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Marine plastic pollution (MPP) has emerged as a global sustainability challenge

with environmental, social, and economic consequences. This has inspired

action at every scale of governance—from the local level to international

institutions. However, policy and management efforts have been reactive and

ad hoc, resulting in concerns about their efficacy, cost, and unintended

consequences. To adequately address MPP and its global impacts, a

systematic, evidence-based approach is needed. Seascape ecology, a

subdiscipline of landscape ecology, is an interdisciplinary system science

focused on the reciprocal relationship between the patterns and processes

that shape seascapes. In this paper, we define the plastic-scape as all the

social-ecological systems that interact with plastic (as a product and pollutant),

the drivers and pathways of MPP, and the natural and human environments

impacted byMPP. We then demonstrate the ways in which principles, methods,

tools, and transdisciplinary research approaches from seascape ecology can be

applied to better understand the plastic-scape, inform future MPP research and

improve management strategies.
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1 Introduction

Marine plastic pollution (MPP) is an urgent sustainability challenge. In 2016 alone,

between 19.3 and 23.4 million metric tons of plastic entered aquatic ecosystems (Borrelle

et al., 2020). This pollution has environmental, economic, and social consequences

(Beaumont et al., 2019), which have inspired global stakeholder action (Xanthos and

Walker, 2017; Schnurr et al., 2018). Still, even if these ambitious actions are achieved,

plastic pollution emissions will continue to rise due to increased production (Borrelle

et al., 2020). As MPP continues to increase, so will its social, ecological, and economic

consequences (Beaumont et al., 2019).
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Current management efforts for MPP are often ad hoc,

without consideration for decision-makers’ goals, scale of

governance, context of implementation, or systematic

coordination across scales and sectors (Excell et al., 2018).

Intervention efficacy is rarely evaluated and evaluated

interventions report mixed outcomes (Excell et al., 2018). For

example, bag regulations are among the most popular policies

for plastics across the globe, yet less than half have been

evaluated for effectiveness in reducing bag consumption, and

40% of evaluated policies have achieved little to no impact

(Excell et al., 2018). In general, the effectiveness of popular

interventions—bag bans and levies, deposit refund schemes, and

dumping fines—are condit ional on the context of

implementation, including governance, socio-economic status,

and environmental conditions (Lavee, 2010; McIlgorm et al.,

2011; Oosterhuis et al., 2014; Excell et al., 2018).

Effectively implemented policies may still fail to reduce

MPP. Research has shown that even if the most ambitious

global commitments are achieved, annual plastic emissions

will continue increase due to increased production driven by

global development and population growth (Borrelle et al.,

2020). This indicates that the suite of solutions being

implemented are largely insufficient for addressing the primary

sources and environmental pathways of MPP.

Finally, effective policy must ultimately reduce the social and

ecological consequences of MPP, which depend on how MPP

interacts with social and ecological communities. Not all

ecosystems are equally vulnerable to MPP, and marine regions

vary in their social and economical importance (Murphy et al. in

review; Beaumont et al., 2019; Armosǩaitė et al., 2020). As a

result, policy effectiveness should not only be measured by MPP

reduction, but also by social-ecological outcomes.

Failure to mitigate MPP and its consequences through

current efforts has fueled calls for transformative, system-wide

change along the entire plastics’ life cycle (Borrelle et al., 2020;

Raubenheimer and Urho, 2020). This will require action across

scales of governance that not only consider policy objectives, but

also feasibility, cost, trade-offs, and efficacy for mitigating the

social, ecological, and economic consequences of MPP

(Tessnow-von Wysocki and Le Billon, 2019; Murphy et al.,

2021; Helm et al., 2022). This approach must 1) be

transdisciplinary, 2) be multi-scale, 3) be spatially-explicit, and

4) encompass the entire plastic-scape—which includes all the

governance systems, human actors, and ecological components

(i.e., abiotic, and biotic processes) that contribute to patterns of

plastic production, use, and pollution, as well as the interactions

betweenMPP and human and natural communities that drive its

social and ecological consequences (Figure 1).

Landscape ecology (LE) provides a spatially explicit, multi-

scale approach for understanding social-ecological landscapes

that is well-suited for MPP research and management (Wu,

2013; Opdam et al., 2018). LE draws on natural and human
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ecology, geography, history, economics, and wildlife

management to understand the relationship between pattern

and process in the environment (Risser et al., 1984; Wu, 2013).

