 þ/� 0.02 at the end of the
experiment. A value of FV/FM of 0.51 þ/� 0.02 was
measured on smooth surfaces at day 6. According to
the split plot ANOVA (Supplementary material),
there was a significant effect of roughness, type of
concrete, and age on FV/FM, but not of the interaction
between age and roughness, meaning that the tem-
poral dynamics were comparable between the two
surfaces and also with the PVC control. An HSD
Tukey test (Supplementary material) revealed that
each degree of roughness differed significantly from
the others. There was a significant effect of age during
the monitored biofilm growth, but no significant

difference was found between the types of concrete
except for the PVC controls, and the interaction term
between type and age was not significant.rETRMAX

(Figure 4C) increased slightly on the PVC controls
from 10.35 þ/� 9.81 relative unit to 31.64 þ/� 10.98
relative unit between day 2 and 3, decreased to 19.89
þ/� 20.83 relative unit at day 4 and increased again
to reach 57.02 þ/� 30.49 relative unit at the end of
the experiment. On rough structures, rETRMAX

increased progressively throughout the experiment
from 7.69 þ/� 13 relative unit at the first sampling
point to 98.51 þ/� 25.95 relative unit at day 6.
Finally, rETRMAX of smooth structures remained very
low for four days (below 1.75 þ/� 4.03 relative unit)
and reached 81.89 þ/� 45.93 relative unit on the last
day. According to the split-plot ANOVA
(Supplementary material), there was a significant
effect of roughness, the type of concrete, and age on
rETRMAX. An HSD Tukey test (Supplementary mater-
ial) revealed that smooth surfaces differed significantly
from the other ones. There was no significant differ-
ence between the types of concrete except for the
PVC controls. The age factor had a significant effect
on rETRMAX at day 6.

Ek (Figure 4D) values for PVC structures
decreased slightly from 4.28 þ/� 7.41 mmol photons
m�2 s�1 to 3.68 þ/� 6.80 mmol photons m�2 s�1

between day 2 and day 4 before increasing to reach
9.16 þ/� 11.71 mmol photons m�2 s�1 at day 6. On

Figure 4. MPB biomass (A, mg Chl a cm�2) and photosynthetic indicators FV/FM (B), rETRMAX (C, relative unit), Ek (D, mmol photons
m�2 s�1), a (E, mmol electrons (mmol photons)�1) and NPQ (F, relative unit) assessment throughout the course of the 6-day
experiment on the three different types of structure (PVC, rough and smooth).
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rough structures, Ek remained stable between 2.77
þ/� 3.71 mmol photons m�2 s�1 and 3.90 þ/�
5.11 mmol photons m�2 s�1 until day 4 before increas-
ing to reach 6.56 þ/� 8.67 mmol photons m�2 s�1 at
day 6. Finally, Ek decreased slightly on smooth struc-
tures with between 3.28 þ/� 3.65 mmol photons m�2

s�1 and 1.65 þ/� 2.71 mmol photons m�2 s�1

between day 2 and day 4 before reaching 5.08 þ/�
6.27 mmol photons m�2 s�1 at day 6. There was no
significant effect of roughness or of the type of con-
crete on Ek, only a significant effect of age was found
on Ek (split-plot ANOVA, p< 0.001���). The HSD
Tukey test indicated that the age factor had a signifi-
cant effect, with a difference that was particularly
apparent on the last day. Interaction terms with time
were not significant, whatever the factor (roughness
or type of material).

a (Figure 4E) showed a slight increase on PVC
structures from 0.0175 þ/� 0.0158 mmol electrons
(mmol photons)�1 to 0.18 þ/� 0.107mmol electrons
(mmol photons)�1 between days 2 and 4. a was
almost null during the first three days on smooth MI
and reached 0.228 þ/� 0.115 mmol electrons (mmol
photons)�1 on the last day. On rough MI, it increased
continuously from 0.028 þ/� 0.049 mmol electrons
(mmol photons)�1 to 0.266 þ/� 0.0745 mmol electrons
(mmol photons)�1 between days 2 and 6. There was a
significant effect of roughness, the type of concrete
and age on a (split-plot ANOVA, p< 0.001���). HSD
Tukey test (Supplementary material) revealed that a
differed significantly on rough and smooth MI. Age
also affected a, there were significant differences
between each day except between days 3 and 4. The
type of concrete type also had an impact on a and
there was a significant difference between type 4
and 5.

