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Microplastic (<5 mm) pollution has been documented globally throughout freshwater and marine ecosystems. Exposure to and ingestion of microplastics presents a threat to the health of aquatic and marine organisms and humans through the consumption of fish and crustaceans. Understanding the factors which influence microplastic ingestion by fish is a key step in predicting the potential health risks. Drivers of microplastic consumption have been studied in lab settings, but there has been limited ability to confirm in field studies. Here we examine the roles and contributions of feeding guild, pelagic microplastic concentrations, and fish length to microplastic consumption by three species of fish across four lake ecosystems in Minnesota, United States. Fish samples were collected in the summers of 2019 and 2020 and processed to determine variability in microplastic ingestion. Identifying particles between 0.18 and 5 mm, plastic ingestion ranged from 0.6 microplastics fish−1 in Elk Lake (low surface water microplastics) bluegill to 1.09 microplastics fish-1 in White Iron Lake (moderate surface water microplastics) cisco. Results indicate that microplastic consumption by filter feeding cisco is driven by surface water microplastic concentrations, while microplastic consumption by visual feeding bluegill and yellow perch is not. Additionally, the high variability of ingestion between lake ecosystems coupled with the complex behavior of some fish species presents difficulties in identifying primary drivers of microplastic consumption that would be broadly applicable across ecosystems and species.
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1 INTRODUCTION
Understanding the drivers of microplastic (plastic particles < 5 mm) exposure to ecosystems, organisms, and humans is increasingly important owing to the potential ramifications for public health and safety. The rapid rise of plastic production to satisfy the many uses by both consumers and industry has resulted in widespread pollution of microplastics to freshwater and marine ecosystems (Carpenter and Smith, 1972; Wong et al., 1974; Browne et al., 2010; Cole et al., 2011; Eriksen et al., 2013; Conowall et al., 2023). Due to the high use of plastics both commercially and by consumers, plastic pollution is often associated with urban areas and anthropogenic activity (Fendall and Sewell, 2009; Driedger et al., 2015; Napper et al., 2015; Crew et al., 2020). Distribution and fluxes of microplastics can be influenced by factors such as wastewater treatment plant outflows, runoff, and atmospheric deposition (Crew et al., 2020; Evangeliou et al., 2020; Freeman et al., 2020; Kumar et al., 2021; Rehm et al., 2021; Han et al., 2022). Additionally, due to their small size, microplastics are readily transported via the atmosphere and are deposited into both urban and remote ecosystems (Free et al., 2014; Dris et al., 2016; Allen et al., 2019; Enyoh et al., 2019; Chen et al., 2020; Negrete Velasco et al., 2020; Conowall et al., 2023). Due to the widespread distribution of microplastics in the environment, microplastic ingestion by aquatic organisms has been documented across various ecosystems (Devriese et al., 2015; Peters et al., 2018; Roch et al., 2019; Barboza et al., 2020; Wootton et al., 2021b; Parker et al., 2021).
Ingestion of microplastics poses several risks to the health of aquatic organisms. The ingestion of microplastics has the potential to cause digestive stress on organisms through intestinal accumulation and inflammation and digestive blockages (Cong et al., 2019; Mak et al., 2019; Qiang and Cheng, 2019). Chemicals associated with plastics pose a greater potential risk to organisms than the physical impacts of microplastics, especially at environmentally relevant concentrations of microplastics. Plastic additives such as bisphenol-A (BPA), brominated phthalates, and nonylphenol are identified as endocrine disruptors and pose threats to aquatic organisms (Hermabessiere et al., 2017; Chen et al., 2019). In fish with plastics present in their gut, gills, and muscle, tissue BPA levels have been found to be elevated with evidence of neurotoxicity (Barboza et al., 2020; Barboza et al., 2020). Additionally, leached nonylphenol from plastic bags can lead to mortality for some fish species (Hamlin et al., 2015). There is also evidence that microplastics sorb several potentially toxic chemicals, including non-ionic organic compounds, non-polar organic compounds, and heavy metals (Hüffer and Hofmann, 2016; Richard et al., 2019; Uber et al., 2019). Furthermore, mercury accumulation has been observed at elevated levels in the liver and gills of fish that have been exposed to microplastics (Barboza et al., 2018). The toxicity of plastics to fish and the potential risk to humans of elevated levels of chemicals such as mercury and BPA make it vital to understand the potential levels of microplastic exposure to fish in natural environments.
