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Windrow is a long-established term for the aggregations of seafoam, seaweeds,
plankton and natural debris that appear on the ocean surface. Here, we define a “litter
windrow” as any aggregation of floating litter at the submesoscale domain (<10 km
horizontally), regardless of the force inducing the surface convergence, be it wind
or other forces such as tides or density-driven currents. The marine litter windrows
observed to date usually form stripes from tens up to thousands of meters long,
with litter densities often exceeding 10 small items (<2 cm) per m? or 1 large item
(>2 cm) per 10 m?. Litter windrows are generally overlooked in research due to their
dispersion, small size and ephemeral nature. However, applied research on windrows
offers unique possibilities to advance on the knowledge and management of marine litter
pollution. Litter windrows are hot spots of interaction with marine life. In addition, since
the formation of dense litter windrows requires especially high loads of floating litter
in the environment, their detection from space-borne sensors, aerial surveys or other
platforms might be used to flag areas and periods of severe pollution. Monitoring and
assessing of management plans, identification of pollution sources, or impact prevention
are identified as some of the most promising fields of application for the marine litter
windrows. In the present Perspective, we develop a conceptual framework and point
out the main obstacles, opportunities and methodological approaches to address the
study of litter windrows.

Keywords: marine litter, floating plastic, ocean surface, submesoscale, litter impacts, remote sensing,
management

INTRODUCTION

The spatial distribution of floating marine litter at macro scales of thousands of kilometers
has been successfully addressed by oceanographic surveys and modeling (Law et al,
2010; Cobzar et al, 2014; Eriksen et al., 2014; van Sebille et al., 2015). This has been
possible because the macro-scale structures of convergence and accumulation of floating
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material (e.g., subtropical gyres) are highly persistent over
time (Maximenko et al.,, 2012), and multi-annual samples can
be gathered to determine consistent basin-scale distribution
patterns. At the mesoscale, from tens to hundreds of kilometers
horizontally, litter accumulations are more difficult to track
since their timescales ranges from weeks to months (Cozar
et al., 2015; Suaria et al.,, 2016; Macias et al., 2019). Relatively
few studies have addressed the mesoscale patterns of litter
accumulation on the ocean surface (e.g., Lebreton et al,
2018), but even fewer studies have examined the distribution
of floating litter in the submesoscale domain, below 10 km.
Instead, there are often photographs (e.g., Ryan, 2013) and
sometimes video recordings (e.g., Law et al,, 2014) showing
the regular formation of small aggregations with striking litter
densities.

The ephemeral and scattered occurrence of the small
aggregations of floating litter, from a few meters to 10
km in length, make them particularly difficult to study
from ship surveys. Indeed, ocean heterogeneity at the
submesoscale represents a classical observational frontier
for the operational oceanography (McWilliams, 2016).
On the other hand, the ubiquity and effects of the small
surface convergences are apparent since the beginnings of
the ocean exploration. Records of conspicuous patterns
of color and composition on the ocean surface date back
to the scientific circumnavigations of the eighteenth and
nineteenth centuries (Pineda, 1789; Darwin, 1839). The
abundance of marine life associated to aggregations of
buoyant material was also noted since the first observations
(Thomson, 1862). In the twentieth century, the seminal
work of Langmuir (1938) prompted the study of the physics
underlying the formation of submesoescale structures of
surface accumulation, although their full comprehension
remains a grand challenge (McWilliams, 2016). Recently, field
experiments demonstrated that while ocean currents may
disperse floating items over increasingly large areas, these items
tend to be concentrated into small clusters at the submesoscale
(D’Asaro et al., 2018).

