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The ingestion of microplastics by five natural zooplankton groups in the northern South China Sea was studied for
the first time and two types of sampling nets (505 um and 160 um in mesh size) were compared. The
microplastics were detected in zooplankton sampled from 16 stations, with the fibrous microplastics accounting
for the largest proportion (70%). The main component of the found microplastics was polyester. The average

length of the microplastics was 125 um and 167 pm for Nets I and II, respectively. The encounter rates of
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microplastics/zooplankton increased with trophic levels. The average encounter rate of microplastics/zooplank-
ton was 5%, 15%, 34%, 49%, and 120% for Net I, and 8%, 21%, 47%, 60%, and 143% for Net II for copepods, chaeto-
gnaths, jellyfish, shrimp, and fish larvae, respectively. The average abundance of microplastics that were
ingested by zooplankton was 4.1 pieces/m’ for Net I and 131.5 pieces/m> for Net II.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The widespread occurrence and accumulation of plastic waste in the
environment has become a growing global concern over the last decade
(Lonnstedt and Eklov, 2016). Microplastics, the small-sized plastic frag-
ments of <5 mm in size (Moore, 2008), have recently drawn increasing
attention due to its high abundance in sea water (Ng and Obbard, 2006)
and bioavailability to organisms throughout the food-web (Cole et al.,
2011). The sources of these microplastics are extensive, mainly includ-
ing raw materials used in the plastic industry, plastic particles, plastic
debris from the large plastics degraded by various physical processes,
additives from common daily items, and polishing material used in
the industrial production (Fendall and Sewell, 2009; Thompson et al.,
2009). In the past years, most studies have focused on quantifying
microplastics abundance in the marine environment (Hidalgo-Ruz et
al.,, 2012). The studies mentioned above covered the coastal area of dif-
ferent countries, the open ocean, and the deep sea (Barnes et al., 2009;
Van Cauwenberghe et al., 2013; Law and Thompson, 2014), providing
useful information on the background concentrations of microplastics
in various environments.

Microplastics can affect marine organisms physically by blocking the
alimentary tract upon ingestion (Cole et al., 2013), and chemically by
toxic pollutants contained in or absorbed by the plastics (Rochman et

* Corresponding author at: Jiaozhou Bay Marine Ecosystem Research Station, Institute
of Oceanology, Chinese Academy of Sciences, 7 Nanhai Road, Qingdao, 266071, China.
E-mail address: 975651359@qq.com (X. Sun).

http://dx.doi.org/10.1016/j.marpolbul.2016.12.004
0025-326X/© 2016 Elsevier Ltd. All rights reserved.

al., 2013). Laboratory experiments have indicated that a variety of inver-
tebrates ingest microplastics, including planktonic organisms such as
copepods, cladocerans, salps and larval fish (Brown and Heseltine,
1968; Wilson, 1973; Frost, 1977; Kremer and Madin, 1992; Cole et al,,
2013; Lonnstedt and Eklov, 2016), and benthos such as lugworms, am-
phipods, barnacles, holothurians, and blue mussels (Thompson et al.,
2004; Browne et al.,, 2008; Graham and Thompson, 2009; von Moos et
al.,, 2012; Wegner et al., 2012). The majority of the laboratory experi-
ments have revealed the impact of microplastics on the feeding, growth,
physiological function, immune system, and the development of the rel-
evant marine biota. In natural ecosystems, microplastic fibers have been
reported in Norway lobster (Murray and Cowie, 2011) and Chinese mit-
ten crab (Wojcik-Fudalewska et al., 2016), pelagic and demersal fish
(Lusher et al., 2013), mesopelagic fish (Boerger et al., 2010), gooseneck
barnacles (Goldstein and Goodwin, 2013), bivalves (Van Cauwenberghe
and Janssen, 2014), and zooplankton (Frias et al., 2014; Desforges et al.,
2015). The ingestion and accumulation of microplastics in a wide range
of marine species ranging from zooplankton to bivalves, crustaceans,
and fish indicate the potential for microplastics to accumulate in the
marine food chain (Vandermeersch et al., 2015). However, information
on the ingestion of microplastics by natural populations and their possi-
ble accumulation is scanty (Lusher et al., 2013).

In pelagic ecosystems, zooplankton links the primary producers and
the higher trophic levels, thus playing an important role in the marine
food web. The ingestion of microplastics by zooplankton serves as an
important link to the marine food web, transferring these materials to
higher trophic levels along the food chain. It is thus essential to
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understand the ingestion and transfer of microplastics by different
groups of zooplankton in natural sea water in order to lay a foundation
for the ecological risk assessment of microplastics in natural
ecosystems.

