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ABSTRACT 

Plastic marine debris (PMD) is rapidly accumulating in the North Pacific Subtropical Gyre, exposing fishes living in the North Pacific Garbage Patch (NPGP) to extremely high PMD concentrations. We dissected and analyzed the gastrointestinal tract of 204 fish from 13 taxa sampled as bycatch during plastic pollution cleanup operations in the NPGP for plastics > 1 mm. Additionally, forty-six prey fish were retrieved from the stomachs of the primary fish and dissected separately to quantify secondary plastic ingestion and potential trophic transfer. A total of 154 plastic items were detected in 56 fishes. Plastics ranged in size from 10 mm to 8.4 cm. Plastic ingestion (frequency of occurrence percent, mean number of particles ± standard deviation) varied significantly across taxa and was highest in upper trophic pelagic species, including blue sharks (78 %, 6.78 ± 2.80 particles/fish) and amberjacks (44 %, 1.07 ± 0.34 particles/fish). Moderate plastic ingestion was observed in pygmy sharks (36 %, 0.68 ± 0.19 particles/fish), lanternfishes (25 %, 0.23 ± 0.06 particles/fish), and flying fishes (9 %, 0.47 ± 0.40 particles/fish). There was a single occurrence of plastic ingestion in two of the mid-level predators (cookiecutter shark and sargassumfish) and no plastic ingestion by two lower trophic reef-associated species (fang blenny and Indo-Pacific sergeant fish).

Running Title: Plastic ingestion by the North Pacific Garbage Patch fishes

6 Key Words: marine plastic debris, plastic ingestion, North Pacific Garbage Patch, polymer identification, FTIR

Highlights: 
· Pervasive plastic ingestion (78% of taxa, 7 of 9) in North Pacific Garbage Patch fish assemblage
· Highest plastic ingestion (78% incidence, 6.78 ± 2.80 particles/fish) in blue sharks
· First records of plastic ingestion by pygmy and cookiecutter sharks, and sargassumfish
· Secondary ingestion of plastics through predation of lanternfish by amberjacks
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1. Introduction
Floating plastic marine debris (PMD) accumulates within Subtropical Gyres, with average concentrations of over 1,500,000 pieces/km2 and the highest concentrations exceeding tens of millions of pieces per km2 (Lebreton et al. 2024). In the North Pacific Ocean, the highest densities of meso- and microplastic particles occur within the North Pacific Garbage Patch (NPGP), a region of surface convergence between Hawai’i and the West Coast of North America (Titmus and Hyrenbach, 2011; Howell et al., 2012; Law et al., 2014; Lebreton et al., 2018 and 2024). 
This accumulation has formed a synthetic habitat attracting a wide range of species, including oceanic and coastal invertebrates and fish assemblages with diverse feeding habits (Haram et al., 2021; Haram et al. 2023; Benadon et al. 2024). The PMD provides a habitat for invertebrates to settle (e.g., Lepas oceanic barnacles; Gill and Pfaller, 2016) and lay eggs (e.g., Halobates water striders; Andersen and Cheng, 2004), and epipelagic fish species may seek shelter from predators or forage around natural floating items (e.g. logs, leaves, sargassum) that also associate with PMD (Hamner 1995). 
The high exposure of fishes to PMD makes it more likely for ingestion to occur (Savoca et al. 2021). The ingestion of PMD can have lethal or sublethal effects in many marine vertebrates including sea turtles (Rice et al. 2021), seabirds (Kibria 2024), and marine mammals (Puig-Lozano et al. 2018), but direct lethal effects of plastic ingestion have yet to be shown for fishes in the wild (Markic et al. 2019). Though plastic ingestion has been documented in many fish species, many more undocumented species likely eat plastic. Thus, sampling fish assemblages for plastic ingestion addresses a primary data gap to determine the full extent of exposure. 
The mechanisms of transfer of ingested PMD through marine food webs are poorly understood, because predators can ingest plastic directly (primary ingestion) and indirectly (secondary ingestion), via their prey (Lusher et al. 2017). While secondary plastic ingestion has been documented in the literature, such as when yellowfin tuna (Thunnus albacares) consume flying fish (Cheilopogon rapanouiensis) containing PMD in Rapa Nui (Easter Island) (Chagnon et al. 2018), the distinction between primary and secondary ingestion remains a critical knowledge gap. 
In this study, we examined 250 fish opportunistically collected as bycatch from marine debris cleanup missions in the NPGP. The goals of this study were to: 1) determine the occurrence and quantities (mass (g), number) of ingested plastic (> 1 mm) per fish and per fish mass and the relationship between ingested PMD quantities and fish characteristics (length, mass, sex, maturity); 2) Empirically test for secondary ingestion by analyzing the stomach contents of intact prey found in piscivorous predators; and 3) Compare the physical characteristics of the ingested plastic (type, polymer, color, size class)  with surface net trawls previously sampled from the NPGP.
2.0 Methods 
2.1 Field sampling and sample selection
Between July 2021 and December 2022, The Ocean Cleanup™, extracted 190,249 kg of plastic from the NPGP using the System 002 plastic extraction device equipped with 10 mm, 16 mm, and 50 mm mesh sizes (The Ocean Cleanup, 2023). Seventeen extractions occurred during 12 trips from Vancouver to the NPGP’s hotspot territory, an aggregation region where PMD concentrations often exceed 100 kg per km2. The extent of the NPGP and the hotspot territory are defined as the areas containing 75 % and 25 % of modeled particle visits within the domain 20° to 45° latitude and -120° to -160° longitude (Lebreton et al., 2024; Jean-Michel et al. 2021; Egger et al., 2024). During this study, the NPGP and the hotspot territory were mapped by merging 18 contours and predicting their monthly extent from July 2021 through December 2022. Because of this compositing, the resulting areas are expected to be larger than the extent of the actual features at any specific month, illustrating their range of motion during the study (Figure 1).
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Figure 1. Sampling locations of 14 selected plastic extractions where the fish specimens examined in this study were opportunistically collected to assess plastic (> 1 mm) ingestion are plotted within the NPGP (light blue) and its plastic hotspot territory (yellow). Orange dots (6) and black circles (8) indicate extraction sites where ingested plastics were observed or absent from examined specimens, respectively. 