The NPQ was determined under the experimental
light conditions (113 mmol photons m�2 s�1) (Figure
4F) and showed a strong increase on PVC from 0.427
þ/� 0.210 to 0.921 þ/� 0.103 between days 2 and 4
before falling to 0.033 þ/� 0.033 on the last day. On
smooth MI, it increased from 0.111 þ/� 0.057 to
0.234 þS- 0.075 between days 2 and 4 before reaching
0.021 þ/� 0.014 at day 6. On rough MI, NPQ
increased from 0.110 þ/� 0.077 to 0.167 þ/� 0.079
during the first four days then fell to 0.0161 þ/�
0.009 on day 6. There was a significant effect of
roughness and age on NPQ (split-plot ANOVA,
p< 0.001���). An HSD Tukey test (Supplementary
material) showed that NPQ on PVC always differed
significantly from smooth and rough NPQ. Age also
affected NPQ: there were significant differences

between each day except between days 2 and 3.
Finally, the type of concrete did not affect the NPQ
except for type n�3 and n�5 (PVC).

Biofilm colonisation depending on the
microtopography

Microphytobenthic biomass distribution
The spatial distribution of F0 was very heterogenous
on the rough surfaces. On the second day, there was
no MPB biomass on the high positive relief of the
rough surfaces. During the entire experiment, there
were more MPB cells on the negative reliefs than on
the positive ones (millimetric scale). On the last day
of the experiment, MPB biomass was present on the
positive reliefs, but the quantities were smaller than
on the negative ones (Figure 5). The MPB biomass
was distributed differently between the smooth and
rough structures at the same sampling point. The spa-
tial distribution of F0 was less heterogeneous on the
smooth MI than on the rough ones throughout the
survey (Figure 6).

Distribution of microphytobenthic photosyn-
thetic indicators
The FV/FM distribution was also notably heteroge-
neous on the rough MI (Figure 5) compared with the
smooth one (Figure 6). Its distribution seemed to be
affected by the relief. rETRMAX and awere also
affected by the surface roughness on the rough MI,
while these parameters were not correctly graphically
represented on smooth MI. The NPQ also seemed to
be affected by the MI topography, on rough MI, NPQ
appeared was on high positives reliefs. On smooth
ones, NPQ seemed to be more homogenously
distributed.

Correlation between microtopography and MPB
biomass or photosynthetic indicators
Correlation coefficients (R) were calculated between
the level of microtopography (negative or positive)
and the F0, FV/FM, rETRMAX, Ek, a and NPQ. R> 0.1
or < �0.1 were considered as significantly positive or
negative (critical values in a Student’s t test with this
sample pixel number). A positive R indicated that the
indicator was mostly measured on positive reliefs and,
conversely, a negative R indicated that the indicator
was mostly measured on negative ones.

The correlation between roughness and surface Chl
a biomass was calculated (Figure 7A). Correlation
coefficients were always higher than 0 on PVC or
smooth structures throughout the survey. In these
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cases, the correlation was quite similar throughout the
survey. On rough structures, correlation coefficients
were significantly lower than 0 and varied between
�0.17 þ/� 0.2 at day 2 and �0.083 þ/� 0.17 on the
last day. On rough structures, the correlation coeffi-
cient also differed significantly from that on the two
other structures (p< 0.01��).

The correlation between roughness and FV/FM was
calculated (Figure 7B). The R coefficient on PVC or
smooth structures was always positive throughout the

experiment and its dynamics was almost the same in
the two cases. It increased slightly from 0.068 þ/�
0.1 to 0.082 þ/� 0.11 between day 2 and day 6 on
smooth structures. On PVC structures, it increased
slightly from 0.067 þ/� 0.087 to 0.14 þ/� 0.05
between day 2 and the last day of experiment. The R
coefficient on rough structures was notably lower
than 0 and varied between �0.13 þ/� 0.15 at day 2
and �0.05 þ/� 0.16 on the last day. The correlation
coefficient on rough structures also differed

Figure 5. Spatial distribution of biofilm biomass (F0) and selected photosynthetic indicators (FV/FM, rETRMAX (relative unit), Alpha
(mmol electrons (mmol photons)-1) and NPQ (relative unit)) and microtopography (mm) on one rough BMI (n�8) during the moni-
toring period.
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significantly different from that of the two other
structures (p< 0.01��).