The coastal area of China is a hotspot for microplastic pollution
(Zhao et al., 2014). Both the diluted water from the Pearl River Estuary
and the waters of the South China coast have affected the northern part
of the South China Sea. China's annual fishing output in the South China
Seais about 3 x 10° t, and the northern South China Sea is an important
fishery ground (Wang et al., 2015). The impact of microplastics on the
fishery resources through the transfer of zooplankton is thus of prime
concern. To study the ingestion and transfer of microplastics in marine
zooplankton in the natural ecosystem, the present study, for the first
time, investigated the ingestion of microplastics by five groups of zoo-
plankton in the coastal area of China, which include copepods, chaeto-
gnaths, jellyfish, shrimps, and fish larvae. The purpose of this research
was to: 1) identify the characteristics of microplastics that are ingested
by different groups of zooplankton, 2) determine the encounter rates
between microplastics and zooplankton, 3) estimate the abundance of
microplastics ingested by zooplankton, 4) discuss the transfer of
microplastics between trophic levels in the northern South China Sea.

2. Materials and methods
2.1. Study area

The study area was the northern part of the continental slope of the
South China Sea, which encompassed the continental shelf, slope, and
deep water area. Samples were collected in June 2015 using the re-

search vessel, Nan Feng. The sampling stations used in the present
study are shown in Fig. 1.
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2.2. Sampling

The zooplankton samples were collected by vertical tows using con-
ical plankton nets from a depth of 200 m, or 10 m off the seabed when
the depth was <200 m, to the surface. The nets were designed according
to the Specifications for the Oceanographic Survey of China (2007). Two
types of nets were used to compare the ingested microplastics collected
by nets with different mesh sizes. Net I was 145 cm in length, 50 cm in
the inner diameter of the net mouth, and 505 um in mesh size. Net Il was
140 cm in length, 31.6 cm in the inner diameter of the net mouth, and
160 um in mesh size. The zooplankton samples were preserved immedi-
ately after collection in a formaldehyde solution (final concentration
5%). All samples were split into two equal parts. One part was used for
zooplankton abundance analysis, and the other was utilized for
microplastics analysis.

2.3. Zooplankton analysis

The zooplankton samples were analyzed with a ZooScan digital im-
aging system, which was developed in the Laboratory of Oceanography
of Villefranche (LOV) (Gorsky et al., 2010). The zooplankton samples
were split into suitable fractions with a Motoda Plankton Splitter
(Motoda, 1959) until the subsample was dilute enough to allow separa-
tion of all organisms in the scanning tray. The samples that were collect-
ed using Nets I and Il were digitized with the ZooScan at 2400 dpi and
4800 dpi resolution, respectively. Image standardization, separation,
and data matrix acquisition were performed using the Zooprocess soft-
ware. Automatic recognition by supervised-learning was performed
with the Plankton Identifier software. The automatic classification of
zooplankton was manually validated to ensure the correct classification
of the zooplankton groups. The abundance of each group was deter-
mined based on the zooplankton abundance per net, which was divided
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Fig. 1. Sampling stations in the northern part of the South China Sea.
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by the volume of filtered seawater. Based on the composition of the zoo-
plankton in the studied area, five predominant groups, including cope-
pods, chaetognaths, jellyfish, shrimps (Euphausia and other species of
shrimp), and fish larvae were selected for microplastics analysis based
on their importance in the marine food web of the South China Sea.
The percentage of the five groups accounted for 80% of the total zoo-
plankton abundance or biovolume.

2.4. Microplastics analysis

Each sample was checked at 6-12 x magnification under a stereomi-
croscope (Stemi SV11, ZEISS, Shanghai, China). In each station, 50 cope-
pods, 20 chaetognaths, 10 jellyfishes, 10 shrimps, and several fish larvae
(all fish larvae in a sample) were picked out from the samples under a
stereomicroscope. The selected individuals were rinsed with deionized
water several times. Each group was placed in a 20-mL scintillation
vial. To destroy their body tissue and then examine the remaining ma-
terial for microplastic particles, the 100% HNO5 digestion method de-
scribed by Desforges et al. (2015) was performed. A 100% HNOs
solution was poured into the scintillation vials until the samples were
submerged. After 3 h of digestion in a water bath at approximately
80 °C, the samples were filtered through 0.45-um mixed-cellulose
ester filter papers, and the filter papers were examined under a stereo-
microscope for completeness of digestion as well as the presence of
microplastics. Several blanks (HNOs in an empty vial) were run to cor-
rect for potential air-borne particle deposition in the laboratory, and
no contamination of blanks was observed during the experiments.

When microplastics were detected, the particles were counted, and
images of each microplastic particle were captured using an AxioCam
HRc (ZEISS) that was connected to a stereomicroscope. The length of

each microplastic was measured manually using the Image ] software.
The microplastic particles were analyzed by using the UFT-IR technique
to confirm their composition.

