[ ] /
environments
e

Article

Baseline Assessment of Anthropogenic Particles in Ogaa
(Sander vitreus) and Asaawe (Perca flavescens) from the
Mississippi Headwaters

Colin Eagle 1"*, Carl Isaacson ?, Melinda Neville !, Michelle Anderson ! and Muhammad Hasnain !

1 Indigenous Science Department, Leech Lake Tribal College, Cass Lake, MN 56633, USA;
mianderson201@gmail.com (M.A.); muhammad.hasnain@lltc.edu (M.H.)

Department of Environmental Studies, Center for Sustainability Studies, Bemidji State University,
Bemidji, MN 56601, USA; carl.isaacson@bemidjistate.edu

Correspondence: colin.eagle@lltc.edu

Abstract

Anthropogenic particles (APs), including suspected microplastics, are increasingly reported
in freshwater ecosystems; however, baseline data remain limited for culturally important
freshwater fish in the Mississippi River Headwaters. This study assessed the occurrence
and morphology of APs in Ogaa (walleye; Sander vitreus) and Asaawe (yellow perch; Perca
flavescens) collected from five northern Minnesota lakes. Gastrointestinal tract, liver, and
fillet tissues from 49 fish were processed using a modified hydrogen peroxide digestion
protocol and examined by stereomicroscopy. Because polymer confirmation was not con-
ducted, visually identified particles are conservatively reported as anthropogenic particles
rather than confirmed microplastics. Forty-one APs were identified across all tissues, with
43% of fish containing at least one particle (0.83 £ 1. particles per fish). Fibers were the
predominant morphology, followed by fragments, and walleye exhibited greater AP preva-
lence and abundance than yellow perch. Although descriptive differences were observed
among lakes and tissues, statistical analyses did not detect significant relationships among
the variables examined. These findings establish baseline information on AP occurrence in
culturally important freshwater fish from the Mississippi River Headwaters and provide a
foundation for future investigations incorporating polymer confirmation and expanded
spatial and temporal sampling.

Keywords: Ogaa; Asaawe; Anishinaabe; Bemidjigamaag; anthropogenic particles;
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The lifespan of plastic in ecosystems ranges from hundreds to thousands of years, depend-
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ing on its molecular structure and weight. Furthermore, adding antioxidants and stabilizers
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distributed under the terms and to its production can increase its lifespan [2]. The durability and moldability of plastic,
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in aquatic ecosystems [4,5]. UV radiation and other environmental factors, such as ocean
waves, can fragment the plastic into smaller particles (<5 mm) called microplastics [6],
which we define as anthropogenic particles (APs).

There are two types of AP: primary and secondary. Primary AP is manufactured in its
current microsize, while secondary AP is created through the fragmentation of larger plastic
litter. Examples of primary AP include cosmetic products, industrial cleaning powders,
and nurdles. Secondary microplastics are often formed from fragmented trash and fibrous
materials from clothing [7]. Furthermore, AP is categorized by shape: spongy foams,
spindly fibers, fragments, round pellets, thin films, and nurdles [8].

The presence of AP contamination in freshwater systems arises from multiple sources,
including sewage discharge and fishing-related debris, highlighting the need for broader
pollution mitigation strategies [9]. Surprisingly, seemingly innocuous activities like domes-
tic laundry, mediated through washing machines, have been identified as sources of AP
fibers that find their way into wastewater [10]. Anthropogenic contributions to microplastic
pollution in freshwater ecosystems are exemplified by tire wear particles from urban runoff
and synthetic bait used in recreational fishing, both of which are significant sources of
anthropogenic particles [11,12].

The introduction of AP in freshwater systems has resulted in it being recognized as a
significant pollutant in freshwater fish [13,14], but the severity of the effects of MP pollution
is still undetermined. For instance, in some studies, the average number of particles
within fish varied by over an order of magnitude [14,15], suggesting that species and the
environment drive particle ingestion. Particle ingestion can reduce prey consumption and
be further compounded by negative effects on growth, reproduction, and survival for some
fish [16].