The present Perspective addresses the aggregations of
floating litter in the submesoscale domain (<10 km), which
we call "litter windrows," in line with the long-established
terminology used to refer to the rafts of seafoam, seaweeds,
jellyfish and natural debris (Faller and Woodcock, 1964;
Craik, 1970; Liebovich, 1983). We wuse the term “litter
windrow” to embrace any small-sized aggregation of floating
litter, regardless of its shape or the mechanism inducing its
formation, including surface convergences driven by wind,
tidal currents, river discharges, upwellings or any other force.
The term focuses on the submesoscale patchiness of the
floating litter in the broadest sense. The extraordinarily high
density of litter observed in these patches might activate
and trigger particular processes at the physical, chemical and
biological levels, offering a hitherto overlooked view of the
marine litter issue. Here, we aim to develop a conceptual
framework for the marine litter windrows, identifying gaps
and opportunities and proposing methodological approaches for
future research.

FORMATION OF LITTER WINDROWS
AND POTENTIAL CONCENTRATION
FACTOR

The formation of litter windrows requires, firstly, the activation of
convergence zones on the ocean surface, and secondly, a sufficient
load of floating litter in the surroundings. There is a wide array
of forcing processes able to generate convergent structures within
the submesoscale domain (van Sebille et al., 2020). In this section,
we highlight internal waves (Figure 1A), Langmuir circulation
(Figure 1B), estuarine fronts (Figure 1C), and density fronts
(Figure 1D), although we are just beginning to understand the
physics behind the litter windrows.

Internal waves and estuarine fronts are submesoscale
convergent structures typically associated with nearshore areas.
Internal waves are one the few processes that have been confirmed
to induce the formation of litter windrows (Gove et al., 2019).
The effect of the continental shelf topography on tidal and other
internal flows results in surface convergences and divergences
above the troughs and crests of the internal waves, respectively
(Shanks, 1987; Bruno et al., 2002). Estuarine fronts are also
expected to be commonly associated with litter aggregations in
nearshore waters, given that rivers are often point sources of litter
(Acha et al,, 2003). Langmuir circulation, frequently developed
with steady moderate winds (>3 m s~ 1) in both nearshore and
offshore areas, is the process commonly associated with the
“windrow” term (Liebovich, 1983). Submesoscale density fronts
and vortices seems to play a key role in offshore areas. These
structures have been shown to lead to striking aggregations of
Sargassum and oceanographic drifters in the open ocean (Zhong
etal., 2012; D’Asaro et al., 2018).

The capacity of the convergence processes to form
aggregations of floating litter can be quantified from
concentration factors, estimated as ratios of litter concentrations
(inside versus surrounding ambient concentrations, e.g., Shanks,
1983) or, alternatively, as ratios of linear distances or areas (ocean
area swept by the convergence versus area of the accumulation
zone; e.g., D’Asaro et al., 2018). Langmuir circulations typically
generate convergence stripes of a few meters wide, which
collect the floating material within tens of meters on either
side of the stripe (van Sebille et al., 2020). From the first-order
approximation of the width of the side bands affected by the
convergence and that of the accumulation stripe, we derive a
concentration factor for Langmuir circulation on the order of
10, which seem to be relatively low compared to the potential
concentration capacity of other convergent processes (Table 1).
However, the ubiquity and frequency of Langmuir circulations
might make them overlap onto other accumulative processes.

Using the microplastic concentrations measured within and
outside the convergence zones generated by internal waves in
Hawai’i, Gove et al. (2019) estimated a concentration factor
for these structures ranging from 10 to 10%. Shanks (1987)
obtained concentration factors in the same order of magnitude
by measuring floating tar balls accumulated in internal waves in
coastal waters of North Carolina. The internal waves propagated
for kilometers to collect scattered litter in their convergence

Frontiers in Marine Science | www.frontiersin.org

February 2021 | Volume 8 | Article 571796


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Cozar et al.

Marine Litter Windrows

plastics, respectively.

