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ARTICLE INFO ABSTRACT

Keywords: Marine animals have been known to interact with and become entangled in plastic debris for decades. Despite
Ental?glement increasing annual input volumes of plastic waste to the natural environment and the threat this constitutes to
Plastic waste marine biodiversity, impacts of mismanaged plastic waste generally remain unquantified in environmental
Ig]?s;?l;l:::lc impact assessments. In this paper, we develop a Species Sensitivity Distribution (SSD) approach for estimating a

spatially differentiated indicator of potential macroplastic entanglement impacts with global coverage of the
world’s oceans. This constitutes a key modelling step that contributes towards the inclusion of plastic litter ef-
fects in impact assessments. We gathered entanglement incidence data for 20 species of marine mammals, turtles
and birds from different populations and marine regions. To capture species-specific sensitivities to entanglement
and spatially varying concentrations of plastic debris, concentration-response modelling of field data was used to
develop the SSD-based model. This was achieved by linking population specific entanglement records to cor-
responding regional areas of exposure and an existing global model of plastic debris concentrations. The SSD was
further applied to derive an estimate of the Potentially Affected Fraction (PAF) of species on a global scale,
highlighting regional hotspots of potential entanglement impacts at current levels of marine plastic pollution.
This indicator can be adapted and applied in impact assessments in order to account for potential impacts of
mismanaged plastic waste ending up in marine ecosystems.

Marine biodiversity
Impact assessment

1. Introduction

Marine plastic pollution is recognized as a globally pervasive envi-
ronmental issue (Villarrubia-Gomez et al., 2018) associated with a range
of ecological, as well as social and economic costs (Beaumont et al.,
2019). Yet, annual inputs of plastic waste to landfills and the natural
environment are expected to continue increasing (Lebreton & Andrady,
2019). According to two recent modeling studies, not even best-case
scenarios for current management strategies to mitigate plastic pollu-
tion are sufficient to offset the increasing plastic waste accumulation
(Borrelle et al., 2020; Lau et al., 2020). Littered or inadequately disposed
plastic items carried by wind, rivers (Schmidt et al., 2017) or dumped
directly at sea (Ryan, 2015) are distributed throughout the marine
environment, accumulating in zones such as oceanic gyres (Lebreton
et al., 2018), along coastlines and on the deep sea floor (Booth et al.,
2017). Owing to the unknown timescales of complete degradation of
synthetic polymers in the marine environment, the oceans virtually
function as a sink for plastic debris (Law, 2017).

Negative impacts of plastic debris on marine mammals, seabirds and
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sea turtles have been observed for decades (Shomura & Yoshida, 1985).
Particularly, the lethal potential of macroplastic entanglements for
larger bodied marine animals is widely reported (Gall & Thompson,
2015; Werner et al., 2016; Wilcox et al., 2016). Over 350 unique species
have now been registered as observed entangled in plastic debris (Kiihn
& van Franeker, 2020). Entanglement was defined by Laist (1997) as an
interaction between marine life and anthropogenic debris that entraps
animals or entangles their appendages by the loops and openings of the
debris. Strapping bands, ropes or plastic bags are examples of items that
may encircle or form a loop around an animal (Law, 2017), which can
cause lacerations, infections and subsequent mortality (Dolman &
Moore, 2017). Designed to be durable and catch marine animals,
abandoned, lost or discarded fishing gear (ALDFG) made of plastic is
frequently identified as the primary source of entanglements for many
marine species (Duncan et al., 2017).

Not only do entanglements entail welfare implications for the indi-
vidual (Byard & Machado, 2019), they also constitute a threat to marine
biodiversity (Galgani et al., 2013) by potentially exacerbating declines
in populations of vulnerable species (Perez-Venegas et al 2021). The
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endangered Hawaiian monk seal (Neomonachus schauinslandi), for
example, has one of the highest documented entanglement rates
(Antonelis et al., 2006), which combined with other stressors and a low
genetic diversity threaten this small population (Nelms et al., 2021). In
general, it is a difficult and costly endeavor to systematically observe
and record wide ranging marine fauna (Martins et al., 2019; Wilcox
et al., 2016), and the prevalence of injuries and mortalities caused by
entanglements is thus likely underestimated. As quantitative assess-
ments are also limited (O’Hanlon et al., 2019), global trends in entan-
glement impacts remain a knowledge gap (Nelms et al., 2021). This
makes it a challenge to account for the impacts of plastic debris in
environmental assessments in a meaningful manner. Leaving the nega-
tive effects of mismanaged plastic on marine ecosystems unquantified in
such assessments implies accepting an obviously flawed assumption of a
100% waste collection rate, where all plastic goes to recycling, incin-
eration or landfill (Boucher et al., 2019).

