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Abstract

There is a complex interaction between pollution, climate change, the environment and people.
This complex interplay of actions and impacts is particularly relevant in coastal regions, where
the land meets the sea. To achieve sustainable development in coastal systems, a better
understanding is necessary of the role and impact of pollution and the connectedness of the
elements, namely, pollution, climate and the people, as well as associated impacts unfolding in an
integrated social–ecological system (SES). In this context, the enabling capacity of tools con-
necting scientific efforts to societal demands ismuch debated. This paper establishes the basis for
climate-smart socially innovative tools and approaches for marine pollution science. The goal of
developing a set of innovative tools is twofold: first, to build on, integrate, and further improve
the well-founded strengths in diagnosis and process understanding of systemic environmental
problems; and, second, to provide decision-making with usable information to create actionable
knowledge for managing the impact of marine pollution on the SES under a changing climate.
The paper concludes by establishing the scope for a ‘last mile’ approach incorporating scientific
evidence of pollution under climate change conditions into decision-making in a SES on the
coast. The paper uses case studies to demonstrate the need for collaborative tools to connect the
science of coastal pollution and climate with decision-making on managing human activities in
a SES.

Impact statement

Coastal regions are relevant because of the physical complexity of landmeeting the ocean. At the
same time, coastal development is an important element of the ocean economy. In recognition of
this aspect, the 2030 Agenda for Sustainable Development and its SDG #14 call for the following
priority actions: reducing marine pollution, particularly from land-based sources, litter, haz-
ardous substances and nutrients. To achieve sustainable development in coastal systems, a better
understanding of the role and impact of pollution and the connectedness of the elements,
namely, pollution, climate and the people, as well as associated impacts unfolding in integrated
social–ecological systems is necessary. Science is called upon to investigate the transport
pathways of pollutants and nutrients from sources on land, through rivers and the air, to coastal
waters, the open ocean, and its seafloor, as the final sink. It is also called upon to build on thewell-
founded strengths in diagnosis and process understanding of systemic environmental problems.
In this paper, we provide a framework vision for coastal pollution information services, tools and
toolboxes to support sustainable development and healthy ocean areas, whilst drawing from
fundamental natural and physical science expertise as well as transdisciplinary science. We seek
to justify the enabling capacity of tools connecting scientific efforts to societal demands. We
propose an innovative framework for developing an iterative process for the development of
coastal pollution information services, tools and toolboxes to overcome the pollution–climate–
people complexity in social–ecological systems. To ensure that the approach will be useful for
practitioners in the management domain, we propose a participatory process for mapping
multiple perspectives and user needs thatmay not have direct links to pollution science products.
Therefore, the framework will have an impact on the work of coastal managers and planners
tackling current sustainability challenges.

Introduction

During the 2020 World Forum for Democracy, the UN Secretary-General (António Guterres)
declared a triple planetary emergency caused by three connected crises: a climate crisis, a nature
crisis and a pollution crisis (Guterres, 2020). Rockström et al. (2009) similarly highlight persistent
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pollution, alongside biodiversity loss and climate change, as three
instances where planetary boundaries have been exceeded beyond a
‘safe operating space for humanity’. The planetary crises interact in
multiple ways, increasing the risk of environmental degradation,
and exceeding planetary boundaries. Coastal regions are unique for
the physical interaction of land with the ocean, and coastal devel-
opment is an important element of the ocean economy as part of a
very complex land–ocean system (Winther et al., 2020). The Sus-
tainable Development Goal (SDG) #14 of the 2030 Agenda for
Sustainable Development, a key goal to improve the state of the
oceans, calls for prioritising actions in reducing marine pollution
from land-based sources, litter, hazardous substances and nutrients
(United Nations, 2015). Likewise, European Union member states
are committed to achieving good environmental status of marine
waters, ‘where these [waters] provide ecologically diverse and
dynamic oceans and seas which are clean, healthy and productive’
(European Parliament and the Council of the European Union,
2008). In eight of 10 cases, marine pollution originates from land-
based sources (Blümel et al., 2021). The three main land-based
sources of marine pollution are the following: land-based industry,
sea-based industry withmainland connection andmunicipal-based
industry (Willis et al., 2022).