Historically, European LE focused on human landscapes and

solutions-oriented questions, while North American LE aimed

to advance quantitative methods for understanding natural

systems (Wu and Hobbs, 2002). The integration of these

approaches provides theory, principles, methods, and tools for

studying complex and spatially explicit environmental

challenges (Wu, 2013). Additionally, LE’s contributions to

sustainability science, environmental management, and

conservation demonstrate its value in achieving conservation

outcomes (Wu, 2006; Opdam et al., 2018).

More recently, seascape ecology (SE) has emerged (Pittman,

2018). Like LE, it is well-suited to support sustainability science

and has informed several marine conservation issues (e.g.,

habitat restoration, marine planning), but its application to

MPP has been limited (Fraschetti et al., 2009; Stamoulis and

Friedlander, 2013; Rees et al., 2018).

SE offers a multi-scale approach for understanding and

evaluating the plastic-scape (Cumming et al., 2017; Opdam

et al., 2018). Below, we explore opportunities for applying SE

to MPP research and management.
2 The seascape ecology approach

A seascape ecology approach can help address the

shortcomings of the current approach by providing a framework

that 1) is spatially explicit, to account for context of implementation,

2) is holistic and multi-scale, to ensure that the sum of individual

interventions is enough to address this global challenge, and 3)

integrates social and ecological outcomes.

The maturation of SE has promoted the emergence of

seascape specific principles, tools, and methods to capture the

dynamic and three-dimensional structure of the seascape, which

is necessary for understanding MPP (Wedding et al., 2011;

Kavanaugh et al., 2016; Lepczyk et al., 2021; Swanborn et al.,

2022). It has also sparked interest in novel research priorities—

seascape connectivity; seascape goods and services; ecosystem-

based management; and applications for marine management

(Pittman et al., 2021). This has driven novel approaches for

evaluating these seascape components, which are important

aspects of the plastic-scape that have been difficult to quantify

(Grober-Dunsmore et al., 2009; Halpern et al., 2010; Barbier and

Lee, 2014; Urlich et al., 2022).

Landscape sustainability science, another emerging

subdiscipline, aims to understand how landscape structure and

elements influence the sustainability of real-world landscapes,

including biodiversity, ecological processes, ecosystem services,

and human wellbeing (Wu, 2021). To center human dimensions

of the landscape, the landscape sustainability science framework
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captures a broader set of landscape pattern drivers than

traditional LE—socioeconomic, political, technological, natural,

and cultural—all of which are important in the plastic-scape

(Bürgi et al., 2005). Further, landscape sustainability science is

inherently transdisciplinary and applied. Therefore, approaches

from this field can be used to inform transdisciplinary research

and management approaches for the plastic-scape (Wu, 2021).

Below, we describe the ways SE principles can inform our

understanding of the plastic-scape, describe applicable methods

and tools for evaluating the plastic-scape, and discuss how LE
Frontiers in Marine Science 03
and SE transdisciplinary research approaches can improve

research and management.
2.1 Concepts from seascape ecology

2.1.1 Heterogeneity and
pattern-process relationships

Heterogeneity is the spatial variation—or patterns—in a

seascape, represented as patches or gradients (Wu, 2012;
FIGURE 1

A conceptual model of the plastic-scape. The first set of social and ecological components and processes drive the creation and distribution of
marine plastic pollution. The second interact with marine plastic pollution to drive the social-and ecological impacts of marine plastic pollution.
Finally, marine plastic pollution and its impacts drive management actions that can act along the entire plastic-scape. The social and ecological
components of the plastic-scape also interact with and influence each other.
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Pittman, 2018). Composition relates to the number and

proportion of patch types, while configuration relates to their

spatial arrangement (Gustafson, 1998).

The plastic-scape is heterogenous in both its social and

ecological dimensions. Patterns in MPP configuration exist,

such as gradients throughout the water column and high-

density patches in the gyres and coastal zones (Eriksen et al.,

2014; Hardesty et al., 2017; Brignac et al., 2019). These patterns

are well-represented in the MPP literature; however, the social-

ecological components of the plastic-scape also have patterns,

making the impacts of MPP on biodiversity, human health,

marine ecosystem services, and human well-being heterogenous

(Barbier and Lee, 2014; Bucci et al., 2020; Phelan et al., 2020).

