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Abstract

Marine biofouling, defined by the rapid colonization of submerged surfaces by microbial biofilms followed by macrofouling organisms,
represents a significant ecological and operational challenge across shipping, aquaculture, and marine infrastructure. It increases hydrodynamic
drag, reduces system efficiency, facilitates pathogen transmission, and promotes the spread of invasive species, resulting in substantial economic
and environmental burdens. Conventional biocidal coatings, while effective, pose ecological risks due to toxicity, biloaccumulation, and sediment
contamination, driving the search for sustainable alternatives. This review examines the impacts of biofouling and evaluates emerging biological
strategies, including enzymatic treatments, bioactive peptides, engineered microbial consortia, and marine-derived secondary metabolites,
which inhibit microbial adhesion, disrupt biofilm formation, and prevent macrofouler settlement with reduced environmental impact. The role
of marine microbial biofactories, scalable bioprocessing techniques, and advanced surface engineering is highlighted to enhance antifouling
efficacy, while regulatory frameworks, climate-linked policies, and digital monitoring tools such as blockchain-based cleanliness passports are
discussed to illustrate the evolving governance landscape. Evidence from recent studies indicates that integrating biotechnological innovation,
ecological insight, and policy support can substantially mitigate biofouling effects, improve operational performance, and promote sustainable
maritime practices. This review emphasizes that holistic, interdisciplinary approaches are essential for effective, environmentally responsible,
and economically viable marine biofouling management.
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Highlights

. Examines eco-friendly biological approaches for controlling marine biofouling

. Evaluates microbial, enzymatic, and peptide-based antifouling innovations

. Discusses regulatory frameworks and climate-linked policies for sustainable management

Introduction

hanced biomass, and strong adhesion, which are critical in fluctu-
ating marine environments [2]. This microbial layer subsequent-
ly facilitates macrofouling, as organisms like barnacles, mussels,

Marine biofouling is a complex ecological phenomenon in
which diverse microbial and macro-organismic communities
rapidly colonize submerged artificial surfaces, initiating with-

R ) i e tubeworms, bryozoans, and kelp settle onto pre-conditioned sur-
in minutes through the formation of organic conditioning films

‘ ) ) ~ faces, increasing surface roughness, weight, and resilience [3].
that promote microbial adhesion and extracellular polymeric . . N . . .

) ) ) ) Marine biofouling imposes significant operational, economic, and
substance production [1]. Early microbial colonizers shape sur-
face chemistry and drive biofilm maturation, while interspecies

interactions generate emergent traits such as stress tolerance, en

environmental burdens across maritime sectors, including ship-
ping, aquaculture, and marine renewable energy, by increasing
drag, reducing efficiency, and elevating maintenance costs [4].
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Emerging bio-based and multispecies strategies, including engi-
neered microbial consortia and living coatings, offer environmen-
tally friendly alternatives to traditional biocidal approaches, while
tools such as biofouling databases support informed management
decisions [5]. Collectively, these advances highlight the need for
integrated biotechnological and ecological approaches to develop
sustainable, data-driven antifouling solutions.

Biofouling is a pervasive biological challenge in aquaculture,
impacting both shellfish and finfish systems through complex
ecological, mechanical, and economic pathways [6]. The accumu-
lation of algae, tunicates, sponges, bryozoans, polychaetes, and
microbial films on cages, nets, and other structures impairs water
flow, reduces oxygen supply, obstructs waste removal, and limits
feeding efficiency, leading to stress, hypoxia, and increased mor-
tality [7]. In shellfish, fouling causes physical damage, mechanical
interference, and competition for space and food, while in finfish,
dense biofouling disrupts cage stability, increases drag and static
loads, and acts as a reservoir for pathogenic microorganisms [8].
Economically, fouling management can consume up to 20% of op-
erational costs, elevate energy use, increase maintenance require-
ments, and reduce growth and harvest yields, with additional
hidden costs from disease, mortality, and environmental impacts
such as habitat alteration and the spread of non-indigenous spe-
cies [9]. These multifaceted effects highlight that biofouling is a
major constraint to sustainable, efficient, and profitable aquacul-
ture, underscoring the urgent need for integrated prevention and
mitigation strategies.