The interactions between marine pollution, climate change and
people in coastal and marine ecosystems must be recognised and
better understood (Schiedek et al., 2007). This includes sustained
and novel scientific exploration of pollution pathways from sources
on land, through rivers, and the air, to coastal waters, the open
ocean, and its seafloor, as a sink of nutrients and pollutants. These
complex pathways cannot be understood without considering the
role of humans and their many, often conflicting, extractive and
non-extractive activities in the ocean and coastal systems. The
relationship between pollution pathways and the long-term fate
of pollution, climate change and the ongoing and increasing human
interest in a multi-use and connected coastal and ocean landscape
forms a locus for a complex coastal social–ecological system (SES)
(Refulio-Coronado et al., 2021). The scientific understanding of
marine pollution is inseparably connected to the inevitable impacts
of climate change within the Anthropocene (Cabral et al., 2019).

Marine pollutants, such as natural or human-made substances
or energy introduced by humans into the environment (United
Nations Environment Programme, 1982), include a variety of
physical, chemical and biological substances that negatively affect
ecological systems once they occur at scale, exceeding a certain
threshold. River basin drainage and direct point sources are often
the primary pathways for land-based sources. They account for
about 80% of global marine pollution (Cabral et al., 2019). Marine
pollutants have harmful effects on the organisms living in the
marine environment and on the natural environments (United
Nations Environment Programme, 1982; United Nations, 2015;
Willis et al., 2022). In this article, we focus on persistent organic
pollutants (POPs), a subset of substances that are bioaccumulative,
toxic and globally distributed due to their persistence and ability to
undergo long-range transport. The adverse effects of POPs on
human and environmental health have resulted in the listing of
30 substances subject to global governance under the UN Stock-
holm Convention (Blümel et al., 2021). Data and information on
the potential impact of chemical pollutants from offshore wind
farms are still scarce. Therefore, the article also focuses on offshore
wind farms as potential new local point sources for pollution.

The objective of the paper is to establish the need for pollution
management tools and approaches that are appropriate for the
interacting impacts of climate and pollution in complex coastal

SESs (Gain et al., 2020; Horcea-Milcu et al., 2020). We create a
theoretical basis and justification for understanding the impact of
climate change and pollution on complex coastal SESs (see
section ‘Understanding the impact of climate change and pollution
on complex coastal social–ecological systems’) by using a semi-
systematic review of scientific literature and 120 peer-reviewed
publications (see Appendix of the Supplementary Material for
papers). We use a qualitative analysis based on an inductive
approach (grounded theory method; Glaser and Strauss, 2017).
Keywords used within bibliographic databases, including Web of
Science (WoS) and Scopus were ‘climate change’, ‘pollution’,
‘coast’, ‘ocean’, ‘marine system’ and ‘social–ecological’ in publica-
tion title, abstract, keyword (Scopus) or Topic (WoS), with no date
limitation. Keywords served as initial filters to find other papers
and branches of interest in a snowball sampling approach. Grey
literature was not considered. In combination with a case study
approach, we relate the academic findings from the review to three
connected propositions: i) there is a need for a system perspective
due to manifold interactions between pollution, the environment
and people (see section ‘A system perspective on pollution, the
environment, and people’); ii) climate change will exacerbate the
feedback and impact of pollution, including already regulated
substances (see section ‘Climate change exacerbating pollution’);
and, iii) the interaction of pollution and climate change impacts
propagates throughout complex coastal SESs (see section ‘Case
studies of pollution and climate change impacts in complex coastal
SESs’).We also relate the propositions to a diversity of cause–effect
relationships, and interconnectedness of the SDGs of the 2030
Agenda for Sustainable Development. This paper proposes the
need for climate-smart socially innovative tools and approaches
for managing pollution in a changing climate and for achieving
sustainable development (see section ‘A social–ecological systems
perspective on Sustainable Development Goals, pollution and
climate change’). These include coastal pollution information
services, tools and toolboxes to overcome the pollution–climate–
people complexity in SESs (see section ‘Climate-smart socially
innovative tools and approaches’). To support societal transform-
ation under climate change, we need socially innovative tools and
approaches that connect the complexity of pollution science
with the complexity of coastal SESs (see section ‘Towards
societally relevant tools and approaches in support of sustainable
development’).

Understanding the impact of climate change and pollution
on complex coastal social–ecological systems

A systemperspective on pollution, the environment andpeople

Humans interrupt the functions and processes of ecosystems in
many ways through economic activities, amongst others. Pollution
of soils andwater degrades food systems, which can affect the ability
to feed present and future society (Passarelli et al., 2021). Watson
et al. (2016) pointed out that poor regulatory management of
pollution often results in human health impacts, economic losses,
or ecosystem degradation. Lotze et al. (2018) identified marine
pollution as one of the top four threats to the marine environment,
followed by fishing, habitat alteration and climate change. Pollution
and fishing are longstanding problems in the marine environment
that often receive widespread media attention (Lotze et al., 2018).

