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In the present study, biomass development and changes in community composition of phototrophic biofilms grown under
different controlled ambient conditions (light, temperature and flow) were examined. Source communities were taken from a
wastewater treatment plant and used to inoculate growth surfaces in a semi-continuous-flow microcosm. We recorded biofilm
growth curves in cultures over a period of 30 days across 12 experiments. Biovolume of phototrophs and community composition
for taxonomic shifts were also obtained using light and electron microscopy. Species richness in the cultured biofilms was greatly
reduced with respect to the natural samples, and diversity decreased even further during biofilm development. Diadesmis
confervacea, Phormidium spp., Scenedesmus spp. and Synechocystis spp. were identified as key taxa in the microcosm. While a
significant positive effect of irradiance on biofilm growth could be identified, impacts of temperature and flow rate on biofilm
development and diversity were less evident. We discuss the hypothesis that biofilm development could have been subject to
multistability, i.e. the existence of several possible stable biofilm configurations for the same set of environmental parameters;
small variations in the species composition might have been sufficient to switch between these different configurations and thus
have contributed to overwriting the original effects of temperature and flow velocity.
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Introduction

Microorganisms growing in close association with
each other and with a surface, commonly enclosed in
a matrix composed of extracellular polymeric sub-
stances (EPS), are collectively known as biofilms. In
these communities the production of EPS and pheno-
typic diversification allow biofilms to adapt to envir-
onmental variations. Biofilms are the prevailing mode
of microbial life in most natural habitats and are
ubiquitous in illuminated aquatic environments,
where they contribute significantly to ecosystem func-
tion and even to large-scale carbon fluxes (Battin
et al., 2003). The importance of their role in ecosys-
tem function is based on high levels of primary pro-
duction, nutrient transformation and sediment
stabilization (Wetzel, 2001; Sabater et al., 2002; Stal,
2010). Phototrophic biofilms also have an interesting
and not yet fully realized potential for biotechnologi-
cal exploitation, e.g. in biomass production and

wastewater treatment processes (Guzzon et al., 2008;
Roeselers et al., 2008; Posadas et al., 2013). The
capacity of biofilms to efficiently use and store excess
quantities of nitrogen and phosphorus and, perhaps
most importantly, their easy harvesting make them a
viable alternative to conventional chemical and phy-
sical tertiary treatments of wastewater (Guzzon et al.,
2008; Boelee et al., 2012; Christenson & Sims, 2012;
Posadas et al., 2013). It has been shown that efficiency
in the uptake and retention of nutrients can depend on
biofilm development, species composition, biomass
production and environmental conditions (Craggs
et al., 1996; Sabater et al., 2002; Guzzon et al.,
2008). Against this complex background of potential
influences, defining the effect of environmental varia-
tion on biofilm development and potential biomass
production is still challenging scientists in several
fields of research (Singer et al., 2006; Besemer et al.,
2007; Paule et al., 2011).

Attachment of cells to a surface, and hence biofilm
initiation, is a complex process regulated by diverse
hydrodynamic and chemical characteristics of the
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surrounding medium, preconditioning of the substra-
tum, cell surface characteristics, EPS secretion and the
composition of the source community (Donlan, 2002;
Wolf et al., 2007; Besemer et al., 2012). As biofilms
develop, competition for resources such as nutrients,
light and space is believed to select those species
which are better at competing for a limiting resource.
However, with the increasing complexity of maturing
biofilms, competition for resources is likely to affect
species diversity as a result of the associated niche
diversification within the biofilm (Besemer et al.,
2007). Recently, studies on stream bacterial biofilms
have highlighted how biofilm assembly reflects not
only differences in the source community, but the
importance of species sorting in the process
(Besemer et al., 2012).

Identification of the key processes which control
biofilm development in nature is hence fraught with
difficulties. Undetected fluctuations and local gradi-
ents and their impact at the individual level make it
difficult to determine significant factors driving
changes in biofilm dynamics. Given this scenario,
we performed biofilm growth experiments using a
microcosm approach to unravel the synergistic effect
of diverse factors on biofilm development. Tight con-
trol of ambient variables (light, temperature and flow)
in the microcosm results in a ‘simplified but stable’
environment, which is essential for assessing biofilm
development and species succession (Roeselers et al.,
2006). This approach has the potential to detect sig-
nificant links between biofilm development and envir-
onment conditions, ultimately supporting the design
of optimized synthetic cultures for water treatment,
based on adapted wastewater treatment plant biofilms
(Di Pippo et al., 2012).

