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Abstract: The successions of benthic communities over time are strongly influenced by the
first colonizers, because surface associations are facilitated by modifications to the adhesive proper-
ties promoted by primary colonizers, such as bacteria, protozoans, diatoms, algal propagules, spores,
and invertebrate larvae. Bacteria are often the first colonizers on marine submerged surfaces, both or-
ganic (e.g., algae, seagrasses and invertebrates) and inorganic. However, they are promptly followed
by diatoms and other microorganisms. Consequently, diatoms may represent key elements in the
determination of the colonization patterns, although the development of epiphytic communities is a
dynamic process influenced by several factors, including nutrient availability, the ability to synthe-
size and secrete extracellular material, the competition among species and the influence of grazers
on individual colonizers. The process may be drastically impacted by global warming and ocean
acidification due to the increasing atmospheric levels of CO2. The impact of such global stressors
on benthic ecosystems, especially on the primary microphytobenthic assemblages, is still poorly
investigated, and may have deleterious consequences for the benthic successions. In this review, we
analyze the adhesion patterns of marine microorganisms according to their surface features and the
effects of global changes on critical pioneer colonizers, such as the benthic diatoms. The results are
remarkable, as they highlight emergent concerns in ecosystem conservation and the prediction of
benthic communities.

Keywords: biofilm; diatom; global change; global warming; ocean acidification

1. Introduction

The settlement of organisms anchoring to any submerged surface, including deposit
formation, encrustation, crudding, deposition, scaling, scale formation, slagging, and
sludge [1], is a well-known phenomenon which has historically been the object of basic
and applied studies for its potential influence on many human activities, including the
installation of structures in coastal areas and the navigation [2]. Global changes, such
as ocean warming and acidification due to increasing pCO2, are changing the complex
relationships between organic and inorganic components, leading to new paradigms and
requiring new actions to control the expansion of encrusting communities [3]. However,
encrusting organisms are also important components of benthic communities, because
various micro- and macro-organisms may succeed up to the reaching of mature commu-
nities. Epiphytic communities are crucial in the food webs of important marine habitats,
such as those characterizing seagrasses. The complex ecosystems of seagrasses, which
provide a nursery for several species of fish and invertebrates, are important for fisheries
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and other human activities. They depend on the succession of organisms anchoring to the
surface of leaves. Often, this succession starts with bacteria and diatoms, which grow at
the base of leaves (the younger portions), followed by algae, bryozoans, polychaetes and
other invertebrates (Figure 1), leading to the complete decay of the oldest portion of leaves
(the upper parts), which is lost as detritus.
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Figure 1. Bacteria are the first colonizers on almost all marine submerged surfaces (A), both live
(as algae, seagrasses and invertebrates) and abiotic. They are promptly followed by diatoms and other
microalgae, producing a first basal layer (B), named the “conditioning film”. This film is essential for
further successions, promoting the adhesion of plant and animal macro-epibionts (C).

The detritus itself is a source of nutrition for a complex food web and a means of
exporting organic matter to closer ecosystems and micro-epiphytic matter to other surfaces.
Possible alterations in the epiphytic communities occur due to global changes, and they
may have consequences both for the control of biofouling on submerged structures and the
functioning of ecologically relevant seagrass meadows. Here, we reviewed the available
literature to: i. state the role and ecology of the first colonizers; ii. analyze their actual
roles in the determination of further successions; iii. analyze the effects of global stressors,
such as ocean acidification and warming, on the process of colonization; iv. forecast
newer management strategies to control the expansion of organisms encrusting on various
submerged structures, while conserving the services provided by complex environments,
such as the seagrass meadows.

2. Epiphytes and Early Colonizers

A variety of surfaces, both biotic (e.g., seagrasses leaves, algae, sessile and even
motile animals) and abiotic (e.g., rocks, mineral aggregates), are available for the adhesion
of benthic organisms in the marine environment [3]. Although all these surfaces are
characterized by specific chemical, physical and biological properties, they all share an
important feature [4]: they are, sooner or later, colonized by marine microorganisms
that establish a complex biofilm [5]. Since the pioneering paper by Zobell and Allen [6],
it has been acknowledged that the formation of epiphytic/epizoic communities leads
to a predictable succession of events, although the specific interactions involved in the
mechanisms of the initial surface adhesion are still largely unexplored [7] and may rule both
the benthic communities and the epiphytic associations characterizing any natural substrate
in benthic environments. However, clear evidence indicates that the succession events
are largely influenced by the nature and composition of the first colonizers [8]. Benthic
micro-organisms may be selected as well, according to the molecular properties of the
submerged surfaces [9]. Marine biofilms are composed of heterogeneous communities and
also contain metabolic by-products [8,10] such as exopolysaccharides and algal mucilage,
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which will be further detailed. The development of these communities is a dynamic process
influenced by several factors, such as nutrient availability, the ability to synthesize and
secrete extracellular material, competition among species and the influences of grazers [11].

Biofilms facilitate the settlement of microorganisms and their shift to a lifestyle that
is different from planktonic life [12]. Whether the biofilm matrix confers an ecological
advantage to benthic organisms is still unknown. However, a strong evolutionary benefit
for polymer-producing cells has been demonstrated [13]. The formation of a matrix starts
with the shift from planktonic to benthic life [14]. This process is likely to depend on the
bacterial motility and cell-to-cell communication processes, also known as quorum sensing
(QS) [15,16]. The succession of marine organisms within a biofilm is a complex multi-step
process triggered by the formation of a conditioning film composed of adsorbed molecules
(mainly glycoproteins), which quickly form on each submersed surface [13].

The development of a given community within a microbial biofilm generally starts
with the adhesion of a bacterial consortium to the surface [11]. Bacterial cells produce ex-
tracellular polymeric substances (EPS), mainly composed of exopolysaccharides, proteins,
nucleic acids, glycoproteins, phospholipids and humic substances [17]. Bacterial colonies
encased in their EPS promote the formation of a highly hydrated three-dimensional matrix
on which the development and maintenance of a marine biofilm structured community
depend [11]. As observed for the initial conditioning film, the EPS–bacteria complex can
modify the available surfaces, forming micro-colonies that modify the physical and chemi-
cal properties of the substrate and affecting the subsequent colonization by algae, spores
and larvae [18,19]. The recruitment of diatoms and cyanobacteria immediately follows,
taking advantage of the changes in the surface of the substrates operated by bacteria [20].
Moreover, even organisms such as benthic dinoflagellates, fungi and protozoa can attach
themselves to these surfaces by exploiting the mucilage secretions produced by previous
colonizers [2]. These communities generally play important roles in determining the struc-
ture and dynamics of the overlying benthic communities by enhancing and/or inhibiting
the subsequent colonization stages [21]. The settlement of further stages, including spores,
macroalgal propagules and larvae of sessile invertebrates [22,23], may be influenced by
marine biofilms, which, in several cases, represent a preferred substrate for their attach-
ment [8,24–28]. However, some studies highlighted no effect or inhibitory effects on the
settlement of macro-fouler larvae [18,29]. In this context, peculiar examples are provided
by the polychaetes Spirorbis spp. [30] and the bryozoan Bugula neritina [31,32], for which the
settlement of larvae is strongly influenced by the biofilm composition. An extreme example
of the selection by the attachment surface was also reported by Wieczorek et al. [33] for
cyprids of Amphibalanus sp. (Balanus) and for Amphitrite spp. Their larvae were induced to
settle on older biofilms, which were characterized by a diverse microbial composition and
abundance as compared to immature biofilms. Although some examples were provided for
all kinds of effects, different experimental procedures may lead to contradictory responses
regarding the relationships between macro-foulers and biofilms [34]. Although there is a
noteworthy amount of literature about biofouling on benthic surfaces, the effects of primary
biofilms remain partially unclear [35,36].

In addition, a wide range of biotic and abiotic factors may influence the colonization
of marine surfaces [9,37]. Many surface properties influence the colonization patterns,
especially at the early stages of biofilm formation [20,38]. The roughness of the surfaces
represents one of the most relevant factors supporting the adhesion of marine microbes and
promoting biofilm formation [39]. To this end, several marine microorganisms exploit the
irregularities of the substrates, finding shelter from unfavorable environmental conditions
and better adhesion properties [40]. Additional factors related to the physical and chemical
properties of the surface and affecting the colonization are wettability [9], surface polariza-
tion and tension [41], hydrophobicity [42] and molecular topography [43]. As suggested
by Dobretsov et al. [15], the succession patterns of marine biofilm communities are also
influenced by a variety of environmental factors. Regarding the physical and chemical vari-
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ables, the ones with the greatest influence on substrate colonization are temperature [26],
pH [44] and dissolved CO2 concentration [45,46].