Heterogeneity in these other dimensions must also be considered

to effectively address MPP and its consequences more broadly.

Processes are dynamic features that create and are influenced

by seascape patterns (Turner, 1989; Boström et al., 2011; Fu et al.,

2011). Seascape connectivity—the movement of living and non-

living material from one location to another—is an important

component of these pattern-process relationships (Hyndes et al.,

2014; Olds et al., 2016; Olds et al., 2018). Most MPP is derived

from land-based sources, which makes understanding land-sea

connectivity and connectivity between human-dominated and

natural ecosystems critical (Napper and Thompson, 2020).

Processes influencing the plastic-scape include all five drivers

from landscape sustainability science—socioeconomic, political,

technological, natural, and cultural (Bürgi et al., 2005).

Socioeconomic, technological, cultural, and political processes

affect the patterns of plastic production, use, management, and

mismanagement in our environment, ultimately shaping the

pathways of plastic leakage (Napper and Thompson, 2020;

Thushari and Senevirathna, 2020). They also influence

patterns of plastic type, shape, and chemical composition in

the ocean (Napper and Thompson, 2020; Thushari and

Senevirathna, 2020). The human processes driving patterns in

the plastic-scape are influenced by the overarching geopolitical

and socio-economic context, such as patterns of human

population density, wealth, and governance (Jambeck et al.,

2015; Borrelle et al., 2020).

Natural processes also drive patterns in the plastic-scape.

Ecological processes (e.g., rainfall, animal movements) influence

patterns of plastic leakage from management sites, such as

landfills (Axelsson and van Sebille, 2017; Ballejo et al., 2021).

Once in the environment, hydrological processes are one of the

primary pathways for transporting terrestrial plastic pollution to

the ocean, making watershed patterns important for informing

patterns of MPP (Lebreton et al., 2017; Windsor et al., 2019;

Correa-Araneda et al., 2022).

Oceanographic processes—currents, tides, and eddies—are

the primary processes driving MP transportation and deposition

in the ocean (Eriksen et al., 2014; Brignac et al., 2019).

Interactions with animals (e.g., ingestion), plants (e.g.,
Frontiers in Marine Science 04
entanglement), bacteria (e.g., biofouling), and human activities

(e.g., clean-ups) also contribute (Ocean Conservancy, 2016;

Kaiser et al., 2017; Jacquin et al., 2019; Ryan, 2020; Sanchez-

Vidal et al., 2021). Understanding the relationship between these

processes and patterns, and which are most important across

contexts, is critical for effective management.

Beyond exploring processes that drive MPP patterns, the

plastic-scape must also integrate the pattern-process relationships

of MPP impacts on human and natural communities. Considering

patterns within the human and natural components of the plastic-

scape can provide insight into the processes that drive patterns of

impacts. For instance, overlaying patterns of MPP and human use

of seascapes (e.g., tourist beaches or fishing areas), may inform

patterns of high MPP impact (Mouat et al., 2010; Leggett et al.,

2018; Beaumont et al., 2019). Currently, this is a significant gap in

MPP research, which would benefit from place-based, seascape

ecology approaches.Ultimately, as the impacts ofMPPdrive action,

these pattern-process relationships should be centered in

management approaches.

2.1.2 Scale and hierarchy organization
Scale is the grain (finest resolution) and extent (total area) of

a seascape. As scale changes, dominant processes and patterns

change (Wu, 2012). To fully understand the plastic-scape,

processes and patterns must be studied across spatial and

temporal scales, and the correct scale for analysis will depend

on the patterns or processes of interest (Figure 2).

At the global scale, particular nations have been identified as

MPP sources, but at finer scales different leakage patterns

emerge, such as high MPP densities near urban centers, rivers,

and landfills (Eriksen et al., 2014; Huang et al., 2020). The

dominant processes driving national leakage patterns are wealth,

governance, and socio-economic status, while infrastructure,

municipal management practices, and local hydrology are

more important locally (Jambeck et al., 2015; Lebreton et al.,

2017; Thushari and Senevirathna, 2020). Spatial and temporal

scales are often linked, with change occurring faster at finer

scales (Westley et al., 2002). Current-driven accumulation of

MPP in oceanographic gyres is a global pattern-process

relationship occurring on the time scale of years to decades,

while finer scale patterns are driven by smaller and faster

oceanographic processes—wave action, eddies, or tides

(Eriksen et al., 2014; Brignac et al., 2019).

