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Microplastics are a ubiquitous pollutant in our seas today red are known to have
detrimental effects on a variety of organisms. Over the pastlecade numerous
studies have documented microplastic ingestion by marine gecies with more recent
investigations focussing on the secondary impacts of micmplastic ingestion on
ecosystem processes. However, few studies so far have examéed microplastic ingestion
by mesopelagic sh which are one of the most abundant pelagicgroups in our
oceans and through their vertical migrations are known to catribute signi cantly to
the rapid transport of carbon and nutrients to the deep sea. ferefore, any ingestion
of microplastics by mesopelagic sh may adversely affect tis cycling and may aid
in transport of microplastics from surface waters to the dep-sea benthos. In this
study microplastics were extracted from mesopelagic sh umler forensic conditions
and analysed for polymer type utilising micro-Fourier Traform Infrared Spectroscopy
(micro-FTIR) analysis. Fish specimens were collected fromepth (300-600m) in a
warm-core eddy located in the Northwest Atlantic, 1,200 km die east of Newfoundland
during April and May 2015. In total, 233 sh gut contents fromseven different species
of mesopelagic sh were examined. An alkaline dissolution foorganic materials from
extracted stomach contents was performed and the solution Itered over a 0.7mm
borosilicate lter. Filters were examined for microplasts and a subsample originating
from 35 sh was further analysed for polymer type through mim-FTIR analysis.
Seventy-three percent of all sh contained plastics in theigut contents with Gonostoma
denudatum having the highest ingestion rate (100%) followed bgerrivomer beani(93%)
and Lampanyctus macdonaldi (75%). Overall, we found a much higher occurrence of
microplastic fragments, mainly polyethylene bres, in thegut contents of mesopelagic
sh than previously reported. Stomach fullness, species ad the depth at which sh
were caught at, were found to have no effect on the amount of nairoplastics found in
the gut contents. However, these plastics were similar to thse sampled from the surface
water. Additionally, using forensic techniques we were ablto highlight that bres are a
real concern rather than an artefact of airborne contaminain.

Keywords: myctophids, marine litter, micro-FTIR, bres, eddy , deep sea, biogeochemical cycling, carbon

sequestration
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Wieczorek et al. Microplastics in Mesopelagic Fishes

INTRODUCTION As mesopelagic sh undergo large vertical migrations, they a
known to play a key role in the cycling of carbon and nutrients
As a consequence of decades of marine litter entering ouyp the deep oceanRadchenko, 2007; Davison et al., 20For
seas Ryan, 201} microplastics have been found in coastalinstance Radchenko (2007has shown that such species in the
and pelagic environments around the globe with an eveBering Sea transport 15,000 tonnes of carbon daily to the deep
increasing distribution Barnes et al., 2009; Galgani et al.ocean. Therefore, the ingestion of microplastics by mesojselag
2019. Considering the prevalence of microplastics, there issh may disrupt carbon cycling and aid in the transport of
now a substantial amount of research e ort investigatingithe microplastics to deeper waters, as suggested usher et al.
abundance in the gastrointestinal tracts of various organs. For  (2016)
example, some early studies found 83%Nefphrops norvegicus  The importance of mesopelagic sh was recently further
had microplastics in their tractsMurray and Cowie, 201 hjghlighted in studies by<aartvedt et al. (2012and Irigoien
and Lusher et al. (2013found microplastics in the tracts et al. (2014Wwho found that the mesopelagic sh biomass in the
of 35% of the pelagic and demersal sh species examinegjobal oceans may have previously been underestimated by at
Indeed, Gall and Thompson (2015have reported that over |east one order of magnitude due to avoidance behaviour and
690 marine species are impacted by marine litter. More recenfesh extrusion. Because they make up such a large biomass
studies have moved from quantifying which animals haven the pelagic realm they provide an important food source
ingested microplastics to examining the physical and healtfor a variety of predatory sh and marine mammals which,
implications of microplastic ingestionRochman et al., 2013; through trophic transfer from their mesopelagic sh prey,
Cole et al., 2014; Peda et al., 201Bor example,Wright  may suer from the impacts of microplastics and associated
et al. (2013)demonstrated how the ingestion of microplasticstoxins (Lusher et al., 2096 Some of the species preying on
by the polychaetéirenicola marina(lugworm), an important mesopelagic sh such as tuna and sword shcptt and Tibbo,
ecosystem engineer of Northern Europe's intertidal zonassed  1968; Varela et al., 20).are commercially important food
inammation and decreased feeding and ultimately depletedources and thus toxins and microplastics transferred tsehe
energy reserves. Such studies have prompted researcherssicies may also pose a danger to human health. To date
investigate the impact on ecosystem processes. Indee, mesopelagic sh have not been exploited as a human food
et al. (2016)found that microplastics alter the sinking rates source due to the high levels of wax esters in their tissue
of copepod faecal pellets if ingested and in consequeng&gsaeter and Kawaguchi, 1980This may change in the
may aect the downward ux of carbon to the ocean oor. near future as the demand for sh protein increases and new
With the increasing evidence that microplastics represent apolicies (e.g., Blue Growth Strategy by the European Union)
ecosystem and environmental health concern, UNEP and thencourage sustainable exploitation of potential resourcs (
EU Commission have established bodies and e orts to guidgohn et al., 20)6Furthermore, the food safety issues concerned
in decision making and legislatiorS@lgani et al., 2013; UNEP, with microplastics and the associated toxin exposure through
2019. Furthermore, several governments have taken legislatiffie consumption of commercially exploited sh have recently
steps by introducing a ban on microbeads in cosmetics anfleen outlined in an extensive report by the Food and Agricetur
detergents by 202G(therland et al., 20).7 Organization of the United Nations drawing attention to the
Despite this substantial increase in studies investigaiii®y potential threat of microplastics to human healthusher et al.,
ingestion of microplastics and their associated impactsetaee  2017.
still important taxa playing key roles in ecosystem functiani However, to date, only a few studies have investigated
that have not been well-studied. Mesopelagic sh inhabitingmicroplastic ingestion by mesopelagic sh: one in the North
the disphotic zone of the pelagic realm (200-1,000m depthitlantic (Lusher et al., 20)6and two in the North Pacic
from the Arctic to the Antarctic Gjgsaeter and Kawaguchi, Gyre region Boerger et al., 2010; Davison and Ash, 9011
1980 are one of these understudied groups. Many species a&nce then, new and improved methodologies for microplastic
known to undergo diurnal vertical migrations by residing at extraction have been developed with an emphasis on ultrazclea
depth during the day before migrating to the surface at nightechniques in order to prevent airborne contaminatio¢sch
to feed Gjgsaeter and Kawaguchi, 1988maller mesopelagic et al., 201).
sh such asMyctophum punctatunand Benthosema glacidteed This study set out to quantify microplastic ingestion by
by Itering zooplankton, predominantly copepods, euphausiids mesopelagic sh from an eddy region in the Northwest Atlantic
amphipods, eggs, and larvae over their gill rak&softo di Carlo  known to be a hot spot for mesopelagic sii¢Kelvie, 1985;
etal., 1982; Roe and Badcock, 198arger mesopelagic sh such Fennell and Rose, 20)jland potentially microplasticsY(u et al.,
asStomias boandSerrivomer beandilso actively target decapods 2019. Speci cally, this study investigated whether: (1) species
and sh using their anterior vertebrae and branchial appasatu stomach fullness, and the depth at which sh were caught at had
to swallow larger preyRoe and Badcock, 1984; Bauchot, 1986 an e ect on the amount of microplastics found in the gut content
Thus, mesopelagic sh are exposed to microplastics eithesf mesopelagic sh, and (2) how the type, shape, and size of
through the direct consumption of a microplastic mistakenlymicroplastics found in the gut contents compared to those fibun
identi ed as prey item, or indirectly, through the consumptio in the surface waters. Importantly, we applied strict measures
of a prey item (e.g., copepod or euphausiid) that had alreadyp prevent microplastic contamination during extraction and
consumed microplastics. identi ed microplastic type using micro-FTIR spectroscopy.
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METHODS Ethics Statement

