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A B S T R A C T

Marine litter is a major global challenge, even in the remote reaches of the Arctic. Monitoring temporal trends in litter loadings and composition is key to designing
effective preventative and mitigative measures, and to assess their impact. Few data are available, however, by which to do this in the Arctic region. Citizen science
data organised by the local waste management company in the Lofoten archipelago in the Norwegian Sea is an exception to this. We analysed volunteer cleanup data
(total weight and counts of select litter types, standardised to density per 100 m) from over 200 locations from 2011 to 2018. Results indicate a general decline in
beach litter in the region, and particularly in litter types related to private use, such as beverage bottles. These declines are most likely the combined result of
extensive cleanup activities and a considerable reduction in local litter inputs.

1. Introduction

Marine litter is one of our time's great environmental concerns. It
has been estimated that a staggering 8–13 million tonnes of plastic
pollution enters the oceans annually as a result of waste mismanage-
ment on land (Jambeck et al., 2015). In addition, considerable amounts
of fishing gears and other fisheries related waste is lost or discarded
each year (Macfayden et al., 2009). The magnitude of loss from fish-
eries and other maritime industries remains uncertain, but a recent
study suggests that commercial fishing off Norway alone contributes
nearly 400 t of plastic fishing gears to the oceans each year (Deshpande
et al., 2020). The very characteristics that make it such a desirable
product for a large variety of applications, also makes plastics ex-
tremely persistent in the environment (Andrady, 2015). Marine litter
poses serious threats to marine life through ingestion, entanglement
and smothering (Kühn et al., 2015), and also has negative economic
impacts, particularly for industries such as fishing and tourism
(Newman et al., 2015). Marine plastic pollution is ubiquitous globally
and across all marine environments (Galgani et al., 2015), including in
the remote regions of the Arctic (Halsband and Herzke, 2019).

In 2010, the European Union's Marine Strategy Framework
Directive recommended the goal of measurable reductions in marine
litter in the European region by 2020 (Galgani et al., 2010). The OSPAR
Commission has similarly set down objectives for reductions in, and
monitoring of, marine litter in the North East Atlantic (OSPAR
Commission, 2014). Achieving these goals is challenging not only with
respects to implementing effective preventative and mitigative

measures in the region, but also in terms of establishing adequate time
series of data by which to assess temporal trends. Robust time series of
quantitative and representative beach litter data are generally not
available, in large part due to the high cost and logistical challenges
associated with collecting such data. Analyses of 25 years of monitoring
from the OSPAR Beach Litter Monitoring Program showed few trends in
the overall occurrence of litter, but did detect several both positive and
negative trends for individual litter types (Schulz et al., 2015). How-
ever, considerable local variation among beaches and generally low
replication within regions makes grouping of survey locations and as-
sessments of trends over larger areas challenging using the OSPAR
method, and results tend to be location specific (Schulz et al., 2019,
2017). Citizen science data from volunteer beach cleanup actions are
typically of much lower quality than professionally collected data (e.g.,
OSPAR), but are also generally available in much greater volumes
(Hidalgo-Ruz and Thiel, 2015). Sometimes such data can provide re-
latively long time series with broad geographical coverage, enabling
analyses that would otherwise not have been possible. Such an analysis
was conducted across the UK over a decade (2004–2015), yet did not
reveal any systemic temporal trends in the total litter amounts (Nelms
et al., 2017). However, long-term increases of certain individual litter
types was observed (Nelms et al., 2017). The lack of overall change in
beach litter pollution levels was suggested to be due to cleanup efforts
being sufficient to halt further accumulation of beach litter, but in-
sufficient to actually result in a decrease (Nelms et al., 2017). Currently
there is little clear evidence suggesting a successful measurable reduc-
tion in marine litter in Europe by 2020, and it seems clear that, among
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other things, more data are needed for trend assessment.
The Lofoten archipelago in northern Norway presents an interesting

case study for assessing temporal trends in beach litter. On average
across Norway, volunteers have cleaned a little under 1% of its coast-
line annually in recent years (Zimmermann et al., 2018). In the Lofoten
archipelago engagement is particularly high, covering approximately
5% of its coastline in 2018 (Hartviksen and Gressetvold, 2018). Cleanup
actions in Lofoten have been arranged by the Lofoten Waste Manage-
ment Company (LAS) since 2011. Volunteers may dispose of collected
litter free of charge provided it is accompanied by a data registration
sheet showing counts of common litter types. Unlike many citizen sci-
ence datasets on beach litter, LAS also provides a total weight estimate
of litter cleaned at each location as litter is weighed in upon delivery
(Falk-Andersson et al., 2019; Hartviksen and Gressetvold, 2018). In
addition to high cleanup activity, the archipelago also has a unique
geography. Situated in the Norwegian Sea, it extends from like an
“arm” to the west of the Norwegian mainland, intersecting both the
Norwegian Coastal Current (NCC) and the Norwegian Atlantic Current
(ACC, an extension of the Gulf Stream) (Mitchelson-Jacob and Sundby,
2001). The south-eastern (“inner”) shore of the archipelago borders
Vestfjorden, a large coastal bay with a complex current pattern of ed-
dies which occur as the NCC is redirected from the upper bay and
forced out and around the archipelago (Mitchelson-Jacob and Sundby,
2001). The ACC passes by the north-western (“outer”) shore, bringing
waters from the North Sea and across the Atlantic (Mitchelson-Jacob
and Sundby, 2001; Skagseth et al., 2008). Consequently, local litter
sources are more likely to dominate along the “inner” shore where
water comes from along the Norwegian coast with the NCC and may be
retained by eddy systems, while the “outer” shore has greater potential
to accumulate litter transported from afar (Falk-Andersson et al., 2019).

Our objective was to utilise the LAS dataset as an indicator of local
beach litter temporal trends, in terms of both long-term (first-time
cleanup locations) and short-term (repeat cleanup locations) accumu-
lation in the Lofoten archipelago, northern Norway. As a secondary
objective, we also assessed whether these trends were similar along the
inner (fjord) and outer (open ocean) shores of the archipelago given
their potential differential exposure to local vs. long-transport sources
of marine litter. As the region sees above-average cleanup efforts and
has the potential to be significantly impacted by both local and long-
distance sources of litter, it is a highly interesting area in which to in-
vestigate temporal trends to attempt to assess impacts of beach
cleanups and potential trends in continued litter pollution. Data on
marine litter in the Arctic is also relatively limited (Halsband and
Herzke, 2019), further increasing the value of this extensive citizen
science dataset.

