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Despite an increasing research conducted on ocean plastic pollution over the last
decade, there are still large knowledge gaps in our current understanding of how
floating plastic debris accumulating in subtropical oceanic gyres may harm the surface-
associated pelagic community known as neuston. Removing floating plastic debris
from the surface ocean can minimize potentially adverse effects of plastic pollution on
the neuston, as well as prevent the formation of large quantities of secondary micro-
and nanoplastics. However, due to the scarcity of observational data from remote and
difficult to access offshore waters, neuston dynamics in subtropical oceanic gyres and
thus the potential impacts of plastic pollution as well as of cleanup activities on the
neuston remain uncertain. Here, we provide rare observational data of the relative
distribution of floating plastic debris (0.05-5 cm in size) and members of the neuston
in the eastern North Pacific Ocean. Our results reveal that the dominant neustonic
species co-occurring with high concentrations of floating plastic debris in the North
Pacific Garbage Patch (NPGP) such as Porpita porpita, Halobates spp., pteropods,
isopods, heteropods, and crabs depict either a low atmospheric drag due to physical
attributes or a potential plastic-associated fitness benefit such as increased surface area
for oviposition and structure for habitat. We further observe relatively higher plastic to
organism ratios inside the NPGP for most target species compared to waters outside
the NPGP. The findings presented here provide a first observational baseline to develop
ecological models that can help evaluate the long-term risks of plastic pollution and of
offshore cleanup activities for neuston in the eastern North Pacific Ocean. We further
suggest that offshore mitigation strategies aiming at removing floating plastic debris
from the ocean surface need to evaluate both, the direct impact of neuston bycatch
during plastic removal on neuston population dynamics, as well as the potential benefits
of reducing the negative effects of plastic pollution on the neuston.
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INTRODUCTION

Pollution of our oceans by plastic debris is widely recognized as a
major environmental problem. Each year, several million metric
tons of mismanaged plastic waste are estimated to enter the
world’s oceans from coastal environments (Jambeck et al., 2015;
Lebreton et al., 2017; Schmidt et al., 2017; Borrelle et al., 2020),
of which roughly two thirds have a density lower than seawater
(Geyer et al,, 2017). The fate of these positively buoyant plastic
objects in the marine environment is highly influenced by a wide
range of physical transport processes (Van Sebille et al., 2020).
Beaching onto coastlines removes a large fraction of the floating
plastic debris from the sea surface relatively quickly after these
objects have entered the ocean (Lebreton et al., 2019; Olivelli
et al., 2020; Ryan, 2020). The remaining floating plastic objects,
typically characterized by high buoyancy and durability (Ryan,
2015; Lebreton et al., 2018), escape the coastal environment and
are transported over large distances on the global scale (Van
Sebille et al., 2020), both horizontally (Lebreton et al., 2012;
Maximenko et al.,, 2012; Van Sebille et al., 2012) as well as
vertically within the ocean water column (Kukulka et al., 2012;
Reisser et al., 2015; Choy et al., 2019; Mountford and Maqueda,
2019; Egger et al., 2020b; Kvale et al., 2020; Pabortsava and
Lampitt, 2020; Tekman et al., 2020).

Particularly high concentrations of floating plastic debris are
observed in the surface ocean of remote subtropical oceanic
gyres, accumulation zones known as ocean garbage patches,
where plastic concentrations can exceed one million pieces per
km? for fragments >0.5 mm and hundreds of kilograms per km?
(Cozar et al.,, 2014; Eriksen et al., 2014; Van Sebille et al., 2015;
Lebreton et al., 2018). The highest concentrations of positively
buoyant plastic debris have been recorded in the North Pacific
Garbage Patch (NPGP, also referred to as the Great Pacific
Garbage Patch), located in the eastern part of the North Pacific
subtropical gyre (Moore et al., 2001; Howell et al., 2012; Goldstein
et al., 2013; Law et al., 2014; Lebreton et al., 2018). Current
estimates suggest that there are at least 80,000 tons of plastic
debris larger than 0.5 mm afloat inside the NPGP (Lebreton
et al., 2018). Some of the plastic debris floating in the NPGP is
lost to the underlying deep-sea through sedimentation of once-
buoyant microplastics (<5 mm) (Egger et al., 2020b). However,
the data available to date indicate that most of the plastic mass
in the NPGP is still afloat in the surface ocean (Egger et al.,
2020b) and that the plastic debris accumulating in these offshore
waters could persist at the sea surface for decades (Lebreton et al.,
2019). With exponentially increasing emissions of plastic waste
into the ocean, the amount of plastic debris floating in the NPGP
is therefore predicted to rapidly increase in the future (Lebreton
etal,, 2018). Yet, the long-term risks of increasing levels of plastic
pollution for the ecosystems in ocean garbage patches and beyond
remain largely unknown. The characteristics of geographically
remote ecosystems such as the subtropical oceanic gyres or the
underlying deep-sea, which have evolved in relatively constant
environmental conditions with little human influence and which
often contain a large number of endemic and sensitive species
suggest that they might be especially vulnerable to adverse effects
of plastic pollution (Horton and Barnes, 2020). Due to their

remoteness, however, the subtropical gyres remain severely under
sampled (Karl, 1999; Karl and Church, 2017). Consequently, the
ecosystem structure and dynamics in these offshore waters, as
well as the impacts of plastic pollution and of associated rafting
of invasive species on the fitness of individual endemic organisms
or possible population-level impacts are still poorly understood.