FIGURE 1 | (A) Litter windrow likely associated to internal wave off Honduras (photo by C. Power). (B) Small patches and scattered litter arranged in bands by
Langmuir circulation in southwestern Mediterranean (photo by A. Cézar). Convergence bands perpendicular to wave lines are highlighted. (C) Litter windrow
associated to estuarine front in the plume of Po river (Italy). (D) Litter windrow associated to density front off Crete. Panels C and D show windrow-like structures of
floating litter detected using Sentinel-2/MSI data according to Hennen et al. (2019). For each of the panels, the right image is a false color RGB composite, whilst the
left panel is the result of the processed image, with red, yellow and green pixels showing high (>85%), medium (85-50%), and low confidence (<50%) of containing

Wind-indUced Waves:

Low probabilty ofltter
Medium probabilty of litter

b0}

zones. It is likely that the capacity of the estuarine fronts to
accumulate litter might be even higher than internal waves,
since they are highly persistent structures able to trap the
riverine inputs of floating material rolling onto the front
(Acha et al., 2003).

Particularly relevant to show the significance of the open-
ocean density fronts and vortices was the finding in D’Asaro
et al. (2018). In their experiment in the Gulf of Mexico, a
hundred drifters spread over 20 x 20 km? were lined up into

a single cluster less than 100 m long within a week, reaching a
concentration factor on the order of 10°. Surface density fronts
that move in open waters can sweep enormous areas to capture
buoyant material.

Apart from the concentration power, the convergence
processes will induce the formation of litter windrows in those
regions with a particularly high concentration of floating litter,
and this, a priori, includes the macro-scale accumulation zone
of the subtropical gyres (Law et al., 2010), the semienclosed seas
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TABLE 1 | Ranges of concentration factors for different convergence processes at the submesoscale.

Concentration factor

1 10 102

108 104 10°

Langmuir circulation
Internal waves
Estuarine fronts

Oceanic density fronts

The ranges are based on estimates of concentration factors reported in the literature (Shanks, 1987; D'Asaro et al., 2018; Gove et al., 2019) and on own estimates (see
text for details). With all due consideration to the limitations and uncertainties posed by the lack of data, these ranges show a first preliminary comparison of the potential
capacity of ocean processes to form litter windrows. The concentration factor is dimensionless.

with high human pressure (Cozar et al., 2015), or the waters
close to litter sources such as rivers and cities (Pedrotti et al.,
2016). It seems reasonable to hypothesize that the formation of
litter windrows in coastal waters will be particularly frequent with
the first rains after the dry season, after the snowmelt at high
latitudes, or associated to events of heavy stormwater drainage
(Ory et al., 2020).

LITTER CONCENTRATIONS IN THE
WINDROWS

The purpose of this section is to provide a first reference for
the range of litter concentrations hitherto measured in windrows
compared to that derived from the traditional large-scale
random sampling. Measurements of surface litter concentrations
generally rely on visual counts for macro-litter (e.g., Eriksen et al.,
2014; Galgani et al., 2015) and plankton-net trawling for micro-
litter (e.g., Law et al., 2010; Goldstein et al., 2012), with both
approaches developed over random line transects regardless of
the small-scale heterogeneity. Visual-census transects are several
kilometers long, while plankton-net transects are typically 1 km
long. From these random samplings, the highest abundances of
macro-litter (>2 cm) counted in visual transects are on the order
of 1 macro-item per 1,000 m? (Galgani et al,, 2015), far below
the concentration range measured in macro-litter windrows by
Ruiz et al. (2020; Figure 2A). In the micro-litter size range (here
considered < 2 cm), random net transects have occasionally
reported concentrations up to 10 items per m? (Figure 2B). So
far, the measurements of micro-litter concentrations in windrows
are limited to the study of Gove etal. (2019). These measurements
overlap the range reported from random transects, but also reach
concentrations an order of magnitude higher (Figure 2B).

