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Introduction: Plastics carried in the outflow of major rivers can be made available
and subsequently ingested by marine fishes, causing lethal and sublethal effects.
Highly abundant, vertically migrating myctophids play a crucial role in facilitating
nutrient cycling between the epi- and mesopelagic zones. However, this diel
movement may also make myctophids significant conduits for transporting
ingested microparticles from surface waters to deeper food webs.

Methods: We examined the gastrointestinal tracts of 340 myctophids caught at
varying distances from the Columbia River mouth in the epipelagic zone of the
northeast Pacific Ocean to determine if proximity to a presumed point source
influences microparticle ingestion.

Results: While we found no direct spatial connection with ingestion frequency,
we discovered that (a) ~34% of myctophids had either synthetic or other
anthropogenic particles retained in their Gl tract, (b) microparticle ingestion
was higher in an active-feeding species of myctophid (Tarletonbeania crenularis)
than an inactive-feeding species (Stenobrachius leucopsarus), and (c) species
and standard length were the most influential predictors of microparticle
consumption in our best fit model.

Discussion: Our failure to detect a significant relationship between distance from
a source and ingestion by myctophids is likely due to the particles undergoing
fluctuations in dispersal patterns once they enter the ocean, particularly for
microfibers which can be transported across large distances. Biological factors
like body size may be more relevant to understanding microparticle ingestion
patterns in mesopelagic fishes. Overall, our study highlights the potential role
myctophids serve as multidirectional transporters of microparticles in Northern
California Current food webs, with potential impacts on fisheries and human
food systems.
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1 Introduction

Though manufacturers and society prize plastic polymers and
other chemically-enhanced materials for their versatility and durability,
those same properties also lead to environmental persistence and
accumulation (Boucher and Friot, 2017; Chen et al,, 2021). Of the
353 million metric tons of plastic waste generated in 2019, 22 million
metric tons have leaked from the waste management system into
terrestrial and marine environments (OECD, 2022). The fragmentation
of these plastic items into particles <5 mm, called microplastics,
jeopardizes aquatic organisms through artificial satiation, reduced
fertility from leached chemicals, and other mechanisms (Teuten
et al., 2009; Lusher, 2015; Collard et al.,, 2017; Botterell et al., 2019;
Gassel and Rochman, 2019). Natural polymers that have been treated
with chemical additives can have similar effects on organisms when
consumed, and thus we will use ‘microparticle’ to include both
microplastics and anthropogenically modified materials (Miller et al.,
2021; Lasdin et al,, 2023; Torres et al., 2023). For the purpose of this
work, we will adopt this definition as it reflects our focus on
understanding the potential impacts of these particles on
marine organisms.

Mismanaged plastic debris often pollute riverine systems (Jambeck
et al, 2015; Meijer et al,, 2021; Talbot et al, 2022), where physical
abrasion and ultraviolet light exposure can exacerbate fragmentation
(Derraik, 2002; Takada and Karapanagioti, 2019). As water flows
through urban and agricultural areas, it can transport microparticles
hundreds of kilometers from inland sources until ultimately reaching
the ocean, dispersing offshore with the river plume and mixed by ocean
currents (Hickey and Banas, 2003; Lebreton et al., 2017; Lebreton and
Andrady, 2019). Atmospheric circulation can also carry and deposit
plastic debris far offshore, which is especially evident for microfibers
(Brahney et al., 2021).

Traversing 2,040 kilometers through parts of Canada and seven
U.S. states (Lasmanis, 1991), the Columbia River empties more
water (2,500 to 30,000 m> s depending on the season; Hickey and
Banas, 2003) into the Pacific Ocean than any other river in North or
South America. This river has the potential to carry plastic waste
generated by the more than 8 million people that live in its drainage
basin to the marine environment. Valine et al. (2020) found the
microfiber density in the main stem of the Columbia River to be
0.225 microfibers m™, although Kapp and Yeatman (2018) found it
to be much higher (3 microplastics m™) where the river mixes with
the ocean. In the Clackamas River, a tributary of the Columbia
River, Talbot et al. (2022) found mostly dark-colored fragments and
fibers across their study region. Strong, seasonal upwelling events
characteristic of Oregon’s coastal waters can likely influence the
spread and distribution of microplastic particles as they enter the
ocean from the Columbia River (Liu et al., 2009). This, combined
with the river plume transport of less-dense fresh water along the
surface of the ocean, makes them broadly available to fishes farther
offshore. Black Rockfish caught in Oregon’s nearshore environment
contained on average 7.31 microparticles per fish, indicating that
microplastics are entering marine food webs (Lasdin et al., 2023).