Materials and methods

Biofilm sampling and inoculum treatment

Phototrophic biofilm samples were scraped off the
sedimentation tank (ST) of an Italian wastewater treatment
plant (WWTP) located in Fiumicino (Rome, Italy) twice in
spring (April, June) and summer (July and September) of
2004. The plant serves the ‘Leonardo da Vinci’ Airport
(41° 47′ N 12° 15′ E) and receives municipal waste sew-
age water with an estimated capacity of 6000 m3 d−1. The
physicochemical characteristics of the plant have been
previously described in detail (Albertano et al., 1999;
Guzzon et al., 2008). Samples were subject to rigorous
pre-treatment to obtain safe-to-handle and homogeneous
inocula, used as source communities, following Guzzon
et al. (2005). Briefly, biofilms were washed in 2% sodium
hypochlorite to eliminate macro- and microzoobenthos
and then rinsed in modified BG11 medium (Stanier
et al., 1971). The modification of the BG11 medium
included the addition of silicates (57 mg l−1) for diatom
growth and the lowering of NO3

− and PO4
− concentrations

to approximate wastewater levels (NaNO3 0.15 g l−1,
K2HPO4 4 mg l−1). Thereafter, biofilms were homogenized

with a blender and allowed to settle for 1 h before freezing
for 2 d at −20°C, to kill any remaining fauna. These cell
suspensions were then used as inocula for this study, where
100 ml of cell suspension was made up to 4 l with the
modified BG11.

Microcosm

The semi-continuous flow-lane incubator system contained four
separate light chambers. The inocula were circulated through
each chamber over growth substrata of polycarbonate slides.
The medium was changed at regular intervals (twice per week).
In each chamber a different irradiance was maintained (30, 60
and 120 µmol photons m−2 s−1) over a 16:8 h light:dark cycle.
Two temperatures (20 and 30°C) and two flow rates of 25 and
100 l h−1 (equivalent to current speeds of 5 and 20 cm s−1) were
also tested. These four incubator experiments were referred to as
‘Runs’ (Table 1); biofilm communities grown under different
irradiances are abbreviated as L30, L60 or L120. Transmitted
light was measured in each chamber by nine light sensors
positioned under the growth surface. Growth of the biofilm
could be accurately tracked by the reduction in light transmit-
tance; biomass accumulation has previously been shown to be
linearly related to the decrease of subsurface light below the
substratum (Zippel et al., 2007). The incubator design is
described in more detail by Zippel et al. (2007). Biofilm
samples were taken when initial settlement, active growth
phase and mature stage were reached, identified by light
absorbance values, here defined as Absorbance ¼ 100%�
percent transmitted light of 10, 50 and 90%, respectively.
From absorbance data diverse growth phase parameters
were calculated: the lag phase time (λ [Days]); maximum
absolute growth rate (μ [%/Day]); maximum absorbance
value (Amax [%]; see below for further explanation). The
duration of each experimental run was around 30 d and on
the last day, biofilms were collected irrespective of light
absorbance and labelled as last-day sample.

Phototrophic composition and biovolume calculation

To assess the composition of phototrophs in the inocula and
in cultured biofilms, samples were suspended in 0.1 M
phosphate buffer (pH 7.2), fixed with formaldehyde at 2%
and glutaraldehyde at 2.5% final concentrations and stored at
4°C until observed. Observations were made using a ZEISS
Axioskop light microscope equipped with differential inter-
ference contrast (DIC) using 40× and 100× objectives
(Zeiss). When ultrastructural details were necessary for
identification, material was observed using Transmission
Electron Microscopy (TEM, Zeiss CEM 902 electron micro-
scope) at 80 kV. Preparation of samples for TEM and obser-
vations of phototrophs were carried out on thin sections of

Table 1. Experimental conditions of the performed incubator
runs.