Marine biofouling is a complex ecological and industrial chal-
lenge, driven by the rapid colonization of submerged surfaces
by diverse microbial and macro-organismic communities, which
leads to significant environmental, operational, and economic
impacts across shipping, aquaculture, marine infrastructure, and
biodiversity management [10]. The persistence and structural
heterogeneity of microbial biofilms make them highly resistant
to conventional cleaning, prompting the development of innova-
tive biological prevention strategies, including the use of bioac-
tive peptides, enzymatic treatments, and engineered microbial
consortia, which offer precise, low-toxicity alternatives to tradi-
tional biocides [11]. Marine ecosystems, rich in chemically diverse
secondary metabolites, along with underexplored marine micro-
organisms, provide promising sources of eco-friendly antifouling
compounds, while bioprocess engineering and microbial fermen-
tation enable scalable production without harming natural hab-
itats [12]. Biofouling exacerbates hydrodynamic drag, fuel con-
sumption, greenhouse gas emissions, pathogen spread, invasive
species transport, and infrastructure degradation, emphasizing
the need for integrated mitigation strategies [13]. Collectively,
these advances underscore the importance of combining biolog-
ical, engineering, and ecological approaches to develop sustain-

able, effective, and environmentally responsible antifouling solu-
tions.

Growing environmental concerns over the ecological impacts
of biocidal antifouling coatings have accelerated global policy
reforms aimed at promoting sustainable marine biofouling man-
agement [14]. The widespread use of copper-based and booster
biocides has led to elevated metal concentrations in coastal sedi-
ments, raising toxicity and bioaccumulation risks and prompting
stricter regulations in countries such as South Korea [15]. Reg-
ulatory fragmentation across regions, including divergent frame-
works in the EU, Asia, and North America, complicates industry
compliance and slows adoption of eco-friendly innovations such
as enzymatic, bio-based, and low-toxicity coatings, highlighting
the need for harmonized global standards and improved verifica-
tion tools [16]. The integration of climate-related policies, includ-
ing emissions monitoring, carbon trading, and performance-based
standards, further incentivizes clean-hull practices and the adop-
tion of antifouling technologies that enhance operational efficien-
cy while reducing environmental impacts [17]. Emerging digital
tools, such as blockchain-based cleanliness passports, support
transparency and enforcement, signaling a shift toward a compre-
hensive, technologically enabled regulatory framework that aligns
environmental stewardship with economic and operational objec-
tives in maritime industries [18].

Marine Biofouling

Marine biofouling is a multifaceted ecological phenomenon
characterized by the rapid colonization of submerged artificial
surfaces by diverse microbial and macro-organismic communi-
ties, reflecting one of the most persistent challenges in marine
environments (Figure 1). Biofouling initiates within minutes of
immersion when organic conditioning films form on surfaces,
facilitating the attachment of pioneering bacteria, diatoms, and
microalgae that collectively generate a polymer-rich matrix of ex-
tracellular polymeric substances (EPS) [1]. These early coloniz-
ers shape the biochemical landscape of the surface, influencing
subsequent settlement patterns and determining how the biofilm
matures into a structurally complex and taxonomically diverse
community [19]. As interspecies interactions intensify, competi-
tive and cooperative networks emerge [20]. Some bacteria inhib-
it larval settlement via antagonistic metabolites, whereas others
stimulate macrofouler recruitment through highly specific chem-
ical cues [21]. This intricate web of microbial relationships un-
derscores the centrality of multispecies dynamics in establishing
stable biofilms, where emergent traits such as stress tolerance,
enhanced biomass accumulation, and improved adhesion arise
from synergistic cooperation [22]. Such traits are especially im-
portant in fluctuating marine environments where hydrodynamic
forces, nutrient gradients, and temperature variations continually
challenge biofilm persistence.
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Beyond the microbial phase, biofouling expands into mac-
rofouling as larger organisms, including barnacles, mussels,
tubeworms, bryozoans, and Kkelp, settle onto pre-conditioned
surfaces, often guided by bacterial signatures that signal suitable
habitat [2]. The transition from microfouling to macrofouling
dramatically increases surface roughness, thickness, and weight,
creating a multilayered and resilient coating that is highly resis-
tant to mechanical removal [23]. As a result, marine biofouling
represents not merely a biological attachment process, but a dy-
namic ecological succession shaped by environmental conditions,
interkingdom signaling, and emergent community properties,
concluding as a mature assemblage that exerts profound opera-
tional and ecological consequences [24].