Furthermore, some studies suggest that MP concentrations within fish are directly
related to anthropogenic factors such as the density of urban populations. For example,
researchers have found that in the Thames River, fish from urban areas had higher amounts
of MP than fish from rural areas [17]. Another study found that urbanization played a
significant role in introducing MP into the system, contributing to the concentration of
MP within the studied fish [13]. Furthermore, a study conducted in Texas found that MP
ingestion levels were significantly higher at certain sites compared to both upstream and
downstream locations [18]. Conversely, Roch et al. executed a substantial study done on
rivers in Germany and found no relationship between urbanization and the amount of MP
found within their fish [19]. These conflicting results suggest that more research is needed
to investigate the relationship between urbanization and the amount of MP found within
freshwater fish.

In this study, we aim to (1) quantify anthropogenic particle (AP) concentrations
in the gastrointestinal tract (GIT), liver, and fillet tissues of wild-caught fish from the
Mississippi River Headwaters watershed; (2) characterize the morphological characteristics
(e.g., shape and color) of AP recovered from the GIT, liver, and fillet tissues of wild-caught
fish and (3) explore potential relationships between AP occurrence in fish tissues and
lake-level environmental characteristics, including urbanization, within the Mississippi
River Headwaters watershed.

This research is especially important in the Mississippi River Headwaters, where An-
ishinaabe communities continue to exercise treaty-protected rights to fish, hunt, and gather
while maintaining enduring cultural relationships with the land and water. According
to Anishinaabe oral history, the people migrated to this region in search of Manoomin
(wild rice), a sacred food that grows on water [20]. These relationships were recognized
through the 1855 Treaty and have been reaffirmed by the U.S. Supreme Court in Minnesota
v. Mille Lacs Band of Chippewa Indians [20,21]. The species examined in this study, Ogaa
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(walleye) and Asaawe (yellow perch), remain culturally significant and central to sub-
sistence practices. Ogaa are common top predators in north-temperate lakes and forage
across both inshore and offshore habitats, with juvenile Asaawe serving as an important
prey species [22]. Asaawe are visual feeders that undergo ontogenetic dietary shifts from
zooplankton to macroinvertebrates and small fish, often accompanied by shifts between
littoral and pelagic habitats [15]. These ecological differences provide context for potential
AP exposure pathways; however, diet and habitat use were not directly measured in this
study. Consequently, understanding anthropogenic particle occurrence in these species not
only addresses an important scientific knowledge gap but also contributes to the long-term
stewardship of culturally significant freshwater resources.

2. Study Area

This study is in the north-central region of Minnesota within the Mississippi Headwa-
ters watershed, characterized by its coniferous forests, secluded lakes, and relatively low
population density along the Upper Mississippi River (see Figure 1). Fish were collected
from Elk, Marquette, Irving, Bemidji, and Stump Lakes all part of Minnesota’s Northern
Lakes and Forests Ecoregion. The lakes along this portion of the watershed range from
minimally to highly developed.

Sampled Lakes

Lake
Bemidj Stump Lake

Bemidji

2 Major highways
0 5 10 20 Miles
[N NS NN

Lake Irving

Elk Lake

Figure 1. Locations of the five sampled lakes in northern Minnesota. Dashed gray boundaries indicate
the Bemidji city limits, and solid gray lines indicate major highways. The inset shows the location of
the study area within Minnesota and the Mississippi River.

The upstream lakes of the City of Bemidji include Elk, Marquette, and Irving. Elk
Lake, located in Itasca State Park, is a small, deep, rural lake with minimal shoreline
development, though it experiences seasonal group camping (MN DNR). Its shores are
primarily forested and bordered by wetlands, supporting a healthy fish population (see
Table 1). Marquette Lake is shallow and surrounded by moderate shoreline development
and varying agricultural land use within its watershed. It is classified as mildly eutrophic,
with a Trophic State Index (TSI) of 51, placing it within the Northern Lakes and Forests
Ecoregion (RMB Environmental Laboratories, Inc., Detroit Lakes, MN, USA). Lake Irving,
a highly developed eutrophic lake with multiple inlets, serves as the final upstream basin
before the Mississippi River flows into Lake Bemidji.(Note: Water samples were analyzed by
RMB Environmental Laboratories, Inc. (Detroit Lakes, MN, USA); trophic state indices and
ecoregion assignments follow Minnesota Pollution Control Agency (MPCA) guidelines.)

