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12 Abstract

13
14 Lanternfishes (Myctophidae) are key components of mesopelagic fish communities 

15 globally. In the Southern Ocean, incomplete information on myctophid diets limits our 

16 understanding of their energetics, interactions and wider ecosystem impact. Traditional 

17 microscopic methods of diet analysis have relatively coarse prey resolution and possible 

18 taxonomic and observer biases. DNA metabarcode sequencing promises higher taxonomic 

19 and temporal resolution, but uncertainty remains in comparing this is with microscopy-based 

20 analyses. Here, we applied 18S DNA metabarcode sequencing to stomach contents from 

21 twenty Electrona antarctica individuals which had previously been examined via 

22 microscopic analysis. Across all fish, crustacean and gastropod taxa dominated the prey 

23 identified via both methods, with broad agreement between methods on the relative 

24 abundance of different prey items. DNA metabarcode sequencing recovered greater 

25 taxonomic diversity and resolution, particularly for soft-bodied prey items and small 

26 crustaceans. DNA sequencing results also more clearly differentiated diet between 

27 individuals collected from different environments. Overall, our findings illustrate how DNA 

28 based methods are complementary to, and consistent with, traditional methods and can 

29 provide additional, high-resolution data on a range of trophic interactions. 

30

31 Keywords: Myctophids, DNA metabarcoding, dietary analyses, method comparison, 

32 Southern Ocean
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33 1. Introduction

34 Lanternfishes (Myctophidae) are an abundant and ecologically important component of 

35 Southern Ocean pelagic ecosystems (Murphy et al. 2007, Saunders et al. 2019, Duhamel et al. 

36 2014, Liszka et al. 2022). Acoustic estimates of mesopelagic fish biomass in this region are 

37 as high as 570 million tonnes, with estimates suggesting that this group of fishes may 

38 consume in excess of 150 million tonnes of zooplankton annually (Koz 1995, Dornan et al. 

39 2022). Myctophids are considered central to some Southern Ocean food webs (McCormack 

40 et al., 2020) and may act as an alternative trophic pathway between primary production and 

41 higher predators in years when Antarctic krill (Euphausia superba) are scarce (Murphy et al. 

42 2007). Furthermore, with a broad vertical distribution (0 – 1000 m) and daily vertical 

43 migrations, they contribute to the export of carbon from surface to deep waters in the region 

44 (Collins et al., 2012, Saunders et al. 2019, Belcher et al. 2019, Saba et al. 2021).

45

46 Myctophids are key prey for king penguins, Antarctic fur seals, and some squid and 

47 toothfish species (Olsson & North, 1997, Collins et al. 2007, Cherel et al. 2007). However, 

48 the diet of myctophids themselves and their wider influence on Southern Ocean pelagic food-

49 webs is less clear. For example, myctophids are typically considered to be major consumers 

50 of crustacean zooplankton, including copepods, euphausiids and amphipods (Clarke et al. 

51 2020, Pakhomov & Perissinoto 1996) but regional, seasonal, and ontogenetic variation in diet 

52 (Saunders 2014, 2015a, 2015b, Riaz et al. 2020) complicates inferences on energy budget and 

53 predation impact (Shreeve et al. 2009). Of particular debate has been the role of myctophids 

54 as consumers of Antarctic krill, a keystone species in the Southern Ocean and the target of a 

55 growing commercial fishery (Meyer & Kawaguchi 2022). Saunders et al. (2019) concluded 

56 that some larger myctophid species are central consumers of Antarctic krill, whereas 

57 Pakhomov et al. (1996) found that Antarctic krill were relatively rare diet items for 

58 myctophids, and did not play an important role in their energetics. Given the abundance of 

59 myctophids in the Southern Ocean, and their centrality within the food web, efforts to resolve 

60 myctophid trophic interactions will have important implications for understanding food web 

61 dynamics, resource partitioning, and potential impacts of environmental change on ecosystem 

62 structure and function.

63

64 Traditional methods for analysing the in-situ diet of small fish, currently the main source 

65 of data for myctophid diets, have their limitations. When identifying prey via microscopic 

66 identification of stomach contents, a large proportion of the stomach contents can consist of 
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67 unidentifiable or partially digested tissue (Baker et al. 2014, Amundsen & 

68 Sánchez‐Hernández 2019) which makes identification to lower taxonomic levels challenging. 

69 Microscopic identification of stomach contents is also limited when detecting soft-bodied 

70 prey, such as ctenophores, cnidarians, chaetognaths and salps (Amundsen & 

71 Sánchez‐Hernández 2019, Novotny et al. 2022). Moreover, there are uncertainties over the 

72 gut retention times of different stomach contents and whether all prey have comparable gut 

73 passage times (Baker et al. 2014, Amundsen & Sánchez‐Hernández 2019). Finally, these 

74 analyses require specialised taxonomic expertise, and results are not always reproducible 

75 across observers (Berry et al. 2015). Other diet analysis methods, including biomarker 

76 analyses such as stable isotopes and fatty acids provide complementary insights, but are 

77 limited in their ability to resolve prey type, and typically average diet signals over weeks to 

78 months, which can be challenging when considering feeding in a highly temporally variable 

79 environment, such as the polar regions (Schmidt et al. 2006).

80

81 DNA metabarcode sequencing of stomach contents offers a complementary approach to 

82 conventional, morphological diet analyses. Strengths of DNA metabarcode sequencing as a 

83 diet analysis approach include high prey type resolution, high temporal resolution, and a 

84 more broadly applicable skill set required (de Sousa et al. 2019). Prey type resolution varies 

85 with the choice of gene marker used and the specific prey involved, but can be as high as 

86 species or even sub-species level (Clarke et al. 2017). Temporal resolution in any stomach 

87 contents study is a function of digestion and gut evacuation rates. In many small marine 

88 predators, DNA has been shown to be digested much more quickly than the hard parts used in 

89 microscopic analyses, thus providing a shorter snapshot of diet at a given time and location 

90 (Troedsson et al. 2009). DNA analysis of stomach contents requires specialised skills in 

91 molecular approaches, but unlike the regionally specific expertise required for morphological 

92 analyses, these skills are similar across ecosystems and taxa, and overlap with the skills 

93 applied in other DNA-based fields such as medical research. This may be particularly 

94 advantageous for research centres which are still developing their programs in polar science 

95 and may not have an existing legacy of taxonomic expertise.  Nevertheless, DNA sequencing 

96 for diet analysis is not without challenges. There remains uncertainty in the quantification of 

97 the sequencing reads, due to potentially variable digestion rates, different DNA 

98 marker:biomass ratios, and differences in PCR amplification efficiency across differing prey 

99 types (Deagle et al. 2018). Furthermore, present methods based on DNA sequencing do not 

100 provide information on the size, stage (eggs, larvae, adults) or part (whole animal, single 
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101 limb, or exuvia) of the consumed prey (Reese et al. 2014). The relationships between prey 

102 items within a stomach are also not captured by DNA metabarcode sequencing; prey or 

103 parasites within consumed prey items are detected similarly to directly consumed prey, 

104 although sequence reads from these are expected to be much lower in abundance, and 

105 network and correlational analyses can start to tease these interactions apart given large 

106 enough data sets (de Vargas et al. 2015). Lastly, laboratory reagents, equipment, and DNA 

107 sequencing itself remain significant costs, although the current trends of decreasing costs for 

108 all of these are expected to continue (Steinke et al. 2022, van der Reis et al. 2022).