Marine biofouling poses substantial operational, economic,
and environmental burdens across maritime industries, making
its management a critical priority for sectors such as shipping,
aquaculture, and marine renewable energy [25]. For large-scale
installations, including offshore wind turbines, tidal devices, ves-
sel hulls, and aquaculture cages, biofouling increases drag, reduc-
es hydrodynamic performance, and elevates fuel consumption,
while also adding structural loading through increased mass and
biofouling thickness [26]. Emerging bio-based strategies seek to
replace or supplement traditional biocidal coatings by leveraging

living organisms or naturally derived mechanisms for fouling re-
sistance [4]. Recent research into multispecies biofilm communi-
ties demonstrates that engineered microbial consortia can form
cohesive, resilient, and physicochemically robust living coatings
capable of preventing larval settlement without releasing harmful
metabolites [27]. Complementary efforts, such as European bio-
fouling databases, provide industry stakeholders with spatially
resolved information on species distributions, fouling intensity,
and associated risks to support informed site selection and main-
tenance planning [28]. Together, these scientific advancements
demonstrate a promising shift toward eco-friendly, regenerative,
and data-driven antifouling solutions, recognizing that the future
of marine biofouling control lies in integrating biotechnological
innovation with comprehensive environmental knowledge [29].

Impacts of Biofouling

Biofouling represents one of the most pervasive biological
challenges in aquaculture, producing complex ecological, mechan-
ical, and economic impacts on both shellfish and finfish farming
operations (Table 1). The buildup of algae, tunicates, sponges,
bryozoans, hydroids, polychaetes, and microbial films on artificial
structures causes severe operational inefficiencies by increasing
drag, weight, and the frequency of maintenance interventions
[30]. Although in rare cases biofouling can enhance primary pro-

How to cite this article: Zeenat K, Daud K, Dilawar K. Living Surfaces of the Sea: Microbial Innovations for Sustainable Marine Biofouling Control. Oceanogr
Fish Open Access J. 2025; 19(1): 556001. DOI: 10.19080/0F0A].2025.19.556001


http://dx.doi.org/10.19080/OFOAJ.2025.19.556001

Oceanography & Fisheries Open access Journal

ductivity, facilitate settlement, or offer temporary protection from
predators for shellfish, these benefits are insufficient to offset the
widespread negative consequences across aquaculture systems
[31]. Obstruction of water flow through nets and cages is partic-
ularly harmful, as reduced water exchange impairs oxygen deliv-
ery, waste removal, and feed dispersal, ultimately lowering animal
performance and elevating stress levels [6]. In addition, accumu-
lated fouling biomass increases static and hydrodynamic loads on
floating structures, contributing to cage deformation, structural
fatigue, and heightened risk of infrastructure failure. When com-

Table 1: Major Impacts of Biofouling in Aquaculture.

bined with intensified disease transmission and the harboring of
pathogenic bacteria, viruses, and parasites within fouling commu-
nities, biofouling presents significant animal health concerns [32].
Global cost analyses indicate that managing fouling consumes
substantial portions of operational budgets, often exceeding 15%
of total production expenditures. Consequently, while biofouling
is a natural ecological process, its cumulative impacts make it one
of the primary biological constraints limiting efficient, profitable,
and sustainable aquaculture, highlighting the need for effective
mitigation strategies [33].

Category Shellfish Aquaculture

Finfish Aquaculture

Water Exchange

Reduced flow due to fouled gear and heavy biodeposition

Severe net occlusion reduces oxygen and waste removal

Animal Health

Mechanical interference, weakened shells, parasitism

Increased disease reservoirs (viruses, bacteria, parasites)

GFrgev:/jtig; Competition for food and space; reduced filtration Stress and reduced feeding due to low DO levels
Structural . . . . . .
Impact Added biomass weight causes equipment deformation Increased drag causes cage deformation and risk of collapse