Overall, it is likely that the marine environment will be subject to profound changes
in the coming decades, calling for a change in the paradigms of the investigation of
epiphytic communities. The general increase in water temperature and ultraviolet radiation,
along with plastic pollution and changes in salinity and OA will affect the survival of
dispersal stages and their development and recruitment on various submersed surfaces,
both natural (such as seagrass leaves) and man-made (such as ship hulls, pipework, grates
and ponds) [47]. Consequently, our aim is to analyze the mechanisms of adhesion and
the patterns of colonization that characterize both the epiphytic colonization and the
benthic communities in view of global changes. In fact, climate changes impact the features
of the pioneer microbial communities and their production of metabolites, which, in
turn, influence the settlement of dispersal stages and the fate and development of further
communities [48]. For this reason, it is important to analyze the mechanisms of action of
the first colonizers that follow the adhesion of bacterial films, which are mainly represented
by diatoms and other micro-algae [49]. This topic will be analyzed in the following
paragraphs, as well as the influence of global changes, to detect various important aspects
for the ecosystem conservation.

In recent research, Khalaman et al. [50] investigated the communities while they were
allowed to develop on the top and bottom sides of horizontal plates. After a given period
of exposure, all the plates were inverted. When the substrate orientation was reversed,
the community adapted to the new lighting conditions. Consequently, an increased light
intensity resulted in the degradation of zoocoenosis and changed its structure. In contrast,
shading did not lead to degradation or changes in the algocoenoses, but stunted algal
growth. These results indicate that algocoenoses are more stable and more competitive
than zoocoenoses in early communities [51]. In parallel, detailed examples of chemically
mediated interactions over seagrass and seaweed surfaces were quantified in situ and a
biological effect was determined. Steinberg and de Nys [52] investigated both the deter-
rents and inducers of colonization on various surfaces. For example, seaweed secondary
metabolites, such as brown algal phlorotannins, play an ecologically important function as a
chemical defense against epiphytes and they retard the colonization of epiphytic organisms.
Similarly, Fucus sp. phlorotannins have the potential to inhibit the settlement of invertebrate
larvae, but that settlement inhibition cannot explain the lower abundance of the barnacle
Balanus improvisus on Fucus evanescens compared to F. vesiculosus, because the mechanism
of F. evanescens acts on post-settlement stages of B. improvisus [53]. Consequently, Steinberg
and de Nys [52] described the interactions with the associated bacterial biofilms at the
surface of seaweeds and seagrasses. There is evidently a strong need to integrate ecology,
cell biology, and chemistry to understand the distribution of surface-active compounds
in situ and their ecological and physiological effects. This multidisciplinary approach,
merging ecological knowledge to produce biotechnologies, is indispensable to research
on “biofilms grown on other organisms or surfaces”. Recently, molecular tools were de-
veloped to characterize bacterial communities. These tools opened an entirely new area
of research in marine chemical ecology. An integrated approach to the topic is evidently
needed, because many aspects of disparate fields (e.g., larval settlement, algal pathogenesis,
the molecular biology of bacterial signaling and biotechnologies linked to the control of
adhesion) may be investigated within the framework of chemical mediations, facilitating
the colonization of submerged surfaces.

3. The Role of Diatoms and the Mechanisms of Adhesion

Diatoms are a widespread and ecologically important group of microalgae (phylum
Chrysophycophyta, class Bacillariophyceae). According to cell symmetry, they are divided
into two groups: centric and pennate. Centric diatoms are characterized by radial sym-
metry and they are generally planktonic. Pennate diatoms are bilaterally symmetrical
and mostly benthic [54]. Many are characterized by the raphe, an elongate fissure that
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longitudinally crosses each valve. In terms of algal diversity, they are only surpassed by
green algae, representing the most diverse group of primary producers, with approxi-
mately 200,000 known species. Diatoms are major contributors to the primary production
of marine and freshwater environments [55], accounting for 40% of the global primary
production of oceans [56,57].

Diatoms occupy a wide range of aquatic environments. In particular, benthic diatoms
adhere to any submerged surface, contributing to primary and secondary biofilm forma-
tion [2]. Benthic diatoms are among the most frequent algal early colonizers of natural
and artificial substrates, of which they are the main colonizers, strongly modifying the
surface properties and the ecological functions. They can also settle on sand and rocks as
epiphytes of macroalgae and seagrass leaves, or even form colonial “mats” according to
the species and the local ecological conditions [58], producing conspicuous amounts of
adhesive mucilage during the formation of primary biofilms [59]. Several microorganisms
may form a “biofilm” (Figure 1), an assembly of adherent cells and their products on a
given surface [1]. The initial event of biofilm formation on every submerged surface is
represented by the adsorption of an organic layer [60]. The adsorption of the organic layer
is often referred to as a conditioning film, and is quite a fast process, lasts a few seconds,
and follows a predictable pattern. The so-called “molecular marine conditioning film”
(MMCF) is adsorbed by a clean surface just a few seconds after its immersion in the sea.
During this process, the surface chemistry of the substratum changes due to the adsorbed
film and the MMCF makes the adhesion of microorganisms possible [1]. Normally, the
adsorption is followed by the attachment of microorganisms (bacteria are considered to
be the initial colonizers) and, further, by more complex and larger organisms (such as
diatoms, other algae, and invertebrate larvae, in this order) [4,8,10]. However, there is no
obligatory sequence in any succession, because various factors, both biotic and abiotic,
may influence the process and, as indicated above, OA and other changes in the marine
environment induce changes in the initial colonizers that are further reflected in the speed
and direction of the colonization process. According to the hypothesis by Baier [61], the
film is glycoproteinaceous, and the receptors that are present on the diatom surface could
be similar to the sugar receptors. Such receptors should be able to bind to the terminal
sugars of the carbohydrate side chains of the adsorbed layer and set in motion the cascade
of events that leads to the secretion of an adhesive polymer by the cell.

It is known [62] that diatoms can attach to clean surfaces in the laboratory, even
in the absence of bacteria. The cells of diatoms may contact an available substrate in
many ways, primarily by chance or due to random events, such as currents, random
movements of the medium or gravity [2]. Adhesive events referred to diatoms have
been reviewed by Wigglesworth-Cooksey and Cooksey [63], indicating that a combination
of physical and chemical signals synergistically influence the process. The first contact
triggers the initial adhesion process, which is reversible, during which the cells consume
energy to control the attachment, depending on the inhabitability of the surface [3]. When
diatoms are suspended in the water, some polymers diffuse from the cells. To start the
process of diatom adhesive synthesis, when a diatom contacts a surface, the diffusion
of adhesive compounds is reduced by the proximity of the surface. Consequently, local
extracellular polymer concentration will increase. If such a local increase in polymer
concentration is sensed by cell surface-bound receptors, the same signal might initiate an
increased polymer synthesis [63]. Chemotaxis in diatoms appears to be receptor-controlled
and, as mentioned above, is mediated by Ca2+-channel. At least three types of receptors
for simple sugars are described but how such receptors may sense a given surface is
still ignored [64]. However, in this starting phase, the cells begin to secrete extracellular
polymeric substances (EPS) that are responsible for the adhesion, the motility, the sessile
attachment and the habitat stabilization. Almost simultaneously, the formation of an
adhesion complex (AC) is triggered. The AC formation and its important role in cell
adhesion and motility has been investigated and defined by Wetherbee et al. [3] and may
be visualized as a continuous process acting as a bridge between the actin filaments of the
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cytoskeleton and the substrate, made by polarized molecules and associated intracellular
proteins. It has been demonstrated that adhesion, as well as motility, is Ca2+-dependent but
not light-dependent [65]. This process requires metabolic energy to sustain the synthesis of
proteins and, in particular, glycoproteins. Ca2+-channel blockers act at the cell membrane
and prevent the adhesion of diatoms, confirming that intracellular Ca2+ is required [64].
The key role played by Ca2+ in the adhesion process by diatoms may explain why OA so
drastically influences their assemblages, taking into account its buffering influence and
the mutual relationships with the pCO2 and the pH. In addition, such an extensive set of
biochemically and energetically expensive events is evidently under the metabolic control
of the diatoms (e.g., through modulation of the transmembrane signaling processes) and it
is known that pH changes may dramatically impact the physiology of cells [66].

Diatoms produce EPS, which is also used for the adhesion to any substratum and
secreted through the pores and the raphe [67]. Consequently, EPS play a critical role in the
establishment of mature epiphytic communities and the development of communities. For
centric and araphid pennate diatoms, little attention has been paid regarding the primary
adhesion processes, since they are mostly planktonic [2,3]. The cells are likely to adhere
almost instantly to the surfaces upon first contact, facilitated by the EPS layer that envelops
the entire frustule, as observed in Toxarium undulatum by Dugdale et al. [64]. Moreover,
within a few minutes from the first contact, the AC is triggered and other adhesive mu-
cilaginous substances are secreted, which confer stronger adhesion and stability to the cells.
That mucilage, mainly composed of exopolysaccharides, glycoproteins and nucleic acids
encapsulating the cells, contributes to the constitution of a kind of pad that is strongly
anchored to the substratum [2].

Remarkably, the settlement on a given substrate of the raphid pennate diatoms is
quite different. It is worth noting that diatoms move by gliding [68]. They cannot move
when they are not adherent, and the signals that induce motility (chemotaxis) must also
induce adhesive mechanisms. Consequently, after the first contact the cells may come
into contact directly due to the raphe, leading to the immediate formation of the AC and
producing EPS that provide strong attachment to the substrate [69,70]. More often, diatom
cells land on their side and only the girdle band of the cell remains in contact with the
surface [69]. In this case, the diatom starts to produce EPS, which protrudes through the
raphe. Further, the cells move to a set with one raphe in contact with the surface, using those
extensions of mucilage and the motility apparatus to pull themselves up [3]. This process
was observed and described for the first time by Lind et al. [69] regarding the marine
diatoms Stauroneis decipiens. In conclusion, it is possible to summarize that benthic diatoms
represent key organisms that ride through primary and secondary biofilm formation.

