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Editorial on the Research Topic

Marine Pollution - Emerging Issues and Challenges

INTRODUCTION: CLASSIC AND EMERGING RESEARCH TRENDS
IN MARINE POLLUTION

With the rapid development of human society, there is an increasing diversity and geographic
spread of substances being released into the marine environment. Above threshold values these
substances can have negative effects on the biological component of these systems and are therefore
classified as pollutants (Cabral et al., 2019). Pollutants can be introduced to marine environments
directly through human activities, indirectly through runoff such as discharges of untreated or
partially treated wastewater, and or by exchange with the atmosphere (Noone et al., 2013). The
relative contribution of different pollutants from these pathways varies substantially between
substances and also spatially and temporally (Bierman et al, 2011). In this editorial we
conducted a review of current and emerging trends in marine pollution research based on a
keyword search of the literature in Web of Science. Our aim was to provide context to the articles
published in the special issue.

Research on marine pollution is an important component of marine science, with the number of
studies on this topic rapidly increasing through time (Figure 1A). Most of these studies have been
conducted in shallow nearshore environments of sheltered estuaries and bays where human
activities are concentrated (Halpern et al, 2008) whereas only very few studies have been
conducted in open oceans and deep seas (Van Cauwenberghe et al.,, 2013; Cozar et al., 2014;
Tournadre, 2014). The research effort is not evenly distributed across the globe, with much of the
published literature being produced in China, followed closely by the USA and various countries in
Europe (Figure 1B). This reflects the substantial impacts of these nations on the marine
environment (Halpern et al., 2019; Bhuyan et al., 2021) and their leading role in producing
scientific outputs (Marginson, 2021). Alarmingly, recent research on pollution in many developing
regions such as Africa, Asia, and South America (Figure 1B), has demonstrated high levels of
pharmaceuticals (Wilkinson et al., 2022). Hence, more research on marine pollution in these little-
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FIGURE 1 | The total number of studies (A) on marine pollution and marine science by year and (B) by country (with more than 100 results) and (C) a network map
(online version at https://bit.ly/31Z88uo) showing the most research topics in marine pollution during 1970 to 2021 based on keyword searches in the search engine
Web of Science. The search for studies on “marine pollution” and “marine science” was conducted on 23™ August 2021. A total of 39,550 research articles on

' health risk assessment,,

\. target hazard quotient
s

selgyum
@ aupor“:nwm [

studied regions is necessary to gain a greater understanding of
the spatial footprint of anthropogenic activities.

Traditionally, research on marine pollution has focused on
studying how the release of hazardous or waste substances in
particular heavy metals and nutrients affects individual organisms
(O’Brien and Keough 2014). More recently, however, research on
marine pollution has highlighted how the input and spread of

other substances including debris, microplastics, antibiotics and
persistent organic pollutants (POPs) Shamskhany et al., antibiotics
(Dahms, 2014) can influence populations, assemblages and
ecosystems (Figure 1C). The range of topics in this special issue
suggests the definition for marine pollution should be expanded to
include the individual and interactive impacts of these substances
with other forms of pollution from energy transfer (e.g., heat, noise
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and light) and artificial structures (e.g., sea cages, oil rigs, coastal
infrastructure) or from the construction of marine artificial
structures (e.g., sea cages, oil rigs, coastal infrastructure).

Melbourne-Thomas et al.; Georgiades et al.. We also highlight
that the high uncertainty about effects of multiple substances
entering the marine environment has important repercussions
for developing effective monitoring, management, and
mitigation solutions.