2. Methods

2.1. Beach litter data

Litter registrations from beach cleanups from 2011 to 2018 were
provided by the Lofoten Waste Management Company (henceforth re-
ferred to by its Norwegian acronym LAS). Additionally, data from 2019
for select sites that were part of a multi-year series were provided. The
data collected during cleanup actions included total weight, counts of
select litter types, location, estimated length of beach cleaned, and the
month and year it took place. When coordinates were not provided for
the location, LAS staff approximated them based on a mixture of site
names, local knowledge, and dialogue with cleanup coordinators.

It is important to note that volunteers did not count and identify all
litter, only select litter types. This list of litter types registered also
changed somewhat through the time series as the protocol was adjusted
to meet the perceived local needs (Falk-Andersson et al., 2019). Con-
sequently, we did not consider all the count data available, only counts
of litter types recorded consistently throughout the time series. This
included 30 litter types classified into four source categories:

“commercial”, “private” (“on the fly”), “household” and “other”
(Table 2). Litter types classified as “commercial” included ropes, fishing
gear, buoys, fish boxes, bait bags, strapping bands, tarps, jerry cans,
dish soap bottles and extruded polystyrene (EPS). The “commercial”
source category was dominated by fisheries-related litter types, but also
included some litter types that may stem from land-based commercial
activities. Litter types classified as “private” included items typically
used by individuals “on the fly”, such as beverage bottles and cans, lids
and caps, disposable dinnerware and cups, takeaway packaging, plastic
bags, clothing, shoes, lighter and tobacco products. Litter types classi-
fied as “household” items included food packaging, light bulbs and
sanitary pads and tampons. Litter types in both the “private” and
“household” source categories may have been used (and lost/discarded)
by either persons on shore (e.g., beachgoers) or at sea (e.g., fishermen).
Litter types classified as “other” included batteries, car parts, tires,
electronics, oil drums and syringes. Attribution of litter types to these
source categories is part of LAS’ data collection scheme, and as our
objective was to utilise their dataset these categories were retained in
analyses. However, we recognise that there are challenges regarding
source allocations; considerations concerning this are given in the dis-
cussion.

2.2. Statistical analyses

To determine the most common litter types observed, the percen-
tage of recorded litter comprising different litter types and source ca-
tegories was assessed both based on pooling all registrations and on the
cleanup action means. For source categories a chi-square test was car-
ried out to assess whether the proportion of each was different from
expected given the uneven number of litter types classified in each
category. Expanded polystyrene (EPS), considered part of the “com-
mercial” category, was not registered until 2012. Since LAS believes it
to be a common item, basic descriptive statistics were repeated ex-
cluding 2011 to allow including EPS in the counts. From 2016 to 2018,
beverage bottles of Norwegian and foreign origin were distinguished.
Thus, for these three years, Kruskal-Wallis rank-sum tests were carried
out to test for significant differences in the density (#/100 m) of
Norwegian and foreign bottles between the inner and outer coasts of
Lofoten. This was done to test the hypothesis that the outer coast is
more likely to receive long-transported litter than the inner coast. We
did not assess the ratio of Norwegian to foreign beverage bottles as
bottles of unidentifiable origin were not accounted for.

Temporal trends in beach litter density were investigated by con-
sidering (1) long-term accumulation represented by the very first time a
location was cleaned and excluding subsequent cleanups of the same
locations, henceforth referred to as “standing stock”, and (2) short-term
accumulation represented by repeated (typically annual), cleanup ac-
tions at the same locations (first cleanup action excluded), henceforth
referred to as “influx”. In total, data from 704 cleanup actions were
provided. However, due to variable quality and detail of litter regis-
trations, not all were included in analyses. Litter quantities were stan-
dardised to density per 100 m of shoreline, necessitating the exclusion
of any registrations lacking values for length of beach cleaned. Influx
trends were only assessed at locations with at least four cleanup actions
(minimum three measurements of recently beached litter after long-
term accumulations, i.e., first cleanup actions, were removed).
Furthermore, only cleanup actions with 50 or more litter items recorded
were considered to avoid skewing of the data set by very small cleanup
actions. For analyses of standing stock, the number of cleanup actions
retained differed for count and weight data as there were a number of
actions for which total weight had been recorded but counts not ade-
quately performed. The quality and reliability of count data were de-
termined by LAS staff, and cleanup actions only included in analyses if
deemed adequate. The resulting sample size (number of cleanup ac-
tions) for each analysis is given in Table 1, and maps of cleanup loca-
tions are shown in Fig. 1.
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The temporal trend analyses of both litter influx and standing stock
were conducted using both least-squares linear regression (Falk-
Andersson et al., 2019) and Mann-Kendall time series analyses com-
bined with Sen-Theil slope estimations (Schulz et al., 2019; Wilcox,
2010). For least-squares regressions, density data (kg and item counts
per 100 m coastline) were natural log transformed. This was done to
normalise the highly skewed log-normal distributions of the raw data
(Falk-Andersson et al., 2019; Nelms et al., 2017). For standing stock
these analyses were carried out as simple ANCOVAs with month (ex-
pressed as unique values starting with January 2011 = 1) and shore
(inner/fjord vs. outer/open ocean side of the archipelago) as factors.
Similar analyses were carried out for litter influx, but here location was
added as a random factor to account for potential differences among
sites (Nelms et al., 2017). All least-squares regressions were carried out
using JMP14. Mann-Kendall time series analyses were carried out on
untransformed density data (kg and item counts per 100 m coastline)
for the inner (fjord) and outer (open ocean) coasts separately, and 95%
confidence intervals calculated through bootstrapping (10,000 itera-
tions). For trends in litter influx, a common slope was calculated based
on data points paired within locations. Mann-Kendall time series ana-
lyses were carried out in Excel. The above analyses were all carried out
using total weight cleaned, counts for each source category, and counts
of the most common litter types. Relatively uncommon litter types were
excluded as frequent zero observations hinders trend detection (Schulz
et al., 2013).