109

110 Direct comparisons between microscopic identification and DNA metabarcode 

111 sequencing of stomach contents can provide valuable improvements to our understanding of 

112 the strengths and limitations of each approach, and are key to comparing between studies 

113 applying different approaches. Comparing across methods can also inform broader ecological 

114 interpretations and guide future best practices as different approaches may be best for 

115 different research questions (Amundsen & Sánchez‐Hernández 2019). There is a growing 

116 body of such direct comparisons, but there remains uncertainty due both to physiological and 

117 ecological differences between fish species, and variation in the molecular methods applied. 

118 Direct comparisons have so far largely focused on commercially important species and model 

119 systems and have not yet been reported for the ecologically important myctophid fishes. 

120 Berry et al. (2015) compared metabarcoding with morphological analysis when investigating 

121 the diets of eight commercially exploited fish species. The metabarcoding approach revealed 

122 a greater diversity of prey items, and provided higher taxonomic resolution of these prey 

123 items. Additionally, the metabarcoding approach recovered soft-bodied prey – including 

124 cartilaginous fishes, salps, and cephalopods - more frequently than morphological 

125 identification. Jakubavičiūtė et al. (2017) investigated the diet of sticklebacks and found that 

126 morphological and metabarcoding approaches were broadly similar. Again, the DNA 

127 metabarcode sequencing approach showed a higher diversity and higher taxonomic resolution 

128 than morphological identification, though in this case some species were missed by the DNA 

129 metabarcode sequencing approach, likely due to primer mismatch. Similar results of broadly 

130 comparable diet with increasing taxonomic resolution have been observed in method 

131 comparisons with European hake and polar cod (Gül et al. 2023, Maes et al. 2023). Several of 

132 the studies published to date however do not include direct individual level comparisons (Gül 

133 et al. 2023, Berry et al. 2015), or only compare presence/absences (Maes et al. 2023) leaving 
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134 some additional uncertainty around the ways in which method choice affects the detection 

135 and quantification of different prey types. 

136 In this study we applied 18S DNA metabarcode sequencing to stomach contents of 

137 twenty individual Antarctic lanternfish, Electrona antarctica, and compared the results with 

138 morphological analyses of the same stomachs (Collins et al., 2020; Saunders et al. 2014). We 

139 evaluate the use of this metabarcoding approach for investigating myctophid diet, and explore 

140 its utility in addressing ecological questions by comparing myctophid feeding across 

141 environments that are spatially and temporally distinct.

142 2. Methods

143

144 2.1. Field collection

145

146 Electrona antarctica, a species of myctophid with a distribution largely restricted to 

147 waters south of the Antarctic Polar Front, were collected in the Scotia Sea on three cruises of 

148 RRS James Clark Ross: JR161 (October-December 2006), JR177 (January - February 2008), 

149 and JR200 (March - April 2009). Sampling stations were distributed between the seasonal 

150 ice-edge and the Antarctic Polar Front (Fig. 1). Net sampling and haul catch processing 

151 methods are detailed in Collins et al. (2012). In summary, mesopelagic fish communities 

152 were sampled with a 25 m2 rectangular midwater trawl net (RMT25) towed at 2.5 knots over 

153 discrete depth zones, specifically surface to 200 m, 200–400 m, 400–700 m and 700–1000 m. 

154 Water temperature was recorded in real time using a custom-built net monitoring system. 

155 Electrona antarctica were identified using published guides (Gon and Heemstra 1990; Hulley 

156 1990) and standard length (SL) was measured to the nearest mm. Stomachs were dissected at 

157 sea and frozen (-20oC) until analysis. As detailed in Shreeve et al. (2009) and Saunders et al. 

158 (2014), stomach contents were thawed prior to being sorted and identified to the lowest 

159 taxonomic level possible under microscopy. Note that the fish reported here represent only a 

160 subset of those analysed in Saunders et al. (2014), and that all individuals analysed were 

161 adults. Any items that were completely undigested were considered to represent trawl feeding 

162 and were excluded from subsequent analyses. Trawl feeding is rarely observed in 

163 myctophids; this data filtration step reflects that the microscopy protocols are standardized 

164 across a wide variety of fish species. Following microscopic analyses, complete stomach 

165 contents were preserved in 96% ethanol until molecular analyses. Both high concentrations of 
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166 ethanol and freezing have been shown to be effective at preserving DNA for diet studies in 

167 marine animals (Passmore et al. 2006).

168 A sub-sample (n=20) of the E. antarctica individuals were analyzed here with 

169 molecular approaches, and compared with existing microscopy data (Saunders et al. 2014). 

170 All fish analyzed were collected at night, in the upper 700 m, and were identified as female 

171 with the exception of one male from cruise JR161. Half of the fish (n=10) analysed were 

172 from net hauls with mean SST (over the trawl duration) below 0°C (“Antarctic” group) and 

173 the remaining half (n=10) from net hauls with mean SST between 3-5°C (“Sub-Antarctic” 

174 group) (Table 1, S1).

175

176 2.2. DNA extraction, PCR amplification and high-throughput sequencing of 18S ribosomal 

177 DNA 

178

179 Excess ethanol was removed from each sample by centrifuging and manual pipetting 

180 to limit carry-over into the DNA extraction process. The entire stomach contents of each fish 

181 was analysed, with no attempt to pick out intact prey items. TNES lysis buffer (2 mL) was 

182 added to each sample’s stomach contents, which was subsequently homogenised using the 

183 TissueRuptor II (Qiagen GmbH, Hilden, Germany). DNA was extracted from 200 μL of 

184 homogenate using the DNeasy Blood and Tissue kit, as per manufacturer’s directions 

185 (Qiagen GmbH, Hilden, Germany). 

186

187 Amplification of the V7-V9 region of the 18S ribosomal DNA gene was performed 

188 for DNA extracts from each sample in 50 μL polymerase chain reactions (PCRs). 18S is the 

189 preferred marker gene for this type of study because it contains highly conserved primer sites, 

190 which allows for primers to amplify the DNA of nearly all eukaryotes, at the same time it 

191 targets relatively short highly variable regions between these conserved sites, which 

192 minimize the impacts of digestion, and there are extensive, curated reference databases 

193 available (Cleary et al. 2012, Deagle et al. 2014, Berry et al. 2015). Each PCR reaction 

194 contained 25 μL of GoTaq Green Master Mix (Promega, Madison, WI, United States), 2.5 μL 

195 each of sample-sequence identification tagged forward and reverse primers (Gast et al. 2004), 

196 10 μL of nuclease free water and 10 μL of extracted DNA template at a concentration of 10 

197 ng μl-1. Thermocycling consisted of an initial polymerase activation and DNA denaturation at 

198 94°C for 30 seconds, followed by 35 cycles of 94°C for 30 s, 58°C for 45s, 72°C for 30s with 
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199 a final extension at 72°C for 10 minutes. Resulting PCR products were purified using 