Each extraction by System 002 was brought onboard the vessel and deposited on the deck. The bycaught fish specimens were manually sorted from the plastic catch, visually identified and labelled by  scientists, and frozen on board at -20 °C. No further processing of samples was done onboard. When the boat reached port, fish were shipped on dry ice to the Center for Marine Debris Research. Upon receipt, specimens were inventoried and stored at -20 °C until they were thawed at room temperature for dissection. Twelve fish taxa were selected for examination (Table 1).
	Species
	Common Name
	n 

	Abudefduf vaigiensis
	Indo-Pacific sergeants 
	20

	Petroscirtes spp
	Fang blennies
	20

	Euprotomicrus bispinata
	Pygmy sharks 
	44

	Seriola lalandi
	Yellowtail amberjacks
	41

	Exocoetidae
	Flying fishes
	30

	Histrio histrio
	Sargassumfish
	20

	Prionace glauca
	Blue sharks 
	9

	Isistius brasiliensis
	Cookiecutter sharks 
	11

	Brama japonica
	Pacific pomfret 
	1

	Aluterus scriptus
	Leatherjacket
	1

	Oplegnathus punctatus
	Spotted knifejaw 
	1

	Kyphosus spp.
	Sea chub 
	1



Additionally, we examined prey fish ingested by these primary fish for ingested plastic: 44 lanternfish (family Myctophidae) and two yellowtail amberjacks. 
2.2 Quality control
[bookmark: _Hlk227585894][bookmark: _Hlk227586029]A variety of laboratory protocols and controls were used to prevent microplastic contamination (Hermsen et al., 2018, Cowger et al. 2020). These protocols include careful cleaning of all materials, working in a laminar flow hood, and negative control samples. Additional information can be found in the SI File 2.  
2.3 Fish morphometrics and dissections
Fish morphometrics were taken prior to dissection. Standard and total length, mass, and gape size were taken from every fish. The trophic level was assigned according to FishBase (Froese and Pauly, 2024) and sex and maturity determined when possible. The entire gastrointestinal tract (GIT) was removed from the fish and opened over a 1 mm sieve. Suspected PMD items were rinsed with high purity water and set aside for analysis. Additional details can be found in SI File 2. 
2.4 Secondary ingestion
Fish prey (44 lanternfish and two yellowtail amberjacks) recovered from dissected specimens were set aside within the sieve during primary fish dissections. Due to their partially digested condition, morphometric measurements of these fish were not taken. These ingested fish were examined for the presence and completeness of a GIT. If intact, the GIT was removed and examined for plastic ingestion in the same manner described above. If the GIT was not complete that fish was not dissected and was excluded from the analysis. The ingested yellowtail amberjacks were not investigated further due to their low sample size (N = 2). 
2.5 Genetic sequencing
Genetic sequencing was performed for 38 fish whose taxonomic identification was ambiguous. Fish were identified to the species level when possible, or the genus level when species identification was not possible. Additional information is available in SI File 2. 
2.6 Plastic Marine Debris (PMD) characterization
Suspected PMD items were placed into baked tin cups, covered with baked foil, and dried at 40 °C for a minimum of three days or until dry (Shaw et al. 2024). Items were categorized by type, based on their form: hard plastic (fragment), line, pellet, foam, and sheet. Plastics were also categorized by visual weathering codes: mild (1), moderate (2), and severe (3) based on square fracturing as described in Brignac et al. (2019). The color of the plastic was visually assigned from a preset color list (Corniuk et al. 2023). PMD items were also measured by hand with a ruler to record their longest dimension (0.1 mm resolution) and weighed using a Sartorius MC210 S analytical balance (0.00001 g resolution). Plastics were categorized into five size classes based on Egger et al. (2020a) and Lebreton et al. (2018): (i) small microplastics (0.5 mm to 1.5 mm), (ii) large microplastics (1.5 mm to 5.0 mm), (iii) small mesoplastics (5 mm to 15 mm), (iv) large mesoplastics (15 mm to 50 mm), and (v) macroplastics (> 50 mm). 