3. Results

3.1. Annual variations in cleanup actions

Overall there was a significant increase in annual cleanup actions
through the time series (F1,6 = 30.04, p = 0.0015, R2 = 0.83) with an
average increase of 10 cleanups per year. However, this trend was less
evident when considering only the actions with sufficient data quality
to be retained for analyses. For the 232 cleanup actions retained for
standing stock analyses (by total weight), there was no significant trend
in the number of actions annually (F1,6 = 0.50, p= 0.51). The majority
of cleanup actions took place in May, but this did change through the
time series. For the same 232 cleanup actions 61% were carried out in
May, and there was a significant decline in the ratio of cleanup actions
carried out in May relative to the rest of the year from 2011 to 2018
(F1,6 = 15.7, p = 0.007). This was due to a shift in the waste man-
agement company's regulations. Initially LAS allowed free-of-charge
deliveries of beach litter only during the spring, but following federal
funding cuts for their cleanup program in 2015 they began admitting
deliveries any time, leading to a greater seasonal spread in cleanup
actions in subsequent years.

3.2. Common litter types and composition

Litter registrations were carried out in adequate detail to assess
litter composition during a total of 445 cleanup actions from 2011 to
2018 (Table 3). The most common source category was “commercial”
(54%, all registrations pooled), followed by “private” (“on the fly”)
(37%), “household” (8%) and “other” (1%). The percentage of “com-
mercial” was considerably higher, and that of “household” and “other”
considerably lower, than expected based on the number of litter types

classified as belonging to each (X23 = 60,861, p < 0.0001). The dif-
ference between the percentage of “commercial” and “private” evens
out when considering the average per cleanup action rather than all
litter pooled (46% and 43%, respectively). If the first year (2011) is
excluded from the analysis so that Styrofoam can be included (classified
as “commercial”), then the percentage of “commercial” litter increases
(60% of all registrations pooled, 52% cleanup action mean).

Of the 30 litter types registered throughout the time series, an
average of 18 of these were recorded per cleanup action. However, four
litter types accounted for half of all observations, and eight for three
quarters. The rank of these top eight was somewhat dependent on the
method used to calculate them (on all registrations pooled vs. cleanup
action means). Rope<50 cm was consistently the most common (17%
mean, 21% pooled), followed by plastic beverage bottles (14% mean
and pooled) and lids and caps (10% mean and pooled). The fourth most
common item, and adding to 50% cumulatively, however, was food
packaging based on cleanup actions means (9%), but buoys and other
floats based on pooled data (8%). With rope> 50 cm, strapping bands,
and plastic bags these eight litter types constituted 75% of items based
on cleanup actions means and 80% of all registrations pooled. The re-
maining 22 litter types each accounted for< 3% of litter registrations.

When 2011 was removed from the time series and Styrofoam in-
cluded in the analyses, Styrofoam made the top four types accounting
for 50% of registered litter. Rope< 50 cm remained the most common
item (16% mean, 19% pooled), followed by plastic beverage bottles
(13% mean and pooled) or Styrofoam (11% mean, 14% pooled), de-
pending on whether cleanup action means or all registrations pooled
were considered (Fig. 2). The fourth most common item was lids and
caps in both cases (9% mean, 8% pooled). The next four most common
litter types (the eight together making up 75%–80% of registrations)
varied somewhat with method of estimation. Based on cleanup action
means these litter types were food packaging (7%), rope>50 cm (6%),
strapping bands (6%) and plastic bags (5%). Based on all registrations
pooled these were rope> 50 cm (7%), buoys and other floats (7%),
strapping bands (6%) and food packaging (6%) (Fig. 2). Each of the
remaining 22 litter types constituted< 3.5% each.

On average across the three years 2016–2018, the density of bottles
was approximately twice as high along the outer, open ocean coast (11
bottles 100 m−1 ± SE 3.4) than the inner, fjord coast (25 bottles
100 m−1 ± SE 5.3) of Lofoten (Kruskal-Wallis rank-sum test:
p = 0.003). This difference was due to a greater presence of foreign
bottles along the outer coast. The mean density of Norwegian beverage
bottles was similar between both coasts in each of the three years
(Table 4). The density of foreign beverage bottles, however, was con-
sistently higher along the outer coast than the inner (Table 4). Pooling
data from all three years, the density of foreign bottles was significantly
lower than that of Norwegian bottles along the inner coast (Kruskal-
Wallis rank-sum test: p < .0001). However, there was no significant
difference in the density of Norwegian and foreign beverage bottles
along the outer coast of Lofoten (Kruskal-Wallis rank-sum test:
p = .18).

3.3. Temporal trends in standing stock

Least-squares models could only be used for temporal trends in total
weight cleaned and the abundance of “commercial” and “private” litter
types, as these were the only categories sufficiently common for their

Table 1
Number of cleanup actions (i.e., n) included in time series analyses.

Total weight Item counts

Litter influx 77 (48 inner shore, 29 outer shore)
20 sites (13 inner shore, 7 outer shore)

77 (48 inner shore, 29 outer shore)
20 sites (13 inner shore, 7 outer shore)

Standing stock 232 (153 inner shore, 79 outer shore) 169 (111 inner shore, 58 outer shore)
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Fig. 1. Maps showing cleanup actions included in time series analyses of (a) standing stock or long-term accumulated litter, and (b) influx or short-term accumulation
of litter on beaches. The numbers inside the symbols in b show the number of repeat cleanup actions at each site (excluding the first cleanup at each location). Inner
and outer coast distinguishes the coast along the West Fjord facing the Norwegian mainland (the inner coast) from the coast facing the open ocean (outer coast).
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distributions to be normalised by a log transformation. Total weight
cleaned showed a marginally significant effect of time (F1,228 = 3.89,
p = .05) (Fig. 3a), with an average annual decline of approximately
8%. There was no interaction between time and coast (F1,228 = 0.07,
p = .79). However, there was a significant effect of coast
(F1,228 = 5.93, p = .02), with there being, on average, 66% more litter
cleaned by weight per 100 m of beach along the inner coast than the
outer coast of the archipelago. Despite significant trends, variability
was considerable (R2 = 0.04). The model residuals were normally
distributed (Shapiro-Wilk W test: p = .42). There was no effect of time
for the number of “commercial” litter types (F1,165 = 1.23, p = .27),
nor an effect of coast (F1,165 = 0.85, p = .58) or interaction between
coast and time (F1,165 = 0.03, p = .86) (Fig. 3b). The model residuals
were normally distributed (Shapiro-Wilk W test: p = .86). For “private”
litter, there was a significant negative effect of time (F1,164 = 4.48,
p = .04) (Fig. 3c) with an annual reduction in abundance of approxi-
mately 10%. There was no effect of coast (F1,164 = 0.29, p = .59) or
interaction between it and time (F1,164 = 0.00, p = .99). Despite sig-
nificant trends, variability was considerable (R2 = 0.03). The model
residuals were normally distributed (Shapiro-Wilk W test: p = .42).