Lanternfishes, or myctophids, constitute 60% of deep-sea biomass
(Watanabe et al., 1999; Mensinger, 2011) and play a vital role in the
export of carbon produced in surface waters to the deeper ocean
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(Davison et al., 2013). Each evening, massive numbers of myctophids
undergo a diel vertical migration from the mesopelagic zone to the
ocean’s surface in search of prey (Catul et al, 2011; Choy et al,, 2019).
Myctophids feed on zooplankton and in turn, serve as essential forage
fish for marine mammals, seabirds, and commercially important fish
species (Payne et al, 1987; Carbery et al, 2018), including many
predators in the California Current ecosystem (Iglesias et al., 2023). By
foraging in the epipelagic zone, myctophids may be consuming more
buoyant microparticles either directly during surface feeding events or
indirectly through contaminated zooplankton (Figure 1; Lusher et al,,
2016; Hasegawa and Nakaoka, 2021). Therefore, the microplastic load
in myctophids should be evaluated as they have the potential to
transport surface microparticles throughout mesopelagic food webs
(Carbery et al., 2018).

Myctophids caught in gyres where plastic debris is known to
accumulate are confirmed to consume microplastics (Boerger et al.,
2010; Eriksen et al., 2013; Lusher et al., 2016; Wieczorek et al., 2018;
McGoran et al, 2021; Justino et al., 2022). Building on this
knowledge, our goal was to assess the presence of microparticles
in coastal myctophids in the Northern California Current, which we
use to provide a spatial context for the influence that distance to a
major river mouth might have on the accumulation of
microparticles in the digestive tracts of mesopelagic fishes. We
hypothesized that myctophids caught closest to the Columbia River
mouth would contain the highest amounts of microparticles.

2 Materials and methods
2.1 Sample collection

The NOAA Northwest Fisheries Science Center collected fishes
during their Stock Assessment Improvement Plan (SAIP; Phillips
et al,, 2009) from May to September of 2005 through 2009. Four
transects (Figure 2; Willapa Bay [46.67°N], Columbia River [46.16°
N], Newport Hydrographic line [45.65°N], and Heceta Head
[44.00°N]) with stations extending laterally offshore along the
Oregon and Washington coasts, were sampled at the 30 to 42 m
depth stratum at night with a Nordic 264 rope (Table 1). Three
species of myctophids (Tarletonbeania crenularis, Diaphus theta,
and Stenobrachius leucopsarus) were caught at eleven of the twenty
SAIP stations. They were initially frozen and later stored in 70%
ethanol. Many of the specimens were used for a diet analysis
(Suntsov and Brodeur, 2008), and the remainder were archived at
the Hatfield Marine Science Center in Newport, Oregon until being
used for this project. More detailed sampling methods can be found
in Suntsov and Brodeur (2008) and Phillips et al. (2009).

The three species used in this study are commonly found from the
Bering Sea and the Gulf of Alaska to Southern California, and generally
comprise the majority of myctophids collected in the Transition Zone
of the Northern California Current (Brodeur et al,, 2003). In our study,
Diaphus theta are smaller on average (52.1 + 8.7 mm) than
Stenobrachius leucopsarus (59.2 + 8.8 mm) and Tarletonbeania
crenularis (59.7 + 9.6 mm). Diaphus theta and T. crenularis are
considered fully-migratory, residing at depths of 300 to 500 m
during the day, and 0 to 100 m at night. S. leucopsarus have been
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Proposed pathways for the biotransport of microparticles by myctophids to the mesopelagic food web.

found from 30 m (or less) to much deeper at 3,824 m (Love and
Passarelli, 2020). This species is considered a semi-migrant as a portion
of the population migrates to the surface at night (20 to 200 m), while
others do not migrate and remain at the daytime depth (400 to 700 m)
(Watanabe et al, 1999). Additionally, Suntsov and Brodeur (2008)
categorized D. theta and T. crenularis, as ‘active’ feeders in their diet
study on other SAIP myctophids, noting their preference for protein-
rich euphausiids and hyperiid amphipods. In contrast, they described S.
leucopsarus as an ‘inactive’ feeder that consumes slower, lipid-
rich copepods.

