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The vast quantity of plastic in the world’s ocean poses an urgent problem for marine ecosystems and coastal
communities. While considerable research has aimed to understand how plastics impact marine life, there re-
mains a gap in connecting this knowledge with waste management practices. Because these practices often
determine the end fate of plastic items, bridging this gap is critical to reducing the flow of harmful plastics into
the ocean. The framework proposed here identifies policy actions to reduce consumption of high-impact plastics
using a compound risk score that encompasses both an item’s likelihood of entering the ocean and its negative
ecological impact. We illustrate the framework’s application using a case study of single-use plastic (SUP)
consumption at a large Canadian university. We quantified SUPs purchased over one year at the University of
British Columbia and collected data from its associated waste management system to identify factors that in-
fluence an item’s end fate. We used these data to estimate the relative risk of items exiting the recycling stream,
then combined this with published data on the items’ marine impacts to calculate their compound risk scores.
The results identify high-risk plastic items to prioritize in waste reduction strategies and lower-risk alternatives.
The results also highlight specific policy avenues to improve the efficiency of the focal waste management
system. This framework is flexible to diverse contexts, requiring only information about plastic consumption and
waste management practices. It is thus an accessible and useful tool to support local transitions toward a reduced
marine footprint.

1. Introduction

Plastic pollution is increasingly recognized as one of the great threats
to ocean ecosystems [1-3]. The decade of 2010-2020 saw a drastic in-
crease in transnational policy and partnerships focused on solving
plastic pollution, with a specific emphasis on ocean plastics (e.g. Ocean
Plastics Charter, Global Plastic Action Partnership, New Plastics Econ-
omy Global Commitment) [4,5]. Similarly, in the scientific literature,
marine plastic pollution research has ballooned to comprise 1.2% of all
environmental publications (up from 0.4% in 2010) [4]. One of the core
reasons for this surge in political, public, and scientific attention is the
realization that the vast majority (79%) of plastic items produced to date
have ended up in landfills or the environment, where they can persist
and contaminate ecosystems for hundreds to thousands of years [6-8].
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Additionally, only 9% of plastics produced over the last century have
been recycled globally [6]. This gap in the production and recovery of
plastic materials represents a substantial economic loss and
socio-ecological risk.

Strategies to reduce marine plastic pollution are increasingly focused
toward improving the sustainability and circularity of plastic produc-
tion, consumption, and disposal [9-11]. A circular plastic economy re-
quires transitioning from the current linear material flow (i.e.
production-consumption-waste chains that result in plastic ending up
in a landfill or the environment), to a closed-loop material flow, which
maximizes the recovery, re-use, and recycling of plastic materials and
treats plastic waste as a resource [2,11,12]. An important first step to-
ward reducing marine plastic pollution using the circular economy
framework is to understand how and why plastic items exit waste
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management systems and subsequently end up in the environment.

Plastics find their way to the ocean during and between the three
main stages of waste management: collection, sorting, and recycling [1,
2,12-15]. The transportation of waste and recyclable materials between
these stages can take place both on land and at sea, providing indirect
and direct avenues for plastics to enter the ocean. Plastic items that end
up in open dumps and landfills are susceptible to eventual surfacing and
subsequent movement into the ocean via wind, inland waterways, or
wastewater outflows [1,16]. Importantly, even recyclable items, when
disposed of improperly due to contamination or mis-sorting, can end up
in dumps or landfills and thus find their way to the ocean. Other land-
and sea-based sources of marine plastic include unmanaged waste (e.g.
litter, illegal dumping), virgin or recycled pellets spilled during trans-
portation, and discarded maritime gear (e.g. fishing, aquaculture, ghost
gear) [13-15,17].

Upon entering the ocean, plastic items have varying impacts on
marine organisms based on their specific physical and chemical char-
acteristics [18]. These impacts are commonly grouped into three main
effect categories: entanglement, ingestion, and contamination (via
transfer of toxic chemicals)[2,16,18-20]. While clarifying the physio-
logical and ecological effects of plastic items is critical in estimating
their overall impact on marine ecosystems, swift and strategic policy
development to mitigate the scale of those impacts requires linking
environmental risk data with local economic, social, and waste man-
agement data [11,21]. Additionally, integrating these types of data at a
scale relevant to specific waste management systems may facilitate the
translation of scientific data into effective waste reduction policies.