Incubator run Temperature (°C) Flow velocity (l h−1)

Run1 20 25
Run2 20 100
Run3 30 25
Run4 30 100

Phototrophic biofilm diversity and biomass 385
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biofilms as previously reported in Albertano et al. (1999).
Phototrophic biomass was assessed for biofilms scraped from
a known area of the polycarbonate slides by calculating the
biovolume of individual taxa in images of optical fields,
according to the procedure of Congestri et al. (2006), using
the equations reported in Hillebrand et al. (1999).
Throughout this paper total biovolume values are denoted
as VTotal. The low magnification meant that distinction of
different species of the cyanobacteria Phormidium and
Synechocystis and of the green algae Desmodesmus and
Scenedesmus was not possible during biovolume analysis
and they are referred to as the genus name followed by spp.

Data analysis

All data analyses were performed with scripts written in the R
Language and Environment for Statistical Computing, ver-
sion 3.0.0 for Mac OS X (R Core Team, 2013). To assess the
significance of ambient variable effect and their interactions,
the standard ANOVA provided by the R Language was used
in combination with the Tukey HSD test or pairwise t-tests
with Holm correction of P values for multiple post-hoc test-
ing. The influence of environmental conditions on different
phases of biofilm development was evaluated by repeated-
measures ANOVA. To quantify similarities in observations
across different runs, distance matrices, based on Euclidean
distance in the case of continuous variables, and Jaccard
distance, in the case of presence-absence data, were com-
puted using the default function in R. Hierarchical clustering
based on the complete-linkage clustering algorithm was then
applied to the resulting distance matrices to obtain the den-
drograms reported in the corresponding heatmaps.

Analysis of the biofilm growth curves was preceded by
smoothing the raw data with local polynomial regression
fitting, using the loess routine in R, applying second-degree
polynomials and a robust fitting algorithm. To parameterize
each smoothed growth curve, the lag phase time (λ), i.e. the
time (in units of days) to reach 10% absorbance, was
extracted together with the maximum absorbance Amax. To
determine the maximum absolute growth rate μ (in units of
per cent Absorbance per day), each time series was segmen-
ted, and the segment containing the interval of maximum
growth was fitted by linear regression. The resulting slope
was considered to represent μ.

To quantify the diversity of the phototrophic biomass we
computed the Gini–Simpson Index of Diversity (D), accord-
ing to the equation

D ¼ 1�
X

i

p2i ;

where pi = Vi /VTotal is the proportion of the biovolume of
species i (Peet, 1974). This value has a theoretical range from
0 (no diversity) to 1 (infinite, maximum diversity).

Results

Phototrophic composition of the inocula

Cluster analysis of presence/absence data of photo-
trophs in the inocula, which were primarily com-
posed of diatoms (11–15 taxa), cyanobacteria (7–9

taxa) and green algae (4–6 taxa), showed similarity
between Inocula (In) 2 and 3 and Inocula 1 and 4
(Fig. 1). The main characteristic of the first cluster is
the presence of all cyanobacterial taxa, while some
diatoms and green algae were not observed. In con-
trast, the second cluster contains all the observed
green algae and diatoms, but a lower number of
cyanobacteria.

Phototrophic composition of cultured biofilms

Taxon numbers in all biofilms were consistently lower
than those of the inocula. In general, cultures were
composed of up to six oscillatorialean morphotypes
(Cyanobacteria), together with one to five
Chroococcales (Cyanobacteria), raphid diatoms and
unicellular or colonial forms of green algae. The
euglenophyte Trachelomonas sp. was also observed.

Fig. 1. Cluster analysis of the presence and absence of the
major phototrophic taxa in the inocula. Grey boxes: presence;
white boxes: absence. Inocula are ordered by their similarity,
represented by the dendrogram on top.

F. Di Pippo et al. 386
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Among the cyanobacteria there were two
Synechocystis species. The most frequent was S. aqua-
tilis Sauvageau with blue-green, rounded solitary cells
(4.5–6 µm diameter), hemispherical after cell division
(Figs 2 [arrow], 8). EPS cell envelopes were clearly
seen during TEM analyses (Fig. 8). Chroococcus oblit-
eratusRichter was also identified, with cells of 6–8 µm
diameter, arranged in groups of two or four (Fig. 3,
arrow). Filaments of Leptolyngbya sp. (2.5–2.7 µm
width) and Pseudanabaena sp. (2.1–2.6 µm width)
were also found, the latter with characteristic constric-
tions at cross walls and parietal arrangement of thyla-
koids, as visible in TEM longitudinal sections (Fig. 9).
Three filamentous morphotypes belonged to the genus

Phormidium (Figs 5, 6) based on trichome width, pre-
sence of isodiametric cells, absence of constricted cross
walls and location of cell inclusions. The most frequent
morphs were identified as P. nigrum (Vaucher ex
Gomont) Anagnostidis et Komárek and P. autumnale
(Agardh) Trevisan ex Gomont 1892 (Fig. 5). The latter
had cells 5–7 µmwide and 3–5 µm long, with narrowed
apex and thin EPS sheath (Fig. 10). Wider trichomes
were attributed toOscillatoria of two different morpho-
types,O. limosaAgardh andO. tenuisAgardh (Fig. 4),
found only rarely.