To effectively minimize potential adverse effects of plastic
pollution on marine life present in subtropical oceanic gyres
and the deep sea below, a rapid reduction in plastic emissions
into the ocean is needed in combination with removal of legacy
plastic debris that has already accumulated in these offshore
waters (Lebreton et al., 2019; Borrelle et al., 2020). Removing
floating plastic debris from the surface waters of the subtropical
oceanic gyres while maintaining a net positive environmental
gain requires an understanding of the relative abundance
and distribution of the surface-associated pelagic community
(henceforth collectively termed neuston) and associated species
population dynamics (Falk-Andersson et al., 2020). In this study,
we report rare observational data on the relative spatiotemporal
distribution of floating plastic debris (0.05-5 cm in size) and
members of the neuston in the eastern North Pacific Ocean.
Our results provide new insights into how the neustonic
community structure relates to the spatial distribution and
magnitude of plastic pollution in the region. We further discuss
the implications of our findings on environmental mitigation
strategies aiming at removing floating plastic debris accumulating
at the ocean surface.

MATERIALS AND METHODS

Sampling and Sample Processing

This study is based on 54 Manta trawl samples collected in the
eastern North Pacific Ocean during two expeditions between
August 2015 and December 2019. A total of 9 Manta trawls
(Ocean Instruments, Inc.) were conducted during The Ocean
Cleanup’s Mega Expedition (Lebreton et al., 2018) in August 2015
(green circles in Figure 1), of which six were deployed during
day time and three during night time. The Manta trawl, with
an aperture of 90 cm x 15 cm (width x height) and a square
mesh net of 500 pm (333 wm mesh size cod-end), was deployed
for 60-180 min at a towing speed of <3 knots. A further 45
Manta trawls (red circles in Figure 1) were conducted for 30 min
at a towing speed of <2.5 knots during The Ocean Cleanup’s
North Pacific Mission 3 (NPM3) research expedition onboard
the Maersk Transporter in November/December 2019 (39 during
daytime and 6 during night time) (Egger et al., 2020a). Note that
the longer Manta trawl deployments during the Mega Expedition
compared to the NPM3 expedition result in a lower average
detection limit during the Mega Expedition (114 individual/km?)
compared to the NPM3 expedition (611 individuals/km?) (see
Supplementary Material for detection limits of individual trawl
deployments). All night deployments were restricted to surface
waters within the NPGP (Area C in Figure 1). Sampled water
volumes were estimated based on distance measurements from
a mechanical flow meter (General Oceanics, Inc.) multiplied by
the net mouth area. After each deployment, the net was rinsed
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FIGURE 1 | Study area in the eastern North Pacific Ocean and contours of modeled numerical concentrations (#/km?) of floating plastic debris (>0.5 mm) in the
region as estimated by Lebreton et al. (2018). Red circles indicate Manta trawl deployment locations during the NPM3 Expedition (November/December 2019), while
green circles indicate trawl locations during the Mega Expedition (August 2015). Circle numbers indicate the number of Manta trawl deployments at the sampling
location. Samples in Area A (n = 18) were collected in waters with modeled concentrations of floating plastic debris of <10* #/km?, samples in Area B (n = 12) were
taken in waters with modeled concentrations of plastic of between 104 and 10° #/km?2, and samples collected in waters with modeled concentrations of floating

plastic debris exceeding 10° #/km? were assigned to Area C (n = 24).
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from the outside with freshwater and the entire cod-end removed,
sealed with staples, placed in individual zip-lock bags, wrapped
in aluminum foil and stored frozen until further analysis in
the onshore laboratory of The Ocean Cleanup in Rotterdam,
Netherlands. The coordinates, date, daytime, sea state during
sampling, as well as trawling time and distance for each Manta
trawl deployment are provided in Supplementary Material.