Attempts at estimating entanglement rates within species pop-
ulations have been made using different approaches. For example, some
authors report the annual share of entangled individuals obtained by
multi-year observations of the same populations (Waluda & Staniland,
2013), while others use stranding databases and refer to a cumulative
number of individuals found entangled over a larger and less defined
geographic area (Adimey et al., 2014). Although this results in a data
foundation that is varying across species populations and regions, it is
possible to model the potential for entanglement impacts by collating
the species-specific records and linking observed responses to environ-
mental plastic debris concentrations. Quantifying an indicator of this
impact can contribute towards highlighting the entanglement issue and
gaining a more comprehensive evaluation of the consequences of cur-
rent plastic consumption and waste generation volumes if applied to
inform environmental assessments.

One approach to achieve this is through the use of Species Sensitivity
Distribution (SSD) models, which are frequently applied for quantifying
effects of various stressors on ecosystems (Hauschild & Huijbregts,
2015). SSDs are probabilistic models constructed based on dos-
e-response modelling, which includes estimating the relationship be-
tween the exposure to a stressor and an observed effect. Moreover, it
allows for an appreciation of interspecies variation in sensitivities to the
same stressor (Posthuma et al., 2001), for example macroplastic debris
entanglement. Although SSDs are traditionally constructed based on
laboratory experiments, a handful of ecotoxicological studies have also
utilized field monitoring data (e.g. Cormier and Suter, 2013; Leung
et al., 2005) which by some are considered more ecologically relevant
(Hoondert et al., 2018).

In this paper, we adopt a field-based SSD approach by combining
observed entanglement rates from species populations with corre-
sponding regional areas of exposure. Based on this, we present a
spatially-differentiated indicator of current macroplastic entanglement
impacts across species in terms of the Potentially Affected Fraction
(PAF) of species. These results, which cover ocean surface waters
globally, are then discussed in relation to locations of Marine Protected
Areas (MPA) generally and in selected regions. It is particularly relevant
to consider the potential for impacts within MPAs as they are established
with the aim of achieving long-term conservation of nature, albeit to
varying degrees (Day et al., 2019). Finally, the potential for application
of the model presented in this paper in impact assessment methods is
outlined.

2. Methodology
The approach to modelling current potential impact levels of

entanglement consists of five steps (Fig. 1), each of which are elaborated
in the subsequent sections.
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Fig. 1. Overview of modelling approach and components. Note that the
delineation of potential exposure areas and estimation of plastic debris con-
centration within those areas are presented in one joint section (2.2).

2.1. Entanglement rates

Entanglement rates for marine species were collected from peer
reviewed papers through the databases Web of Science and Google
Scholar using search terms such as “entanglement”, “marine” “plastic”,
“debris” and “litter”. In addition, a Google search for reports from
agencies that monitor plastic debris entanglements was also made using
the same keywords. Records of entanglements dating back several de-
cades exist in the literature, but a restriction to events occurring after the
year 2000 was made as a compromise between age of data and achieving
enough datapoints for the model. As entanglement has mainly been
studied in large marine fauna, the current approach implicitly considers
entanglement only by macroplastic, commonly defined as items with a
diameter > 5 mm (GESAMP, 2019).

From a policymaking and management point of view, it can be
important to distinguish between effects caused by plastic debris and
ALDFG, and those caused by animals swimming into fishing gear oper-
ational at the time of the entanglement event. This distinction is, how-
ever, often not trivial to make in nature (Asmutis-Silvia et al., 2017) . In
this paper, reports of entanglements that were explicitly identified as a
consequence of active/stationary fishing gear were excluded, as we are
relating the entanglement rates to environmental plastic debris con-
centrations. Applying the above-mentioned restrictions on the literature
search led to a total of 22 independent sources of entanglement rates.

The rates were gathered both from reports of live observations of
species populations, and stranding records in order to gain a larger
representation of species and geographic areas in the dataset. For many
wide-ranging mammals that are not commonly observed, stranding data
provides the best available approach for investigating marine debris
interactions (Unger et al., 2017). In addition, entanglement rates from
stranding events and the live population have been found to be within
the same order of magnitude (Allyn & Scordino, 2020). A difference
between these two data types is that a smaller part of the population can
be observed through stranding data. To account for this, entanglement
rates from stranded animals were only included in the model when they
were derived from records of > 100 individuals or from a period of at
least five years. All entanglement rates in the model represent the annual
share of observed entangled individuals relative to a given total number
of individuals (Eq. (1)):

.