Coastal regions provide valuable ecosystem services but are also
sensitive and vulnerable to environmental changes (Ramesh et al.,
2015; Lu et al., 2018). The introduction of hazardous substances,
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such as one of the POPs, represents a major threat to marine and
coastal processes. Chemical pollution and pollution from other
‘novel entities’ could potentially generate unacceptable environ-
mental change. It has been projected that the planetary boundary
for chemicals, in general, has already been exceeded (Persson et al.,
2022). Similarly, Cousins et al. (2022) reported on the exceedance of
boundaries for an individual class of organic pollutants, per- and
polyfluoroalkyl substances (PFAS) (Cousins et al., 2022).

Climate change negatively impacts individual species, trophic
groups, habitats and coastal ecosystems. These impacts often have
an additive or synergistic effect that amplifies other environmental
changes caused by human activities (Gissi et al., 2021). Climate
change is also substantially altering the chemistry of the oceans,
which is affecting the nutritional ecology of marine biota in add-
ition to the physiology and health of the ecosystem. There is also
evidence that climate change results in altered contaminant loads in
fish andmarinemammals, with concomitant declines in nutritional
value to humans (Alava et al., 2017).

These manifold interactions between pollution, the environ-
ment and people pose major challenges to the management of
marine pollution. However, three strategic measures could shift
the trajectory from a polluted marine environment to a healthier
marine environment. These are societal behaviours; equity and
access to technologies; and governance and policy (Willis et al.,
2022). Taking a systemic view of marine pollution, at least two
specific interventions (‘leverage points’) could enhance the trans-
formation towards sustainability (Riechers et al., 2021). Firstly,
international environmental regulations, such as those set under
the UN Stockholm Convention, or climate protection legislation
that addresses the root causes of marine pollution and regulates
negative or unintended effects. Secondly, the application of inter-
and transdisciplinary solution-oriented pollution research in sup-
port of pollution prevention, which engages with a plural of scien-
tific perspectives and a diversity of stakeholders (Riechers et al.,
2021).

Climate change exacerbating pollution

In 2019, climate change contributed to extreme weather events
that caused at least 100 billion U.S. dollars in direct damages.
However, the impacts of climate change are compounded by
changes in SESs associated with displacement, health, security
and food production (Desai et al., 2021). Climate change has
had unforeseen effects on water quality that alters contaminant
loads in fish and marine mammals (Alava et al., 2017). Synergistic
effects between climate change and chemical pollution can either
be dominated by climate change (climate change leads to an
increase in exposure to pollutants) or dominated by chemical
pollution (exposure leads to an increase in vulnerability to climate
change) (Cabral et al., 2019). Interactions of pollutants with
climate parameters such as temperature, precipitation and salinity
affect the distribution, cumulative effects and toxicity of chemical
pollutants. This is particularly true in coastal regions with loca-
lised pollution (Jones et al., 2018).

For example, Wang et al. (2016) have shown that global warm-
ing directly promotes the secondary emission of POPs. In this
context, a global rise in temperature will cause POPs to be released
from soils and oceans. In addition, the melting of glaciers and
permafrost may release POPs into freshwater ecosystems. Global
extreme weather events such as droughts and floods also redistrib-
ute POPs. The key influence here is soil erosion caused by flooding.
Changes in atmospheric circulation and ocean currents have

already significantly affected the global transport of POPs. In
contrast, ocean warming has altered the biological productivity of
the oceans, which has altered the POPs storage capacity of the
oceans (Wang et al., 2016).

Case studies of pollution and climate change impacts in
complex coastal SESs

In this section, we present case studies on the impacts of pollution
and climate change in complex coastal SESs. The first case study is
on POPs and emerging organic contaminants undergoing long-
range transport and their effects remote from sources (Box 1). The
second case study is on chemical emissions from offshore wind
turbines with mostly local or regional effects (Box 2). Both case
studies exhibit multiple cause-and-effect relationships. Each case
concludes with an assessment that outlines the positive and nega-
tive effects of pollution, and climate change impacts in complex
coastal SESs. The focus is also broadened to include their relation-
ship to theUN SDGs. Although a quality assessment of positive and
negative effects is normative in nature, this approach is useful to
demonstrate the multiple cause-and-effect relationships between
intended and unintended side effects.