The city of Bemidji (population 15,000) surrounds Bemidjigamaag (Lake Bemidji),
a large and heavily developed recreational lake. The Mississippi River flows directly
through Bemidjigamaag and exits via the Bemidji Dam, which regulates outflow of Stump
Lake. Stump Lake, a small, shallow impoundment, lies immediately above the dam before
the Mississippi River flows into the Leech Lake Reservation, which spans parts of Beltrami,
Cass, and Hubbard counties. This geographic intersection is especially significant, as it
highlights Indigenous land stewardship in an area affected by anthropogenic particle (AP)
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pollution. Bemidjigamaag is classified as moderately eutrophic, with frequent summer
algal blooms resulting from nutrient loading [23]. The lake supports numerous recreational
activities, including boating, swimming, netting, and fishing, making it both a cultural and
ecological focal point for local communities.

Table 1. Land Cover Composition Around Selected Lakes.

Developed Land Barren Forest Shrubland Herbaceous Planted Wetlands

Lake Name (%) (%) (%) (%) (%) (%) (%)
Elk 5.8 0.1 76.5 0.0 0.5 0.0 17.1
Marquette 18.0 0.0 32.0 1.7 29 5.4 40.0
Irving 39.8 0.0 11.7 0.0 0.7 04 47.3
Lake Bemidji(BEMIDJIGAMAAG) 34.3 0.1 38.0 1.0 1.5 2.2 23.0
Stump 34.3 0.1 38.0 1.0 1.5 22 23.0

3. Materials and Methods
3.1. Fish Collection, Sample Preparation, and Particle Identification

Fish (N = 49) were obtained through the Minnesota Department of Natural Resources
(MN DNR) annual fisheries assessment program. Specimens were collected using stan-
dardized gill-net surveys from sampling locations within the Mississippi River Headwa-
ters watershed. Fish were measured (total length), weighed, and dissected using ster-
ilized stainless-steel instruments inside a clean fume hood. Gastrointestinal tract (GIT),
liver, and fillet tissues from Sander vitreus (Ogaa) and Perca flavescens (Asaawe) were
transferred to pre-labeled Erlenmeyer flasks covered with aluminium foil to minimize
airborne contamination.

The tissue digestion followed a modified version of the protocol described by [24]
(Appendix A). Tissue samples were digested in 100 mL of 30% filtered hydrogen peroxide
(H207) and incubated at 50 °C for 48-72 h until the tissues were completely digested.
Larger tissue samples were homogenized as necessary to facilitate complete digestion.
Digests were vacuum-filtered, and the filters were transferred to covered glass Petri dishes
and stored until microscopic examination.

Filters were examined using an AmScope trinocular stereomicroscope (United Scope
LLC, Irvine, CA, USA) (2x—225x magnification). Suspected anthropogenic particles (APs)
were visually identified and classified according to particle morphology (e.g., fibers, frag-
ments, films, foam, and beads) following [25]. Candidate particles were evaluated using
multiple morphological characteristics, including uniform thickness, consistent coloration,
absence of visible cellular or biological structures, and overall appearance consistent with
anthropogenic materials. Particles were examined under multiple focal planes and lighting
angles to distinguish suspected APs from residual biological material and other non-target
debris. Because polymer composition was not confirmed using spectroscopic techniques
(e.g., FTIR or Raman spectroscopy), all visually identified particles are conservatively
reported as anthropogenic particles (APs) rather than confirmed microplastics.

3.2. Quality Assurance and Quality Control (QA/QC)

To minimize laboratory contamination, all laboratory surfaces and equipment were
cleaned before sample processing. Glassware was rinsed three times with filtered deionized
water before use and covered with aluminum foil when not actively in use. Laboratory
glassware and equipment were cleaned using plant-based cellulose sponges to reduce the
introduction of synthetic fibers during sample preparation. All digestion reagents and
deionized water were filtered prior to use. Personnel wore non-synthetic laboratory coats,
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nitrile gloves, and safety glasses throughout sample preparation and analysis. Sample
preparation and dissections were conducted inside a clean fume hood whenever possible.

Eight laboratory blanks were processed throughout the study to assess background
contamination. Each blank consisted of 150 mL of filtered deionized water exposed to the
laboratory environment during the same periods that biological samples were uncovered
and processed. Blank samples were vacuum filtered using the same filtration apparatus
and filter paper as biological samples, transferred to covered glass Petri dishes, stored,
and examined microscopically using the same visual identification criteria applied to
biological samples.