The correlation between roughness and rETRMAX

was calculated (Figure 7C). There were no significant
differences between smooth and control structures.
The correlation coefficient for the controls ranged
between 0.057 þ/� 0.093 and 0.075 þ/� 0.083 from
day 2 until the last day of the experiment. On smooth
structures, it varied between 0.046 þ/� 0.095 and 0.048
þ/� 0.11 over the same period. There was a significant

difference between the rough surface and the two other
surfaces (p< 0.001���). The correlation coefficient var-
ied between �0.035 þ/� 0.27 and �0.005 þ/� 0.13
between day 2 and the last day of the experiment.

The correlation between roughness and Ek was cal-
culated (Figure 7D). Its dynamics were similar in the
three types of structure and no significant difference
was found between them.

The correlation between a and surface roughness was
calculated (Figure 7E). On rough MI, it was significantly

Figure 6. Spatial distribution of biofilm biomass (F0) and selected photosynthetic indicators (FV/FM, rETRMAX (relative unit), Alpha
(mmol electrons (mmol photons)-1) and NPQ (relative unit)) and microtopography (mm) on one smooth BMI (n�30) during the
monitoring period.
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lower than on the other ones (p< 0.001���). There also
was a significant difference between the first two days
and the two last days of the experiment. On rough MI,
the coefficient varied from �0.15 þ/� 0.17 and �0.056
þ/� 0.16 between day 2 and day 6. On smooth MI, it
varied between 0.021 þ/� 0.041 and 0.057 þ/� 0.13
during the experiment. On PVC, it varied from
0.059 þ/� 0.079 and 0.093 þ/� 0.073 between day 2
and 6.

Finally, the correlation between the NPQ and the
roughness was calculated (Figure 7F). There was a sig-
nificant impact of roughness (p< 0.001���) and age
(p< 0.001���) on NPQ. NPQ was always significantly
higher on rough MI than on the others. It was higher
than 0 during the first three days on rough MI and var-
ied between 0.12 þ/� 0.17 and �0.028 þ/� 0.12 from
day 2 to day 6. On smooth MI, NPQ varied from
�0.078 þ/� 0.095 and �0.091 þ/� 0.1 between day 1
and day 6. On PVC, it varied between �0.017 þ/�
0.059 and �0.066 þ/� 0.07 between day 2 and day 6.

This analysis revealed that the correlation between
the level of microtopography and FO, FV/FM and
rETRMAX was significantly lower on the rough struc-
tures than on the smooth ones and on the controls.
Moreover, this correlation coefficient was also nega-
tive. On the controls and the smooth structures, the
correlation coefficient was close to zero and on all
structures the R coefficient showed a slight increase
on the last day of experiment.

Discussion

Influence of the substratum on biofilm
development and its physiological quality

In dark adapted microalgae, most of the F0 originates
from the Chl a, a correlation between F0 and Chl a is
often used in oceanography and in biofilm studies
(Barranguet and Kromkamp 2000; Stock 2019). The
present results show a large and significant difference
in Chl a concentrations between PVC and concrete
structures throughout the experiment. The MPB bio-
mass on these structures remained constant through-
out the experiment. This observation confirmed that
this material can be easily and efficiently colonised by
MPB. These first colonisation steps are primordial
before the establishment of subsequent ecological suc-
cessions (Fonsêca-Genevois et al. 2006; Sokołowski et
al. 2017). Two days after the start of the experiment,
the Chl a biomass was more than two times lower on
concrete (rough and smooth) structures than on the
PVC structures. Behind the fact that concrete led to
slower growth of the MPB biofilm compared with
PVC, Chl a biomass was also always higher on rough
surfaces than on the smooth ones and increased sig-
nificantly after the third day. However, these results
seemed to confirm the influence of roughness on bio-
film colonisation with slower growth on a more com-
plex topography (Almaguer-Flores et al. 2012; Souche
et al. 2016). The rapid uniform increase in MPB

Figure 7. Spatial distribution of selected photosynthetic indicators, Chl a (A), FV/FM (B), rETRMAX (C), Ek (D), a (E) and NPQ (F) and
microtopography (mm) on one rough BMI (n�8) during the monitoring period.
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biomass on PVC structures compared with that on
rough MI was an indicator of the poor ability of PVC
material (i.e. smooth) to support gradual and sustain-
able biofilm establishment.