200 paramagnetic beads as per Rohland and Reich (2012) and quantified using the Qubit 4 

201 Fluorometer (Waltham, MA, United States). 

202

203 Amplicons from all samples were pooled together in equimolar ratios prior to 

204 sequencing. Sequencing was performed on Illumina MiSeq with Reagent Nano Kit v2 (San 

205 Diego, CA, United States) and 250 base pair paired-end reads at the Biochemistry DNA 

206 Sequencing Facility (University of Cambridge Department of Biochemistry, Cambridge, 

207 United Kingdom).

208

209 2.3. Bioinformatic analysis

210

211 Bioinformatic analyses were conducted in Qiime2 version 2022.2.0 (Bolyen et al. 

212 2019). Sequences were separated into samples using the in-line barcodes and trimmed to 

213 remove primers using cutadapt version 2022.2.0 (Martin 2011). Any reads which did not 

214 contain the expected forward primer sequence in the expected position were discarded. Reads 

215 were de-noised, forward and reverse reads were merged, and chimeras were removed using 

216 the dada2 version 2022.2.0 implementation in Qiime2 (Callahan et al. 2016). The main 

217 output of this quality filtering was the assignment of reads to “Amplicon Sequence Variants” 

218 (ASVs), each of which represents a unique sequence inferred from the denoising algorithm. 

219 For details of the specific parameters used at each step of the Qiime2 pipeline, see the data 

220 processing script in supplementary information. 

221

222 Taxonomy was assigned to each ASV, using a pre-trained machine learning classifier 

223 compiled from the Silva-138 99% identity database, implemented in the “scikit-learn” Python 

224 library (Bokulich et al. 2018). The lowest taxonomic level to which each ASV could be 

225 classified with high confidence was also obtained from manual BLASTN searches against the 

226 NCBI “nt” database for all ASVs with a total read abundance above fifty. Based on these two 

227 sources of taxonomic information, each ASV was classified as: “Myctophid” (sequences 

228 identified as E. antarctica, or classified only to a higher taxonomic level which contains E. 

229 antarctica, such as “myctophidae” or “teleost”), “other fish” (sequences identified with high 

230 confidence to fish other than E. antarctica), “potential parasite or symbiont” (any organism 

231 known to form parasitic or symbiotic relationships, respectively with myctophids or known 
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232 myctophid prey items), “prey” (any organism not in the previous categories, known to be 

233 present in marine habitats and of a size consumable by myctophids) and “terrestrial 

234 contaminant” (any organism resident exclusively on land). ASVs represented by less than 50 

235 reads were excluded from further analysis, given that highly abundant sequences are more 

236 likely to represent ecologically-meaningful observations, and the lowest abundance ASVs are 

237 most likely to contain sequencing errors or to reflect trace contaminants (Tercel & Cuff 

238 2022). 

239

240 2.4. Comparative analyses

241

242 Multivariate data analyses were applied to both microscopic and molecular data sets 

243 in parallel, to compare the diet assemblages between methods and to assess the impacts of 

244 method choice on ecological interpretations. We derived metrics of relative read abundance 

245 and relative prey abundance. Specifically, relative read abundance was calculated as the 

246 number of sequence reads attributed to a given broad taxonomic grouping (e.g. algae) per 

247 sample divided by the total number of sequence reads per sample. Similarly, relative prey 

248 abundance for the microscopy observations was calculated as the count of prey items 

249 microscopically assigned to a given broad taxonomic grouping per myctophid stomach 

250 sample divided by the total count of prey items per sample. This approach has been shown to 

251 provide the most accurate representations of true diet and is less prone to overweighting the 

252 importance of rare diet items or trace contaminants then presence/absence approaches 

253 (Deagle et al. 2019).

254

255 Bray-Curtis dissimilarities between each fish were calculated as the basis of a dendrogram 

256 using the linkage and dendrogram functions in MatLab R2022b (Bray & Curtis 1957). Bray-

257 Curtis dissimilarities were calculated in parallel in R and used to produce Non-metric Multi-

258 dimensional Scaling (NMDS) plots and conduct ANOSIM testing using the “vegan” package 

259 (Oksanen et al. 2020). NMDS visualizations summarise intraspecific sample variability in 

260 relation to Sea Surface Temperature (SST), Depth Zone, Myctophid size and Cruise Year. 

261 We reported the ANOSIM R statistic and a significance value of 0.05 to test if there is a 

262 statistically significant difference in molecularly-identified diet composition between Sub-

263 Antarctic and Antarctic groups. All summary and inferential statistical analyses were 

264 conducted in R version 4.0.4 (R Core Team, 2021). Figures were produced using the “ggplot” 

265 R package (Wickham, 2016). 
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266

267 3. Results

268

269 3.1. Microscopic analysis

270

271 The diet identified microscopically could be grouped into four broad taxonomic 

272 groups:Amphipoda, Calanoida, Euphausiacea and Pteropoda. Additionally, one stomach 

273 contained only unidentified crustacea (Fig. 2).  This is consistent with broader patterns of E. 

274 antarctica diet composition recovered from microscopic analysis by Saunders et al. (2014) 

275 and Shreeve et al. (2009). Total prey count of each stomach varied between 1-21 items (mean 

276 = 5.7 ±4.9) and total prey mass varied between 0.001-0.233g (mean = 0.067 ±0.066). 

277 Summary of prey count and prey mass per sample station is given in Table 1.

278

279 3.2. Molecular analysis

280

281 Two stomachs failed to generate sufficient quality DNA amplicons for sequencing, 

282 giving a final sample size of eighteen individuals for the DNA metabarcoding analysis. 

283 Following de-noising and filtering, the final metabarcoding data set included 934,177 

284 sequence reads, which were assigned to a total of 301 unique ASVs. The number of reads per 

285 sample ranged from 10,103 to 96,623 (mean reads per sample = 51,898). From the overall 

286 reads, 3,366 were removed due to their assignment to low abundance ASVs (222 or 74% of 

287 ASVs had < 50 total reads across all samples). Further to this, we also removed 602,513 

288 sequences representing i. myctophid material (584,132 reads attributed to myctophid-

289 assigned ASVs), ii. potential terrestrial contaminants (319 reads attributed to land plant 

290 ASVs), iii. parasitic or symbiotic organisms (761 reads attributed to fungal ASVs, 17,141 

291 reads assigned to parasitic ciliate ASVs) and iv. unidentified opisthokont and placental 

292 organisms (61 reads attributed to opisthokont ASVs and 99 reads attributed to placental 

293 ASVs) leaving 46 unique ASVs across the 10 taxonomic categories listed in Table 2 for 

294 further analyses. The most numerous groups were crustaceans, gastropods, and non-

295 myctophid fish (Fig. S1, Table S2), within which several ASVs could be identified to genus 

296 level including the genera Euphausia and Thysanoessa (class Malacostraca), Calanus and 

297 Candacia (class Copepoda), and Limacina (class Gastropoda).  Grouping these ASVs in a 

298 similar way to the microscopy results, DNA metabarcoding identified 19 broad taxonomic 
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299 groups across all stomach samples which included the four groups identified via microscopy 

300 (Fig. 2).