S | llecti Fish were taken dead from midwater trawls carried out to grdu
ampie C.:O ection . truth the backscatter from a Simrad EK60 scienti ¢c echo siem

Mesopelagm _Sh samples were collected during a Northerrﬂnvestigating the deep scattering layer in the Northwesatic,

Atlantic crossing CEL5007) from Galway, Ireland to St. John's

. 'and are thus exempt from ethical approval, dealing with regaat
Newfm_mdland aboard the RCeltic EXplorebetwee_n the 20”_1 animals, that is live vertebrates and higher invertebrates
of April and the 5th of May 2015. In total, eight 30-min

pelagic trawls were carried out during daylight hours at a

towing spegd of 4 knotsHgure 1). The opening of the net Sample Processing and Polymer Analysis
was tted with a S_canmar depth sensor to_ enable three traWI§amples were processed between September 2015 and June
to be conducted in the upper mesopelagic zone between 3 16. Fish samples were defroste8h prior to processing and

and 350m (shallow) and ve in the Ior\]/verl mesopelagic Z0NG4enti ed by counting number of dorsal, pectoral, and anal n
between 500 and 650 m (deep). Once hauled aboard, a randq@ys ang number of gill rakers as well as prominent features

subsample of 35 intact mesopelagic sh was taken from eacghch as photophores and barbelggfine Species Identi cation
trawl. . Portal, 201} Fish which displayed visible physical damage to
Furthermpr.e, surface water samples were taken. during eagfq digestive tract were excluded from analysis. The siehd
trawl by utilising the ships underway water pumping SyStemIength (to the nearest millimetre) of each sh was recordeish
with its intake located at 3m depth. The intake water inigall were rinsed with 0.21m Itered MilliQ ™ water (18.2 M cm %)

phassleg fthr_cl)_qgh ahl mmh mesg and V\r/]as then pum_p_ed :;‘t illipore, Bedford, USA) and weighed (to the nearest 0.0001 g)
t"e ab facilities, w eLe t ehun eBr;/)vqayl o;e was posgoned efore being transferred into a borosilicate container ledat
a oyvlwater to Eass t rﬁug q al ) hp(;i];l tlon s(;evle. I€Ved inside a laminar ow hood (AirClean60: ISO class 5) where
partic es were_t en washed down wit - tere utrapure_ part of their alimentary tract, the oesophagus to the duodenum
water into cylindrical aluminium containers (5cm @) which a5 exiracted. The extracted alimentary tract was then apene
v%ere tr?e?] fold((ajd over at the top. The OV(\; rate OOf Vr\]'f.lterand the gut contents emptied into 20 ml borosilicate scintitiat
through ‘the underway pump was measure at 1 L N yials and the alimentary tract lining thoroughly washed hwit
and the volume of water ltered was estimated using they o tered MilliQ ™. The removed alimentary tract and

ow rate and duration of each trawl. Fish and water samplegyo gissected sh were then weighed (to the nearest 0.0001 g)
were stored in Ziplo€ bags and immediately transferred into o obtain gut contents weight. Vials containing gut content
a 20 C freezer and stored there until the vessel returne(gN

ere lled with MilliQ ™ water and sodium hydroxide (Certi ed
to Galway on the 18 of May 2015 when samples were

torred 20 Cf he National Ui ity Ireland analytical reagent for analysis, Fisher Scienti ¢, UK) to giievi
gi?v?/;;re toa 20 Cfreezer at the National University Ireland, -, centration and subsequently incubated at room tempeeatu