EFFECTS OF POLLUTANTS AND
THEIR IMPACTS

Nutrient Enrichment

High nitrogen and phosphorus concentrations are common
sources of pollution in the marine environment, with inputs
derived from various point and diffuse sources. Resultant
eutrophication has many undesirable ecological eftects, for
example phytoplankton blooms and/or shifts toward noxious
cyanobacteria (Wurtsbaugh et al., 2019), replacement of
ecosystem engineers including kelps and scleractinian corals
with structurally less complex foliose or turf-algae (ID’Angelo
and Wiedenmann, 2014; Strain et al., 2014) and increases in the
occurrence and severity of marine diseases. Most devastatingly,
nutrient pollution has been linked to low levels of dissolved
oxygen in marine environments, or hypoxia conditions which
create large areas devoid of macrofauna, due to emigration or
mortality, leading to the creation of dead zones (Altieri and Diaz,
2019). Understanding the impacts of nutrients, through time and
across multiple locations and marine habitats remains an
ongoing challenge in marine science.

Heavy Metals

Heavy metals (the group of metals and metalloids of relatively
high atomic mass, that can cause toxicity problems) are primarily
brought into marine environments through industrial, urban
runoff and shipping activities, where they disperse into the water
column or are incorporated into sediments (Birch, 2017). Some
metals such as Fe, Zn and Cu play vital roles in marine
organism’s metabolism and only become toxic at high
concentrations. Other metals, including Hg, Pb, Cd and Cr are
detrimental to marine organisms even at low concentrations. As
pollutants, heavy metals have known effects on the physiological
and individual performance of seaweeds (Baumann et al., 2009;
Costa et al., 2020), invertebrates (Fowles et al., 2018) and
invertebrates with knock on effects on fishes Tamburini et al.
In sheltered locations, heavy metals are particularly hazardous
pollutants in the marine environment because they do not
degrade and can bioaccumulate through the food chain with
potential detrimental effects to human health via consumption of
contaminated seafood (Lavoie et al., 2018). Rare earth elements
(e.g. lanthanides and + yttrium) and nanoparticles of Ag, ZnO
and TiO have also been increasingly detected in the marine
environment (Gwenzi et al., 2018). However, the extent and
impact of these rare elements and nanoparticles on marine

organisms and ecosystems have yet to be determined (Piarulli
et al., 2021).

Persistent Organic Pollutants

POPs are a broad range of organic chemicals that are persistent,
bioaccumulative and toxic substances in the environment and
include some polycyclic aromatic hydrocarbons (PAHs). They
are a relatively diverse group of pollutants derived from multiple
sources. For example, PAHs are mainly derived from activities
related to the petrochemical industry, combustion, and oil spills
(Ghosal et al., 2016). These chemicals have an extremely long
half-life in the marine environment and have been found from
coastal beaches to the deepest ocean trenches (Jamieson et al.,
2017). POPs accumulate in the tissues of marine flora and fauna,
where they may cause damage, with effects exacerbated via
bioaccumulation and biomagnification in marine food webs
(Andrady, 2011; Matthies et al., 2016). There is increasing
scientific interest in the presence of newly identified POPs in the
marine environment such as perfluoroalkyl and polyfluoroalkyl
substances, polychlorinated naphthalenes, flame retardants and
paraffins (e.g. Lee et al.). Often the use of these emerging
compounds has not regulated and their effects on the
surrounding marine environment are still being investigated.

Plastic Debris

Inefficient land-based waste management and human negligence
have led anthropogenic litter entering and accumulating in the
marine environment. Plastic litter is omnipresent across polar
regions to the equator and persistent in the marine environment
both in the water column and sediments (Barnes et al., 2009;
Rosevelt et al., 2013). More than 200 species, including marine
megafauna such as seabirds, cetaceans, pinnipeds, and sea turtles,
are negatively affected by large plastic debris through
entanglement or ingestion (Derraik, 2002; Gregory, 2009). The
smaller particle size may pose greater risk, as the particles can be
ingested by a wider range of invertebrate and vertebrate species,
enter the food chain and transfer across different trophic levels (de
Souza Machado et al., 2018). Recent research has demonstrated
that microplastics (plastic particles between 1 pm and 5 mm) can
have physical, chemical, and biological impacts on organisms
either directly or indirectly through associated additives
(plasticisers) and adsorbed chemical contaminants. Adverse
effects include physical damages such as obstructions, abrasions
and inflammation and physiological alterations such as decreased
food consumption, weight loss, decreased growth rate and
fecundity and energy depletion (Zhang et al., 2019). Despite
growing research interest, the broader ecological effects of
macro-, micro- and nano plastic debris in different marine
compartments and ecosystem remain largely unexplored. Also,
the role of different biological processes in affecting the dynamics
and fate of these particles necessitates further study.