The average blank particle count was subtracted from biological sample counts prior
to calculating particle concentrations and conducting statistical analyses.

3.3. Statistical Analysis

The shoreline development metric for each lake was calculated by dividing the total
number of shoreline developments (e.g., homes, cabins, and other structures) by shoreline
length (m). Descriptive statistics, including means, standard deviations, ranges, and fre-
quency distributions, were calculated for anthropogenic particle abundance and concentra-
tion by lake, species, and tissue type. Pearson correlation coefficients were used to evaluate
relationships between fish morphological characteristics (total length and weight) and
AP abundance or concentration. Because AP count data were non-normally distributed
and characterized by numerous zero observations following blank correction, differences
among species—tissue groups were evaluated using the Kruskal-Wallis rank-sum test. Sta-
tistical analyses were performed using RStudio, R 4.4.2 with RStudio 2024 (R Foundation
for Statistical Computing, Vienna, Austria), and statistical significance was assessed at
a = 0.05.

4. Results
4.1. Anthropogenic Particle Occurrence by Species

A total of 41 anthropogenic particles (APs) were detected across liver, gastrointestinal
tract (GIT), and fillet tissues from 49 wild-caught giigoo (fish), yielding a mean (+SD)
of 0.83 £ 1.50 particles per fish. Overall AP prevalence was 43%, with individual fish
containing between 0 and 6 particles (Table 2).

Table 2. Summary statistics for anthropogenic particles (APs) found within fish and their respec-
tive tissues.

Species/Tissue AP Total Samples Fish with APs Prevalence (%) Mean Min Max
Ogaa 25 24 12 50% 1.04 £1.67 0 6
Asaawe 16 25 9 36% 0.64+1.29 0 6
Ogaa GIT 11 24 4 17% 275£1.35 0 6
Ogaa Liver 6 23 4 17% 1.50 £ 0.689 0 3
Ogaa Fillet 8 23 6 26% 1.14 £ 0.656 0 2
Asaawe GIT 10 25 4 16% 250+ 1.35 0 6
Asaawe Liver 4 25 3 12% 1.30 £0.473 0 2
Asaawe Fillet 2 25 2 8% 1.00 +0.277 0 1
Total 41 49 21 43% — 0 6

Two species were examined: Ogaa (Sander vitreus) and Asaawe (Perca flavescens).
Among 24 Ogaa, 25 APs were detected, with a mean of 1.04 £ 1.67 particles per fish
and a prevalence of 50%. Individual Ogaa contained between 0 and 6 particles, with blue
fibers representing the most frequently observed AP morphology, followed by fragments.

Among 25 Asaawe, 16 APs were detected, with a mean of 0.64 =+ 1.29 particles per
fish and a prevalence of 36%. Individual Asaawe also contained between 0 and 6 particles.

https://doi.org/10.3390/environments13080440


https://doi.org/10.3390/environments13080440

Environments 2026, 13, 440

6 of 15

As with Ogaa, blue fibers were the predominant morphology, with blue fibers occurring
most frequently.

4.2. Particle Counts by Tissue Type

Across both species, the gastrointestinal tract (GIT) contained the highest observed
total AP counts, with 11 APs detected in Ogaa and 10 APs in Asaawe. In Ogaa, the GIT had
a mean tissue particle count of 2.8 & 1.4 particles and a prevalence of 17%, with counts
ranging from 0-6 particles. Similarly, the GIT of Asaawe had a mean tissue particle count of
2.5 £ 1.4 particles, a prevalence of 16%, and counts ranging from 0-6 particles.

Liver tissues contained fewer APs than the GIT. Ogaa livers contained 6 APs, with a
mean tissue particle count of 1.5 4= 0.7 particles, a prevalence of 17%, and counts ranging
from 0-3 particles. Asaawe livers contained 4 APs, with a mean tissue particle count of
1.3 £ 0.5 particles, a prevalence of 12%, and counts ranging from 0-2 particles.

Fillet tissues also contained relatively few APs. Ogaa fillets contained 8 APs, with a
mean tissue particle count of 1.1 + 0.66 particles, a prevalence of 26%, and counts ranging
from 0-2 particles. In comparison, Asaawe fillets contained 2 APs, with a mean tissue particle
count of 1.0 4= 0.28 particles, a prevalence of 8%, and counts ranging from 0-1 particle.