Unicellular and colonial chlorophytes represented
the main green algae in the cultured biofilms. Their
phenotypic plasticity made our taxonomic assessment

Figs 2–7. Light micrographs of the main phototrophs composing cultured biofilms. Fig. 2. Chains of Diadesmis confervacea are
shown together with pointed Scenedesmus sp. cells, round (arrow) and dividing (asterisks) cells of Synechocystis sp.; Fig. 3.
Chroococcus sp. (arrow); Fig. 4. Oscillatoria tenuis; Fig. 5. Phormidium autumnale; Fig. 6. Phormidium sp.; Fig. 7. Scenedesmus
sp. colony (arrow). Scale bars: 10 µm.

Phototrophic biofilm diversity and biomass 387
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tentative: cells of about 15 µm in diameter, with one
plastid occupying most of the cell lumen, and with a
single pyrenoid were attributed to the genus
Chlorococcum (Fig. 11). Members of the genera
Desmodesmus and Scenedesmus (Figs 7, 12) were
also observed; they occurred both as unicells (5–6
µm wide and 14–16 µm long) and as colonies, with
cells in the colonies variably arranged.

The main representative diatom was the biraphid,
filament-forming Diadesmis confervacea Kützing,
which occurred in long chains maintained by a valve
to valve connection between adjacent cells of 5–5.5
µm in width and 15–18 µm in length (Figs 2, 13).
Members of the genus Nitzschia, namely N. palea
(Kützing) W. Smith and N. umbonata (Ehrenberg)
Lange-Bertalot, were extremely rare and in an
unhealthy, senescent state.

Biomass accumulation

Biofilm attachment to the substratum in the initial
stage of development was patchy when observed at a
scale of ~1 cm. This was then followed by a stage in
which growth occurred, filling in the spaces between
the patches, resulting in a more homogeneous cover-
age of the substratum. On some occasions, biofilm
detachment was noticeable as flocs within the circu-
lating medium.

Biofilm growth was indicated by the increasing
light absorbance derived from the decrease of subsur-
face light, as shown in the top panels of Fig. 14.
Correlation analysis performed on the growth para-
meters λ, μ and Amax (lag phase time, maximum
growth rate, maximum absorbance value), extracted
from the smoothed growth curves, showed a signifi-
cant negative correlation between λ and the other

Figs 8–13. TEMmicrographs of the main phototrophs found in cultured phototrophic biofilms. Fig. 8. Synechocystis sp., showing a
layered envelope with radial projections (asterisk); Fig. 9. Pseudanabaena sp., arrow indicates characteristic parietal arrangement of
thylakoids in longitudinal section; Fig. 10. Phormidium sp.; Fig. 11.Chlorococcum sp., arrow indicates a single plastid and pyrenoid;
Fig. 12. Scenedesmus sp.; Fig. 13. Diadesmis confervacea, overlap of girdle bands is visible in lateral view of a cell chain (arrow).
Scale bars: 5 µm.
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parameters [r(λ:μ) = −0.77, P = 0.004; r(λ:Amax) =
−0.79, P = 0.002)], while a significant positive corre-
lation between μ and Amax was evident [r(μ:Amax) =
0.84, P = 0.001]. Hence, short lag times were posi-
tively correlated with high growth rates and maximum
absorbance levels.