Each myctophid was identified to species using photophore
patterns described in Love and Passarelli (2020). Twenty adults from
each of these three species were selected from the SAIP collection for
Columbia River stations 30, 40, and 50 (with the exception that no
Stenobrachius leucopsarus were preserved from CR50). Because of low
sample sizes, species were combined across stations for Heceta Head,
Willapa Bay, and Newport Hydrographic line transects.

2.2 Dissection and digestion

Myctophids were processed under a laminar flow hood (Erlab
Captairflow, Rowley, Massachusetts) with a high-efficiency
particulate absorbing filter (0.3 wm pore size) to prevent airborne
particle contamination (Brander et al., 2020). Each myctophid was
thoroughly rinsed with filtered (1 um pore size) reverse osmosis
water, weighed to the nearest 0.1 g, and measured prior to
dissection. Total length, standard length, and body depth (at the
widest point) were measured to the nearest mm. To remove the
gastrointestinal (GI) tract, an incision was made from the vent to
the base of the jaw, and then the GI was cut at the anus and
esophagus. The GI tract was weighed to the nearest 0.0001 g and
was placed in a glass scintillation vial with 5 mL of 20% filtered
potassium hydroxide (KOH; made using Sigma-Aldrich >86%
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pellets and reverse osmosis water, 1 um pore size) to chemically
digest the organic matter. If 5 mL did not cover the GI tract,
additional 20% KOH solution was added until all material was
suspended. The samples were incubated at room temperature
(approximately 20°C) and lightly agitated once a day until the
solid material was fully liquified (Brander et al., 2020; Lasdin et al.,
2023). Liquification required two to seven days.

2.3 Filtration and filter picking

The contents of each vial were vacuum filtered through 5 um
Sterlitech polycarbonate track etch membrane filters using a fritted
Biichner funnel setup. These filters were inspected under a stereoscope
and any particles present were removed prior to use. The vials were
rinsed three times with filtered reverse osmosis water, which we then
poured into the glass funnel to flush any remaining sample material
onto the filter. The sides of the funnel were then rinsed down with
filtered reverse osmosis water before the filter was removed from the
apparatus and placed in a covered dish.

The filters were examined under a stereomicroscope (Leica EZ4
fitted with a Moticam 3+; 16x magnification) in a flow hood for any
particles that appeared to be anthropogenic in origin. These
putative particles were classified by their color and morphology
(fiber, film, or fragment). Using Motic Images Plus 3.0(x64)
software, particles were photographed and measured to the
nearest 0.01 mm. Each particle was removed and placed onto a
microscope slide with a coverslip for later spectroscopic analysis.

2.4 QA/QC measures

QA/QC protocols followed recommendations and protocols
implemented in Brander et al. (2020) and Lasdin et al. (2023),
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Map of the study area with transect names and sampling station number is the approximate nautical miles offshore. The Columbia River divides
Washington and Oregon. The size and color intensity of the circles at each station represents the proportion of fish that contained microparticles.
The contour line is 200 meters depth and the location of Heceta Bank is identified.

respectively. Briefly, the interior surfaces of the laminar flow hood
and any items entering the hood were wiped down with Kimwipes
and filtered ethanol (1 um pore size) to remove any settled particles.
The glassware was thoroughly scrubbed with Alconox and rinsed
five times with deionized water before being covered with
aluminum foil and baked for four hours at 450°C in a muffle
furnace to incinerate any potential microparticles or fibers. Orange
cotton lab coats were worn throughout tissue processing and filter
picking, and particles similar in appearance to those of the lab coats
were not included in analyses.

Air (n =13) and KOH (n = 9) controls were taken to account for
background contamination during the dissection, filtration, and
filter picking processes (Brander et al., 2020). A wetted Whatman
filter was left uncovered for the duration that samples were exposed
to the air. KOH procedural blanks were taken in a similar manner as
the myctophid samples, where 5 mL of KOH was poured through a
filter as if it contained GI tract material. The Whatman filter and the
KOH filters were examined for particles with the stereomicroscope
after each batch and the particles were classified, measured, and
spectroscopy was performed. The plastics found in the background
controls (air blanks, procedural blanks) were totaled across the
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study (n = 34) and divided by the number of samples processed (n =
340), resulting in a background contamination level of 0.10 particles
per myctophid.