Climate change impacts have reached and affected previously
inaccessible and remote areas such as the Arctic and Antarctica
(Teran et al., 2012; Xie et al., 2022b). The remobilisation of
‘cryo-archived’ contaminants is likely to change the extent of
human exposure to contaminants and the response of human
populations to that exposure (Balbus et al., 2013). Thawing perma-
frost threatens to release biological, chemical and radioactive
materials. These all represent legacy pollutants that have accumu-
lated and buried or been covered with ice over centuries (Miner
et al., 2021). Temperature-dependent increases in emissions from
(re-)volatilisation from primary and secondary sources outside the
Arctic are also important. Thus, current and future research will
need to understand the various biogeochemical and geophysical
processes under climate change as well as anthropogenic pressures
to be able to predict the environmental fates and toxicity risk of
POPs and emerging organic contaminants in polar regions (Xie
et al., 2022b; see Box 1).

Another example of complex interactions in a coastal SES can be
found in the relationship between climate change, the need for
clean and renewable energy, and marine pollution. Offshore wind
farms and offshore hydrogen production are considered major
elements of efforts to mitigate energy-related carbon emissions
towards achieving UN Paris Agreement goals (2016). Harnessing
wind for energy generation, particularly from offshore wind farms,
has become a primary renewable energy resource in the marine
environment. The global offshore wind market has developed
rapidly over the past decade. From an initial concentration of
offshore wind constructions in Europe, the majority of new instal-
lations in recent years have been observed in Asia, especially in
China (Global Wind Energy Council, 2022). In Europe, offshore
wind power produces 28GW compared to 55.9 GWworldwide and
the UN has set the ambitious goal of expanding the global offshore
wind capacity to 380 GW by 2030 (Global Wind Energy Council,
2022; WindEurope, 2022).

The impacts and adverse effects of wind turbine technology on
the marine environment have been well-studied, including, noise,
habitat change and bird collision (Carstensen et al., 2006; Larsen,
2007; Busch et al., 2011; Dolman and Jasny, 2015; Kastelein et al.,
2019). However, data and information on the potential impact of
chemical pollutants from turbines in a rapidly developing global
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offshore wind market are only emerging. As for Germany, a zero-
discharge policy applies to offshore wind farm construction; pro-
cedures are established and measures are taken in order to prevent
emissions from turbine operation (BSH, 2015). Similar measures
are stated withinOSPAR guidelines, which consider the approval of
turbine utilisation in line with the marine environment and aware-
ness of their ecotoxicological properties (OSPAR Commission,
2008a, 2008b). Corrosion protection is another critical element
for the sustained operation of wind turbines, with emissions of
metals from galvanic anodes or organic contaminants from

coatings becoming a potential source of pollution (Kirchgeorg
et al., 2018; Reese et al., 2020; see Box 2).

A social–ecological systems perspective on sustainable
development goals, pollution and climate change

The concept of SES as a framework to understand complex and
connected landscapes is not new (Berkes et al., 1998). However, the
SES framework is becoming more prominent in understanding
coastal systems (Lazzari et al., 2019; Lazzari et al., 2020) as an

Box 1. Pollution in polar regions and the risk of climate change.

Polar regions are hotspots of a rapidly changing climate and therefore play a special role in the future of the climate system. As rising temperatures shift chemical
balances and alter both physical and biological conditions in polar regions, there is an urgent need to fill knowledge gaps and provide an understanding of the
biogeochemical cycling of POPs in polar regions in order to develop appropriate management measures for protecting the polar environment (Lohmann et al.,
2007; Nizzetto et al., 2010). In the past twodecades, organophosphate esters (OPEs) have increasingly been used as alternative flame retardants (as replacements of
widely banned polybrominated diphenyl ethers [PBDEs]) and plasticisers on a global scale. Similarly, PFAS have unique properties, resulting in numerous industrial
and commercial applications, from food packagingmaterials to outdoor gear and from the galvanic industry to firefighting foams. Certain PFAS are considered very
persistent and very bioaccumulative (vPvB) and have been widely regulated (Wang et al., 2017). Because all PFAS are, or ultimately transform into, persistent
substances, they are considered ‘forever chemicals’ and even a complete global ban will not lead to a considerable decline in environmental concentrations and
hazards (Cousins et al., 2019). Because of the longevity of OPEs andPFAS large concentrations of the substances have been stored in the earth’s frozen environment,
called the cryosphere. Global warming and thusmelting ice shields, glacier retreat andpermafrost thawingwill expand the relative abundance and concentration of
these substances in the aquatic system, possibly affecting ocean health (Xie et al., 2022a). The Arctic cryosphere is becoming a source of pollutants, such as PFAS,
OPEs aswell as other persistent substances that have been banned long ago. These include, for example, polychlorinated biphenyls (PCBs) and PBDEs (AMAP, 2020;
Joerss et al., 2020). Climate-induced changes in contaminant pathways and fate can result in altered exposure pathways and contaminant levels in polar wildlife.
Future research will need to understand how these changes affect humans, particularly Arctic Indigenous Peoples and Local Communities, for example, via food
consumption (AMAP, 2020; Blümel et al., 2021).