Here we present a framework that identifies management priorities
by estimating the risk that specific plastic items pose to marine life based
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on both their likelihood of leaking out of the recycling waste stream and
into the ocean (“leakage risk”) and the magnitude of their impacts on
marine life (“harm risk™). We apply this risk assessment framework to a
case study of single-use plastics (SUPs) purchased at the University of
British Columbia (UBC) and processed through a network of waste
management facilities in Vancouver, Canada. Our results identify single-
use plastic items used at UBC that pose a high-risk to marine life, as well
as lower-risk plastic alternatives. Importantly, this framework can be
customized according to the specific harm reduction goals of any insti-
tution that seeks to apply it to their context and can incorporate a
diverse array of harm-risk indices. This flexible approach advances the
ability for institutional policymakers and managers to identify strategies
that will slow the flow of plastic into the ocean and advance the circu-
larity of plastic production, consumption, and management systems.

2. Methods
2.1. Framework and case study context

The proposed framework comprises six stages: 1) identify goals and
targets; 2) identify target plastic items; 3) identify leakage risk param-
eters and calculate leakage risk (leakage risk analysis); 4) select harm
risk index and calculate harm risk (harm risk analysis); 5) identify high
risk plastic items; and 6) select and implement impact and waste
reduction strategy (Fig. 1). Stages 1 and 6 involve decision making by
policymakers and/or management entities. Stages 2-5 comprise the risk
assessment portion of the framework and involve collecting and
analyzing data on plastic consumption and waste management to inform
the compound risk score calculations. The scope of this framework is

Fig. 1. Proposed risk assessment framework to calcu-
late compound-risk scores for plastic items, which can
be used to inform context-specific management strate-
gies for impact and waste reduction. Stages one and six
allow for the involvement of stakeholders in setting the
objectives and outcomes of the assessment. Stages 2-5
comprise the risk assessment itself. The framework can
be iteratively implemented to inform waste reduction
strategies, as represented by the arrows connecting
Stages 6 and 1. *This framework can also be applied to
terrestrial systems with adjusted harm and leakage risk
indices.
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restricted to managed waste originating from land-based sources.

Our case study implements this framework to inform waste reduction
strategies at UBC. We focus on stages 1-5, as the risk assessment portion
is the framework’s main novel contribution toward plastic risk assess-
ments. Stage 6 is not covered within this case study, as it requires further
input from UBC decision makers.

2.2. Framework: definitions and process

Stage 1: identify goals and targets

The focal institution defines the specific pollution reduction goals,
target plastic category (e.g. single-use plastics, microplastics) and
ranking metrics for evaluating which items will be targeted for reduction
(e.g. most consumed by weight or count, most expensive). Here, we
define the focal institution as any organization, community, business,
university, or municipality that is employing the proposed framework.

Stage 2: identify target plastic items

To conduct a waste audit or procurement analysis, the focal insti-
tution quantifies the number of plastic items purchased or consumed by
the focal institution in a given time period. Since conducting a risk
assessment for every item included in the audit is infeasible for most
institutions and municipalities, we recommend refining the target
category to a manageable scale (e.g. top ten most purchased plastic
items).

Stage 3: leakage risk analysis

Leakage risk is defined here as the likelihood of a plastic item exiting
the recycling stream of the focal waste management system and entering
the environment. Here, we define focal waste management system as the
network of facilities that process (e.g. collect, sort, recycle) waste
generated at the focal institution. Since plastics that are not recycled
have a higher likelihood of entering the ocean [1], we assume that these
plastics also have a higher leakage risk. We do not consider
post-production or maritime leakage risk (e.g. resin pellets, fishing
gear), although they are both important sources of plastic pollution in
the ocean [13].

Since waste management systems generally operate at local scales,
leakage risk is largely determined by local waste management practices
[14]. Stage 3 characterizes the flow of recyclable materials through the
focal waste management system and identifies the factors that cause
plastic items to enter or exit the recycling stream (i.e. the leakage risk
parameters associated with plastic polymers and items). Thus, the
calculation of leakage risk is inherently context specific.