Additionally, a spiked-recovery test was performed similar to
Budimir et al. (2018) and Dawson et al. (2020) to determine the
microplastic recovery levels using these methods. Ten myctophid GI
tracts were spiked with a random quantity (1-10 particles) of green
polypropylene fibers ranging from 0.7-1.3 mm in length. These were
then digested and filtered before being picked. The recovery rate for the
particles was 78.6%.

2.5 Micro-Fourier Transform Infrared
(LFTIR) spectroscopy

The chemical composition of suspected microplastic particles
from the samples and controls were verified via Micro-Fourier
Transform Infrared (UFTIR) spectroscopy. If more than three
particles of the same classification were found (ex. black fiber,
clear fragment, etc.), a 30% subset from the group was selected for
spectroscopy. Approximately 40% of particles were analyzed.
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TABLE 1 Stations and their associated latitude, longitude, distance from the Columbia River mouth, and samples sizes for each species.

Distance from . . Stenobrachius
. . . : Diaphus Tarletonbeania
Station Latitude Longitude River ) leucopsarus
theta (n) crenularis (n)
Mouth (km) (n)
Columbia River 30 46.16 -124.68 51 20 20 20
Columbia River 40 46.16 -124.92 69 20 20 20
Columbia River 50 46.16 -125.18 89 20 20 0
Willapa Bay 30 46.67 -124.78 74 5 3 0
Willapa Bay 40 46.67 -124.98 87 15 13 12
Willapa Bay 50 46.67 -125.18 100 0 4 8
N,
ewport 44.65 -124.88 190 0 0 8
Hydrographic Line 35
Newport
o 44.65 -125.12 197 18 17 12
Hydrographic Line 45
N,
ewport 4465 -125.36 206 2 3 0
Hydrographic Line 55
Heceta Head 37 44 -125 262 16 18 17
Heceta Head 46 44 -125.2 267 4 2 3

The coordinates of the Columbia River mouth are 124.03 west longitude and 46.25 north latitude. Distance from the river mouth was calculated using the distVincentySphere in the geosphere
package (Hijmans, 2022) with the latitude and longitudes provided.

The Thermo Fisher Scientific Nicolet iN5 UFTIR measures (ANOVA). The goal of these tests were to determine if the
attenuated total reflectance, which is a sampling technique that uses  microparticles detected in the myctophids originated from what was
a crystal with a high refractive index and IR transmission to measure  ingested rather than being a result of air contamination. A one-way
the absorbance of the material being tested (Larkin, 2011). We useda ~ ANOVA with a Tukey’s post hoc test was performed to compare the
germanium crystal (wavenumber range 5000-850 and refractive index  standard lengths between species.

4.0) with a fine tip and an aluminum foil-covered slide to run our The response variable in our study represents the binary outcome, or
samples. The infrared spectra generated were smoothed for  frequency of occurrence (Ferreira et al,, 2023), of presence (‘1’) or absence
atmospheric suppression and compared against the OMNIC library ~ (‘0’) of microparticles in the GI tract. We decided against using quantities
of known materials. The OMNIC software produces a correlation-  because few GI tracts contained more than one particle and in cases
based match value and a list of the top ten closest matches. Only spectra ~ where multiple were found, there was evidence suggesting that some of
with greater than a 70% match in OMNIC were considered as a  these may have been the result of a single microparticle item being
positive identification per protocols described in Kapp and Yeatman  fragmented during extraction. A generalized linear model (GLM) with a
(2018); Harris et al. (2022), and Talbot et al. (2022). binomial distribution and a logit link function was used to determine if

Open Specy is an open source, online tool with an extensive library  distance from the Columbia River mouth (km) and species are associated
of known spectra from microparticles, including weathered and treated ~ with the probability of microparticle presence in the GI tract. A deviance
microparticles (Cowger et al., 2021). Smoothing (Savitzky—Golay filter)  goodness-of-fit test was used to evaluate the fit of the GLM and determine
and baseline correction features (ImodPolyFit) were applied to all ~ how well the predictor variables explain the observed variability.
spectra saved from OMNIC. A list of the top five materials with their To explore additional environmental and biological variables that
percent match values were generated in Open Specy with matches  could be better predictors of microparticle ingestion, we conducted
>80% being accepted. The highest matches from OMNIC and Open  model selection using Akaike information criterion (AIC). We used the
Specy were compared to determine the final reported material type  dredge function in the MuMIn package (Barton, 2023) to compare all
(Supplementary Figure 1; Supplementary Table 1) (Harris et al, 2022;  possible combinations of explanatory variables derived from the global
Talbot et al., 2022; Lasdin et al., 2023). model. Models with lower AIC values were prioritized, balancing the fit

of the model with complexity. Oceanographic explanatory variables
included temperature, salinity, and turbidity measured by a CTD
2.6 Analysis and statistics profiler deployed concurrently with the trawl. We averaged these
measurements across the 5 m, 20 m, and 30 m depth layers. The