The content of each sample was washed into a stainless-
steel sieve (500 pm square mesh, 29 c¢cm diameter). The
sieve was then placed separately into round aluminum tins
(30 cm diameter) filled with filtered seawater (<1 wm) from
the North Atlantic Ocean (salinity 35). Multiple LED lights
were placed over the sieve from various angles to ensure
good light conditions, which is particularly important for
detecting small microplastics and organisms. Subsequently,
floating objects and particles attached to biomass identified as
buoyant anthropogenic debris according to the criteria described
in Hidalgo-Ruz et al. (2012), as well as all organisms were
hand-picked individually with the naked eye using stainless-steel

tweezers. The widest particle dimension was measured with a
ruler and the particles subsequently separated into the four size
classes introduced in Lebreton et al. (2018): (I) 0.05-0.15 cm
(small microplastics), (II) 0.15-0.5 cm (large microplastics),
(III) 0.5-1.5 cm (small mesoplastics), and (IV) 1.5-5 cm (large
mesoplastics), respectively. Plastic objects >5 cm were excluded
in this study due to an underestimation bias of fragments in
this size class when sampling with Manta trawls (Lebreton et al.,
2018). The organisms (typically varying between 0.05 and 5 cm
in size) were further inspected under a light microscope (Leica
DMC2900) and identified with the aid of expert taxonomists
(see section “Acknowledgments”) as the following categories:
Velella velella, Halobates spp., Janthina janthina, Porpita porpita,
Physalia physalis, Glaucus spp., copepods, amphipods, pteropods,
isopods, heteropods, crabs, squid, euphausiids and shrimps, and
fish (see Supplementary Material for organism counts and
corresponding abundances in each Manta trawl sample). Note
that in samples with high abundances of copepods, the number
of copepods was estimated by homogenously distributing the
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copepods in a glass petri dish (20 cm diameter), counting the
individuals within one quarter of the petri dish, and subsequently
multiplying the counts by four. The samples for which such an
approach was taken are highlighted in Supplementary Material.

The numerical concentrations of plastic items (count of plastic
per sea surface area) measured by each Manta tow were calculated
for each plastic size and type category separately. Positively
buoyant plastic items are mixed within the upper water column
due to wind-induced turbulent mixing (Kukulka et al., 2012;
Reisser et al., 2015). As a result, plastic items collected by Manta
trawling may underestimate the total amount of plastics afloat
in the area sampled, especially at higher sea states. Kukulka
etal. (2012) developed a one-dimensional model that predicts the
vertical distribution of buoyant plastic particles at different sea
states. Their model can be applied to calculate depth-integrated
numerical concentrations for the Manta trawl measurements in
the upper 5 m of the water column, thus accounting for wind-
driven mixing of buoyant plastics at the sea surface using the
following equation (Kukulka et al., 2012):

Cs

3
_ Pa 21 0.96 5 2)-1
l—e dW,(1.5 /pWCdU k 2 02CyU?)

where Cg represents the concentration of a plastic type and size
category as measured by the Manta trawl (in pieces per surface
area), d is the depth sampled by the trawl (equal to 0.15 m),
Wy, is the terminal rising velocity of plastic within a plastic type
and size category (in m/s) taken from Lebreton et al. (2018),
pa is the air density (1.225 kg/m3), pw is the seawater density
(1024 kg/ms), Cq is the drag coeflicient (equal to 0.0012), U
is the wind speed during sampling (in m/s), k is the Karman
constant (equal to 0.4), g is the gravitational constant (equal to
9.81 m/s?), and o is the wave age, equal to 35 (assuming a fully
developed sea state). Values for depth-integrated concentrations
were estimated using wind speeds equal to 0, 2, 5, 9, 13, and
19 knots for sampling events associated with Beaufort sea states
0, 1, 2, 3, 4, and 5, respectively, and the median values for
rising velocity measurements provided in Lebreton et al. (2018).
Note that we combine all plastic types and size classes in the
following discussion. However, the depth-integrated numerical
concentrations for each plastic type and size class are provided in
Supplementary Material. Further note that for the comparison
between plastic concentrations and abundance of neuston, we
used the uncorrected plastic concentration values to allow for
comparisons of equivalent measures (i.e., only comparing what
was caught in the Manta trawl in particular conditions).

Ci= (1)

Contamination Controls

To minimize contamination with plastic fragments, standard
non-plastic laboratory, and fieldwork equipment made of metal
and glass were used whenever possible, and the samples
always remained covered with aluminum foil when not in
use. Furthermore, all nets and all cod-ends were thoroughly
rinsed from the outside prior to each deployment and carefully
inspected for the presence of (micro)plastic particles. The
seawater (taken from the North Atlantic Ocean) used in the
laboratory was filtered through a sequence of filters (<20,

<5, <1 pm) and all laboratory equipment (sieves, tweezers,
aluminum tins, and dishes) was thoroughly rinsed and carefully
inspected for cleanliness prior to each use. Note that we did not
include any microfibers in our analyses, as these fibers typically
pass through the 500 pm trawling nets deployed here. Thus,
possible contamination with airborne fibers (a major source
of microplastic contamination) does not impact our results.
Consequently, the work was performed outside a glove box or
laminar flow cabinet.

