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13 Plain language abstract
14 Microplastic in Arctic fish – can we trust the numbers?
15 Fish in the Arctic are shown to be contaminated by microplastic. We know from laboratory 

16 experiments that microplastic can lead to negative effects in fish, including impacting their energy 

17 storage and use, growth, and reproduction. We also know that the Arctic is a unique ecosystem, 

18 vulnerable to rapid changes, and more affected than other regions by climate change. Unfortunately, 

19 we do not know if the present levels of microplastic in Arctic fish cause such negative effects as those 

20 detected in laboratory experiments. The reason for this is that smaller classes of microplastics have 

21 not been measured in many fish species. Most studies to date investigated larger microplastic > 0.5 

22 mm for which most appropriate methods are developed, but the toxicity of microplastics seems to be 

23 size specific and therefore needs to be assessed for all environmentally present size classes. 

24 Furthermore, microplastics were mostly measured in the stomach and intestine of the fish, not 

25 reflecting uptake into vital organs, such as the liver, or in the filet consumed by humans. On top of 

26 this, it is difficult to compare the few published studies because they did not measure and report 

27 microplastic in categories using comparable size, shape, and type. In conclusion, there is a need to 

28 undertake mapping of the levels of microplastics in Arctic fish with harmonized and improved methods 

29 to understand the risk they pose to Arctic fish populations and people. In this article, microplastic 

30 researchers from several Arctic nations have teamed up to outline the measures necessary to fill these 

31 knowledge gaps.
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32 Abstract
33 In this review, we investigated published data on the occurrence of microplastic in Arctic fish, and the 

34 suitability of the data and species for risk assessment and monitoring. As of 11.11.2021, we found nine 

35 studies in the peer-reviewed literature, one thesis and one report, confirming the occurrence of 

36 microplastic in fishes from multiple Arctic regions. The studies varied in methodology, detection and 

37 quantification limitations, reported categories of size, shape, and chemical identity. All these factors 

38 influence the numbers of microplastic reported, thus limiting comparability and hindering integrative 

39 analysis. The physiological impacts of the reported microplastic contamination cannot be determined, 

40 as all studies targeted stomach/intestine contents and did not use methods with limits of detection 

41 low enough to determine particle translocation from the intestine to other organs, tissues or body 

42 fluids within the fish. Furthermore, there is a fundamental lack of understanding the transfer and the 

43 effects of plastic additives to Arctic fishes. In addition to discussing methodological challenges and 

44 knowledge gaps, we consider ecosystem needs, commercial interests, Indigenous people’s 

45 subsistence, food safety and food sovereignty concerns, and developed a framework to harmonize 

46 and facilitate pan-Arctic microplastic monitoring.

47

48 Keywords
49 Microplastic, Arctic, Fish, Monitoring 
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50 Introduction 
51 Interest in plastic pollution, a contaminant of emerging Arctic concern, is not new (AMAP, 2017; 

52 Halsband and Herzke, 2019). Plastic is now found ubiquitously throughout the Arctic Ocean, from the 

53 surface to the seafloor (Buhl-Mortensen and Buhl-Mortensen, 2018; Grosvik et al., 2018; Kanhai et al., 

54 2020; Lusher et al., 2015; Rist et al., 2020). Plastic material enters the Arctic through long-range 

55 transport and local sources (Halsband and Herzke, 2019; Huserbråten et al., 2022; Liboiron et al., 

56 2021), where the latter may dominate according to recent models (Strand et al., 2021). Plastic 

57 pollution (macroplastic > 5mm > microplastic) has been identified in a variety of organisms spanning 

58 multiple trophic levels including marine mammals (Moore et al., 2020), seabirds (Baak et al., 2020), 

59 fish (Kühn et al., 2018; Moore et al., 2022), and invertebrates (Bellasi et al., 2020). The presence of 

60 plastic and microplastic (MP) within Arctic water bodies (Martin et al., 2022) raises concerns for the 

61 exposure of Arctic fishes to this environmental contaminant, and the effects this might have. 

62 Published field studies covering the Arctic ecosystem and adjacent areas (Brate et al., 2016; de Vries 

63 et al., 2020; Granberg et al., 2020; Kühn et al., 2018; Liboiron et al., 2016; Liboiron et al., 2019; 

64 Morgana et al., 2018; Nielsen et al., 2014) and from other areas demonstrate uptake of MP in fish 

65 (Savoca et al., 2021), including fish widely consumed by humans (Danopoulos et al., 2020; Thiele et 

66 al., 2021). The prevalence of MP in wild fishes combined with toxicity data from exposure studies 

67 (Gomes et al., 2021; Kögel et al., 2019; Wang et al., 2020) suggests a hazard to ecosystems and 

68 consumers. However, the risk is not yet quantified. Effect quantification has mostly been performed 

69 using round plastic beads, but there are studies that suggest that some of the post-consumer plastic 

70 break-down products - not round but diverse in shape and size, and containing various chemical 

71 constituents - may have stronger negative effects (Bucci et al., 2021; Peda et al., 2016; Rochman et 

72 al., 2014), and therefore need to be evaluated specifically. Furthermore, there is increasing evidence 

73 that smaller MP (< 10 µm) may cause more negative effects compared to larger MP (Kögel et al., 2019), 

74 likely related to size-dependent uptake and translocation barriers (Critchell and Hoogenboom, 2018; 

75 Gomiero et al., 2020; Jeong et al., 2016; Lehtiemi et al., 2018). MP quantification in field collected 
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76 organisms is also suffering from methodological limitations. MP sizes that are used in exposure 

77 experiments are often below detection limitations in non-laboratory animals, as the MP analytes are 

78 not pre-labelled with detectable substances such as fluorescent substances or metals. This so far 

79 prevents integrated analysis of the two research fields – experimentally found effects of MP cannot 

80 be linked to occurrence data as those are missing for the smaller size classes. Also, chemical additives 

81 in plastic are an inherent additional hazard linked to MP, lacking sufficient investigation (Campanale 

82 et al., 2020; Espinosa Ruiz et al., 2016; Fred-Ahmadu et al., 2020; Kwon et al., 2017).

83 Fish, used as indicators of ecosystem health (European Parliament, 2000), form an important link 

84 between trophic levels within Arctic food webs, including humans as top consumers. Fish constitute a 

85 significant protein source for human nutrition and are an important cultural food base for Arctic 

86 peoples (Ford, 2009). Adverse effects of any contaminant affecting fish will therefore have an impact 

87 on food safety, security, and sovereignty (Barboza et al., 2018; De-la-Torre, 2020; Dietz et al., 2019; 

88 Kögel, 2020; Prata et al., 2020; Smith et al., 2018). With MP contamination of fish, the achievement of 

89 the UN Sustainable Development Goals SDG2 (zero hunger), SDG3 (good health and well-being), 

90 SDG10 (reduced inequality), and SDG14 (life below water) are at stake. Thus, MP contamination is of 

91 concern to food safety authorities, regulatory bodies, environmental agencies, food security 

92 stakeholders, such as UN organizations, and rightsholders, such as Arctic Indigenous peoples.

93 The specifics of MP ingested by Arctic fish need to be quantified to enable mitigation of this emerging 

94 threat. To this end, we reviewed studies analysing MP in Arctic fish. We further discussed the 

95 methodological pitfalls, constraints, and knowledge gaps, concluding with suggestions on how to 

96 move forward with a harmonised approach to facilitate monitoring at local, regional and pan-Arctic 

97 scales.