Results were similar using non-parametric Mann-Kendall time series
analyses combined with Sen-Theil slope estimations. There were evi-
dence of declines in “private” and “household” litter types along both
coasts, and in “commercial” litter along the inner coast alone (Table 5).
On average, there was a reduction in the number of “commercial” litter
items cleaned along the inner coasts of 4.2 items per 100 m from 2011
to 2018. Similarly, there was an average reduction in the number of
“private” (“on the fly”) litter items cleaned along the inner and outer
coasts at the start and end of the time series of 6.1 and 5.0 items per
100 m, respectively. The average total reduction in “household” litter
was more modest with 1.8 and 1.9 fewer items per 100 m along the
inner and outer coasts, respectively. Of the most common litter types,

rope fragments shorter than half a meter, food packaging, and plastic
bags showed significant declines along both coasts, and longer pieces of
rope and strapping bands showed declines along the outer coast only
(Table 5). The results also indicated a slight increase in the standing
stock of buoys and other floats along the outer coast (Table 5).

3.4. Temporal trends in litter influx

As for standing stock, least-squares regressions were carried out on
log-transformed density data of total weight and counts of “commer-
cial” and “private” litter types per 100 m coast. There was no significant
temporal trend in litter influx by total weight (F1,60.1 = 2.98, p = .09)
(Fig. 4a), nor a difference in the mean influx between the inner and

Table 2
Litter types counted within each source category.

Commercial Private
(“on the fly”)

Household Other

Rope <50 cm Plastic beverage
bottles

Food packaging Batteries

Rope >50 cm Beverage cans Light bulbs Car parts
Nets/pieces of nets Glass bottles Sanitary pads/

tampons
Tires

Fish boxes Lids and caps Electronics
Bait holders/bags Disposable

dinnerware/cups
Oil drums

Buoys and other floats Take-away packaging Syringes
Strapping bands Plastic bags
Tarps Clothing
Jerry cans Shoes
Dish soap bottles Lighters
Expanded polystyrene

(EPS)a
Tobacco products and
packaging

a From 2012 only, thus not included in standing stock analyses.

Table 3
List of cleanup actions, total item counts and per cent of registered litter types classified within each source category (all actions pooled) annually.

Year Cleanup actions Total items counted Commercial (%) Private (“on the fly”) (%) Household (%) Other (%)

2011 31 17,477 57.1 27.2 14.9 0.7
2012 42 16,656 53.1 37.6 7.6 1.7
2013 30 12,036 47.7 44.3 6.2 1.9
2014 40 14,604 49.2 43.7 6.2 0.8
2015 52 21,922 54.5 36.9 7.5 1.2
2016 64 35,220 58.1 34.2 7.1 0.6
2017 80 34,173 49.5 42.2 7.3 1.0
2018 106 40,551 57.8 33.8 7.3 1.0
Total 445 192,630 54.3 36.8 7.9 1.0

Table 4
Annual Kruskal-Wallis rank-sum tests for the density (#/100m) of Norwegian
and foreign bottles at locations on the inner (fjord) vs. the outer (open ocean)
coast of Lofoten. Numbers given are sample means± SE with n (number
cleanup actions) in parentheses. Significant differences between the inner and
outer coasts are indicated in bold.

Norwegian bottles Foreign bottles

Year Inner coast Outer coast Inner coast Outer coast

2016 10.4± 4.6 (58)
p = 0.31

16.2± 7.7 (33) 7.1±4.8 (58)
p < 0.0001

25.5±9.6 (33)

2017 4.8±1.5 (47)
p = 0.24

9.0±3.1 (42) 3.5±1.9 (47)
p = 0.0004

20.8±7.3 (42)

2018 5.4±1.6 (61)
p = 0.92

2.5±0.5 (40) 1.9±0.6 (59)
p = 0.02

4.4±1.3 (40)

Table 5
Results of non-parametric Mann-Kendall time series analyses combined with
Sen-Theil slope estimations (month−1) for temporal trends in the standing stock
(or accumulated litter) on beaches cleaned for the first time 2011–2018.
Significant trends are highlighted in bold. All densities are standardised per 100
m coast cleaned. See Table 1 for sample size (# cleanup actions for weight and
count data along the inner and outer shores).

Inner (fjord) coast Outer (open ocean) coast

Metric Slope Lower
95% CI

Upper
95% CI

Slope Lower
95% CI

Upper
95% CI

Total weight (kg) −0.003 −0.006 0.000 −0.017 −0.046 0.004
Commercial (#) −0.050 −0.067 −0.031 −0.021 −0.055 0.011
Private (#) −0.072 −0.092 −0.050 −0.059 −0.087 −0.038
Household (#) −0.020 −0.025 −0.016 −0.023 −0.031 −0.014
Other (#) 0.000 0.000 0.000 −0.001 −0.002 0.000
Rope < 50 cm −0.014 −0.019 −0.008 −0.010 −0.020 −0.002
Beverage bottles 0.000 −0.001 0.004 0.003 −0.004 0.010
Lids and caps −0.003 −0.006 −0.001 −0.002 −0.010 0.000
Food packaging −0.014 −0.019 −0.011 −0.020 −0.028 −0.013
Buoys and floats 0.000 0.000 0.000 0.006 0.004 0.009
Rope > 50 cm 0.000 −0.001 0.000 −0.014 −0.019 −0.007
Strapping bands 0.000 0.000 0.000 −0.006 −0.010 −0.003
Plastic bags −0.014 −0.018 −0.011 −0.011 −0.014 −0.006
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outer coasts (F1,17.7 = 0.03, p = .87) or an interaction between time
and coast (F1,60.1 = 0.69, p = .41). The model residuals were normally
distributed (Shapiro-Wilk W test: p = .57). Similarly, there was no
temporal trend in influx of “commercial” litter types (F1,60.4 = 2.03,
p = .16), nor a difference in the their mean influx between the inner
and outer coasts (F1,16.9 = 0.03, p = .87) or an interaction between
time and coast (F1,60.4 = 1.50, p = .23) (Fig. 4b). The model residuals
were normally distributed (Shapiro-Wilk W test: p = .53). There was,
however, a significant interaction of coast and time for “private” litter
types (F1,58.2 = 5.42, p= .02). Consequently, we investigated temporal
trends separately for the inner and outer coasts of the archipelago.
There was a significant temporal trend in the influx of “private” litter
over time along the inner coast of Lofoten (F1,35.8 = 16.25, p= 0.0003)

with an approximately 27% annual decline over time period. However,
there was no evidence of a similar trend along the outer coast
(F1,22.3 < 0.01, p = 0.95) (Fig. 4c). The model residuals of both
models were normally distributed (Shapiro-Wilk W test: p = 0.71 and
0.16 for the inner and outer coasts, respectively).