Hierarchy theory assumes systems can be divided into

nested levels, where patterns and processes occurring across

scales are part of a single system with cross-scale effects

(Kavanaugh et al., 2016; Allen and Starr, 2017).

Patterns and processes that emerge at different temporal and

spatial scales of the plastic-scape influence each other. For

example, global oceanographic processes are the dominant

processes driving patterns of MPP associated with the gyres.

However, these currents also contribute to local heterogeneity,
frontiersin.org

https://doi.org/10.3389/fmars.2022.980835
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Murphy et al. 10.3389/fmars.2022.980835
such as the variation in MPP density between windward and

leeward coasts (Brignac et al., 2019). Another cross-scale impact

is the influence of national governance and socio-economic

status on local plastic waste management strategies. National

governance and wealth influence the resources, technology, and

funding available to implement local waste management,

ultimately changing local leakage rates (Helm et al., 2022).

Hierarchy theory can also be implemented to understand

management across scales. Policies introduced at one scale of

governance will influence others. For example, China’s National

Sword Policy, which regulates the import of recyclables, affected

U.S. municipalities by decreasing the demand for plastic waste,

ultimately driving local action (Murphy et al., 2020; Vedantam

et al., 2022). Therefore, hierarchy theory provides an approach

for understanding the plastic-scape as a whole and understanding

the influence of interventions across levels of governance.
Frontiers in Marine Science 05
2.2 Methods and tools

SE provides tools, metrics, and methods that can be applied

to the plastic-scape (Wedding et al., 2011; Costa et al., 2018).

Additionally, it provides an ecological framework, technical

skills, and best practices for applying them (Grober-Dunsmore

et al., 2009; Lepczyk et al., 2021; Cumming et al., 2022).

Seascape ecologists employ a breadth of imaging tools—

satellites and aerial photography, drones, boat-based sensors

(e.g., LIDAR), autonomous vehicles, underwater imaging,

benthic mapping, and semi-automated image classification—

that can be used to map and monitor plastics (Costa et al., 2018;

D’Urban Jackson et al., 2020). However, their limited use has

focused on characterizing MPP transport and deposition

(Lebreton et al., 2017; Salgado-Hernanz et al., 2021). MPP

researchers have already called for the broader application of
A

B C

FIGURE 2

Time-space diagrams showcasing the multi-scale nature of the plastic-scape. (A) Provides examples of anthropogenic and natural processes
that drive the spatial arrangement of marine plastic pollution. (B) Provides examples of the social-ecological impacts of plastic pollution.
(C) Provides examples of marine plastic pollution management strategies.
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these methods, in the form of the integrated marine debris

observing system, to develop global MPP maps for long-term

monitoring and management (Maximenko et al., 2019).

SE also provides metrics to quantify characteristics of the

plastic-scape. Spatial pattern metrics are applied to maps to

quantify, characterize, and interpret patterns and pattern-

process relationships (Boström et al., 2011; Wedding et al.,

2011; Pittman et al., 2021). These metrics can be applied to

the plastic-scape to quantify and interpret the distribution of

MPP, the configuration of its social-ecological consequences,

and the effects of management on these patterns.

Finally, SE provides modelling approaches. Network models,

predictive spatial models, neutral seascape models and dynamic

models have been applied to better understand marine

conservation issues, characterize complex connectivity patterns

at management appropriate scales, and simulate management

outcomes under various scenarios (Pittman et al., 2007;

Engelhard et al., 2017; Costa et al., 2018; Stamoulis et al., 2018;

Treml and Kool, 2018; Wedding et al., 2019). We have seen the

value of modeling MPP to understand patterns of MPP leakage

(Lebreton et al., 2017; Borrelle et al., 2020). The application of SE

models will improve the evaluation of interventions, provide

spatially explicit outputs, and allow for multi-scale models.
2.3 Transdisciplinary research
for management

SE transdisciplinary approaches can informmore effectiveMPP

research and management (Pittman et al., 2021; Wu, 2021). First,

research agendas should be co-produced. In SE, practitioners are

being included in discussions about future research agendas, with

their priorities deemed equally important to academics (Pittman

et al., 2021). Though differences between these two groups remain,

areas of agreement provide clear opportunities for collaboration

(Cvitanovic et al., 2016; Dey et al., 2020). Setting a co-produced

research agenda presents an opportunity for aligning the goals of

the diverse group of stakeholders addressing MPP.