All statistical analyses were performed using R v.4.3.1. Chi-squared  flow rate (cubic feet per second) of the Columbia River at the time of
tests were used to identify differences in the characteristics (color,  the myctophid collection event was also included in the model (USGS,
morphology, and composition) of the particles recovered from the  2024). Additionally, myctophid species and standard length (mm) in
myctophids from the particles on the air controls. Lengths of the = the model allows for the examination of species-specific and size-
particles were compared with a one-way Analysis of Variance  dependent factors that may influence microparticle consumption.
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The global model was tested for collinearity among the predictor
variables using the Variance Inflation Factor calculations performed by
the vif() function in the car package (Fox and Weisberg, 2019).
Overdispersion in the data was tested using the ratio of the Pearson
chi-square statistic to its degrees of freedom. There was no evidence of
collinearity or overdispersion.

3 Results
3.1 Particle summary
A total of 142 suspected microplastic particles ranging in size from

0.01 to 9.04 mm were found in the 340 myctophids (120 Tarletonbeania
crenularis, 120 Diaphus theta, and 100 Stenobrachius leucopsarus). Of

Myctophid Particle Morphology
\

10.3389/fmars.2024.1426136

these myctophids, 34.1% had particles that appeared anthropogenic in
origin (n = 116 with one or more microparticles, and n = 224 without
microparticles), with only 21 fish containing more than one particle.
There was a mean abundance of ~0.42 + 0.66 particles per fish,
consisting mostly of fibers (76%) and filaments (11%; Figure 3). Blue
(44%), black (27%), and clear (20%) were the most common particle
colors found. Of the subset of particles from the myctophids analyzed
with the PFTIR, approximately 73% were confirmed to be
anthropogenically modified cellulose (i.e., dyed or treated cotton).
The rest include polyethylene terephthalate, polypropylene,
polyamide, acrylic paint, and synthetic unknown polymers that had
different materials listed as top matches in OMNIC and in Open Specy
(Supplementary Figure 1; Supplementary Table 1).

The average background contamination level, calculated from
the control samples, was 0.10 particles per sample (Figure 4). While
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FIGURE 3

Particle breakdown between the myctophids and controls. The morphologies, colors, and particle compositions were more varied in the myctophids

than the controls.
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The regression slopes from the GLM with a binomial distribution of each species (Tarletonbeania crenularis, Stenobrachius leucopsarus, and Diaphus
theta) represents the probability of microparticle presence in the Gl tract across distance from the Columbia River mouth (km). The dashed line is
the average background contamination calculated as 0.10 from our air and procedural controls.

the myctophids contained a significantly more diverse array of
microparticle morphologies and colors (p < 0.05), the controls
consisted only of fibers, with predominantly black microparticles
(72%). The average size of the particles on the controls were also
larger than what was found in the myctophids (p < 0.05). The
composition of the particles in the myctophids and the controls did
not differ significantly (p > 0.05) as most of the particles in the
controls were also anthropogenically modified cellulose. The
statistical differences in colors, morphologies, and sizes of
particles between the myctophids and the controls suggest that
the particles originate from within the myctophids rather than
contamination from the processing.

3.2 Species differences

While the three species of myctophids were similar in wet weight
(Diaphus theta = 2.1 + 1.1 g, Stenobrachius leucopsarus = 2.2 + 1.0 g, and
Tarletonbeania crenularis = 2.4 + 1.1 g), the D. theta in our study were
significantly shorter than the other two species (one-way ANOVA with a
Tukey’s post hoc test; p < 0.05). Approximately 34.2% of D. theta, 28.0% of
S. leucopsarus, and 39.2% of T. crenularis had consumed microparticles.
In a GLM with distance from the river mouth and species as the predictor
variables, T. crenularis was significantly more likely to consume
microparticles (p < 0.05) than S. leucopsarus when controlling for
distance. There was not a significant difference in ingestion levels
between either S. leucopsarus or T. crenularis and D. theta.