for 24 h, following an e ective and cost e cient microplastic
extraction protocol outlined byCole et al. (2014 )Water samples
were processed in a similar fashion whereby the frozen cositen
of the aluminium containers were emptied into glass scirttia
vials and organic materials digested also using a 1 M solution o
sodium hydroxide solution over 24 h.
After incubation, vial contents were ltered over borosiliea
Iters (42mm @&, 0.7mm mesh) using a vacuum pump and
Blchner ask; lters were then rinsed with 200 ml of Gren
Itered MilliQ ™ water to rinse sodium hydroxide from the Iter
and retained particles. Filters were kept in borosilicate glass pet
dishes, covered with a lid and examined for microplasticsgisin
an Olympus SZX16 stereo microscope (Olympus, SZX16) with
a digital camera attached (Olympus, DP17). Once all potential
cap microplastics were identied on the lIter, the glass lid was
removed and potential plastics were examined and manually
;ﬁ'f‘ manipulated to conrm polymer characteristics (brittleness
i /7 T A i T e fa A% softness, transparency). Plastic particle colours and siees
By W it Wapairaii Dopth ) recorded (to the nearesm) using CellSense Standard software
P o 4 L ”i‘@ :g:::zm package (Olympus, version 1.2). Two microplastic bres were
/1B Ao LA AN WL e gold coated (Emitech K550, Quorum Technologies Ltd., West
9L “Newfoundland L o 125 25 500 Sussex, United Kingdom) and subjected to scanning electron
* | Basin AT # L ° Kilometers - : _ _ r
' microscopy (SEM) in secondary electron mode using a Hitachi
model S-4700 (Hitachinaka, Japan). The analyses were pexfiorm
at an acceleration voltage of 20 kv, an emission currentdfc)
10mA and a working distance of 12 mni/orrison et al., 200

Flemish

s
!

’

FIGURE 1 | Trawl locations during CE15007 survey aboard the R\Celtic
Explorer, red rectangular box in the inset corresponds to outer gure nargin.
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Five individuals of each species were randomly selected anded to test whether more microplastics were identi ed frogh
microplastics originating from their gut contents, as wed a found in shallow compared with those found in deep waters.
those originating from one randomly selected surface water
sample, were further analysed for polymer identi cation ugsin
micro-Fourier-transform infrared spectroscopy (micro-mR)l RESULTS
The absorbance for each polymer was obtained using a Perkin i )
Elmer Spotlight 200i FT-IR Microscopy System (Perkin Elmer> total of 280 sh was captured of which 233 were examined

USA) at 100nm ! resolution with spectra collected over the for the presence of microplastics in their gut contents. The
wavenumber range of 7,800-600 chn most common species amongst the subsampled sh were the

spotted lantern sh M. punctatum (with 86 individuals, or

. . . 37% of catch), the glacier lantern sB. glaciale(69 indiv.,
Contam'na“on P.reven“.on __ 29%) and the white-spotted lantern sBiaphus ra nesquii(34
The extraction of microplastics and subsequent examinatioghqjy 15%). The remaining species were the Rakery beacpnlam
of the Iters was performed in compliance with the most Lampanyctus macdonal@6 indiv., 7%), the stout sawpaldge
recent ndi_ngs in microplastic contamination prevention beanii(14 indiv., 6%), the scaly dragon sB. boa9 indiv., 4%)
methodologies \(Voodall et al., 2015; Wesch et al., 2RIAIl 44 Gonostoma denudatuifs indiv., 296). Where information
equipment used was pre-rinsed with @ Itered MilliQ ™ o seyijal maturity size existd( punctatum, B. glaciale, D.

water and all clothing worn during laboratory work was of ron 4 nesquii, G. denudatuiy every sampled sh was assessed as
polymer nature. Furthermore, samples and Iters were not abeing sexually mature.

any time air exposed and always kept under a clean air laminar gyerall 73% of sh contained plastics in their stomachs
ow hood (HEPA lter, class ISO5) or maintained withincovedl  ith G. denudatunhaving the highest frequency of occurrence
borosilicate petri dishes. During dissections and lItrat®on (100%), followed bys. beanii(93%) andL. macdonaldi(75%)
each day a wet lter (blank) was kept in a borosilicate petrhdis (taple 7). In total, 452 microplastic fragments were extracted
inside the laminar ow hood for control purposes. After Itrain  fom the sh gut contents, with an average of 1.8 microplastic
of all samples on each day the lter was then also assemblgg,yments per sh. The highest average number of microplastic
within the Blichner ask and 200ml of 0.2 ltered Milli@Q' i the gut contents was recorded $ beanii2.36), followed by
w;.aterwereT ltered thrpugh itand the Iter was later asseséar punctatum(2.28), ands. denudatun{2.2) (Table 1).
microplastics for quality assurance purposes. There was no signicant dierence between the median
stomach fullness indices of shes which had microplastics
Data Analysis in their stomachs and those that did notW{ D 5253,
A stomach fullness index (FI) was calculated for each sh by D 0.976). Furthermore, there was no signi cant di erence in
dividing the weight of the gut content by the weight of the .sh  median microplastic counts among the seven di erent species
To test whether stomach fullness had any eect on(H D 10.904, d.fD 6, P D 0.091), nor between sh caught in
microplastics being present or not in the alimentary tractloét shallower and deeper watetd D 5877,P D 0.389).
sh, a Mann-Whitney-U-test (as the distribution of FI was non- In total, 341 particles were found in the surface water samples
parametric) was carried out using R Oevelopment Core Team, (8 samples totalling 2,400L of surface water) resulting in an
2017 and compared the median stomach fullness value for shestimated concentration of 14 microplastic fragments per 100
that had microplastics with those that did not. litres of water. Plastics identi ed from sh guts were veiyndar

As the microplastic count data were non-parametric, ao those found in the surface waterkigure 2). Ninety-eight
Kruskal-Wallis test (using R) was used to test whether ther® w percent of microplastics identi ed from the sh and 99% of tres
any di erence in the abundance of microplastics between thédenti ed from the water samples were classed as bres with
seven di erent species. A Mann—-Whitndy-test (using R), was the remainder being attened fragments of plastics. Recorded

TABLE 1 | Fish species, numbers and length examined for microplastimgestion and associated microplastic abundances in gut cotents.