Entangled _individuals
Total _individuals (1)

Annual entanglement rate = ———C14— VAN
Years of observation

The current model contains rates normalized to a theoretical popu-
lation estimate or an observed sample size (Table S1, Supporting In-
formation (SI)), depending on what was reported in the primary source.
In total, 15 of the rates are normalized to a population estimate while 25
are normalized to the reported sample size.

2.2. Potential exposure areas

Observed/estimated entanglement rates are species- and spatially
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specific and are the result of species behavior in the presence of plastic
debris materials within a specific geographic area i.e., a potential
exposure area. While existing species distribution maps from e.g., the
International Union for Conservation of Nature (IUCN, 2021) allow for
an understanding of the global spatial pattern of species, they have
limited utility as core exposure areas for regional populations. In this
modelling approach, spatially explicit population ranges are required to
attain a more relevant link between concentrations and response, i.e.,
population specific geographic areas of exposure and observed entan-
glement rates. The potential exposure areas should thus reflect the areas
that the populations utilize most frequently, assuming that this is also
where they are most likely to encounter and get entangled in plastic
debris. The geographical extent of these areas was determined based on
the ecology of each (sub)species, and largely defined based on foraging
ranges collected from observational or telemetry tracking studies of the
specific populations. Foraging areas reflect where a population is more
likely to encounter plastic debris at sea (Thiel et al., 2018), which can be
explained by different feeding strategies and greater temporal exposure
within these areas.

The mean foraging range of a population was used to define the
exposure area for all entanglement rates gathered from observations on
land-based colonies (bird cliffs or haul-out sites for seals). For species
that are not colonial or central-place foragers, e.g., cetaceans such as the
Minke whale (Balaenoptera acutorostrata), bathymetry data from GEBCO
(2020) in combination with estimated abundance maps obtained from
literature was used to delineate the relevant areas. For sea turtles, where
entanglement rates could only be obtained from stranding data, a larger
area needed to be assumed as they can drift from far distances to the
locations they are registered at (e.g. Jensen et al., 2013). As such, pre-
defined areas termed regional management units (RMU) based on
expert knowledge on the different populations (Wallace et al., 2010)
were directly applied for all sea turtle species. Although RMUs represent
full regional ranges rather than foraging ranges, they are considered the
best estimate for these wide-ranging populations and applying the RMUs
ensures consistency across all turtle species. Further details on the
rationale behind each population-specific potential exposure area can be
found in the supporting information. The areas were mapped using
ArcGIS® software by Esri (SI, Figure S1).

The spatial distribution and concentration of macroplastic debris was
provided by Eriksen et al. (2014) as a global estimate of the mass of
floating plastic debris (of sizes > 4.75 mm) per square kilometer (g/ km?)
of the surface of the ocean. The estimates are given on a 0.2 decimal
degrees grid-cell resolution and derived from an oceanographic
dispersal model calibrated by data from sampling conducted during
expeditions over the period 2007-2013. To link the entanglement rates
to the plastic concentrations found within the geographical areas of the
respective population, the mean macroplastic debris concentrations (kg/
km?) were calculated for each potential exposure area using the “Spatial
analyst: zonal statistics” tool in ArcGIS.

2.3. Species sensitivity distribution (SSD) modelling

An SSD model uses a statistical distribution to describe the sensitivity
of a selection of species intended to be representative for most species of
interest (Posthuma et al., 2001). In order to estimate the parameters of
an SSD, effect concentrations for multiple species at a standardized ef-
fect level, commonly chosen as 50% of the population affected (EC50),
are required as input. This is achieved here by concentration-response
modelling, utilizing the estimated entanglement rates and plastic debris
concentration data to predict the effective concentrations.

The mean concentration (kg/kmz) of plastic debris (ECx;) within the
potential exposure areas in combination with the species population
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specific entanglement rates (x;) were used to calculate linear concen-
tration-response relationships for all species. A linear approach with a
zero intercept is selected, as the relation between concentrations of
macroplastic debris and observed entanglement effects is not empiri-
cally known, and this is common practice when background concen-
trations of a stressor in the environment is unknown (Hauschild &
Huijbregts, 2015).