301

302 3.3. Comparative analyses

303

304 Microscopic analysis found that stomachs contained, on average, 2 prey taxa (max = 

305 3). These same taxa often dominated read abundance from the DNA sequencing analysis 

306 (Fig. 2) but the diversity of taxa greatly increased (mean taxa = 6, max = 9). The taxonomic 

307 groups present in the metabarcoding but absent from the microscopy analyses mostly 

308 consisted of soft-bodied species such as rotifers and cnidaria (Fig. 2).

309

310 When assessing variability in diet composition as ascertained with molecular tools 

311 across the two environments (Antarctic <0°C vs. Sub-Antarctic 3-5°C SST), we found a 

312 greater proportion of euphausiids and pteropods within the diet of samples from Antarctic 

313 temperatures than from Sub-Antarctic temperatures (Fig. 3; mean pteropod relative read 

314 abundance Antarctic group = 35.1 ± 30.1%, Sub-Antarctic group = 0.81 ± 1.1%;  mean 

315 euphausiid relative read abundance Antarctic group = 31.1 ± 35.7%, Sub-Antarctic group = 

316 23.7 ± 35.8%). Eight of the ten individuals collected from the Antarctic environment 

317 contained at least 15% pteropod sequences, while none of those from the Sub-Antarctic 

318 environment contained more than 5%. There was also a greater abundance of amphipods in 

319 the diet of individuals collected from the Sub-Antarctic environment than those collected 

320 further south (Fig. 3). These dietary differences were sufficient to distinguish individuals 

321 sampled from Antarctic and Sub-Antarctic waters using molecular data (Fig. 4).  Although 

322 we note a similar change in the dominant prey taxa recovered by microscopy methods (Fig. 

323 2), the same metric based on microscopy results did not successfully separate all individuals 

324 by temperature (Fig. 4).

325

326 Moreover, NMDS plots of the metabarcoding results show distinct clustering of diet 

327 composition between temperature groups (Fig. 5, ANOSIM R = 0.52, ANOSIM significance 

328 value<0.001) and with research cruise/year (ANOSIM R = 0.64, ANOSIM significance 

329 value<0.001). We find greater overlap in diet composition across depth zones (0-200 m and 

330 400-700 m; ANOSIM R = 0.13, ANOSIM significance value = 0.06) and body size (<70 mm

331 and ≥70 mm; ANOSIM R = 0.1732, ANOSIM significance value = 0.02). 

332
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333 4. Discussion

334 DNA metabarcode sequencing yielded an overall similar picture of myctophid diets to 

335 that obtained via microscopic observations, but resolved additional detail. Frequently 

336 observed prey groups from both methods included copepods, amphipods, euphausiids, and 

337 pteropods. This is in broad agreement to our existing understanding of the predominant prey 

338 of E. antarctica using microscopy (Pakhomov et al. 1996, Shreeve et al. 2009, Saunders et 

339 al., 2014, Riaz et al. 2020) and fatty acids (Stowasser et al. 2009, Connan et al. 2020). 

340

341 While the dominant prey groups were similar across methods, a greater diversity of prey 

342 species was recovered with molecular data. This was partly due to higher taxonomic 

343 resolution of prey, a common result when using metabarcoding methods to infer diet of 

344 marine species (Berry et al. 2015, Jakubavičiūtė et al. 2017,). The higher resolving power of 

345 molecular data was particularly striking for specimen 161-106-2_2; microscopic results 

346 classified the stomach contents as “unidentified crustacean”, while molecular data resolved 

347 this material into seven different taxonomic groups (Fig. 2).  Candacia spp. copepods are one 

348 of the prey items which were able to be classified more finely by molecular approaches (as 

349 Candacia spp.), than they were by microscopy (as Calanoid copepods). Candacia spp. are 

350 relatively small copepods, smaller than the genera typically considered to be important prey 

351 for myctophids, making this an interesting addition to our understanding of the trophic roles 

352 of these fish (Saunders et al. 2019). 

353

354 Greater prey diversity from molecular methods was also due to the detection of soft-

355 bodied prey, which are often missed and are particularly poorly resolved by microscopy-

356 based analyses, as we find in our samples. Salps and tunicates have been found via 

357 microscopic analysis in the diets of a handful of myctophid species from the sub-Antarctic 

358 (Pakhomov et al. 1996) and Scotia Sea (Shreeve et al. 2009), yet previous work has shown 

359 that molecular approaches are more successful in the detection of these prey types (Urban et 

360 al. 2022). Indeed, Clarke et al. (2020) recovered sequences of siphonophores and cnidarians 

361 from DNA metabarcoding of mesopelagic fish stomach contents in the Indian Ocean sector 

362 of the Southern Ocean, although these were relatively low abundance in their myctophid 

363 samples, and primarily observed amongst Bathylagus sp. Our molecular data detected 

364 sequences of Cnidaria, salps, ciliates, and rotifers, although none were major dietary 

365 components. The importance of gelatinous zooplankton in the diet of pelagic fishes is 

366 becoming increasingly recognised (Diaz Briz et al. 2017, Clarke et al. 2020, Novotny et al. 
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367 2022), and our findings provide further evidence of metabarcoding being an effective tool in 

368 this regard.

369

370 DNA metabarcode sequencing captures all organisms for which DNA for the marker 

371 gene analysed is present within the stomach contents.  This raises the potential for 

372 confounding factors to influence results, such as the inadvertent detection of gut parasites, 

373 prey-of-prey, and parasites-of-prey. Relatively few of the sequences identified here fell into 

374 these groups – 17,902 reads (1.9% of the total reads) were excluded from analysis as 

375 potential parasites (of myctophids or prey). Single-celled organisms which would potentially 

376 be present as prey of prey (phytoplankton, ciliates, and cercozoan) were also relatively rare 

377 with only 2,306 reads from 19 ASVs (0.7 % of the total reads). This is similar to existing 

378 results with targeted analyses of prey in fish stomach contents, which have indicated prey of 

379 prey are rare in stomach contents sequencing data, typically making up less than 1% of the 

380 total reads (Clarke et al. 2020). Prey of prey thus appears not to be a major confounding 

381 factor in myctophid stomach contents sequencing for dietary analysis, but it is still worth 

382 viewing with caution unexpected prey items, particularly small protists. On the other hand, 

383 the trace amount of reads recovered from prey and parasites within consumed prey could 

384 potentially be informative of broader ecological interactions; myctophids serving as a form of 

385 biological environmental sampler. Network analyses with the data presented here yielded no 

386 interactions of interest, but such analyses with larger data sets in the future hold potential. 

387 Metabarcoding diet studies can in some cases be limited by the reference databases available 

388 covering relevant prey species. 18S rDNA has one of the most comprehensive databases 

389 available, and in the relatively low diversity Southern Ocean this was not a significant 

390 limitation as all abundant sequences were well classified, but future expansions of these 

391 databases may allow for even higher taxonomic resolution of prey items. Lastly, we here took 

392 the conservative approach of excluding all Myctophidae sequences, as they may have 

393 originated from the host’s stomach tissue. Thus, cannibalism or predation on eggs and larvae 

394 of confamilials would have been missed.