The wide overlapping between ranges of microplastic
concentrations in random and windrow tows is firstly explained
from the sampling method used by Gove et al. (2019). They
identified and sampled convergent fronts on visual assessment,
by locating smooth waters with clearly identifiable edges of
rippled water. Their samples showed that many of these
convergent fronts were only lightly populated with microplastic
(Figure 2B). Secondly, it is unlikely that random visual-census
transects fit into a macro-litter windrow, but some of the

thousands of plankton-net transects randomly spread on the
global ocean could have matched with micro-litter windrows, due
to plankton-net transects being shorter and far more frequent
than visual transects. Indeed, abnormally high concentrations of
microplastics (10? items per m?) were found in random tows
conducted in the Sea of Japan or the Mediterranean Sea (Isobe
etal., 2015; van der Hal et al., 2017).

Despite the limitations derived from the compilation of data
from different sources and methods, our order-of-magnitude
analysis showed apparent differences between the upper ranges
of litter concentrations measured in windrows and in random
samplings (Figures 2A,B). Based on these two frequency
distributions of litter concentrations, we set baseline values
for well-developed windrows using thresholds rarely exceeded
in random transects (<1% of the total) but often exceeded
in windrows. Therefore, we used 1 macro-item per 100 m?
and 10 micro-items per m? as minimum concentrations for
well-developed macro- and micro-litter windrows, respectively.
The baseline for well-developed macro-litter windrows may
seem too low to refer to them as aggregations, but we must
note that the distribution of macro-items often shows gaps
along the convergence zone that considerably reduce average
concentrations (see satellite images in Figure 1 for illustrative
examples of gaps along the windrow).

The litter load in the windrow defines its physical structure,
therefore we propose reference concentrations for the
characterization of the development degree of the windrow.
Nevertheless, we must note that the formation of a litter windrow
is determined by the ratio of its litter concentration relative to
the background concentration (concentration factor > 1) rather
than by its absolute litter concentration.

SIZE AND SHAPE OF THE LITTER
WINDROWS

The shape of the litter windrows reported to date is mainly
elongated, ranging from few meters to several kilometers in
length, and up to 100 m in width (Figures 2C,D). The formation
of parallel bands of litter is also common as a result of the typical
pattern of alternating convergences and divergences of internal
waves and Langmuir cells (Figure 1B). Detailed categorizations
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FIGURE 2 | Concentrations of macro-litter (A) and micro-litter (B) measured in random (blue histograms) and windrow (red histograms) samplings. Minimum
concentrations proposed for well-developed windrows are shown with vertical dashed lines. Frequency histograms of lengths (C) and widths (D) for litter windrows.
For the analysis of litter concentrations (A,B), we used a total of 887 random visual transects for macro-litter concentrations (>2 cm, Eriksen et al., 2014), and 6,018
random plankton-net transects for micro-litter concentrations (Law et al., 2010, 2014; Goldstein et al., 2012; Reisser et al., 2013; Cozar et al., 2014, 2015, 2017;
Ruiz-Orejon et al., 2016; Suaria et al., 2016; Marti et al., 2017; Lebreton et al., 2018). Litter concentrations in windrows were based on the macro-litter
measurements by Ruiz et al. (2020) (n = 163) and micro-litter concentrations provided by Gove et al. (2019) (n = 63). Ruiz et al. (2020) used a 2 m wide macro-net
with a 2 cm mesh size, while their counts included the items larger than 2.5 cm, which showed an average mass of 14 g per macro-item. For the analysis of lengths
and widths of the litter windrows (C,D), data comprised well-developed litter windrows found in coastal waters of Hawai'i (0 = 2, Gove et al., 2019), Bay of Biscay

(n =190, Ruiz et al., 2020), and Western Mediterranean (n = 32, unpublished data). Note that Gove et al. only provided widths for two windrows considered to be
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of the windrow morphotypes have been developed for Sargassum
rafts. Ody et al. (2019) used five morphotypes ordered by
increasing surface coverage from scattered and small patches
to bands, bands with patches and large quasi-circular clumps,
shapes that are also observed for the litter windrows (Figure 1).
The shape of the windrows evolves along with its growth.
Swelling and merging of bands lead to compact clumps, while
a change in wind or current conditions may turn into a rapid
disaggregation in small patches. The life times of the windrows
could be on the order of hours or days (e.g., Shanks, 1987; Bruno
et al.,, 2002; Ody et al., 2019), from the short-lived Langmuir
circulations and tidal waves to more persistent density fronts in
open waters and estuaries.