Species No. sh Average length (mm) No. of sh with MPs % of sh with MPs Average
dissected ( SD) MPs in sh

Myctophum punctatum 86 67.86 7.49 64 74.42 2.28
Benthosema glaciale 69 57.93 5.80 47 68.12 1.46
Diaphus ra nesquii 34 75.15 8.25 24 70.59 1.15
Lampanyctus macdonaldi 16 243.34 221.15 12 75.00 1.75
Serrivomer beanii 14 496.76  258.95 13 92.86 2.36
Stomias boa 9 70.31 58.99 6 66.67 1.33
Gonostoma denudatum 5 17.84 4.00 5 100.00 2.20
Total 233 - 171 73.39 1.80
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FIGURE 2 | Microplastic colours(A,B), length (C,D), and type (E,F) found in mesopelagic sh gut contents (left) and surface wates (right).

microplastic colours included black, grey, blue, green, myrpl fragment had a length of 42m and the largest a length of
red, yellow, and white. Black and blue were by far the mos8,150mm.

common colours, followed by red, making up 67, 18, and 6% Micro-FTIR analysis was successfully carried out for 118 of
and 65, 26, and 5% of sampled plastics from sh guts and surfatcke 191 microplastic fragments originating from 35 sh andin
waters, respectively. Polymers of other colours only made upone surface water sample. The 73 particles which could not be
minor fraction of the particles in both casesigure 2). Likewise, assessed for their polymer nature either fractured when press
sizes of extracted microplastics were very similar betwbeset was applied by the diamond of the micro-FTIR machine or
found in sh (mean SD 969 1,048) and in surface waters did not show a signi cant t with any of the materials within
(mean SD 985 1,101). The smallest recorded polymerthe FTIR spectra library and thus were excluded from analysis.

Frontiers in Marine Science | www.frontiersin.org 5 February 2018 | Volume 5 | Article 39


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

Wieczorek et al. Microplastics in Mesopelagic Fishes

Polymers identi ed from sh and water samples were of similar DISCUSSION

polymer nature with the majority being polyethylene, followsd

methyl cellulose and a relatively small proportion were idedt ~ Using forensic methods, this study assessed microplastic
as alginic acids. An exception was nylon, which comprised 10d¢equency of occurrence in mesopelagic sh gut contents from
of the particles found in the sh guts, but was not identi ed & warm-core eddy in the Northwest Atlantic. We detected a
amongst the particles extracted from the surface watignre 2.  Signi cantly higher occurrence rate of 73% in contrast toyiceis
Scanning electron microscopy images of two bres extractegtudies reporting occurrence rates of 11% in the North Atlant
from sh gut contents had visible signs of polymer fracturing@and 9 and 35% in the North Pacic Gyre region8derger
(Figure 3). et al., 2010; Davison and Ash, 201There are several reasons

No microplastics were found on the lters used as blanks tovhich may explain our much higher frequency of occurrence.
ensure no airborne contamination or any contamination from Firstly, there are no standardised methods for the extractib
the Itration equipment and procedure. microplastics from gastrointestinal tracts of sh and so diemt
research teams have used dierent protocols such as visual
sorting of gut contentsKoerger et al., 20)0staining of organic
materials Pavison and Ash, 20)land extraction by the use
of alkaline dissolution I(usher et al., 2036 In the latter, the
authors used a similar approach to this study but used a more
concentrated caustic solution (1.8 vs. 1 M) and incubateddasn
for a longer time period (14 days vs. 1 dagple et al. (2014)
assessed many di erent extraction methodologies and fouad th
the hydrolysis of organic compounds using a caustic solution
was an e cient and viable method. However, they noted that
extractions using higher concentrations and longer indidra
times than recommended damaged and discoloured pH sensitive
polymers such as nylon, uPVC, and polyethylene and thus these
may have been underestimated previously. Furthermore, we use
ne-meshed borosilicate lters in contrast tobusher et al. (2016)
who used a 256m lter. As a result, our study detected much
smaller microplastics (down to 48m) which made up 20% of all
detected microplastics.

Another potential explanation for di erences among reported
microplastic occurrence rates may be due to di erences in the
abundances of microplastics found in the study areas. Samples
for this study were collected around a warm core eddy200 km
o the Newfoundland coast which is known to be an area of
enhanced biomass for all trophic levelSufois et al., 20165
including mesopelagic shNicKelvie, 1985; Fennell and Rose,
2015, and may also potentially aggregate microplastigs (
et al., 2018 Surface water samples collected within this study
indeed showed 10 times higher concentrations of micropiasti
than reported for other regions of the Atlantid.(sher et al.,
2019 where Lusher et al. (2016¢ollected their samples. The
other two studies collected samples at the edge region of the
North Paci c Gyre, which while potentially having slightly tigr
concentrations of plastics, were still not located close to the
centre of the gyre, known to be a hot spot for microplastics
(Eriksen et al., 20)4 At this point it is also important to
consider how mesopelagic sh may be exposed to microplastics.
All of the seven investigated species migrate to the surface a
night to feed and therefore ingestion could happen through the
direct consumption of microplastics mistaken as prey items or
through trophic transfer from their prey species. Indeed thesino
common prey of mesopelagic sh are copepods, euphausiids,
amphipods, larvae, and decapods and all have been reported
FIGURE 3 | Light microscopy and scanning electron microscopy images ba to ingest microplastics Garpenter et al., 1972; Setala et al.,
black (A-D) and a green(E—H) microplastic bre recovered from gut contents 2014; Desforges and Ross, 2015isher et al. (2018)reviously
of Myctophum punctatum. . .