395

396 Diet differences between individuals sampled in Antarctic and Sub-Antarctic regions 

397 were observed in both molecular and microscopy data, but these differences were better 

398 resolved using the molecular data (Figs 3 & 4). The presence of pteropods in the diet was a 

399 particular differentiating feature, making up a larger proportion of sequence reads for fish in 

400 Antarctic waters than in the Sub-Antarctic. Pteropods can be abundant in the Scotia Sea, 
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401 sometimes exceeding 35% of the total mesozooplankton abundance, with an estimated 

402 contribution to biomass of 32 mg C m−2 (Hunt et al. 2008, Bednaršek et al. 2012).  

403 Amphipods were more abundant in the Sub-Antarctic samples, although this difference was 

404 less striking than that of pteropods. In other Southern Ocean zooplanktivores, amphipods 

405 have been found to be particularly important prey in warmer temporal periods (Croxall et al. 

406 1999). Previous analyses of E. antarctica diet across a north-south gradient in East Antarctica 

407 found no regional differences, which may reflect the weaker ecological gradients in the more 

408 bathymetrically homogenous eastern sector (Clarke et al. 2020). Similarly, a comprehensive 

409 network analysis of food webs in the East and West sectors of the Southern Ocean found that 

410 the euphausiid Antarctic krill were not the biggest contributors to energy flow pathways in 

411 the Indian and West Pacific sectors (McCormack et al. 2021). This may partly explain the 

412 higher abundance of euphausiids in the diet of E. antarctica specimens collected in Antarctic, 

413 southern waters surrounding the South Orkney archipelago (this study) and in the Western 

414 Antarctic Peninsula region (Pusch et al. 2004) but their relatively low abundance in samples 

415 further east (Pakhomov et al. 1996, Gasket et al. 2001). 

416

417 From the molecular data presented here, significant differences in prey were also found 

418 between small and large fish and between the three cruises from which the data were 

419 collected. Prey composition is known to vary with myctophid size, both within and between 

420 species. This is likely due to a combination of gape size, filtering capacity of the gill rakers 

421 and the vertical distribution of the predators and target prey (Shreeve et al. 2009). Cruise 

422 timings varied both yearly and seasonally, complicating inferences on the temporal variation 

423 in myctophid diet. However, Saunders et al. (2014) also detected seasonal patterns in E. 

424 antarctica using microscopy methods with a large (>400) number of samples. Copepod prey 

425 dominated the diet of small fish and those collected from austral spring and summer (JR161 

426 and JR171) while euphausiids were the dominant prey in larger fish and those collected in 

427 austral autumn (JR200). This may reflect seasonal changes in copepod ontogeny, as the older 

428 copepod stages become less abundant in surface waters in autumn and winter (Saunders et al. 

429 2014). That molecular tools were able to detect variation in diet from the small subset 

430 analysed, combined with the higher taxonomic resolution achieved, gives promise that future 

431 applications will offer significant new insights into the trophodynamics of myctophids when 

432 applied to a greater number of samples and at finer spatial and temporal scales. 

433

434 5. Conclusions
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435 DNA metabarcode sequencing shows clear potential for future application to 

436 understanding the feeding ecology of myctophid fishes. Prey groups identified were broadly 

437 consistent with results from microscopy, but provided additional detail by identifying sub-

438 groups within broader categories such as copepods, and capturing smaller and soft-bodied 

439 prey items. Future applications of this approach to larger sample sizes, particularly if 

440 collected across larger spatial and/or temporal scales, have the potential to greatly improve 

441 our understanding of the environmental drivers of variation in myctophid diets, and thus fill 

442 key gaps in our knowledge of the role myctophids play in Southern Ocean ecosystems.

443

444 6. Funding

445 This work was supported by a NERC GW4+ REP award (MV), and the European Union’s 

446 Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant 

447 agreement No 887760 (ACC). Samples were provided as part of the ongoing National 

448 Capability programme CONSEC run by the Ecosystems team at British Antarctic Survey to 

449 examine Southern Ocean ecosystem structure and function. Myctophid sample collection was 

450 co-ordinated by MAC as part of this programme.

451

452 7. Data Availability Statement

453 Raw sequence data is available in the NCBI short read archive under BioProject ID 

454 PRJNA931893. Morphological gut contents data is available from https://data.bas.ac.uk/full-

455 record.php?id=GB/NERC/BAS/PDC/01235.

456

457 8. Conflict of Interest

458 The authors declare that the research was conducted in the absence of any commercial or 

459 financial relationships that could be construed as a potential conflict of interest.

460

461 9. Author Contributions

462 MV: Conceptualization, laboratory analyses, bioinformatics, and writing, JJF: 

463 conceptualization, data compilation, supervision, writing and funding, MAC: data collection, 

464 conceptualization and supervision, ACC: conceptualization, laboratory analyses, supervision, 

465 writing, project administration and funding.

466

Page 14 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

15

467 10. References

468 Amundsen PA, Sánchez‐Hernández J. Feeding studies take guts–critical review and 

469 recommendations of methods for stomach contents analysis in fish. Journal of Fish 

470 Biology. 2019 Dec;95(6):1364-73.

471 Baker R, Buckland A, Sheaves M. Fish gut content analysis: robust measures of diet 

472 composition. Fish and Fisheries. 2014 Mar;15(1):170-7.

473 Bednaršek N, Tarling GA, Fielding S, Bakker DC. Population dynamics and biogeochemical 

474 significance of Limacina helicina antarctica in the Scotia Sea (Southern Ocean). Deep 

475 Sea Research Part II: Topical Studies in Oceanography. 2012 Jan 1;59:105-16.

476 Belcher, A., R. A. Saunders, and G. A. Tarling. 2019. Respiration rate and active carbon flux 

477 of mesopelagic fishes (family Myctophidae) in the Scotia Sea, Southern Ocean. Mar. 

478 Ecol. Prog. Ser. 610: 149–162.

479 Berry O, Bulman C, Bunce M, Coghlan M, Murray DC, Ward RD. Comparison of 

480 morphological and DNA metabarcoding analyses of diets in exploited marine fishes. 

481 Marine Ecology Progress Series. 2015 Nov 26;540:167-81.

482 Bokulich, N.A., Kaehler, B.D., Rideout, J.R., Dillon, M., Bolyen, E., Knight, R., Huttley, 

483 G.A. and Gregory Caporaso, J., 2018. Optimizing taxonomic classification of marker-

484 gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome, 

485 6(1), pp.1-17.