All 222 suspected PMD items were analyzed via attenuated total reflection- Fourier transform infrared spectroscopy (ATR- FTIR; Thermo Fisher Scientific iS5; Madison, WI USA). Spectra were collected from wavenumber 4000 cm–1 to 550 cm–1 with a data interval of 0.482 cm–1. The resolution was set to 4 cm–1. The ATR diamond crystal was cleaned with 70 % (volume fraction) isopropanol, and a background scan was taken before running each sample. Spectral peaks of particles were visually confirmed to identify the polymer type (e.g., polyethylene, polypropylene). Visual inspection of spectra identified additional peaks unique to other polymer types and characteristics of blended polymers that spectral library searches might miss (Jung et al. 2018). After visual identification, all polymers were confirmed using 11 commercial libraries and an in-house spectral library consisting of 248 different items (33 natural materials and 36 polymers; Table S3). The highest percent match (> 90 %) for each plastic piece was recorded. Non-plastic particles were identified based on matches to natural materials (e.g., aragonite) greater than 80 % and/or a lack of a polymer match and therefore were excluded from further analysis.
2.7 Plastic ingestion comparison with manta trawls
The composition of PMD ingested by fishes in this study weas compared to the composition of PMD collected using manta trawls in Lebreton et al. (2024). Only data from manta trawls conducted inside the NPGP and between 2021 and 2022 (Lebreton et al. 2024) were included in the comparison. Our study categorized plastics as hard plastic (fragment), line, pellet, and sheet. These categories were adjusted when comparing with Lebreton et al. (2024) in which the sheet category was combined with fragments and the line category includes both net and line. 
2.8 Statistical analyses
To facilitate statistically significant comparisons of plastic occurrence and loads, we focused the analyses on nine taxa with sample sizes greater than nine fish. All statistical analyses were performed using the statistical software program JMP 17.2.0 (SAS Institute) with alpha = 0.05 to determine statistical significance. A list of all the statistical tests is provided in the Supporting Information (Table S4). 
Plastic frequency of occurrence (FO%) was calculated for each taxon separately, by dividing the number of specimens with ingested plastic by the total number of specimens examined and multiplying by 100. The FO% from this study was compared to previously reported values in fish from the Pacific Ocean listed in the review of Savoca et al. (2021). Ingested plastic amounts were calculated using four standardized metrics: (i) the number of plastic items per fish, (ii) the mass of plastic per fish (g), (iii) the number of items per kilogram of fish (# of items/mass of fish (kg)), and (iv) the mass of plastic per kilogram of fish (mass of plastic (g)/ mass of fish (kg), Table S1). Fish that were found with no plastics were assigned a zero for these four units. Nonparametric Spearman rank correlation tests were performed to explore pairwise relationships of these four metrics for each taxa, as well as between ingested plastic loads (mass and number of particles) and the size of the fish (mass (g), standard length (cm), and total length (cm)) (Table S4). Spearman correlations were also used for relationships between the average plastics ingested by each taxa and their trophic level. In addition, the mean and standard deviation of plastic pieces ingested was determined for each species.  For four taxa with ≥ 5 males and ≥ 5 females, the mass of plastic (mg), number of plastic pieces ingested, and mass of plastic (g)/mass of fish (kg) by sex were compared using a Kruskal-Wallis Test with the ChiSquared approximation. The same analysis was done for mature vs. immature fish, using the fish size at maturity from FishBase. 
3.0 RESULTS
3.1 Species and fish sampled
A total of 250 fish from 13 taxa were included in this study. Six of these taxa have large sample sizes (≥ 20), as suggested by National Research Council (NRC, 2009), while another two taxa have sample sizes of nine and 11. Five taxa with n ≤ 2 (Pacific pomfret, scribbled leatherjacket, spotted knifejaw, sea chub, and ingested yellowtail amberjack) were excluded from further analysis; the raw data are available in Tables S1 and S2. Thus, the analyses focus on 199 primary fish from eight taxa, ranging in total length from 7 cm to 57 cm (Figure 2), and 44 ingested fish, found in the stomachs of the primary fish. 
[image: ]
Figure 2: Total length of primary fish included in this study. Common names (n) are listed by decreasing % frequency of plastic ingestion occurrence (FO %) with the greatest FO % at the top. Red diamond indicates the average length at maturity for each taxon (Froese and Pauly 2024).