Figure 1 provides an example for feedbacks of reinforcing effects to achieve the SDG #12 and SDG #14.

In this case, sustainable production and responsible application of chemicals in the current production cycle (SDG #12) are juxtaposed with climate change and the
impact on the marine environment from chemicals released (SDG #14). The use of chemicals in existing production cycles places SDG #12 at the forefront of
establishing sustainable industrial design upfront and responsible application of chemicals for production. Environmentally responsible production management
in line with agreed international frameworks will contribute to reducing the release of new and emerging contaminants into themarine environment, thus enabling
a positive intended side effect. As climate change progresses, legacy pollutants will be released into the air, water and soil by climate-induced changes, previously
captured in the ice masses of the polar regions. This in turn can have a significant impact and unintended side effect on the state of the marine environment (SDG
#14), as well as on the health of existing human communities and new settlements as the polar regions become increasingly habitable. The successful mitigation of
climate change (SDG #13) could reduce or limit the extent of pollutant release from polar ice.

Figure 1. Positive and negative pollution effects on Sustainable Development Goals relating to sustainable production and secondary sources.
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approach to integrate and disentangle the complex dynamics
between both social and ecological system components. The frame-
work has recently been applied in several coastal-ocean settings,
such as tourism and fisheries (Lazzari et al., 2021), coastal zone
governance (Delgado et al., 2021), marine pollution (Riechers et al.,
2021) and coastal resilience (Rölfer et al., 2022).

The SESs perspective is suitable to understand the nature of
adaption to climate change (Salgueiro-Otero and Ojea, 2020). The
concept of SESs is closely linked to sustainability research (Horcea-
Milcu et al., 2020) and numerous recent studies have highlighted
the need for transformative knowledge and action towards

achieving sustainability goals in coastal areas and the SESs in their
entirety (e.g., Charli-Joseph et al., 2018; Folke et al., 2021; Rölfer
et al., 2022). To produce such transformative knowledge, such as
the identification of management solutions that can tackle sustain-
ability challenges, the dynamic interplay of system components and
processes in SESs must be established, and potential positive and
negative effects, such as those highlighted in Section ‘Case studies of
pollution and climate change impacts in complex coastal SESs’,
must be identified. For both case studies, there are relationships,
intended and unintended effects, between the pathways and fate of
pollution, climate change, and the roles and responsibilities of

Box 2. Offshore wind farms as potential new point sources for pollution.

The gradual expansion of offshore wind farms to meet energy production needs are subject to significant, economic, social and ecological concerns worldwide
(Mangi, 2013; Wiser et al., 2021). There is substantial scientific uncertainty regarding the magnitude of offshore wind energy impacts on birds, marine mammals’
ecosystem functions, and structures across the seabed andwater column (Galparsoro et al., 2022). Furthermore, the potential chemical emission sources of turbine
structures are varied and pose a risk to multi-use opportunities of shared ocean space (Schultz-Zehden et al., 2018), as well as to food webs and human health.
Corrosion protection of wind turbines is a potential source of chemical emissions, especially from commonly used galvanic anodes. These are designed to release a
combination of the alloying elements aluminium and zinc the rare (and technology-critical) elements indium and gallium, which are added for improved corrosion
prevention. In addition, the anodes also contain incidental impurities, such as the eco-toxic elements cadmium and lead. Even though no acute toxicity of dissolved
galvanic anodes was observed for bacteria (Bell et al., 2020), biological effects were observed for amphipods and oysters (Levallois et al., 2022). The interaction of
multiple stressors, such as cadmium exposure and noise, has been shown to have an effect on lobsters (Stenton et al., 2022), making it even more challenging to
predict the effects of small changes in concentrations of a contaminant in themarine environment. The impact of climate change itself could increasemetal release
and the mortality of biota inhabiting wind farms due to higher water temperature and lower pH (Voet et al., 2022). The current scientific monitoring of emissions
from offshore wind farms is very scarce, and the effects of emissions are nearly impossible to predict. However, there is an increasing risk to the multiple uses of
ocean space, which is facing increasing demand in economic strategies (Schultz-Zehden et al., 2018; Schupp et al., 2019; Blümel et al., 2021).