Our SSD model uses annual entanglement rates gathered from field
data, where the majority are found to be below 5% (SI, Table S1). As
such, EC5 was considered a more appropriate effect concentration for
construction of the SSD in order to minimize extrapolation distances.
The rate of entanglements sufficient to cause population level effects for
a given species population is not empirically known. However, a recent
scenario modelling study on a South American fur seal colony suggests
that the rates reported in literature for pinnipeds, also applied in this
model, can over time have significant effects on population-level dy-
namics because of decreased population growth rates (Perez-Venegas
et al., 2021). In the following, we apply the 5% annual entanglement
rate of populations as the threshold and definition for a species being
affected by macroplastic debris entanglement. In the current model,
“affected” includes both chronic entanglements and mortality. By
assuming zero entanglement effects at a concentration of zero plastic
debris, the EC5 for each species i is derived by dividing 5 (the response)
by the estimated slope parameter b of the linear regression for every
species i:

5
EC5; = b )

For some (5 out of 20) of the species in the current dataset, more than
one entanglement rate was available for estimating the slope that makes
it possible to extrapolate the species-specific EC5 (Eq. (2)). All the EC5
datapoints were then plotted in R using the package SSD tools (Thorley
& Schwarz, 2018) to produce a log-logistic, cumulative distribution of
the sensitivity of the different species. For later use in testing model
sensitivity, the hazardous concentration at which 50% of the species are
affected (HC50) was derived along with a confidence interval using
parametric bootstrapping.

2.4. Potentially affected fraction of species (PAF)

The distribution function from the SSD curve with its associated
parameter values (SI, Table S2) was applied to estimate a PAF value for
every grid cell in the ocean, where P; is the concentration (kg/km?) of
macroplastic in location i, o is the location parameter and the constant
is the curve’s scale (Eq.3):

PAF; 3

1
T 1+ ePi—a)/p

PAF can take any value between 0 and 1 i.e., representing 0 to 100%
of species affected at a given location depending on the plastic debris
concentrations in that location. When referring to fraction of species
affected and potential impact levels in the following, this is based on the
sensitivities of the 20 species in the current model. The function (Eq. (3))
was plotted in ArcGIS, using the “Spatial analyst: raster calculator” tool,
producing a global overview of the potentially affected fraction of
species.

The distribution of the PAF was also evaluated on a smaller and
defined scale by considering Marine Protected Areas (MPA) of all IUCN
protected area categories, extracted from the World Database on Pro-
tected Areas (IUCN and UNEP-WCMC, 2021). The average PAF value
within MPAs was derived using the “Spatial analyst: zonal statistics” tool
in ArcGIS. It should be noted that the values within very small MPAs are
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Table 1
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Overview of species and their respective EC5 values, i.e., plastic debris concentration (kg/km?) at which 5% of population is annually entangled,
derived from estimated plastic debris exposure and reported entanglement rates (See SI, Table S1 for numbered reference list of entanglement rate

sources).
Common name Scientific name EC5 Sources
Antarctic fur seal Arctocephalus gazella 5.02E-02 [17-18]
Australian fur seal Arctocephalus pusillus doriferus 2.07E+02 [24]
New Zealand fur seal Arctocephalus forsteri 1.82E+01 [31] [60]
Northern fur seal Callorhinus ursinus 2.89E+00 [63-64]
Australian sea lion Neophoca cinerea 1.74E+01 [31]
Steller sea lion Eumetopias jubatus monteriensis 1.34E+00 [53-54]
California sea lion Zalophus californianus 2.53E-01 [54]
Grey seal Halichoerus grypus 1.80E+00 [49]
Hawaiian monk seal Neomonachus schauinslandi 4.89E+00 [57]
Florida manatee Trichechus manatus latirostris 3.49E+01 [35]
Common bottlenose dolphin Tursiops truncatus 5.85E+01 [35]
Common minke whale Balaenoptera acutorostrata 4.48E+00 [38-39]
Hawksbill sea turtle Eretmochelys imbricata 1.85E+01 [35]
Leatherback sea turtle Dermochelys coriacea 1.25E+01 [35] [66-67]
Olive ridley sea turtle Lepidochelys olivacea 1.89E+02 [68-69]
Kemp’s ridley sea turtle Lepidochelys kempii 2.86E+01 [35]
Loggerhead sea turtle Caretta caretta 1.03E+01 [35] [66-67] [70-71]
Northern gannet Morus bassanus 2.40E+00 [3] [6] [8]
Common guillemot Uria aalge 4.65E+00 [3]
Northern fulmar Fulmarus glacialis 3.84E+00 [3]

not accounted for as the zonal statistics tool cannot return values for
areas that are smaller than the resolution of the plastic debris concen-
tration dataset, i.e., 0.2 decimal degrees.