Grouping of Sampling Sites

To evaluate the spatial distribution of neuston and floating
plastic debris in the eastern North Pacific Ocean, we divided our
sampling sites into three areas (A, B, and C; Figure 1). Each area
represents surface waters with different concentrations of floating
plastic debris >0.5 mm in the region as estimated previously by
Lebreton et al. (2018). The samples in Area A (n = 18) were
collected in waters with modeled numerical concentrations of
floating plastic debris (>0.5 mm) of <10* particles per km?
(#/km?), stations in Area B (n = 12) are located in waters with
modeled concentrations of plastic (>0.5 mm) of between 10*
and 10° #/km?, and samples collected in waters with modeled
concentrations of floating plastic debris (>0.5 mm) exceeding
10° #/km? were assigned to Area C (n = 24). In other words,
the three areas correspond to surface waters outside the NPGP
(Area A), surface waters in the outer boundary of the NPGP
located in the subtropical gyre (Area B) and surface waters inside
the NPGP (Area C).

RESULTS
Spatial Distribution

Observed median (corrected) numerical concentrations of
floating plastic debris (0.05-5 cm in size) increased from
16,468 #/km? in the Manta trawls deployed outside the NPGP
(Area A) to 773,114 #/km? in the samples collected from
inside the NPGP (Area C) (Figure 2 and Table 1). We note
that although no polymer analysis was performed on floating
plastic items extracted in this study, the polymer composition
of floating plastic debris in the NPGP is typically dominated
by polyethylene and polypropylene (Lebreton et al, 2018;
Egger et al., 2020a). The observed abundance of V. velella
was 110,962 individuals/km? outside the NPGP and 639
individuals/km? inside the NPGP. No individuals of V. velella
were observed in the outer boundaries of the NPGP. Except
for one Halobates spp. found in a Manta trawl outside
the NPGP, the presence of Halobates spp. and J. janthina
was restricted to surface waters in the outer and inner
NPGP, where their median relative abundance was 15,033
and 16,650 individuals/km? (Halobates spp.) and 3,315 and
1,897 individuals/km? (J. janthina), respectively. P. porpita
was only observed inside the NPGP during this study. One
individual of P. physalis was collected in the outer boundaries
of the NPGP. The abundance of Glaucus spp. was generally
low (i.e., <10® individuals/km?), with one individual observed
each in the outer and inner NPGP. The abundance of
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FIGURE 2 | Numerical concentrations (#/km?) of floating plastic debris (0.05-5 cm in size) and of different members of the neuston observed in Manta trawls
deployed outside the NPGP (Area A), in the outer boundary of the NPGP (Area B), and inside the NPGP (Area C). Horizontal lines represent median values. Box plots
extend from the 25th to the 75th percentiles, while whiskers extend from the minimum to the maximum observed values. Large diamonds indicate that the species
was only present in one Manta trawl. Dots indicate outliers. n.d., not detected in any of the Manta trawls. Note that plastic concentrations represent depth-integrated

values.
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copepods increased from 1,230 individuals/km? outside the
NPGP to 397,079 individuals/km? inside NPGP. Amphipods
were observed in all three regions and their abundance varied
between 740 and 3,818 individuals/km?. Pteropods, isopods,
and heteropods were only observed inside the NPGP, with
abundances varying between 561 and 659 individuals/km?.
Crabs, squid, and euphausiids and shrimps were present at

similar concentrations in waters outside the NPGP and in the
inner NPGP. Fish were present throughout all three areas, with
Pacific saury (Cololabis saira) and Lanternfish (Myctophidae) as
the dominant fish species (see Supplementary Material). Note
that for many organisms, very few individuals were collected
and that in many cases, the species abundance was below our
limit of detection (Table 1). The raw counts (i.e., number
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TABLE 1 | Numerical concentrations (#/km?) of floating plastic debris (0.05-5 cm in size) and of different members of the neuston observed in the eastern

North Pacific Ocean.

Species/group Unit Outside NPGP (Area A) Outer NPGP (Area B) Inner NPGP (Area C)
@PlastiCeorrected #/km? 16,468 (5,686-32,998) 323,256 (57,578-470,330) 773,114 (360,599-1,208,975)
bPlasticyncorrected #/km? 6,150 (4,677-13,960) 245,833 (57,539-357,422) 214,625 (132,908-889,558)
V. velella #/km? 110,962 (61,541-133,935) <LOD** 639 (557-855)
Halobates spp. #/km? 526* 15,033 (11,227-25,493) 16,650 (9,429-32,655)

J. janthina #/km? <LOD* 3,315 (2,124-9,363) 1,897 (542-4,566)

P, porpita #/km? <LOD** <LOD** 95 (91-678)