2.5. Data analysis

Data analysis was performed using the SPSS software (SPSS 17.0).
Independent-samples t-test was used to compare differences in en-
counter rates and the size of the microplastic particles between Nets I
and II. One-way ANOVA was used to compare the encounter rates and
microplastic size among different zooplankton groups. Plots were creat-
ed using SigmaPlot 12.5 and Microsoft Excel 2010.

3. Results
3.1. Characteristics of the microplastics ingested by zooplankton

Fig. 2 shows that the microplastics that were ingested by zooplank-
ton varied in shape and size, which included fibrous, particles, and other
irregular shapes. The length of the microplastic particles ranged from
4 um to 1037 pum for Net I, and from 5 um to 2399 pm for Net II, and
with an average length of 125 um and 167 pum, respectively.

The lengths of the microplastic particles ingested by different zoo-
plankton groups are shown in Fig. 3. The average length of the
microplastic particles was 0.14, 0.12, 0.11, 0.13, and 0.10 mm for Net [,
and 0.15, 0.20, 0.16, 0.19, and 0.09 mm for Net II for copepods, chaeto-
gnaths, jellyfish, shrimp, and fish larvae, respectively. No significant dif-
ferences in the lengths among the five groups using both nets were
detected (p > 0.05).

Fig. 2. Microplastics ingested by zooplankton in the northern part of the South China Sea.
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Fig. 3. Size of the microplastics ingested by different zooplankton groups (a. Net I, b. Net II).

The microplastics ingested by the zooplankton collected by using
two types of nets showed similar composition. In general, fibrous
microplastics accounted for the largest proportion (70%). The percent-
ages of different forms of microplastics varied among various zooplank-
ton groups. The fibrous microplastics accounted for a large proportion in
copepods, and showed a decreasing trend from chaetognaths to fish lar-
vae. However, the amount of particle microplastics increased from co-
pepods to fish larvae, from 21% to 58% for Net I and from 24% to 42%
for Net II (Fig. 4). uFT-IR analysis indicated that the main component
of the fibrous microplastics was polyester (Fig. 5).

3.2. The encounter rates between microplastics and zooplankton

The microplastics were detected in the zooplankton from all sam-
pled stations. The range of encounter rates between microplastics and
zooplankton for Net I was from 2%-6%, 0-43%, 0-50%, 10%-167%, and
0-200%, with average encounter rates of 5%, 15%, 34%, 49%, and 120%
for copepods, chaetognaths, jellyfish, shrimp, and fish larvae, respec-
tively (Fig. 6a). The range of encounter rates between microplastics
and zooplankton for Net Il was 4%-12%, 5%-35%, 20%-100%, 25%-
200%, and 60%-300%, with average encounter rates of 8%, 21%, 47%,
60%, and 143% for the five zooplankton groups, respectively (Fig. 6b).
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Fig. 4. Percentages of shapes of microplastics (a. Net I, b. Net II).

Comparison of the contents of the two nets indicated that the en-
counter rates between microplastics and zooplankton of Net Il were
higher than those of Net I. Comparative analysis of the five zooplankton
groups showed that the encounter rates with microplastics increased
from copepods to chaetognaths, jellyfish, shrimp, and fish larva. Similar
trends were observed in both types of nets, with higher encounter rates
at higher trophic levels.

The encounter rates between microplastics and zooplankton varied
among stations. Fig. 7 shows that for the Net I zooplankton, the total en-
counter rates were high in stations 1, 2, 3,9, and 12, and low in stations
4,10, and 11. For the Net Il zooplankton, the total encounter rates were
high in stations 1, 2, 3,9, 12, and 16, and low in stations 6, 10, and 11.
The spatial distribution of the encounter rates was similar for both
types of nets.

3.3. The abundance of microplastics ingested by zooplankton

By combining the encounter rates and the abundance of the five zoo-
plankton groups, the abundance of the microplastics that were ingested
by the predominant groups in the upper 200 m water column was esti-
mated. Fig. 8 shows the abundance of the microplastics ingested by Net [
zooplankton was 2.19, 0.67,0.12, 0.81, and 0.29 pieces/m? for copepods,
chaetognaths, jellyfish, shrimps, and fish larvae, respectively. The
microplastics were mainly ingested by copepods, accounting for 54%
of the total number of particles consumed, followed by shrimps, 20%.
The microplastics ingested by Net Il zooplankton were much higher
than those of Net I. The abundance of the ingested microplastics was
103.49, 20.03, 2.83, and 5.16 pieces/m’ for copepods, chaetognaths, jel-
lyfish, and shrimps, respectively. Similar to the Net I, microplastics were
mainly ingested by copepods, accounting for 79% of the total number of
particles consumed, followed by chaetognaths, 15%. The abundance of
the fish larvae was not estimated due to the extremely low number of
organisms captured by using Net Il. In contrast with the encounter
rate, which increased with trophic levels, the total abundance of the
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Fig. 5. UFT-IR analysis of the fibrous microplastics.

ingested microplastics decreased with higher trophic levels due to the
low abundance of the high trophic level zooplankton such as jellyfish,
shrimp, and fish larvae.