Stage 4: harm risk analysis

Harm risk is defined as the likelihood that marine organisms will
ingest, be entangled by, or be contaminated by plastic items [2,20]. This
risk is determined by the physical (e.g. size, buoyancy, shape) and
chemical (e.g. polymer, additives) characteristics of a plastic item upon
entry into the marine environment, and is quantified according to a
published harm risk index. There exist many indices that estimate the
harm risk that plastic items pose to various taxonomic groups, such as
seabirds, invertebrates, marine mammals, plankton, fish (see discussion
for examples). This framework allows users to choose an index that
addresses the types of plastic items and taxonomic group(s) that are
priorities for policy and management development (see Stage 1).

Stage 5: identify high-risk plastic items

A compound risk score, which combines an item’s leakage and harm
risk scores, is calculated and used to identify high risk plastic items.
Compound risk scores can be interpreted on their own or in combination
with audit data from Stage 2 to identify high-risk items consumed at the
institution.

Stage 6: select and implement impact and waste reduction
strategy

The focal institution creates and implements policy interventions for
target items identified in Stage 5, according to the institution’s goals.
This framework can be used iteratively to refine policy targets and guide
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ongoing waste reduction strategies.

2.3. Case study

Stage 1: identify goals and targets

The focal institution for this case study is the University of British
Columbia (UBC; see Supplement for additional information). In 2014,
UBC’s Sustainability department created a Zero Waste Action Plan that
identified the reduction of SUPs consumed on campus as a high priority
for management. Accordingly, we selected SUPs as the target plastic
category, and quantity of SUPs purchased as the ranking metric (Fig S1,
Stage 1).

Stage 2: identify target plastic items

To quantify single-use plastic items purchased at UBC, we gathered
food-related SUP procurement data from businesses on campus for one
year (2017-2018; Fig. 1 Stage 2a). We sampled the main retail provider
and 54% of campus food businesses (n = 36). We classified procurement
data according to plastic item (e.g. cold cup, cutlery, takeout container)
and polymer composition (Table 1). We identified the polymer compo-
sition of items using procurement listings and in-person verification of
items. When this was not possible, we utilized information available
online to identify the polymer composition of those or similar items. Our
audit excluded plastic items that were labeled #7.

We selected the top 16 most purchased SUP items for further analysis
(Fig. 1, Stage 2b; see Table S1 for list). In addition to total abundance
(count), we also estimated total weight by weighing representative items
from each category and multiplying these weights by the total abun-
dance. For items that were purchased in various polymers with a uni-
form shape and size, we measured one sample item and assumed that the
weight of items was similar across the different polymers (e.g. PP and
PET lids). For categories with a variety of items (e.g. food containers),
we averaged the weights of several items (e.g. large and small con-
tainers, bowls and boxes).

Stage 3: leakage risk analysis

3.1 Identify leakage risk parameters

To inform the leakage risk score calculation, we gathered data about
our focal waste management system using a mixed-methods approach.
First, we identified the processing facilities involved in the management
of UBC’s plastic waste. This comprised four waste management facil-
ities, including one recycling waste collector privately contracted by
UBC, one sorting facility, and two recycling facilities (Fig. 1 Stage 3.1a).
We requested data on the recyclability of plastic polymers and items
from these four facilities. The data request served two purposes: 1)
identify factors that influence a plastic item’s likelihood of exiting the
recycling stream (i.e. leakage risk parameters); and 2) understand how
items made of different plastic polymers move through these waste
management facilities (hereafter, material flow; see Table S2 for data
request format). Finally, we conducted a grey literature review of re-
ports and audits associated with additional waste management systems
that interact with our focal system (e.g. Recycle BC; see supplement for
further elaboration on the regional context). The purpose of the grey
literature review was to identify factors that may influence how plastic
items are disposed of by consumers at UBC, given that most individuals

Table 1
Glossary of plastic polymers and their associated codes and numbers.

Polymer Polymer Code Polymer Number
Polyethylene terephthalate PET 1
High density polyethylene HDPE 2
Polyvinyl chloride PVC 3
Low density polyethylene LDPE 4
Polypropylene PP 5
Polystyrene” PS 6
Variable N/A 7

# The polystyrene category includes expanded polystyrene (EPS), or
Styrofoam.
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live off campus and interact frequently with these other systems
[22-25]. This mixed-methods approach to data collection allowed us to
gain a better understanding of why and where plastic leakage may occur
within our focal waste management system.