Modes of uptake of microplastics by fish and primary drivers of microplastic exposure and ingestion have been identified in a variety of ecosystems. Roch et al. (2020) categorized microplastic ingestion into either active uptake, as a result of misidentification of microplastics as food, or passive uptake through accidental ingestion or trophic transfer. Active uptake in vivo by fish of microplastics that resembled food occurred at higher rates than plastics which did not (Roch et al., 2019). Feeding strategy, fish length, water column microplastic concentration, and food availability have all been identified as significant drivers of microplastic consumption by fish in vivo (Peixoto et al., 2019; Roch et al., 2020). However, few studies have explored the important drivers of fish consumption in the wild. In one example, fish collected off the coast of Australia consumed higher levels of microplastics than fish sampled from Fiji, which may be evidence of increased exposure and ingestion by fish in closer proximity to higher human activity and thus higher microplastic pollution (Wootton et al., 2021a). There is also evidence of the impact of feeding strategy on microplastic consumption, where filter feeding resulted in increased microplastic consumption by fish collected from the wild (Collard et al., 2017; Feng et al., 2019). Yet, there is limited evidence comparing different species, both within and across ecosystems. This study aims to fill these knowledge gaps by examining the uptake of microplastics by fish species using different feeding modes in multiple contrasting lake ecosystems in Minnesota, United States.
2 METHODS
2.1 Study sites and species
Four Minnesota lakes from the group of 25 MN DNR Sentinel study lakes were selected for this study based on their varying fish habitat, and food web structure. These included Elk Lake, Peltier Lake, Ten Mile Lake, and White Iron Lake (Figure 1). Importantly, these lakes also sustain populations of target study fish with different feeding strategies. Elk, Ten Mile, and White Iron Lakes sustain healthy populations of filter feeding cisco (Coregonus artedi). Visual feeding yellow perch (Perca flavescens) are present in Elk Lake and White Iron Lake, while visual feeding bluegill (Lepomis macrochirus) are present in Elk, Ten Mile, and Peltier Lakes. Elk Lake is a relatively small (littoral area = 0.3 km2, surface area = 1.2 km2) lake with a maximum depth of 28.3 m (Sentinel Lakes, 2022) (Table 1). Peltier Lake is also relatively small (littoral area = 1.7 km2, surface area = 2.2 km2) with a maximum depth of only 5.5 m (Sentinel Lakes, 2022) (Table 1). Ten Mile Lake is much larger (littoral area = 5.3 km2, surface area = 20.2 km2) than Elk Lake and Peltier Lake with a maximum depth of 63.4 m (Sentinel Lakes, 2022) (Table 1). Lastly, White Iron Lake has a relatively large littoral area (6.5 km2) and surface area (13.1 km2) with a maximum depth of 14.3 m (Sentinel Lakes, 2022) (Table 1).
[image: Figure 1]FIGURE 1 | Map of Minnesota and the four study lakes. Bathymetry is shown for each lake to demonstrate the differences in depth of the lakes, with light blue representing shallower areas and darker blue representing deeper areas of the lakes.
TABLE 1 | Characteristics describing the lakes where fish were collected. Lake metrics are from the Minnesota DNR Sentinel Lakes website (Sentinel Lakes, 2022). Surface water microplastic concentrations are based on the findings of Conowall et al. (2023). White Iron Lake surface water microplastics concentration is based only on samples from the north basin of the lake, where the fish were collected (Conowall et al., 2023).
[image: Table 1]Pelagic surface water microplastic concentrations were determined by Conowall et al. (2023). Using manta tow nets, samples were collected between June 6th and 20 June 2019 and between June 11th and 2 July 2020. Samples were processed using a Fenton’s reagent and peroxidation protocol, with a lower size cutoff of 330 µm (Conowall et al., 2023). Pelagic microplastic concentrations are used in this study as an indicator and comparison of potential microplastic exposure of fish species in the study lakes. Microplastics concentrations in the lakes ranged from 0.19 microplastics m−3 in Elk Lake to 0.79 microplastics m−3 in Peltier Lake (Conowall et al., 2023) (Table 1). More details and information about the study lakes can be found in Conowall et al. (2023).