The spatial distribution of the ingested microplastics was high in sta-
tions 1 and 9-15, and low in stations 2-7 and 16 (Fig. 9). This pattern
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Fig. 6. Average encounter rates between microplastics and zooplankton (a. Net I, b. Net II).

was relevant to the high zooplankton abundance in these stations. The
average abundance of the ingested microplastics in the studied area
was 4.1 pieces/m> for Net  and 131.5 pieces/m? for Net II, with a differ-
ence of as high as 33-fold.

4. Discussion

4.1. The abundance and composition of the ingested microplastics collected
by using two types of nets

Comparison of the two sampling nets showed that the total abun-
dance of the ingested microplastics was significantly different (t-test,
p <0.01). A variety of nets with different mesh sizes, aperture, and
length were used by different laboratories to collect suspended
microplastics and was reviewed by Hidalgo-Ruz et al. (2012). Inconsis-
tencies in the sampling methods hindered the comparison of
microplastics among different areas of various seas. Desforges et al.
(2014) suggested that using mesh sizes that were smaller than those
currently used in standard neuston nets (300- um in mesh size) could
improve the collection of microplastics in the sea water. The mesh size
of Net II used in this research is smaller than the standard neuston
net, therefore the result obtained from Net Il is a better representation
of the actual conditions. A common minimum particle size and a stan-
dardized sampling regimen are two study design elements that may im-
prove the comparison of future studies (GESAMP, 2010). The
composition and size of the microplastics collected using both nets
were relatively similar, with fibrous microplastics identified as the pre-
dominant shape. In terms of encounter rates, no significant differences
between the two types of nets in the chaetognath, jellyfish, shrimp,
and fish larvae groups were detected, and significant changes were ob-
served only in the copepod group (t-test, p < 0.01). These findings indi-
cated that the characteristics of the microplastics collected by two
different nets were essentially similar, whereas the relative abundance
of various particles was markedly variable. Taken together, we infer
that different nets may still be useful for qualitative comparisons, but
not suitable for quantitative comparisons.

4.2. Ingestion of microplastics by natural zooplankton groups
Ingestion of microplastic particles by marine biota has often been

studied in the laboratory, and rarely in natural ecosystems. The findings
of the present study showed that zooplankton ingest microplastics at all
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Fig. 7. The spatial distribution of encounter rates in the northern part of the South China
Sea (a. Net I, b. Net II).

stations, thereby proving the universality of microplastics ingestion by
zooplankton in natural waters. Comparative analysis showed significant
differences in encounter rates among the five zooplankton groups. The
lowest encounter rate was observed in copepods, whereas the highest
was detected in the fish larvae group. This difference may possibly be
due to the biological dilution effect (Desforges et al., 2015). In the north-
ern part of the South China Sea, copepods are the predominant zoo-
plankton. In addition, the feeding habits may be also relevant to the
observed differences in encounter rates. Natural food for copepods in-
cludes phytoplankton, protists, and marine snow/aggregates, whereas
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Fig. 8. Percentage of microplastics ingested by different zooplankton groups (a. Net I, b.
Net II).

chaetognaths, jellyfish, and fish larvae mainly feed on zooplankton.
Carnivorous zooplankton may have a bioaccumulative effect on
microplastics, thereby resulting in a higher number of microplastics in
these groups than those in copepods.

Comparing the results of the present study with those of Desforges
et al. (2015) showed that the encounter rate between microplastics
and copepods (5%) in the northern part of the South China Sea was
higher than that (2.6%) in the Northeast Pacific. The encounter rate be-
tween microplastics and shrimp in the northern part of the South China
Sea (50%) was significantly higher than that between microplastics
and euphausia in the Northeast Pacific (5.8%). However, the size of
microplastics that were ingested by zooplankton in the northern part
of the South China Sea (125 pm and 167 um) was much smaller than
that in the Northeast Pacific (555 um for copepods and 816 pm for
euphausia). This difference may be relevant to the microplastics compo-
sition of the sea water, as indicated in the findings in the Northeast Pa-
cific. However, the present study did not monitor the concentration of
the <200-um microplastic particles in the South China Sea because of
technical difficulties in visually detecting microplastics within this size
range in the sea water.