3.3 Predictors of microparticle ingestion

Contrary to our hypothesis, distance from the Columbia River
mouth was not associated with microparticle presence in the GI tract (p
> 0.05). The global model included the oceanographic and biological
variables (temperature, salinity, turbidity, species, and myctophid
standard length) as well as distance from the river mouth and the
river flow rate. When holding the other variables constant, the species
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and standard length were significant predictor variables (p < 0.05). The
best model based on the lowest AIC value also included just species and
standard length (Table 2; global model AIC = 414.9 and the reduced
model AIC = 410.68). There was no significant relationship between
microparticle ingestion and the oceanographic variables (Figure 5).

4 Discussion

This study is the first to examine the influence that proximity to a
potential point source of microplastic pollution has on microparticle
presence and abundance in myctophids. We confirmed that
myctophids in the Northeast Pacific are consuming microplastics and
semi-synthetic microparticles, corroborating the conjecture that
myctophids have the potential to transport considerable quantities of
anthropogenic materials to deep sea food webs (Lusher et al,, 2016;
Savoca et al,, 2021; Justino et al.,, 2022). Gaining insights into the factors
that drive microplastic consumption is crucial for identifying vulnerable
locations and species, as well as for directing remediation efforts.

The particle characteristics found in this study align with previous
findings in myctophids and marine organisms broadly, although the
percentage of myctophids containing particles is lower than what has
been observed in other fish species (Pazos et al.,, 2017; Rodrigues et al,,
2019; Lasdin et al,, 2023). Our findings revealed that 34.1% of the
myctophids examined contained one or more particles, a proportion
closely resembling the observation made by Boerger et al. (2010) in the
North Pacific Central Gyre, where they reported a 35% occurrence. It is
worth noting that the myctophids we studied were collected during the
same timeframe as Boerger’s 2008 investigation (Boerger et al,, 2010).
Of the Black Rockfish (Sebastes melanops) examined in Lasdin et al.
(2023), 93% were found to have ingested microparticles. These rockfish
were also collected off the Oregon coast, however most sites were much
closer to shore (<5 km). Black Rockfish prefer different prey than
myctophids, including primarily Cancer magister megalopae, mysids,
and juvenile fishes (Doran, 2020). Collection location, diet, and size
differences could explain the elevated microplastic levels in rockfish
compared to myctophids. Based on our spiked-recovery test, however,
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TABLE 2 GLM results for the presence of microparticles in the Gl tract against the variables in the global and reduced models.

Coefficient Estimate

2.5% Lower CI

97.5% Upper CI

Global Model (AIC = 414.9)

Intercept 5.2040 0.1511 0.344 0.7305 -0.2451 0.3466
Distance from Mouth = 0.0011 0.0016 0.691 0.4894 -0.0020 0.0042
Species D. theta 0.6679 0.3352 1.992 **0.0463 0.0181 1.3358
Species T. crenularis 0.5242 0.3127 1.734 *0.0828 -0.0648 1.1642
Temperature -0.1313 0.1235 -1.063 0.2878 -0.3770 0.1087
Salinity -0.1929 0.4281 -0.451 0.6523 -1.0277 0.6558
Turbidity -0.5961 1.6910 -0.352 0.7245 -3.9414 2.7108
River Flow -1.394e-6 1.272e-6 -1.095 0.2733 -3.904e-6 1.094e-6
Standard Length 0.0340 0.0149 2.279 **0.0227 0.0050 0.0637
Reduced Model (AIC = 410.68)

Intercept -3.1324 0.9028 -3.470 0.0005 -4.9383 -1.3916
Species D. theta 0.6200 0.3276 1.893 *0.0584 -0.0155 1.2722
Species T. crenularis 0.5202 0.3005 1.731 *0.0834 -0.0629 1.1183
Standard Length 0.0362 0.0143 2.531 **0.0114 0.0084 0.0647

Model coefficients are reported with their associated statistical results and 95% confidence intervals. The reduced model was identified using the lowest AIC value.

* indicates a p-value <0.1 and ** indicates a p-value <0.05.

we may not be recovering all of the particles with our methods as about
20% of the spiked particles were not recovered (Budimir et al., 2018;
Dawson et al,, 2020; Way et al,, 2022). A correction factor could be
applied, but here we report raw data.