The results of the Mann-Kendall time series analyses and Sen-Theil
slope estimations showed similar results with significant declines in
“private” litter types along the inner coast (Table 6) with an average
total reduction of 12.4 items per 100 m from 2011 to 2018. However,
these non-parametric analyses also showed a significant decline in total
weight along the inner coast (Table 6), which amounted to an average
total reduction of 26.3 kg per 100 m coast. Among the most common
litter types, there were significant declines in plastic beverage bottles,
EPS, lids and caps, strapping bands and plastic bags, all along the inner
coast (Table 6). The only significant temporal trend along the outer
coast was a decline in the influx of EPS (Table 6).

4. Discussion

4.1. Lofoten beach litter in decline

Volunteer cleanup data from the Lofoten archipelago in northern
Norway show modest, but discernible declines in both influx (short-
term accumulation) and standing stock (long-term accumulation) of
litter on beaches over an 8–9-year period. The most pronounced decline
has been in the “private” (“on the fly”) litter category, which covers
litter types typically associated with the behaviour of individuals whilst
outside the home (e.g., beachgoers, campers, fishermen). There are
numerous sources of error in the citizen science data used to assess
these trends, such as observer bias from various untrained persons,
generally poor documentation of effort and cleanup location, estima-
tion rather than counting, and a general lack of standardisation. These
numerous sources of error, as well as generally high variability in litter
loads among locations (Haarr et al., 2019b), are evident in the varia-
bility surrounding the observed trends. Nevertheless, the fact that re-
latively consistent negative temporal trends were discernible despite
this provides compelling evidence that at least certain types of beach

Table 6
Results of non-parametric Mann-Kendall time series analyses combined with
Sen-Theil slope estimations (month−1) for temporal trends in the influx of
different litter fractions to regularly cleaned beaches from 2011−2019.
Significant trends are highlighted in bold. All densities are standardised per 100
m coast cleared. See Table 1 for sample size (# cleanup actions for weight and
count data along the inner and outer shores).

Inner (fjord) coast Outer (open ocean) coast

Metric Slope Lower
95% CI

Upper
95% CI

Slope Lower
95% CI

Upper
95% CI

Total weight (kg) −0.313 −0.611 −0.072 −0.833 −1.778 0.139
Commercial (#) −0.225 −0.625 0.000 −0.388 −1.175 0.467
Private (#) −0.148 −0.236 −0.001 −0.167 −0.422 0.348
Household (#) −0.017 −0.056 −0.001 0.036 −0.081 0.128
Other (#) −0.002 −0.008 0.000 −0.006 −0.016 0.003
Rope <50 cm −0.037 −0.278 0.016 0.159 −0.098 0.306
Beverage bottles −0.033 −0.089 −0.013 −0.044 −0.199 0.017
EPS −0.034 −0.153 −0.008 −0.040 −0.173 −0.004
Lids and caps −0.056 −0.097 −0.010 −0.024 −0.092 0.193
Food packaging −0.005 −0.042 0.003 0.033 −0.081 0.128
Buoys and floats −0.013 −0.032 0.000 0.000 −0.033 0.007
Strapping bands −0.063 −0.089 −0.002 −0.006 −0.169 0.017
Plastic bags −0.016 −0.027 −0.003 0.012 −0.023 0.039
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(a) (b) Fig. 2. Prevalence of different litter items. (a) The
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colour make up just over half of all items. Combined
with litter types with hatched shading these con-
stituted 80% of all registered litter.

M.L. Haarr, et al. Marine Pollution Bulletin 153 (2020) 111000

6



litter are in decline in Lofoten.
The amount of marine litter in a region, such as surrounding the

Lofoten archipelago, can be thought of in terms of a local population
with a birth or growth rate (the input of new litter to the region),
natural mortality (export of litter out of the region by currents and
wind, and degradation to microplastics), exploitation (removal of litter
through cleanups), and dispersal and movement patterns (Fig. 5). Po-
pulation size is dependent on both litter entering and exiting the
system. The distribution of litter within the population is also highly

dynamic. Beached litter does not necessarily remain beached or in the
same location on the shore, and total turnover of litter on a beach can
occur in only a few months (Bowman et al., 1988; Johnson and Eiler,
1999; Ryan et al., 2014; Smith and Markic, 2013; Williams and Tudor,
2001). The rates of beaching, resuspension, burial and degradation are
all factors affecting the accumulation of litter along the shore (Critchell
and Lambrechts, 2016) (Fig. 5). The amount of litter removed the first
time a beach is cleaned (standing stock) reflects the net sum of these
processes over a long time period (i.e., decades). In contrast, the litter
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time: F1,228 = 3.89, p = 0.05
coast: F1,228 = 5.93, p = 0.02

time*coast: F1,228 = 0.07, p = 0.79

time: F1,165 = 1.23, p = 0,27
coast: F1,165 = 0.85, p = 0.58

time*coast: F1,165 = 0.03, p = 0.86

time: F1,165 = 4.80, p = 0.03
coast: F1,165 = 0.09, p = 0.77

time*coast: F1,165 = 0.03, p = 0.86

Fig. 3. Linear least squares regressions for litter standing stock (accumulated litter on beaches not previously cleaned) in (a) total weight, (b) abundance of
“commercial” litter and (c) abundance of “private” or “on the fly” litter. See Table 2 for list of litter types in each category. Time is given in months from the start of
time time period (1 = January 2011). Only solid trend lines are significant. Solid circles represents sites along the inner (fjord) coast of the archipelago, and open
circles sites along the outer (open ocean) coast. Two lines of best fit are shown in a due to the significant difference between the inner and outer coast.
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removed from a beach during subsequent repeat cleanups (influx) re-
flects the net sum of these processes only over the short time period
since the previous cleanup (i.e., months/years). Both are subject to
changes in the rates of beaching, resuspension, burial, exhumation, and
movement of litter on the shore. However, as influx depends on the sum
of these processes over a much shorter time period than standing stock,
smaller changes should be detectable in the former compared to the
latter. This assumption is consistent with our observation that declines
in influx have been greater than those in standing stock. As declines
were also observed in standing stock, however, this suggests substantial
changes to beach litter dynamics in the area. There are multiple po-
tential causes of these changes.