The potential ecological risk of microplastics in different zooplank-
ton groups has been reported. Cole et al. (2013) studied the impact of
microplastic (size range: 1.7-30.6 pm) ingestion in copepods. The expo-
sure of the copepod Centropages typicus to natural assemblages of algae
with and without microplastics showed that 7.3-um microplastic parti-
cles (>4000 mL™ ') significantly decreased algal feeding, thereby indi-
cating that marine microplastics could negatively affect zooplankton
function and health. The impact of polystyrene microplastics on the
feeding, function, and fecundity of the marine copepod (Calanus
helgolandicus) has also been tested. Microplastic-exposed copepods
underwent energetic depletion over time, and prolonged exposure to
polystyrene microplastics (20-pum in size) significantly decreased their
reproductive output (Cole et al., 2015). The high encounter rate be-
tween microplastics and copepods in the northern part of the South
China Sea may also affect the quantity and quality of the copepod pop-
ulation. This in turn may further affect higher trophic levels such as fish.
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Sea (a. Net I, b. Net II).

For fish larvae, their encounter rate was much higher than the percent-
age of adult fish that ingested microplastics. For example, 36.5% of fish in
the English Channel were determined to ingest microplastics (Lusher et
al., 2013), whereas 35% of the fish in the North Pacific Central Gyre con-
sumed similar particles (Boerger et al., 2010). Lonnstedt and Eklov
(2016) showed that the exposure to environmentally relevant concen-
trations of microplastic polystyrene particles (90-um in size) inhibited
hatching, decreased growth rates, and altered the feeding preferences
of the European perch larvae. In the present study, the ratio of ingested
microplastics to fish larvae was >1, thereby indicating a potential threat
to the natural fishery resource in this area. Devriese et al. (2015) detect-
ed microplastics in brown shrimp from the coastal waters of the

Southern North Sea. Desforges et al. (2015) detected microplastics in
euphausia in the Northeast Pacific Ocean. However, no research studies
on the ecological impact of microplastics on shrimp have been conduct-
ed to date. For chaetognaths and jellyfishes, no report on the ingestion
of microplastics in natural sea water has been published, and thus
studying the impact of microplastics on these groups is warranted.

4.3. Factors affecting the abundance of the ingested microplastics in the
northern South China Sea

Land-based human activities are a major source of microplastics that
are present in the marine environment (Browne et al., 2010; Browne et
al., 2011; Collignon et al., 2012). Browne et al. (2011) showed that dis-
posal of municipal wastewater that was contaminated with fibers from
washing clothes is the major source of plastic particles in the UK. A sim-
ilar conclusion was obtained by Desforges et al. (2014) in the NE Pacific
Ocean and Zhao et al. (2014) in the Yangtze River Estuary. The present
study showed that the major component of the microplastics is polyes-
ter, indicating that the microplastics in the northern part of the South
China Sea are also closely related to human activities. The stations
with high encounter rates and high abundance of microplastics were in-
fluenced by the water from the Pearl River Estuary, as indicated by the
results of Lagrangian analysis of surface transport patterns in the north-
ern part of the South China Sea (personal communication, Hu). The hy-
drodynamic processes in the northern South China Sea are complex,
which include upwelling, eddies, water exchange with the coast, the in-
fluence of Kuroshio Current, and the open ocean. By zooplankton verti-
cal migration and cross-shelf transport, it is possible to transfer the
microplastics into the open ocean and the deep sea. Therefore, the im-
pact of zooplankton-transferred microplastics on the fishery resources
should also be considered regardless whether these were derived
from the coastal region or the open ocean and deep sea.

4.4. The transfer of microplastics across the marine food web

One concern of the impact of microplastics on marine ecosystems is
its transfer across marine food web, which may cause negative effects
chemically and physically. However, our understanding of the mecha-
nism underlying the transfer of microplastics across the food web in
the sea is limited. Statistical analyses performed in the present study
showed that the size of microplastics that were ingested by copepods
is similar to that of the other four zooplankton groups. Our findings dif-
fered from those of previous studies, which showed that larger zoo-
plankton tend to ingest larger microplastics (Desforges et al., 2015).
Chaetognaths, jellyfish, and fish larvae are generally carnivorous, feed-
ing on copepods and other zooplankton. Based on the Ecopath model
(Deehr et al., 2014), chaetognaths belong to the higher trophic level, sit-
uated above copepods, and jellyfish and fish larvae are on a higher level
than that of chaetognaths. Carnivorous zooplankton might ingest
microplastics directly from sea water due to confusion in identifying
their prey. Alternatively, they might ingest microplastics by eating
lower trophic level organisms such as copepods that had earlier con-
sumed microplastics. The similarity in size of the ingested microplastics
in the five zooplankton groups and the increase in the encounter rate
with trophic levels are indicative of the transfer of microplastics along
the planktonic food web in this sea area.