The downwelling flow, typically associated with surface
convergence zones, is expected to result in a vertical extension

of the windrows (van Sebille et al., 2020), although there is
no measurement of the depth to which litter aggregations may
extend. The injection of litter deeper in the water column and its
eventual trapping into rotating cells will depend on the balance
between the downward flow and the buoyancy of each individual
item (Kukulka et al., 2012). Micro-litter, and generically all those
items with low buoyant rise velocity, are less susceptible to
stay at surface. Nevertheless, available observations prove the
existence of well-developed micro-litter windrows, accumulating
high loads of microplastics on the surface (Law et al, 2014;
Gove et al., 2019). Moreover, macro-litter windrows seem to
be regularly accompanied by high surface microplastic loads.
Interestingly, the capacity of the windrows to trap and retain
microplastics at surface also increases as a patch accumulates
more material (Feng et al., 2020).
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SIGNIFICANCE AND OPPORTUNITIES

Gove et al. (2019) studied 1,000 km? of ocean surface off Hawaii
for a targeted windrow research. While surface convergence
zones occupied only 8% of the surface, these convergences
accumulated 92% of all floating microplastics. The weight of
the litter windrows in the total litter load on the ocean surface
can be huge. Measuring litter over long random transects is an
appropriate method for estimating loads at meso- and macro-
scale if the number of samples is large enough to cover the
patchiness of the floating litter in the submesoscale. However,
there is a lack of guidelines on the minimum number of random
transects needed to overcome the submesoscale heterogeneity.
Goldstein et al. (2013) suggested a minimum of 50 transects
based on a survey across the North Pacific Gyre, although further
studies are certainly needed to better address the submesoscale
variability on the ocean surface.

On the other hand, floating litter, mainly plastic, provides
an unprecedented opportunity to track the submesoscale
convergences as well as an added interest for its understanding.
The spectrum of marine plastic sizes shows an extraordinary
diversity of windages and buoyancies to track ocean circulation
(Yoon et al, 2010; Isobe et al., 2014), and its abundance
and ubiquity allow for tagging convergence zones on a
scale that conventional oceanographic drifters (around 1,000
globally) cannot cover.

Windrows have also the potential to boost the interactions
between litter and marine life (Thiel and Gutow, 2005; Gove et al.,
2019). Merging litter and organisms into small ocean parcels has
strong implications for both. The likelihood of litter ingestion,
entanglement or colonization of litter surfaces increases for the
biota (e.g., Gove et al,, 2019). In parallel, the escalation of these
processes should accelerate the removal of litter from the surface
(Cozar et al.,, 2014). Litter windrows may act as conduits for
plastic transfer to the ocean interior and marine life. Not only
the planktonic organisms trapped in the convergences, but also
ocean-going predators are most likely attracted to the litter
windrows. Simple buoys or rafts have been used for centuries
by fishermen to increase their catches. Today’s so-called “fish
aggregating devices” (FADs) attract both small fish and large
predators around them (Josse et al., 2000). Fish shoals, flocks
of seabirds, turtles and mammals also aggregate near Sargassum
windrows, which are often used as feeding grounds (Haney, 1986;
Coston-Clements et al., 1991; Acha et al., 2015). Indeed, many of
the striking media reports on marine top predators with stomachs
full of plastic might be explained from the massive ingestion
of material in litter windrows. Furthermore, convergence zones
increase opportunities for marine species to settle on plastic
debris and to be transported long distances to non-native ranges
(Thiel and Gutow, 2005).