Figure 2 provides an example for feedbacks of reinforcing effects to achieve the SDG #7, SDG #13 and SDG #14.

In this case, there are interlinking causes and related effects between climate change and clean energy goals (SDG #13 and SDG #7), and reducing chemical pollution
in the marine environment (SDG #14). This results in a complex relationship between the societal need for energy production, and actions to mitigate climate
change. Similarly, potential new sources of pollution are emerging in an environment highly desirable for economic development. SDG #7 aims to achieve access to
affordable, reliable, sustainable and modern energy. Offshore wind farm developments, as outlined in the previous section, play an important role in fulfilling this
goal, resulting in an intended effect. Furthermore, SDG #13 calls for an urgent reduction in greenhouse gasses to combat climate change and its impacts. To achieve
this goal, greenhouse gas emissions need to be limited and economies need to be shifted from their reliance on fossil fuels towards carbon neutrality. This is
essential for meeting climate targets formulated by the UN Paris Agreement and to limit global warming to well below 2°C, but preferably to 1.5°, compared to pre-
industrial levels. It is also needed for strengthening resilience and adaptive capacity to respond to climate-related hazards and natural extreme events. The
expansion of offshore wind farm developments in turn will have an unintended side effect on themarine environment and will therefore affect the aim of achieving
SDG #14. This is because offshore wind turbines function as chemical point sources of chemical emissions.

Figure 2. Positive and negative effects in regard to achieving the Sustainable Development Goals relating to clean energy from the sea versus new point sources.
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humans in complex coastal SESs. The case studies are presented to
demonstrate the intertwined nature ofmarine pollution; the exacer-
bating influence of climate change, which is sometimes subject to a
normative assessment of political priorities and societal demands;
and an increasing need to manage these compounding effects and
impacts as part of an SES. It has already been shown that sustain-
ability, expressed in the terminology of the SDGs, is connected
(Bhaduri et al., 2016). Equally so, and based on the complexity of
climate change adaptation, the issue of managing the sources and
sinks of pollution, compounded by climate change, is a matter best
dealt with by considering the role of humans in SESs. Pollution
management is connected to solutions for climate change and
adaptation options. Climate change both compounds the effect of
pollution, but the mitigation of climate change can also contribute
to further pollution in the marine environment. The global interest
in increasingly harnessing an ocean economy as well as societal
interest is also impacted by the interaction of pollution and climate
change (Bennett et al., 2021).

The case studies demonstrate that potential impacts of pollution
occur on very different levels, resulting in significant uncertainties.
In terms of offshore wind farming, these uncertainties result, for
example, from varying priorities for the expansion of megawatt
capacity of installed wind farm constructions, which are again due
to political and societal priorities. Regarding sustainable manage-
ment of chemicals, uncertainties result from the preparedness of
international industries to agree on and implement common prin-
ciples for sustainable production that allow for minimising the
adverse impacts on human health and the environment. SDGs
and the relationships betweenmarine pollution and climate change
may thus create conflicting management strategies and solutions in
a social system with many possible trade-offs and options for
intervention. Identifying interventions for change that influence
and even steer negative or positive feedback, causing desired or
undesired effects, is a prerequisite to reducing problematic devel-
opments in complex SESs (Nilsson et al., 2018; Riechers et al.,
2021). Understanding the impact of climate change, the connect-
edness of pollution through the release of contaminants from new
point sources in offshore waters and from climate change and
people’s impact on the environment requires innovative tools and
approaches to bridge the gap between scientific efforts and societal
demands.

Climate-smart socially innovative tools and approaches

Given the complex interaction between pollution, climate change,
the environment and people, and the need for an SES perspective
to achieve sustainable development, what tools and approaches
are needed for action? What ‘box of tools’ can reduce complexity
and address the management needs of a range of actors to deal
with the current and future impacts of pollution in a changing
climate? We argue that a distinction between science, synthesis
and management tools is necessary to address different groups
appropriately. The goal of developing climate-smart socially
innovative pollution services (e.g., equivalent to climate services),
tools and toolboxes are twofold. Firstly, it will support the transfer
of a considerable volume of scientific data and information on
pollution to society in order that it may become embedded as
knowledge for decision-making. Secondly, it will provide a range
of scientific services and products to stakeholders and users
responsible for the production and introduction of pollution,
but also to those who must manage the impact of pollution

introduced by humans from land-based activities in the marine
environment.