4.3. AP Concentrations in Tissues (p/g)

The overall concentration of anthropogenic particles (APs) across all tissues was
0.09 £0.32 particles per gram wet weight (p/g), with concentrations ranging from
0-2.8 p/g. Ogaa tissues (n = 70) had a mean concentration of 0.08 £ 0.23 p/g (range:
0-1.6 p/g), whereas Asaawe tissues (n = 75) had a mean concentration of 0.09 =023 p/g
(range: 0-2.8 p/g).

Descriptively, liver tissues exhibited the highest AP concentrations (0.14 & 0.49 p/g;
range: 0-2.8 p/g), followed by the gastrointestinal tract (GIT) (0.08 &+ 0.25 p/g; range:
0-1.4 p/g) and fillet tissues (0.04 - 0.10 p/g; range: 0-0.52 p/g).

4.3.1. AP Concentrations by Species and Tissue

In Ogaa, mean AP concentrations were highest in the liver (0.10 £ 0.36 p/g), followed
by the fillet (0.07 £ 0.13 p/g) and the gastrointestinal tract (GIT) (0.05 £ 0.15 p/g). Con-
centrations ranged from 0-1.6 p/g in the liver, 0-0.52 p/g in the fillet, and 0-0.61 p/g in
the GIT.

In Asaawe, the liver also exhibited the highest mean AP concentration (0.17 £ 0.60 p/g)
(see Figure 2), followed by the GIT (0.10  0.32 p/g) and the fillet (0.02 £ 0.06 p/g). Con-
centration ranges were 0-2.8 p/g for the liver, 0-1.4 p/g for the GIT, and 0-0.22 p/g for
the fillet.

4.3.2. AP Distribution in Fish Across Multiple Lakes

Anthropogenic particle (AP) occurrence varied among the five sampled lakes. The fol-
lowing sections summarize total particle abundance, mean AP concentrations, and species-
and tissue-level variability observed across the study lakes. These comparisons are descrip-
tive and are intended to illustrate observed patterns among sampling locations.

Total Particles by Lake

A total of 49 fish were collected across five lakes in the Mississippi River Headwaters
watershed. Fish sample sizes and the total number of anthropogenic particles (APs) recov-
ered from each lake are summarized in Table 3. Descriptively, AP abundance varied among
the five sampled lakes. Stump Lake had the highest observed particle count (n = 16),
followed by Marquette Lake (n = 11), Elk Lake (n = 8), Irvine Lake (n = 5), and Lake
Bemidji (n = 1).
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Figure 2. Mean anthropogenic particle (AP) concentrations in liver, gastrointestinal tract (GIT),
and fillet tissues of Ogaa and Asaawe. Bars represent mean concentrations (particles g~! wet weight),
and error bars represent 1 standard deviation (SD). Tissue sample sizes were: Ogaa, GIT (n = 24),
liver (n = 23), and fillet (n = 23); and Asaawe, GIT (n = 25), liver (n = 25), and fillet (n = 25).
Portions of error bars extending below zero represent statistical dispersion around the mean and do
not indicate observed negative AP concentrations.

Table 3. Number of fish analyzed (1) and total anthropogenic particles (APs) recovered from each

sampled lake.

Lake Fish (n) APs (n)
Elk 10 8
Marquette 10 11
Irving 10 5
Bemidji 10 1
Stump 9 16
Total 49 41

Mean Concentrations by Lake

Mean AP concentrations (p/g wet weight) followed a similar pattern, with Stump
Lake exhibiting the highest mean concentration (0.203 £ 0.575 p/g). Marquette, Irvine,
and Elk exhibited intermediate mean concentrations ranging from 0.049 to 0.086 p/g,
whereas Bemidji had the lowest mean concentration (0.030 &+ 0.166 p/g).

Species- and Tissue-Level Variability

Among Asaawe, liver tissues exhibited the highest mean AP concentration at Stump
Lake (0.666 £ 1.24 p/g), whereas liver APs were not detected in several other lakes. GIT
concentrations were also elevated in Marquette and Stump but were not detected in
Bemidji or Irvine. Fillet concentrations were generally low, with the highest observed mean
concentration occurring in Elk (0.444 £ 0.099 p/g).