98 Materials and Methods
99 In this literature study we aimed to gather all available data on MP contamination of fish within the 

100 Arctic region as defined by the Arctic Monitoring and Assessment Programme (AMAP), depicted by a 

101 grey line in Figure 1. This definition follows landmarks, instead of a mathematical circle at a certain 
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102 latitude as the Arctic circle does (currently 66°33′48.9 N). Web of Science (topic) and PubMed (all 

103 text) were searched for the keywords microplastic* AND fish* AND (Arctic OR Barent* OR Kara*), last 

104 checked 11.11.2021. References within references, personal contacts and Google were also 

105 investigated. Inclusion criteria were investigations focused on MP occurrence analysis in fish within 

106 the Arctic region. Predefined exclusion criteria were laboratory exposure studies, modelling studies, 

107 studies investigating only plastic additives or co-contaminants. For each included study, several 

108 variables were extracted and compared including sampling techniques (collection of samples), species 

109 examined, region of sampling, extraction of MP, end-point analysis method, and limitations of 

110 detection. The latter was not always reported and therefore refers to the lower size threshold of MP 

111 reported, or deducted from applied filter sizes, identification method or instrument limitations. If the 

112 lowest size reported was larger than the method’s restrictions, we commented “reported” (Brate et 

113 al., 2016, Table 1). We compared and discussed the studies, but did not evaluate them statistically, as 

114 the qualitative and quantitative level of the studies were not sufficient for statistical meta-analysis. 

115 We discussed limitations of this collective set of studies, highlighted knowledge gaps, and 

116 recommended guidelines intended as a foundation of future monitoring and assessment of MP 

117 pollution in the Arctic. 

118 Microplastic in Arctic fish

119 Investigated species

120 Our literature review uncovered 11 published studies including one thesis and one report that have 

121 investigated the ingestion of MP in Arctic fish (Table 1). The studies included a total of 13 species and 

122 2567 individual fish. MP were reported in Arctic/polar cod (Boreogadus saida; Kühn et al., 2018; 

123 Moore et al., 2022; Morgana et al., 2018), Atlantic cod (Gadus morhua; Brate et al., 2016; de Vries et 

124 al., 2020; Liboiron et al., 2016; Saturno et al., 2020), Greenland cod (Gadus ogac; Granberg et al., 

125 2020), sculpin (Triglops nybelini; Morgana et al., 2018), four-horn sculpin (Myxocephalus quadricornis 

126 Moore et al., 2022), saithe/pollock (Pollachius virens; de Vries et al., 2020), Atlantic salmon (Salmo 
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127 salar; Liboiron et al., 2019), capelin (Mallotus villosus; Liboiron et al., 2019; Moore et al., 2022), 

128 Greenland shark (Somniosus microcephalus; Nielsen et al., 2014), blue whiting (Micromesistius 

129 poutassou; Malinen, 2021), Atlantic mackerel (Scomber scombrus; Malinen, 2021),  Saffron cod 

130 (Eleginus gracilis; Moore et al., 2022), Arctic cisco (Coregonus autumnalis; Moore et al., 2022) and 

131 recently, Arctic char (Salvelinus alpinus; Hamilton et al., unpub data, not included in the number 

132 summaries in this review). In addition to the scarcity of data on MP occurrence in Arctic fish, the 

133 methods applied in the studies varied, compromising comparability among the different studies.

134 Microplastic levels and targeted fish matrices

135 MP contamination levels in fish were often reported as a) frequency of occurrence in percent (FO %), 

136 i.e., reporting the number of contaminated individuals in the sampled population and/or b) the 

137 number of MP per fish, ranging from 0 to 12 MP per individual with FO from 0-100 % (Table 1). Only 

138 a single study found more than 2 MP per fish, on average 12 MP per Greenland cod (Granberg et al., 

139 2020). This was also the only Arctic study that reported a FO of 100 % in fish. Published studies from 

140 regions outside the Arctic also range over the whole possible FO spectrum from 0-100 % (reviewed in 

141 Liboiron et al., 2016).

142 While six studies on Arctic fish only analysed MP content inside the stomach and intestine, hereafter 

143 called the gastrointestinal tract (GIT; Brate et al., 2016; Kühn et al., 2018; Liboiron et al., 2016; Liboiron 

144 et al., 2019; Nielsen et al., 2014; Saturno et al., 2020), five studies assessed the GIT content including 

145 the surrounding tissue of the GIT (de Vries et al., 2020; Granberg et al., 2020; Malinen, 2021; Moore 

146 et al., 2022; Morgana et al., 2018; Table 1), which might play a role for the analysis results. Kühn et 

147 al., 2018, who analysed GIT content only, described a low incidence of MP in Arctic/polar cod 

148 compared to Morgana et al., 2018, who included the gut walls, even though Kühn et al. 2018 reported 

149 a lower detection limit. No published studies of MP in Arctic fish have analysed other matrices/tissues 

150 than GIT and GIT content, such as liver or muscle/fillet yet.
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151 Microplastic size detection thresholds

152 The observation in a global dataset that the FO % increases as detection size decreases (Savoca et al., 

153 2021) points towards a relation of the MP size with the accumulation potential. Even though the Arctic 

154 dataset on MP in fish is too small for a valid meta study, we find the same general pattern there. In 

155 Arctic Atlantic cod, four studies had detection thresholds above 1 mm and those had FOs below 2.4 %, 

156 while the one study with the lower detection limit of 80 µm found a higher FO of 20.5 % (Table 1). The 

157 one study that found an FO of 100 % in Greenland cod (Granberg et al., 2020), had an even lower 

158 detection-size limit of 20 µm, as had another study with FO% of 7-43 % depending on the fish species 

159 (Moore et al., 2022). The latter study filtered through a 20 µm mesh size, but only investigated MP 

160 that could be handled by tweezers. For the three studies of Arctic/polar cod, each had a different 

161 disadvantage (Table 1). Moore et al. 2022 who only investigated MPs that could be handled by 

162 tweezers despite using a small filtration pore size, found a FO of 15 %, similar to the 18 % of Morgana 

163 et al. 2018, with a 700 µm limit. Both had included the GIT wall. Kühn et al. 2018, with a 35 µm limit, 

164 had not included the gut wall and found an FO of only 2.8 %. Furthermore, these studies were 

165 conducted in different regions and the handling of data differed, as discussed in the end of the 

166 following paragraph. As a result, the different observations seen here likely reflect a mixture of 

167 methodological differences in detection capacity and data handling, and area or species differences.

168 Analysis methods, microplastic identification and categorization

169 For quantification of MP in Arctic fish, several approaches were used. Some studies relied on visual 

170 identification, with or without a microscope, others added chemical identification by FTIR (Fourier-

171 transform infrared spectroscopy) or Raman spectroscopy. The chemical identification approaches 

172 were only applied on suspected particles after visual inspection (Table 1), not on all extracted 

173 particles, leaving room for missing particles in the visual inspection step. Amongst those publications 

174 providing further information on the reported MP, four studies only found up to five plastic items in 

175 total (Kühn et al., 2018; Liboiron et al., 2016; Nielsen et al., 2014; Saturno et al., 2020) – not enough 
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176 for statistical analysis. One study did not differentiate between Arctic and other regions for colour, 

177 shape, and polymer type distributions (Morgana et al., 2018) and therefore, these details could not 

178 be assessed separately for the Arctic.

179 According to the shape, two studies found more fragments than fibres in Atlantic salmon and 

180 Greenland cod (Granberg et al., 2020; Liboiron et al., 2019), while four found more fibres than 

181 fragments in saffron cod, sculpin, four-horn sculpin, saithe, Arctic cisco, capelin and blue whiting (de 

182 Vries et al., 2020; Malinen, 2021; Moore et al., 2022; Morgana et al., 2018). Atlantic mackerel had a 

183 50/50 distribution between the shape types (Malinen, 2021). Polar/Arctic cod contained more 

184 fragments (Moore et al., 2022) and more fibres (Morgana et al., 2018), respectively, depending on the 

185 study. Moore et al. 2022 probably had a lower detection threshold, as Morgana et al. did not include 

186 particles < 700 µm. Only one publication considered film an additional category (Liboiron et al., 2019). 