All three fish species occupy comparable trophic positions but display differences in feeding behavior. Bluegill and yellow perch primarily visually identify and forage on individual prey (Laarman, 2004; Moran et al., 2018; Richmond et al., 2004). Bluegill are a warm-water species which spend the majority of their time in the littoral zone (Laarman, 2004; Moran et al., 2018). They are often generalists which feed primarily zooplankton and macroinvertebrates but may display multiple ecomorphs according to occupied habitat and diet (Laarman, 2004; Moran et al., 2018). Yellow perch have highly variable life histories, undergoing ontogenetic dietary shifts that transition from feeding initially on zooplankton, to macroinvertebrates as juveniles, to small fish as adults (Lott et al., 1996; Kraemer et al., 2012). Often, these shifts in diet are accompanied by spatial shifts between the littoral and pelagic zone, with smaller juvenile perch occupying primarily the littoral zone and larger mature perch occupying either the pelagic or littoral zone (Kraemer et al., 2012). Cisco, in contrast to bluegill and yellow perch, consume primarily zooplankton and utilize rapid gulping to create filter force, allowing them to ingest multiple prey at once (Janssen, 1978) which facilitates filter feeding. Cisco are a cold-water fish which occupy primarily the pelagic zone due to their need for higher oxygen and lower temperature levels (Ahrenstorff et al., 2013). Cisco display varying diel vertical migration (DVM) patterns across different lake ecosystems, based largely on temperature and resource availability, but generally demonstrate similar feeding behavior and occupy similar habitat across ecosystems (Ahrenstorff et al., 2013).
2.2 Fish sampling and dissection
Fish were collected during the summers of 2019 and 2020. Bluegill and yellow perch were collected from the littoral zone of the study lakes and were sampled on the same dates as pelagic surface water samples. Bluegill were collected from Elk, Ten Mile, and Peltier Lakes and yellow perch were collected from Elk and White Iron Lakes. Electrofishing was the primary method of collection of bluegill and yellow perch, and rod and reel were used as a secondary method of collection if it was deemed necessary. Cisco were collected using vertical gill nets (monofilament nylon) with mesh sizes of 9.5, 12.7, 19.0, 25.4, 31.8, 38.1, and 44.5 mm, which were deployed in the pelagic zone of study lakes and left overnight. Cisco were collected later in the summer following stratification between July 19th and 6 September 2019 and between July 6th and 26 August 2020. We acknowledge that there is a gap between the time of cisco sampling and bluegill and yellow perch sampling, but we do not believe it significantly alters the ability to compare the consumption of these species. Importantly, yellow perch and cisco were only collected from the north basin of White Iron Lake, and thus only the surface water microplastic samples from the north basin of the lake were used for the pelagic microplastic concentration and comparisons of color and morphology (Conowall et al., 2023). Collected fish that remained alive were dispatched quickly by cranial displacement. Fish were then wrapped in combusted (450°C for at least 4 h to remove all organic carbon) aluminum foil and stored on ice until they could be stored in a freezer to await dissection.
130 fish (61 cisco, 35 bluegill and 34 yellow perch) were dissected and processed for analysis of microplastics within their gastrointestinal (GI) tract. A minimum of 10 fish of each species were dissected and processed from each lake. In total, 39 fish were examined from Elk Lake (10 bluegill, 19 cisco, 10 yellow perch), 15 fish were examined from Peltier Lake (15 bluegill), 20 fish were examined from Ten Mile Lake (10 bluegill, 10 cisco) and 56 fish from White Iron Lake (32 cisco, 24 yellow perch). Fish of various lengths were dissected to capture individuals of different life stages and diets and assess possible variations in microplastic consumption associated with size or maturity. Frozen fish were thawed prior to dissection and the length and wet mass was recorded for each fish. Fish length was recorded from the forwardmost point of the head to the tip of the compressed tail. An initial incision was made at the anal vent of the fish with a sterile dissection scalpel. The incision was then extended from the anal vent up to the gills along the underside of the fish. Cuts were then made on the esophagus behind the gills and the intestines at the anal vent to disconnect the digestive tract from the fish. This stomach and intestines were isolated by carefully cutting connective tissue to remove other GI organs and excess tissue. The stomach and intestines were then wrapped in combusted aluminum foil and then freeze dried. Cotton lab coats and purple nitrile gloves were worn during dissection.