All examined blue sharks (n = 9) were pups, with a mean ± standard deviation (SD) total length (42.9 ± 7.0 cm) within the range of lengths at birth (35 to 45 cm) and a maximum total length (54.7 cm) well below the average size at maturity (199 cm; Froese & Pauly, 2024). Amberjacks were also almost all juveniles, with a mean ± SD total length (28.8 ± 7.3 cm) well below their length at maturity (51.0 cm), except for one individual with a total length of 57.0 cm (Froese & Pauly, 2024). All fish sampled from the remaining taxa were a combination of mature and immature fish. Four metrics (the number of plastic items per fish, the mass of plastic per fish (g), the mass of plastic per gram of fish (mass of plastic (mg)/ mass of fish (g)), and the FO% were significantly correlated with trophic level (⍴ = 0.75 to ⍴ = 0.95, p < 0.05, Table S4).
Genetic sequencing (Table S1) confirmed the visual taxonomic identification of the blue shark (Prionace glauca), Cookiecutter shark (Isistius brasiliensis), Indo-Pacific Sergeant (Abudefduf vaigiensis), and Sargassumfish (Histrio histrio) and provided more details regarding the species within some taxa, especially for flying fish and striped poison-fang blenny mimics. Flying fish visually identified as part of the Family Exocoetidae (n = 21) were genetically identified as Hirundichthys rondeletii (n = 7), Cheilopogon pinnatibarbatus (n = 2), Exocoetus monocirrhus (n = 2), Cheilopogon californicus (n = 1), or Cheilopogon unicolor (n = 1). Seven flying fish were only able to be identified to the genus level. Of the six fang blennies submitted for genetic analysis, one was identified as Petroscirtes breviceps, four as either P. breviceps or P. variabilis, and one as P. breviceps, P. variabilis, or P. xestus. 