P, physalis #/km? <LOD** 738* <LOD**

Glaucus spp. #/km? <LOD** 754* 448*

Copepods #/km? 1,230* 28,770 (17,526-52,411) 397,079 (43,545-1,731,593)
Amphipods #/km? 3,818 (2,831-4,804) 740 (643-1,000) 3,640 (748-6,939)
Pteropods #/km? <LOD* <LOD* 561 (187-4,654)
Isopods #/km? <LOD* <LOD** 659 (438-1,018)
Heteropods #/km? <LOD** <LOD** 588 (319-741)

Crabs #/km? 1,255 (959-1,550) <LOD* 1,785 (604-3,501)
Squid #/km? 908 (747-1,069) <LOD** 555 (371-588)
Euphausiids and shrimps #/km? 1,840 (5692-1,975) <LOD** 9,991 (670-25,320)
Fish #/km? 1,171 (622-2,697) 2,105 (797-4,949) 1,219 (680-2,545)

The three areas (see Figure 1 for a geographical reference) correspond to surface waters outside the North Pacific Garbage Patch [NPGP; Area A; number of Manta
trawls (n) = 18], within the outer boundary of the NPGP (Area B; n = 12), and inside the NPGP (Area C; n = 24). Numbers correspond to median values (#/km?). Values in
parentheses refer to the 25th and 75th percentiles. @Depth-integrated numerical concentrations, corrected for wind-induced turbulent mixing (see Eq. 1). ?Uncorrected
plastic concentrations. * Based on one value only (i.e., animal was only found in one out of n Manta trawls); ** below detection limit [note that the average limit of detection
(LOD) was 611 individuals/km? during the NPM3 Expedition and 114 individuals/km? during the Mega Expedition]. Raw counts are provided in Supplementary Material.

of individuals) for each Manta trawl sample are provided in
Supplementary Material.

No significant (i.e., P < 0.05) diurnal trend was observed
inside the NPGP for Halobates spp. (Wilcoxon-Mann-Whitney
test: W = 106, P = 0.212), J. janthina (W = 25, P = 0.330),
P. porpita (W = 10, P = 0.229), copepods (W = 40, P = 0.733),
amphipods (W = 4, P = 0.629), pteropods (W = 26, P = 0.109),
heteropods (W = 10, P = 0.229), crabs (W = 43, P = 0.934),
squid (W = 4, P = 0.571), and total fish abundance (W = 8,
P = 0.058). Not enough observations (i.e., n < 3) were available
from both, day- and nighttime, to statistically evaluate possible
diurnal trends in the abundance of V. velella, P. physalis, Glaucus
spp., isopods, euphausiids and, shrimps and individual vertically
migrating fish species. However, we note that most (i.e., 83%) of
our samples were taken during daytime, thus potential resulting
in an underestimation of the average abundances of vertically
migrating species such as, for example, copepods, fish, and
euphausiids and shrimps in the surface waters.

Correlations With Plastic Concentrations

The abundance of V. velella was negatively correlated with
(uncorrected) concentrations of floating plastic debris (log-
log linear regression with R?> of 0.68 and a P-value of
3.94e7%) (Figure 3). While copepods, amphipods, crabs,
squid, euphausiids and shrimps, and fish were observed
across the whole range of plastic concentrations, with no
significant correlations between species abundance and plastic
density, the presence of Halobates spp., J. janthina, and
pteropods was restricted to samples with plastic concentrations
exceeding 10* #/km?. Furthermore, P. porpita, Glaucus spp.,

isopods, and heteropods were only observed in surface
waters where concentrations of floating plastic debris exceeded
10° #/km?.

The numbers of plastic pieces (0.05-5 cm in size) present
per individual V. velella significantly (Wilcoxon-Mann-Whitney
testt W = 0, P = 0.00033) increased from 0.09 plastic
pieces/individual in surface waters outside the NPGP to 484
plastic pieces/individual in surface waters inside the NPGP
(Figure 4 and Table 2). A similar increasing trend from the
outside to the inside of the NPGP in the numbers of plastic
items per individual organism was observed for crabs, squid,
euphausiids and shrimps, and fish. The number of plastic
particles per individual Halobates spp. and J. janthina were
similar in the outer NPGP boundary and inside of the NPGP,
depicting values of 12 and 51-74 plastic pieces/individual,
respectively. Plastic to copepods ratios decreased from the outer
to the inner NPGP boundary. Plastic to amphipods ratios were
lowest outside the NPGP and highest in the outer NPGP. The
plastic to organism ratios of species only observed inside the
NPGP (i.e., P. porpita, pteropods, isopods, and heteropods) were
generally high, with 713-2,259 plastic fragments per individual.