2.3 Microplastic isolation
Enzymatic degradation was used as a gentle method for the removal of tissue and other organic material and was performed according to methods and recommendations by Löder et al. (2017). Freeze dried GI tracts were transferred to combusted pre-weighed glass jars and dry mass of the GI tracts were recorded. 30 mL of a filtered (0.45 μm MCE filter) 10% w/w sodium dodecyl sulfate (SDS) was added to samples and left to incubate at 50°C for 24 h. The SDS treatment step was performed to saturate cell residues to increase available surface area for enzymatic action. Following incubation, samples were filtered onto a 180 μm nylon mesh filter to remove excess SDS and contents were then rinsed back into their glass containers with Milli-Q water. 5 mL of prefiltered proteinase K (Sigma-Aldrich, Tritirachium album) solution was added to samples, accompanied by 25 mL of prefiltered tris(hydroxymethyl)aminomethane (Tris) (Sigma-Aldrich, ACS Grade) buffer (pH 9) was added to samples to satisfy the pH of optimum activity of proteinase K. Samples were then left to incubate for 48 h at approximately 50°C. Following proteinase treatment, a density separation step was performed to remove remaining high-density material. Approximately 6 g of sodium chloride (previously combusted at 450°C for at least 4 h) was added per 20 mL of solution to obtain a saturated salt solution (density of 1.2 g cm−3), which was then transferred to a foil covered long glass stem funnel with clipped silicone tubing attached. Samples were allowed to density separate overnight. Sodium chloride was chosen in place of higher density options such as zinc chloride due to its lower potential environmental concerns. Following this density separation, high density material was drained from the funnel if there was a visible high-density pellet of material at the bottom of the silicone tubing. The supernatant was then filtered onto a 0.45 μm filter and rinsed thoroughly with milli-Q water to remove any excess salt. High density fractions were filtered onto 180 μm nylon net filters and were examined under microscope if possible. The majority (124 out of 130) of high-density fractions were able to be examined, with only six samples having high density fractions which could not be examined due to an excess of high-density material. Notably, cisco most frequently had high density fractions that were too large to be examined, likely due to high levels of chitin from their zooplankton dominated diet. All filters which could be examined were carefully transferred to covered glass Petri dishes to dry prior to microscopic analysis.
2.4 Microplastic identification
Sample filters were examined under a microscope (Amscope 3.5x-90x LED Trinocular Zoom Stereo Microscope with digital camera) at ×40 magnification. Particles of interest were isolated and categorized based on morphology (fiber, film, foam, fragment, sphere or other) and color (Supplementary Table S3). Particles were measured based on the length of their longest dimension. A lower size limit of 180 µm was used, which was set by the 180 µm filter used in the enzymatic degradation step. A pressure test and melt test were performed on all particles suspected of being microplastics. The pressure test was performed as a preliminary test, by lightly applying pressure to a particle with the tip of a needle. Due to the plasticity and resiliency of plastics, microplastic particles are unlikely to break or crumble under light pressure. A melt test was then performed on all plastics as a confirmatory test, by placing a hot needle tip close to a particle of interest. Particles that melted were recorded as plastics and collected if possible and saved. A random subset of 19 microplastics was selected from the identified microplastics (112) for analysis of plastic chemical composition.
Microplastic composition was analyzed using either Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) or Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR). Py-GC/MS was performed using a pyrolysis and thermal desorption unit (TDU) (Gerstel GmbH and Co. KG) with a gas chromatograph (Agilent 7890 B) and mass spectrometer (Agilent 5977 A) (Hendrickson et al., 2018; Conowall et al., 2023). Either a splitless (<50 μg sample) or 1:100 split (>50 μg sample) injection was used for introduction of pyrolyzed sample to the column. Py-GC/MS data were compared to the National Institute of Standards and Technology (NIST) mass spectral library, as well as to plastic standards (PE, PP, PS, PVC, and PET) analyzed in-house using the same py-GC/MS conditions. Comparisons were also done according to recommendations from other published works with a focus on indicator ions for identification (Primpke et al., 2020; Bouzid et al., 2022). Samples were analyzed on the ATR-FTIR (Thermo Scientific Nicolet iS50) between wavenumbers 4,000–500 cm1 using a diamond crystal with 64 scans per sample at a resolution of 4 cm−1 and were compared to the Hummel Polymer Sample Library (Hebner and Maurer-Jones, 2020; Elmer-Dixon et al., 2022). Polymer analysis was transitioned from Py-GC/MS to FTIR due to higher positive identification rates of FTIR, especially for fibers.
2.5 Statistical analysis and reporting
Summative statistics such as frequency of occurrence (FO) and plastics per individual (PI) are reported as either a mean or mean ± standard error. Plastics per individual describes the number of plastics per fish while frequency of occurrence is representative of the proportion of fish from a group of data which had at least one plastic present within their GI tract. Plastic color and morphology are reported as a percentage of the total plastics isolated from the GI tracts of sample fish. All figures and analyses were performed using R (version 4.1.0). Data was visually determined to be non-normal and thus, non-parametric tests were chosen for statistical analysis.