Among Ogaa, GIT concentrations were modestly elevated in Marquette, Irvine,
and Stump but were not detected in Elk or Bemidji. Fillet tissues exhibited the highest
mean concentration in Elk (0.215 =+ 0.406 p/g), whereas liver concentrations were gener-
ally low across lakes, with the highest observed mean concentration occurring in Stump
(0.14 £ 0.23 p/g) (see Figure 3).
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AP Distribution in Ogaa and Asaawe Across Lakes
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Figure 3. Mean anthropogenic particle (AP) concentrations across sampled lakes by species and tissue
type. Bars represent mean tissue concentrations (particles g~ wet weight), and error bars represent
+1 standard deviation (SD). Fish sample sizes by lake were Elk (n = 10), Marquette (1 = 10), Irvine
(n = 10), Bemidji (n = 10), and Stump (n = 9). Portions of error bars extending below zero represent
statistical dispersion around the mean and do not indicate observed negative AP concentrations.

4.4. AP Morphology

The recovered anthropogenic particles were classified into morphological categories,
including fibers and fragments (see Figure 4 for visual comparison). Across all tissues
and lakes, fibers were the predominant particle type, followed by fragments. Fibers were
observed most frequently in gastrointestinal tract (GIT) samples, although they were also
detected in liver and fillet tissues.

Morphological composition was generally similar among the sampled lakes. Stump
Lake contained the greatest number of recovered fibers, reflecting its higher overall AP
abundance, whereas particles recovered from Marquette, Elk, Bemidji, and Irvine included
a mixture of fibers and fragments. Because particle morphology was determined fol-
lowing chemical digestion and visual microscopy, these observations are presented as
descriptive classifications.

4.5. Statistical Analyses

Pearson correlation analyses were conducted to evaluate relationships between fish
morphological characteristics (length and weight) and anthropogenic particle (AP) occur-
rence. Correlation coefficients were negligible, indicating little evidence of linear relation-
ships between total length and AP concentration (r = 0.0019) or between fish weight and
tissue particle totals (r = 0.0296).

Differences in AP counts among species—tissue combinations were evaluated using a
Kruskal-Wallis rank-sum test. No statistically significant differences were detected among
groups (x> = 4.80,df = 5, p = 0.441).

4.6. QA/QC
Eight laboratory blanks yielded a mean of 2.9 anthropogenic particles per blank.
Fibers were the predominant morphology, with blue fibers occurring most frequently.
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Blank-corrected data remained non-normally distributed and were therefore analyzed

using nonparametric statistical approaches.

Figure 4. Representative anthropogenic particles (APs) recovered from digested fish tissues. (A) Fiber
and (B) fragment identified by stereomicroscopy following chemical digestion. Particle classifications
were based on visual morphology.

5. Discussion
5.1. Anthropogenic Particle Occurrence Across Lakes

Anthropogenic particle (AP) abundance varied among the five sampled lakes but
showed no clear relationship with shoreline development or the hypothesized urbanization
gradient. Stump Lake, the most downstream lake sampled, exhibited the highest AP
abundance, whereas Bemidji, despite having the greatest surrounding development and
receiving wastewater treatment plant (WWTP) effluent upstream, exhibited the lowest
AP abundance. Similar variability among lakes has been reported in other Minnesota
freshwater studies that likewise found no significant differences in AP occurrence among
sampled lakes [26].

The elevated AP abundance observed in Stump Lake may reflect its downstream
position within the watershed and the influence of impoundment by a dam. Reduced water
velocity associated with reservoirs can promote the settling and accumulation of suspended
anthropogenic particles, potentially increasing exposure to aquatic organisms [26]. Multiple
studies have similarly reported greater AP accumulation in downstream water bodies
where particles are transported and retained within connected freshwater systems [27,28] .
Conversely, the relatively low AP abundance observed in Bemidji suggests that shoreline
development alone may not adequately predict AP occurrence in freshwater fish, despite
the presence of urban development and upstream WWTP discharge. Although WWTPs
are recognized sources of APs to freshwater environments [29-31], our findings indicate
that additional watershed processes likely influence particle exposure.