187 One study additionally differentiated between fibers and filaments (Granberg et al., 2020). Since not 

188 all studies reported on the same shape types, comparison was hampered. Therefore, conclusions on 

189 MP numbers per species can only be drawn within, not between studies, due to method differences. 

190 All studies reporting colour found high contents of blue, 50 % (Atlantic mackerel; Malinen, 2021), 49 % 

191 (Morgana et al., 2018), 34-38 % (de Vries et al., 2020) and 16 % (Liboiron et al., 2019). In two of the 

192 studies this was followed by green with 21 % (Liboiron et al., 2019) and 33 % (de Vries et al., 2020). 

193 The latter study categorized an additional 23 % of the MP as black, similar to Atlantic mackerel in 

194 Malinen (2021) with 37 % black, followed by transparent, while blue whiting contained black, red and 

195 green particles with equally shares but no blue. Granberg et al., (2020) found black, blue, red, grey, 

196 purple, green, brown and transparent in this order and did not analyse white or transparant, due to 

197 high loads in the controls. In contrast, Liboiron et al. (2019) had reported white MP as the most 

198 abundant colour. In summary, of the ingested MP particle colors, blue, green and black were 

199 predominant, while also red, transparant, white, grey, purple and brown were found. The studies 
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200 reported on different colours, such as that white was excluded in one study, while most abundant in 

201 another. Therefore, the colour analysis in Arctic fish was not conclusive. 

202 Five studies analysed more than three particles for chemical identity, of which three found polyester 

203 types to be the dominating polymer type (Brate et al., 2016; Moore et al., 2022; Morgana et al., 2018). 

204 In addition to polyesters (including PET), nylons (including PA), oleofins (including PE and PP) and 

205 acrylics (including paint and PBMA) dominated (Table 2). However,  method bias cannot be exculded 

206 (see Primpke et al. 2022) and the total number of analysed MP was low. There might be a tendency 

207 for benthic fish such as Atlantic and Greenland cod to ingest more heavy polymertypes, such as 

208 polyesters and rubber (Table 2). Other than this speculative notion, there was no pattern on polymer 

209 types emerging from the available studies. None of the reviewed studies applied chemical analysis to 

210 all of the isolated MP, or to all of the particles of the suspected density for plastic. 

211 Only four studies analysed MP <100 µm in Arctic fish, with a minimum of 20 µm. It is important to be 

212 aware of the details in the reporting, such as that one study had a very low filter size of 2.7 µm, and 

213 used Raman spectroscopy, but since only microscopically pre-identified plastic particles were 

214 subjected to chemical analysis, and no recovery analysis has been performed, the actual detection 

215 limit remains unclear and no particles below 100 µm size were described in this study (Malinen, 2021). 

216 As a side observation, there were no studies on nanoplastic analysis or the occurrence or effects of 

217 chemical additives in Arctic fish species in our returned search results. Information on uncertainty and 

218 recovery analysis of the applied methods are generally often lacking in the publications from this 

219 research field, and entirely in the dataset available for MP in Arctic fish (Table 1). Contamination 

220 backgrounds are reported in some of the studies. However, handling background contamination can 

221 introduce bias, too. For example, Kühn et al., 2018 did not include microfibres in their analyses to 

222 avoid false positives through airborne contamination. Although controlling for false positives is 

223 important, the study may have excluded real microplastic particles from their account.
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224 Geographical and biological differences

225 With harmonized data, environmental differences can be compared across studies. In studies on Arctic 

226 fish, such comparisons have so far only been achieved within studies. In the three studies with 

227 polar/Arctic cod from different locations (Moore et al., 2022; Morgana et al., 2018; Kühn et al., 

228 2018), the data could not be compared because of the reasons discussed previously in this article. 

229 Geographical differences were observed within some studies. Bråte et al., 2016 observed MP in 

230 Atlantic cod from the harbour of the second largest city of Norway, Bergen, but not from northern 

231 Norway or in the vicinity of Norway’s capital, Oslo. Greenland cod contained the highest number of 

232 MP closer to local pollution sources (Granberg et al., 2020). Finally, some studies point towards species 

233 differences. Morgana et al. (2018) found higher MP levels in demersal sculpin compared to pelagic 

234 Arctic/polar cod. Liboiron et al. (2019) found MP present only in Atlantic cod, but not in capelin or 

235 Atlantic salmon, off the coast of Newfoundland, Canada. The limit of detection for the latter study 

236 (e.g., 1 mm) was very high, but may show trends by the large number of individual fish (1010 Atlantic 

237 Cod, 350 caplin and 69 Atlantic salmon) investigated. 

238 So far, no general conclusions can be drawn on environmental and biological differences in Arctic fish 

239 due to the scarcity of studies. It is not clear if the reported variation is mainly due to the species 

240 differences, environmental factors, or the methods applied. 

241 Sources

242 In a – hopefully intermediary – state of inability to quantify MP in all fish tissues in a repeatable way, 

243 minimizing the potential sources of the MP contaminating the fish might be an area where mitigation 

244 could be levered as a preventive measure. However, we know very little about the sources of MP to 

245 fish in the Arctic. There are some indications suggesting MP is transported to the Arctic via ocean 

246 currents (Cozar et al., 2014; Huserbråten et al., 2022; Wichmann et al., 2019), precipitation (Bergmann 

247 et al., 2019), and as waste from boats and ships, including tourism and fishing, i.e., fishery gear and 
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248 products of daily living, oil and gas exploration (Bergmann et al., 2017a; Eriksen et al., 2020; Falk-

249 Andersson, 2019; Nashoug, 2017; UNEP, 2009). Also input from wastewater outlets, both with and 

250 without treatment, was investigated in the Arctic (Granberg et al., 2019; Magnusson et al., 2016; von 

251 Friesen et al., 2020). Furthermore, loss of plastic litter from landfills might be of importance (Granberg 

252 et al., 2020). The connectivity between the Arctic Ocean and adjacent southern seas, through the Fram 

253 and Bering straits, may play a role. Another possible pathway is transport by marine organisms from 

254 more polluted areas into the Arctic (Bourdages et al., 2020; Provencher et al., 2018; van Franeker, 

255 2011) or through the food chain (Moore et al., 2022). The relative importance of local and distant 

256 pollution sources for MP needs further investigation (PAME, 2019). 

257 Knowledge gaps and recommendations for microplastic monitoring in the Arctic 

258 Survey design

259 To use resources in a meaningful way, monitoring methods of MP pollution in Arctic fish need to meet 

260 specific objectives, depending on regions and purposes. Targeted fish sampling can be costly; 

261 therefore, planning must be thorough, and the study species and tissues wisely chosen. In the 

262 immediate future, MP contamination loads should be compared across different species, tissues, and 

263 geographical areas to enable the determination of suitable indicator species and monitoring 

264 conditions. To observe trends, several fish species may need to be monitored for MP, as fish are 

265 diverse groups across the Arctic. 

266 For the purpose of risk assessment of human consumtion of Arctic fish, the list of species shown to 

267 ingest MP includes several species commonly consumed: Atlantic cod (Gadus morhua; Brate et al., 

268 2016; de Vries et al., 2020; Liboiron et al., 2016; Saturno et al., 2020), Greenland cod (Gadus ogac; 

269 Granberg et al., 2020), sculpin (Triglops nybelini; Morgana et al., 2018), saithe/pollock (Pollachius 

270 virens; de Vries et al., 2020), Atlantic salmon (Salmo salar; Liboiron et al., 2019), capelin (Mallotus 

271 villosus; Liboiron et al., 2019), blue whiting (Micromesistius poutassou; Malinen, 2021), Atlantic 

272 mackerel (Scomber scombrus; Malinen, 2021) and recently, Arctic char (Salvelinus alpinus; Hamilton 

Page 12 of 50Arctic Science (Author?s Accepted Manuscript)

© The Author(s) or their Institution(s)

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

FI
SK

E
R

ID
IR

E
K

T
O

R
A

T
E

T
 o

n 
09

/2
7/

22
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



13

273 et al., unpublished data). Some industrially caught fish species such as blue whiting are also processed 

274 into animal feed without gutting and removing the GIT, so there is a risk of these plastics being fed to 

275 domestic animals and fishfarms.