2.5. Sensitivity analysis

Modelled/estimated parameters that may influence the output and
that were feasible to assess in the current work include:

i) Entanglement rates
ii) Plastic debris concentrations in potential exposure areas
iii) The size and extent of potential exposure areas

Although the main model output is the global distribution of PAF, the
sensitivity was tested by examining the output at the EC5- and SSD-level,
as these are directly used to relate plastic debris concentrations to a PAF
value. The sensitivity of the model to entanglement rates and plastic
debris concentrations was tested by increasing these parameters sepa-
rately for all species by 10%. In order to test the sensitivity of the extent
of the potential exposure area, each area was increased by approxi-
mately 100% using the GIS tool BufferByPercentage. This tool extends
the general area in every direction of a polygon, meaning that it may
also extend onto land areas which are excluded from the model. As such,
the increase does not represent an actual doubling of the area that is
used to calculate the exposure concentrations. As some of the smaller
exposure areas are at the size of one or two plastic debris concentration
pixels in radius (Figure S1), it was necessary to apply a 100% increase in
order to induce the inclusion of new pixel values for the calculation of
average concentrations. The sensitivity to the change in exposure area
sizes was assessed by comparing the SSD curves in terms of the HC50
value, the range of EC5 values and potential shifts in species placement
on the curve.

3. Results and discussion
3.1. Species sensitivity distribution (SSD)

The literature search resulted in a dataset of 12 marine mammal

species, 5 sea turtles and 3 seabird species (Table 1). Several of these
species are often highlighted in the context of plastic debris impacts and
frequently found in literature and reports on entanglements (e.g. Dun-
can et al., 2017; Nelms et al., 2021).

The EC5 values, which can be understood as sensitivities to plastic
debris entanglement, vary by five orders of magnitude for the different
species included in the model (Table 1). The underlying annual entan-
glement rates that were used to derive the EC5 values ranged from
0.02% recorded for the Antarctic fur seal (A. gazella) population on
Signy Island (Waluda & Staniland, 2013) to 20.16% of northern gannets
(M. bassanus) observed off the coast of Mauritania (Rodriguez et al.,
2013). In addition to the population specific entanglement rates, the
modelled sensitivity of a species is determined by the estimated plastic
debris concentrations within the respective potential exposure areas (SI,
Table S1). The computed EC5 values can be plotted on an SSD curve
where the interspecies differences in sensitivity to the stressor can be
easily observed (Fig. 2).

The loglogistic cumulative distribution function estimates that 50%
of the species will be affected by entanglements at a plastic debris
concentration of 7.8 kg/km? of ocean surface waters (Fig. 2). While the
most sensitive species, the Antarctic fur seal (A. gazella), is estimated to
be affected at already approximately 0.05 kg/km?, the Australian fur
seal (A. p. doriferus) is not affected until concentrations reach 206 kg/
km?. Noticeably, the reported entanglement rates for these two species
are within the same order of magnitude (Hofmeyr et al., 2006; McIntosh
et al.,, 2015; Waluda & Staniland, 2013) and relatively low (SI,
Table S1). Despite both being fur seals, which involves sharing some
ecological traits, they occupy different habitats which can explain their
large difference in estimated sensitivities. In addition, A. p. doriferus
forages in an area of Southern Australia with high plastic debris con-
centrations, while A. gazella is found in the Southern Ocean, which is
associated with some of the lowest estimated plastic debris concentra-
tions globally (Eriksen et al. 2014). As such, the coupling of a higher
entanglement rate to a lower mean plastic concentration predicts that
the species is more prone to becoming entangled.

While the different mammals are spread evenly throughout the
curve, the group of marine birds is appearing on the lower end and all
the sea turtle species are above the HC50 threshold (Fig. 2). Although
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Fig. 3. Global distribution of potentially affected fraction (PAF) of species, based on a species sensitivity distribution (section 3.1) and estimates of current mac-
roplastic debris concentrations from Eriksen et al (2014).



M.A. Hyiberg et al.

this could reflect potential differences in sensitivities to plastic debris for
these groups, larger sample sizes and more species of particularly sea
birds would be required in order to make a valid comparison.

3.2. Potentially affected fraction (PAF) of species

Based on the sensitivities of 20 species from all ocean basins, we
derive a global and spatially explicit distribution of the potentially
affected fraction (PAF) of species under current macroplastic debris
concentration estimates (Fig. 3).