It should also be noted that a natural biofilm growing on any shallow marine surface
will probably contain many types of unicellular organisms, including bacteria and diatoms.
In contrast, as a rule, experimental studies on the adhesion mechanisms currently con-
sider cells that are attached to various substrates in axenic cultures. This could easily be
explained by the need to model single processes because, given the difficulties concerning
the study of cultures of even a single bacterial species, it is reasonable to assume that a
mixed microbial population including bacteria and diatoms would be quite difficult to
experimentally afford [71]. However, a few investigations (e.g., [70,72]) considered mixed
populations of one species of diatoms and some bacteria. For example, diatoms of the genus
Amphora were experimentally attached in a known ratio, along with the marine bacterium
Vibrio proteolytica, to the surfaces of synthetic Petri dishes, and surprisingly demonstrated
that bacterial growth (as measured by 3H-thymidine incorporation) was dependent on
the metabolism of diatoms [70]. This result might be due to the cell damage that occurred
during the harvesting process, which provided the bacteria with assimilable carbon, which
is not available in the intact film. In addition, natural substrates could represent them-
selves as an important source of nutrients, and this element may be crucial to understand
the differences in the observed colonization patterns, for example, on natural substrates
(as Posidonia oceanica leaves) as compared to abiotic substrates such as rocks and vessel
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hulls [73]. For example, marine sediments in near-shore areas are generally covered with
diatoms, although the wave action and the character of the sediment may produce water
turbidity and drastically reduce the light penetration [74]. Interestingly, these sediments
may contain much more dissolved organic carbon in their pore water than the overlying
water column, thus triggering the bloom of various microorganisms, including diatoms.
Under these conditions, diatoms may be attracted by chemotactic processes. In fact, pos-
itive chemotaxis to a small number of organic compounds was demonstrated at least in
two diatoms of the genus Amphora by Cooksey and Cooksey [63]. The chemotactic ability
is common in motile, pennate diatoms. Consequently, it is likely that they use this behavior
to move towards higher concentrations of nutrients, and thus may be largely involved in
the biogeochemistry of sediments and of some natural substrates, such as seagrass leaves.

In contrast, phototaxis has been a well-known process since the last century, justifying
the abundance of diatoms on some substrates [75]. Consequently, a microorganism capable
of mixotrophy or heterotrophy in a gradient of a metabolizable compound and in reduced
light is potentially offered a choice, to which it should respond by tuning the possible
movements according to the signals collected through its receptors. In fact, as noted above,
the operation of chemotaxis requires the synthesis of specific proteins, the differential occu-
pancy of these receptors by chemotactically active compounds [76], the transduction of the
receptor signal [64] to the motility apparatus and, at least in some diatoms, the differential
interpretation of that signal at the two raphes; otherwise, directional response (turning)
would not be possible [63]. The distinction between cell responses during chemotaxis and
the products of transmembrane transport is significant because it is more important to have
a specific uptake mechanism than a highly specific chemotactic mechanism.

Of course, one of the key reasons for much of our interest in the ecology of marine
biofilms, and of diatoms in particular, derives from their nuisance value to man-made
structures. It is well known [77] that the deterioration of the immersed surface of a
ship, which leads to increased drag, loss of performance, increased fuel consumption and
corrosion, is caused by macroinvertebrates that cause calcareous deposits (e.g., barnacles
and oysters). These bear much of the responsibility for these problems, but it is also
believed that the final result is due to the initial biofilms that settled on those surfaces,
consisting only of microorganisms such as bacteria and diatoms. At present, we know that
the consequences of the adhesion and growth of microorganisms on the hull of a ship are
very significant, despite their thin and innocuous aspect. In the past, these phenomena
were controlled by painting the hulls with toxic compounds such as tributyltin (TBT). At
present, in most parts of the world, TBT and its derivates can no longer be used due to their
higher pollutant power and strong and documented impacts on benthic and planktonic
organisms. Based on the previous considerations, it is evident that the materials used to
replace them must control microbial adhesion as well as the adhesion of higher forms of life,
and that the physiologic modifications due to global changes must be taken into account to
forecast their effects on target foulers, as well as on the marine biota [78]. Consequently,
we should improve our knowledge of the mechanisms of adhesion of diatoms, because
they are essential to conserving diverse epiphytic communities in complex ecosystems and
facilitating the adhesion of foulers on man-made structures.

Molecular and Genic Aspects of the Anchoring Mechanisms

Diatoms are well known for the strength of their adhesion to natural and man-made
surfaces and most research on diatom adhesion aimed to develop anti-fouling coatings.
Although there is little information concerning the attachment of microalgae, several ex-
tracellular proteins have been identified, which are required for the adhesion of bacterial
biofilms, including amyloid-fibers for biofilm matrix cohesiveness, and flagella for bacterial
attachment to abiotic surfaces [79]. The molecular mechanisms enabling the production
of these substances are essential to the ecology of first colonizers in a changing climate.
Diatoms adhere through a material composed of both proteins and carbohydrates, se-
creted by the raphe [80]. It is noteworthy that the extreme events of global changes, such
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as global warming and ocean acidification, affect the molecular pathways involved in
the anchoring mechanisms to modify them, with negative consequences for the control
of encrusting organisms. A bioinformatic-based approach was applied to the diatom
Amphora coffeaeformis, one of the most common pioneer colonizers, which is used in many
studies as a model organism for underwater bio-adhesion [81–83], shedding light on the
molecular mechanisms of underwater adhesion and biological silica formation in diatoms.
A normalized transcriptome database was generated from this diatom, which permitted
the identification of five proteins exhibiting unique amino acid sequences with high simi-
larity to the amino acid composition of the tyrosine-rich adhesion proteins from mussel
footpads [83]. In addition, the molecular genetic transformation of A. coffeaeformis enabled
an investigation into the functional characterization of one of these proteins, AC3362,
revealing that it is not involved in adhesion, but in the biosynthesis and/or structural
stability of the cell wall. The analysis of the amino acid sequence of AC3362 revealed
a high content of lysine and tyrosine residues, resembling the cingulins of the diatom
Thalassiosira pseudonana and the silaffin-1 peptides from Cylindrotheca fusiformis [79], which
are known to be tightly associated with the biosilica and thus cannot be extracted from the
cell walls. Global stressors, such as seawater warming and acidification, could affect the
expression of these genes, affecting the cellular machinery used for silica morphogenesis
and mechanical performance in diatoms [84]. It is important to consider that these genes
are phylogenetically well-conserved throughout the diatom realm, and essential for the
biogenesis of mechanically robust diatom cell walls.

A further proteomic analysis of A. coffeaeformis adhesive compounds led to the identi-
fication of 21 proteins, of which 13 are diatom-specific [85]. Ten of those proteins shared
a conserved C-terminal domain, termed the GDPH domain, which is not ubiquitously
present but quite widespread in all diatom classes. Some of these proteins (Ac629, Ac1442
and Ac9617) are components of the adhesive trails secreted by cells on surfaces, as re-
vealed by the immunofluorescence localization of a GDPH domain. Raphid diatoms secrete
carbohydrate-rich extracellular polymeric substances (EPS) related to their motility and
underwater adhesion [85]. Stress conditions may induce the up- or down-regulation of the
genes that encode for these adhesive proteins, leading to adhesion problems for benthic
diatoms, which may be seasonally abundant on the leaves of P. oceanica, a preferred food
item for marine benthic invertebrates [86–89]. In parallel, similar constraints play a critical
role in the adhesion of diatoms to man-made structures, influencing the development of
the encrusting communities.

Several proteins related to carbohydrate metabolism were also identified, comprising
one glycoside hydrolase and seven exostosin-like proteins, which are known in mam-
malian cells to encode for glycosyltransferases involved in the synthesis of sulphated
proteoglycans present in the extracellular matrix. Interestingly, these sulphated polysaccha-
rides/proteoglycans were also identified in the EPS and cell-wall-associated glycoproteins
of other two benthic diatoms, Stauroneis amphioxys and Craspedostauros australis, suggesting
their key role in EPS synthesis in diatoms [12].

In the oceans, microalgae–bacteria interactions play key roles in nutrient exchange
processes and marine aggregate formation, mainly leading to the cycling, mineralization, or
sedimentation of organic carbon. Aiming to study these interactions at the cellular scale, an
in vitro interaction model system, consisting of the diatom Thalassiosira weissflogii and the
gamma-proteobacterium Marinobacter adhaerens HP15, was established [90]. This bacterium
is able to attach to T. weissflogii cells, inducing transparent exopolymeric particle formation,
which can increase the formation of marine aggregates. Its investigation facilitated the
detection of 30 bacterial promoters that were specifically expressed during interactions with
T. weissflogii, whose corresponding genes could be involved in the biochemical detection
of diatom cells, bacterial attachment, metabolic exchange of nitrogen compounds and
resistance toward heavy metals [90]. The interaction between M. adhaerens HP15 and
T. weissflogii is multifactorial, involving a complex network of physiologic processes, which
could be affected by multiple environmental stressors. In fact, temperature increases can
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induce shifts from the co-existence to competition in the use of inorganic and organic
carbon by microalgae and bacterial communities [91].