276 Based on consumption by Arctic residents, primary species to be analysed in the Arctic are salmonids 

277 (e.g., chars, salmon, freshwater whitefish), Arctic/polar cod and sculpin species. Commercial fisheries 

278 also catch and export Arctic and Atlantic cod, saithe, blue whiting, mackerel and salmon. A deep-water 

279 fish species that can be regularly assessed for plastic ingestion should be identified in addition. 

280 Haddock (Melanogrammus aeglefinus), which is of high commercial volume, or cusk/tusk (Brosme 

281 brosme), known for high accumulation of other toxicants such as mercury and dioxins (Ho et al., 2021) 

282 could be options for this purpose. Both have large areas of occurrence, which exceed the Arctic. It 

283 should be noted that fish consumption varies greatly with region and culture. For example, a 

284 community in the Canadian Arctic Archipelago may consume a higher proportion of a Salvelinus spp. 

285 (e.g., lake trout, Arctic char) compared to a community located in more interior regions (e.g. the 

286 Yukon) where landlocked Coregonus species (e.g., whitefish) are abundant. These regional differences 

287 should be considered, and specific risk assessments should be done in conjunction with harvest 

288 studies that are regionally based and paired with regional data on MP. Other species that should be 

289 considered for monitoring are capelin and flounder species. These species represent additional 

290 foraging guilds. Capelin is also an important forage fish for dozens of other species in the Arctic region. 

291 Including foraging guilds and fish species with occurrence exceeding the Arctic area that are suited for 

292 larger region scale comparisons would allow connecting to questions relating to the fate of MP in 

293 aquatic ecosystems (AMAP et al., 2021).

294 Arctic fisheries are providing a considerable share of food sustenance, globally and locally, especially 

295 considering protein sources with increased focus on them in the immediate future 

296 (https://eatforum.org/). Fishing industry should therefore be valuable partners in finding a way to 

297 govern this contamination problem and to prevent further escalation. In the case of several Arctic 
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298 regions, sampling should be carried out in collaboration with local and Indigenous fisheries. For 

299 commercially high sale volume species, commercial fishery vessels can be used with the additional 

300 benefit of being representative for the market. Such collaboration is for example well established at 

301 the Institute of Marine Research in Norway (Reference fleet; https://www.hi.no/en/hi/cruises-and-

302 field-work/the-reference-fleet) for regions adjacent to and stretching into the Arctic. Otherwise, 

303 samples can be obtained by dedicated cruises, which is often the best way to obtain enough samples 

304 with specific characteristics. Also, existing regular cruises, such as those undertaken for population 

305 estimations and legacy contaminant surveillance (MILKYS) should be used for synergy, such as 

306 combined use of resources and cruises (collection and sampling of fishes) and correlation studies. 

307 Figure 1 shows an overview over areas that are monitored for contaminants in fish in general in the 

308 Arctic area (AMAP et al., 2021). For details refer to the AMAP monitoring guidelines (AMAP et al., 

309 2021).

310 Sampling

311 Caution should be taken when adapting existing fish monitoring for other contaminants to include MP 

312 monitoring, as established minimum sample sizes are often designed to assess soluble contaminants. 

313 For MP monitoring, by OSPAR and MFSD (marine framework strategy directive), 50 individuals 

314 collected per site for MP analysis is currently recommended (OSPAR, 2015), and supported by recent 

315 reviews (Hermsen et al., 2018; Dehaut et al., 2019). However, sampling numbers should be adjusted 

316 in the context of the questions to be addressed. For example, the number of stations necessary will 

317 depend on the mobility of the species in question. The more stationary or restricted by geological 

318 boundaries a species is, the more it will reflect local conditions. For example, if inter-lake or inter-fjord 

319 comparisons are of interest in a highly mobile species, 50 individuals from each lake or fjord may 

320 suffice for this work. If the research question is exploring variability in MP along a fjord, 50 individuals 

321 of a stationary fish may be needed from several stations to address this question. However, in many 

322 coastal areas these numbers may be excessive. If the spatial scales do not allow for separate sampling 
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323 of fish, or if the fish population may be highly impacted by taking 50 fish at each station along a single 

324 fjord, another environmental compartment should be considered for monitoring. Instead of blindly 

325 adhering to 50 individuals, it would ethically make more sense to design monitoring based on pre-

326 existing or pilot data taken under similar conditions. If the goal is to quantify variability in a single area, 

327 just enough samples would be needed to approximate the population mean and variance. For a 

328 comparison of two or more areas, the number of samples needed to achieve statistical power to 

329 detect differences will depend on the variability in the sampled populations. 

330 Some studies on ingested plastic in fish from the Arctic point towards species differences or 

331 geographical differences. Liboiron et al. (2019) and Morgana et al. (2018) are suggesting that the MP 

332 burden may be species specific and related to foraging as found in seabirds (Poon et al., 2017). If one 

333 looks to the global dataset on this topic for guidance, one important finding from a recent global meta-

334 analysis of MP in fish is that small planktivorous fish are more likely to have MP accumulated in the 

335 GITs than other species (Covernton et al., 2021). How this pattern may hold in the Arctic or other 

336 tissues, or not, is yet to be determined, but should be considered when prioritizing species to explore 

337 MP ingestion rates. Bråte et al., (2016) observed geographical differences within their study, in which 

338 no MP were observed in Atlantic cod from northern Norway or in the vicinity of the capital, Oslo, 

339 whereas Atlantic cod from the harbour of the second largest city of Norway, Bergen, contained MP 

340 (Brate et al., 2016). One hypothesis could be that Bergen, with its rough shoreline on the west coast 

341 of the European continent, might comb plastics out of the Gulf Stream, as investigated with fish eggs 

342 (Eriksen et al., 2021; Furnes et al., 1986; Strand et al., 2021). Another factor is likely to be the body 

343 size of the fish, which has been positively correlated with MP abundance in GIT at lower latitudes 

344 (Hamilton et al., 2021; Jams et al., 2020; McIlwraith et al., 2021; McNeish et al., 2018) and should be 

345 investigated in the Arctic, too. 

346 Considering the food web, on the one hand, MP in prey organisms, such as plankton, need to be 

347 quantified, and on the other hand, accumulation through trophic levels of fish. Further factors 
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348 increasing data variation are catch season and year. Currently, no recommendation for sampling 

349 frequency to establish time trends can be provided because of a lack of data on MP concentrations 

350 and determining factors. This is data that needs to be fed back from results of initial studies leading 

351 to planning in an iterative way. Caution should be used with respect to be increasing data variability, 

352 otherwise the risk of producing uninterpretable datasets increases. 

353 Sampling can also be biased when not pursuing the same targeted objective under sampling and 

354 analysis, in our case, if fish studies are not designed with the purpose of isolating and identifying MP. 

355 One of the studies listed in Table 1 was not designed to target MP but was a feeding assessment in 

356 which MP content was a side observation (Nielsen et al., 2014). A similar study did not observe any 

357 plastic; however, it is not clear whether plastics were not seen or just not reported (Leclerc et al., 

358 2012). 