First, microplastic consumption by all fish across all study lakes was examined using a Kruskal–Wallis rank-sum test to identify any difference in microplastic consumption (PI) across the study lakes regardless of feeding strategy. For the comparison of FO across lakes, fish were given either a value of 0 (no plastics present) or 1 (plastics present) and a chi-squared test was performed to analyze differences in frequency of microplastics consumed across lakes. Microplastic consumption by visual feeders and filter feeders was then compared in each study lake in which both were present using a Wilcox rank-sum test. For the comparison of FO by filter and visual feeders, chi-squared tests were performed for visual and filter feeders from each lake. Finally, Spearman’s rank correlation test was performed to test correlation between surface water microplastic concentrations and microplastics consumed by filter feeders and visual feeders.
Fish length was also considered as a possible influential driver of microplastic consumption by fish. To examine the influence of fish length on microplastic consumption, fish were separated based on species and examined on a lake-by-lake basis. Data was separated based on species and lake due to differences in potential microplastic exposure across lakes, as well as differences in fish body size in different lakes as well as different species. Spearman’s rank correlation tests were then used to compare microplastic consumption to fish length.
Finally, feeding strategy was compared to both colors and morphologies of microplastics isolated from the GI tracts of fish. This comparison was performed on the basis that microplastic consumption may be influenced by colors or morphologies of microplastics, based on prey characteristics (Lopes et al., 2020; Okamoto et al., 2022). Fisher’s exact test was performed to determine any difference in frequency in the colors and morphologies of microplastics consumed by filter feeding fish and visual feeding fish across all four lakes. Fisher’s exact test was also performed to compare the colors and morphologies of microplastics consumed by each species in lakes in which at least two species were sampled (Elk, Ten Mile, and White Iron Lakes). Lastly, Fisher’s exact test was performed to compare the colors and morphologies of surface water microplastics (n = 149) to plastics consumed by filter feeders and visual feeders respectively.
2.6 QA/QC
During sample collection and in the lab, natural fiber clothing and lab coats were worn to minimize possible contamination, although yellow synthetic life preservers were used during field sampling. All reactants and reagents were filtered through 0.45 µm mixed cellulose ester (MCE) filters after preparation to remove any potential microplastics. Glassware was combusted at 450°C prior to use if possible or rinsed vigorously with MilliQ water before reuse if combustion was not possible due to time constraints. Samples were kept covered with combusted aluminum foil as much as possible to minimize contamination from airborne fallout. A random subset of filters was chosen to be examined under microscopy by multiple technicians together to reduce observer bias during the microscopy steps.
Method blanks were performed to account for possible contamination through the dissection and processing steps. Method blanks followed all steps of the extraction, digestion, and density separation. Of the 10 processed method blanks, four contained plastics, with five plastics in total being isolated for an average of 0.5 microplastics blank−1. Of the five plastics isolated, four were yellow fragments and one was a blue fragment. We believe this contamination is from Kimax bottle lids that were used, which we discuss in more depth in the SI. We recognize this is a relatively high level of plastics per blank compared to our sample microplastic abundance. However, due to the dominance of fibers and relatively low proportion of yellow and blue fragments of similar size in our samples, we do not think this has a significant impact on our raw counts. It is possible though that this contributed to the elevated levels of fragments and yellow and blue microplastics in samples. In addition to method blanks, positive controls were also performed to test the recovery rate of the enzymatic degradation process. Positive controls were processed using the same methods as both samples and method blanks. Overall recovery was 91.1%, with 100% of fibers being recovered across the positive controls and 86.7% of spheres being recovered. Additional QA/QC information can be found in the SI.
3 RESULTS
3.1 Microplastic consumption by visual and filter feeding fish
Of the 130 processed fish, 62 (30 cisco, 15 bluegill, and 17 yellow perch) contained microplastics. The FO of microplastics within the GI tract of fish was thus 48% and the plastic counts per fish ranged from 0–4 plastics. The average PI of all fish was 0.86 ± 0.10 plastics. There was no statistical difference in the PI (p = 0.819) or FO (p = 0.981) of fish sampled from Elk (n = 39), Peltier (n = 15), Ten Mile (n = 20), or White Iron (n = 56) Lakes. Elk Lake had the lowest average PI (0.69 ± 0.14 plastics). Along with Elk Lake (46%), fish from Peltier (47%), Ten Mile (45%), and White Iron Lakes (50%) all had similar FO of plastics within their GI tracts, ranging from 45% to 50%. Of the study lakes, fish from White Iron Lake had the highest PI (1.04 ± 0.17 plastics). Ten Mile Lake fish had an average PI of 0.80 ± 0.24 plastics, followed by Peltier Lake fish with an average PI of 0.73 ± 0.25.