The UFTIR analysis confirmed that the myctophids had consumed
plastics, including polyethylene terephthalate, polypropylene,
polyamide, and acrylic paint. Lasdin et al. (2023) found these
materials and others, such as polyurethane and acrylonitrile
butadiene styrene, in Oregon rockfish. While most other studies on
myctophids did not spectrally identify the particles consumed, Ferreira
et al. (2023) had similar proportions of the different polymers.
Interestingly, more high-density plastics (polyethylene terephthalate,
polyamide, acrylic) were found in both studies. Ferreira et al. (2023)
postulates that this is due to myctophids being more susceptible to
particles with faster sinking rates.

Microfibers were the most common in our samples, specifically
blue and black microfibers. This phenomenon has been observed in
organisms ranging from marine mammals and turtles
(Pietroluongo et al., 2022) to invertebrates such as mussels (Pérez
et al., 2020). Boucher and Friot (2017) estimated that two million
tons of these microfibers enter the ocean each year and suggested
that this morphological subset of microparticles is the most
common in the environment.

McGoran et al. (2021)s study of South Atlantic myctophids
corroborates our findings that myctophids mostly contained
anthropogenically altered cellulose fibers. About half of the
microfibers generated by the textile industry are modified cellulose
(El-Nemr, 2012) and cotton garments also tend to shed more than
some synthetic fibers (Athey et al., 2022; Granek et al,, 2022). While
these particles are not plastic polymers, they are treated with dyes and
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chemicals which make them persistent and potentially toxic in similar
ways as plastics when ingested. Raman spectroscopy identified that
cellulose fibers extracted from wild amphipods were dyed with Direct
Red 28, a carcinogen for invertebrates (Remy et al., 2015). Additionally,
toxicity testing by Siddiqui et al. (2023) found that Inland Silversides
exposed to cotton fibers had altered behavior and mysid shrimp
experienced reduced growth.

Additionally, the microparticles extracted from the specimens were
on average 0.96 mm in length; much smaller than the euphausiids,
amphipods, and copepods that they typically prey upon in the
Northern California Current (Bosley et al., 2004; Suntsov and
Brodeur, 2008). This suggests that myctophids are not targeting
microparticles, but rather are either accidentally ingesting them or
are consuming contaminated zooplankton. Desforges et al. (2015)
reported that Euphausia pacifica, the primary prey of Tarletonbeania
crenularis and Diaphus theta (Suntsov and Brodeur, 2008), contained
particles similar in size to ours (~0.82 + 0.11 mm). Therefore, trophic
transfer from their filter-feeding prey is the likely route of ingestion of
these particles by myctophids, as been seen in a number of previous
studies (Desforges et al., 2015; Athey et al, 2020; Hasegawa and
Nakaoka, 2021; Uy and Johnson, 2022).

4.1 Species assessment

We compared microparticle presence between three species of
myctophids that occupy similar niches off the Oregon and Washington
coasts. We found that the active-feeding Tarletonbeania crenularis
contained significantly more microparticles than the inactive-feeding
Stenobrachius leucopsarus, with T. crenularis preferentially feeding on
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euphausiids, while S. leucopsarus was consuming mostly Neocalanus
copepods (Suntsov and Brodeur, 2008). Desforges et al. (2015) found
that one in 34 copepods contained microplastics, whereas the
incidence level in euphausiids was twice as high, with one in 17
containing microplastics. Given that microparticles likely enter the
myctophid diet through their prey, the higher microparticle content in
T. crenularis aligns with its dietary selection for euphausiids, indicating
a direct link between feeding behavior and microparticle ingestion
levels in these species.

4.2 Model predictors

Though our study did not find a direct relationship between
proximity to the Columbia River mouth and microparticle ingestion,
our results indicate that areas of particle retention may hold greater
significance than mere distance from a point source. During the
summer, prevailing winds cause the Columbia River plume to move
southward (Burla et al, 2010), toward our more southern lines
(Figure 2). Eddies then form when this water mass meets the
shallow, rocky shelf at Heceta Bank (Barth et al., 2005). This area is
a known larval fish and invertebrate retention area (Palumbi et al.,
2003) and may also trap drifting microparticles. This is also a location
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where we saw higher probability of microparticle presence in our
myctophids. We likely see a higher microparticles signature in those
lower transects as plastics leaving the Columbia River travel south
and concentrate in the Heceta Bank region in the same manner that
larval fish are concentrated by oceanographic processes.