359 The sampling method applied to an investigation may also influence the detected levels of ingested 

360 MP, as has been demonstrated in seabirds by examining gut content, faecal precursor, and guano 

361 samples (Provencher et al., 2018). In Arctic fish, Granberg et al. (2020) found the highest numbers of 

362 MP per fish GIT in the Arctic. This might be rooted in the low detection size limit or the proximity to a 

363 pollution site, but there might be more to it. When catching fish, Granberg et al. (2020) fished with 

364 rods and dissected individuals immediately after catching each fish. This likely corresponds to a more 

365 ‘complete’ GIT content analysis than usual bulk field collection techniques. When fish from deeper 

366 depths are quickly hauled, they invert their stomach and discharge contents, likely including MP, as 

367 reported previously (i.e., Lusher et al., 2013). Apart from this, fish stomachs can also differ in their 

368 fullness index depending on seasonal and biological reasons. Sampling only during certain times of the 

369 diurnal or annual cycle may lead to an incomplete picture of MP exposure, as some species only feed 

370 during part of their life cycle (e.g. some cold-adapted salmonids) or times of the day. When no food 

371 content is found in the GIT, it is unlikely that there would be any plastic content either. The other way 

372 round, it is likely that there would be found more MP in fish GIT during feeding phases. This factor 
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373 needs to be considered and controlled for when quantifying average numbers of MP in the GIT. 

374 Therefore, rates of empty stomachs and/or fullness index estimations, provide critical metadata for 

375 assessing the exposure of fishes in GIT analysis and should be reported, as has been performed by 

376 some studies (Liboiron et al., 2019; Malinen, 2021). 

377 A very important factor – often under-communicated in popular scientific dissemination is: Which part 

378 of the fish was analysed? In the case of analysis of MP in Arctic fish, only the content of the GIT or the 

379 whole GIT including the walls have been analysed, no other organs, tissues, or body fluids. 

380 Fish do not seem to accumulate MP in the GIT over time as seen in some other species, i.e. some 

381 seabirds (Bourdages et al., 2020; Provencher et al., 2018; Trevail et al., 2015) and crustaceans (Welden 

382 and Cowie, 2016), which have different gut morphologies. Therefore, the counts of MP in the GIT 

383 content of fish likely only represent a snapshot in time for a single organism, generally capturing what 

384 enters the GIT before it exits through faeces during the respective stage of the digestive cycle 

385 (Granberg et al., 2020; Grigorakis et al., 2017; Le et al., 2021; Peda et al., 2016). Additionally, different 

386 species can have vastly different intestine and digestive cycle lengths, adapted to their feeding 

387 (Karachle and Stergiou, 2010). Nevertheless, monitoring larger MP in the GIT can provide a rough 

388 estimate of MP ingestion rates and differences in such rates depending on factors such as species or 

389 locations. 

390 It is important to keep in mind that the analysis of one compartment, such as tissue, organ, body fluid 

391 or GIT content, cannot currently be extrapolated to different or mixed compartments. The 

392 accumulation potential of those varies, also with different factors, such as MP size (Kögel, 2020). For 

393 chemical contaminants, inter-tissue extrapolation has been well-studied for some organisms and 

394 compounds, and concentrations in one tissue can be related to other tissues through conversion 

395 factors (Ackerman et al., 2016), but no such studies have been undertaken to date for MP. 
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396 An important finding is that several field reports on non-Arctic fish specimen have shown MP 

397 occurrence outside the gut contents, in other fish tissues (Ferrante et al., 2022; Makhdoumi et al., 

398 2022; Selvam et al., 2021; illustrated in Figure 2). This has not been investigated in Arctic fish yet. 

399 Ideally, end-point analysis should also be considered early in the process, when planning the sampling. 

400 Methods such as stereo microscopy and chemical identification (e.g., µ-FTIR, Raman) currently still 

401 can have a long processing time and thereby a significant cost per sample. Thus, 50 individuals can be 

402 an unrealistic number of samples for quantification, depending on institution capacity and funding. 

403 Long-term spatial and temporal monitoring may also require a reduced sample size per sampling event 

404 because of the intensity of laboratory processing required for monitoring programs (Brate et al., 

405 2018). Analysis of pooled samples can reduce the total number of analyses while maintaining 

406 representativeness, but comes at the expense of valuable information, such as individual variation 

407 and frequency of occurrence.

408 Microplastic size and quantification

409 Besides the different compartments within the animals, size and feeding seasons, there are several 

410 factors related to the quantification method that influence the amounts of MP detected to a large 

411 extent. Thus, the amounts of MP detected does not necessarily reflect the amounts of MP originally 

412 present in the matrices. These factors require thorough characterization in the immediate future. One 

413 important factor is the MP size. MP quantification results will only reflect the size range and quality of 

414 MP (such as polymer type, colour, or shape) that the applied method was capable of detecting 

415 (Primpke et al. 2022, and Results, this article). The FO % and numbers can only be interpreted in the 

416 light of those factors. In abiotic environmental matrices, smaller size fractions of MP consistently occur 

417 in higher numbers, down to the detection method’s limitations (Bergmann et al., 2017b; Brandon et 

418 al., 2020; Haave et al., 2019; Mani et al., 2019; Mintenig et al., 2017; Peeken et al., 2018; Rist et al., 

419 2020; Simon et al., 2018). Several studies demonstrated that the incidence of small MP cannot be 

420 extrapolated from the incidence of larger MP in a straightforward way with the current available data, 
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421 neither from macro- to microscale, nor from micro-to nanoscale (Gomiero et al., 2019; Haave et al., 

422 2019; Ter Halle et al., 2017). Haave et al. and Gomiero et al. have shown that large plastic pieces are 

423 transported to different areas of marine sediment as compared to small ones, Ter Halle et al. also 

424 found that larger plastic pieces distribute according to their density to different depths of the marine 

425 water column, while for smaller plastic pieces, other forces than gravity seem to have a greater 

426 influence. More complex extrapolation systems are under development (Koelmans et al., 2020), 

427 however so far they are built on surface water concentrations, not accounting for the MP on 

428 sediments which are likely to be ingested by benthic feeding fish. As the authors themselves discuss, 

429 testing the general method with the best available data at the time was the primary aim of their study, 

430 but those data need to be renewed and expanded with using most recent chemometric procedures 

431 to analyse MP spectroscopic data, providing particle number, size, shape and polymer type.

432 For fish, too, available data points in a similar direction. The size below which MP have been shown to 

433 transfer into tissues in significant numbers so far is roughly < 500 µm for pellets and fragments, but 

434 up to > 5 mm for fibres (Akhbarizadeh et al., 2018; Gomiero et al., 2020). It should also be noted that 

435 there is a mismatch between the recommended minimum size for MP detection in fish monitoring 

436 (Box 1), and the feeding particle size preference by various zooplankton organisms, which fish feed on 

437 (e.g. for copepods 5-50 µm). The suggested lower size limits for MP monitoring (500 µm) and research 

438 (10 µm), respectively, are currently based on instrumental limitations (AMAP et al., 2021) and not the 

439 research needs. This hampers the interpretation of MP uptake through food chain transfer at least in 

440 pelagic lower trophic level fish. It also hampers the interpretation of exposure studies, which are often 

441 designed with MP below 10 µm (Kögel et al., 2019). Therefore, quantifying small MP from fish tissues 

442 other than the GIT is a relevant long term goal for a risk analysis for both seafood safety for human 

443 consumption, and the health and population sizes and stability of the fishes themselves (Kögel, 2020), 

444 but requires further method development (See Primpke et al. 2022). In both farmed and wild salmonid 

445 livers and fillets from Norwegian areas south of the Arctic, MP below 50 µm occurred more frequently 
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446 than larger ones. If only larger MP would have been regarded, far fewer MP would have been found. 

447 To enable proper risk assessment of MP in fish, necessitating toxicological tests with realistic 

448 environmental concentrations, the concentrations of MP, also <50 µm and down into the nanometre 

449 range need to be determined (Figure 2). 

450 The aims and purposes of the fish monitoring should direct the methods; this includes the target MP 

451 sizes. When larger MP in fish GITs is the target objective, stake- and rightsholders who have limited 

452 access to highly specialized lab equipment, can sample and analyse MP in Arctic fish with the 

453 advantage of reducing sampling costs, and results can be rapidly discussed with community members.  