excluded trophic transfer as a likely route of exposure as the
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average size of microplastics they found in the gut contersts w 20129 and provide an important food source for many large
1.9mm. This was considered too large to be ingested by thegredators such as dolphins, seals, and tuna as well as sea
prey species but they also noted that their study only targetebirds (Cherel et al., 2008; Danielsen et al., 2010; Spitz et al.,
plastic particles over 25fm in size. In this study the average 2010; Varela et al., 201L3These taxa consume large amounts
size of identi ed microplastics from sh guts was 9#tn with  of mesopelagic sh and consequently ingest the microplastics
20% of all plastics being smaller than 288 and thus trophic  withinthem. More importantly, due to trophic transfer, predaso
transfer from planktivorous prey species may indeed be a likelgf mesopelagic sh may also bioaccumulate chemical pollutants
route of exposure. In addition to size, it is also worth notithgt  absorbed from ingested microplastics. As some of the species
the colour of any microplastics is unlikely to play an importantpreying on mesopelagic sh are commercial exploited sh the
role in the ingestion of microplastics by mesopelagic sh as thtransfer of microplastics and biaccumulated toxins may alssepo
colours of the microplastics identi ed from the sh gut comitss  a threat to human healthL(usher et al., 20)7
were similar to those identi ed from the surface waters. Mesopelagic sh are also responsible for a signi cant amount
Lastly, di erent microplastic abundances in the gut contentsof carbon and nutrient cycling Radchenko, 2007 Organic
may be caused by some mesopelagic species being more selectigterial released as faeces or from dead and decaying smagni
or impacted than others. For example, it is well known thatsink very slowly from the upper surface to the deep ocean. A
some bird species are more prone to microplastic and marini&rge proportion of this organic material is recycled by other
litter ingestion than others (e.g., petreléan Franeker and Bell, organisms and re-released before it can reach the ocean oor
1989. However, our study found no di erences in microplastic Mesopelagic sh however, undergo diurnal migrations, quyckl
occurrence rates between the seven mesopelagic sh spedieselling long distances from the epipelagic layer wherg the
examined. Neither did depth seem to explain any variation irfeed, to the deeper ocean where they deposit their faeces.
microplastic abundances amongst individuals caught at dnére Therefore, they play a key role in speeding up the downward
depths. Therefore, we can conclude that the notably higheux of carbon and nutrients to deeper depth and circumvent
occurrence rates reported within this study are likely due taecycling by other organismsrigoien et al., 201¥ As discussed
the di erences in microplastic extraction methods as welllas t above, we are now aware that microplastic ingestion can have
fact that the present study was carried out in a hot spot fosubstantial e ects on sh health and in particular digestive
mesopelagic sh and microplastics alike. While this study mpo functions. Therefore, reported microplastic abundancesha t
one of the highest abundances of microplastics in the guteist ~ sh gut contents may have implications for the cycling of camnb
of sh, other studies have reported similar results for di @te and nutrients by these species. Moreover, as suggesteasbyr
species, particularly in polluted areas. For exampieaka and etal. (2016)mesopelagic sh may aid in the downward transport
Takada (2016)eport a 77% encounter rate of microplastics inof microplastics to the deep-sea benthos and cause potential har
Japanese anchovieBngraulis japonicyssampled from Tokyo to organisms in this habitat.
Bay andNadal et al. (2016found microplastics to occur in 68% In terms of our methods, the applied protocols have
of seabreamBoops boopsampled around the Balearic Islands.successfully extracted very small plastic particles. Howéwver
It is also noteworthy that whileéusher et al. (2016ndDavison  micro-FTIR spectroscopy analysis identi ed a large proportion
and Ash (2011yeported a lower average microplastic count perof the analysed microplastics as methyl cellulose and algiids.ac
individual sh of0.13 and 0.11, respectiveBgerger et al. (2010) This, while seeming unusual at rst, is very likely a consegen
indeed found the average microplastic count per sh to be 2.1of insu cient cleaning of the microplastics after extractio
higher than observed by us (1.8). Methyl cellulose is produced synthetically by heating cellulose
Such high numbers of microplastics in the gut contentswith a caustic solution. As we used a caustic solution to hiyce
of mesopelagic sh is of great concern. Microplastics haverganic materials some of the sodium hydroxide seemed to
previously been shown to adversely impact invertebrate specibave remained on the plastic particles and potentially skewed
such as lugworms, causing weight loss, reduced feedingtacti the absorbance spectrum. Similarly, alginic acids are likely
and in ammation (Besseling et al., 2013; Wright et al., 2013 be a reading of an outer bio Im coating of the microplastic
and detrimental e ects on the intestinal functioning of seals particles which had not been removed during extraction. For
(Dicentrarchus labrgx have also been noticed”éda et al., future studies we strongly recommend a more thorough clegnin
2019. Furthermore, there is growing concern about the e ect ofof plastic particles with Itered, ultrapure water. Furthernggr
chemical pollutants sorbed to microplastics. For examgleio it is interesting to note that despite taking a forensic approach
et al. (2001yeported up to 16 higher concentrations of PCBs during the extraction of microplastics\(esch et al., 20)ive
on polypropylene pellets than in the surrounding sea water andoted a large amount of bres (98%) amongst the sampled
recently, it has been shown that Japanese riceGilyzias latipds  microplastics. This is in agreement with other ndingsusher
and rainbow sh (Melanotaenia uviatili§ readily accumulate et al., 2013, 2016; Neves et al., 2015; Rochman et al., 2015;
chemical pollutants from ingested microplasti€®thman et al., Bellas et al., 20)6However, bres are often considered to be
2013; Wardrop et al., 2016 a contaminant of airborne nature and are sometimes excluded
The ingestion of microplastics by mesopelagic sh may alsérom analysis foekema et al., 2013; Rummel et al., 2016;
have secondary implications for other species as well as tHenaka and Takada, 20)L6As we did not observe any bres
entire ecosystem. Mesopelagic sh are now known to make upn the Iters used as blanks, we argue that bres do indeed
a substantial biomass in the pelagic real#adértvedt et al., make up a large proportion of microplastics and are not of
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airborne nature. In support of thisRochman et al. (2015) AUTHOR CONTRIBUTIONS
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The authors suggest that this is due to the large amount c¥cientist) participated in the research cruise and collected
waste water e uents carrying synthetic bres from washing samples; TD and AW designed the experiments; AW and HB
machines as such machines are more common in developdrformed the experiments; HB and LM took SEM images; AW,
areas. In fact, the microplastics we identi ed from the sh OS, and LM carried out micro-FTIR analysis; AW analysed the
gut contents C|ose|y over|apped in Co|0ur’ Size’ Shape’ and tygéta, AW and TD wrote the manUSCl’ipt with contributions from
with those sampled from the surface watefigure?) and PC, LM, AA and EM.

we can thus assume that types of microplastics sampled from

organisms are are ection of those found in the environmdrey  ACKNOWLEDGMENTS

inhabit.