The majority of microplastics in copepods were fibrous, and the per-
centage of the ingested fibrous microplastics decreased with higher tro-
phic levels. These findings indicated that copepods more readily feed on
fibrous microplastics, or the residence time of the fibrous microplastics
in copepods was relatively longer. It is also possible for carnivorous zoo-
plankton to ingest more granular microplastics from the sea water in
addition to its transfer across the food web. It is also possible that the
residence time of granular microplastics is prolonged in these zooplank-
ton groups. Food web transfer experiments were performed in the lab-
oratory by offering copepods that were labeled with ingested
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microspheres to mysid shrimps, which showed for the first time the
potential of plastic microparticle transfer via planktonic organisms
from one trophic level (mesozooplankton) to a higher level
(macrozooplankton) (Setala et al., 2014). The situation is more compli-
cated in natural sea area. Both the composition of microplastics and the
interaction between zooplankton groups are complex. Developing con-
trolled experiments based on the situation of the natural sea area, in-
cluding experiments using microplastics of different sizes and shapes
and various zooplankton groups is thus warranted. Both ingestion and
residence time may be utilized as indicators for the assessment of the
ecological risk of microplastics in marine organisms.

In summary, a high amount of microplastics was detected in the zoo-
plankton of the northern South China Sea. The encounter rates of
microplastics/zooplankton increased with trophic levels, and were sig-
nificantly higher than that of other reported areas. This phenomenon
should thus be immediately addressed and controlled. The northern
South China Sea possesses a rich mesopelagic fish resource that is >10
times that of the world's average resource density (Gong et al., 2015).
The ingestion of zooplankton by mesopelagic fish may transfer the
microplastics to the top predators. It is thus essential to elucidate the
consequence of bioaccumulation of microplastics and the possible
transfer of the absorbed chemical pollutants within marine food webs,
as this may pose an additional threat to higher levels of the food
chain, including humans. It is also important to conduct risk assessment
of microplastics on the ecosystem, as well as the social and economic
levels.

Acknowledgements

The National Basic Research Program of China (No. 2014CB441504),
the “Strategic Priority Research Program-Western Pacific Ocean Sys-
tem” of the Chinese Academy of Sciences (No. XDA11030204), the
Aoshan Science and Technology Innovation Project (2016ASKJ02) and
the NSFC-Shandong Province Joint Fund Project (No. U1406403), sup-
ported this study. We acknowledge the Captain and crews of the R/V
Nan Feng for their assistance during the cruise. We also thank Ms. Sun
Yu'e for assistance in scanning the zooplankton samples.

References

Barnes, D.K.A.,, Galgani, F., Thompson, R.C,, Barlaz, M., 2009. Accumulation and fragmenta-
tion of plastic debris in global environments. Philos. Trans. R. Soc. B 364, 1985-1998.

Boerger, C.M,, Lattin, G.L., Moore, S.L., Moore, CJ., 2010. Plastic ingestion by planktivorous
fishes in the North Pacific Central Gyre. Mar. Pollut. Bull. 60, 2275-2278.

Brown, W.B., Heseltine, H.K., 1968. Loss of phosphine on timber dunnage treated with
copper naphthenate. J. Stored Prod. Res. 4, 91-92.

Browne, M.A,, Dissanayake, A., Galloway, T.S., Lowe, D.M., Thompson, R.C., 2008. Ingested
microscopic plastic translocates to the circulatory system of the mussel, Mytilus edulis
(L.). Environ. Sci. Technol. 42, 5026-5031.

Browne, M.A., Galloway, T.S., Thompson, R.C., 2010. Spatial patterns of plastic debris along
estuarine shorelines. Environ. Sci. Technol. 44, 3404-3409.

Browne, M.A,, Crump, P., Niven, SJ., Teuten, E., Tonkin, A., Galloway, T., Thompson, R.,
2011. Accumulation of microplastic on shorelines woldwide: sources and sinks. Envi-
ron. Sci. Technol. 45, 9175-9179.

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants in
the marine environment: a review. Mar. Pollut. Bull. 62, 2588-2597.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J., Galloway, T.S.,
2013. Microplastic ingestion by zooplankton. Environ. Sci. Technol. 47, 6646-6655.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Galloway, T.S., 2015. The impact of poly-
styrene microplastics on feeding, function and fecundity in the marine copepod
Calanus helgolandicus. Environ. Sci. Technol. 49, 1130-1137.