Economic Cost

High cleaning effort; reduced yield and market value

High net replacement cost; increased energy and mainte-
nance

Ecological

Effects Spread of invasive species, benthic alteration

Enhanced pathogen transmission between wild and farmed
stocks

In shellfish aquaculture, biofouling manifests through mul-
tiple interconnected pathways that compromise physiology,
product quality, and operational efficiency [34]. Physical damage
caused by endolithic polychaetes, such as Polydora and Boccardia,
results in shell burrowing, blistering, deformation, and weaken-
ing, which reduces shell integrity and increases vulnerability to
predation and disease [6]. Mechanical interference arises when
fouling organisms, including hydroids, tunicates, barnacles, and
macroalgae, restrict shell valve movement, limiting feeding, respi-
ration, and filtration efficiency, which can lead to significant mor-
tality under severe infestations [7]. Biological competition further
exacerbates production challenges, as dominant fouling organ-
isms compete with farmed shellfish for food and space, particular-
ly when filter feeders such as Ciona intestinalis or Mytilus edulis
share similar particle size preferences and clearance rates [35].
Environmental modification adds to these pressures, with heavy
fouling reducing water exchange, increasing biodeposition, and
altering nutrient dynamics, potentially reshaping benthic ecosys-
tems and facilitating the spread of non-indigenous species [33].
Additional biomass also increases drag on ropes, nets, panels, and
floats, resulting in equipment deformation, crop losses, and higher
maintenance demands [36]. Collectively, these effects underscore
that biofouling significantly reduces growth, aesthetics, yield, and
ecosystem stability in shellfish aquaculture, emphasizing the need
for integrated prevention and management approaches.

In finfish aquaculture, biofouling introduces critical opera-
tional constraints by affecting water exchange, disease dynam-
ics, and cage stability, ultimately compromising fish welfare and

farm productivity (Zrn¢i¢, 2022). Net occlusion caused by dense
fouling communities reduces hydrodynamic flow, decreasing ox-
ygen supply and impairing the removal of waste and excess feed,
a problem that is particularly pronounced in high-density net-pen
systems [37]. As stocking densities increase, oxygen demand ris-
es, and fouling-induced reductions in water flow can quickly lead
to hypoxic conditions, with dissolved oxygen levels below 5 mg
per liter impairing growth and levels below 2 mg per liter causing
mortality [38]. Biofouling communities also serve as reservoirs
and vectors for pathogenic microorganisms, including viruses
such as IPN and IHNV, bacterial pathogens such as Vibrio spp., and
parasites including blood flukes (Cardicola forsteri) and cesto-
des (Gilquinia squali), facilitating transmission between wild and
farmed populations and increasing disease outbreaks [8]. Heavy
fouling further imposes physical stress on cages by increasing
drag and static load, reducing functional cage volume, and in-
tensifying crowding stress [39]. These structural effects elevate
ammonia concentrations per unit volume and raise the likelihood
of catastrophic net failures that can lead to fish escapes [6]. Con-
sequently, fouling pressure in finfish aquaculture significantly el-
evates operational risks while reducing animal performance and
system resilience, emphasizing the importance of advanced anti-
fouling technologies and optimized hydrodynamic design.

The economic and operational consequences of biofouling
across aquaculture are substantial, reflecting increased labor de-
mands, higher energy consumption, frequent equipment replace-
ment, and significant yield losses [40]. In shellfish farms, fouling
management can account for 14-20% of total operational costs,
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while growth reductions of more than 40% and annual financial
losses reaching hundreds of thousands of euros have been report-
ed in regions such as Scotland [31]. In finfish farms, fouling on
aeration devices, HDPE floats, and net structures increases ener-
gy consumption, with paddlewheel aerators drawing up to 50%
more power when fouled, thereby elevating electricity costs and
maintenance requirements [9]. Net replacement and antifouling
reapplication further add to financial burdens, with medium-sized
salmon farms investing over €120,000 annually in fouling control
[41]. Beyond direct costs, fouling-induced mortality events, dis-
ease outbreaks, and structural failures cause hidden economic
losses by reducing harvest volumes, lowering product quality, and
increasing regulatory compliance expenses [42]. Additionally, the
ecological impacts of biodeposition, habitat alteration, and the
spread of non-indigenous species introduce long-term environ-
mental remediation costs that extend beyond farm boundaries
[43]. These economic and operational pressures illustrate that
biofouling is more than a biological nuisance; it is a multifaceted
challenge requiring proactive, integrated, and sustainable control
strategies that balance ecological responsibility with economic
viability.