Fu et al. [92] provided molecular evidence of the mechanisms of the morphological
shifts that occur during surface colonization, identifying candidate target proteins for the
screening of eco-friendly anti-biofouling compounds. G-protein-coupled receptor (GPCR)
genes, activators of the surface colonization pathway, were found to be differentially
expressed in the model marine diatom Phaeodactylum tricornutum [92]. Moreover, the
transformation of P. tricornutum with constructs expressing individual G protein-coupled
receptor (GPCR) genes were able to induce cells to adopt a morphology that is adequate
for surface colonization. These transformed cells resulted in a 30% increase in resistance to
UV light exposure compared to their wild-type counterparts, together with the increased
silicification of cell walls, which, in turn, was usually associated with the oval morphotype.
GPCRs are the largest family of membrane proteins and mediate many physiological
functions through their interaction with heterotrimeric G proteins, also mediating most
cellular responses to hormones and neurotransmitters, important cell recognition and
communication processes.

A genome-enabled bioinformatic approach was also applied in P. tricornutum to
identify putative molecules for cell-substratum adhesion (PDC) [93]. The analyses detected
the presence of molecules that diatoms may use for cell–substratum adhesion: PDC4, an
arabinogalactan fasciclin-like protein that is putatively a cell-surface molecule involved
in secretion; PDC7, a c-type lectin, is a molecule involved in carbohydrate binding and
cell–cell adhesion; PDC8, involved in cell–substratum adhesion by increasing the adhesive
molecules that are exposed on the surface of the mucilage; PDC9, a homolog to fasciclin
proteins involved in interactions within the mucilage; PDC10, a fasciclin-like molecule
with a role in cross-linking. The fasciclin-like proteins in Arabidopsis thaliana play a role in
maintaining proper cell expansion under salt-stressed conditions [94].

Benthic diatoms represent key primary producers in coastal environments, with impor-
tant ecological functions in nutrient cycling and sediment stabilization. A reference genome
for the marine biofilm-forming diatom Seminavis robusta showed that genes that were
differentially expressed within diatom–bacteria interactions were strongly conserved in
other benthic diatoms, while many species-specific genes were strongly upregulated during
sexual reproduction [95]. The von Willebrand factor, type D domains (vWDs) was found
in several extracellular proteins, and is usually involved in protein multimerization and
maturation of the adhesive into multi-protein complexes. In fact, several adhesive proteins,
such as zonadhesin, sea star foot protein and diatom adhesive trail proteins, contained
vWDs [85,96,97], 61 of which also had the diatom-specific conserved C-terminal domain
GDPH, which is important for diatom-secreted proteins involved in motility, mucilage
pads and gamete fusion. The vWD family is abundant in raphid species and is differently
expressed in S. robusta, with increases in the expression of genes related to bacterial interac-
tions and recognition, motility and cell adhesion. This expansion of the vWD family may
suggest an adaptation to highly heterogeneous benthic environments due to the presence
of diverse and dense bacterial populations as compared to the water column [48]. In addi-
tion, stress conditions can produce a von Willebrand factor deficiency [97]. Three proteins
containing the ancient cell adhesion domain fasciclin (FAS1) were identified, as well as
eight proteins with a peptidase C2, calpain domain, and calcium-responsive intracellular
proteases involved in the regulation of cell migration, integrin-mediated adhesion and
actin-based membrane protrusion, enabling cell movement by modifying the adhesion
sites [85]. These results indicate that the molecular aspects of the adhesion process may
provide powerful tools to understand the ecology of epiphytic communities under the
current environmental changes. In addition, a full comprehension of the relationships
influencing the activation of specific genes will be critical under the forecasted climate
changes to develop newer technologies able to reduce or retard the formation of diatom
biofilms and EPS on man-made submerged structures.
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4. Algal Colonization

Marine rocky bottoms and other submerged natural surfaces are rapidly colonized
by micro- and macro-algae [98]. Several organisms, including macroalgae, seaweeds,
seagrasses, and even sessile and motile invertebrates, may provide additional space for col-
onization when the competition for space increases on non-living substrates. The propagule
pools of algal colonizers are diverse and are influenced by environmental factors [99]. Their
probability of encountering a surface is strongly dependent on their abundance in the
water mass. In epibenthic communities, including secondary surfaces produced by foun-
dation organisms such as seagrasses, algae are usually predominant on sunlit substrates,
while animals dominate shaded surfaces. Two main factors cause this pattern: (a) the
more competitive nature of algae and (b) the evolved differentiation of niches that results
in animals avoiding competition with algae, which is also due to chemical interactions.
Organisms belonging to those pools are suspended in the water column and transported
by fluid–dynamic forces. Once the propagules are in close proximity to the available sur-
face, physical–chemical forces act upon cells, particularly electrostatic forces and van der
Waals forces [100]. Furthermore, the metabolic products exudated and retained by living
substrates such as seagrasses potentially promote adhesion and and/or retard colonizing
propagules [101]. Bacteria and diatoms, which are present in the propagule pools, may
represent the earliest colonizers of these substrates. However, they are ubiquitous com-
ponents of encrusting communities because they can quickly spread on any submerged
surface [101]. They start to settle on the surfaces as primary colonizers, promoting the
so-called periphyton formation. Their interaction promotes the formation of a microbial
consortia, resulting in biofilm formation [101], which can be observed even on the youngest
seagrass leaves [102]. The colonization and the biofilm formation on seagrasses are mainly
affected by light, temperature and nutrient availability [43,103]. However, their productiv-
ity is largely influenced by the intensity and quality of light [104,105]. Primary colonizers
alter the initial surface properties after the formation of a biofilm complex, thus influencing
the secondary colonization. Further, the surface characteristics of both the type of substrate
and the cell complex play an important role in the subsequent settlers [106]. Seagrasses and
seaweeds represent secondary substrates for the colonization of other encrusting organisms
because marine seagrasses and macroalgae are prone to epiphytism.

The colonization of their surface may lead to severe perturbations and sometimes to
the death of the host, as in the case of some tropical seagrasses, which are severely impacted
by the excessive growth of epiphytes when algal grazers are scarce. This demonstrates how
the adhesion process, involving the features of the primary surface (e.g., live or inorganic
substrates), the first colonizers (e.g., bacteria and micro-algae) and further colonizers
(as macroalgae and sessile animals), is complex and dramatically influenced by chemical
relationships and the presence of grazers. Consequently, to protect themselves against
settling and/or competing organisms, many algae developed chemical defenses against
further colonizers by producing a wide variety of bioactive metabolites [107].

However, the surface topography may also play a critical role in the colonization of
submerged surfaces (both alive and inorganic) through the colonizing stages of micro- and
macro-algae. The surface topography dramatically influences the attachment of zoospores
of the green macroalga Ulva linza and cells of the diatom Navicula incerta on inorganic
substrates [108]. Indeed, the preferred location of cells of N. incerta was dominated by a
positive correlation between the density of cell adherence and the amount of available
attachment points, while the settlement of spores of U. linza was mainly regulated by both
Wenzel roughness (relationship between the roughness and wettability of a surface) and
the local binding geometry.

5. Seagrasses and Other Living Substrates for Epiphytes

Seagrasses are among the most relevant available natural surfaces for epiphytic organ-
isms in the marine environment [109–114]. They provide a wide range of substrates, which
are structurally different depending on the leaf morphology of individual species [115]. Sea-
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grasses are colonized by a multitude of epiphytic organisms that broaden their ecological
role. For this reason, they can be considered as “models” used to investigate the dynamics
of colonization of micro- and macro-organisms [116]. The lifetime of their above-ground
parts (leaves, stems, rhizomes) varies within species and seasonality, ensuring a temporary
but continuously renewed substrate [109]. The process of colonization of a seagrass leaf
is easily sketched by comparing differently aged leaves of P. oceanica, a seagrass endemic
to the Mediterranean that is characterized by its long persistence and high sensitivity to
environmental triggers. Often, the organisms that settle on the leaf surface may persist
throughout its lifespan. Due to this process, the lower (i.e., younger) portions of leaves
show an early colonization stage, whose age increases according to the distance from the
base, reaching the maximum age at the leaf tips. Consequently, the mechanisms facilitating
the anchoring to the leaf surface are more efficient at the edge of leaves and near their
apex, where a thicker film of first colonizers is already present. This is due to the higher
turbulence that characterizes this portion of the leaves, which favors the chances that cells
and propagules encounter the available leaf surface for attachment [117]. The leaves of
seagrasses, as hosts of epiphytes, differ according to various aspects, such as anatomy,
morphology, surface roughness and chemistry. All these characteristics may affect the
presence, distribution and abundance of epiphytes in various areas of the world [118].