3.2 Plastic ingestion and characterization
In total, 222 potential plastic particles were removed from the GIT of fish and analyzed by ATR-FTIR for polymer identification. Of these, 154 particles were identified as plastic. The 154 plastic particles were recovered from 46 of 199 primary specimens, across six of the eight taxa assessed. The highest FO% of primary ingestion occurred in the blue shark (77.8 %) while no plastic was found in the GIT of Indo-Pacific sergeants or fang blennies. Plastic was found in 23 % (10 of 44) of lanternfish recovered as yellowtail amberjack prey, demonstrating trophic transfer of plastic (Table 2). For some taxa, the FO% of plastic ingestion was greater in NPGP fish than in previously assessed fish elsewhere in the Pacific Ocean. This was true for blue sharks, which had a FO% 24-times greater than previous values from waters off Baja California, Mexico (Markaida and Sosa-Nishizaki 2010). Yellowtail amberjacks in this study had a FO% four times greater than smaller amberjack fish collected 12 years before the current study in the NPGP (Gassel et al. 2013). Several previous studies are available for comparison for lanternfish. We detected 22.7 FO%, which is comparable with several previous reports from lanternfish sampled from the NPGP (0 % to 100 %, Boerger et al 2010; Davison and Asch 2011) and the Mariana Islands (1 % to 41 %, Van Noord et al 2013), but greater than lanternfish from the South Pacific near Australia (0 %, Cannon et al. 2016) and lesser than from Chinese waters (100 %, Zhu et al 2019). Flying fish from the NPGP had approximately half the FO% (8.8 %) than those from the South Pacific gyre (16.3 % to 18 %, Changnon et al. 2018 and Garnier et al., 2019) and much less than flying fish from markets in the South Pacific (100 %, Ding et al., 2019). Indo-Pacific sergeants in our study, as well as those from the South Pacific gyre (Forrest and Hindell 2018), did not ingest detectable plastics. No previous studies are available to compare with the detected plastic ingestion in the pygmy shark, cookiecutter shark, and sargassumfish, nor to the striped poison-fang blenny mimic which did not eat detectable plastics.
Table 2: Morphometric and plastic ingestion data for 199 primary fish and 46 ingested fish (gray shading). Means +/- SDs and ranges (in parentheses) are shown for morphometric and plastic ingestion metrics. The species are ordered in decreasing % frequency of occurrence (FO %) with the greatest FO % at the top. Three first known records of plastic ingestion are indicated with an asterisk. 

	Common Name
	Primary Fish or Ingested Fish
	n 
	Fish Mass (g)
	Fish Total Length (cm)
	Trophic Level 
	Plastic FO %
	 Plastic Mass                          (g) / fish
	# pieces plastic / fish 
	 plastic mass (g) / fish mass (kg)
	 # pieces plastic/gram of fish

	Blue Shark
	Primary
	9
	235.2 ± 111.1
(85.2 - 447.8)
	42.87 ± 6.974
(31.1 - 54.7) 
	4.4
	77.8
	0.3917 ± 0.4715
(0 - 1.45)
	6.78 ± 8.41
(0 - 27)
	1.629 ± 1.549
(0 - 4.06)
	0.0329 ± 0.0357
(0 - 0.11)

	Yellowtail Amberjack
	Primary
	41
	243.2 ± 225.8
(9.9 - 1553)
	28.79 ± 7.264
(10.7 - 57.0)
	4.2
	43.9
	0.0642 ± 0.1846 
(0 - 1.030)
	1.07 ± 2.18 
(0 - 12)
	0.194 ± 0.4960
(0 - 2.473)
	0.00364 ± 0.05455 
(0 - 0.0236)

	Pygmy Shark *
	Primary
	44
	53.52 ± 16.84
(24.4 - 82)
	22.79 ± 1.953
(18.7 - 26.1)
	4.1
	36.4
	0.01015 ± 0.02180
(0 - 0.0863)
	0.682 ± 1.29
(0 - 6)
	0.1797 ± 0.4254
(0 - 2.302)
	0.01155 ± 0.01938
(0 - 0.0732)

	Cookiecutter Shark *
	Primary
	11
	258.8 ± 88.24
(127.6 - 376.5)
	40.44 ± 3.969 
(32.3 - 45.9)
	4.3
	9.1
	0.01530 ± 0.05074
(0 - 0.17)
	0.182 ±  0.603
(0 - 2)
	0.05634 ± 0.1869
(0 - 0.6918)
	0.0006697 ± 0.002221 
(0 - 0.01)

	Flying Fish
	Primary
	34
	101.1 ± 103.2
(6.9 - 403.5)
	23.04 ± 8.143 
(9.0 - 38.6)
	3.9
	8.8
	0.01399 ± 0.07658
(0.00159 - 0.4466)
	0.412 ± 2.06
(0 - 12)
	0.1479 ± 0.8170
(0.0 - 4.766)
	0.004583 ± 0.0221
(0.00 - 0.13)

	Sargassumfish *
	Primary
	20
	68.45 ± 33.39
(24.2 - 133.3)
	10.59 ± 1.631
(7.1 - 13.2)
	3.9
	5.0
	0.006982 ± 0.03122
(0 - 0.1396)
	0.05 ± 0.224
(0 - 1)
	0.1521 ± 0.6802
(0 - 3.042)
	0.001089 ± 0.004872
(0 - 0.0218)

	Indo-Pacific Seargent
	Primary
	20
	17.96 ± 4.014
(6.1 - 76.4)
	13.29 ± 2.095
(6.9 - 15.5)
	2.6
	0.0
	0
	0
	0
	0