The heatmap of λ (Fig. 14, bottom left), obtained
by clustering analysis, shows high similarities of
Runs 1 and 2 and Runs 3 and 4. The first cluster
(Runs 1 and 2) includes biofilms grown at 20°C and
the second those obtained at 30°C. A two-way
ANOVA of the λ values indicated that irradiance
and temperature had the greatest significant effect
(irradiance, F2,6 = 14.7, P = 0.005; temperature
F1,6 = 8.9, P = 0.025), with no interaction between
the two factors. Post-hoc testing indicated that at the
lower temperatures (Runs 1 and 2), λ had an average
value of 14.2 ± 5.5 d (mean ± SD) and was signifi-
cantly longer than that of Runs 3 and 4 (9.8 ± 4.2 d,
P = 0.025). Furthermore, λ of L30 (17.3 ± 3.9 d) was
significantly higher than L60 (11.0 ± 4.4 d, P =
0.029) and L120 (7.8 ± 1.3 d, P = 0.004), but the
difference between L60 and L120 λ values was not
significant (P = 0.239).

The heatmap of μ (Fig. 14, bottom centre) indicates
a high similarity between Runs 1 and 4, which form a
separate cluster dissimilar to Runs 2 and 3. ANOVA
indicated a significant impact of irradiance on μ (F2,3 =
52.1, P = 0.01), expressed by a significantly lower
mean value in L30 (3.1 ± 2.2 %/d) than in L60 (7.7 ±
1.5 %/d, P = 0.031) and L120 (10.2 ± 2.5 %/d, P =
0.009), with no significant difference between L60
and L120 (P = 0.149).

As with μ, the heatmap of Amax (Fig. 14, bottom
right) suggests a high similarity between Runs 1 and 4
and Runs 2 and 3. The significant interaction in the
two-way ANOVA between irradiance and clusters
(F2,6 = 71.1, P < 0.001), indicated that the dependence
of Amax on irradiance was significantly different in the
two clusters. Post-hoc testing showed that in the clus-
ter Runs 1 and 4 there was a significant difference only
between cultures grown at the highest (L120) and
lowest (L30) irradiance tested (90.9 ± 7.6 vs. 70.5 ±
1.5%, P = 0.008), while in cluster Runs 2 and 3, there
was a marginally significant difference between
values obtained for L60 and L120 (78.9 ± 0.7 % vs.
91.9 ± 2.3 %; P = 0.07), and a highly significant
difference between Amax in L30 (18.8 ± 2.7%) and in
both L60 (P < 0.001) and L120 (P < 0.001).

Phototrophic biomass and diversity of cultured
biofilms

In order to analyse taxon contributions to the total
biofilm biomass, we considered only those species
which had a proportion of more than 5% of the
total phototrophic biovolume (VTotal) in at least one
sample. This selection was composed of three green
algal genera Chlorococcum, Desmodesmus and
Scenedesmus, one diatom, Diadesmis confervacea,
and three cyanobacterial taxa, Leptolyngbya,
Phormidium and Synechocystis. VTotal of these
taxa in the initial phase varied between 2.8 ± 0.3
106 µm3 cm−2 (Run 4: L30) and 185.2 ± 17.1
106 µm3 cm−2 (Run 2: L120, Fig. 15 bottom). In
all cases, VTotal increased between the initial and

Fig. 14. Biomass accumulation. Top panels: time series of the biofilm absorbance along 30 d of observation in the four performed
incubator runs. Bold: L120, Continuous: L60, Dashed: L30. Bottom panels: heatmaps of the growth curve parameters λ, μ, Amax.
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mature/last day observations, at which VTotal ranged
between a minimum of 65.2 ± 5.8 106 µm3 cm−2

(Run 4: L30) and 602.6 ± 21.3 106 µm3 cm−2

(Run 3: L60). As we missed two of the initial
phase measurements (Run 1: L120 and Run 4:
L60), we refrained from further analyses of VTotal

values measured in the initial stage cultures. The
phototrophic diversity of all biofilm cultures,
assessed by the Gini–Simpson Index of Diversity
(D), was calculated for both the earliest (initial) and
the latest (mature/last day) phase in each experi-
ment (Fig. 15, top). A reduction of diversity
between the earliest and latest stage was observed
in most experiments. Minimum and maximum
values were retrieved in Run 4: L30, the maximum
D (0.71 ± 0.02) in the initial phase and the mini-
mum 0.04 ± 0.01, in mature stage cultures.