As soon as they encounter the surface of a seagrass leaf, algae become the most
abundant and diverse encrusting organisms on seagrasses, with a wide variety of forms
ranging from unicellular diatoms and dinoflagellates, which are found on almost all
seagrasses, to macro-algae, especially crustose coralline ones. Epiphyte algae play a crucial
role in the whole ecosystem, enhancing the primary production [109]. Furthermore, the
high generation rate and growth of epiphytic biomasses strongly contribute to food webs,
providing the main food source for the associated fauna [110]. As noted above, the diversity
and biomass of epiphytes is highest in the upper portions of leaves (apico–basal pattern),
especially on the oldest leaf and near the leaf apex [111,112]. In most marine angiosperms,
the rhizomes of seagrasses generally carry a low epiphyte load compared with the leaves,
with the exception of P. oceanica, where a larger species richness and higher biomass on
the exposed and long-lived rhizomes has been reported [113]. The low abundance of
epiphytes on the rhizomes is probably due to the fact that the rhizomes of almost all
seagrasses are continuously buried. Epiphytes, as part of the seagrass ecosystem, are also
considered bioindicators for factors that could be causal in seagrass decline, being sensitive
to environmental perturbations [101]. The process of colonization and the biofilm formation
of seagrasses seems to be crucial in terms of the selection and composition of species, as
well as biomass production.

Environmental perturbations may negatively affect all stages of the community and
biofilm development, which represent the most vulnerable targets. In fact, global change
stressors can alter beneficial interactions in structurally complex systems, leading to dra-
matic changes in the dynamics of the succession of seagrass epiphytes [119].

Global stressors such as OA influence both bacterial and eukaryotic epiphytes, which
form distinct communities at the CO2-impacted sites compared with control sites [120]. Both
bacterial and eukaryotic epiphytes form distinct communities at low-pH sites as compared
with control sites, and a site-related CO2 effect was demonstrated in the succession pattern
of microbial epiphytes on seagrasses and close stands of corals. These authors further
found an increased relative sequence abundance of bacterial types associated with coral
diseases at the CO2-impacted site, whereas certain crustose coralline algae commonly
related to healthy reefs exhibited lower diversity. These trends in the epiphytic community
suggest that seagrasses play a role as potential vectors of pathogens for closed coral reefs
and may support previous predictions of a decrease in the reef health and prevalence of
diseases under future ocean acidification scenarios [121]. Consequently, global stressors
might have strong effects on the succession of epiphytes on seagrasses, which may have
further consequences for other environments in the same area.
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In the case of seagrasses, which are considered “foundation species” due to their role
in structuring complex communities, the composition of associated epiphytic communities
is also influenced by the nature of the first colonizers. In fact, the epiphytic community
associated with the leaf stratum of seagrasses is seasonally variable [101]. From this
perspective, the overall density and distribution of seagrass meadows, along with seasonal
and global environmental changes, may be more important than the seagrass species
identity itself [122].

As a general rule, in addition to the concepts reported above, the structure of the
epiphytic community on seagrass leaves is mainly due to: (a) the rate of leaf growth;
(b) the availability of nutrients; (c) the local effect of grazer communities; (d) the effect
of various stressors, such as the OA and the warming of oceans. The diversity of the
associated invertebrates can be a key driver of ecosystem functioning, in addition to the
still uncertain factors influencing local biodiversity [123]. In both marine and terrestrial
systems, facilitation cascades where the primary foundation and/or autogenic ecosystem
engineering species (as seagrasses) promote the settlement and survival of a secondary
foundation/engineering species have been shown to enhance local biodiversity and ecosys-
tem functioning. The functioning of seagrass ecosystems may be enhanced in scenarios
where secondary foundation species (e.g., epiphytic organisms) specifically increase the
diversity of key functional groups, such as epiphyte grazers [124].

A considerable amount of the literature demonstrates that secondary foundation
species are important drivers of local biodiversity in marine ecosystems and, considering
the dramatic importance of the first colonizers in determining the anchoring of secondary
foundation species, the role of organisms such as bacteria, micro-algae and cyanobacteria
emerges because they prime a facilitation cascade [123]. Several investigations demon-
strated that epiphytic communities on seagrasses were mostly influenced by nitrogen (N)
and phosphorus (P) additions [125]. The variability in the epiphytic community structure
was mainly related to the uncontrolled temporal and spatial environmental heterogeneity.
However, P additions increased the relative abundance of the red algae, cyanobacteria
and green algae, while diatoms in these conditions showed a concomitant decrease. In
particular, red algae and cyanobacteria produce a complex that can facilitate the further an-
choring of other epiphytes, representing the key first colonizers of seagrass leaves. Within
the diatom community, species relative abundances, species richness and diversity seem to
respond weakly to nutrient additions. Phosphorus additions produce changes in the struc-
ture of the diatom community, especially in warmer conditions [125] and, consequently,
global warming produces stronger changes. Other studies, conducted in warm areas,
reported contrasting results and different triggers. For example, according to Campbell
and Fourqurean [126], a lower pH induces declines in the abundance of coralline algae,
along with increases in filamentous algae, but the nutrient enrichment induced negligible
effects on epiphyte community structure or the overall epiphyte loading.

In addition, OA alters the relationships between epiphytes, seagrasses and animal
grazers. It has been demonstrated that the deterrent compound contents may change in both
the seagrass leaves and in the epiphytic layer, and that the wound-activated infochemicals
produced by epiphytes are modified by changes in the pH of the medium [127]. Leaves
at normal pH (8.1) sites showed, according to Berlinghof et al. [128], a 25% higher total
epiphytic cover compared to acidified sites. In normal conditions, encrusting red algae
dominated the epiphytic community (32% cover) of leaves. In contrast, leaves of P. oceanica
living in acidified conditions were dominated by hydrozoans (21%), probably due to
the negative effects of OA on calcifying epiphytes. Leaves with and without epiphytes,
collected from a low-pH meadow, produced and respired significantly more oxygen than
leaves from the normal pH, showing an average increase of 47 ± 21% (mean ± SE) in
epiphytes to net primary production (NPP) and 50 ± 4% in the respiration, respectively.
Epiphytes, however, made little contribution to the increase in respiration. In contrast,
their contribution to NPP was quite relevant (56 ± 6% of the total flux). In addition,
the volatile organic compounds (VOCs) produced by individual diatoms are likely to
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trigger contrasting reactions in invertebrates according to pH [129]. The perception of
epiphyte VOCs varies due to alterations in species’ ability to perceive and/or interpret
chemical cues as infochemicals or due to changes in the structure of the VOCs themselves.
Consequently, OA alters the fine-tuned chemical cross-talks between seagrass epiphytes
and associated invertebrates, with consequences for the structure of communities and food
webs of seagrass ecosystems [127,130]. These variations induce dramatic differences in the
colonization patterns because they represent an indirect influence of the biodiversity in
the epiphytic layer, over-imposed on the direct effects of OA on the survival of individual
species of micro- and macro-algae [125].

However, we should consider that seagrasses may defend against epiphytic colonizers
by adopting mechanisms of chemical mimicry [131]. The seasonal dynamics of chemical
defenses against micro-organisms in seagrasses and the drivers of these dynamics have been
investigated, demonstrating that the seagrass Zostera marina is prone to micro-colonizers,
although this seagrass, as all marine spermatophytes, can chemically defend against settlers
and grazers [130]. Besides these biotic factors, the seasonal changes in environmental
factors such as nitrogen availability and temperature regimes also affect the defense levels
in this seagrass, either directly or through indirect effects on its microbial settlers. The
relationships between seagrass leaf surface and micro-epiphytes may be useful, therefore,
in identifying newer compounds that retard the accumulation of encrusting organisms,
because the release of several toxic antifouling chemicals into seawater has led to marine
environmental degradation. From this perspective, the development of new methods based
on biomimicry, as sketched by seagrass leaf ecology, could provide nontoxic or less toxic
solutions for the deterrence of unwanted settlers [132]. In addition, natural mechanisms
developed by various seagrasses and algae are often highly dynamic, and biotechnological
applications may need to mimic not only defensive compounds but also their dynamics
in order to exploit the full potential of biomimicry for marine applications. For example,
the effectiveness of zosteric acid, a natural antifoulant extracted from the marine seagrass
Z. marina, in preventing the attachment of several encrusting organisms was demonstrated
by previous research [133]. Accordingly, understanding the primary and interactive effects
of the first colonizers and the abundance of algal epifaunal assemblages in relation to global
stressors such as ocean acidification and warming is important for seagrass ecology and
management, especially in fragmented habitats [73], as well as for the development of
new technologies.

6. Ocean Acidification Effects on Epiphytes

The uptake of carbon dioxide by the oceans, enhanced by its rising concentrations in
the atmosphere, mostly due to anthropogenic emissions, is a global environmental concern
known as ocean acidification (OA). This phenomenon is drastically changing the carbonate
chemistry and reducing the pH of the oceans [134–140], with far-reaching consequences for
marine communities and ecosystem dynamics. Ocean acidification, at a global scale, has
deleterious effects on various taxa of marine organisms (Table 1), negatively affecting the
correct function and services of the ecosystems [141].