The maximum quantum efficiency of PSII (FV/FM)
was associated with the physiological state of the
MPB (Kromkamp et al. 1998; Morris and Kromkamp
2003; Jesus et al. 2005). FV/FM > 0.5, considered to
be a good physiological status, has frequently been
measured in marine benthic and phytoplankton
microalgae (Kromkamp et al. 1998; Morris and
Kromkamp 2003; Napol�eon et al. 2013). The FV/FM
measured on PVC structures was significantly lower
than on the concrete structures. The very rapid
growth of biofilm on PVC did not result in a resilient
biofilm: microalgae rapidly showed evidence of a poor
physiological status. The MPB colonising the concrete
structures were in a better physiological state, con-
firmed by FV/FM values close to 0.5. This difference
could be explained by the higher density of MPB
measured on PVC structures leading to an increase in
competition for light or nutrients and may have
caused stress. Decreases in FV/FM have also been
associated with high NPQ values. At the same time,
the slight difference in F0 and FV/FM values between
rough and smooth concrete structures throughout the
experiment could also be explained by the microhabi-
tats created by the roughness. Indeed, in complex
microtopography, small crevasses were observed
where diatoms found refuge from excess light or
hydrodynamical stressors (erosive forces). There, they
can better cope with stressful environmental condi-
tions, as revealed by the gentle and continuous
increase in their photosynthetic performance. It is
also known that excess light induced stresses which
impacted the growth and photosynthetic performan-
ces of diatoms like C. closterium (Rijstenbil 2003;
Roncarati et al. 2008) and may explain the better
physiological parameters recorded for MPB biofilms
on rough MI and the higher NPQ induction meas-
ured on PVC and smooth MI.

One expected consequence of a lower FV/FM would
be a parallel decrease in rETRMAX and the photosyn-
thetic efficiency (i.e. a) because the energy captured
by the PSII is diverted from photochemistry to non-
photochemical quenching (Ralph et al. 2002).
However, the results suggest a better electron trans-
port rate during the first three days of the experiment
on the PVC structures. rETRMAX measurements also
confirmed the better photosynthetic capacity of MPB
on rough structures than on smooth ones, and this
was also the case for photosynthetic efficiency. The
falling NPQ values on the last day of experiment were
concomitant with increasing rETRMAX values and
could be explained by the settlement of a well photo-
acclimatised MPB biofilm. Additional measurements
of a� (Chl a specific absorption coefficient) and rPSII

(functional absorption cross-section of PSII) would be
useful to interpret the rETRMAX in more detail.

A dense MPB biomass with low photosynthetic
parameters was recorded on PVC structures in con-
trast with concrete structures. Rough structures
seemed to be more suitable for colonisation by a
photosynthetically efficient biofilm. After day 6 of the
experiment, some of the structures were kept in the
tank with a photoperiod and the biofilm on the PVC
detached itself into the water (visual observation on
day 10). Even if these results were not acquired until
the senescent phase on PVC, the data clearly confirm
the weak efficiency of the PVC structures to be colon-
ised by a competitive MPB compared with concrete
ones. Table 2 summarise the qualitative effect of all
variables on the biofilm. MPB biofilm colonising
rough MI was dominated by benthic diatoms
(Amphora sp., C. closterium, Entomoneis sp.,
Hantzschia sp. and Microtabella sp.) corresponding to
native species and attesting to the potential of these
structures to promote MPB biofilm development. The
large number of cells embedded in the matrix of EPS
observed by SEM confirmed the high physiological qual-
ity of these MPB biofilms. One of the most important
criteria was the capacity of a structure to be colonised

Table 2. Summary of the positive or negative effects of both variables (rugosity and concrete formulation) on the biofilm bio-
mass (Chl a) and its associated photosynthetic parameters.

Rugosity Concrete formulation

Control PVC Smooth Rough Cement type I Cement type II Shell addition

Chl a Reference Reference ¼ ¼
FV/FM Reference þ þþ Reference ¼ ¼
rETRMAX Reference þ þ Reference ¼ ¼
Ek Reference ¼ ¼ Reference ¼ ¼
a Reference þ þþ Reference ¼ ¼
NPQ Reference Reference ¼ ¼
Footnote to Table 2: The reference used for the rugosity variable were PVC plates and the reference used for the concrete formulation variable were
cement type I.
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by a perennial biofilm leading to high photosynthetic
performances and strong physical stability.