If we are interested in observing marine debris from space, the
chances of success do not seem high. Surface concentrations of
floating litter measured from the random transects (> 1 km long)
imply spectral signals hardly detectable by remote sensors, even
in the most polluted regions. The percentage of ocean surface
physically covered by plastic across the North Pacific Subtropical
Gyre was estimated to range from 2:107> to 0.02% (Goldstein

et al.,, 2013). However, plastic concentrations can be orders of
magnitude higher in the litter windrows, particularly in the
macro-litter windrows. With the technology currently available,
macro-litter windrows are likely the best chance for the remotely
sensed monitoring of floating litter (Figure 1).

While prevention is the priority in the marine litter issue,
the gathering of macro-litter in floating patches offers a chance
for cleanup actions at sea. In the southeast coast of the Bay of
Biscay, the abundance of windrows and the macro-litter load per
windrow (78 kg on average) enabled active fishing for floating
macro-litter (Ruiz et al., 2020). A 17 m long fishing vessel
recovered litter from windrows during 68 working days, with
average catches of 240 kg per day and up to 1.2 tons in a single
day. As concluded by the authors, the fishing for floating litter
would not be workable if it was scattered.

STUDY APPROACHES

Past experience suggests that progress in understanding
the windrow phenomenon will come most rapidly by the
concertation of field observation, laboratory experimentation
and computational simulation (Liebovich, 1983). However, the
underdevelopment of the field component is apparent for the
submesoscale domain (McWilliams, 2016).

Knowing where and when will litter windrows emerge
is likely to be the main limitation for their study in situ.
Some submesoscale convergences are somewhat predictable (e.g.,
Bruno et al.,, 2002), but anticipating the location and time for
litter windrows is still illusive due to the uncertainty added by the
dependence on the litter loading. Within this context, the artificial
generation of litter windrows represents a particularly useful
tool for field research. Topouzelis et al. (2019) successfully used
artificial litter windrows as fake targets to assess the feasibility
of the satellite-based observation. Our capacity for detecting
real litter windrows from satellite is still in progress (Hennen
et al., 2019), but we already have the technology and methods
necessary to monitor litter from aircraft or similar platforms
(Lebreton et al., 2018; Lambert et al., 2020). A single flight at
low altitude (from 150 to 400 m) is able to detect litter items
larger than 30-50 cm over hundreds of square kilometers, being
a powerful tool for the wide-scale monitoring of macro-litter
windrows. The collaboration with fishermen, seafarers and other
stake-holders who spend long time at sea, is also a valuable
option for increasing the field records of litter windrows, as well
as expanding the size range of observable items (Ruiz et al,
2020). Micro-litter windrows are, however, difficult to spot over
the ocean surface even from a ship’s deck. As a result, seafoam
or surface roughness is used to delimit convergence zones and
conduct targeted sampling of micro-litter (Gove et al., 2019).
Shanks (1987) used small surface drifters to identify convergence
zones and track their dynamics. Today, advances in the cost
and size of GPS trackers can greatly contribute to the real-time
monitoring of windrows with long-term high-frequency data
(Duncan et al., 2020). Interestingly, Miyao and Isobe (2016)
combined balloon photography and buoy-tracking for mapping
convergence structures at high spatial resolution.
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The sighting of litter windrows from oceanographic vessels
is very occasional. As such, these encounters are special
opportunities to gain empirical insight into this little-known
phenomenon. Basic variables to characterize litter windrows
include location and time; size, shape and orientation; and litter
density and composition, both within and out the windrow.
In this regard, drones allow for a rapid characterization of the
litter windrows. Visible-light sensors are able to provide details
of macro-litter surface coverage across the convergence zones
(Kako et al., 2020). As for the supplementary environmental
information to be recorded, it should ideally include sea
state, wind speed and direction, and at least a qualitative
description of the surface current field. More targeted approaches
to study litter windrows should comprise of monitoring it
over time or conducting underwater analyses of vertical fine
structure. The range of litter sizes in the windrows should be
selectively arranged in circulation cells according to the specific
buoyancy of the item.