Several species respond to the acidification of the seawater (Table 1), but the direc-
tion and magnitude of their responses will ultimately depend on the interspecific and
ontogenetic variations in their physiology and the importance of calcification (e.g., for the
bioconstruction of skeletons). Factors influencing the ecology of the first colonizers will
likely modify both the structure and the diversity of benthic communities [142]. Seawater
acidification significantly alters the community structure by influencing the relative abun-
dance of several species and triggering a reduced community variability (Figure 2). This
results in a “flattening” of benthic communities in acidified environments [143].
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Figure 2. The alterations in epiphytic communities triggered by OA induce a reduction in the
first basal colonizers and a modified conditioning film, leading to an impoverished mature commu-
nity. Such variations result in a “flattening” of communities in acidified environments and an altered
ecological stability, with consequences for biodiversity (lower levels) and the abundance of some
invasive and stronger organisms (larger biomass).

However, the responses of individual organisms may be contrasting. OA does not
affect the growth of calcified organisms such as adult mussels and barnacles, while the
growth of non-calcifying organisms, such as some hydroids, is significantly reduced in
elevated CO2 treatments [128]. Conversely, the percentage cover of some adult bryozoan
colonies may be higher under acidified conditions. On the overall, these changes lead to a
decrease in diversity (41% lower) in the acidified treatment relative to ambient conditions,
according to Brown et al. [142]. This topic reaches paramount importance when seagrass
meadows are considered, because they represent stable but sensitive environments and
produce habitats for ecologically and economically important coastal communities [126].
Seagrasses are among the most diverse ecosystems in the world. Severe natural and
anthropogenic changes such as ocean warming [144], OA [145], the physical impacts of
the fishery, the higher presence of particles (due to industrial or urban pollution), and
microplastics are extremely detrimental to these ecosystems [146]. In particular, the effects
that OA has on the physiology of the first colonizers will have a remarkable effect on the
composition of seagrass-associated communities.

The obtained results will also be useful for a comprehensive approach to various
biotechnologies, because the shifts in the colonization consortia induced by global changes
require newer approaches to the field of anti-fouling coatings for several marine applica-
tions [143]. It is forecasted that OA will reduce the biodiversity of marine communities
by acting on important ecological processes that ultimately determine the community
structure [146,147]. Consequently, OA will increasingly interact, in the future, with the
ecology of encrusting organisms, posing large threats to coastal ecosystems. Overall,
acidification-driven changes in the benthic community might produce important implica-
tions for ecosystem functions and food-web dynamics in various environments. Seagrass
meadows are likely to be significantly impacted as well, due to the importance of relation-
ships [148] between the leaf growth and the succession of associated organisms building
a complex epiphytic layer. In addition, the indirect effects of OA will alter the chemi-
cal relationships between epiphytes and various animal consumers. For example, OA
remarkably influences the production patterns of various algal infochemicals, and this
produces dramatic changes in the chemical relationships among species within the same
community [126,127,149].
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However, the fate of highly invasive encrusting species in an acidified ocean remains
poorly understood, due to lack of information on the changes in successional stages and
at various levels of biological organization. Previous investigations [142] demonstrated
that the ecological succession in an acidified site was initially delayed and the community
remained in an early stage for at least 8 weeks. The changes observed in the succession led
to the homogenization of communities in acidified conditions and altered the community
structure, reflecting both short- and longer-term acidification histories. The observed
shifts in the biodiversity and structure of the communities are a result of interspecific
variability in response to increased pCO2 and shifts in key species interactions [135]. It is
worth considering that OA altered the development of initial biofilms, allowing for some
polychaetes to perform best under acidified conditions, although the early negative effects
of acidification were demonstrated in the recruitment stages of various worms [23,150].
In contrast, the effect of OA on initial biofilms facilitates the adhesion of the ascidians
Diplosoma sp. and Botryllus sp. They settled later, but were more tolerant to acidification,
probably due to the absence of calcareous structures [26,151].

Our knowledge about the effects of OA relies on studies about the biology, physiology
and behavior of various marine species [149–154]. Unfortunately, assessment of the effects
of OA on marine communities is difficult; for this reason, it is necessary to disentangle and
clarify the effects of acidification on the succession and development of marine communities,
as highlighted by Brown et al. [46]. Moreover, since the saturation state of calcium carbonate
falls due to the decrease in pH, and the solution equilibrium shifts towards higher dissolved
concentrations of calcium ions, research has predominantly focused on primary producer
calcifying organisms [145,155,156] because their skeletons are naturally corroded by low
pH levels [144,157].

As shown above, most studies involved manipulative laboratory experiments [152]
and long-term mesocosm observations [146]. In order to facilitate the comprehension of the
effect of OA on marine communities, scientific research is now moving towards in-situ pCO2
manipulations [142,158] and studies exploiting natural CO2 vents [159–161]. The latter
provides insights into the effects of seawater acidification at community and ecosystem
levels [46]. Many studies carried out in those natural laboratories show an alteration in
the community composition, which led to a reduction in the ecological complexity and a
decrease in biodiversity [147,162].

In order to increase our understanding of the direct and indirect effect of OA on coastal
benthic ecosystems, it is essential to determine what kinds of changes might occur at the
primary producers’ level (Table 1). Despite this, the impact of high CO2 concentration on
benthic ecosystems, especially on the microphytobenthic assemblage dynamics, remains
poorly studied and explored. Changes in the community composition are represented by
a clear pattern [163–166], triggering a shift from calcifying organism (e.g., coralline algae)
towards non-calcified species (especially brown algae and diatoms). Similar changes in the
patterns of colonization were also observed by the study conducted by Porzio et al. [160] of
the early colonizers in the CO2 vents off the Island of Ischia (Bay of Naples, Italy), which
highlighted a progressive decrease in the number of species along the pH gradient. Harvey
et al. [164] also supported this evidence, asserting that OA can set the course of successional
development in the phytobenthos. This facilitates turf algae formation at the expense of the
biomass and diversity of the whole benthic community, supporting the concept that the OA
may lock the algal community at an earlier stage, dominated by r-selected species [167].

Due to the high solubility of their skeleton, which has a high magnesium content [168],
encrusting red algae (Corallinales) show strong vulnerability to the phenomenon of acid-
ification [169]. Under normal conditions, they act as pioneer species in the colonization
of the leaf surface of P. oceanica that, once established, help to condition the adhesion and
colonization of other groups of organisms [170]. While corallinales often represent the
dominant group of epiphytic colonizers along the leaves of P. oceanica, in acidified sites
the algal epiphytic assemblage is mainly composed of flashy algae, both encrusting and
erect brown and green algae. In those environments, the community structure of epiphytic



J. Mar. Sci. Eng. 2023, 11, 1232 16 of 29

assemblages undergoes a strong reduction in terms of taxonomic diversity due to the
decrease/absence of corallinales, leading a community dominated by flashy and turf algae.
The resulting epiphytic community faces a trivialization of its biodiversity, appearing more
homogeneous and strongly impoverished. After the initial colonization, the assemblages of
epiphytes present in natural acidified areas seem not to evolve, remaining in their initial
state [171]. The disappearance of the coralline red algae could affect the subsequent stages
of colonization, causing cascade effects on the trophic web associated with the canopy and
the functioning of the entire ecosystem [172]. Furthermore, the scarce or totally absent
corallinales cover may induce a great palatability of the leaves, enhancing the grazing activ-
ity, especially by some fish, such as Sarpa salpa, whose abundance tripled close to the vents
compared to ambient pH sites [173]. The increased grazing led to evident modifications in
the leaf canopy of P. oceanica in acidified areas, which could suggest a possible correlation
between the phenology of the seagrass and the structure of the epiphytic community [171].
Although the canopy presents a high shoot density in acidified zones, the Posidonia leaves
appear narrower and shorter than under normal pH conditions, resulting in a decrease in
available surface area for epiphyte colonizers.

Table 1. Summary of the effects of OA on the early stages of plant and animal colonizers.