Artificial Structures

Urbanisation of coastal areas (Small and Nicholls, 2003; Strain
etal., 2019), and growth in the blue economy have resulted in the
proliferation of artificial structures (e.g. breakwaters, reefs,
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sewage/storm water outflows and offshore platforms etc) in the
marine environment (Bugnot et al., 2021). Artificial structures
are not traditionally considered a pollutant, but they are included
in the broader definition of pollution established by this special
issue (see definition above). Artificial structures include
contamination associated with the discharge of toxins and
nutrients and increased noise and light pollution (Heery et al.,
2017; Komyakova et al, 2022). These structures frequently
destroy and fragment natural habitats but also provide novel
surfaces for colonising marine organisms (Firth et al., 2016).
Artificial structures can facilitate the establishment and spread of
non-native species (Airoldi et al., 2015, https://research-topic-
management-app.frontiersin.org/manage/17385/manuscript)
and in some cases form ecological traps which reduce organism
fitness (Swearer et al., 2021) and reduce ecological connectivity
by acting as physical barriers to the movement of organisms
within and among habitats (Bishop et al., 2017). Globally it was
estimated that in 2018 the footprint of marine artificial structures
1.0-3.4 x 10° km?* was greater than the extent of some natural
vegetated habitats and predicted to increase by at least 23% over
the next twenty years (Bugnot et al., 2021).

EFFECTS OF MULTIPLE POLLUTANTS
AND SECONDARY FEEDBACK LOOPS

Given the broad connectivity of the marine environment, there is
the general assumption that various forms of marine pollution
will be in some way interactive (Crain et al., 2008; Black et al.,
2015). As the diversity of pollutants in the marine environment
increases, so does the complexity of interactions. Thus, our
ability to interpret and manage such complex and interacting
impacts should be enhanced as well. Complex interactions occur
between mixtures of chemicals (Belden et al.,, 2007) but also
between artificial infrastructure, nutrients, and other sources of
pollution (e.g. Rivero et al., 2013). Although studies on the effect
of multiple pollutants and secondary or indirect pathways are
complex, their outcomes are more realistic and aligned with
management actions (Adams, 2005)

The current challenge is to establish a framework to assess the
effects of multiple pollutants that is realistic and can be used to
guide management decisions. This is partly constrained by the
lack of research on multiple pollutants in urban marine and
estuarine environments (Van den Brink et al., 2019). On a global
scale, research has focussed over the last 10 years on
understanding the effects of individual sources of pollutants
(O’Brien et al.,, 2019), occasionally two pollutants (Black et al.,
2015) but rarely more (e.g. Martin et al., 2021). Climate change,
although not a source of pollution, is also stressor that can
influence the effects of pollution (e.g. Wang et al., 2019) and
should also be considered a component in the context of multiple
stressors and marine pollution research (Cabral et al, 2019,
https://research-topic-management-app.frontiersin.org/manage/
17385/manuscript).

The effects of multiple pollutants are commonly categorised
as additive, antagonistic or synergistic (Piggott et al., 2015).

Additive effects are those where the combined effect is equal to
the sum of their individual effects, antagonistic effects occur
when the interactions between stressors result in a lesser
combined effect and synergistic effects result in an
amplification of effects (Orr et al., 2020). The effects of marine
pollutants can accumulate over time (Jackson et al., 2001) or
occur at different frequencies and intensities making the overall
impacts difficult to predict (e.g. Blasco et al., 2016). A recent
review identified synergistic or antagonistic interactions for
specific chemical combinations were not consistent (Martin
et al, 2021) and often did not exceed the magnitude of the
effect predicted by an additive model (e.g. Boobis et al., 2011).