Differences Between Sampling

Campaigns

Our data from inside the NPGP indicate that copepods
(Wilcoxon-Mann-Whitney test: W = 53, P = 0.003), crabs
(W =67, P =0.0035) and fish (W = 36, P = 0.025) were more
abundant in the samples collected during the NPM3 Expedition
(November/December 2019), while plastic debris (Wilcoxon-
Mann-Whitney test: W = 39, P = 0.031) and Halobates spp.
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FIGURE 3 | Log-log correlations of measured (uncorrected) concentrations of floating plastic debris (0.05-5 cm in size) and observed numbers of individuals per
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individuals of the corresponding species were observed. Note that the average limit of detection was 611 individuals/km? during the NPM3 Expedition and 114
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(W =39, P = 0.031) were present in higher numbers in the
samples collected during the Mega Expedition (August 2015)
(Figure 5). We did not observe a significant difference in the
abundance of J. janthina (W = 28, P = 0.37), pteropods (W = 27,
P =0.15), and squid (W =9, P = 0.4) between the two sampling
campaigns. Not enough observations (i.e., n < 3) were available
from both campaigns to statistically evaluate possible differences
in the abundance of V. velella, P. porpita, P. physalis, Glaucus spp.,
amphipods, isopods, heteropods, and euphausiids and shrimps
inside the NPGP. It is important to note that our variability
assessment between the two sampling campaigns is associated
with large uncertainties. Importantly, the observed differences
between the two sampling campaigns are likely influenced by the
spatiotemporal variability within the NPGP, as the samples were
taken 4 years apart, from different seasons and not from the same
specific locations.

DISCUSSION

The spatial distribution and magnitude of plastic pollution
observed here are in good agreement with predicted spatial

patterns of plastic pollution for the region (Van Sebille et al., 2015;
Lebreton et al., 2018), depicting low (< 10* #/km?) concentrations
of floating micro- and mesoplastic debris along the continental
margins of the North American west coast and high (>10°
#/km?) concentrations in the NPGP. This spatial distribution
of positively buoyant plastics at the sea surface is the result of
a dynamic interplay between currents, waves and wind (Van
Sebille et al., 2020). Previous work has shown that plastic debris
accumulating in the NPGP is dominated by objects with a low
atmospheric drag such as plastic fragments and ghostnets, while
plastic particles subject to greater atmospheric drag such as foam
or highly buoyant objects such as floating docks, boats, and large
buoys tend to escape the NPGP or never reach it (Lebreton
et al., 2018; Maximenko et al., 2018). Given the nature of the
neuston, a community dominated by passively drifting organisms
living at the sea-air interface (Cheng, 1975), it is likely that the
spatial distribution of these organisms is, at least to a certain
degree, influenced by these same oceanic transport processes
that also govern the dispersal of floating plastic debris at the
ocean surface. Our results indeed indicate that, like high-windage
floating plastic debris, members of the neuston subject to a
greater atmospheric drag such as V. velella or P. physalis who
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possess an upright chitin sail protruding above the sea surface
could be less likely to accumulate in the NPGP. Observations
of organisms with presumably lower atmospheric drag such
as P. porpita, pteropods, isopods, or heteropods, on the other
hand, were mostly restricted to surface waters inside the NPGP.
Interestingly, the raft-building marine gastropod J. janthina, who
keeps itself afloat using a raft made of air bubbles, was observed
in the inner and outer boundaries of the NPGP. Their rafts
could thus depict an intermediate atmospheric drag, which is
high enough for a wider distribution within the subtropical gyre
yet small enough to allow for a predominantly current- rather
than wind-driven dispersal (i.e., to avoid being blown outside
the gyre). Neustonic species with a higher vertical mobility, such
as zooplankton, fish, squid, and euphausiids and shrimps, were
observed in surface waters both with low and high concentrations
of floating plastic debris. Thus, these more mobile species are
likely dominated by additional transport mechanisms that differ
from the dispersal of positively buoyant plastics at the sea
surface, such as active swimming and vertical migration within
the water column.

While the physical transport plays an important role in
the spatial distribution of passively drifting marine organisms,
additional factors such as limited nutrient supply in the
oligotrophic subtropical oceanic gyres, prey, and predator
abundances, as well as species life cycle dynamics need to be
considered when evaluating the spatiotemporal dynamics of
neuston (Karl, 1999; Karl and Church, 2017). Specific groups of
neuston species such as euphausiids, pteropods, and heteropods,
for example, appear to occur more frequently in specific water
masses of the North Pacific, suggesting that these groups are
composed of species with similar reactions to properties of
the environment including the history of the water (Fager and
McGowan, 1963). Consistent with these earlier observations, we
note that pteropods and heteropods show similar abundance
patterns in our study. However, the underlying dynamics of such
observations remain poorly understood (Fager and McGowan,
1963; Karl and Church, 2017). Food and predation have further
been suggested as the two main limiting factors affecting species
abundances and neuston population dynamics (Hayward and
Mcgowan, 1979). In addition, the presence of positively buoyant
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TABLE 2 | Numbers (#) of plastic pieces (0.05-5 cm in size) present per individual of different members of the neuston observed in the eastern North Pacific Ocean.