Colonizer Organism Effect on Colonization Environment/Substrate References

Calcified epiphytes Strong reduction in the cover P. oceanica leaves in shallow volcanic
CO2 vents in Ischia island [159]

Calcareous algae Disappearance within the acidified site
Rocky shore in Ischia island
shallow volcanic CO2 vents [161]Non-calcified algae Become dominant in acidified site

Turf algae Declined the most in
diversity and abundance

Algal species with calcareous structures Decline and disappear along the pH gradient Rocky reef in CO2 shallow volcanic
vents in Ischia Island

[147]Turf algae Increase cover along the pH gradient

Cover of coralline algae Significantly reduced
Shikine island in Japan CO2

seeps in shallow waters [163]Large canopy forming macroalgae Significantly reduced abundance
Low-profile algae Increased in cover

Turf algae Increased in cover

Coralline algae Sharp decline in coralline species diversity in
both sites

Seeps off the volcanic coasts of Italy
(Vulcano Island, Mediterranean Sea) and

Japan (Shikine Island, North-Western Pacific)
[165]

Non-calcified macroalgae More abundant

Coralline algae
Significant negative effect of high pCO2 on
calcification with partial tissue mortality at

very high pCO2
Laboratory experiment—mesocosm [166]

Filamentous turfs cover Increase

Coralline algae cover Declines consistently with decrease in pH Great Barrier Reef World
Heritage Area (Australia) [167]

Taxonomic diversity Strong reduction
P. oceanica orthotropic shoots collected by

CO2 shallow volcanic vents in Ischia Island [171]Encrusting red Algae (Corallinales) Disappearence with the increasing
acidification of seawater

Encrusting and erect brown and green algae
(Fleshy and Turf algae) Become dominant with acidification

Epiphytic coralline algal cover Significant reduction with increased
acidification of seawater

P. oceanica blades collected by
CO2 shallow volcanic vents in Ischia Island [172]

It is also appropriate to note that all these variations in terms of the abundance and
biodiversity of epiphytes are seasonally dependent and the pathways of colonization vary
according to the physical and chemical features of the substrates. In addition, multi-stressor
approaches indicate multiple effects of OA when coupled with temperature increases,
which could facilitate the introduction of invasive species. Many studies showed neg-
ative [174] or irrelevant effects [175] on diatoms after high CO2 exposure in laboratory
experiments, even under multi-stressor scenarios. In contrast, some other research works
demonstrated that diatoms benefit from the increase in pCO2, especially through the reduc-
tion in the energetic costs of their “CO2 Concentrating Mechanisms” (CCMs) [45,176]. In
their study, Johnson et al. [45] also demonstrated that high CO2 levels stimulate primary
productivity in the periphyton, as proven by the increase in the photosynthetic standing
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crop of the above-mentioned benthic assemblages, mainly due to the increased presence of
diatoms. The same study also showed a non-uniform response of benthic diatoms to OA.

Variations in the chemistry of the seawater due to the higher pCO2 have different effects
on the periphyton communities, causing increases in some populations and decreases in
some others. A reduction in diversity in the assemblages occurs when moving along the
pCO2 gradient: as pH decreases, diatoms characterized by larger size become dominant
in the biofilm community. Under the present pCO2 conditions, smaller cell-size genera
maximize the uptake of carbon thanks to the higher surface:volume ratio (SVr). With the
increase in cell size and the consequent reduction in SVr, a limitation starts to occur in the
diffusion path [177]. The actual incremental trend of CO2 levels might provide an advantage
to larger species by inverting the competitive skills of different size diatom classes.

These community shifts are likely a result of interspecific variability in response to
OA and changes in species interactions. High pCO2 altered biofilm development, with
detrimental consequences on whole ecosystems, triggering a dramatic cascade of effects. In
benthic communities, where the time stability of plant and animal associations is a key factor
to assure the resilience and conservation of species, pH changes in the seawater may have
dramatic consequences for the assemblages of species. In these environments, well-known
time successions lead to stable associations that assure the functioning of ecosystems [178].
Slight changes in the assemblages of first colonizers may totally change the time evolution
of benthic communities, leading to still-unknown variations in their composition and
functioning. The synergistic actions of several factors of global change (OA and human
disturbances, such as nutrient increases) could lead to a rapid acceleration of the whole
process, causing winners and losers among species in marine benthic communities. Those
variations in phenology and epiphyte communities can be considered relevant aspects of
the effects of OA and could represent drastic modifications that seagrass systems are going
to face.

7. Global Warming Modifies Epiphytic Communities

Another key stressor is the well-known increase in temperature affecting all oceans in
the last five decades [179]. In terrestrial systems, the influence of warming on community
dynamics has been largely investigated through field manipulations. However, only a few
warming experiments were conducted in the marine environment to determine models
for the adhesion and progression of communities (Table 2). In many ecosystems, it is still
unclear which interactions among surface colonizers are most likely to be altered under
increasing thermal stress and what impacts, if any, such altered interactions will have on
the structure of mature communities. An increased temperature is arguably one of the
most important facets of global climate changes, because temperature influences various
processes across all the biological scales, including the survival and recruitment of plants
and invertebrates [180]. Global warming can alter the multifunctionality of plant and
animal communities associated with structurally complex ecosystems by modifying the co-
existence of engineers and the diversity of the functional traits present in a landscape [122].

Table 2. Summary of the effects of rising temperature of seawater at the early stages of plants and animals.

Colonizer Organism Effect on Colonization Environment/Substrate Reference

Macroalgae cover (Gracilaria gracilis) Increase Seaweed beds and
unvegetated sandflats [181]Seagrass cover Reduction

Macrofaunal abundance Reduction

P. oceanica abundance Reduction, becoming steep when the
temperature reaches 28 ◦C

P. oceanica meadows of Cabrera Island
(Algerian subbasin of the
Western Mediterranean)

[182]

Phytoplankton Indirect reduction by
increased grazing Coastal regions [183]
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Table 2. Cont.

Colonizer Organism Effect on Colonization Environment/Substrate Reference

Phytoplankton
Reduction and shift towards

assemblage dominated by
smaller species

Nutrient-limited water
(oligotrophic oceans) [184,185]

Hydroides elegans Production of stronger tubes more
resistant to simulated predator attacks Laboratory experiment—mesocosm [186]

Bacterial biofilm
Most diversified bacterial

communities at high
temperature conditions

Laboratory experiment—mesocosm [187]

Bacterial biofilm
Higher biomass production and
higher diversity in the biofilm at

higher temperature
Laboratory experiment—mesocosm [26]

Crustose coralline algae Lack of seasonality growth and high
mortality

Marmion Lagoon, South-Western
coast of Western Australia [188]

Kelp forests (Nereocystis luetkeana) Clear decrease without full recovery Coastline in northern California [189]

Diatom Chaetoceros socialis
Reduction of production and cell size;

poleward shift in
biogeographic distribution

Laboratory experiment—mesocosm [190]

Coralline algae Clear reduction in cover and negative
effect on photosynthetic efficiency Laboratory experiment—mesocosm [191]

This effect is mediated by warming, favoring the retention of tolerant engineer traits
over sensitive ones and the functional characteristics of residents nested within engineered
patches. In situ comparisons of functional traits and community metrics of macrofauna
inhabiting beds of seagrasses and macroalgae, as well as unvegetated sandflats, indicated
unique assemblages in seagrass habitats and a dominance of surface-dwelling fauna due to
global warming [192]. Macrofaunal abundance is reduced in seaweed beds and unvege-
tated sandflats, which are dominated by burrowing infauna [181]. Experimental findings
indicate that increases in temperature in temperate coastal systems may lead to declines in
seagrass, but increased seaweed cover. This shift is likely to lower ecosystem heterogeneity
due to the faunal similarity between unvegetated sandflats and seaweed beds and, in
parallel, reduce the habitat for critically endangered specialist seagrass inhabitants [181].
However, community responses to short-term increases in temperature are variable, and
they are influenced by the individual responses of key species [193]. The importance of
community-level, field-based manipulations of environmental change factors, which exam-
ine interactions between all specific members of the local species pools, should be recognize,
because the strength and direction of interspecific interactions governing complex benthic
communities are expected to change according to the increasing global temperatures.

The increased water temperatures associated with global changes led to the formation
of diverse biofilm communities, affecting the subsequent settlement of other organisms.
In their study, Whalan and Webster [194] demonstrated that the most successful larval
settlement of the abundant Great Barrier Reef sponge Rhopaloeides odorabile occurred on
biofilms that developed at higher temperatures. This is likely to be related to the more di-
versified communities that developed compared with the biofilms tthat developed at lower
temperatures. Similar pathways are detectable in the study conducted by Lau et al. [26],
in which they tested the role of biofilm in the larval settlement of two species of barnacles
(Balanus amphitrite and B. trigonus) and the polychaete Hydroides elegans. Biofilms were
qualitatively different in terms of their bacterial community composition, and also quanti-
tatively differed in the density and total biomass produced. The settlement of the larvae
of the two species of barnacles was strongly induced by the biofilm that developed under
higher-temperature conditions, while the surfaces colonized by microbial communities
exposed to lower temperatures inhibited (B. trigonus) or did not affect (B. amphitrite) the
larval settlement [26]. This response to the colonization process of the larvae coincides
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with the differences expressed in terms of bacterial community composition of the biofilm,
rather than the biomass or the density produced.

Several studies have also investigated the effect of global warming on the survival
and distribution of seagrasses, especially in P. oceanica [194,195]. P. oceanica is endemic to
the Mediterranean Sea, which is warming up three times faster than the global ocean [196].
Therefore, it has more significant effects on the marine organisms inhabiting this local
area. According to Marbà et al. [182], warming of the Mediterranean triggers P. oceanica
mortality, and a further increase in mortality was observed when seawater surpassed
28 ◦C. Under these warming conditions, other seagrass species can occur. However,
P. oceanica exhibits distinct structures and functions, including the contribution of such
species as the mussel Pinna nobilis, which only occurs in its meadows [197]. Pillay and
Waspe [119] in another study, investigated a mesocosm to quantify the effects of ocean
warming on the epiphytic organisms of the temperate seagrass Zostera capensis, using a
sympatric specialist (Siphonaria compressa) and a generalist organism (Fissurella mutabilis) to
exemplify two limpet models of grazers [98]. Their results indicated changes in epiphytes
loads due to warming, which increased up to 15 times in the absence of grazers. Grazers
differentially impacted the community, with the specialist limpet providing a stronger
cleaning function at high temperatures. The specialist species exhibited higher survival
rates at higher temperatures, while the survival rates of the generalist limpet reduced.
These findings highlight the need for specialist, warm-tolerant grazers to be prioritized
in conservation/restoration programs for seagrasses. Such consideration will produce
positive feedback loops, benefitting both seagrasses and grazers under global change
conditions, with positive community- and ecosystem-wide ramifications.