Another option for understanding the effects of multiple
pollutants is to consider the severity of the impact based on
the magnitude of the interactive effects. The magnitude of the
effect could be measured by the extent of the deviation from the
expected additive model (Martin et al., 2021) or other null
models depending on the stressor mode of action or species
sensitivities (Schifer and Piggott, 2018). For example, an
antagonistic interaction is predicted for nutrients and metal
contamination whereby the effects of the individual pollutants
are greater than the interactive effects. This type of interactive
effect has been shown to occur in coastal marine microbial
communities. However, the direction and magnitude of the
antagonistic interactive effect can change at higher levels of
biological organisation. This approach is useful as it can
identify different magnitudes of the additive, antagonistic or
synergistic interactive effects, and potentially more flexible to
multiple sources and definitions of marine pollution.

APPROACHES TO MONITORING
MARINE POLLUTION

The development of novel techniques and methods is critical for
monitoring the impacts of marine pollutants. Studies on the
effects of emerging and multiple pollutants often require
innovative models, equipment, or methods to detect impacts.
Here we briefly provide an overview of some of the emerging
approaches and techniques that are currently being used or
proposed for monitoring marine pollutants.

Environmental Risk Assessment

Conventional quantitative environmental risk assessment
(ERA) focuses on characterising the exposure and effect of a
specific chemical substances in the environment, with their
ratio used to estimate risk (Environmental Risk Assessment,
1998). In the marine environment, however, organisms are
simultaneously exposed to a cocktail of various anthropogenic
chemicals. This discrepancy between the real environment and
ERA presents a challenge for monitoring and management
(Backhaus and Faust, 2012; Kortenkamp and Faust, 2018).
Recent studies have developed more complicated ERA
frameworks such as (1) summing up the toxicity thresholds
derived from the species sensitivity distribution based on either
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the concentration addition or independent action models and
(2) deriving the mixture toxicity for each species separately
based on the mode of action before fitting species sensitivity
distribution and deriving the overall toxicity threshold.
However, none of methods consider the potential non-
additive interactions among the environmental pollutants
(Warne and Hawker, 1995; Belden et al., 2007). Therefore,
future ERAs probably require a case-by-case assessments of the
interactions between chemicals and other sources of pollution
by trained specialists, instead of using standard protocols for
risk assessments (Heys et al., 2016).

Molecular Approaches and eDNA
Metabolomics, proteomics, and transcriptomics are, high-
throughput technologies that are used for environmental
genomics and eDNA monitoring (Leung, 2018, https://
research-topic-management-app.frontiersin.org/manage/17385/
manuscript). These approaches can be used to detect individual-
level responses (e.g. metabolomics; Jeppe et al.,, 2017; Sinclair
etal,, 2019), populations changes (e.g. eDNA; Smart et al., 2015),
and occasionally community-level effects of pollution (e.g.
metabarcoding; Chariton et al., 2010). More recently, novel
applications that combine multiple molecular approaches to
detect the effects of pollution on ecosystem functioning have
emerged. For example, using metabolomics combined with
metabarcoding to detect the effects of pollution on microbial
community function (Morris et al., 2018). Despite the broad
knowledge and potential use of molecular approaches to detect
impacts that align with management goals, barriers adopting
them in routine monitoring and pollution assessments remain
(Cordier et al., 2021).