While large gyres have been a major focus of microplasti?ve thank the researchers and crew of t&EL5007 cruise
research, this study together with that ofu et al. (2018) for assistance in sample collection. Access to the Perkin
show that mesoscale features such as eddies may also be alater Spotlight 200i FT-IR Microscopy System was given
spot for microplastics and should be further investigatedby Perkin Elmer, UK. AW was funded by an NUI Galway
Furthermore, future studies quantifying microplastic postgraduate scholarship. This publication has emanated from
ingestion by predatory sh species should also consider toesearch supported by the Marine Institute and funded by
sampling their putative prey to investigate trophic transfer ofthe Marine Research Programme by the Irish Government
microplastics. under the framework of JPI Oceans (Grant-Aid Agreement no.

In conclusion, this study reports the highest ingestion sate PBA/ME/15/03, the PLASTOX Project) and a research grant
of microplastics in the gastrointestinal tracts of mesopielag from Science Foundation Ireland (SFI) (Grant-Aid Agreernen
sh. This has important consequences for the health of pelagidlo. 13/RC/2092) and co-funded under the European Regional
ecosystems and biogeochemical cycling in general. Additipn  Development Fund and by PIPCO RSG and its member
using forensic techniques, we provide more evidence thagsbr companies. The work was performed in the context of the
are found throughout our oceans rather than being an artedéc ICRAG (Irish Centre for Research in Applied Geoscience) Marine
airborne contamination. Spoke (TP2.3).

REFERENCES Danielsen, J., van Franeker, J. A., Olsen, B., and Bengtsadn, (8010).
Preponderance of mesopelagic sh in the diet of the Northern fulfraimarus
Barnes, D. K., Galgani, F., Thompson, R. C., and Barlaz, M. (2009). glacialisaround the Faroe IslandSeabir®23, 66—75. Available online at: http://
Accumulation and fragmentation of plastic debris in global  www.seabirdgroup.org.uk/seabird-23
environments.Philos. Trans. R. Soc. 34, 1985-1998. doi: 10.1098/rsth. Davison, P. C., Checkley, D. M., Koslow, J. A., and Barlow, J3Y20&rbon export
2008.0205 mediated by mesopelagic shes in the northeast Paci ¢ OcPang. Oceanogr
Bauchot, M.-L. (1986). “Serrivomeridae,” Fishes of the North-Eastern Atlantic 116, 14-30. doi: 10.1016/j.pocean.2013.05.013
and the Mediterraneareds J. P. J. Whitehead, M.-L. Bauchot, J.-C. Hureau, Davison, P., and Ash, R. G. (2011). Plastic ingestion by mesppekhes

Nielsen, and E. Tortonese (Paris: UNESCO), 548-550. in the North Pacic subtropical gyreMar. Ecol. Prog. SeA32, 173-180.
Bellas, J., Martinez-Armental, J., Martinez-Camara, A., Besadmd/Martinez- doi: 10.3354/meps09142

Goémez, C. (2016). Ingestion of microplastics by demersal sh from th Desforges, J. P., and Ross, P. S. (2015). Ingestion of micicplagizooplankton

Spanish Atlantic and Mediterranean coaskdar. Pollut. Bull 109, 55-60. in the Northeast Paci ¢ OcearArch. Environ. Contam. Toxica$9, 320-330.

doi: 10.1016/j.marpolbul.2016.06.026 doi: 10.1007/s00244-015-0172-5

Besseling, E., Wegner, A., Foekema, E. M., van den Heuvel-Grevel.,M Dufois, F., Hardman-Mountford, N. J., Greenwood, J., Richardéod., Feng, M.,
and Koelmans, A. A. (2013). E ects of microplastics on tness andBPC and Matear, R. J. (2016). Anticyclonic eddies are more produdta¢yclonic

bioaccumulation by the lugwormrenicola maringL.). Environ. Sci. Technol eddies in subtropical gyres because of winter mixitgeanograph3.e1600282.
47,593-600. doi: 10.1021/es302763x doi: 10.1126/sciadv.1600282
Boerger, C. M., Lattin, G. L., Moore, S. L., and Moore, C. JQR®lastic ingestion  Eriksen, M., Lebreton, L. C. M., Carson, H. S., Thiel, M., Moore].(Borerro, J.
by planktivorous shes in the North Paci ¢ central gyri®lar. Pollut. Bull 60, C., et al. (2014). Plastic pollution in the World's Oceans: more tharil®n
2275-2278. doi: 10.1016/j.marpolbul.2010.08.007 plastic pieces weighing over 250,00 tons a oat at BéaS ONE:e111913.
Carpenter, E. J., Anderson, S. J., Harvey, G. R., Miklas, H. &.Pank, B. doi: 10.1371/journal.pone.0111913
B. (1972). Polystyrene Spherules in Coastal Watgcgencel78, 749-750. Fennell, S., and Rose, G. (2015). Oceanographic inuences op dee
doi: 10.1126/science.178.4062.749 scattering layers across the North Atlantideep-Sea Reb 105, 132-141.