Using this information, we identified two distinct leakage risk pa-
rameters in our system: local recyclability and penalty factors (Fig. 1
Stage 3.1b). Local recyclability is the ability for a plastic item to be
recycled by a recycling facility within the focal waste management
system when in like-new condition. Penalty factors are characteristics
that reduce the likelihood of locally recyclable plastic items being
recycled within the focal waste management system or increase their
likelihood of entering the marine environment. The penalty factors used
in this study were identified using the data provided by local waste
management facilities and the literature review. If no data were pro-
vided to inform a given polymer’s penalty factor, we assumed the like-
lihood of that penalty factor applying to that polymer to be low. We do
not distinguish here between full recycling and downcycling because of
data limitations.

3.2 Calculate leakage risk

Leakage risk is calculated here as: leakage risk = local recycla-
bility * (1 + 3 (penalty factors)) (Eq. (1)). A higher leakage risk score
corresponds to a higher likelihood of exiting the recycling stream and
entering the ocean. Local recyclability is a binary factor: the plastic
polymer or item is either able to be recycled within the focal waste
management system and receives the lowest possible leakage risk score
or it is not and receives the highest leakage risk score. If the polymer or
item is locally recyclable, penalty factors may reduce the likelihood of it
being recycled, thus increasing the leakage risk score. Polymers or items
were assigned a binary score for each penalty factor where 0 means the
penalty factor does not apply, and 1 means it does. We assumed that
each penalty factor had an equivalent impact on an item’s likelihood of
leaking out of the recycling waste path, because there was minimal in-
formation available on the relative impacts of each penalty factor pro-
vided by local waste management facilities. The framework can
accommodate higher resolution data about the different leakage-risk-
impacts of various penalty factors if they are available.

Stage 4: harm risk analysis

4.1 Select harm risk index

Since this case study focuses on single-use plastics (SUP), we selected
a harm risk index that estimates the risk of SUP items to marine life
(Fig. 1 Stage 4.1). Wilcox et al. used expert elicitation to estimate the
entanglement, ingestion, and contamination risks of SUP items on a few
large marine taxa (seabirds, marine turtles, and marine mammals) [20].
Given this taxonomic focus, our compound risk analysis is also con-
strained to these taxa.

4.2 Calculate harm risk

In Wilcox et al. [20], the severity of entanglement, ingestion, and
contamination risks are rated on a scale of 1-4 for each item, with 4
being the highest risk. To apply these risk estimates to items consumed
at UBC, we associated each unique item from the UBC purchasing
dataset with an analogous item from the Wilcox et al. [20] analysis
based on similar physical characteristics (Table S1). For each item, we
extracted the estimated entanglement, ingestion, and contamination
effect sizes from Wilcox et al. [20] Fig. 2 using WebPlot Digitizer
(version 4.1) [26] and averaged them to estimate a single harm risk
score. For further details on the methodology used to estimate the raw
entanglement, ingestion, and contamination risk severity scores, please
refer to Wilcox et al. [20].

Stage 5: identify high risk plastic items

We combined the harm and leakage risk scores to calculate a com-
pound risk score for each item. Because the mean and variance differed
between the harm and leakage risk scores, we standardized both scores
using the formula: standardized score = (score - mean (score))/sd
(score). We then normalized both scores to a scale of [0,1] and calcu-
lated compound risk scores using the equation: compound
risk = normalized leakage risk + normalized harm risk. Compound risk
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scores were considered in concert with procurement data (Stage 2) to
identify high-risk and high-use plastic items and polymers.

3. Results

All results are specific to stages 2-5 of the UBC case study (i.e. the
risk assessment; Figs. 1, S1).

Stage 2: identify target plastic items

In 2017-2018, PP cutlery, LDPE coffee cup linings (from paper coffee
cups), PVC gloves, PET cold cups, and PS coffee cup lids were the five
most abundant SUP items purchased by UBC’s food and retail businesses
and comprised 79% of the total SUP’s quantified in this study (Fig S2).
Of note, in the years prior to the study, UBC’s Zero Waste Food Ware
Strategy recommended a phase out and prohibition of the use of EPS in
campus food services unless no viable alternatives exist, so no EPS items
appeared in the procurement data.