Unmanned Platforms

Mooring, satellites, and vehicles have great potential to measure
the effects of marine pollutants over a wide range of spatial and
temporal scales, and in difficult to assess environments including
open oceans and deeper waters (Verfuss et al., 2019; Salgado-
Hernanz et al.,, 2021). However, much of the research on
developing and testing sensors has been targeted to specific
pollutant types and terrestrial settings (e.g. detection of litter
along beaches) (Salgado-Hernanz et al, 2021). In water, the
application of these newly developing technologies is often
limited to specific locations and depths, and subject to
biofouling and maritime growth, which can influence the
measurement outcomes (Verfuss et al., 2019; Salgado-Hernanz
et al., 2021, Part et al.). Further development of sensor
technologies and subsequent reductions in costs, will allow
these platforms to become increasingly important monitoring
tools in marine environments.

Artificial Intelligence/Machine Learning

Machine learning, a subset of artificial intelligence, refers to the
ability of machines to learn and understand relationships
between inputs and outputs from a full set of representative
training samples (He et al., 2021). Monitoring approaches that
use machine learning to monitor marine pollution are still

relatively conceptual, although it is a field of research where
progress is being made very quickly. There have been successful
applications in the context of oil spill detection (Al-Ruzougq et al.,
2020), benthic monitoring (Mohamed et al., 2018) and
monitoring of fish populations (Ditria et al., 2021) while
machine learning has been incorporated widely into
bioinformatics associated with molecular approaches (Cordier
et al., 2017; Fruhe et al., 2021). There is clear application where
monitoring techniques generate thousands of images or video, or
where large data sets are produced. With ongoing improvement
and development in computing and technology, there is clear
potential for progress in this space.

SOLUTIONS FOR MARINE POLLUTIONS

Reducing marine pollution is a global challenge that needs to be
addressed for the health of the oceans and the maintenance of its
ecosystem goods and services. Solutions to reduce marine
pollution at local scales can be applied singularly or in
combination and include 1) detection and prevention; 2)
sustainable management; 3) habitat restoration and
reconciliation. We suggest a combined approach may be more
appropriate given the broadening definition of marine pollution
and the complexity of interactions. Here we explore the application
of these strategies in the context of nutrients enrichment, plastic
litter, and artificial structures. More research in this area is needed to
address the complex interactions between marine pollutants and
the global nature of impacts.

Case Study 1: Nutrient Pollution

Chesapeake Bay is an example of where the combined approach
of scientific monitoring, sustainable management, and targeted
habitat restoration has successfully been implemented to restore
estuarine health (Lefcheck et al., 2018). Concerns about the loss
of large areas of submerged aquatic vegetation (SAV) within the
estuary during the 1970s and 80’s, resulted in development of a
key goals and comprehensive scientific monitoring program for
monitoring changes in water quality through time (Orth et al.,
2017). Local management measures which included reduction of
land-based nonpoint sources, improved design of watersheds,
technological implementation of sewage treatment plants and
restoration of the SAV area in the Bay were applied by multiple
agencies to reduce the amount of nutrients and sediments
entering and concentrating in the Bay (Orth et al.,, 2017;
Lefcheck et al., 2018) A scientific monitoring program
developed and reported on in an “Annual Ecological Report
Card” (AERC) that provides quantitative measurements of (1)
water quality through chlorophyll-a, dissolved oxygen, and
Secchi depth assessments (2) biological measures of
phytoplankton diversity and abundance and (3) quantifies the
area of SAV which are combined to determine performance-
driven numeric grades of the ecosystem health (Bay Health
Index) (Williams et al., 2009). The AERC is important for
communicating the results of the monitoring to decision-
makers and stakeholders (Williams et al., 2009). Through time,
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the AERC has been used to document substantial improvements
in water quality and recovery of tens of thousands of hectares of
SAV in the estuarine with flow on benefits for biodiversity and
other ecosystems services (Lefcheck et al., 2018).