	Striped Poison-fang Blenny Mimic
	Primary
	20
	9.485 ± 2.314
(4.9 - 13.2)
	10.68 ± 0.7960
(8.8 - 11.9)
	2.1
	0.0
	0
	0
	0
	0

	Lanternfish
	Ingested
	44
	-
	-
	3.4
	22.7
	0.002219 ± 0.007420
(0.0029 - 0.0425)
	0.2174 ± 0.4170 
(0 - 1)
	-
	-




Ingested plastic was found in three previously undocumented taxa: pygmy sharks, cookiecutter sharks, and sargassumfish. Blue sharks exhibited the greatest amounts of plastic ingestion by both count (27 items in D016) and mass (1.45 g in D013). Only one sargassumfish ingested plastic, a single mesoplastic particle. 
No relationship was found between the sex of the fish and the amount of plastic (by count or mass) ingested for each taxon (Table S4). When considering only the fish that ingested plastics and excluding those that didn't, a Spearman rank test showed a significant positive correlation between the total length of the fish and # of ingested plastics by yellowtail amberjack (⍴ = 0.498, p = 0.0496) and between the total length of the fish and the mass of plastic (g) eaten by blue sharks (⍴ = 0.7928, p = 0.0334). We used a simple linear regression to explore the predictive power of this significant correlation in blue sharks (Figure 3). Based on Sshapiro-Wilk tests, the regression residuals were normally distributed for blue sharks (W = 0.89, p = 0.29). However, the largest individual blue shark did influence the regression, as the Cook’s distance was > 1 (1.73). [image: Chart
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Figure 3: Linear regressions of the mass of ingested plastic by the total length of the fish. The R2 is 0.796. 

The remaining taxa did not exhibit any significant relationship between fish length and the number or mass of ingested plastics.
 The type, color, polymer, and size of ingested plastic was compared between species and to net trawls in the NPGP (Figure 4).	




[image: ]
Figure 4: The type, color, polymer composition, and size categories of ingested plastic separated by species. The number of fish is indicated as “n = “ and the number of ingested plastic pieces as “n (plastic) =” under the common name of the species. *The bottom row contains data from manta trawls in the NPGP (Lebreton et al. 2024). 

The majority of ingested plastics were net (62.1 %) followed by hard plastics (37.3 %) and foam (0.7 %). In contrast, the most common type of plastic found during manta trawl trawls (with a 500 μm mesh size) was hard plastic (92.5%), followed by net/line (5.8 %), and pre-production pellets (1.6 %), and foam (<0.1 %; Lebreton et al. 2024). 
The most commonly ingested plastics were white (61.0 %). The remainder were blue (8.5 %), green (8.5 %), clear (8.5 %), black (7.1 %), red (2.6 %), gray (1.9 %), yellow (1.3 %), and brown (0.6). Blue sharks ingested the most diverse colors of plastic, 9 colors in total, while most other species ate plastic of only 3-5 colors. Over 97% of the ingested plastics (150/154) exhibited weathering (code 2 or 3), indicative of environmental degradation. 
The polymer identified for all plastics had a hit quality index (FTIR match %) of ≥ 83 %. All ingested plastics were buoyant polymers, including polyethylene (PE; 52 %), polyethylene-polypropylene blends (PE/PP; 36 %), polypropylene (PP; 9 %), ethylene vinyl acetate (EVA; 2 %), and polystyrene (PS; 1 %).
When the sizes of ingested plastics for all species were combined, the sizes of ingested plastics (1 mm to 84 mm) were dissimilar to those collected in the manta trawls. By count, the manta trawls were 54.5 % small microplastics (500 µm to 1.5 mm) and 40.9 % large microplastics (1.5 mm to 5 mm; Lebreton et al. 2024), while ingested plastics were primarily mesoplastics (5.0 mm to 50 mm).

3.3 Secondary ingestion of plastics
Forty-four lanternfish were documented inside the GITs of 18 yellowtail amberjacks. (Table S1). Twelve of these yellowtail amberjacks had ingested more than one lanternfish. Only ten lanternfish (22.7 %) ingested PMD, resulting in eight cases of secondary ingestion (Figure 5).
[image: ]
Figure 5: Example of secondary ingestion in yellowtail amberjack via lanternfish. 3a) Stomach of yellowtail amberjack containing three ingested lanternfish and one primary-ingested plastic circled in yellow. 3b) The three lanternfish found in the stomach of the yellowtail amberjack in 3a. The lanternfish's stomach is circled in green. 3c) Lanternfish stomach as it is being dissected. 3d) Microplastic fragment from myctophid stomach (circled in purple) at 4x magnification. 