Stage 3: leakage risk analysis

3.1 Identify leakage risk parameters

All four of the major facilities involved in processing UBC’s plastic
waste provided data on plastic recycling practices and completed the full
data request template (Table S2). The provided data indicated that the
end-fate of plastic items disposed of at UBC is first driven by an item’s
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Fig. 2. The material flow of plastic from disposal at the University of British
Columbia (UBC) through the focal waste management system. Each box rep-
resents a different stage of the waste management process, and boxes with
asterisks indicate the facilities that provided data toward this study. Arrows
indicate the flow of materials from one stage to the next. The numbers adjacent
to each arrow indicate which polymers flow to the next stage of processing or
disposal (landfill or waste to energy). For example, after collection from UBC’s
campus, plastic items labelled with polymers #1-6 are transported to a sorting
facility. Following processing at the sorting facility, plastics labelled with #3 or
#6 are sent to the landfill, while plastics labelled #1,2,4 or 5 are sent to one of
two recycling facilities. Arrows without numbers represent paths of plastic
waste that are not directly associated with polymer number, i.e. removal from
recycling stream due to contamination. Arrows are color-coded depending on
whether the recycling is circular (closed-loop, blue arrows) or linear (end points
are waste-to-energy or landfill, red arrows). Facilities located within Metro
Vancouver are in blue font, and those outside Metro Vancouver are in yellow.
Grey font indicates unknown geographic location. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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local recyclability, based on polymer composition and item type, then by
penalty factors, based on plastic condition and consumer behavior
during disposal (i.e. sorting accuracy). We also noted variation in dis-
tance traveled for processing among items, which we assume to pose
additional risk for leakage into the environment. These three de-
terminants became the penalty factors that informed our leakage risk
score.

Local recyclability is determined primarily by an item’s polymer
composition. PET, HDPE, LDPE, PP and PS (polymers #1, 2, 4, 5, and 6,
respectively) are locally recyclable, because they can be recycled within
our focal waste management system when in like-new condition. PVC
(#3) items are not locally recyclable and are sent to the landfill by the
sorting facility (Fig. 2). Straws and cutlery are also not locally recy-
clable, regardless of their polymer composition, and are sent to landfill
at the collection stage. Importantly, while PS (#6) is able to be recycled
at some recycling facilities in our focal waste management system, the
sorting facility in this system reported that they send all PS to the landfill
upstream of the recycling facilities (Fig. 2). This contributes to an
increased leakage risk score for PS (see Section 3.2). The only items that
travel outside of Metro Vancouver for recycling are some PET (#1) items
(Fig. 2). Items with no plastic polymer label, black plastics, and com-
posite polymer items are usually sent to the landfill or to waste-to-
energy.

Data provided by the focal waste management facilities indicate that
after accounting for the polymer composition of an item, there are three
main penalty factors that increase the likelihood of those items exiting
(i.e. leaking from) the recycling stream: 1) contamination due to food
residue; 2) contamination due to mis-sorting; and 3) escape (via spill or
blow-away) during transportation between waste management facilities
(Table 2). Here, contamination means that the material is unable to be
accepted in the waste management system’s recycling stream because of
its condition or because of mis-sorting at time of disposal [22]. In this
case study, facilities that collect and sort plastics reported that they send
items contaminated with food residue to the landfill (Fig. 2). Addition-
ally, recyclable plastic items that are sorted into the wrong waste
receptacle by the consumer (e.g. plastic bags put into the garbage, rather
than taken to a local recycling depot) exit the recycling management
stream at the collection or sorting stage and go to the landfill. Finally,
items made of plastic polymers that are transported outside of Metro
Vancouver for recycling (e.g. PET #1, Fig. 2) are more susceptible to
being blown off transportation trucks and boats, and subsequently enter
the environment, than items made of polymers that can be recycled
locally [1,13,17].

3.2 Calculate leakage risk

In this case study, we designated the leakage risk range as 1-4. Items
that are not locally recyclable were assigned a leakage risk score of 4 and
were not eligible for subsequent penalty factors. Items that were locally
recyclable could reach a score of 4 if they received high risk scores for all
three penalty factors (Table 2).