Case Study 2: Plastic Debris

Globally marine plastic pollution has become a significant
environmental concern for multiple stakeholder groups
(Seltenrich, 2015). Effective solutions to reduce marine plastic
debris are still under development at international level, but
focus on combing detection, prevention and sustainable
management using four main categories (Chen, 2015):

1. Source prevention based on the 3R rule (i.e. reuse, reduce and
recycle) and accompanied by land-based management actions
to prevent plastic debris to enter the marine environment;

2. Removal based on the environmental monitoring of the
marine debris followed by local initiatives at both at
institutional and citizenship for plastic clean-up;

3. Regulative and sustainable management frameworks
developing and implementing regulations for production of
single use plastics, litter disposal, reuse and recycling;

4. Educational which covers campaigns to raise societal
awareness and economic/incentive approaches.

The beaches of Cijin, Kaohsiung (Taiwan) have
demonstrated that the reduction, reuse and recycling of
plastics in terrestrial environments can abated the transfer of
these pollutants into marine environments (Liu et al., 2013). In
2001, plastic constituted the 21.1% of household waste (Liu
et al., 2013). In 2002, TEPA developed the Plastic Restriction
Policy under the Waste Disposal Act which prohibited the use
of plastic shopping bags and disposable plastic tableware in all
government agencies and public facilities. Through time, the
quantity of shoppers using recyclable shopping bags increased
considerably, resulting in a substantial reduction of plastic
waste. In 2002 and 2005, Taiwan implemented the Resource
Recycling Act (RRA) and the Compulsory Trash-sorting Policy
(CTP) which required the use of recycling bins in all public
places and encouraged users to sort their waste. An economic
penalty of 1200-6000 NT was applied for unsorted trash. These
policies reduced the waste disposal rate from 2001 to 2010, by
50% (from 0.9 to 0.48 kg per capita) (Liu et al., 2013). Over ten
years, the development and implementation of a stricter waste-
management programs and associated policies has successfully
reduced the amount of plastic debris on the surrounding beaches
by approximately 20% (Liu et al., 2013).

Case Study 3: Artificial Structures

Coastal artificial structures are typically built to protect
infrastructure and assets but can have negative impacts on
natural intertidal habitats (Morris et al., 2019). The artificial
structures in Caress Bush Park, NSW, Australia represent a key
example of where sustainable management or habitat restoration
solutions have been applied during construction to allow natural
processes and tidal inundation to occur (Heath, 2017).

The development contains a mixture of habitats, rock pools,
crevices, mudflats for colonising mangroves and planted
saltmarshes. This simultaneously protects public land from
flooding and erosion and improves native biodiversity (Heath
and Moody, 2013; Strain et al., 2018b) and habitat connectivity
(Strain et al., 2018a). This approach to habitat restoration also
has the potential to restore other ecosystem services (e.g. nutrient
cycling and carbon sequestration), while developing
relationships with the community through educational and
recreational engagement (Heath, 2017).

CONCLUSION

The study of marine pollution has traditionally focused on
understanding the detrimental effects of human wastes and
hazardous substances on living resources, human health, and
activities, at various spatial and temporal scales. More recently,
studies have also considered the input of energy including heat,
light, and noise, and changing environmental conditions (e.g.
acidification), as sources of pollution. Apart from direct
discharges from untreated and partially treated sewage, inputs
of pollutants can also be transferred into the marine
environment indirectly through surface runoff, freshwater
inputs, and atmospheric processes. However, research on
marine pollution is rapidly expanding, this special issue
highlights, new and emerging types of marine pollution, the
complexity of their interactions, and approaches for
monitoring with a specific focus on scientific papers
published over the last five years. We provide three key
examples of solutions to address the hot or emerging topics
in marine pollution, focusing on nutrients, plastics, and
artificial structures. A combination of scientific monitoring,
sustainable management and restoration solutions will be
fundamental to addressing the UN sustainable development
goal 14.1. "preventing and significantly reduce marine pollution
of all kinds” and the UN Decade of Ocean Science for
Sustainable Development (2021-2030) (https://www.
oceandecade.org/) that supports all international efforts to
reverse the cycle of decline in ocean health, making the ocean
cleaner and safer for all.
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