If growth (new litter input) and mortality (advection and cleanups)

in the population equal zero, one would expect a decline in beach litter
over time simply due to the loss of macrolitter through degradation
(i.e., fragmentation to secondary microplastics). It is clear that weath-
ering, especially whilst beached and exposed to sunlight, results in
embrittlement of plastics, making them vulnerable to total fragmenta-
tion in the face of abrasion on the substrate caused by wave or wind
action (Andrady, 2011). However, it is less clear how long this process
takes on average, and whether it is likely to result in significant changes
to local macroplastic supply in the time scale of this study. Evidence
suggests it is extremely slow for floating and settled plastics in the
water, although it does occur considerably faster when plastic is bea-
ched (Andrady, 2015, 2011). Some of the observed reductions in in-
dividual litter types, such as in food packaging and plastic bags but not
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Fig. 4. Linear least squares regressions for litter influx in (a)
total weight, (b) abundance of “commercial” litter and (c)
abundance of “private” or “on the fly” litter to regularly
cleaned beaches. See Table 2 for list of litter types in each
category. Time is given in months from the start of time
period (1 = January 2011). Only solid trend lines are sig-
nificant. Solid circles represents sites along the inner (fjord)
coast of the archipelago, and open circles sites along the outer
(open ocean) coast. Site, while not shown in the graphs, was
included as a random factor in each model. For a and b, a
single line of best fit is shown due to the non-significant in-
teraction terms and effect of coast. For c the line of best fit for
the inner (solid line) and outer coast (dotted line) are shown
separately given the significant interaction term in the full
model.
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in buoys and floats, could be partially the result of more rapid de-
gradation of older pieces of thin plastic packaging material compared to
the much more substantial plastic of e.g. trawl bobbins. Weathering and
degradation have been attributed as the likely cause of an increase in
unidentifiable plastic fragments documented by citizen scientists over a
decade in the UK (Nelms et al., 2017). Given unidentifiable fragments
were generally not registered under the LAS protocol, however, it was
not possible to test for a similar correlation in Lofoten. In a no growth,
no mortality scenario, a decline in accumulating beach litter may also
occur due to a loss of litter in circulation as a result of continued set-
tlement onto the seafloor with biofouling (Andrady, 2015). Such items
may be resuspended if the biofouling organisms are removed through
predation, meaning this loss is not necessarily permanent (Andrady,
2015), but again relatively little is known about the expected time
frame of these processes and their likely relevance to the 8–9-year
trends documented in Lofoten. A “no mortality” scenario is obviously
not the case in Lofoten, and it is also extremely unlikely that there are
no sources of new incoming litter to the region, yet it is nevertheless
important to recognise that the above processes may contribute to (or
confound) changes in dynamics and net accumulation of macro beach
litter.

Changes in total population size (i.e., the total amount of litter
circulating in a region) will almost certainly influence the net accu-
mulation of beach litter. Even if the rate of each process (beaching,
resuspension, burial, exhumation, lateral transport on shore, and de-
gradation) stays constant, and a fixed proportion of the total population
is expected to be beached at any time, an increase or decrease in po-
pulation size would presumably result in a proportional change in the
net accumulation of beach litter. Given the relatively consistent, and at
times large declines observed in Lofoten it is highly likely that these
reflect a similar change in the overall amount of litter in circulation in
the region. Changes to total population size can occur by two me-
chanisms: changes to either the removal from, or the input into, the
system.

Removal of litter from the population can happen either through
advection by currents and wind, or through cleanup actions. For

temporal trends in net litter accumulation to result from changes to
advection rates, this would imply corresponding changes to local cur-
rent and/or weather patterns. While clearly not impossible, it is more
likely that a significant removal effect result from the extensive local
cleanup efforts in the region, which occur much more densely than the
national average (Hartviksen and Gressetvold, 2018; Zimmermann
et al., 2018). Coarse estimations of the total amount of litter present on
Lofoten shores in 2018 (based on stratified random transect sampling)
(Haarr et al., 2019a) suggest net accumulated litter at the time to within
a range of 600–2300 tons along the region's coast. Volunteer cleanup
actions in the same year removed approximately 41 tons of litter
(Hartviksen and Gressetvold, 2018), which equates to 2%–7% of the
total estimate. This removal rate is sizable, but still somewhat smaller
than the observed annual per cent declines in accumulated litter. As-
suming an approximately proportional relationship between changes to
removal rates and changes in net accumulation in beach litter, the
amount of litter removed, while considerable, is probably not sufficient
to alone account for the observed declines.

Changes to the population “growth rate”, or the annual input of new
litter into the region, is likely to affect net litter accumulation in a si-
milar, but inverse, manner to litter removal. The observation that beach
litter declines in Lofoten are more evident for some litter types than
others, strongly suggests a reduction in the input of these. Specifically,
the especially evident declines of litter in the “private” (“on the fly”)
category suggests that there has been a considerable decrease in new
input of this type of litter to the Lofoten region. If the decline was due
solely to removal of litter through cleanups one would expect the de-
clines to be uniform across all types of litter. There is no reason to
believe that cleanups would be selective, and especially not towards
this category of litter, which while common is not the most common. It
is furthermore likely that the reduction in “private” litter generally
reflects a local reduction in littering. The much greater presence of
foreign beverage bottles along the outer, open ocean coast of Lofoten
supports the hypothesis that due to its greater exposure to the
Norwegian Atlantic Current (NAC), an extension of the Gulf Stream, it is
more exposed to long-transported litter than the inner coast, which is
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primarily exposed to the Norwegian Coastal Current (NCC) (Falk-
Andersson et al., 2019; Mitchelson-Jacob and Sundby, 2001; Skagseth
et al., 2008). The relatively equal presence of Norwegian bottles along
both coasts, however, indicate that both are exposed to similar levels of
local, or at least Norwegian, plastic pollution. The decline in the ac-
cumulation of “private” litter, which includes beverage bottles, was
particularly evident along the inner coast, which appears dominated by
Norwegian litter. The additional, and greater, presence of foreign
“private” litter along the outer coast may be sufficient to mask temporal
trends in local litter input there. The presence of eddies and a certain
level of retention of water masses within the West Fjord (Mitchelson-
Jacob and Sundby, 2001), may also make a signal easier to detect along
the inner coast as the “population” of litter may be more closed than
along the outer coast.