Figure 16 summarizes the analyses of potential
effects of the environmental parameters on VTotal, D
and species proportion. VTotal at the mature stage or
on the last day showed a high similarity between
Runs 1 and 4 and Runs 2 and 3 (Fig. 16, top right).
The significant interaction between clusters and
irradiance shown by two-way ANOVA (F2,30 =
10.6, P < 0.001) revealed the different dependences
of VTotal on irradiance. In Runs 1 and 4, values ranged
between 72.8 ± 9.1 106 µm3 cm−2 at L30 and 176.5 ±
94.3 106 µm3 cm−2 at L120, but this difference was
not significant (P = 0.182). In contrast, in Runs 2 and
3, VTotal of L30 (141.3 ± 14.5 106 µm3 cm−2) was
significantly lower than values obtained for L60
(495.6 ± 118.9 106 µm3 cm−2, P < 0.001) and L120
(441.8 ± 98.9 106 µm3 cm−2).

Cluster analysis of diversity values suggested no
association with temperature and flow, as evidenced
by the clustering of Run 1 with Run 4 and of Run 2
with Run 3 (Fig. 16 middle row). While the associa-
tion of Runs 2 and 3 was clear in both earliest and
latest stages of development, the association of Runs 1

and 4 was weak in the latest stage biofilms. Repeated-
measures ANOVA revealed a significant difference
between the earliest and the latest stage diversity
(F1,8 = 6.9, P = 0.031) with post-hoc Tukey HSD
test showing a lower diversity in the latest stage (P =
0.003). In spite of higher diversity values in Runs 1
and 4 (0.44 ± 0.23), no significant difference between
Runs 1 and 4 and Runs 2 and 3 clusters were found.
The effect of irradiance on diversity was marginally
significant (F1,4 = 4.6, P = 0.063) and post-hoc testing
indicated that diversity in L120 was higher than in
both L60 (P = 0.004) and L30 (P < 0.001), with no
significant difference between L60 and L30 (P > 0.5).

Clustering the incubator runs based on the full set of
species proportions again yielded the pattern of join-
ing Runs 1 and 4 against Runs 2 and 3 both (Fig. 16
bottom row). Table 2 lists the species with the highest
proportion pi in each experiment. The high similarity
of Run 2 and Run 3 is hence due to the overall
dominance of Synechocystis spp. in all mature bio-
films of both Runs (at least 72.3 ± 2.5%). By contrast,
the green algae Chlorococcum sp. and Scenedesmus
spp. prevailed in the initial stage of L60 and L120 of
Run 1 and co-dominated, with cyanobacteria, the
initial communities of Run 2: L60 and Run 2: L120.
The only observed diatom, Diadesmis confervacea,
had very low proportions in most experiments, but
dominated under the lowest irradiance in the initial
stages of both Run 1 and Run 3 (lower flow).

Discussion

Microcosm growth experiments using WWTP photo-
trophic biofilms as source communities revealed a com-
plex interplay of biotic and abiotic factors acting on
biomass accumulation and diversity, which was mani-
fested in a few principal patterns of biofilm development
observed across the 12 experimental conditions tested.

Fig. 15. Phototrophic diversity and biovolume values (VTotal). Top panel: Gini–Simpson Index of Diversity (D). Bottom panel:
phototrophic biovolumes across all experiments. ‘E’ indicates the earliest observation, ‘L’ is the last, most mature sample.
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One consistent phenomenon was the reduction in
taxon richness of cultures, from the inocula through to
initial- to mature-phase biofilms, which has also been
reported in other experiments performed on photo-
trophic biofilms grown in reactors (Paule et al.,
2011). In a study on bacterial biofilms sampled from
three streams (Besemer et al., 2012) diversity was
relatively consistent between sites and low in compar-
ison to suspended communities, suggesting that: (i)
biofilm assembly did not simply reflect differences in
the source communities, but that certain microbial
groups from the source community proliferate in the

biofilm, (ii) the colonizers in each suspended commu-
nity were similar and (iii) that the non-colonizers were
mainly responsible for the differences in the three
community diversities.