To first examine the relationship between feeding strategy and microplastic consumption, we examined and compared the FO and PI of visual and filter feeders in Elk, Ten Mile and White Iron Lakes (Figure 2). In Elk Lake, visual feeding fish had a higher FO (50%) and PI (0.75 ± 0.20 plastics) than filter feeding fish (42% and 0.63 ± 0.20 plastics), but the differences were not statistically significant (p = 0.592 and p = 0.859 respectively). Ten Mile Lake and White Iron Lake filter feeding fish had higher FO and PI than visual feeding fish. In Ten Mile Lake, 50% of filter feeding fish had plastics in their GI tract and had an average PI of 0.90 ± 0.38 plastics compared to only 40% of visual feeding fish with an average of 0.70 ± 0.30 plastics. However, these differences in FO (p = 1.00) and PI (0.739) were not significantly different. In White Iron Lake, the differences in FO (p = 0.787) and PI (p = 0.605) were not significant, despite filter feeding cisco having the highest FO (53%) and PI (1.09 ± 0.22 plastics) observed across all study lakes. Visual feeding fish in White Iron Lake had a lower FO (46%) and PI (0.96 ± 0.27 plastics) than White Iron Lake filter feeders but did consume on average more plastics than fish from the other study lakes.
[image: Figure 2]FIGURE 2 | Consumed microplastics plotted as a comparison of visual and filter feeding fish in each lake. Cisco are represented by gray triangles, while bluegill and yellow perch are represented by light gray and black points, respectively. Mean values for the consumed microplastics of each feeding strategy in each lake are represented by horizontal Gy bars.
To visualize and compare the combined influence of feeding strategy and microplastic exposure, fish were separated by feeding strategy and microplastic consumption by filter and visual feeding fish and the correlation between surface water concentration and microplastic consumption was tested. When examining the relationship visually, there appears to be a positive relationship between surface water microplastics and microplastic consumption by filter feeders, which was not observed in visual feeders (Figure 3). However, the correlation between surface water concentrations and consumption was not significant for filter feeders (rs = 0.153, p = 0.240) or visual feeders (rs = 8.57 × 10−4, p = 0.994) according to Spearman’s rank correlation tests.
[image: Figure 3]FIGURE 3 | Consumed microplastics plotted relative to surface water microplastic concentrations of the study lakes (Conowall et al., 2023). Filter feeding fish are represented by black points while visual feeding fish are represented by light gray points. Small points represent individuals, while large points represent the average number of microplastics consumed by fish of that feeding strategy at that surface water microplastic concentration. Vertical lines represent the standard error of microplastics consumed by fish.
3.2 Relationships between fish length and microplastic consumption
To examine the relationship between fish length and microplastic consumption, fish were grouped into 5 cm size bins in increments from 5 to 40 cm and plotted to visualize trends in microplastic consumption relative to size (Figure 4). There was no consistent relationship observed between length and plastic consumption of the three species. Spearman’s rank correlation on microplastic consumption relative to bluegill length were not significant for Elk (rs = −0.457, p = 0.184), Peltier (rs = −0.370, p = 0.174), or Ten Mile Lake (rs = −0.160, p = 0.659), but the relationship between fish length and microplastic consumption in bluegill may still be important. There was no observed relationship between yellow perch length and microplastics consumed in Elk or White Iron Lakes and correlations were not significant for either lake (rs = −0.337, p = 0.341 and rs = −0.204, p = 0.339 respectively). Cisco had no relationship between length and microplastics consumed in Elk (rs = 0.153, p = 0.531) and White Iron (rs = 0.060, p = 0.744) Lakes. However, despite the very small size range of cisco in Ten Mile Lake (2.8 cm), there was a significant correlation (rs = 0.907, p = 2.87 × 10−4) between cisco length and microplastics consumed.