Species Unit Outside NPGP (Area A) Outer NPGP (Area B) Inner NPGP (Area C)
V. velella #/individual 0.09 (0.02-0.14) <LOD** 484 (240-1,000)
Halobates spp. #/individual 36* 12 (3-28) 12 (6-52)

J. janthina #/individual <LOD** 51(28-83) 74 (25-500)

P, porpita #/individual <LOD** <LOD** 2,259 (282-6,263)
P, physalis #/individual <LOD** 967 <LOD**
Glaucus spp. #/individual <LOD** 326" 395"
Copepods #/individual 7 (1-14) 0.7 (0.2-6.7)
Amphipods #/individual 3.6 (3.5-3.7) 136 (96-471) 41 (26-143)
Pteropods #/individual <LOD** <LOD** 713 (99-3,320)
Isopods #/individual <LOD** <LOD** 1,427 (876-2,712)
Heteropods #/individual <LOD** <LOD** 1,401 (729-2,215)
Crabs #/individual 4.2 (3.8-4.6) <LOD** 116 (563-1,958)
Squid #/individual 7.5(6.2-8.7) <LOD** 531 (294-3,157)
Euphausiids and shrimps #/individual 9.0 (8.7-9.5) <LOD** 115 (33-1,097)
Fish #/individual 5.8 (3.4-8.5) 69 (27-326) 124 (41-561)

The three areas (see Figure 1 for a geographical reference) correspond to surface waters outside the North Pacific Garbage Patch (NPGP; Area A), within the outer
boundary of the NPGP (Area B), and inside the NPGP (Area C). Numbers correspond to median values (# plastic pieces / individual). Values in parentheses refer to the
25th and 75th percentiles. Note that these ratios are based on uncorrected plastic concentrations. * Based on one value only (i.e., animal was only found in one out of n
Manta trawls); ** below detection limit [note that the average limit of detection (LOD) was 611 individuals/km? during the NPM3 Expedition and 114 individuals/km? during

the Mega Expedition].

plastic objects has been shown to release Halobates spp. from
substrate limitation for oviposition (Goldstein et al., 2012).
Floating plastic objects further provide a hard-substrate habitat
for pelagic crab species in an environment where natural flotsam
is rare. Thus, we hypothesize that the high abundances of
Halobates spp. and crabs observed in surface waters of the
NPGP are likely not the result of species dispersal by oceanic
transport only, but that they could stem from a plastic-associated
fitness benefit due to release from oviposition and habitat
limitation. To assess the relative dispersal of floating plastic
debris and individual members of the neuston species more
accurately, quantitative data is needed to understand how the
transport of neuston and different types of floating plastic debris
may be influenced by wind, waves, vertical species migration,
nutrient availability, predation, seasonal species dynamics and
interactions of individual species with floating plastic objects.

At present, large uncertainties in our understanding of plastic-
induced alteration of neustonic ecosystem dynamics remain.
Zooplankton (Sun et al., 2018; Wieczorek et al., 2019; Brandon
et al,, 2020), plastic-associated rafting organisms (Goldstein and
Goodwin, 2013), and planktivorous fishes (Boerger et al., 2010;
Davison and Asch, 2011) have been reported to ingest floating
plastic debris, which could impede their feeding, function, and
fecundity as demonstrated for copepods (Cole et al., 2015, 2019).
Plastic debris afloat in the NPGP further depicts high levels of
toxic persistent chemicals (Chu et al., 2015; Chen et al., 2018),
thus the longer it remains in the environment, the higher the risk
for accumulation in the food chain upon ingestion by members
of the neuston (Jang et al., 2016; Alava et al., 2020). Increasing
plastic to fish ratios toward the NPGP as observed here could
indicate a higher probability of fish encountering plastic particles
inside the NPGP compared to outside the NPGP. The dispersal
of positively buoyant plastic debris at the ocean surface and

subsequent accumulation in the NPGP also acts as a vector
that distributes non-native and potentially harmful organisms
(Gregory, 2009; Goldstein et al., 2014; Bryant et al., 2016; Carlton
et al., 2017). This introduction of invasive species could have
significant implications for the neustonic ecosystem structure,
either through direct predation on native species or by increased
competition for food. At present, it remains unknown how
invasions of plastic-rafting non-native species and pathogens
impact the neuston in the NPGP.