The warming of the oceans has also been related to a decline in phytoplankton
biomass [198–200]. However, the effect of temperature may vary in different ecosystems.
In coastal regions (nutrient-replete waters), phytoplankton is dominated by large diatoms
(20–200 µm), which are the preferred food source for overwintering copepods [201]. In these
regions, temperature causes metabolic changes in plankton populations. Therefore, due to
the warming of oceans, there is an increase in the grazing pressure caused by copepods,
reducing phytoplankton abundance [183]. On the other hand, in nutrient-limited waters,
temperature mainly influences plankton biomass through physical mechanisms [183]. In
the water column, the growth of larger diatoms is limited under low-nutrient conditions,
favoring small phytoplankton (<20 µm) and flagellates, while an increase in ocean temper-
ature increases nutrient limitations and reduces phytoplankton biomass. This causes a shift
towards an assemblage of phytoplankton, dominated by smaller species [184,185], resulting
in a shift in copepod food sources from large diatoms to ciliates [202]. These changes in the
marine plankton community vary according to the surrounding nutrient regime; nonethe-
less, they can affect biogeochemical cycles, climate patterns, and, ultimately, the function
and structure of benthic ecosystems [183]. Similar relationships might be hypothesized
for benthic diatoms colonizing seagrass leaves, although no information is available from
previous investigations as far as we know.

As mentioned above, multi-stressor scenarios are most likely to be important when
forecasting future variations in the ecology of key early colonizers. Among others,
Li et al. [186] investigated the polychaete Hydroides elegans, because the calcareous tube it
builds can be used as an example to evaluate the individual and interactive effects of OA,
temperature increases and reduced salinity, on the mechanical properties of its tube. Under
OA (pH 7.8), polychaetes produced a mechanically weaker tube, exhibiting less resistance
to simulated predator attacks. Seawater warming of up to 29 ◦C induced an increase in
the tube volume, the tube mineral density and the tube resistance to a simulated predatory
attack. The observed weakening effect by OA did not make the removal of tubeworms
from the substrate easier, except for the earliest stage, when warming had a weak effect.
Reduced salinity (down to 27 PSU) did not affect the structure and the resistance of the
tubes. These investigations demonstrate that multi-stressor scenarios are needed to obtain
realistic previsions, and that both mechanical analysis and computational modeling should
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be integrated to provide insights into how communities might develop in future conditions
according to the effect of various stressors on the ecology of marine early colonizers.

8. Biotechnological Issues

The prevention of biogenic encrustations is one of the largest challenges faced by the
maritime industry, but antifouling agents commonly impact marine ecosystems [77]. The
development of antifouling strategies for the protection of submerged structures requires a
clear understanding of how various organisms may respond to environmental stressors
associated with climate changes [46]. Climate changes facilitate invasions and induce shifts
in community composition, especially in complex and stable ecosystems. Invasive alien
species, whose introduction is facilitated by global warming, can tolerate significantly
higher temperatures than native species and, consequently, climate changes are likely to
have disproportionately negative impacts on native species [186]. Global change stressors
can alter mutually beneficial interactions in structurally complex systems, leading to
impaired functionality and service provision. Based on the temperature tolerance, survival,
and growth results, Sorte et al. [47] predicted that native species in a California Bay will
decrease in abundance according to the increase in ocean temperatures, being substituted
by introduced species. The facilitation of invasions by climate change is underway. Over
the last 40 years, invasive dominance has increased concurrently with ocean warming [142]
and this has had substantial ecological and economic impacts. From this perspective, the
effects of the first colonizers on further anchoring processes may vary due to changes in
the temperature and pH of the medium. As a general rule, higher recruitment rates are
observed at warmer seawater temperatures, but the highest recruitment values may shift
from resident species to alien species, dramatically modifying the trends of ecological
successions observed on submerged surfaces according to a complex series of interactions
among invasive and resident species as they relate to seawater temperature [44].

In addition, modern approaches to the control of encrusting organisms should avoid
the use of toxic compounds, which are largely demonstrated to impact key coastal and
planktonic environments [21]. At present, several environmentally friendly approaches are
being tested worldwide to reduce the toxic effects of biocides on non-target species. The
use of natural products has had significant effects. For example, it has been demonstrated
that the international ban on the toxic antifoulant tributyltin (TBT) had positive effects
on “green tide” phenomena, in addition to the reduction in its toxicant power on natural
stocks of mollusks and crustaceans in several water bodies. Advances also include the use
of nanomaterials, but some physiological constraints are elicited by the increase in seawater
temperature, reducing the effectiveness of anti-fouling coatings [64]. Other approaches
include the encapsulation/immobilization of commercially available biocides to achieve
control over the leaching rate and the overall realization of low-adhesion surfaces that
can retard the production of first colonization films, priming the further colonization of
larger foulers [21,203]. However, several compounds used to obtain a non-polluting control
of foulers may change their chemical properties under acidified or warm conditions. In
this case, the mechanisms of oxidative stress, detoxification and neurotransmission in
aquatic organisms might be impacted by the newer conditions imposed by global changes.
Consequently, the antioxidant patterns that characterize the exposure of marine organisms
to anti-fouling agents could vary. These effects indicate the need to identify newer candidate
compounds and new strategies to allow for the activity of plant and animal foulers with an
efficient and eco-friendly strategy.

Unfortunately, the impacts of OA on encrusting communities, which may be some of
the initial colonizers of hard substrates, with a high economic importance, require further
investigation. There are well-known effects of OA on first colonizers as diatom and algal
communities, indicating that they are often poorly developed in low-pH conditions, which
allows for the easy prediction that encrusting communities will face dramatic changes,
with reductions in groups bearing exposed exoskeletons. However, our actual knowledge
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of the long-term changes in benthic communities according to the forecasted decreases of
pH is almost null [46].

While the impact of ocean warming on single species has been revealed, its global
impact on benthic communities is almost totally unknown [204]. According to the above-
mentioned studies, the future warming of oceans will likely increase the pressure on
encrusting organisms, while decreasing the diversity of communities due to the introduc-
tion of alien species, particularly in habitats where organisms exist at their upper tolerance
limits in terms of temperature [118]. Overall, the combined effect of various stressors and
their influence on the efficacy of protective coatings is little investigated. Consequently,
investigations taking into account both the chemical ecology relationships and the features
of foulers influenced by global changes are urgently needed.

9. Conclusions

Climate change at a global scale affects marine environments, with dramatic con-
sequences at various levels of complexity [199]. Both OA and rising temperatures are
changing the benthic communities, primarily (but not only) acting on the settlement of
early colonization stages. Several recent research papers have explained the effects of
those stressors on individual species [151]. Although the direct effects that OA has on
calcified organisms are evident and very well detailed in various studies [148], the indi-
rect effects are less evident but might be deleterious as well. This review sheds light on
the effects of two key stressors (higher pCO2/lower pH and higher temperature) on the
primary colonizers, the pioneer organisms, paying special attention to seagrass meadows
due to their critical role in the ecology of coastal areas. Environmental changes may affect
whole ecosystems, interrupting or disturbing vital relationships among organisms, such as
chemical communications [129]. In benthic communities, where the time stability of plant
and animal associations are key factors to assure the resilience and conservation of species,
variations in the temperature or pH of the seawater may have dramatic consequences for
the final species assemblages [14]. In these environments, well-known time successions
bring stable associations. Slight changes in the assemblages of first colonizers, and thus in
the biofilm development and composition, may dramatically change the time evolution
of benthic communities, producing still-unknown variations in the composition and func-
tioning of the entire ecosystem [21]. The biodiversity of ecosystems is largely controlled by
these successions [101]. Furthermore, biodiversity helps determining the services provided
by those environments, and their economical exploitation. Thus, the correct forecast of
the indirect effects of global changes on local biodiversity may be crucial to allow for the
sustainable management of marine biodiversity and its related resources [122,146].

Several modern strategies to reduce the attachment of encrusting organisms partially
lose their efficacy in the light of changes produced by global stressors, because both the
chemistry of anti-fouling coatings and the physiology of biofoulers are impacted by key
stressors, such as the OA and the warming of oceans [46]. For this reason, further research
will be needed to identify the factors priming the anchoring of biofoulers, also considering
the physiology and molecular ecology of microorganisms such as bacteria and micro-algae,
facilitating the further colonization of other organisms. The data reported here represent a
first step towards the development of new strategies, taking into account the properties
of diatoms and bacteria as pioneering adhesive organisms [2]. We indicated how they
determine the final destiny of benthic communities on both man-made structures and
in stable and structurally complex ecosystems such as seagrass meadows. The changes
still occurring in the chemical and physical environment of oceans might impact and
dramatically change the ecology of pioneer adhesive organisms [149,152], priming the
colonization of economically important ecosystems worldwide.
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