Innovations and Environmental Implications of
Marine Biofouling and Its Control Strategies

The growing complexity and persistence of microbial biofilms
on industrial, medical, and environmental surfaces have prompt-
ed the development of innovative biological prevention strategies
that provide safer and more targeted alternatives to conventional
physical and chemical treatments [44]. Biofilms exhibit strong re-
sistance to cleaning agents due to their structural heterogeneity
and protective extracellular matrix, making early-stage preven-
tion significantly more effective than post-formation removal [10].
Recent research has highlighted approaches such as the adsorp-
tion of bacteriocins, nisin, and other bioactive peptides onto abi-
otic surfaces to reduce initial bacterial adhesion [45]. Enzymatic
mixtures that degrade polysaccharides, proteins, and structural
linkages within the biofilm matrix have also shown high effica-
cy, with enzymes such as endoglycosidases (Endo H) specifically
removing Staphylococci and E. coli from glass and fabric surfaces
[46]. Other advances include the use of colanic-acid-degrading
enzymes from Streptomyces, which disrupt EPS synthesis and in-
hibit further colonization. These strategies represent a shift from
harsh disinfectants toward precision biological tools that target
molecular pathways critical for adhesion and biofilm formation
[47]. Importantly, these bioactive approaches exhibit lower envi-
ronmental toxicity, making them suitable for food-contact surfac-
es and medical sanitation. However, limitations remain, including
stability issues, cost-intensive purification, and challenges with
surface immobilization [48]. Therefore, integrating enzymatic and
peptide-based bioinhibitors with advanced surface engineering is
essential to achieve long-term, scalable biofilm control. Overall,
refining these biological strategies represents a significant step

toward sustainable and highly selective biofilm prevention solu-
tions.

Marine ecosystems, with extraordinary biodiversity encom-
passing 34 of the planet’s 36 known phyla, provide a vast source
of chemically diverse secondary metabolites with strong ecolog-
ical roles and anti-fouling potential [49]. Many benthic organ-
isms, including sponges, algae, tunicates, and mollusks, employ
biochemical defense systems to prevent colonization by algae,
bacteria, and invertebrate larvae, enabling survival in competitive
environments [50]. These defenses include mucus secretion, sur-
face sloughing, microstructural features, and bioactive metabo-
lites that disrupt settlement cues and inhibit epibiont attachment.
Laboratory studies have identified numerous marine-derived an-
tifouling compounds, many of which are patented, showing potent
inhibitory effects against barnacle larvae, bryozoans, and microbi-
al biofilms, suggesting strong potential as eco-friendly antifouling
agents [11]. A major limitation is that most studies are conducted
under controlled laboratory conditions rather than natural ma-
rine environments, meaning observed concentrations and activity
may not fully reflect real-world scenarios [51]. Additionally, nat-
ural metabolites are often produced in small quantities, limiting
direct extraction and commercial application. This challenge has
driven interest in scalable production via bioprocess engineering
and microbial fermentation [52]. Marine microbes, including bac-
teria and fungi involved in host symbioses, can be genetically ma-
nipulated and cultivated for consistent metabolite yields, repre-
senting untapped chemical diversity capable of generating novel
antifouling compounds without harming marine ecosystems [3].
Ultimately, marine secondary metabolites offer substantial po-
tential as environmentally benign antifouling agents, but further
research integrating ecological studies, molecular insights, and
sustainable production techniques is required to fully realize this
potential.

Marine microorganisms including bacteria, fungi, and cyano-
bacteria are increasingly recognized as prolific yet underexplored
sources of structurally unique bioactive compounds capable of
addressing significant biomedical and antifouling challenges [53].
Less than 5% of marine microbial species have been formally iden-
tified, despite their enormous metabolic diversity and the discov-
ery of nearly one thousand new microbial compounds in a single
year. These microorganisms thrive in extreme environments, such
as deep ocean trenches, hydrothermal vents, and nutrient-poor
waters, driving the evolution of specialized metabolites like ter-
penoids, peptides, alkaloids, and mixed-origin compounds [54].
Many of these metabolites serve vital ecological functions, includ-
ing chemical defense, spatial competition, and symbiotic interac-
tions, particularly in soft-bodied hosts that depend entirely on mi-
crobial partners for protection [12]. The biomedical relevance of
these compounds is already evident, with several marine-derived
molecules entering clinical trials for cancer, infection control, and
inflammation suppression, including Didemnin-B, the first natural
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marine compound tested in human cancer trials. However, natural
extracts from marine macro-organisms are typically produced in
trace amounts, making direct harvesting ecologically unsustain-
able and economically impractical [55]. Bioprocess engineering
has therefore emerged as the main strategy for scalable produc-
tion through fermentation, metabolic engineering, and controlled
cultivation of marine microorganisms. These methods enable
genetic modification for improved yield, structural optimization,
and pathway reconstruction, bypassing ecological exploitation
[56]. Consequently, marine microbes are increasingly recognized
as renewable biofactories with immense potential for industri-
al-scale production of antifouling and therapeutic compounds,
underscoring their central role in future drug discovery and sus-
tainable antifouling innovation.