486 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, Alexander H, 

487 Alm EJ, Arumugam M, Asnicar F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, 

488 Brislawn CJ, Brown CT, Callahan BJ, Caraballo-Rodríguez AM, Chase J, Cope EK, 

489 Da Silva R, Diener C, Dorrestein PC, Douglas GM, Durall DM, Duvallet C, 

490 Edwardson CF, Ernst M, Estaki M, Fouquier J, Gauglitz JM, Gibbons SM, Gibson 

491 DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes S, Holste H, Huttenhower C, 

492 Huttley GA, Janssen S, Jarmusch AK, Jiang L, Kaehler BD, Kang KB, Keefe CR, 

493 Keim P, Kelley ST, Knights D, Koester I, Kosciolek T, Kreps J, Langille MGI, Lee J, 

494 Ley R, Liu YX, Loftfield E, Lozupone C, Maher M, Marotz C, Martin BD, McDonald 

495 D, McIver LJ, Melnik AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT, Navas-

496 Molina JA, Nothias LF, Orchanian SB, Pearson T, Peoples SL, Petras D, Preuss ML, 

497 Pruesse E, Rasmussen LB, Rivers A, Robeson MS, Rosenthal P, Segata N, Shaffer M, 

498 Shiffer A, Sinha R, Song SJ, Spear JR, Swafford AD, Thompson LR, Torres PJ, Trinh 

499 P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, van der Hooft JJJ, Vargas F, Vázquez-

500 Baeza Y, Vogtmann E, von Hippel M, Walters W, Wan Y, Wang M, Warren J, 

Page 15 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

16

501 Weber KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld JR, Zhang Y, Zhu Q, 

502 Knight R, and Caporaso JG. 2019. Reproducible, interactive, scalable and extensible 

503 microbiome data science using QIIME 2. Nature Biotechnology 37: 852–857. 

504 https://doi.org/10.1038/s41587-019-0209-9

505 Bray JR, Curtis JT. An ordination of the upland forest communities of southern Wisconsin. 

506 Ecological monographs. 1957 Oct 1;27(4):326-49.

507 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-

508 resolution sample inference from Illumina amplicon data. Nature methods. 2016 

509 Jul;13(7):581-3. doi:10.1038/nmeth.3869.

510 Cherel Y, Hobson KA, Guinet C, Vanpe C (2007) Stable isotopes document seasonal 

511 changes in trophic niches and winter foraging individual specialization in diving 

512 predators from the Southern Ocean. Journal of Animal Ecology 76:826-836

513 Clarke LJ, Beard JM, Swadling KM, Deagle BE. Effect of marker choice and thermal cycling 

514 protocol on zooplankton DNA metabarcoding studies. Ecology and evolution. 2017 

515 Feb;7(3):873-83.

516 Clarke LJ, Trebilco R, Walters A, Polanowski AM, Deagle BE. DNA-based diet analysis of 

517 mesopelagic fish from the southern Kerguelen Axis. Deep Sea Research Part II: 

518 Topical Studies in Oceanography. 2020 Apr 1;174.

519 Cleary AC, Durbin EG, Rynearson TA. Krill feeding on sediment in the Gulf of Maine 

520 (North Atlantic). Marine Ecology Progress Series. 2012 May 30;455:157-72.

521 Collins MA, Ross KA, Belchier M, Reid K (2007) Distribution and diet of juvenile 

522 Patagonian toothfish on the South Georgia and Shag Rocks shelves (Southern Ocean). 

523 Mar Biol 152:135-147 

524 Collins MA, Shreeve R, Stowasser G, Foster E & Saunders R (2020). Conventional stomach 

525 contents data for mesopelagic fish collected from the Scotia Sea between 2004-2009 

526 (Version 1.0) [Data set]. UK Polar Data Centre, Natural Environment Research 

527 Council, UK Research & Innovation. https://doi.org/10.5285/1f70d2a9-b0d7-4403-

528 bcb9-2cd884222a9c

529 Collins MA, Stowasser G, Fielding S, Shreeve R, Xavier JC, Venables HJ, Enderlein P, 

530 Cherel Y, Van de Putte A (2012) Latitudinal and bathymetric patterns in the 

531 distribution and abundance of mesopelagic fish in the Scotia Sea. Deep Sea Res Part 

532 II Top Stud Oceanogr 59:189-198

Page 16 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

17

533 Croxall JP, Reid K, Prince PA. Diet, provisioning and productivity responses of marine 

534 predators to differences in availability of Antarctic krill. Marine Ecology Progress 

535 Series. 1999 Feb 11;177:115-31.

536 Deagle BE, Jarman SN, Coissac E, Pompanon F, Taberlet P. DNA metabarcoding and the 

537 cytochrome c oxidase subunit I marker: not a perfect match. Biology letters. 2014 Sep 

538 30;10(9):20140562.

539 Deagle BE, Thomas AC, McInnes JC, Clarke LJ, Vesterinen EJ, Clare EL, Kartzinel TR, 

540 Eveson JP. Counting with DNA in metabarcoding studies: How should we convert 

541 sequence reads to dietary data?. Molecular ecology. 2019 Jan;28(2):391-406.

542 de Sousa LL, Silva SM, Xavier R. DNA metabarcoding in diet studies: Unveiling ecological 

543 aspects in aquatic and terrestrial ecosystems. Environmental DNA. 2019 

544 Sep;1(3):199-214.

545 De Vargas C, Audic S, Henry N, Decelle J, Mahé F, Logares R, Lara E, Berney C, Le Bescot 

546 N, Probert I, Carmichael M. Eukaryotic plankton diversity in the sunlit ocean. 

547 Science. 2015 May 22;348(6237):1261605.

548 Diaz Briz L, Sánchez F, Noemí M, Mianzan H & Genzano G. (2017) Gelatinous zooplankton 

549 (ctenophores, salps and medusae): an important food resource of fishes in the 

550 temperate SW Atlantic Ocean, Marine Biology Research, 13:6, 630-644, DOI: 

551 10.1080/17451000.2016.1274403

552 Dornan T, Fielding S, Saunders RA, Genner MJ. Large mesopelagic fish biomass in the 

553 Southern Ocean resolved by acoustic properties. Proceedings of the Royal Society B. 

554 2022 Jan 26;289(1967):20211781.

555 Duhamel G, Hulley PA, Causse R, Koubbi, P, Vacchi M, Pruvost P, Vigetta S, Irisson J, 

556 Mormede S, Belchier M, Dettai A, Detrich HW, Gutt J, Jones CD, Kock KH, 

557 Abellan, L., and Van De Putte AP. (2014). "Chapter 7: biogeographic patterns of 

558 fish," in Biogeographic Atlas of the Southern Ocean, eds. C. De Broyer, P. Koubbi, 

559 H.J. Griffiths, B. Raymond, D.A. D'udekem, C. , A.P. Van De Putte, B. Danis, B. 

560 David, S. Grant, J. Gutt, C. Held, G. Hosie, F. Huettmann, A. Post & Y. Ropert-

561 Coudert.  (Cambridge, United Kingdom: Scientific Committee on Antarctic 

562 Research), 328-362.
563 Gaskett AC, Bulman C, He X, and Goldsworthy SD (2001). Diet composition and guild structure 

564 of mesopelagic and bathypelagic fishes near Macquarie Island, Australia. N. Zeal. J. Mar. 

565 Freshw. Res. 35, 469–476. doi: 10.1080/00288330.2001.9517016

Page 17 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

18

566 Gast RJ, Dennett MR, Caron DA. Characterization of protistan assemblages in the Ross Sea, 

567 Antarctica, by denaturing gradient gel electrophoresis. Applied and environmental 

568 microbiology. 2004 Apr;70(4):2028-37.