Cherel, Y., Ducatez, S., Fontaine, C., Richard, R., and Guing2008). Stable doi: 10.1016/j.dsr.2015.09.002
isotopes reveal the trophic position and mesopelagic sh diet of femald=oekema, E. M., De Gruijter, C., Mergia, M. T., van Franeker, JMark, A. J.,

southern elephant seals breeding on the Kerguelen Islatais Ecol. Prog. Ser and Koelmans, A. A. (2013). Plastic in North sea Eimviron. Sci. Technat7,
370, 239-247. doi: 10.3354/meps07673 8818-8824. doi: 10.1021/es400931b

Cole, M., Lindeque, P., Fileman, E., Clark, J., Lewis, C., Halslandet al.  Galgani, F., Hanke, G., and Maes, T. (2015). “Global distiimttomposition and
(2016). Microplastics alter the properties and sinking rates of zodgpben abundance of marine litter,” iMarine Anthropogenic Litteeds M. Bergmann,

faecal pellet€nviron. Sci. Technd, 3239-3246. doi: 10.1021/acs.est.5b05905 L. Gutow, and M. Klanges (Dordrecht: Springer), 29-56.

Cole, M., Webb, H., Lindeque, P. K., Fileman, E. S., Halsbandhy€Galloway, T.  Galgani, F., Hanke, G., Werner, S., and De Vrees, L. (2013). d/itter within the
S. (2014). Isolation of microplastics in biota-rich seawater sangpidsnarine European marine strategy framework directiM@ES J. Mar. Scr0, 1055-1064.
organismsSci Rep 4:4528. doi: 10.1038/srep04528 doi: 10.1093/icesjms/fst122

Frontiers in Marine Science | www.frontiersin.org 8 February 2018 | Volume 5 | Article 39



Wieczorek et al. Microplastics in Mesopelagic Fishes

Gall, S. C., and Thompson, R. C. (2015). The impact of debris on marmmki. sh from the North sea and Baltic seavlar. Pollut. Bull 102,134-141.
Pollut. Bull 92, 170-179. doi: 10.1016/j.marpolbul.2014.12.041 doi: 10.1016/j.marpolbul.2015.11.043

Gjegsaeter, J., and Kawaguchi, K. (1980). A review of the worlduress of Ryan, P. G. (2015). “A brief history of marine litter research,” Mfarine
mesopelagic shFAO Fish. Tech. Pap93, 1-151. Anthropogenic Littereds M. Bergmann, L. Gutow, and M. Klanges (Dordrecht:

Irigoien, X., Klevjer, T. A., Rgstad, A., Martinez, U., Boyra, @y, J. L., et al. Springer), 1-25.
(2014). Large mesopelagic sh biomass and trophic e ciency in themocean.  Scott, W. B., and Tibbo, S. N. (1968). Food and feeding hab#iword sh, Xiphias
Nat. Commun 5:3271. doi: 10.1038/ncomms4271 gladius in the Western North AtlanticJ. Fish. Res. Board C&b, 903-919.

Kaartvedt, S., Staby, A., and Aksnes, D. L. (2012). E cieniviravoidance by doi: 10.1139/f68-084
mesopelagic shes causes large underestimation of their biorivess.Ecol. Scotto di Carlo, B., Constanzo, G., Fresi, E., Guglielmo, L., andrda A.

Prog. Se56, 1-5. doi: 10.3354/meps09785 (1982). Feeding ecology and stranding mechansims in two lanteess
Lusher, A. L., Burke, A., O'Connor, I., and O cer, R. (2014)idvbplastic pollution Hygophum benoitand Myctophum punctatumMar. Ecol. Prog. Se9, 13—-24.

in the Northeast Atlantic Ocean: validated and opportunistic santplMar. doi: 10.3354/meps009013

Pollut. Bull 88, 325—-333. doi: 10.1016/j.marpolbul.2014.08.023 Setéld, O., Fleming-Lehtinen, V., and Lehtiniemi, M. (2014)ektion and transfer
Lusher, A. L., Hollman, P. C. H., and Mendoza-Hill, J. J. (20Migroplastics of microplastics in the planktonic food welkEnvirn. Pollut 185, 77-83.

in Fisheries and Aquaculture: Status of Knowledge on thleiur@nce and doi: 10.1016/j.envpol.2013.10.013

Implications for Aquatic Organisms and Food SafRgme: FAO Fisheries and Spitz, J., Mourocq, E., Leauté, J.-P., Quéro, J.-C., and Ridou010). Prey

Aquaculture Technical Paper. No. 615. selection by the common dolphin: ful lling high energy requirementshwiigh
Lusher, A. L., McHugh, M., and Thompson, R. C. (2013). Occurrence quality food.J. Exp. Biol390, 73—77. doi: 10.1016/j.jembe.2010.05.010

of microplastics in the gastronintestinal tract of pelagic and St. John, M. A, Borja, A., Chust, G., Heath, M., Grigorov, |.ribta, P., et al.

demersal sh from the English channeMar Pollut. Bull 67, 94-99. (2016). A dark hole in our understanding of marine ecosystems duai t

doi: 10.1016/j.marpolbul.2012.11.028 services: perspectives from the mesopelagic commuiont. Mar. Sci 3:31.
Lusher, A. L., O'Donnel, C., O cer, R., and O' Connor, I. (2018/icroplastic doi: 10.3389/fmars.2016.00031

interactions with North Atlantic mesopelagic shiICES J. Mar. Sci73, Sutherland, W. J., Barnard, P., Broad, S., Clout, M., Connor, Mte,C0

1214-1225. doi: 10.1093/icesjms/fsv241 I. M., et al. (2017). A 2017 horizon scan of emerging issues for
Marine Species Identi cation Portal (2015). Available online tatp://species- global conservation and biological diversifjrends. Ecol. EvoB2, 31-40.

identi cation.org/ (Accessed September 15, 2015). doi: 10.1016/j.tree.2016.11.005

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C., anchikama, Tanaka, K., and Takada, H. (2016). Microplastic fragments and mézdb in
T. (2001). Plastic resin pellets as a transport medium for toxic chdsnica  digestive tracts of planktivorous sh from urban coastal watessi Rep

in the marine environment. Environ. Sci. Technol 35, 318-324. 6:34351. doi: 10.1038/srep34351

doi: 10.1021/es0010498 UNEP (2016).Marine Plastic Debris and Microplastics — Global Lessods an
McKelvie, D. S. (1985). The mesopelagic sh fauna of the newflaumdbasin. Research to Inspire Action and Guide Policy Chaxagieobi: United Nations

Can. J. Zoole3, 2176-2182. doi: 10.1139/285-321 Environment Programme.