The current results (Fig. 3) suggest that across vast areas of the
ocean, e.g., in the northern Pacific and Atlantic oceans, plastic debris
concentrations in the surface waters are at a level where several species
could potentially be affected. Compared to many other anthropogenic
stressors, plastic debris reaches remote areas that are otherwise free of
direct human impact, owing to its persistence and capability of being
carried by wind and currents over great distances. This results in a
pattern of higher estimated impact levels in areas known as accumula-
tion zones for plastic debris, such as the large ocean gyres (Cozar et al.,
2014). The composition of plastic debris in the open ocean is also sug-
gested to be dominated by synthetic ropes and nets (Morales-Caselles
et al,, 2021) which represent high-risk entangling items for many
species.

Coastal marine environments are often associated with higher degree
of biodiversity than the open ocean (Selig et al., 2014), and subject to
stressors from many anthropogenic activities (Halpern et al., 2008). In
this paper, coastlines are also found to have some of the highest PAF
values globally, such as the Atlantic coast off the Bahamas and several
locations in Southeast Asia (Fig. 3). Moreover, marginal seas such as the
Mediterranean are known plastic debris hotspots (Deudero & Alomar,
2015), and therefore stands out as an area with potential for higher
impacts on marine biodiversity than other regions. In the other end of
the scale, areas close to the poles are characterized by low estimated
macroplastic debris concentrations, and the current potential for
entanglement impacts is consequently modelled to be close to zero.

3.2.1. PAF in marine protected areas

In order to get an indication of potential impact levels within areas
where anthropogenic activities are restricted (to different extents) for
conservation purposes, the distribution of MPAs was considered. The
potentially affected fraction of species in MPAs are relevant as these
areas are often intended to safeguard vulnerable species, and when only
considering the stricter categories of protection they are found to
contain more at-risk biodiversity than other national waters (O’Hara
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et al., 2021).

The average impact level within all MPAs globally was found to be
close to that of the whole ocean (global average MPA PAF: 3%, global
average PAF: 4.7%). Moreover, it can be seen that many of the largest
protected areas are situated in zones with low current impact levels (SI,
Figure S2). This could indicate that marine fauna is in fact successfully
protected within these areas, or that large MPAs may be established in
distant locations where protection from many anthropogenic activities is
already implicitly realized (Devillers et al., 2015). In the latter case, the
MPAs do not curtail wide-reaching current pressures such as plastic
pollution, which may threaten biodiversity. In addition, since the plastic
debris dataset that the current results are built on was published (Frik-
sen et al., 2014), new measurements from the large and more remote
MPAs of e.g., the South Atlantic, suggest that sea surface level concen-
trations have increased by 76% since 2013 (Barnes et al., 2018).

Areas where smaller MPAs overlap with high potential impact levels
were identified on a regional scale, exemplified here by the Mediterra-
nean basin (average PAF in MPAs: 13%) and the tropical northwestern
Atlantic waters (average PAF in MPAs: 23%) (Fig. 4).

The PAF model suggests that species ranging across MPAs in areas
with high estimated plastic debris concentrations, such as off the coast of
Florida or in the eastern Mediterranean basin (Fig. 4), are not currently
protected from entanglement effects of plastic debris pollution. Simi-
larly, a recent risk assessment study considering impacts of plastic debris
ingestion by marine species in the MPAs of the Mediterranean found that
the present-day protection is not effective (Soto-Navarro et al., 2021).
This is perhaps not unexpected, as plastic debris gets distributed ac-
cording to oceanographic drivers indiscriminatory to the “borders” of
protected areas, and cleanup technologies in general are still immature
and not operational on a commercial scale (Bellou et al., 2021).
Although plastic debris can be transported across oceans, the debris
within the MPAs can still be of local origin, coming from adjacent coastal
cities or maritime activities. In the Florida Keys, the same level of marine
debris was found inside and outside the local MPAs, and most of it can be
linked to commercial and recreational fishing activities in the area
(Renchen et al., 2021). To reduce local pressures, these authors suggest
tackling the littering problem at the source by increased local and
regional management, in addition to providing relevant education.
However, the potential impact hotspots identified in this study are found
to span across national jurisdictions (Fig. 3), and so does wide-ranging
marine fauna. As such, alleviating plastic pollution impacts in general
and entanglement effects in particular, is likely to also require more
directed multi-national governance measures aiming at stopping the
inflow of mismanaged non-degradable plastic than what is currently in

800 Km
PAF (%) I
0

10 20 30 40 50 60 70 80 90 98
Marine Protected Area 77777}

Fig. 4. Potentially affected fraction (PAF; see color gradient) of species and Marine Protected Areas (hatched areas) in tropical northwestern Atlantic (left) and the

Mediterranean (right).
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practice.
3.3. Sensitivity analysis

The entanglement rates derived from literature as well as the
spatially explicit estimates of macroplastic debris concentrations
constitute the foundation of the model and changes in these parameters
should thus largely influence the output. Owing to the linear approach of
the concentration-response calculations, any fixed percentage increase
in the plastic debris concentration exposure or entanglement rate leads
to a proportional change in the EC5. However, the extent of the potential
exposure areas determines the concentrations used to derive the EC5
and will not change linearly as the concentrations are spatially heter-
ogenous. Increasing the size of potential exposure areas led to larger
changes in the EC5 for some species than others; the Antarctic fur seal,
which comes out as the most sensitive species in this model, experienced
the largest increase in EC5 (219%), but the resulting EC5 value remained
the lowest in the subset. As such, the species’ position on the curve was
not influenced (SI, Figure S3).