The lack of a consistent relationship among lakes emphasizes the complexity of AP
transport within interconnected freshwater systems. Differences in hydrology, watershed
connectivity, lake morphology, particle retention, species ecology, and local environmen-
tal conditions may collectively influence AP availability. Similar conclusions have been
reported for Minnesota lakes, where substantial variability occurred despite comparable
regional settings [15]. Because these factors were not directly measured in the present study,
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they should be considered plausible explanations requiring further investigation rather
than direct causal mechanisms.

5.2. AP Occurrence in Wild-Caught Fish

Anthropogenic particles were detected in all tissue types examined, with 41 total APs
identified among 49 fish and an overall mean of 0.83 particles per fish. Approximately
43% of sampled fish contained at least one observed AP. These findings are comparable to
recent studies conducted in Minnesota freshwater systems that reported similar prevalence
and particle abundance, including 48% prevalence and a mean of 0.86 particles per fish [26].
Differences among studies likely reflect variation in sample size, digestion protocols, fish
species, analytical procedures, and reporting metrics.

Reports of AP occurrence in freshwater fish remain highly variable. For example, one
investigation reported approximately 2.1 & 1.26 particles per fish [26] , whereas [32] ob-
served substantially greater particle burdens (17 & 15.5 particles per fish) and [14] detected
only 18 particles among 60 freshwater fish. Such discrepancies likely reflect methodologi-
cal differences, including digestion techniques, particle identification criteria, and tissue
sampling strategies, as well as biological differences among fish species and environmen-
tal variation among freshwater systems. Collectively, these comparisons highlight the
continuing need for standardized methodologies to improve comparisons among studies.

Although APs were observed in liver and fillet tissues, concentrations remained rela-
tively low. Detection of APs outside the gastrointestinal tract is consistent with previous
reports suggesting that particles may move beyond the digestive tract under some con-
ditions [14,32]. However, the mechanisms governing particle occurrence within internal
tissues remain poorly understood, and conflicting findings among freshwater studies
emphasize the importance of future investigations incorporating spectroscopic polymer
confirmation and standardized analytical approaches.

5.3. Species and Tissue Differences

Ogaa contained more APs overall than Asaawe; however, no statistically significant
differences were identified between species. Similar AP abundances within gastrointestinal
tract samples suggest that both species experience comparable exposure within the study
area despite differences in feeding ecology. Previous studies have reported inconsistent
relationships between trophic position and AP burden, with some investigations reporting
greater accumulation in piscivorous species while others observed no consistent trophic
patterns [32-36]. Together with our findings, these studies suggest that species ecology
alone may not fully explain AP occurrence in freshwater fish.

Across all samples, APs were most frequently detected within gastrointestinal tract
tissues, followed by liver and fillet tissues. This distribution is consistent with ingestion
representing a significant pathway of AP exposure. APs were observed in liver and fillet
samples; however, the low particle counts, absence of polymer confirmation, and possi-
bility of procedural or dissection-related contamination prevent conclusions regarding
translocation into internal tissues. Variation among published studies further illustrates
the uncertainty surrounding particle occurrence within fish tissues. Differences in reported
AP occurrence likely reflect methodological variation, including tissue mass analyzed,
particle detection limits, digestion procedures, and analytical confirmation. Consequently,
standardized methodologies and polymer-confirmed analyses remain essential for im-
proving comparisons among studies and clarifying the biological processes governing AP
occurrence within freshwater fishes.
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5.4. Particle Morphology

Fibers were the predominant AP morphology observed across species, tissues,
and lakes, followed by fragments, with blue particles representing the most frequently
observed color. Similar dominance of fibers has been reported in numerous freshwater
fish studies and may reflect the widespread occurrence of synthetic textile fibers, fishing-
related materials, and other diffuse anthropogenic sources. Although fragments have been
reported as the dominant morphology in some freshwater investigations, differences in
particle composition among studies likely reflect regional environmental conditions, local
sources, and methodological variation.

The predominance of fibers observed in gastrointestinal tissues supports previous
freshwater studies reporting similar morphological distributions [32]. Variation in parti-
cle morphology among liver and fillet tissues should be interpreted cautiously because
relatively few particles were detected outside the gastrointestinal tract. Future investiga-
tions incorporating spectroscopic identification will improve understanding of particle
composition and potential environmental sources.