Morrison, L., Feely, M., Stengel, D. B., Blamey, N., Dockery, PYan Franeker, J. A., and Bell, P. J. (1988). Plastic ingestionttsigpbreeding in
Sherlock, A., et al. (2009). Seaweed attachment to bedrock: Isicphy Antarctica.Mar. Pollut. Bull 19, 672—-674. doi: 10.1016/0025-326X(88)90388-8
evidence for a new geophycology paradigi@eobiology7, 477-487. Varela, J. L., Rodriguez-Marin, E., and Medina, A. (2013). Estimaliets of

doi: 10.1111/j.1472-4669.2009.00206.x pre-spawning Atlantic Blue n tuna from stomach content and stabletape
Murray, F., and Cowie, P. R. (2011). Plastic contamination in deeapod analyses]. Sea Re$6, 187-192. doi: 10.1016/j.seares.2012.09.002

crustaceanNephrops norvegicu@dinnaeus, 1758)Mar. Pollut. Bull 62, Wardrop, P., Shimeta, J., Nugegoda, D., Morrison, P. D., Miranda,Tang,

1207-1217. doi: 10.1016/j.marpolbul.2011.03.032 M., et al. (2016). Chemical pollutants sorbed to ingested micrabdaam

Nadal, M. A., Alomar, C., and Deudero, S. (2016). High levels of microplas personal care products accumulate in $nviron. Sci. Technd0, 4037-4044.
ingestion by the semipelagic sh bogB®ops boopd..) around the Balearic doi: 10.1021/acs.est.5b06280
Islands Environ. Pollut214, 517-523. doi: 10.1016/j.envpol.2016.04.054 Wesch, C., Elert, A. M., Wérner, M., Braun, U., Klein, R., and Paulus,

Neves, D., Sobral, P., Ferreira, J. L., and Pereira, T. (2015).tiomyexs M. (2017). Assuring quality in microplastic monitoring: about thelua
microplastics by commercial sh o the portuguese coalstar. Pollut. Bull of clean-air devices as essentials for veried daSti Rep 7:5424.
101, 119-126. doi: 10.1016/j.marpolbul.2015.11.008 doi: 10.1038/s41598-017-05838-4

Peda, C., Caccamo, L., Fossi, M. C., Gai, F., Andaloro, F., @smdv, etal. (2016). Woodall, L. C., Gwinnett, C., Packer, M., Thompson, R. C., Ralnip4. F.,
Intestinal alterations in European sea bd3isentrarchus labraXLinnaeus, and Paterson, G. L. J. (2015). Using a forensic science approacimize
1758) exposed to microplastics: preliminary resulEsviron. Pollut 212, environmental contamination and to identify micro bers in marinediments.
251-256. doi: 10.1016/j.envpol.2016.01.083 Mar. Pollut. Bull 95, 40-46. doi: 10.1016/j.marpolbul.2015.04.044

Radchenko, V. I. (2007). Mesopelagic sh community supplies “Biokddump.”  Wright, S. L., Rowe, D., Thompson, R. C., and Galloway, T. S. (200&)pplastic
Ra es B Zool 14, 265-271. Available online at: https://lkcnhm.nus.edwbgg/r ingestion decreases energy reserves in marine wéuors. Biol 23, 1031-1033.
supplement-no-14/ doi: 10.1016/j.cub.2013.10.068

R Development Core Team (201R: A Language and Environment for Statistical Yu, X., Ladewig, S., Bao, S., Toline, C. A., Whitmire, S., and ChowT.
Computing Vienna: R Foundation for Statistical Computing. Available oali (2018). Occurrence and distribution of microplastics at selecteted sites
at: https://www.R-project.org/ along the southeastern United Stat&gi. Total Environ163-164, 298—-305.

Rochman, C. M., Hoh, E., Kurobe, T., and Teh, S. J. (2013). kedjqdastic doi: 10.1016/j.scitotenv.2017.09.100
transfers hazardous chemicals to sh and induces hepatic stBss.Rep
3:3263. doi: 10.1038/srep03263 Coniict of Interest Statement: The authors declare that the research was

Rochman, C. M., Tahir, A., Williams, S. L., Baxa, D. V., Lam, R., MileT., conducted in the absence of any commercial or nancial relatips that could
et al. (2015). Anthropogenic debris in seafood: plastic debris d®is from  be construed as a potential con ict of interest.
textiles in sh and bivalves sold for human consumptiddci Rep 5:14340.
doi: 10.1038/srep14340 Copyright © 2018 Wieczorek, Morrison, Croot, Allcock, MacLiougbavard,
Roe, H. S. J., and Badcock, J. (1984). The diel migrations atbdi®ns Brownlow and Doyle. This is an open-access article digtdhuider the terms
within a mesopelagic community in the North East Atlantic. 5. of the Creative Commons Attribution License (CC BY). Thedisteibution or
Vertical migrations and feeding of shProg. Oceanogrl3, 389-424. reproduction in other forums is permitted, provided theimalguthor(s) and the
doi: 10.1016/0079-6611(84)90014-4 copyright owner are credited and that the original pubbeat this journal is cited,
Rummel, C. D., Loder, M. G. J., Fricke, N. F., Lang, T., Griebeler, Einaccordance with accepted academic practice. No usbpdiish or reproduction
M., Janke, M., et al. (2016). Plastic ingestion by pelagic and maime is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 9 February 2018 | Volume 5 | Article 39