454 Importantly, baseline studies across a range of species on the MP size fraction of >500 µm will provide 

455 information necessary for a holistic understanding of how MP impact fish communities. Before 

456 monitoring fish on a large scale, methods generally need to be harmonized.

457 When MP <500 µm in tissue (such as muscle or liver) are targeted, as for example for addressing food 

458 safety, method development with high-end instrumentation, clean laboratories, quality assurance 

459 with interlaboratory comparison exercises and measurement uncertainty determination will be 

460 needed. It must be noted that such methods may not be available for the pan-Arctic region in the 

461 short-term and therefore needs to be incorporated into monitoring at a later timepoint. Due to the 

462 considerable method development that is necessary to achieve meaningful monitoring across time 

463 and regions, we have divided our recommendations for requirements for the data that need to be 

464 collected into two groups, where “Basic” should be feasible to a large number of interest groups and 

465 countries. The “Advanced” comprise more cost-intensive goals, which are not feasible or not 

466 necessary for all purposes (Box 1).

467 Sample processing, microplastic extraction, QA/QC, analysis and reporting

468 Depending on the target tissue and aim of each study, different steps are required. There are several 

469 prevalent methods for assessing MP in fish. In general, GITs are dissected out and rinsed externally. 

470 Then, the GIT content is analysed with or without including the gut lining. Direct visual inspection or 
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471 extraction can be performed. Studies focusing on ingestion of larger items of >500 µm can use a visual 

472 sorting method, but limitations include a high detection limit in terms of MP size and increased risks 

473 of procedural contamination from extended exposure. When planning studies or interpreting results, 

474 one should keep in mind how the GIT dissection is done, such as with or without visual aid. The colour 

475 of the dissection plate (or other background colour) may also lead to a colour detection bias. Similarly, 

476 depending on the diet of the fish which can be both species-, location- and season-specific, it may be 

477 difficult to distinguish between natural organic material and ingested MP, there may also be a variable 

478 colour bias, if no efficient digestion method was applied. 

479 In parallel to studies of the MP content in the GIT, MP content in muscle and liver of said indicator 

480 species, including small MP <500 µm, should be analysed by laboratories with the necessary 

481 instrumentation and equipment, and methods should be further optimised (Box 1, advanced, Figure 

482 2). For such studies, MP extraction is required. A suitable MP extraction protocol requires removal of 

483 the tissue, while leaving the MP intact for quantitative analysis, satisfactory recovery percentages and 

484 contamination avoidance. The protocol used for digestion will be dependent on the matrix 

485 composition (Lusher et al., 2020). Alkaline digestion (Thiele et al., 2021) or enzymatic purification (von 

486 Friesen et al., 2019), combined  (Sussmann et al., 2021) or combined with oxidation (Loder et al., 2017) 

487 are the most prevalent, and successful methods. Temperatures of digesting agents should be kept 

488 below 40 °C and molarity adjusted for plastic preservation (Thiele et al., 2019). Because some plastic 

489 types dissolve with acid digestion, this approach is no longer recommended (Dehaut et al., 2016; 

490 Kershaw et al., 2019). At the current stage of the technology, there is still much room for increasing 

491 the quality and reducing the time and costs of these protocols.

492 For mapping and monitoring, harmonized sampling and sample preparation methods in the laboratory 

493 are important. This includes protocols to reduce and monitor procedural contamination. Until those 

494 are officially established, we suggest the following criteria to enable complementarity of monitoring 

495 studies based on existing publications (Bessa et al., 2019; Lusher et al., 2017). For contamination 
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496 controls, the whole analytical chain from sample preparation to analysis needs to be considered and 

497 contamination kept as low as possible through clean laboratory methods and established quality 

498 assurance/quality control (QA/QC) measures (Brander et al., 2020; Cowger et al., 2020). For simpler 

499 measures, samples should be covered with material other than plastic (e.g., clean aluminium foil) as 

500 much of the time as possible (Prata et al., 2021). Equipment and aluminium foil can be heat treated in 

501 a muffle oven to disintegrate plastic contamination (Prata et al., 2021). A wet filter or an open water 

502 container can be used next to the dissected organism to control for airborne contamination (Prata et 

503 al., 2021). The analysis of MP <500µm requires clean laboratory methods with air filtration, such as 

504 LAF benches (Prata et al., 2021; Wesch et al., 2017). Where in-air filtration is not feasible, a dust-box 

505 as used at construction sites to reduce airborne particle numbers might be used instead (Bergmann 

506 et al., 2019). All digestive agents must be prepared and filtered according to the size-related detection 

507 limit to remove impurities and to prevent contamination of the samples (Prata et al., 2021). QA/QC 

508 procedures are increasingly applied in the MP research field, including fish studies (Savoca et al., 

509 2021). Ideally, fish should be delivered whole and rinsed with filtered water before cutting and 

510 preparing tissue samples inside the clean lab. To avoid contamination from disintegrating inner organs 

511 to fillets, frozen fish should not be stored for extended periods (> 1year) even if frozen, be thawed 

512 lying on its side, and fillet samples taken from the upper side (T. Kögel et al., personal observation). 

513 When preparing samples from muscle, the fish must be rinsed before extraction to remove fish scales 

514 because they contain biopolymers, which are very similar to some plastic types and could therefore 

515 be mistakenly identified as plastic (T. Kögel et al. personal observation). All instruments must be 

516 cleaned between individual samples. Plastic gloves and tools should be avoided or controlled for in 

517 the sample results (Prata et al., 2021). All plastic materials used during dissection should be analysed 

518 to provide references for polymer identification. Results of controls, accounting for fibres and other 

519 particles of all reported size ranges, and correction calculations should be reported in detail. Raw, 

520 uncorrected data should also be made available.
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521 To compare numeric values on plastic contamination between studies, the mesh size and material of 

522 filters, the smallest and largest particle sizes that are theoretically measurable, and those that were 

523 identified, with mean and median sizes need to be provided. Be aware that the smallest detected 

524 particle size does not equal the limit of quantification (LOQ) if not all particles of this size class will be 

525 detected or corrected for by the co-analysis of standards, within a defined measurement uncertainty. 

526 Preparation steps lead to unequal loss of different types of particles through filtration, by foaming or 

527 clogging, to equipment walls or degradation by extraction (Sussmann et al., 2021). Extraction 

528 efficiencies, measurement uncertainties, recovery percentages and procedural contamination should 

529 therefore be established not only for each fish matrix and method applied, but also respective to size 

530 classes, shapes, polymer types and concentration range of the analytes. Such information is generally 

531 often lacking in the publications from this research field, entirely in the dataset available for MP in 

532 Arctic fish (Table 1). If this is not feasible, then the lack of such recovery tests and the reasons for it 

533 should be critically discussed with the publication of the data (Cowger et al., 2020). When testing 

534 compliance of legacy contaminants with maximum levels, parameters for methods and accuracy, 

535 measurement uncertainty, and limit of quantitation (LOQ) are measured and regularly tested by 

536 proficiency tests. All of these are defined in accreditation protocols. For MP quantification, such 

537 accreditation processes are still in their infancy. Work towards these goals has been started by several 

538 initiatives, e.g., from QUASIMEME Laboratory Performance Studies on MP (van Mourik et al., 2021), 

539 European Commission JRC/BAM inter-laboratory comparison (proficiency testing) on MP (Belz et al., 

540 2021), and the H2020 Harmonisation Project – EUROqCHARM (CE-SC5-29-2020, 

541 www.EUROqCHARM.eu). International and regional standard organisations are working on standard 

542 protocols for MP analysis including CEN (TC 249/WG 24 (plastics); TC248/WG 37 (textiles)) and ISO (TC 

543 61, SC 14, WG4 (plastics), will be fused into TC 147/SC2; TC 45 (rubber); TC38 , WG 34 (textiles)), and 

544 a technical report with the title “Plastics – Environmental aspects – State of knowledge and 
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545 methodologies (ISO/TR 21960) has been published and is about to be followed up (ISO/DIS 

546 24187:2021) with a report focussing on the analysis.