5.5. Study Limitations and Future Research

Several limitations should be considered when interpreting these findings. Sample size
limited statistical power to detect subtle biological or environmental relationships. Particle
identification relied on visual microscopy without polymer confirmation, preventing defini-
tive identification of plastics and supporting the use of the broader term anthropogenic
particles. In addition, only portions of some tissues were analyzed, and particles below the
visual detection limit may have been missed.

Despite these limitations, this study establishes baseline information on AP occur-
rence in culturally important freshwater fish from the Mississippi Headwaters watershed.
Future investigations should incorporate larger sample sizes, standardized methodologies,
seasonal sampling, environmental matrices (e.g., water, sediment, and prey organisms),
and spectroscopic confirmation using techniques such as FTIR or Raman spectroscopy.
Continued long-term monitoring will improve understanding of AP occurrence, transport,
and ecological significance within northern freshwater ecosystems.

6. Conclusions

This study provides a baseline assessment of anthropogenic particle (AP) occurrence
in Ogaa (Sander vitreus) and Asaawe (Perca flavescens) collected from the Mississippi Head-
waters watershed of northern Minnesota. Anthropogenic particles were detected in gas-
trointestinal tract, liver, and fillet tissues, with fibers representing the predominant particle
morphology. Although AP occurrence varied among lakes, species, and tissue types, no
statistically significant relationships were identified among the biological or environmen-
tal variables examined, suggesting that AP exposure within these freshwater systems is
influenced by factors more complex than shoreline development alone.

The detection of APs in culturally important fish species contributes baseline infor-
mation for a region where data remain limited and establishes a foundation for long-term
monitoring of freshwater anthropogenic particle contamination. While visual microscopy
provided a practical approach for baseline assessment, future investigations should incor-
porate larger sample sizes, standardized methodologies, and spectroscopic confirmation
using techniques such as FTIR or Raman spectroscopy to improve particle identification
and strengthen comparisons among freshwater studies. Together, these findings provide
an important reference for future ecological monitoring and support continued investi-
gation of anthropogenic particles within the Mississippi Headwaters watershed. These
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findings should be interpreted in light of the limited sample size and the reliance on visual
identification without spectroscopic polymer confirmation.
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AP Anthropogenic particle(s)
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GIT Gastrointestinal tract

H,O, Hydrogen peroxide

MN DNR  Minnesota Department of Natural Resources
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p/g Particles per gram

QA/QC  Quality assurance/quality control

R R statistical computing environment
RMB RMB Environmental Laboratories, Inc.
SD Standard deviation

TSI Trophic State Index
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uv Ultraviolet

WWTP Wastewater treatment plant
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Appendix A. Detailed Laboratory Protocol for Sample Digestion,
Filtration, and Visual Identification of Anthropogenic Particles

The protocol includes sample preparation, dissection, oxidation with H, Oy, filtration

steps, and contamination-control measures used throughout the study.

Appendix A.1. Preparation and Cleaning

Thaw fish samples before processing.

Wash and label all necessary Erlenmeyer flasks (>60) using filtered deionized (FDI) water.
Clean laboratory surfaces with plant-based sponges.

Dry-mop floors with a Swiffer prior to use.

Wear non-synthetic laboratory coats, gloves, and safety glasses during all procedures.
Rinse flasks three times with filtered deionized water and cover them with aluminum
foil to prevent contamination.

Appendix A.2. Dissection

All chemicals were filtered before use.

All dissection steps were performed inside a clean fume hood using sterilized dissec-
tion kits.

Fish were measured (total length from caudal fin to mouth) and weighed before
dissection.

The liver, gastrointestinal tract (GIT), and fillet were removed using sterile tools and
placed into pre-labeled, foil-covered Erlenmeyer flasks.

Tissue samples weighing more than approximately 5-7 g were chopped into smaller
pieces to match digestion flask volume and optimize processing.

Appendix A.3. Digestion and Filtration

Each tissue sample was combined with 100 mL of 30% H,O; in a pre-rinsed flask.
Flasks were incubated in a convection oven at 50 °C for 48-72 h.

After digestion, samples were filtered using a vacuum filtration system with 20 pm
filter paper to avoid clogging.

If clogging occurred, undigested portions were transferred into smaller beakers and
re-filtered as needed.

Filters were stored in labeled Petri dishes for inspection.

Appendix A.4. Visualization and Identification
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