Marine biofouling imposes significant environmental and eco-
nomic impacts across global shipping, aquaculture, marine infra-
structure, and biodiversity management, highlighting the need for
integrated and sustainable mitigation strategies [43]. Biofouling
increases hydrodynamic drag on vessels, raising fuel consump-
tion and greenhouse gas emissions, with power losses reaching
up to 85% under severe calcareous fouling, contributing to ele-
vated GHG levels reported by IMO assessments [13]. Additionally,
biofouling facilitates the transport of invasive aquatic species via
hulls and ballast water, threatening ecosystem stability, economic
assets, and native biodiversity [26]. Despite international regula-
tions on ballast water management, hull-mediated species trans-
fer remains a major concern, underscoring the need for enhanced
monitoring, predictive modeling, and site-specific management
protocols [56]. Microplastics released from paint erosion and
maintenance further exacerbate environmental contamination
near harbors. Marine infrastructure including offshore wind tur-
bines and aquaculture nets, suffers from reduced lifespan, bio-cor-
rosion, sensor interference, and increased operational costs, with
maintenance expenditures reaching up to 30% of total lifecycle
costs in the renewable energy sector [28]. In aquaculture, fouled
nets act as reservoirs for pathogens, increasing fish mortality and
operational burdens. These cumulative impacts demonstrate that
effective antifouling solutions must integrate biological, engi-
neering, and ecological approaches rather than relying solely on
conventional biocidal coatings [57]. Addressing the multidimen-
sional challenges of biofouling requires innovative, environmen-
tally friendly, and system-wide strategies that balance ecological
protection with operational efficiency across marine sectors.

Regulatory Transitions and Policy Evolution in
Marine Biofouling Management

Rising global concerns over the ecological impacts of biocidal
antifouling coatings have heightened the urgency for policy re-
forms aimed at ensuring the long-term sustainability and safety
of marine environments. Copper-based coatings remain the most
widely used commercial biocides, yet their extensive application
has caused significantly elevated copper concentrations in coastal
waters, particularly in enclosed bays and high-salinity areas with

limited water exchange [14]. Multiple studies report that sedi-
ment copper levels can reach up to twenty times above natural
baselines due to the accumulation of eroded paint particles, which
degrade slowly and persist in benthic ecosystems [58]. While labo-
ratory analyses often overestimate environmental concentrations
through acid digestion of samples, projected ocean acidification
trends may increase metal solubility and toxicity. Alongside cop-
per, booster biocides such as DCOIT and Selektope face growing
scrutiny over their bioaccumulation potential, raising uncertainty
regarding long-term regulatory approval [26]. For example, South
Korea has imposed stringent restrictions, limiting certain biocide
concentrations in coatings to less than 1 percent by weight, estab-
lishing a precedent for other regulators [15]. These developments
highlight that reliance on toxic antifouling agents is increasingly
unsustainable, as ecological risk assessments intensify, and inter-
national oversight grows [59]. In summary, mounting evidence
underscores a global shift toward stricter biocide regulation driv-
en by environmental risks, cumulative toxicity, and the urgent
need for sustainable antifouling alternatives.

The fragmented regulatory landscape governing antifouling
coatings presents substantial challenges for industry compli-
ance and the global advancement of environmentally responsible
biofouling control technologies. In the European Union, biocidal
products are regulated under the Biocidal Products Regulation,
which requires rigorous environmental risk assessments based
on standardized leaching and release-rate tests [60]. However,
these protocols differ markedly from regulatory frameworks in
Asia, North America, and other maritime regions [16]. This lack
of harmonization leads to prolonged approval cycles, duplicated
bureaucratic procedures, and limited market access for emerging
antifouling solutions, slowing the adoption of innovations such as
enzymatic, bio-based, or low-toxicity surface technologies [61].
The issue becomes increasingly critical with the growing use of
remotely operated vehicle cleaning systems, which demand reg-
ulatory clarity regarding waste capture, disposal methods, and
contamination thresholds [62]. Lessons from ballast water man-
agement, where globally recognized limits on organism discharge
and mandated offshore exchange protocols were successfully
implemented, demonstrate that unified standards can enhance
compliance and environmental protection when adopted interna-
tionally [17]. Additionally, improved verification tools, particular-
ly those assessing organism viability rather than mere presence,
are essential for ensuring meaningful adherence to future regula-
tions. In conclusion, addressing regulatory fragmentation through
standardized global frameworks is crucial to supporting innova-
tion, accelerating environmentally safe adoption, and ensuring
coherent protection against marine biofouling worldwide.