569 GEBCO Compilation Group (2022) GEBCO_2022 Grid (doi:10.5285/e0f0bb80-ab44-2739-

570 e053-6c86abc0289c)

571 Gül G, Keskin E, Demirel N. Comparison of fish prey contribution in the diet of European 

572 hake by visual assessment of stomach contents and DNA metabarcoding. 

573 Environmental Biology of Fishes. 2023 Apr;106(4):613-25.

574 Hunt BP, Pakhomov EA, Hosie GW, Siegel V, Ward P, Bernard K. Pteropods in southern 

575 ocean ecosystems. Progress in Oceanography. 2008 Sep 1;78(3):193-221.

576 Jakubavičiūtė E, Bergström U, Eklöf JS, Haenel Q, Bourlat SJ. DNA metabarcoding reveals 

577 diverse diet of the three-spined stickleback in a coastal ecosystem. PLoS One. 2017 

578 Oct 23;12(10):e0186929.

579 Koz A. A review of the trophic role of mesopelagic fish of the family Myctophidae in the 

580 Southern Ocean ecosystem. CCAMLR Science. 1995;2:71-7.

581 Liszka CM, Thorpe SE, Wootton M, Fielding S, Murphy EJ, Tarling GA. Plankton and 

582 nekton community structure in the vicinity of the South Sandwich Islands (Southern 

583 Ocean) and the influence of environmental factors. Deep Sea Research Part II: 

584 Topical Studies in Oceanography. 2022 Apr 1;198:105073.

585 Massicotte P, South A (2023). rnaturalearth: World Map Data from Natural Earth. 

586 https://github.com/ropensci/rnaturalearth.

587 Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. 

588 EMBnet. journal, 17(1):pp–10, 2011. doi:10.14806/ej.17.1.200.

589 Maes SM, Schaafsma FL, Christiansen H, Hellemans B, Lucassen M, Mark FC, Flores H, 

590 Volckaert FA. Comparative visual and DNA-based diet assessment extends the prey 

591 spectrum of polar cod Boreogadus saida. Marine Ecology Progress Series. 2022 Oct 

592 6;698:139-54.

593 McCormack SA, Melbourne-Thomas J, Trebilco R, Blanchard JL, Raymond B, Constable A. 

594 Decades of dietary data demonstrate regional food web structures in the Southern 

595 Ocean. Ecol Evol. 2021; 11: 227– 241. https://doi.org/10.1002/ece3.7017

596 Meyer B, Kawaguchi S. Antarctic marine life under pressure. Science. 2022 Oct 

597 21;378(6617):230-.

598 Murphy EJ, Watkins JL, Trathan PN, Reid K, Meredith MP, Thorpe SE, Johnston NM, 

599 Clarke A, Tarling GA, Collins MA, Forcada J, Shreeve RS, Atkinson A, Korb R, 

Page 18 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

19

600 Whitehouse MJ, Ward P, Rodhouse PG, Enderlein P, Hirst AG, Martin AR, Hill SL, 

601 Staniland IJ, Pond DW, Briggs DR, Cunningham NJ, Fleming AH (2007) Spatial and 

602 temporal operation of the Scotia Sea ecosystem: a review of large-scale links in a krill 

603 centred food web. Philosophical Transactions of the Royal Society B-Biological 

604 Sciences 362:113-148

605 Novotny A, Jan KMG, Dierking J. et al. Niche partitioning between planktivorous fish in the 

606 pelagic Baltic Sea assessed by DNA metabarcoding, qPCR and microscopy. Sci Rep 

607 12, 10952 (2022). https://doi.org/10.1038/s41598-022-15116-7

608 Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O'Hara, 

609 RB, Simpson GL, Solymos P, Stevens MHH, Szoecs E, Wagner H. vegan: 

610 Community Ecology Package. R package version 2.5-7. https://CRAN.R-

611 project.org/package=vegan. 2020.

612 Olsson O, North AW (1997) Diet of the king penguin Aptenodytes patagonicus during three 

613 summers at South Georgia. Ibis 139:504-512

614 Orsi, A. H., T. Whitworth III and W. D. Nowlin, Jr. (1995). On the meridional extent and 

615 fronts of the Antarctic Circumpolar Current, Deep-Sea Research I, 42, 641-673.

616 Pakhomov EA, Perissinotto R, McQuaid CD. Prey composition and daily rations of 

617 myctophid fishes in the Southern Ocean. Marine Ecology Progress Series. 1996 Apr 

618 25;134:1-4.

619 Passmore AJ, Jarman SN, Swadling KM, Kawaguchi S, McMinn A, Nicol S. DNA as a 

620 dietary biomarker in Antarctic krill, Euphausia superba. Marine Biotechnology. 2006 

621 Dec;8:686-96.

622 Pusch C, Hulley PA, and Kock KH (2004). Community structure and feeding ecology of 

623 mesopelagic fishes in the slope waters of King George Island (South Shetland Islands, 

624 Antarctica). Deep Sea Res. Part I: Oceanogr. Res. Pap. 51, 1685–1708. doi: 

625 10.1016/j.dsr.2004.06.008

626 R Core Team. R: A language and environment for statistical computing. R Foundation for 

627 Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 2021.

628 Rees HC, Maddison BC, Middleditch DJ, Patmore JR, Gough KC. The detection of aquatic 

629 animal species using environmental DNA–a review of eDNA as a survey tool in 

630 ecology. Journal of applied ecology. 2014 Oct;51(5):1450-9.

631 Riaz J, Walters A, Trebilco R, Bestley S, Lea MA (2020) Stomach content analysis of 

632 mesopelagic fish from the southern Kerguelen Axis. Deep-Sea Research Part Ii-

633 Topical Studies in Oceanography 174

Page 19 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.

https://doi.org/10.1038/s41598-022-15116-7
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://www.R-project.org/


Draft

20

634 Rohland N, Reich D. Cost-effective, high-throughput DNA sequencing libraries for 

635 multiplexed target capture. Genome research. 2012 May 1;22(5):939-46.

636 Saba, G. K. et al. (2021) Toward a better understanding of fish-based contribution to ocean 

637 carbon flux. Limnology and Oceanography 66, 1639–1664, 

638 https://doi.org/10.1002/lno.11709 

639 Saunders RA, Collins MA, Foster E, Shreeve R, Stowasser G, Ward P, Tarling GA (2014) 

640 The trophodynamics of Southern Ocean Electrona (Myctophidae) in the Scotia Sea. 

641 Polar Biol 37:789-807

642 Saunders RA, Collins MA, Ward P, Stowasser G, Shreeve R, Tarling GA (2015) 

643 Distribution, population structure and trophodynamics of Southern Ocean 

644 Gymnoscopelus (Myctophidae) in the Scotia Sea. Polar Biol 38:287-308

645 Saunders RA, Collins MA, Ward P, Stowasser G, Shreeve R, Tarling GA (2015) 

646 Trophodynamics of Protomyctophum (Myctophidae) in the Scotia Sea (Southern 

647 Ocean). J Fish Biol 87:1031-1058

648 Saunders RA, Hill SL, Tarling GA, Murphy EJ. Myctophid fish (Family Myctophidae) are 

649 central consumers in the food web of the Scotia Sea (Southern Ocean). Frontiers in 

650 Marine Science. 2019 Sep 4; 6:530.

651 Schmidt K, Atkinson A, Petzke KJ, Voss M, Pond DW. Protozoans as a food source for 

652 Antarctic krill, Euphausia superba: Complementary insights from stomach content, 

653 fatty acids, and stable isotopes. Limnology and Oceanography. 2006 Sep;51(5):2409-

654 27.