For most of the other species, the change in EC5 value following
increase in area was smaller (median absolute value of change: 9.5%)
and negative (SI, Table S3). As such, the increased exposure areas did
not cause a significant change in the EC5 values (Wilcoxon signed rank
test, p-value = 0.15), and species that shifted position on the curve
moved by one placement maximum (SI, Figure S3). Moreover, the HC50
value changed from 7.8 to 7.5 kg/km?. These results suggest that the
model is not overly sensitive to changes in the size of exposure areas,
which may be a consequence of using the average plastic debris value
when calculating the respective EC5s, as this masks extreme values. This
can also explain the observed decrease in the HC50 value when exposure
areas were increased in size, as this further minimizes the influence of
local high values. As no large shifts were observed, the model is
considered robust to finer scale assumptions or bias related to the
definition of exposure areas, which could arise from differences in how
well monitored and understood the distribution range of the species
populations are.

The reliability of the parameters estimated from the SSD model
directly depends on the number and variety of species used in the model
(Posthuma et al., 2001). In addition, effect thresholds such as where
50% of the species are affected (HC50) could be shifted depending on
which species’ sensitivities are included. As such, the inclusion of
additional datapoints in the model is expected to influence the EC5s and
subsequently the SSD distribution, but the impact of this would depend
on the specific data and cannot be quantified for this first version of the
model.

3.4. Application

The current PAF indicator gives a spatially explicit overview of what
share of species that may be affected under current plastic debris con-
centrations, where “affected” refers to 5% of a species population
becoming annually entangled. Moreover, the applied concentration es-
timates provide a general pattern of background levels, as inputs of
plastic debris to the ocean is increasing (Lebreton et al., 2018), meaning
that the PAF could subsequently increase. The current results could thus
be used as a first indication to identify potential hotspots of impacts of
macroplastic debris, which ultimately can aid in guiding allocation of
resources to targeted plastic pollution policy responses. It should be
noted that this generalized indicator with global coverage can give
insight on a regional level but is not suitable for interpretations on
smaller spatial scales. This would require more detailed assessments
where the specific conditions and biodiversity of that given area are
considered and used for validation.

A specific field of application of the SSD model is in risk assessments
(RA). In the RA framework, the focus is on the exposure of a given
species to the environmental concentration that leads to an effect, and
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the predicted unacceptable risk of this event or the concentration at
which it occurs is quantified (van Straalen, 2001). This application could
be interesting in the case of an acute plastic pollution event, or for a
scenario analysis on the environmental impacts of increasing exposure
levels. An SSD-based risk assessment could also be relevant for decision-
making related to the presence of marine plastic debris and what envi-
ronmental concentration of this stressor constitutes an unacceptable risk
to marine ecosystems. Furthermore, marine plastic pollution and its
impacts has been suggested as a planetary boundary threat (Macleod
et al.,, 2021), but owing to knowledge gaps it remains a challenge to
propose control variables for this purpose (Villarrubia-Gémez et al.,
2018).

SSD-based models are also commonly applied when deriving factors
for environmental impacts to be used in life cycle impact assessments
(LCIA). Life Cycle Assessment (LCA) is a widely used approach to assess
environmental impacts of the full life cycle of products and industrial
systems (Curran, 2008), allowing for a quantification of trade-offs with
the use of different materials, such as plastic. All potential impacts of
mismanaged plastic waste are currently neglected in the analyses
(Schweitzer et al., 2018), but some authors have attempted to include
the aspect of littering (Stefanini et al., 2020; Zanghelini et al., 2020),
although without accounting for the possible effects on marine animals
and the ecosystem. Woods et al. (2019) begun the work with a pre-
liminary LCA effect factor (EF) for macroplastic entanglement, but the
authors explicitly noted a need for better matching of the spatial
dispersion of plastic debris with relevant species distributions where
entanglements have been observed. The SSD-based PAF model in this
work can be applied to fill this gap and is in line with a recently
developed framework for including impacts on marine ecosystems in
LCA (Woods et al., 2021). More specifically, the current model can be
translated into an effect factor (EF), which constitutes an essential
component required in establishing a novel impact category for the area
of protection (AoP) ecosystem quality. To the authors knowledge, this
constitutes the first model for macroplastic effects ready to be used in
impact assessments, once a separate fate model estimating the distri-
bution patterns of a given emission of mismanaged plastic has been
developed.

