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Plastic pollution in the form of small particles
(diameter less than 5 mm)—termed ‘microplas-
tic’—has been observed in many parts of the
world ocean. They are known to interact with
biota on the individual level, e.g. through inges-
tion, but their population-level impacts are
largely unknown. One potential mechanism for
microplastic-induced alteration of pelagic ecosys-
tems is through the introduction of hard-substrate
habitat to ecosystems where it is naturally rare.
Here, we show that microplastic concentrations
in the North Pacific Subtropical Gyre (NPSG)
have increased by two orders of magnitude in the
past four decades, and that this increase has
released the pelagic insect Halobates sericeus
from substrate limitation for oviposition. High
concentrations of microplastic in the NPSG
resulted in a positive correlation between
H. sericeus and microplastic, and an overall
increase in H. sericeus egg densities. Predation
on H. sericeus eggs and recent hatchlings may
facilitate the transfer of energy between pelagic-
and substrate-associated assemblages. The
dynamics of hard-substrate-associated organisms
may be important to understanding the ecological
impacts of oceanic microplastic pollution.
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1. INTRODUCTION
Plastic accumulation in the North Pacific Subtropical
Gyre (NPSG)—colloquially known as the ‘Great Paci-
fic Garbage Patch’—has been a matter of public
concern [1]. Before the advent of plastic marine
debris, hard-substrate habitat in the NPSG was limited
to relatively rare materials such as floating wood,
pumice and seashells [2]. Despite this limitation, the
NPSG houses a native substrate-associated rafting
community that includes attached macroalgae, sessile
as well as motile invertebrates and fishes [3]. The pela-
gic insect Halobates sericeus (Heteroptera: Gerridae),
widespread across the eastern NPSG, belongs to
both the surface-associated pelagic community (the
‘neuston’) and to the substrate-associated rafting com-
munity. Halobates sericeus moves freely over the air–sea
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interface where it preys on zooplankton, and is preyed
upon by seabirds, marine turtles and surface-feeding
fishes [4,5]. However, it requires hard substrates
upon which to lay eggs, and therefore its reproduction
is limited by the availability of floating materials [6].

Subtropical gyres are areas of convergence that
accumulate particularly high concentrations of plastic
marine debris [7–12]. Of this debris, the vast numerical
majority is small fragments less than 5 mm in diameter,
termed ‘microplastic’ [10–12]. Known environmental
impacts of microplastic include ingestion by fishes
and invertebrates [13–16], transport of organic pollu-
tants [17] and alien species introduction [18]. To our
knowledge, there have been no studies examining the
effects of oceanic plastic debris on pelagic invertebrate
communities. Because invertebrates are a critical link
between primary producers and nekton, plastic-induced
changes in their population structure could have
ecosystem-wide consequences.

The goal of this study was to investigate the impact of
microplastic debris as a novel habitat in the NPSG. To
do this, we (i) quantified the increase in North Pacific
microplastic over the past four decades; and (ii) corre-
lated the increase in microplastic between 1972–1973
and 2009–2010 to changes in H. sericeus abundance.
2. MATERIAL AND METHODS
We combined data from all available georeferenced peer-reviewed lit-
erature [7–11] and other publicly available sources [19] to compare
changes in microplastic abundance between 1972–1987 and 1999–
2010 (electronic supplementary material, table S1). For H. sericeus,
we used surface samples collected by neuston nets at sea between
1972–1973 and 2009–2010 (complete methods in the electronic
supplementary material).

Samples were sorted under a dissecting microscope. Halobates ser-
iceus was enumerated and classified by eye, whereas microplastic
particles were enumerated and measured using the ZOOSCAN optical
analysis system [10]. To determine the size range of particles used by
H. sericeus for oviposition, the two-dimensional surface area and
maximum diameter of a subset of plastic particles with attached
eggs (n ¼ 207) were measured using IMAGEJ (NIH). Dry mass of zoo-
plankton and H. sericeus eggs were obtained from preserved samples.