547 The most promising size analysis methods for fish tissue to date are FTIR-microscopy and py-GC/MS 

548 (Fischer and Scholz-Bottcher, 2017, 2019; Gomiero et al., 2020) for monitoring purposes (Primpke et 

549 al. 2022). Raman microscopy is suited for clarification of the size-distribution of MP <10 µm for 

550 selected samples but too time consuming for routine monitoring purposes. Method development for 

551 nanoplastic analysis is ongoing but poses large challenges because the particles adhere to all surfaces 

552 and are easily dissolved in the attempt to extract them from biotic matrices (Correia and Loeschner, 

553 2018). 

554 Regarding MP shape, harmonization of reporting is also important. The studies on MP in Arctic fish 

555 were hard to compare, as not the same categories – fragments, fibers, films and filaments were used 

556 by all reports. None of the studies analysed all detected MP for chemical identity, nor was the 

557 representativeness of the chosen fraction for identification investigated. Because plastic polymers 

558 have different physiological effects depending on their composition (Avio et al., 2015; Booth et al., 

559 2016; Green et al., 2016; Mattsson et al., 2017; Rochman et al., 2017), polymer type analysis of the 

560 total or a representative fraction of all MP in the investigated tissue is meaningful and critical when 

561 considering impacts and effects on biota. To achieve better representativeness of presented data, 

562 both FO %, mean and median numbers of particles per individual/amount of tissue needs to be 

563 presented. Polymer type, sizes and shapes should be reported if possible. To avoid introducing bias by 

564 the contamination data handling, it is important to not only subtract contamination from results, but 

565 to report contamination results. For further details, we refer to Box 1 and the AMAP monitoring 

566 guidelines (AMAP et al., 2021). For easier data sharing, data distribution tools, such as databases, 

567 should be explored for their potential to add MP. At least, extensive supplemental data collections or 

568 archiving data in publicly available repositories linked to individual publications can be used for now.
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569 For a detailed synthesis adapted to the Arctic, we refer the readers to the AMAP Guidelines (AMAP et 

570 al., 2021) and the article on MP analysis method in this special issue (Primpke et al. 2022). 

571 Additives

572 One additional aspect to consider, not included in the present harmonization recommendations, is 

573 that MP are manufactured containing residual monomers, chemical catalysing agents, reaction by-

574 products, non-intentionally added substances and additives (e.g., flame retardants, biocides, 

575 plasticizers, colorants, stabilizers) and can sorb, and hence be a vector for soluble contaminants (e.g. 

576 heavy metals, dioxins, PCBs, flame retardants). This topic is discussed in Hamilton et al.20**. The issue 

577 of additive chemicals has barely been addressed for seafood organisms, and to our knowledge not at 

578 all in Arctic fish. In farmed salmon from the Norwegian area, south of the Arctic, some phthalates 

579 might be distributed in a geographically distinct pattern (Gomiero et al., 2020). For monitoring, it will 

580 be difficult to differentiate the origin of a soluble contaminant and metabolites between MP and other 

581 sources such as prey/food, but the hazard these substances present deserves attention and research 

582 with the final goal of risk assessment. Further research incorporating additive chemicals will be 

583 necessary to form a clear picture of plastic impacts on Arctic fish.

584 Arctic Indigenous peoples and communities

585 Finally, these recommendations are based on the priorities and insights of an international scientific 

586 community. However, this does not mean they include the research needs and priorities of 

587 communities and Indigenous peoples in the Arctic, and some of the methods, categories, standards, 

588 and research questions in plastic pollution research in the Arctic are skewed towards southern 

589 understandings and landscapes (Liboiron et al., 2021; Melvin et al., 2021). The Inuit Tapiriit Kanatami, 

590 an organization representing the 65,000 Inuit in the Canadian Arctic, has written in its National Inuit 

591 Strategy for Research that, “for far too long, researchers have enjoyed great privilege as they have 

592 passed through our communities and homeland, using public or academic funding to answer their 

593 own questions about our environment, wildlife, and people. Many of these same researchers then 
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594 ignore Inuit in creating the outcomes of their work for the advancement of their careers, their research 

595 institutions, or their governments. This type of exploitative relationship must end” 3: (ITK, 2018). They 

596 recommend five priority areas for research in their homelands, including: advancing Inuit governance 

597 in research, including being part of funding decisions; enhancing the ethical conduct of research, 

598 including strong community partnerships; ensuring Inuit access, ownership, and control over data and 

599 information gathered in their homelands, including monitoring data; and building capacity in Inuit 

600 research through skill-sharing, equal partnership, and research infrastructure 4: (ITK, 2018). While 

601 each Indigenous group and community in the Arctic will be different, many of these principles will hold 

602 across the Arctic. We recommend that future monitoring research aligns with these principles with an 

603 emphasis on the priorities of local and regional Arctic communities.

604 Summarized conclusions and research gaps
605 For a risk analysis in general, we need to start with a hazard definition. This has already been achieved: 

606 We know that MP are present in Arctic fish (Table 1) and that MP in fish can have negative effects 

607 (Kögel et al., 2019). Published information on MP pollution in Arctic fish is scarce and restricted to the 

608 GIT. The studies show high variation, both in the applied methods and the results, suggesting a need 

609 for method and reporting harmonization and more data in general (AMAP et al., 2021). Smaller MP 

610 and MP in tissues other than the GIT are so far not investigated quantitatively. In Arctic fish, MP <500 

611 µm are scarcely analysed, whilst MP <20 µm have not been assessed (Table 1). Therefore, the obtained 

612 frequency of occurrence and individual MP counts per fish will probably underestimate the real 

613 situation in fish as a whole organism and throughout size classes. Future investigations need to also 

614 quantify small MP, as well as in other fish tissues than the GIT, starting with liver and muscle. 

615 Little can be concluded about sources, geographical distribution, and species dependency of the levels 

616 of pollution with MP in Arctic fish. Such knowledge is valuable for targeted mitigation of MP pollution. 

617 To strengthen recommendations for monitoring (e.g., for monitoring of MP in fish GIT) (Figure 2), the 

618 sample numbers, frequency, and station distances necessary to achieve statistical power must be 

619 established. 
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620 To achieve a full risk assessment, the major knowledge gaps to be filled are the measurement 

621 uncertainty of sample preparation and analysis methods which need testing by recovery experiments. 

622 We need to quantify the exposure and accumulation of MP and plastic additives in different species 

623 and tissues wild fish, throughout the food chain, including information on types and size of plastic 

624 particles and analysis of parameters influencing MP ingestion. We need effect studies for the relevant 

625 exposure ranges, particle sizes and types found in the environment and, importantly, for long-term 

626 exposure (Kögel, 2020). Furthermore, suitable indicator species need to be chosen. 

627 We conclude that the Commission Decision on Good Environmental Status (GES) statement in the 

628 Marine Strategy Framework Directive (MSFD) from the European Commision (EC): “The amount of 

629 litter and micro-litter ingested by marine animals is at a level that does not adversely affect the health 

630 of the species concerned” remains to be proven. In the coming years, more studies will probably use 

631 harmonized methods, and thus, the research community will be able to form more specific, evidence-

632 based recommendations to address a series of questions related to monitoring MP in Arctic fish as 

633 related to environmental and human health. The research field is in its infancy, leading to many 

634 difficulties, but this can also be seized as an opportunity to foster harmonization across the Arctic at 

635 this early stage.
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651 Tables
652 Table 1 Overview of available analysis data of microplastics in Arctic fish. 