The initial inocula used in this study had the
highest species richness with 26–31 phototrophic
taxa, which was reduced to 7–10 taxa in the cul-
tured biofilms. A contributing factor to this reduc-
tion may have been the inoculation period of 72 h,
after which the medium was replaced, effectively
removing the source community and preventing
migration of more microorganisms into the biofilm

Fig. 16. Heatmaps of total biovolume (VTotal, top row), Gini–Simpson Index of Diversity (D, middle row) and species proportion (pi,
bottom row) data. Left column: earliest observation. Right column: latest observation.
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during the initial settlement phase. Moreover, the
biofilm samples from the WWTP were mature and
it is unlikely that the species within these commu-
nities had a high capacity to adhere to a bare sub-
stratum. So, whilst some species could colonize
bare substrata, it is also credible that others could
only adhere to existing biofilms due to the more
heterogeneous surface texture and chemical charac-
teristics. Thus, the composition of initial stage bio-
films we cultured was possibly a function of the
species’ capacity to adhere to the surfaces; this
initial settlement and growth might then have facili-
tated the adhesion of the other species.

Diversity of the community was also shown to
decrease from the initial to mature phases of biofilm
development, reflecting the constant microcosm
environmental conditions (Sekar et al., 2002; Paule
et al., 2011), which may have enhanced competitive
exclusion. In most instances, species that colonized
rapidly tended to be replaced by slower colonizing
species (mainly cyanobacteria). Similar community
changes, in combination with diversity reduction in
ageing biofilms and cyanobacterial dominance, were
also found in natural freshwater biofilms (Sekar
et al., 2002). The decrease in diversity probably
indicated a greater contribution to the community
of the growth of species already present on the
substrata compared with the settlement of new spe-
cies, especially under nutrient replete conditions and
reduced availability of bare substrata (Hillebrand &
Sommer, 2000).

Of all environmental parameters tested, irradiance
had the most significant effect on biofilm development
across all incubator runs. At the lowest irradiance
(30 µmol photons m−2 s−1), the lag phase was longer
and the augmentation of biofilm light absorbance was
much reduced (in at least two runs) in comparison to
high irradiance biofilms. At low- and mid-irradiance
(30 and 60 µmol photons m−2 s−1) there was a general
dominance of cyanobacteria (except for the initial
communities of the low flow runs), but at the highest
irradiance (120 µmol photons m−2 s−1) colonization
by green algae was more evident. This probably

reflects a combination of colonization ability and
light resource competition but it is difficult to separate
their effect on community composition. Bacteria and
fast-growing microalgae are known pioneer species
responsible for colonization of substrata (Sekar et al.,
2002). The fast-growing green algae, Chlorococcum,
Desmodesmus and Scenedesmus, are probably
responsible for the shorter lag phase in biofilms
grown at higher irradiances. This confirms findings
from Roeselers et al. (2007) on the pioneering role of
Scenedesmus attachment to polycarbonate substrata in
parallel experiments on Fiumicino WWTP biofilms.

We also found that the lag phase was further shor-
tened at higher temperature. Thus, an interaction
between irradiance and temperature appeared to affect
initial biofilm stages. High irradiance promotes the
synthesis of EPS and a positive effect of high tempera-
ture on EPS production by benthic diatoms and cul-
tured phototrophic biofilms has been documented
(Staats et al., 2000; Di Pippo et al., 2009, 2012). It
seems that increased EPS synthesis could have aided
cell adhesion to the bare substrata in our system.
Although there was no clear effect of flow rate on
biofilm development, we observed some biofilm fea-
tures that indicated a physical effect of low flow velo-
city. Cells in suspension under low flows generally
have a thicker hydrodynamic boundary layer to over-
come in order to attach to a surface; perhaps this is why
initial colonization by the diatom Diadesmis conferva-
cea, known to have a high settling rate and adhesion
capacity (Congestri & Albertano, 2011), was predomi-
nant in the low flow (and low light) biofilms. Flow
turbulence was kept to a minimum in order to be
quasi-laminar, and so the hydrodynamic boundary
layer probably had a large effect on cell–substratum
interactions. Cells behave as particles in a liquid, and
therefore the rate of settling will depend on flow velo-
city and cell density. Increased laminar-flow velocity
will decrease the size of the boundary layer and there-
fore more rapid association with the surface would be
expected, at least until velocities become high enough
to exert substantial shear forces that prevent cell attach-
ment. Flow of 100 l h−1 (20 cm s−1) obviously did not

Table 2. Dominant taxa observed in each run. Values give mean and standard deviation of the proportion.