[image: Figure 4]FIGURE 4 | Microplastic consumption plotted in relation to fish length for bluegill (A), yellow perch (B), and cisco (C). Small points are individual fish, and large points represent the average PI of fish from 5 cm size bins, with vertical bars representing the standard error of the mean PI. Size bins are 5–10, 10–15, 15–20, 20–25, 25–30, 30–35, and 35–40 cm.
3.3 Color, morphology, and composition of consumed microplastics
Of identified plastics (112 plastics), fibers were the dominant morphology, comprising 60.7% of all identified plastics (Figure 5). Fragments (33.0%) were the second most common plastics morphology identified within the GI tracts of fish, while films (5.4%) and plastics labeled as “other” (0.9%) were the least common. Blue (32.1%) and black (17.9%) were the most common plastic colors within fish GI tracts. Translucent and transparent (17.0%) plastics were frequently identified, as well as red and yellow plastics which comprised 8.9% and 9.8% of the plastics isolated from fish respectively. No other color of plastics accounted for more than 5% of the total plastics isolated and all other colors combined accounted for only 14.3% of the isolated plastics. Of the plastics analyzed with either Py-GC/MS or FTIR, 74.7% (14) were positively identified as plastics and 26.3% (5) had insufficient data to be identified. Polyethylene was the dominant plastic type (31.6%) among analyzed plastics and 26.3% could be confirmed as polymers, but the specific plastic type could not be confirmed. Polypropylene (1), alkyd resin (1), and nylon (1) each made up 5.3% of the plastics analyzed. For comparison, polypropylene (18.9%) was the most abundant plastic identified in pelagic surface water samples, followed by polyethylene (10.8%) and polystyrene (2.7%) (Conowall et al., 2023). In surface water samples, 13.5% of particles were confirmed as plastics but had insufficient data to be classified as a plastic type and 54.1% of particles could not be confirmed as plastics (Conowall et al., 2023). However, Conowall et al., 2023 only used Py-GC/MS for the identification of microplastic composition, which limits comparisons of composition of plastics consumed by fish and in surface waters due to a difference in methodology and a much lower positive identification rate (45.9%) compared to this study.
[image: Figure 5]FIGURE 5 | Morphology and size of microplastics isolated from fish from the four study lakes. Boxplots represent the first and third quartiles while bold horizontal lines represent the median plastic size from each lake. The whiskers extend from the hinge to the largest value no further than 1.5 * the interquartile range.
The colors and morphologies of consumed microplastics were also separated by feeding strategy to examine any differences in morphologies of microplastics consumed by fish of different feeding strategies. Morphologies of microplastics consumed by filter and visual feeders were very similar, with fibers (61% and 67% respectively) and fragments (35% and 27%) comprising the consumed plastics of each species almost entirely. Films accounted for 4% of plastics consumed by filter and visual feeders. There was no statistical difference in the morphologies of plastics consumed by filter and visual feeders across study lakes (p = 0.814). There were differences in the colors of plastics consumed by filter and visual feeders, but the differences were not statistically significant (p = 0.105). Blue plastics were the most frequently consumed microplastic color by filter feeders (29%) and visual feeders (29%) but black microplastics made up a larger portion of plastics consumed by visual feeders (27%) than filter feeders (12%). Additionally, while fish of both feeding strategies consumed similar amounts of translucent/transparent plastics (filter = 16%; visual = 15%), visual feeders (13%) consumed more yellow plastics than filter feeders (6%). Filter feeding fish consumed slightly more red plastics (12%) than visual feeders (8%) and all other colors made up a much larger proportion of plastics consumed by filter feeders (24%) than visual feeders (8%). Filter feeders and visual feeders did display differences in the colors and morphologies of microplastics when compared to surface waters. Filter feeders consumed higher proportions of blue, red, and yellow plastics and less translucent/transparent plastics than were found in surface waters (p = 5.00 × 10−4) (Figure S-1). Visual feeders consumed higher proportions of blue and black plastics and less translucent/transparent plastics than were found in surface waters (p = 5.00 × 10−4) (Figure S-1). Both filter feeders and visual feeders consumed relatively more fragments than were found in surface water samples (p = 1.50 × 10−3 and p = 0.027 respectively).