SE also provides methods for transdisciplinary research,

including management specific metrics, predictive models to

inform decision making, monitoring approaches, and tools to

evaluate management outcomes (Nassauer and Opdam, 2008;

Pressey and Bottrill, 2009; Olds et al., 2016; Pittman, 2018). The

benefits of these approaches are exemplified by their rapid

adoption in biodiversity conservation, restoration, and

sustainable development (Choi et al., 2008; Opdam et al.,

2018; Balbar and Metaxas, 2019).

3 Future research

Generally, an SE approach should be applied to answer

spatially explicit, place-based questions about patterns in the
Frontiers in Marine Science 06
plastic-scape, and the processes that drive them, with a focus on

informing management. Since MPP is primarily land-based,

characterizing connectivity between terrestrial and marine

systems is critical. Hydrological models have already been

applied to identify MPP leakage patterns and particular rivers

as management priorities (Lebreton et al., 2017; Windsor et al.,

2019; Correa-Araneda et al., 2022). Future research could

explore different scales and processes to identify other

contributors to leakage patterns.

Researchers should also explore how seascape configuration

influences MPP pathways and patterns. For example, certain

habitats act as plastic sinks (Martin et al., 2020; Sanchez-Vidal

et al., 2021). Research on the relationship between seascape

configuration and MPP deposition can be used to predict MPP

patterns and inform management priorities.

Future work could also employ social sensing—the

characterization of human components of the plastic-scape

(Liu et al., 2015). Integration of human activity and social data

into MPP maps and models could provide more insight into

anthropogenic pathways of MPP leakage and the efficacy of

different management efforts.

Finally, research to inform and evaluate management should

be prioritized. For example, researchers can employ predictive

spatial models to compare outcomes associated with various

intervention strategies and inform a multi-scale management

plan that integrates action across levels of governance. SE

approaches could also provide baselines, allowing researchers

to better monitor changes in plastic-scape patterns to evaluate

management efficacy (Maximenko et al., 2019).
4 Limitations

Using the tools of SE, researchers can better understand the

plastic-scape; however, this approach has limitations. The primary

limitation is technological. To date, remote sensing has only been

used to quantify surficial MPP (Goddijn-Murphy andWilliamson,

2019). Additionally, satellite data typically has a resolution of >1

meter, which is too coarse to detect mostMPP. Though alternatives

exist, they can be expensive (e.g., aerial imaging and high spectral

sensors), inconsistent (e.g., thermal infrared sensing), or range

limited (e.g., drones) (Goddijn-Murphy and Williamson, 2019;

Salgado-Hernanz et al., 2021). However, as technology improves

and data collection becomes easier, the value of employing an SE

approach will continue to increase.

Second, land-based pollution is not a research priority in SE

(Pittman et al., 2021). Further, plastic pollution is a non-point

source pollutant with a complex life cycle largely driven by

human activity (Napper and Thompson, 2020). Identifying the

appropriate scope and scale of analyses and actions may prove

challenging. MPP also represents a breadth of pollutants that

have different patterns, processes, and social-ecological
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consequences as they degrade, making MPP less predictable than

other pollutants (Eriksen et al., 2014; Luo et al., 2022).

Finally, more research is needed on integrating human

dimensions (e.g., ecosystem services) into SE models (Barbier

and Lee, 2014; Pittman et al., 2021). Still, LE and SE continuously

adapt to better address applied research questions. Therefore, as

SE is further applied to MPP research and management, many of

these limitations could be addressed.
5 Conclusion

The plastic-scape includes all the human (i.e., governance

systems and actors) and ecological components (i.e., abiotic, and

biotic processes) of the system that contribute to patterns of

plastic production, use, and pollution, as well as the interactions

betweenMPP and human and natural communities that drive its

social and ecological consequences. Failures to effectively

mitigate MPP and its consequences are exacerbated by the

complexity of this system and the ad hoc, reactive nature of

many management efforts. SE provides a novel approach for

researching the plastic-scape informing effective management.
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