Upon determining each polymer or item’s local recyclability and
penalty factors, polymers rank from highest to lowest leakage risk as
follows: PVC (4), straws and cutlery (4), PS & PET (3), PP and LDPE (2),
HDPE (1; Table 3). Straws, cutlery, and items made of PVC received the
highest possible leakage risk score (4) because they are not locally
recyclable (Fig. 2; Table 3). PS received a leakage risk score of 3 based on
high mis-sorting and residue contamination likelihoods (Table 3).
Additionally, while polystyrene (excluding EPS) is accepted for recy-
cling on campus, disposal within the Metro Vancouver waste manage-
ment system requires consumers to bring certain PS items (e.g.
packaging, foam) to specific sorting facilities [23]. This discrepancy
increases the likelihood for PS items at UBC to be mis-sorted into the
garbage waste stream. PET also received a leakage risk score of 3 based
on its residue contamination likelihood and transportation distance. PET
items are sometimes recycled locally and sometimes sent to recycling
facilities outside of Metro Vancouver (e.g. Alberta, Canada or Oregon,
US). This additional transportation step and the distance associated with
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Table 2

Definitions of local recyclability and penalty factors (PF) used to calculate
leakage risk for plastic polymers #1-6. Numeric values used to calculate leakage
risk appear in parentheses next to the assigned qualitative risk score.

Leakage risk parameter Definition Score
Local recyclability Polymer is able to be recycled by a No (4)
recycling facility within the focal waste Yes (1)
management system
PF1: Contamination due  Polymers used to make plastic items likely ~ High (1)
to residue to contain food or other residue are more Low (0)
likely to contaminate the recycling waste
management stream end up in the landfill
stream (e.g. food packaging)
PF2: Contamination due ~ Polymers used to make plastic items likely High (1)
to mis-sorting to be mis-sorted are more likely to Low (0)
contaminate the recycling stream and end
up in the landfill stream (e.g. plastic bags,
polystyrene). These items are often ones
that need to be deposited at special depots,
rather than on campus curbside sorting
stations.
PF3: Transportation Polymers that are transported outside of Outside

distance Metro Vancouver for recycling (e.g. to 1)
facilities in other provinces or countries) Inside (0)
are more likely to be lost during

transportation and enter the environment.

it increases the leakage risk for PET relative to locally recycled polymers.
PS, PET, and PP are all commonly used for food containers, which in-
creases their likelihood of ending up in landfills due to food residue
contamination. PP received a leakage risk score of 2 because of this
penalty factor. LDPE received a leakage score of 2 due to its high
contamination likelihood through mis-sorting. Soft plastics (e.g. plastic
bags and food packaging) are often made of LDPE and are not accepted
for recycling at UBC. They are, however, accepted for recycling at spe-
cific recycling depots and facilities in Metro Vancouver’s waste man-
agement system [23]. Mis-sorting into recycling waste containers at UBC
contaminates the recycling stream and can lead to soft plastics not being
recycled [22]. HDPE received the lowest possible leakage risk score (1
out of 4), because it is locally recyclable and it is usually cleaned and
sorted correctly, resulting in no penalty factors.

Stage 4: harm risk analysis

Upon aligning UBC’s SUP items with the Wilcox et al. [20] harm risk
scores, coffee cup linings, plastic bags, gloves, and cutlery posed the
greatest harm risk to sea birds, sea turtles, and marine mammals
(Fig. 3A). These items are not associated with any particular polymer
composition as the Wilcox et al. [20] harm risk index provided no
polymer-specific analysis.

Stage 5: identify high-risk plastic items

Upon combining the item-specific harm risk scores with the polymer-
and item-specific leakage risk scores, PVC gloves, PP cutlery, PVC film,
LDPE coffee cup linings, and LDPE and PP bags had the highest com-
pound risk to marine life (Fig. 3B). While these items are the same as the
top-ranked harm risk items, including polymer-specific leakage risk data
introduces variability in compound risk scores for items that can be
composed of various polymers. For example, bottles made from HDPE
have a lower compound risk score than those made from PET, and food
containers, lids, and cups made from PP or LDPE have lower compound
risk scores than the same items made of PS or PET. When compared with
abundance data from UBC’s food and retail services, two of the top three
highest risk items (PP cutlery and PVC gloves) are also among the top
three most purchased items (Fig. 4; see Fig S3 for items arranged by
weight and compound risk score).

4. Discussion

This study provides a novel method for institutions to assess the
marine risk of plastic items due to their structural properties and
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Table 3
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Polymer- and item-specific leakage risk parameters and scores from the UBC case study. Final leakage risk scores were calculated based on data provided by waste

management facilities and definitions provided in Table 2.