In this context, social innovation is defined as individuals,
organisations and networks that work to generate, select and insti-
tutionalise novel solutions with specific social goals from numerous
perspectives (Olsson et al., 2017). Social innovation is considered to
be successful when it radically shifts broad social institutions
(economies, political philosophies, laws, practices and cultural
beliefs) that provide structure to social life (Folke et al., 2021). In
terms of the blue economy, it has been proposed that social innov-
ation may contribute to changing behaviour across institutional
settings, markets and public sectors, and enhance inventiveness in
the integration of social, economic and environmental objectives
(Soma et al., 2018). Following the ‘European research and innov-
ation roadmap for climate services’, a climate and information
service is the transformation of climate-related data – together with
other relevant information – into customised products, such as
projections, forecasts, information, trends, economic analysis,
assessments (including technology assessment), counselling on best
practices, development and evaluation of solutions useful for the
society at large (European Commission et al., 2015).

As the compounding effects of climate change in marine pollu-
tion research is a key research gap, we will assess and propose an
iterative process for developing coastal pollution information ser-
vices by deriving the framework and by looking at a set of 14 tools
(Figure 3 and Appendix of the Supplementary Material). In this
regard, it is important to build on the well-founded strengths in
diagnosis and process understanding of earth system environmen-
tal problems (German National Academy of Sciences Leopoldina,
2022; see Figure 3). It is also necessary to advance the creation of
multiple-use concepts based on scientific evidence as well as
science-based approaches to solving complex problems geared
towards science-based solutions for a sustainable coast in 2050.

The scientific community’s depth of knowledge of pollution
research and the capacity (strength in diagnosis and process
understanding) is well-established (German National Academy
of Sciences Leopoldina, 2022). There is a range of long-term
observations, remote sensing, and modelling capabilities, as well
as lab and field infrastructure available that are fit to provide
diagnosis and in-depth process understanding. In particular, the
analysis and assessment of human pressure and singular uses are
widely available. Whilst there is some experience in the inter-
action with stakeholders, science is asked to interact with a wide
range of users (green boxes, Figure 3). The contemporary chal-
lenge, in the face of global change and the need for sustainability, is
to produce scientific outputs and the scaling up and bringing
together of forecasting and predictive capabilities beyond analysis.
Here, the exploration of ‘what-if’ scenarios in a scientifically
sound manner will be based on reconstruction and projection.
These scenarios will align with societal demands and policy
options, for example, in managing and planning current energy
transitions. The goal is to create solution-oriented knowledge
relevant to a various stakeholders and their decision-making
context (orange boxes, Figure 3).

We are proposing that there is a need for the scientific com-
munity dealing with marine pollution to consider a range of
solutions in the form of services, tools and approaches that can
be co-produced with stakeholders (blue boxes, Figure 3). Design-
ing management and policy-making solutions for existing and
emerging pollution challenges within an SES with compound
environmental and social challenges are rooted in contemporary
trans-disciplinary approaches (Celliers et al., 2021b). These

6 Marcus Lange et al.

https://doi.org/10.1017/cft.2023.11 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2023.11
https://doi.org/10.1017/cft.2023.11
https://doi.org/10.1017/cft.2023.11


approaches often encompass various forms of co-production,
including an interdisciplinary team of scientists and societal act-
ors. This will ensure optimal interest and use by various actors
involved in the direct and indirect impact of marine pollution.
Vice versa, a process will be implemented taking up the gain of
knowledge into further advancement of diagnosis and process
understanding capabilities.

The complexity of pollutionmanagement in SESs requires a ‘box
of tools’ (including science, synthesis and management tools)
intended, first, for stakeholder use and the provision of both
hind- and foresight analysis of impacts, and second, for the iden-
tification of ‘leverage points’ (interventions) to minimise negative
feedbacks (Meadows, 1999). The identification of these interven-
tions is ensured by a combination of approaches of stakeholder
interaction and structuring of findings in appropriate detail. This
approach has gained particular attention over recent years in
coastal systems (e.g., Fanini et al., 2021; Riechers et al., 2021) and
in relation to climate change (e.g., Rosengren et al., 2020; Egerer
et al., 2021). A broad range of tools can be used to connect the
constantly increasing scientific understanding of the fate and
impact of pollution and the compounding impact of climate change
with societal actors in an SES. The table in the Supplementary
Material summarises possible tools and approaches usable for
transdisciplinary co-production in connecting pollution science
to society, decision- and policy-makers (Appendix of the
Supplementary Material).