One of the most relevant research lines relates to the
implications of the litter windrows as hubs of planktonic
organisms and attractants of nektonic animals. Existing
information (e.g., Josse et al., 2000; Acha et al., 2015; Gove
et al,, 2019) suggests that litter windrows likely play a significant
role in foraging process of pelagic predators, increasing
the risks of litter ingestion, entanglement and toxicity for
the food web. We call for greater attention to the possible
impacts of the litter windrows on the functioning of the
pelagic ecosystem. The behavior of pelagic predators in
relation to litter windrows is potentially assessable by optical
and acoustic sensors with minimal disturbance (Josse et al.,
2000); and floating ghost nets or artificial windrows (e.g.,
made with strung litter items) might be used as long-lasting
observational platforms for the monitoring of the biological
activity around them.

OVERALL PICTURE

Litter windrows are aggregations of floating litter generally
visible to the naked eye. They are formed from the wide
variety of submesoscale processes inducing convergence zones
on the ocean surface, particularly when these convergences
take place in regions and periods with severe litter pollution.
The formation and disintegration of windrows could be on
the order of hours or days. So far, the most commonly
observed shape of litter windrow is elongated, within a
typical range of 1 km in length and a few meters in width,
although its shape may evolve from small scattered patches
to large quasi-circular clumps. These convergent structures
have showed the highest concentrations of floating litter found
in the ocean. We consider well-developed litter windrows as
those exceeding 10 micro-items per m? or 1 macro-item per
10 x 10 m?.

Ship-based studies focused on litter windrows are rare,
especially those addressing their attracting effect on marine life.
The shortage of field information is explained by the lack of
knowledge on how to find litter windrows, and the fact that

usually they are not properly investigated when encountered. On
the other hand, aerial surveys have already demonstrated their
potential for the large-scale mapping of macro-litter windrows
(Lambert et al., 2020), and space-borne sensors are starting to
deliver encouraging results (Figure 1).

Well-developed macro-litter windrows are presented as the
greatest hope for the remote sensing of ocean litter and thus for
the development of a global monitoring system. Given that dense
windrows can only be formed from particularly high ambient
litter loads, the detections of litter windrows may represent
severe-pollution flags, useful for tagging highly polluted zones
and periods of time, or for assessing the effectiveness of waste
management plans.

The first and foremost approach against marine litter pollution
is to prevent more litter from entering the ocean, and secondly,
its capture at sea. Notwithstanding, the gathering of high loads
of floating litter in patches raises expectations for mitigation
actions at sea. Active fishing for windrows has proved capable
of removing large amounts of litter from certain nearshore areas
even in the absence of search guides (Ruiz et al., 2020). Ocean
cleanups might be of interest when they prevent contamination
of sensitive zones of high ecological and economic value,
such as tourist beaches, marine protected areas, aquaculture
facilities or shipping routes. However, it is imperative to conduct
proper environmental impact studies before these actions are
recommended. While sufficiently large mesh openings and slow
tow speeds may be useful in reducing the catch of fish, turtles
and mammals, any mechanical cleanup on ocean surface might
also remove drifting biomass (e.g., seaweed, coastal vegetation),
as well as biota attached to floating items, including eggs of fishes
or others. Alas, we have dumped huge amounts of waste into the
ocean when we still know little about the ecological role of the
aggregations of natural debris.

This Perspective advocates targeted windrow research to
advance the understanding of marine litter pollution. We
have appropriate tools for the physical-chemical and biological
characterization of windrows, the main challenge for the field
surveys remains the uncertainty about the areas and periods of
litter-windrow formation. This gap could be addressed through
a combination of modeling, aerial studies and remote sensing.
Either way, any progress in the prediction and detection on
a large scale would open up great prospects for research and
management of marine litter.
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