Incubator run Irradiance (µmol photons m−2 s−1) Earliest [%] Latest [%]

1 120 Scenedesmus spp. 38.5±8.9 Scenedesmus spp. 60.1±2.4
1 60 Chlorococcum sp. 38.0±14.4 Scenedesmus spp. 62.7±1.3
1 30 Diadesmis confervacea 85.2±5.2 Synechocystis spp. 97.4±2.6
2 120 Chlorococcum sp. 59.3±23.7 Synechocystis spp. 77.4±2.4
2 60 Synechocystis spp. 96.4±0.9 Synechocystis spp. 97.6±0.7
2 30 Synechocystis spp. 86.3±2.5 Synechocystis spp. 96.5±0.6
3 120 Phormidium spp. 69.7±3.0 Synechocystis spp. 84.0±1.6
3 60 Synechocystis spp. 89.4±0.9 Synechocystis spp. 74.7±0.4
3 30 Diadesmis confervacea 62.1±1.6 Synechocystis spp. 72.3±2.5
4 120 Scenedesmus spp. 47.7±4.2 Phormidium spp. 46.3±1.8
4 60 Phormidium spp. 77.3±4.5 Phormidium spp. 82.0±1.3
4 30 Synechocystis spp. 31.6±3.5 Phormidium spp. 97.8±0.5
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prevent colonization; in fact, one of the highest diver-
sity values was detected at this flow rate.

Another pattern which emerged from statistical
analyses of the growth descriptors µ and Amaxwas
that increases in light intensity above 60 µmol photons
m−2 s−1 did not produce concomitant increases in
biofilm growth. In a similar experimental setup,
saturation of photosynthesis was noted at 60 µmol
photons m−2 s−1 along with an increase in the number
of polyphosphate bodies at 120 µmol photons m−2 s−1

(Guzzon et al., 2008). These combined observations
are indicative of the onset of cellular nitrogen and
phosphorus storage, suggesting that light and nutri-
ents must be in excess relative to what is needed for
maximum growth.

Cluster analysis of the growth parameters, photo-
trophic biovolume and species diversity in culture,
along with the composition of the inocula, revealed
an unexpected pattern of high similarity between incu-
bator runs performed under opposite temperature/flow
combinations (Runs 2 and 3 cluster vs Runs 1 and 4).
This clustering might be related to an unidentified
random factor acting at some stage of the experimen-
tal procedure. Using the same incubators, source of
natural biofilms, experimental procedures and culture
conditions as the present study, Roeselers et al. (2006)
assessed, by DGGE, the composition of mature bio-
films grown in three incubators from different labora-
tories across Europe. The results showed a clear
difference in communities between the different incu-
bators and a low similarity within the corresponding
irradiance. Roeselers et al. (2006) hypothesized that
the large spatial heterogeneity of natural biofilms,
providing many ecological microniches, in combina-
tion with inevitable turbulence and fluctuations occur-
ring during biofilm development in culture, may lead
to completely different microcosms even under other-
wise constant conditions.

Recent experimental and modelling work by Bucci
et al. (2012) suggested that, depending on the balance
between fluctuations in the density of different bacter-
ial groups and the strength of microbial interactions,
complex communities may show multistability, i.e.
even for a single set of experimental conditions, dif-
ferent microbial groups can potentially dominate the
community. In the field of non-linear dynamics, such
multistable systems are generally known to be highly
sensitive to both noise and variations in initial condi-
tions or system parameters (Feudel, 2008), as even
small differences have the potential to switch the
entire system from one configuration to another.

In both our study and that by Roeselers et al.
(2006), data analysis showed unexpected but coherent
patterns, which were less random than would be
expected if biofilm development was completely
noise-dominated. Therefore it seems more likely that
high sensitivity to small differences in the initial com-
munity composition at least partially overwrote the

specific effects of temperature and flow on biofilm
development.

Experiments using natural phototrophic biofilms
are important in understanding the function, evolution
and development of these communities under realistic
conditions. However, they come at a price of
increased variability, which can hamper the investiga-
tion of the specific mechanisms that govern these
communities of microbes. Microcosms can be a valu-
able and powerful approach to studying phototrophic
biofilms, and provide much better control of the varia-
bility of the abiotic environment throughout the incu-
bation period.

To complement studies with natural inocula, syn-
thetic inocula containing well-defined proportions of
some of the key species identified in our present work,
such as Synechocystis, Phormidium, Scenedesmus or
Diadesmis confervacea might help to further reduce
complexity and randomness and gain important
insights into biofilm development under certain envir-
onmental conditions as those of wastewaters.
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