Collignon, A., Hecq, ].H., Galgani, F., Voisin, P., Collard, F., Goffart, A., 2012. Neustonic
microplastic and zooplankton in the North Western Mediterranean Sea. Mar. Pollut.
Bull. 64, 861-864.

Deehr, R.A.,, Luczkovich, JJ., Hart, KJ., Clough, L.M,, Johnson, BJ., Johnson, ].C., 2014. Using
stable isotope analysis to validate effective trophic levels from Ecopath models of
areas closed and open to shrimp trawling in Core Sound, NC, USA. Ecol. Model. 282,
1-17.

Desforges, ].P.W., Galbraith, M., Dangerfield, N., Ross, P.S., 2014. Widespread distribution
of microplastics in subsurface seawater in the NE Pacific Ocean. Mar. Pollut. Bull.
79, 94-99.

Desforges, ].P.W., Galbraith, M., Ross, P.S., 2015. Ingestion of microplastics by zooplankton
in the Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol. 69, 320-330.

Devriese, L1, van der Meulen, M.D., Maes, T., Bekaert, K., Paul-Pont, I, Frere, L., Robbens, J.,
Vethaak, A.D., 2015. Microplastic contamination in brown shrimp (Crangon crangon,
Linnaeus 1758) from coastal waters of the southern North Sea and channel area.
Mar. Pollut. Bull. 98, 179-187.

Fendall, LS., Sewell, M.A., 2009. Contributing to marine pollution by washing your face:
microplastics in facial cleansers. Mar. Pollut. Bull. 58, 1225-1228.

Frias, ]., Otero, V., Sobral, P., 2014. Evidence of microplastics in samples of zooplankton
from Portuguese coastal waters. Mar. Environ. Res. 95, 89-95.

Frost, B.W., 1977. Feeding-behavior of Calanus-pacificus in mixtures of food particles.
Limnol. Oceanogr. 22, 472-491.

GESAMP, 2010. Proceedings of the GESAMP International Workshop on PlasticParticles as
a Vector in Transporting Persistent, Bio-Accumulating and Toxic Substances in the
Oceans. GESAMP Rep. Stud. No. 82 (68 pp.).

Goldstein, M.C., Goodwin, D.S., 2013. Gooseneck Barnacles (Lepas spp.) Ingest
Microplastic Debris in the North Pacific Subtropical Gyre. Peerj 1.

Gong, Y., Chen, Z., Zhang, ]., Jiang, Y., 2015. Feeding habits of Diaphus chrysorhynchus
from continental slope region in northern South China Sea in autumn (in Chinese
with English abstract). South China Fish. Sci. 11, 90-99.

Gorsky, G., Ohman, M.D., Picheral, M., Gasparini, S., Stemmann, L., Romagnan, ].B.,
Cawood, A., Pesant, S., Garcia-Comas, C., Prejger, F., 2010. Digital zooplankton image
analysis using the ZooScan integrated system. J. Plankton Res. 32, 285-303.

Graham, E.R., Thompson, ].T., 2009. Deposit- and suspension-feeding sea cucumbers
(Echinodermata) ingest plastic fragments. J. Exp. Mar. Biol. Ecol. 368, 22-29.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C,, Thiel, M., 2012. Microplastics in the marine
environment: a review of the methods used for identification and quantification. En-
viron. Sci. Technol. 46, 3060-3075.

Kremer, P., Madin, L.P., 1992. Particle retention efficiency of salps. ]. Plankton Res. 14,
1009-1015.

Law, K.L, Thompson, R.C., 2014. Microplastics in the seas. Science 345, 144-145.

Lonnstedt, O.M., Eklov, P., 2016. Environmentally relevant concentrations of microplastic
particles influence larval fish ecology. Science 352, 1213-1216.

Lusher, A.L., McHugh, M., Thompson, R.C., 2013. Occurrence of microplastics in the gastro-
intestinal tract of pelagic and demersal fish from the English Channel. Mar. Pollut.
Bull. 67, 94-99.

Moore, CJ., 2008. Synthetic polymers in the marine environment: a rapidly increasing,
long-term threat. Environ. Res. 108, 131-139.

Motoda, S., 1959. Devices of simple plankton apparatus II. Mem. Fac. Fish. Hokkaido Univ.
7,180-183.

Murray, F., Cowie, P.R.,, 2011. Plastic contamination in the decapod crustacean Nephrops
norvegicus (Linnaeus, 1758). Mar. Pollut. Bull. 62, 1207-1217.

Ng, K.L.,, Obbard, J.P., 2006. Prevalence of microplastics in Singapore's coastal marine en-
vironment. Mar. Pollut. Bull. 52, 761-767.