We computed statistics using non-parametric methods in the R
statistical environment (v. 2.13.1). Maps were created in SURFER v.
8 (Golden Software), and interpolated using point kriging. New
data from this study are deposited with the California Current Eco-
system LTER DataZoo (http://oceaninformatics.ucsd.edu/datazoo/
data/ccelter/datasets?action=group&id=1).
3. RESULTS
Microplastic debris in the North Pacific increased by two
orders of magnitude between 1972–1987 and 1999–
2010 in both numerical (NC) and mass concentrations
(MC; figure 1 and electronic supplementary material,
table S2). In 1972–1987, no microplastic was found in
more than half of the samples (median NC ¼ 0 parti-
cles m–3, MC ¼ 0 mg m23). By 1999–2010, median
NC had increased significantly to 0.116 particles m23

and MC to 0.086 mg m23 (all following are two-tailed
Mann–Whitney U-tests, NC ¼ p , 0.0001; MC ¼ p ,

0.0001). This increase was driven primarily by an
increase in microplastic abundance in the NPSG (elec-
tronic supplementary material, table S2; NC: p ,

0.0001; MC: p , 0.0001). Although a significant
increase in NC was also found off Alaska (electronic sup-
plementary material, table S2; p ¼ 0.0197), MC
remained unchanged (p ¼ 0.3711). There was no sig-
nificant change in the California Current [10] or the
Eastern Tropical Pacific (electronic supplementary
This journal is q 2012 The Royal Society
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Figure 1. Microplastic concentrations in 1972–1987 and 1999–2010. Numerical concentration (no. m23) for (a) 1972–1987
and (b) 1999–2010; microplastic mass concentration (mg m23) for (c) 1972–1987 and (d) 1999–2010. New data from this
study include 7205 (asterisks), 7210 (inverted triangles), Southtow 13 (cross symbols), STAR (right-facing triangles), SEA-
PLEX (triangles) and EX1006 (diamonds). Published data are Wong et al. [7] (crossed circles), Shaw [8] (stars), Day &
Shaw [9] (left-facing triangles), Gilfillan et al. [10] (filled circles) and Doyle et al. [11] (filled circles). Gilfillan et al. [10]

and Doyle et al. [11] have overlapping stations. Non-peer-reviewed publicly available data from Algalita Marine Research
Foundation [19] (plus symbols).
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material, table S2; NC: p ¼ 0.3332; MC: p ¼ 0.2528).
These results were confirmed when we conducted
additional subsampling as controls for regional and sea-
sonal variation (see electronic supplementary material).

We found no association between microplastic concen-
tration and the abundance of H. sericeus adults/juveniles
in 1972–1973 (figure 2a), but a positive association
in 2009–2010 (figure 2b). Similarly, there was no
association between microplastic concentration and the
abundance of H. sericeus eggs deposited on microplastic
in 1972–1973 (figure 2c), but a positive association in
2009–2010 (figure 2d). We also found a significant
increase in the median abundance of H. sericeus adults/
juveniles and eggs (two-tailed Mann–Whitney U-test,
adults/juveniles, p ¼ 0.0024, eggs p , 0.0001). When
seasonal variation in H. sericeus abundance was controlled
by restricting the comparison to October 1972 and Octo-
ber 2010, egg abundance increased with plastic particle
abundance (one-tailed Mann–Whitney U-test, p¼
0.0497), but not adult/juvenile abundance (p¼ 0.8680).

Halobates sericeus eggs measured 0.8–1.2 mm in
length and were found on microplastic particles
Biol. Lett. (2012)
ranging from 0.002 to 0.054 cm2 (M ¼ 0.015), a size
class that includes 81.2 per cent of all particles col-
lected in 2009–2010 (figure 2e,f ). We estimate that
the biomass of one to three eggs is equivalent to
9.2–27.6% of the daytime zooplankton biomass over
1 m2 of the top 20 cm of surface water.
4. DISCUSSION
Our study associates the dramatic increase in microplas-
tic abundance in the past 40 years with oviposition of
H. sericeus, an abundant and conspicuous member of
the NPSG pelagic community. Intra- and inter-annual
samples from the NPSG in the intervening decades are
not available, so we cannot rule out the possibility that
there might be a more variable temporal pattern. How-
ever, the long-term trend supports a significant
increase in microplastic concentration.