3.5. Future development

As a preliminary indicator of potential entanglement effects globally,
the current model is linked to several sources of uncertainty concerning
both the underlying data and the modelling steps and assumptions
made. In the following section, some of the main limitations are dis-
cussed in relation to future options to further improving the robustness
of the model and expanding its application potential.

3.5.1. Standardized entanglement rates

Owing to the differences in the input data, caution needs to be
exerted when comparing the sensitivity of the species in the SSD model.
A challenge associated with constructing field-based SSDs is that the
model is based on limited but diverse input data, taken from directed
field surveys as well as more opportunistic stranding sightings. This
naturally compromises comparability, as the number of entangled in-
dividuals per a total population size is systematically going to be lower
than when normalized to a sample size. However, it was considered
beneficial to include both types of data as what is the “best estimate” is
currently not clear, and the magnitude of the potential errors unknown.
In general, a standardized approach to assessing entanglement incidents
relative to a representative size is lacking (Kiihn & van Franeker, 2020).
It has been acknowledged that rates should ideally be corrected for
observer effort, but this is rarely done (McIntosh et al 2015).

3.5.2. Increased taxonomic coverage
Most of the entanglement rates pertain to either seals or turtles,
which is a consequence of what was available in the literature. This
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could either be due to these taxa being more susceptible to entanglement
effects, or because they are simply easier to study. For example, entan-
gled seals can be more readily observed compared to many other marine
animals, as they aggregate on land-based colonies (Claro et al., 2019).
Future development of the model should aim at including a broader
range of taxa also susceptible to plastic debris entanglement when the
appropriate data becomes available. Several observations of entangle-
ments have been made for different fish species (Andrades et al., 2021;
Nunes et al., 2018), and it is also affecting the benthic community (e.g.
Edward et al., 2020). However, it remains challenging to convert these
observations into rates and thus get an overview of the prevalence. To
include the aforementioned taxa, a global dataset of plastic debris
concentration estimates from the water column and seafloor would also
be required. In fact, many of the species in the current model are also
likely to encounter plastic debris in the water column or on the sea floor
as they dive for food, meaning that the current concentration estimates
only cover parts of their exposure.

3.5.3. Differentiations in regional biodiversity and plastic debris items

In the current model it is assumed that the subset of species is
representative on a global scale. As more entanglement rates from
different countries become available, the SSD-model can be subdivided
into different regions only including the species relevant to the given
area. This could give a more accurate representation of what fraction of
species living within a region that are potentially affected as a conse-
quence of regional marine plastic pollution. Moreover, the model can
also be differentiated into plastic items based on associated risks of
entanglement in order to capture how some debris items are more likely
to cause an entanglement effect than others (Wilcox et al., 2016), which
will also depend on the body size of the animal in relation to the size of
the item. As such, a more detailed dataset of the distribution of plastic
debris divided into several size or item classes would be a next step
towards further improving the link between concentration and response.

3.6. Conclusions

Potential entanglement impact levels were found to be higher in
oceanic gyres, along coastlines and in semi-enclosed seas of certain re-
gions, coinciding with known plastic debris hotspots. We believe that
relating estimates of plastic debris concentrations to an indicator of
biodiversity impact level (the PAF), can facilitate communication to
policy makers and the public regarding the damage potential of mis-
managed plastic. This contributes to highlighting the global issue of
entanglements and can allow for efforts to be directed to hotspot areas.
The map of potential impacts in this study also supports the notion that
multinational efforts are required in conserving marine biodiversity, as
plastic pollution is a transboundary issue and many species range across
several jurisdictions. Moreover, as the first ready to be used model
translating entanglement rates and plastic debris concentrations into a
global indicator of entanglement effects, this work represents an
important step towards the inclusion of marine plastic debris in impact
assessments. Accounting for this undesirable aspect of our current con-
sumption and end of life treatment of plastics in impact assessments
would allow for trade-offs between different material types to be
assessed in a more comprehensive manner. Moreover, as the field of
marine debris advances and more data becomes available, the current
model can easily be updated to a more detailed version accounting for
factors such as entanglement risk linked to different plastic debris items.
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