Rochman, D., Koning, AJ., Kopecky, ], Sublet, J.C,, Ribon, P., Moxon, M., 2013. From aver-
age parameters to statistical resolved resonances. Ann. Nucl. Energy 51, 60-68.
Setala, O., Fleming-Lehtinen, V., Lehtiniemi, M., 2014. Ingestion and transfer of

microplastics in the planktonic food web. Environ. Pollut. 185, 77-83.

Specifications for the Oceanographic Survey of China, 2007. Standard Press of China,
Beijing.

Thompson, R.C,, Olsen, Y., Mitchell, R.P., Davis, A., Rowland, SJ., John, AW.G., McGoniglem,
D, Russell, AE., 2004. Lost at sea: where is all the plastic? Science 304, 838.

Van Cauwenberghe, L., Janssen, C.R,, 2014. Microplastics in bivalves cultured for human
consumption. Environ. Pollut. 193, 65-70.

Van Cauwenberghe, L., Vanreusel, A., Mees, ]., Janssen, C.R., 2013. Microplastic pollution in
deep-sea sediments. Environ. Pollut. 182, 495-499.

Vandermeersch, G., Van Cauwenberghe, L., Janssen, C.R., Marques, A., Granby, K, Fait, G.,
Kotterman, M.].J., Diogene, ]., Bekaert, K., Robbens, J., 2015. A critical view on
microplastic quantification in aquatic organisms. Environ. Res. 143, 46-55.

von Moos, N., Burkhardt-Holm, P., Kohler, A., 2012. Uptake and effects of microplastics on
cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure.
Environ. Sci. Technol. 46, 11327-11335.

Wang, X, Yu, ], Li, Y., et al,, 2015. The relationship between major upwelling and the up-
welling fishing grounds in the South China Sea. ]. Mar. Sci. 39, 131-137.

Wegner, A., Besseling, E., Foekema, E.M., Kamermans, P., Koelmans, A.A., 2012. Effects of
nanopolystyrene on the feeding behavior of the blue mussel (Mytilus edulis L.). Envi-
ron. Toxicol. Chem. 31, 2490-2497.

Wilson, D.S., 1973. Food size selection among copepods. Ecology 54, 909-914.

Wojcik-Fudalewska, D., Normant-Saremba, M., Anastacio, P., 2016. Occurrence of plastic
debris in the stomach of the invasive crab Eriocheir sinensis. Mar. Pollut. Bull. http://
dx.doi.org/10.1016/j.marpolbul.2016.09.059.

Zhao, S., Zhu, L., Wang, T, Li, D., 2014. Suspended microplastics in the surface water of the
Yangtze Estuary System, China: first observations on occurrence, distribution. Mar.
Pollut. Bull. 86, 562-568.

Thompson, R.C., Moore, CJ., vom Saal, F.S., Swan, S.H., 2009. Plastics, the environment and
human health: current consensus and future trends. Philos. Trans. R. Soc. B 364,
2153-2166.


http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0005
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0005
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0010
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0010
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0015
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0015
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0020
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0020
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0020
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0025
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0025
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0030
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0030
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0035
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0035
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0040
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0045
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0045
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0045
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0050
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0050
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0050
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0055
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0055
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0055
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0055
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0060
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0060
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0060
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0065
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0065
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0070
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0070
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0070
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0075
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0075
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0080
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0080
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0085
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0085
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0090
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0090
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0090
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0095
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0095
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0100
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0100
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0100
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0105
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0105
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0110
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0110
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0115
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0115
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0115
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0120
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0120
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0125
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0130
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0130
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0135
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0135
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0135
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0140
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0140
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0145
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0145
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0150
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0150
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0155
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0155
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0160
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0160
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0165
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0165
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0170
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0170
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0175
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0180
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0180
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0185
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0185
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0190
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0190
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0195
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0195
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0195
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0200
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0200
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0205
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0205
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0205
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0210
http://dx.doi.org/10.1016/j.marpolbul.2016.09.059
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0220
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0220
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0220
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0225
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0225
http://refhub.elsevier.com/S0025-326X(16)30990-0/rf0225

	Ingestion of microplastics by natural zooplankton groups in the northern South China Sea
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Sampling
	2.3. Zooplankton analysis
	2.4. Microplastics analysis
	2.5. Data analysis

	3. Results
	3.1. Characteristics of the microplastics ingested by zooplankton
	3.2. The encounter rates between microplastics and zooplankton
	3.3. The abundance of microplastics ingested by zooplankton

	4. Discussion
	4.1. The abundance and composition of the ingested microplastics collected by using two types of nets
	4.2. Ingestion of microplastics by natural zooplankton groups
	4.3. Factors affecting the abundance of the ingested microplastics in the northern South China Sea
	4.4. The transfer of microplastics across the marine food web

	Acknowledgements
	References