Influence of microtopography on biofilm
colonisation and several physiological indicators

In order to explain the influence of roughness on
these photosynthetic parameters in more detail, the
microtopography of each structure was assessed over
the course of the experiment and compared with
MPB photosynthetic parameters. The combination of
these techniques made it possible to accurately assess,
pixel by pixel and on every sample, the distribution of
each physiological indicator in accordance with the
micro-topographic level.

Analyses of microphytobenthic communities can
provide important insights for the evaluation of envir-
onmental status. Hard substratum marine biofilms have
already been studied and these biofilms have been
shown to be very diversified and abundant (Bulleri
2005; Bellou et al. 2012). Biofilms are influenced by sev-
eral biotic and abiotic factors such as temperature (Di
Pippo et al. 2012; Jackson et al. 2013), seasonality
(Jackson et al. 2013; Orvain et al. 2014), grazing
(Anderson 1995), hydrodynamical forces (Battin et al.
2003), depth (Bellou et al. 2012) and light (Di Pippo et
al. 2012). The structure and composition of the sub-
strata may also affect the development of MPB but only
a few studies have investigated these aspects to date.
Autonomous Reef Monitoring Structures (ARMS) have
been shown to be relatively easily colonised by MPB.
Even if these structures had a smooth surface, they pro-
vide protection for biofilms and consequently facilitated
colonisation (Pennesi and Danovaro 2017).

Many authors have examined the importance of
roughness in the formation of biofilm, especially in
medical sciences (Schwarz et al. 2007; Oh et al. 2009;
Almaguer-Flores et al. 2012). Conversely, there have
been few investigations on the impact of roughness on
the formation of marine biofilms. In this study, the
negative correlation between Chl a biomass, FV/FM, a
and rETRMAX and the degree of roughness on rough
structures indicated that the MPB preferred microhabi-
tats. This statement was supported by the fact that the
correlation rates for these parameters also differed sig-
nificantly between rough structures and smooth struc-
tures or controls. On the smooth surfaces of the
concrete slabs, colonisation by the biofilm was observed
edging towards the inside of the structure leading to a
uniform biofilm at the scale of the surface. On the
rough surfaces, colonisation by aggregation was high-
lighted. These foci of microphytobenthic colonisation

appeared at the level of negative micro-relief anomalies.
During the growth of the biofilms, the higher areas
were gradually colonized towards the end of growth. No
significant difference was found in the correlation coeffi-
cients between Ek and the level of roughness. Moreover,
the assessment of NPQ indicated that photo-inhibition
was higher on the high positive relief of rough MI and
also on smooth faces of MI or PVC controls. These
results show that roughness does affect the MPB bio-
mass, its physiological state (FV/FM), the rETRMAX and
photosynthetic efficiency. Photo-inhibition processes
could have been boosted by the high Chl a concentra-
tion and the absence of relief on smooth and PVC
structures. It has been shown that diatom and cyano-
bacterial abundance are favourably affected by surface
roughness on intertidal rock surfaces (Hutchinson et al.
2006). Souche et al. (2016) used a biomaterial similar to
the concrete used in this study. They showed that
increased roughness or the addition of bio-component
like shells had a positive impact on algal colonisation.
The influence of substratum topography or instability
on MPB biomass is well known especially in intertidal
mudflat systems where the diatom cover and biomass
decrease in areas exposed to physical disturbances
(Weerman et al. 2010). Taking the literature into
account and considering the present results, it is clear
that the most competitive MPB was observed on rough
concrete structures, compared with the smooth struc-
tures, and was influenced by the millimetric amplitude
of surface roughness and by the local microhabitats cre-
ated by this higher micro-topography range. At a larger
scale, e.g. ecosystem restoration projects or other appli-
cations, these results need to be taken into consider-
ation. A more competitive biofilm will be more stable
in the long run and will provide a better input for pri-
mary consumers, which is essential for the establishment
of ecological successions (Anderson 1995; Jenkins et al.
2001; Hutchinson et al. 2006).

Conclusions

This study showed that concrete is a more suitable
material for colonisation by a biofilm than PVC. The
microhabitats represent micro-niches which were
more colonised than the rest of the structure due to
easier photoacclimation of the MPB in this micro-
environment. In natural environments, the colonisa-
tion of MI by a competitive and physiologically active
biofilm may promote the establishment of an eco-
logical succession. These results are innovative for
marine biofilms on hard substrata and confirm the
importance of the addition of microhabitats for the
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creation of marine artificial structures designed for
environmental restoration projects.
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