Towards societally relevant tools and approaches in support
of sustainable development

In this paper, we highlight the complex interaction between pollu-
tion, the environment and people. It became clear that climate
change will exacerbate the feedback and impact of pollution on
SESs. There is also an increasing need to understand complex
coastal SESs through the lens of pollution. This means that it is
increasingly necessary to understand the role and impact of

pollution on the entire system as it is itself impacted by climate
change. The impact of climate change, the connectedness of SES
elements, namely, pollution, climate and the people, the science of
pollution and a new emphasis on social innovation require new
tools to bridge the science-society gap: that is the ‘last mile’ between
the scientific products and outputs, and their use in society (Celliers
et al., 2021a).

In the ‘last mile’ moment of the ‘pollution–climate–society’
nexus, social innovation is fundamentally linked to technical and
scientific solutions. This is also an opportunity to consider the
critical importance of understanding the flow of scientific data on
the sinks and sources of pollution, and its long-term fate, through
complex societal processes with often nonlinear decision-making.
In an SES, the objective of the ‘last mile’ moment is to identify a
range of processes and approaches, that result in specific and
bespoke products for users in the management domain and for
users in the production of chemical pollutants. The application of
the tools concludes with better and wiser decision-making related
to pollution management. For example, a participatory modelling
process for mapping the perspectives of pollution-affected stake-
holders, including a pre-analysis of the most relevant stakeholders
in the management domain and their specific management needs
that may not have direct links to pollution science products. The
social innovation that is proposed as part of the solution to
ongoing pollution impacts, may also be useful in addressing the
tension between the negative feedback between the SDGs: in
particular, the interactions between SDG #14 and SDG #13 (‘cli-
mate action’), and SDG #7 (‘ubiquitous, affordable, reliable clean
and modern energy’). The globally promising and most discussed
part of the ‘solution’ for reducing carbon emissions, based on
marine renewable energy, is presented as the development of
offshore wind farms. The expectation is that governance systems
become fit to create the enabling conditions for making offshore
wind energy an important contributor to achieving climate and
renewable energy targets (Lange et al., 2018). However, unin-
tended side effects between the rapid expansion of offshore wind
farms and their possible impact as a source of (heavy) metal

Figure 3. An iterative process for developing coastal pollution information services, tools and toolboxes to support the sustainable development of coastal and ocean areas.

Cambridge Prisms: Coastal Futures 7

https://doi.org/10.1017/cft.2023.11 Published online by Cambridge University Press

https://doi.org/10.1017/cft.2023.11
https://doi.org/10.1017/cft.2023.11
https://doi.org/10.1017/cft.2023.11


pollution need to be considered. These impacts require careful
negotiation of management solutions for planning spatial
resources. Participatory approaches, which are necessary for
co-developing tools tailored to serve defined user needs, will help
facilitate reaction to the impacts of unintended side effects. There
are several winners and losers regarding offshore wind farms. The
right balance amongst different interests requires both technical
solutions and social interventions regarding resource needs, bio-
diversity, human and ecosystem health and planning of spatial
resources. The social interventions assume the need for an inter-
and transdisciplinary approach (Adler et al., 2018; Tsatsaros et al.,
2021) and the use of a co-production framework (Briley et al.,
2015; Bremer et al., 2019; Chambers et al., 2021). The specific
methodology is dependent on the agreed objective of the activity
and on the objective related to the scope of pollution research, the
products of the science andmanagement, or the operational needs
of stakeholders.

The expected outcome of a new combination of socially innova-
tive tools and approaches is to co-produce pollution information and
knowledge products that can support the transformation to sustain-
ability. Such combinations of tools (toolboxes) intend to guide
regulation, monitoring and assessment of pollution and ecosystem
health in coastal regions, which is subject to increasing demands and
competing stakeholder interests (e.g., offshore wind farms, aquacul-
ture, new multi-use concepts, tourism and recreation, shipping,
fishery) in a rapidly changing climate. While the science needs to
continue exploring regional to global pollution monitoring, assess-
ment andmanagement, regulators also need bespoke information on
the environmental pressures and risks posed by (new) pollutants and
their complex interactions within the SESs. As such, scientific prod-
ucts and outputs form the input to co-production processes, aligning
with key stakeholders’ needs. The increased efficiency and greater
relevance of the science-to-policy process can make a greater contri-
bution to achieving a good environmental status in the oceans and
seas, as proposed by the European Parliament and the Council of the
EU (European Parliament and the Council of the European Union,
2008). The process is alsomeant to improve the state of the ocean by
fulfilling the SDGs included in the 2030 Agenda for Sustainable
Development (United Nations, 2015).
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