Penalty Factors

Polymer or Item Polymer Polymer Local Residue Mis-sorting Transportation Leakage Risk
Code Number Recyclability Contamination Contamination Distance Score

Polyethylene PET 1 1 1 0 1 3
terephthalate

High density HDPE 2 1 0 0 0 1
polyethylene

Polyvinyl chloride PVC 3 4 NA NA NA 4

Low density LDPE 4 1 0 1 0 2
polyethylene

Polypropylene PP 5 1 1 0 0 2

Polystyrene” PS 6 1 1 1 0 3

Straw PP/ PS 5/6 4 NA NA NA 4

Cutlery PP/ PS 5/6 4 NA NA NA 4

Black Plastic Variable Variable 4 NA NA NA 4

# Expanded polystyrene (EPS/Styrofoam) is included in this category.

interaction with waste management systems. By combining information
on local waste management practices with an ocean plastic harm index,
the framework assesses the compound risk that plastic consumption
presents to marine life and points to priority policy actions to mitigate
that risk. Through applying this framework to a focal institution, the
University of British Columbia, we identified several high-risk plastic
items that can be targeted for waste reduction, and alternative plastic
items that can be substituted to reduce the overall impact of UBC’s
plastic consumption on marine ecosystems (Figs. 3, 4, S3). Beyond this
case study, the framework is flexible to the specific harm reduction goals
and waste management systems of any focal institution, given sufficient
data.

Depending on the specified waste management goals, there are many
ways that the assessment’s output (a risk-ranked list of plastic items and
polymers) can inform waste management strategies and policy devel-
opment. For example, if reducing plastic consumption is the goal, users
can combine the compound risk score with plastic procurement data to
identify and target high-use or high-cost plastic items (Figs. 4, S3, top
half). Alternatively, if avoiding high-risk plastic items is the goal, users
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can target items with higher compound risk (Figs. 4, S3, right half), or
high-use and high-risk items (Figs. 4, S3, top right quadrant). This
compound risk assessment can be conducted by any institution to yield
case-specific target items for policy and management. The strategies
derived from this framework will depend upon the quality of the data
acquired in stages 3.1 and 4.1 (Fig. 1). While obtaining the necessary
purchasing data from relevant vendors may be challenging at larger
institutions, other information (e.g. waste audits or supply shipment
data) could be used to inform this type of evaluation.

Reducing total single-use plastic consumption is an important overall
goal for solving the ocean plastic problem (i.e. turn off the tap [9]);
however, transitions to non-plastic alternatives can be difficult to
implement due to barriers such as cost, availability, and performance
factors [27-30]. Under these circumstances, institutions seeking to
reduce their plastic-associated environmental impact often need to
identify lower-risk alternatives that can sustain the original item’s
function. Understanding the variation in polymer leakage risks in the
local waste management system facilitates the identification of
lower-risk plastic alternatives that enable the transition toward more
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Fig. 3. The harm and compound risk that different single-use plastic items pose to marine life. A) Normalized average harm risk (averaged entanglement, ingestion,
and contamination scores from Wilcox et al. [20]) of single-use plastic items purchased at the University of British Columbia, 2017-2018. These harm risk values are
all shaded grey as Wilcox et al., 2016 did not account for the polymer composition of plastic items. B) Compound risk scores for the same plastic items, calculated as
the sum of the normalized leakage and harm risks for each plastic polymer-item. Items that are made from different polymers have distinct bars for distinct polymer

compositions (i.e. bottles made of PET vs HDPE).
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Fig. 4. Compound risk score and relative amounts of single-use plastic items (SUPs) purchased at UBC in 2018, by count. Areas of interest for management priorities
are shaded as follows: top half (pink) - most consumed items; right half (blue) - items with the highest compound harm risk. The top rightregion (purple) represents
items that are consumed in high amounts and have high compound harm risk scores. The items highlighted with illustrations comprise the most consumed and/or
highest compound-risk items and are suitable priorities for waste or impact reduction strategies within this case study context. Proportion of consumption is
normalized to a scale of 0-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

circular plastic procurement practices. Within the case study presented
here, plastic straws, cutlery, items composed of PVC (#3) or any #7
polymers, including composite-polymers are not locally recyclable.
Thus, their continued consumption is incompatible with a transition
toward lower marine impact and a circular plastic economy. Straws and
cutlery may need to be replaced with non-plastic alternatives, since they
are unrecyclable regardless of their polymer composition. However,
items made of PVC or #7 plastics can be replaced with the same items
composed of different, more easily recycled polymers. This framework’s
locally specific output may also inform larger scale policy outcomes if
certain items or polymers are repeatedly found to be high-risk across
institutions.