Of the other predictor variables in our GLM, standard length had
the strongest, positive relationship with microparticle consumption
(Table 2). For each millimeter increase in length the myctophids in
our study were 1.25% more likely to contain microparticles. While
this is not observed in all studies on fishes (De Vries et al., 2020),
many researchers make similar observations that microplastic
presence increases with fish size (Alomar et al., 2017; McNeish
et al, 2018). Generally, larger individuals of the same species tend
to be older and have increased energetic needs, which may make
them more likely to have recently consumed or retained
microparticles due to their longer exposure time and higher intake
rates. However, variability could stem from a range of complex
factors that are challenging to pinpoint, such as differences in diet,
potential impacts of bioaccumulation and biomagnification, or the
fish’s ability to eliminate the ingested particles (Carbery et al., 2018;
Bernal et al., 2020; Okamoto et al., 2022).

When controlling for the spatial and biological variables, the
oceanographic predictors did not have a strong relationship with
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microparticle ingestion. Temperature and salinity can affect the
buoyancy of microparticles and both have been shown to have a
positive influence on microplastic consumption by fishes (Buwono
et al, 2021; Zhou et al,, 2021; Wang et al., 2022). Water turbidity
also correlates with the distribution of microparticles in the water
column and in some cases, microplastic ingestion increases with
turbidity (Buwono et al,, 2021; Zhou et al,, 2021). Although there
are documented associations between the oceanographic predictors
and microplastic ingestion, our inability to detect significant
relationships is possibly attributed to the less pronounced halo-
and thermoclines observed at our offshore sampling locations.

4.3 Implications for fisheries

The global biomass of myctophids is estimated to be 1 to 10
gigatons (Kaartvedt et al,, 2012; Irigoien et al, 2014). Currently the
fishery is underexploited, with the world harvest remaining below
20,000 metric tons annually due to undesirability with myctophid’s
small size and high wax content, and ineffective fishing gear (Remesan
et al, 2019). However, the escalating demand for fishmeal in
aquaculture is driving consideration toward the exploitation of
mesopelagic fishes as a potential solution to meet this demand
(Valinassab et al., 2007). Fishmeal is made by grinding up whole
fish, pressing out the oil and water, and cooking the remaining solids to
then be pressed into pellets (Boyd, 2015), meaning the microparticles
contained in the GI tracts of these fish can be directly fed to fish raised
for human consumption. Microplastics have been observed within fish
fillets, suggesting translocation through the GI lining and into edible
tissue is probable (Collard et al., 2017; Mcllwraith et al,, 2021).
Therefore, the microparticles consumed by myctophids could be
more readily incorporated into the human food system than
assumed. Soy feed is presumed to be the microplastic-free alternative,
however Walkinshaw et al. (2022) compared fishmeal with soy feed
and found that microplastic contamination from both sources
is unavoidable.

Myctophids are prey of commercially harvested fish in Oregon
such as salmon, rockfish, tuna, and sablefish (ODFW, 2016). The
diets of some marine mammals and seabirds are also predominantly
comprised of myctophids (Springer et al., 1996; Wiirsig, 2007;
Newland et al., 2011). Thus, the Oregon Department of Fish and
Wildlife recognizes myctophids as important forage fish whose
ecological role helps to maintain sustainable fisheries. The Oregon
Forage Fish Management Plan was developed in 2016 and the
adopted strategy is to prohibit directed commercial harvest of
myctophids and monitor their bycatch in Oregon. At the federal
level, the Pacific Fishery Management Council (PFMC) identified
myctophids as Ecosystem Components, and through their Fishery
Ecosystem Plan Initiative 1, the PFMC also prohibits the
development of a fishery for myctophids on the U.S. West Coast
(PEMC, 2022).

While humans may not presently directly consume myctophids
in the California Current, myctophid predators that are harvested
off Oregon may be ingesting large quantities of microparticles.
Glaser et al. (2015) determined that North Pacific albacore tuna
consume on average 1,600 metric tons of myctophids annually.
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Assuming the average myctophid in this study weighed 2.23 g,
North Pacific albacore could consume 7.17 x 108 myctophids per
year. At ~0.42 particles per myctophid, this tuna population alone
would consume over 300 million particles each year. In summary,
the downstream effects of the levels of microparticles found in
myctophids may be a concern for fishery and seafood industries.
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