655 Shreeve RS, Collins MA, Tarling GA, Main CE, Ward P, Johnston NM. Feeding ecology of 

656 myctophid fishes in the northern Scotia Sea. Marine Ecology Progress Series. 2009 

657 Jul 2;386:221-36.

658 Steinke D, DeWaard SL, Sones JE, Ivanova NV, Prosser SW, Perez K, Braukmann TW, 

659 Milton M, Zakharov EV, DeWaard JR, Ratnasingham S. Message in a Bottle—

660 Metabarcoding enables biodiversity comparisons across ecoregions. GigaScience. 

661 2022 Apr 28;11.

662 Stowasser, Pond DW & Collins MA, 2009.  Using fatty acid analysis to elucidate the feeding 

663 habits of Southern Ocean mesopelagic fish.  Marine Biology 156, 2289-2302.

664 Tercel MP, Cuff JP. The complex epistemological challenge of data curation in dietary 

665 metabarcoding: Comment on “The precautionary principle and dietary DNA 

666 metabarcoding: Commonly used abundance thresholds change ecological 

Page 20 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

21

667 interpretation” by Littleford‐Colquhoun et al.(2022). Molecular Ecology. 2022 

668 Nov;31(22):5653-9.

669 Troedsson C, Simonelli P, Nägele V, Nejstgaard JC, Frischer ME. Quantification of copepod 

670 gut content by differential length amplification quantitative PCR (dla-qPCR). Marine 

671 Biology. 2009 Feb;156:253-9.

672 Urban P, Præbel K, Bhat S, Dierking J, Wangensteen OS. DNA metabarcoding reveals the 

673 importance of gelatinous zooplankton in the diet of Pandalus borealis, a keystone 

674 species in the Arctic. Molecular Ecology. 2022 Mar;31(5):1562-76.

675 van der Reis AL, Beckley LE, Olivar MP, Jeffs AG. Nanopore short‐read sequencing: A 

676 quick, cost‐effective and accurate method for DNA metabarcoding. Environmental 

677 DNA. 2022.

678 Wickham H. ggplot2. Elegant Graphics for Data Analysis. Springer-Verlag New York. 2016.

679

Page 21 of 28

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

Canadian Journal of Fisheries and Aquatic Sciences
O

PEN
 A

C
C

ESS: This w
ork (the A

uthor’s A
ccepted M

anuscript) is licensed under a C
reative C

om
m

ons A
ttribution 4.0 International License (C

C
 B

Y
 4.0), w

hich perm
its unrestricted use, 

distribution, and reproduction in any m
edium

, provided the original author(s) and source are credited.



Draft

22

680 11. Figures

681

682
683

684 Figure 1: Map of sampling locations and bathymetry around South Georgia (a) and South 

685 Orkney Islands (b) with inset showing locations within the wider area of the Scotia Sea and 

686 South Atlantic. The main frontal features in the region (Polar Front and the Southern 

687 Boundary of the Antarctic Circumpolar Current) are indicated via solid and dashed lines 

688 taken from Orsi et al. (1995), bathymetry was sampled from GEBCO (2022), and country 

689 boundaries are indicated as per Massicotte and South (2023). Sampling locations are 

690 indicated via black markers, with each marker shape representing a different cruise. Note that 

691 multiple samples were taken at each location.

692
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693
694

695 Figure 2: Diet composition of E. antarctica as determined by morphological and molecular 

696 approaches.
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715
716 Figure 3: Comparison of diet composition between samples from Antarctic (≤ 0 °C) and Sub-

717 Antarctic (3-5°C) sea surface temperature conditions. Results are based on those from 

718 molecular methods. 
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727
728

729 Figure 4: Dendrogram of stomach sample contents from molecular and microscopic methods 

730 based on clustering of Bray-Curtis dissimilarities. Red and blue label shading corresponds to 

731 the Sub-Antarctic and Antarctic temperature groupings respectively, illustrating the tighter 

732 clustering by environment observed in the molecular data.
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749

750
751 Figure 5: Non-metric multidimensional scaling (NMDS) ordination plot and stress values 

752 from a dissimilarity matrix of diet composition across all samples as identified by molecular 

753 methods. The NMDS x and y axes represent NMDS dimensions (NMDS1 and NMDS2, 

754 respectively). The NMDS coordinate labels represent each stomach sample and colours 

755 correspond to (a)temperature , (b)depth zone ,(c) body size of each sample and (d) timing of 

756 the research cruise . 
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767 12. Tables

768

Environment Cruise Date Lat (°) Lon (°)
Water 

depth (m)
Net

 Depth (m)
SST 
(°C)

N. 
samples

Mean 
Standard 
Length 
(mm)

Mean total prey 
item count 

[morphologically 
determined] (n)

Mean total prey 
item mass 

[morphologically 
determined] (g)

Sub-Ant. JR200 11/04/2009 -50.58 -33.77 4756 551 3.69 4 83.25 5.5 0.10
Ant. JR161 09/11/2006 -59.53 -44.31 2589 115 -0.76 4 65 7 0.02

Sub-Ant. JR161 28/11/2006 -50.15 -38.16 5091 100 3.73 1 36 9 0.044
Ant. JR161 06/11/2006 -60.48 -44.74 1024 100 -0.78 2 85 1 0.001
Ant. JR161 01/11/2006 -60.46 -48.76 1631 565 -1.43 1 79 1 0.069
Ant. JR161 09/11/2006 -59.60 -44.19 3498 550 -0.92 3 67 11.66 0.125

Sub-Ant. JR177 03/02/2008 -52.85 -40.09 3794 107 3.26 3 71 2.33 0.072
769

770 Table 1: Environmental and sample information for each of the seven stations used in this analysis, including the number of E. antarctica 

771 samples at each station and metrics of mean sample length and prey content per station.

772
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773

Total 

ASVs

Total 

reads

Total samples 

present (>1 

read)

Total samples 

present (>40 

reads)

Dietary 

origin

Crustacea 18 227103 18 17 Prey

Gastropods 2 93609 18 15 Prey

Cnidaria 2 795 13 2 Prey

Rotifers 1 162 9 1 Prey

Salps 1 57 1 1 Prey

Sponges 1 57 6 0 Prey

Ciliates (free-living) 9 1195 10 3 Prey of prey

Algae 8 1003 9 2 Prey of prey

Cercozoa 2 108 5 1 Prey of prey

Fish (non-myctophid) 2 4209 17 1 Larval fish

774

775 Table 2: The number of reads and ASVs for each taxonomic group detected after filtering and 

776 quality control steps. Likely dietary origin (whether prey or prey of prey) also included.

777
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