In summary, the current study provides compelling evidence that
beach litter is in moderate decline in the Lofoten archipelago in the
Norwegian Sea. This decline is most likely due to a combination of a
reduction in local “private” or “on the fly” littering, as well as volunteer
cleanup efforts. The fact that some level of decline was observed in the
long-term (decades) net accumulation of beach litter, and not only in
short-term (months/years) net accumulation, suggests that the changes
have either been going on for some time or have been quite large. It is
possible that the temporal decline in long-term accumulation could
have been caused by selective cleaning of the most affected beaches of
the region in the early years. We believe this is unlikely to be the sole
cause of the declines in standing stock, however, given that the per cent
of the coastline cleaned annually is considerably lower than the pro-
portion of the coastline believed to be significantly polluted based on
randomised sampling (Haarr et al., 2019b).

4.2. Common litter types and composition

Half of all the litter items registered in Lofoten over the 7-year
period 2012–2018 could be accounted for by only four items: rope
fragments shorter than half a meter in length, plastic beverage bottles,
EPS pieces, and various lids and caps. Combined with food packaging,
rope pieces longer than half a meter, strapping bands, buoys and other
floats, and plastic bags, these items accounted for 75% - 80% of all litter
registered. The remaining 22 items included on the registration form
accounted for only a small proportion of observations. Unidentifiable
plastic fragments were not consistently counted in Lofoten. Had they
been, they would almost certainly have been one of the most common
litter types registered, as evidenced elsewhere, including along the
Norwegian coast in general (Falk-Andersson et al., 2019; Nelms et al.,
2017; Watts et al., 2017). A large proportion of litter types being uni-
dentifiable or unattributable to source is a common challenge in beach
litter registrations due to weathering and degradation of litter (Watts
et al., 2017).

There are both differences and similarities in the most common
litter types registered in Lofoten and those elsewhere in the North-East
Atlantic. However, direct comparisons of the prevalence of different
litter types are challenging due to differing registration methods and
variable levels of reporting (Browne et al., 2015). It is clear that “pri-
vate” (“on the fly”) related litter types, such as beverage bottles and
cans, lids and caps, and plastic bags, as well as various household re-
lated litter types, such as food packaging, are common also in the North
Sea and elsewhere in Europe (Nelms et al., 2017; Watts et al., 2017;
Williams et al., 2014). However, sewage related litter and a number of
“on the fly” litter types, such as chips packets and sweet wrappers, are
quite common in the North Sea and elsewhere in Europe (Nelms et al.,
2017; Schulz et al., 2015; Storrier et al., 2007; Watts et al., 2017;
Williams et al., 2014), but account for hardly any of the litter registered
in Lofoten. These discrepancies suggest that while pollution through
sewage and direct littering by beachgoers are undoubtedly also sources
of marine litter Lofoten, these are likely less important sources than
further south in Europe. This interpretation is consistent with the low

population density in the area, and similar patterns have been observed
in remote areas of Scotland where population density is also low (Nelms
et al., 2017). There is also evidence to suggest that litter types related to
commercial activities are more common in Lofoten than further south
in Europe, due to low population density coupled with intense fishing
activity (Falk-Andersson et al., 2019). While ropes and EPS also con-
stitute common litter types across the North Sea and European waters in
general, the number of common litter types tied to commercial activ-
ities is typically somewhat less than seen in our study (Nelms et al.,
2017; Schulz et al., 2017; Watts et al., 2017; Williams et al., 2014).

The attribution of different litter types to source categories can be
challenging and sometimes involves considerable uncertainty. In our
dataset, LAS (the Lofoten Waste Management Company, which orga-
nises cleanups and data collection) has made different attributions
based partially on local knowledge and expertise. Given different po-
tential sources of the same litter types, using local and source-specific
expertise can be a useful method by which to attribute litter types to
different sources (Falk-Andersson and Strietman, 2019). Nevertheless, a
large degree of uncertainty remains regarding source attribution of
several litter types. Lids and caps, for example, have been attributed to
direct littering by beachgoers in some studies and as unknown in others
due to numerous possible origins and uses (Falk-Andersson et al., 2019;
Nelms et al., 2017; Watts et al., 2017). Polystyrene can also stem from a
variety of sources and it may not be accurate to attribute it in its en-
tirety to commercial activities (Schulz et al., 2013). The litter types
categorised by LAS as being “private” in origin, also referred to as “on
the fly”, match well with litter types attributed to recreational activities
or public littering in other studies (Nelms et al., 2017; Storrier et al.,
2007). Dish soap bottles are a classic household item, yet LAS has
identified these as primarily originating from fisheries as dialogue with
local fishermen revealed that these are frequently used onboard vessels
to clean up minor oil spills (Falk-Andersson et al., 2019). Presumably it
is more likely that dish soap bottles are lost from vessels directly into
the ocean, than that they indirectly make their way there through
managed household waste streams. However, by this logic a number of
“private” (“on the fly”) and “household” litter types should also be re-
classified as stemming from fishing (“commercial”) activities. Beverage
bottles, food packaging, tobacco products, etc., are also used on board
vessels and will likely have a higher probability of entering the ocean
directly from a vessel than indirectly through loss whilst on land (unless
directly deposited on the shore by beach-goers), making it highly likely
that a considerable proportion of these litter types in reality stems from
fishing activities. This interpretation is consistent with another recent
study concluding that a significant proportion of plastic bottles stem
from vessel traffic (Ryan et al., 2019).

4.3. Recommendations for continued citizen science

Challenges utilising citizen science data include the at times low
data quality and generally limited documentation of cleanup locations.
This limits the types of analyses that can be applied to the data and
subsequently the hypotheses which can be tested. It is also a source of
considerable error, reducing statistical power and making small
changes near impossible to detect (Nelms et al., 2017). Even on strictly
delineated beaches cleaned at regular intervals by professionals, power
analyses show that as many as 12 surveys (three years with four annual
surveys) are necessary to detect a change of 40–50% in total litter influx
to a particular location (Schulz et al., 2019). Detecting trends for in-
dividual litter types is even more challenging, requiring as many as
16–20 surveys (4–5 years with four annual surveys) per location to
detect a 30% change (Schulz et al., 2019). Studies have also shown that
power is greatly reduced when data are merged from multiple locations
due to considerable small-scale spatial variation (Schulz et al., 2019,
2017, 2013). Voluntary cleanup actions rarely occur repeatedly in
precisely the same location, particularly not with greater than annual
temporal resolution, necessitating the consideration of multiple sites
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simultaneously if seeking to utilise these data. Although this is partially
augmented by the generally much greater number of locations with
data than during professional monitoring.