4.0 DISCUSSION 
4.1 Plastic ingestion in the NPGP
Our study shows that plastic ingestion was highest in three upper-level predators: blue sharks, yellowtail amberjack, and pygmy sharks. Because these predators are opportunistic feeders eating prey within the water column, they may be more likely to consume PMD. All three are higher trophic level consumers, indicating the higher trophic levels may be at a greater risk of plastic ingestion in the NPGP.  Notably, our observations of plastic ingestion in pygmy sharks, cookiecutter sharks, and sargassumfish represent the first known and quantified records of plastic ingestion by these taxa. The two species that did not ingest plastic, the Indo-Pacific sergeant and fang blenny, were among the smallest specimens sampled and of the lowest trophic level. Both species have the smallest average gape size in this study, and thus may not be eating particles > 1 mm. 
The most frequently ingested type of plastic in this study was line at 62 % of total ingested plastics and was the majority of ingested plastic in three species: pygmy shark, flying fish, and blue shark. The prevalence of ingested line could indicate a potential preference for line compared to hard fragments by these species in the NPGP. In addition, flying fish are known to lay their eggs on floating debris, including line, potentially attracting these species. However, pygmy and blue sharks eat smaller prey like flying fishes and myctophids, providing an alternate route of exposure through secondary ingestion. It is difficult to determine if these species are intentionally eating line or are only appearing to because of trophic transfer.    
The majority of ingested plastics were PE, PP, or a PE/PP mix, regardless of the species (Figure 4, Figures S1-S4), which aligns with global production trends where PE (36 %) and PP (21 %) remain the most commonly produced polymers (Geyer et al. 2017). These results also correlate with evidence from manta trawls taken from the NPGP, which indicate that PE or PP are the dominant primary polymers for all size classes (Lebreton et al. 2018, 2024; Egger et al., 2020). The species studied in the NPGP likely don’t prefer one polymer over another; they simply eat the most commonly available polymers. 
The plastic ingestion data and mantra trawl data are comparable in terms of the polymer found but not by the type of plastic.  The most frequent type of plastic collected at the surface of the NPGP using 0.5 mm mesh manta net trawls was hard plastic, not line (Lebreton et al. 2024). This discrepancy is likely caused by the inherent biases of the different sampling methods. Line pieces ingested by these species have a small diameter and can slip through the mesh and thus are too small to be caught in the manta net trawls. 
The comparison of plastic ingestion across studies is extremely difficult due to the lack of standardization in the field. Comparing studies that include fibers or fragments below 1 mm to those that only consider particles greater than 1 mm would be misleading. Microfibers often make up the majority of ingested particles (Sacco et al. 2024, Lim et al. 2022, Marmara et al. 2023, Markick et al.  2018), and when included during analyses, can skew the data, making a species or location seem more affected by plastic ingestion than others. Thus, we compared our results to studies of similar-sized (> 1 mm) plastic ingestion by fish in the same families. Sergeant fish (Pomacentridae family) did not ingest any plastic in either the North or South Pacific Oceans (Forrest and Hindell 2018), but a study in the Red Sea showed ingestion of one microplastic by an individual, though it is unclear whether it was a fragment or fiber (Baalkuyur et al. 2018). Flying fish (Exocoetidae family) ingested an average of 0.26 microplastics/fish in the South Pacific (Changon et al. 2018), while our study in the North Pacific showed an average ingestion of 0.41 plastics/fish. In contrast, fish from the Carangidae family (Decapterus muroadsi, amberstripe scads) showed a higher ingestion amount in the South Pacific than our study in the North Pacific (2.2 plastics/fish vs. 1.1 plastics/fish, respectively; Ory et al. 2017). The South Pacific scads were collected from an area offshore of Rapa Nui, where water samples contained approximately 65,000 particles/km2 (Ory et al. 2017) while fish in the NPGP are exposed to average concentrations of PMD more than one order of magnitude higher, at approximately 1,700,000 particles/km2 (Lebreton et al. 2024). The habitat concentration of PMD being higher in the North compared to the South Pacific would predict higher ingestion in North vs. South Pacific fish, but the opposite result was found, indicating there are more factors than just proximity to plastic to predict ingestion, including fish size. The NPGP yellowtail amberjacks were twice the size (28.79 ± 7.264 cm) of amberstripe scad from the South Pacific (14.0 ± 0.2 cm, Ory et al. 2017). Perhaps smaller amberjacks eat proportionally more PMD than larger ones, as observed previously for blue sharks (Bernardini et al. 2018; Lipej et al. 2022). In support of the size and habitat concentration comparisons, the NPGP blue shark pups ingested 340 times more than South Pacific juvenile and adult blue sharks ( Fernandez and Anastasopoulos 2019) and more than large juveniles and adults in the Eastern Tropical Pacific (, Huang et al. 2022). This is particularly concerning due to the near threatened status of blue sharks (Rigby et al. 2019; Huang et al. 2022).