Location Species Fish [N] FO [%] MP per 
individual [N]

Recovery 
analysis

Methodology with lower detection 
limit

Reference

Eurasian Basin, 
Svalbard, Norway

Arctic/polar cod
(Boreogadus saida)

72 2.8 0-1 no Stomach content, visual inspection, 
suspected MP by FTIR, fibres not 
included, >35 μm

(Kühn et al., 
2018)

North-eastern 
Greenland
Northern Greenland

Arctic/polar cod

Sculpin
(Triglops nybelini)

85 

71

18

34

1-2

0-1

no GIT and content alkaline digested, 
visual inspection,
 >700 µm by FTIR

(Morgana 
et al., 2018)

Newfoundland, 
Canada

Atlantic cod
(Gadus morhua)

205 2.4 0-2 no GIT content, visual sorting, >1 mm (Liboiron et 
al., 2016)

Newfoundland, 
Canada

Atlantic cod 216 1.4 0-1 no GIT content, visual sorting, suspected 
MP by Raman, >1 mm

(Saturno et 
al., 2020)

Varangerfjord and 
Lofoten, 
Northern Norway

Atlantic cod 58

56

0 n/a no Stomach content, visual inspection, 
suspected MP by FTIR, >3.2 mm 
reported 

(Brate et 
al., 2016)

Newfoundland, 
Canada

Atlantic cod 
Atlantic salmon 
(Salmo salar)
Capelin 
(Mallotus villosus)

1010
69

350

1.68
0

0

0-2 no GIT content, visual sorting, >1 mm (Liboiron et 
al., 2019)

Iceland Atlantic cod
Saithe/pollock
(Pollachius virens)

39
46

20.5
17.4

0.23
0.28
Overall 
average 

no GIT and content alkaline digested, 
visual inspection  FTIR, >80 µm

(de Vries et 
al., 2020)
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Western Greenland Greenland cod
(Gadus ogac)

9 100 12 ± 6 no GIT and content, enzymatic digestion, 
visual and FTIR on selected particles, 
>20 µm

(Granberg 
et al., 
2020),
report

East, West, 
Southwest 
Greenland

Greenland shark 
(Somniosus 
microcephalus)

30 3.33 0-1 no Stomach content, visual examination, 
>1 mm

(Nielsen et 
al., 2014)

Iceland Atlantic mackerel 
(Scomber scombrus)
Blue whiting 
(Micromesistius 
poutassou)

50

40

12

6

1.3

1

no GIT and content, alkaline digestion, 
filtration, visual examination  
Raman, >2.7 µm filtration, visually 
detected particles chemically 
identified

(Malinen, 
2021), 
thesis

Beauford Sea Polar/Arctic cod 
Saffron cod
(Eleginus gracilis)
Arctic cisco
(Coregonus 
autumnalis)
Capelin
(Mallotus villosus)
Four-horn sculpin
(Myxocephalus 
quadricornis)

20
35

26

28

7

15
34

19

7

43

1 ± 0
1.92 ± 1.19

1.2 ± 0.4

2 ± 0

1 ± 0

0.37 ± 0.16 
overall 
average

GIT and content alkaline digested, 
microscope aided visual inspection, 20 
µm filtration, suspected MP that could 
be handled with tweezers were 
analysed by FTIR.

(Moore et 
al., 2022)

Location Species Fish [N] FO [%] MP per 
individual [N]

Recovery 
analysis

Methodology with lower detection 
limit

Reference
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655 Table 2 Identified polymer types in Arctic fish.

(Morgana et al., 2018) 
MP: N=30
Sculpin and 
Arctic/polar cod

(Granberg et al., 2020)
MP: N=12
Greenland cod

(Malinen, 2021)
MP: N=10
Atlantic mackerel and blue 
whiting

(Brate et al., 2016)
MP: N=16
Atlantic Cod

(Moore et al., 2022)
MP: N=39
Arctic/polar cod, Saffron cod, Arctic 
cisco, Capelin and four-horn sculpin

PET/Polyester (N=10) PA (N=4) Unidentified (N=5) PCT (N=6) Polyester (N=21)
Acrylic (N=7) Rubber (N=4) PP (N=2) Nylon (N=7)
Nylon/PA (N=6) PET/Polyester (N=1)

PE, PP (N=4)
PVC (N=2) Acrylic (N=5)

PE (N=5) Alkyd resin (N=1) PP (N=1) PS (N=1) PE (N=2)
EVA (N=2) PP (N=1) Teflon (N=1) PU (N=2)

Paint (N=1) Nylon/PA (N=1) POM (N=1)
Unidentified (N=1) PE (N=1) PP (N=1)

SAN (N=1)
PBMA (N=1)

656
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657 Box 1 Required data for monitoring microplastics in Arctic fish

Basic

 Name of researcher

 Species

 Location, including longitude and latitude

 Date: day, month, year, time

 Wet weight and total length of fish

 Liver weight

 Tissue(s) sampled; method of gastro-intestinal tract 

(GIT) lining investigation 

 Frequency of occurrence of MP per individual/tissue, 

including cases of 0 (rate of empty GIT)

 For MP > ca. 500 µm: either MP mass or number per 

tissue weight and particle size group, as mean, with 

standard deviation and number of samples, median, 

for individual or defined pooled samples. When 

reporting for individual fish, include individuals 

without detected plastic contamination.

 Positive controls and procedural controls

 Collection, extraction, analysis method applied, 

including equipment, quality assurance/quality 

control, limit of detection as MP size and/or mass and 

measurement uncertainty

Advanced

 Polymer type group (according to (Primpke 

et al., 2017)

 Shape of the MP, as fibre, fragment, or 

bead

 Colour identification of MP

 For particles < ca. 500 µm: either MP mass 

or number per tissue weight and MP size 

group, as mean, with standard deviation 

and number of samples, median, for 

individual or defined pooled samples. 

When reporting for individual fish, include 

individuals without detected plastic 

contamination

 Positive, negative, and procedural controls, 

polymer type and size specific 

measurement uncertainties

 Sex

 Age of fish

 Depth of collection

 Weather conditions

 Name of fish harvester and boat

658
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659 Figures

660 Figure 1

661

662
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663 Figure 2

664

665
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1013  Table and Figure Captions

1014 Table 1: Table depicting key data from the analysed publications on micriplastic in Arctic fish. Peer-

1015 reviewed journal publications unless indicated otherwise (report, thesis) in the last column. 

1016 Grey/black text for easier discrimination of lines. Lines collate numbers with species.

1017

1018 Table 2: First row: Reference, number of analysed MP and species. Rows below: Respective 

1019 distrubution of identified MP polymer types. Colourations highlight groups of synthetic polymers with 

1020 similarities: Light blue, Polyester and derivates; yellow, polyoleofins; red, acrylic and paints; green, 

1021 vinyl containing polymers. EVA, ethylene-vinyl acetate; PA, polyamide/nylon; PCT, 

1022 polycyclohexylenedimethylene terephtalate; PE, polyethylene; PET, polyethylene terephtalate; POM, 

1023 Polyoxymethylene; PBMA, poly (n-butyl metacrylate); PP, polypropylene; PS, polystyrene; PU, 

1024 polyurethane; SAN, styrene-acronitrile resin; Teflon,  polytetrafluoroethylene.

1025

1026 Figure 1: Region of interest, which the text referred to as “Arctic” within the circumpolar area. Existing 

1027 regular fish sampling for other monitoring purposes such as contaminants or fish population 

1028 monitoring. Repetition interval of sampling is between annually and every third year. Map depicting 

1029 regular ongoing sampling according to species sampled; see box within figure for symbol coding. As 

1030 published in the AMAP monitoring guidelines (AMAP et al., 2021).

1031

1032 Figure 2: Outline of steps necessary to achieve monitoring of Arctic fish for MP. Fish illustrating that 

1033 methods for monitoring larger plastics in the intestine are developed (green), while methods for 

1034 monitoring smaller MP in other tissues require further development (orange). 
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