One key source of error in the LAS dataset, as in many datasets
collected by citizen scientists, is uncertain density estimates given im-
precise estimations of the length of coastline cleaned (Nelms et al.,
2017). An erroneous recording of 400 m as 500 m, for example, will
cause the resulting density estimate to be 20% lower than reality.
Correctly localising cleanup locations was also challenging as locations
were represented by a single point only, regardless of the length of the
stretch of coast cleaned. Particularly when this point was frequently
estimated at a later date by cleanup coordinators. This poses a chal-
lenge for time series analyses as it can be difficult to determine which
sites have been cleaned previously and which have not, as well as for
spatial analyses to assess geographical trends and their drivers except
over very large scales (Falk-Andersson et al., 2019). However, these
limitations can be mitigated in large part through improved doc-
umentation by volunteers, such as through a map tool where one draws
up the location cleaned whilst still on site (coastline length at a
minimum, but possibly also area). Others working with volunteer
cleanup data have also suggested standardising the size of area cleaned
during each action (Nelms et al., 2017), although it can be difficult to
enforce this and to impress its importance upon volunteers. However,
such standardisation would be particularly useful for locations cleaned
repeatedly. Stricter requirements for recording date and duration of
cleanup actions would also reduce error in temporal analyses and better
enable analyses of litter deposition patterns related to for example wind
events. If some of this error can be reduced, it may drastically improve
the potential applications of citizen science data.

If a request for increased documentation during cleanup actions are
perceived as discouragingly onerous by volunteers, one may consider
simplifying the litter registration requirements somewhat. As eight
litter types accounted for 75–80% of registered litter, it would be pos-
sible to maintain most of the resolution in the dataset with a more
limited protocol. Total weight measures would still serve as an in-
dicator of the trends in total amounts of litter, while easily recognizable
objects from presumably different sources could serve as indicators of
trends in pollution from said sources without the need to register a large
number of different objects. It is also challenging to assess trends in
relatively uncommon litter types due to high frequency of zero counts,
which hinders analyses (Schulz et al., 2013). Extensive litter registra-
tion protocols asking volunteers to identify and source less common and
less recognizable litter types also pose a considerable potential error
source as volunteers may be unsure of identification. Other areas out-
side of the Lofoten archipelago will presumably also have similar
“worst offenders”, which may form the basis of a simplified registration
protocol. However, these would first need to be identified through more
extensive registrations.

A key strength of the LAS dataset is that it includes total weight
cleaned, which has been noted as a weakness of citizen science data by
others (Nelms et al., 2017). However, it is not possible to investigate the
relative importance of different source categories (or litter types) based
on count versus weight data as different types of litter is not weighed,
not are all litter types counted. Doing so would be add considerable
workload for the volunteers collecting the data as it would involve
counting all litter items and/or bringing a scale to the shore and
weighing litter categories during registrations (as opposed to simply
weighing in during delivery to the waste management facility). Doing
so, however, would likely yield different conclusions regarding the key
litter types and sources upon which to focus mitigative and pre-
ventative measures (Falk-Andersson and Strietman, 2019; Haarr et al.,
2019a), thus providing better nuanced information for management.

4.4. Implications for management

Analyses of citizen science data as done in this study can provide

valuable information for management. Extensive monitoring programs
are highly expensive, particularly if attempting to achieve sufficient
replication to be representative for a region. Consequently, monitoring
programs, such as OPSAR in the North-East Atlantic, frequently have
too few locations per region to be considered representative, often
necessitating analyses and interpretations at the beach level unless the
coastline in question is highly homogeneous in nature (Falk-Andersson
et al., 2019; Schulz et al., 2019). While such professional monitoring
programs obviously provide data of higher quality, the sheer volume of
data provided through volunteer beach cleanup data can be a valuable
addition. This study has shown that citizen science data can be used to
assess whether there are temporal trends in regional litter dynamics,
despite the errors and limitations associated with this type of data. It
has also shown that such analyses can be used to inform managerial
decisions on preventative and mitigative measures. The observation
that “private” litter has declined in Lofoten, and likely as a result of
reduced (relatively) local inputs, suggests that the considerable efforts
to raise awareness in the region has had a positive effect. This positive
effect likely reflects reduced littering of “on the fly” items both by
beachgoers and by fishermen. Similarly, the less evident declines in
“commercial” litter indicates that further efforts to reduce the input of
litter originating directly from commercial activities (primarily fishing)
will likely be an effective measure to further reduce marine litter in the
region. Particularly as litter in the “commercial” category was the most
prevalent. It is worth noting that a general reduction in the influx of
fisheries related litter to beaches has been documented in the North Sea
and more southern parts of the North-East Atlantic (Schulz et al., 2015).
As this was less evident in Lofoten, there is still potential for fisheries in
the region (and upstream) to reduce their contributions to marine litter.
Analyses of citizen science data can also be used to indicate which litter
types may be most suitable for monitoring in different regions (Nelms
et al., 2017; Storrier et al., 2007).

Another important implication of this study is that perhaps tonnage
cleaned should not be the key metric used to identify success of cleanup
actions or programs; the length of coastline cleaned may serve as a
better metric. There is considerable funding for beach cleanups in
Norway through for example the Norwegian Environment Agency and
the Norwegian Retailer's Environment Fund. Generally, these require
tonnage to be reported, and also often asks for predicted tonnage to be
estimated during the proposal phase in order to fund the presumably
most successful cleanup actions and programs. However, if highly ef-
fective cleanup programs succeed in removing sufficient litter from a
region to reduce the local litter “population” and thus also the new
accumulation of litter on beaches, these programs would over time be
deemed inefficient (or less efficient) as a function of their success.
Similar effects would be anticipated in regions where new litter input is
decreasing, perhaps due to improved personal habits brought about
through attitude changes resulting from the participation in cleanup
actions (Wyles et al., 2017). Punishing the most effective interventions
is clearly an undesirable consequence of measuring success primarily in
tonnage cleaned.
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