The abundance of both microplastic and H. sericeus
are spatially and temporally heterogeneous within the
NPSG, but H. sericeus is highly mobile and can skate
at speeds up to 0.8–1.3 m s21 [4]. If H. sericeus
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Figure 2. Halobates sericeus adult and juvenile numerical concentration (NC) versus microplastic NC in 1972–1973 (a: Spear-

man rank correlation, p ¼ 0.3644; r2 ¼ 0.019) and 2009–2010 (b: Spearman rank correlation, p , 0.0001; r2 ¼ 0.404);
H. sericeus egg NC versus microplastic NC in 1972–1973 (c: Spearman rank correlation p ¼ 0.0614; r2 ¼ 0.079) and
2009–2010 (d: Spearman rank correlation, p , 0.0001; r2 ¼ 0.512). Also shown are size–frequency histograms for all micro-
plastic particle areas (grey) and particles with attached eggs (black) in (e) 1972–1973 and ( f ) 2009–2010. Symbols (a–d)
represent dates of data collection: spring 1972 (grey diamonds), autumn 1972 (filled diamonds), winter 1973 (open dia-

monds), summer 2009 (filled circles) and autumn 2010 (open circles). Only particles in the size range used by H. sericeus
were used to calculate microplastic NC (a–d). Eggs in the samples for (e) were dislodged from their original substrate
(63%) are excluded from this figure.
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acted as a passive particle on the ocean surface, then a
positive correlation between it and plastic abundance
would be expected in all sampling periods. We
found no such correlation for either adults/juveniles
or eggs in 1972–1973, but a significant correlation
for both adults/juveniles and eggs in 2009–2010
(figure 2). We interpret this to mean that microplastic
increase has released this pelagic insect from substrate
limitation for oviposition.

We estimated the increase in hard substrate in the
top 20 cm of the NPSG (4 � 106 km3; [20]). Micro-
plastic particles in the size range used by H. sericeus
increased from a median NC of 0.002 particles m23

in 1972–1973 to 1.194 in 2009–2010, with a decrease
in median surface area from 0.016 cm2 to 0.015 cm2.
It should be noted that these microplastic NC are
higher than those previously reported [2,10–12],
Biol. Lett. (2012)
potentially due to targeted sampling of high-plastic
areas in our study. We caution that this is a rough
approximation, but nonetheless suggests a substantial
expansion of hard substrate available to H. sericeus
and other substrate-associated organisms.

Predation on eggs and recent hatchlings may limit
H. sericeus populations and transfer energy between
pelagic and substrate-associated communities. For
example, the epipelagic crab Planes minutus is known
to prey on both Halobates individuals and eggs in the
Atlantic Ocean [4]. Because eggs are equivalent to a sub-
stantial percentage (9.2–27.6%) of daytime NPSG
biomass, they may be an efficient target for predators
such as epipelagic crabs and omnivorous fishes, both
of which were observed to be abundant during
2009–2010 sampling. Halobates sericeus is capable of
oviposition on large items [6], but no eggs were found



820 M. C. Goldstein et al. Microplastic enhances insect oviposition
on large items in 2009–2010, suggesting that eggs may
be removed from microplastic particles by predators.

The novel ecological interactions caused by the
introduction of plastic particles to oceanic ecosystems,
termed the ‘plastisphere’ [21], may transfer energy
between pelagic and substrate-associated assemblages
[3]. If microplastic densities continue to increase,
then substrate-associated biota such as H. sericeus
may be expected to increase as well, potentially at the
expense of prey such as zooplankton or fish eggs
[3,4]. Future work should incorporate the dynamics
of substrate-associated assemblages with ongoing
work in toxicology [17], microbial ecology [21] and
faunal interactions [13–16] to provide a better under-
standing of the impact of microplastic pollution on
pelagic marine ecosystems.
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