In addition to informing plastic alternatives, this framework can
highlight specific avenues for waste management policy to address
plastic flow into the ocean. Plastic debris enters the marine environment
predominantly through litter, maritime transportation, and mis-
managed waste [1,13]. Of these three vectors, the latter is most suit-
able for waste managers to address [13]. Waste management systems are
incredibly complex and variable across institutions. Our proposed
framework accommodates this complexity through its general applica-
bility and its system-specific output. We demonstrate that in UBC’s
waste management system, leakage out of the recycling stream is largely
driven by contamination due to food and product residue, mis-sorting,
and transportation distance. Actions to address these contamination
problems could include: developing policy that requires food containers
and packaging to be manufactured from compostable materials [31,32],
providing accessible sorting infrastructure and education to consumers
to reduce mis-sorting and food contamination at time of disposal [33,
34], but see [35]; and supporting the improvement of source-separation
and material recovery technologies [36,37]. Finally, addressing the
leakage of plastics into the environment during the transportation of
plastic resin pellets, materials, and waste is an important policy priority,
and will involve coordination across multiple stages of the
post-consumption plastic life cycle (e.g. facilities represented in Fig. 2).

It is important to note that this framework’s output is highly

dependent upon the chosen harm risk index, whose selection is driven by
both the target plastic category and the taxonomic group identified in
Stages 1 and 4 (Fig. 1). In this case study, we selected a harm risk index
that used expert elicitation to estimate the ingestion, entanglement, and
contamination risk of single-use plastic items for turtles, marine mam-
mals, and marine birds [20]. Other harm risk indices focus on: taxo-
nomic groups, including fish [38-40]; level of biological organization (e.
g. organism, population, ecosystem) [18]; microplastics [41-45];
coastal debris [46-48]; and holistic socio-economic and socio-ecological
approaches [3,49].

Different harm risk indices capture various aspects of the complex
risk associated with each harm risk subcategory, i.e. entanglement,
ingestion, and contamination. Entanglement and ingestion risks vary
within and across taxonomic groups because factors like body size,
feeding behavior and digestive tract structure can substantially influ-
ence an organism’s vulnerability to these effects [50-52]. Contamina-
tion risk varies across polymer types, as different polymers are known to
sorb harmful chemicals to differing degrees [53-56]. Further, the
magnitude and nature of each of these risks can change over a plastic
item’s marine lifetime, as it breaks down into smaller plastic particles (i.
e. microplastics) [8,57]. Policy-makers can enhance the robustness of
their strategies by acknowledging this complexity and clearly identi-
fying their focal taxa and impact priorities prior to selecting the harm
risk index for use within the framework (Fig. 1 Stage 1). Importantly,
significant knowledge gaps still exist regarding the impacts of plastic
pollution on ecosystem and human health [14,18] (e.g. how contami-
nants and plastics transfer between trophic levels and from organism to
population scales). As new knowledge and harm risk indices are created,
this framework can be adapted to accommodate and incorporate this
new information.

While some recent movements have shown success in motivating
individuals to reduce their plastic consumption [58], today’s societies
are too dependent on plastic to rely on consumers to eliminate all plastic
use. This study presents a framework to instead focus on reducing the
flow of plastic into the ocean with an emphasis on procurement and
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waste management solutions. Additionally, it prioritizes plastic items
and polymers that pose the greatest compound risk to marine life.
Through integrating local waste management and ecological impact
data, this framework brings us one step closer toward slowing the flow of
plastic into the ocean and mitigating the negative effects that plastic has
on marine ecosystems. A meaningful next step would be for lawmakers
and managers to build upon this research by creating policies that
reduce production and consumption of non-recyclable plastics that are
more likely to end up in marine ecosystems. Overall, using this frame-
work to develop targeted plastic reduction policies can support locally
effective measures to combat the global issue of marine plastic pollution.
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