Nevertheless, despite the lower plastic loads in yellowtail amberjacks from the NPGP, the length of these fish was significantly correlated to the number of ingested plastic pieces (p = 0.0496), and blue sharks showed marginal significance between total length and mass of plastic consumed (p = 0.058), implying that the larger fish eat more plastic. The large size range of the yellowtail amberjacks sampled in our study included both adults and juveniles, and these fish were engaged in secondary plastic ingestion via lanternfish. The average total length of yellowtail amberjacks with secondary plastic ingestion was 29.4 cm, while the average total length of all amberjacks was 30.8 cm, indicating the size of the yellowtail amberjack did not influence if an individual engaged in secondary plastic ingestion. While the pygmy sharks we sampled also included mature and immature specimens, the length range was much smaller than the yellowtail amberjack and cannot provide as much information. With a wider range of sizes, the correlation between plastic ingestion and fish size may have been stronger. 
4.2 Secondary ingestion of plastics
The ingestion of plastics by lanternfish may increase plastic exposure in upper-level predators through another pathway of plastic ingestion. Lanternfish ingest and may transport PMD vertically during their diel vertical migration, ascending to the epipelagic zone to feed at night and returning to the mesopelagic zone during the day (Gong et al. 2024). Because the plastics ingested by the lanternfish in this study were PE and PP, two polymers that are less dense than seawater, our results suggest that they ingested these plastics near the surface. Lanternfish also make smaller plastic items bio-available to larger predators that predate on them, like fur seals (Eriksson and Burton 2003) or larger fish. Our results provide additional evidence of lanternfish-mediated secondary ingestion of plastics by predators. 
4.3 Limitations and future directions 
	This study specifically focused on plastics greater than one millimeter in size that were ingested by fish species associated with floating natural or plastic debris. A limitation in this study is the exclusion of particles < 1 mm in diameter. Many studies have shown very small microplastics (< 1 mm) make up the majority of ingested plastic (Markic et al. 2018; Marmara et al. 2023; Lim et al. 2022). Had this study sampled particles less than 1 mm in diameter, higher plastic ingestion or ingestion by additional species may have been observed. We exclusively focused on bycaught fish living within or near floating plastic debris and acknowledge that this represents a specific subset of pelagic fish. This targeted scope was intentional, as our objective was to characterize plastic ingestion within the NPGP community specifically. The results may not be comparable to deep-sea fish that do not come to the meso-or epipelagic zones.  

5.0 CONCLUSION
	This study contributed to critical baseline data of plastic ingestion by the assemblage of fishes living in the NPGP and documented three new records of plastic ingestion by pygmy sharks, cookiecutter sharks, and sargassumfish. Moreover, we documented secondary plastic ingestion by yellowtail amberjacks, mediated by the predation of lanternfish. Yellowtail amberjack may be more at risk from the effects of plastic ingestion since they are exposed in two different ways. Like lanternfish, cookiecutter sharks, and pygmy sharks, they also engage in diel vertical migrations, with the potential vertical transport of the plastic ingested at the surface. This behaviorally mediated transfer of PMD from the epipelagic to the mesopelagic layer or deeper suggests even deep-sea fish are not immune to plastics floating near the sea surface. The high amount of plastic ingestion by juvenile blue sharks is concerning due to the near-threatened status and potential PMD bioindicator value of this high-trophic-level and wide-ranging species.  Though PMD concentrations are higher in the NPGP than other locations, fish worldwide are consuming large amounts of plastic, making it difficult to focus on one location over another. Ongoing monitoring of plastic accumulation and consumption within the NPGP and beyond is essential for quantifying its long-term environmental impact.  
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