The incorporation of climate policy into marine biofouling
regulation represents a pivotal shift in how governments and
international organizations balance operational efficiency, envi-
ronmental responsibility, and long-term sustainability in mari-
time transport. Performance-based standards such as the Energy
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Efficiency Existing Ship Index and the Carbon Intensity Indicator
require vessels to monitor, document, and report annual emis-
sions, creating a direct incentive for maintaining clean hulls and
effective antifouling management [62]. Beginning in 2025, ships
operating to and from the EU will also be subject to an emissions
trading scheme, obliging them to purchase carbon allowances
proportional to their greenhouse gas output, which could sub-
stantially increase the financial burden of operating fouled vessels
[18]. These policies indirectly drive the maritime sector to adopt
antifouling technologies that reduce drag and fuel consumption,
aligning environmental stewardship with economic incentives
[63]. Emerging innovations such as blockchain-based digital
cleanliness passports offer a transformative approach to compli-
ance auditing by providing decentralized, tamper-proof records
of cleaning history, inspections, and maintenance intervals. Such
tools enhance transparency and enable authorities to enforce an-
tifouling standards more efficiently while minimizing fraudulent
reporting [64]. Collectively, these climate-linked regulations and
digital verification mechanisms indicate a future in which bio-
fouling management is intrinsically connected to global carbon
reduction goals and technological modernization. In summary,
the integration of environmental policy, digital monitoring, and
antifouling innovation marks a decisive step toward an integrat-
ed regulatory framework designed to minimize ecological harm
while promoting sustainable maritime operations.

Conclusion

Marine biofouling is a complex and persistent challenge that
exerts wide-ranging ecological, operational, and economic im-
pacts across shipping, aquaculture, and marine infrastructure. The
initial colonization of submerged surfaces by microbial biofilms,
followed by the settlement of macrofoulers such as barnacles,
mussels, and algae, significantly reduces hydrodynamic efficiency,
increases drag and fuel consumption, and accelerates structural
degradation. In aquaculture systems, biofouling compromises
water exchange, oxygen supply, and feeding efficiency, while also
serving as a reservoir for pathogens and invasive species, which
elevates disease risk and threatens ecosystem stability. Collective-
ly, these effects underline the critical importance of developing
sustainable and effective antifouling strategies to maintain opera-
tional performance and protect marine environments.

Recent advances in biological antifouling strategies offer
promising alternatives to traditional biocidal coatings. Approach-
es including bioactive peptides, enzymatic treatments, engineered
microbial consortia, and secondary metabolites derived from
marine organisms provide targeted inhibition of biofilm forma-
tion while minimizing ecological toxicity. These methods exploit
specific molecular pathways involved in microbial adhesion and
biofilm development and can be combined with advanced sur-
face engineering and scalable bioprocess technologies to enhance
long-term efficacy. By leveraging natural defense mechanisms and
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precision biotechnological tools, these solutions not only mitigate
biofouling but also reduce the environmental footprint associated
with conventional chemical coatings, supporting the transition to-
ward sustainable maritime operations.

The evolution of regulatory frameworks and climate-linked
policies has further reinforced the need for integrated biofouling
management. Stricter biocide limits, performance-based emission
standards, and harmonization of global regulatory practices cre-
ate incentives for cleaner hull maintenance and the adoption of
environmentally safe antifouling technologies. Emerging digital
monitoring solutions, such as blockchain-based cleanliness pass-
ports, enhance transparency and compliance by providing secure,
verifiable records of maintenance, inspections, and antifouling
interventions. These mechanisms facilitate effective enforcement,
support innovation in sustainable antifouling technologies, and
help align operational practices with broader environmental pro-
tection and climate mitigation goals.

Overall, addressing the challenges posed by marine biofoul-
ing requires a holistic approach that integrates biotechnological
innovation, ecological understanding, and regulatory support.
By combining these elements, it is possible to achieve antifouling
solutions that maintain operational efficiency, protect marine bio-
diversity, and promote economic sustainability. Such integrated
strategies provide a robust framework for mitigating the multi-
faceted impacts of biofouling, ultimately contributing to environ-
mentally responsible and resilient marine industries worldwide.
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