Removing plastic debris afloat in the NPGP could reduce the
possible adverse effects of plastic pollution on the neuston. In
addition, it would prevent the formation of large quantities of
secondary microplastics and their subsequent vertical transfer
toward deeper water layers (Egger et al., 2020b). Thus, removal of
floating plastic debris in the NPGP can also minimize the negative
impacts of plastic pollution on the still largely undiscovered
deep-sea ecosystems below. However, mitigating the adverse
effects of plastic pollution by removing plastic debris afloat
at the ocean surface has raised concerns in some members
of the scientific community due to possible neuston bycatch
during plastic removal (Helm, 2019; Falk-Andersson et al., 2020).
Environmental monitoring of mitigation strategies aimed at
removing floating plastic debris therefore need to collect data
to evaluate both, possible ecosystem benefits associated with
removing plastic debris as well as impacts of possible neuston
bycatch on neuston population dynamics.

Our findings reveal that many of the neustonic species present
inside the NPGP, such as Halobates spp., J. janthina, Glaucus
spp.» copepods, amphipods, and fish are also present in similar
abundances in the outer boundary of the NPGP. This observation
indicates a possible recolonialization potential of these organisms
inside the NPGP from the wider North Pacific subtropical gyre,
which should be assessed in more detail with ecological models
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and DNA analyses. Many of these species (i.e., Halobates spp.,
J. janthina, and Glaucus spp.) further show highest plastic to
organism ratios inside the NPGP. Focusing cleanup operations in
the subtropical gyre on surface waters inside the NPGP therefore
could reduce organism bycatch per unit of plastic extracted for
these species. Species that were only observed in the NPGP,
such as P. porpita, pteropods, isopods, and heteropods, could be
at higher risk and their vulnerability to cleanup efforts in the
NPGP should be monitored and assessed closely. The possible
removal of neuston during cleanup can further be reduced by
considering the seasonal and diurnal species distribution patterns
(Falk-Andersson et al., 2020), as well as by taking into account
species life cycle dynamics.

It is important to note that the species investigated here have
patchy distributions and were infrequently sampled in the Manta
trawls (Figure 3, gray diamonds), highlighting that our low
sample size within each region (i.e., Areas A-C) limits the ability
of this study to detect and quantitatively describe the full suite
of neustonic diversity, especially for rarer species. Consequently,
our observed species abundance and plastic density correlations,

as well as the variability assessments are associated with large
uncertainties and thus should be taken as first indications rather
than statistically significant conclusions. More observational
data of neustonic community structures down to species level
and associated concentrations and characteristics of floating
plastic debris, spanning large spatial scales, and considering
temporal aspects, are essential to improve our understanding
on this subject. In addition, future studies should also include
phytoplankton communities, encrusting organisms attached to
the plastic debris, as well as gelatinous species such as salps,
jellyfish, and fish eggs. Furthermore, more observational data
on levels of plastic ingestion, nutritional state, and chemical
contamination of neustonic organisms is urgently needed to
evaluate whether neuston inside the NPGP is harmed to a larger
extent by plastic pollution compared to waters outside the NPGP
with lower concentrations of floating plastic debris. To overcome
the present knowledge gaps, we call for marine scientists studying
ocean plastic pollution to also collect information on the
neuston present in their samples. We further advocate for more
quantitative research on the importance of natural neuston loss
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rates such as beaching of neuston onto coastlines (Betti et al.,
2019), as well as on the ecological impact of other anthropogenic
activities such as, for example, fisheries and shipping on
the neustonic ecosystem. This study highlights that scientific
collaborations between academic research institutions, non-
profit organizations, and private institutions provide a unique
platform to conduct extended research on the spatiotemporal
distribution of neuston and floating plastic debris in remote
and difficult to access oceanic gyres. Data from these remote
areas are urgently needed to assess the lasting risks of ocean
plastic pollution for the neuston and to advance optimized
mitigation strategies.

CONCLUSION

The results presented here provide a first observational baseline
for the types of observational data that ecological models
would need to evaluate the impacts of plastic pollution and
of possible offshore mitigation strategies on the neuston
in the eastern North Pacific Ocean. Our findings indicate
that surface waters inside the NPGP depict higher plastic
to organism ratios for some target species compared to
waters in the outer boundaries of the NPGP, while showing
similar numerical abundances in many neustonic species.
Thus, neuston residing within the NPGP could be more
likely to interact with floating plastic debris. However, it
is important to note that more observational data on the
spatiotemporal dynamics of individual members of the
neuston and their interactions with floating plastic debris,
combined with ecological modeling, is needed for more
accurate predictions. We advocate for a more systematic
assessment based on repeated and standardized monthly
sampling of specific locations across the eastern North
Pacific Ocean over multiple years. Furthermore, we stress
that cleanup technologies need to closely monitor neuston
bycatch and to ensure that it remains below the maximum
acceptable limit determined based on seasonal reproductive
capabilities of neustonic organisms. Lastly, we argue that
besides quantifying possible bycatch during removal, ecological
risk assessments of the impact of offshore cleanup activities
on neuston and associated marine food chains also need to
consider potential benefits of reducing the negative effects of
plastic pollution.
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