Additionally, morphologies and colors of consumed plastics by each species were compared in study lakes containing at least two study species (Figure S-2). Morphologies and colors of plastics consumed by bluegill, cisco and yellow perch were similar in Elk Lake and no statistical difference was observed (p = 0.923 and p = 0.0.634), despite bluegill consuming relatively more black plastics than cisco or yellow perch. In Ten Mile Lake, cisco (three red plastics) consumed more red microplastics than bluegill (0 red microplastics) but otherwise the colors of microplastics consumed were very similar and overall there was no statistical difference (p = 0.405). There was also no statistical difference in morphologies of plastics consumed by cisco and bluegill in Ten Mile Lake (p = 0.786). In White Iron Lake, the colors of microplastics consumed by cisco and yellow perch were very similar and there was no statistical difference (p = 0.591). Cisco (12 fragments) did consume notably more fragments than yellow perch (four fragments), but the difference in plastic morphology extracted from cisco and yellow perch was not significant (p = 0.252).
4 DISCUSSION
4.1 Influence of microplastic exposure and feeding strategy on microplastic consumption
The average FO of plastics in fish from this study was comparable to the findings by Parker et al. (2021) (mean FO= 45%, median FO= 39%) and a review of studies on freshwater fishes by Wootton et al. (2021b) (mean FO = 43%, median FO = 40%). The average PI of fish from this study is lower than what has been observed in freshwater fishes (average PI = 3.49; median PI = 1.67) and in wild caught fishes (average PI = 2.64; median PI = 0.82) (Wootton et al., 2021b; Parker et al., 2021). In total, 12 out of 34 studies reviewed by Parker et al. (2021) reported a PI value of 0.90 or lower. Additionally, the FO and PI from this study are comparable to studies on freshwater fish with lower, comparable, and higher microplastic size cutoffs, indicating that low plastic consumption in this study is not simply a result of the size cutoff of this study (Peters and Bratton, 2016; Zhang et al., 2017; Horton et al., 2018; Andrade et al., 2019). Fish observed in this study not only consumed fewer microplastics than many other freshwater studies, but there was a lack of significant difference in microplastic consumption in fish found in the four study lakes. Literature has shown that increased microplastic exposure is directly related to increased microplastic uptake by aquatic species (Peixoto et al., 2019; Roch et al., 2020). Importantly, our findings do not directly support these studies, because fish did not show varying levels of microplastic consumption in the different study lakes, despite there being differences in surface water microplastic concentrations (Table 1).
In addition to there being no observable difference in microplastic consumption across the study lakes, fish from Peltier Lake had the second lowest PI of fish from the four study lakes, despite Peltier Lake having the highest surface water microplastic concentrations (Conowall et al., 2023). However, only bluegill were collected from Peltier Lake, which lacked a filter feeding species to collect, and bluegill as a species had the lowest FO and PI across all study lakes. When comparing microplastic consumption by fish in lakes containing both filter feeders and visual feeders (Elk, Ten Mile, and White Iron), there was a slight increase in microplastic consumption with increased surface water microplastic concentration, with average microplastic consumption increasing from a PI of 0.69 in Elk Lake, to 0.80 in Ten Mile Lake and 0.81 in White Iron Lake. This pattern suggests a possible relationship between surface water microplastic concentrations and microplastic consumption, but there was no statistical difference in microplastic consumption across study lakes and Ten Mile and White Iron Lakes show almost no difference in FO or PL.
Despite correlation tests of surface water microplastic concentrations and microplastic consumption not being significant, the difference observed between filter and visual feeders may still be important when considering the relationship between feeding strategy, microplastics pollution, and microplastics consumption. There is a potentially important positive trend between the mean PI and FO of filter feeding fish and surface water microplastic concentrations from Elk to Ten Mile to White Iron Lakes (Table 2; Figure 3). This relationship is supported by studies which have identified filter feeding as influential to increasing microplastic consumption in wild fish (Collard et al., 2017; Feng et al., 2019). In contrast, visual feeding fish do not display any consistent relationship between consumed microplastics and surface water microplastic concentrations (Figure 3). This could be explained by the varying impacts which feeding strategies can have on microplastic ingestion, such as lack of selectivity in filter feeders leading to increased microplastic consumption and more random colors and morphologies of microplastics consumed than visual feeders of similar trophic level (Collard et al., 2019; 2017; Wootton et al., 2021b; Parker et al., 2021). The slight differences in colors of plastics consumed by filter and visual feeders may offer further support of this in the study lake, but conclusions cannot be made due to a lack of significance. While the differences in colors and morphologies of plastics consumed by filter feeders and visual feeders were not significantly different, they did both exhibit differences in colors and morphologies of consumed plastics when compared to surface water microplastics. These findings suggest that while there may be some relationship between surface water microplastic concentrations and microplastic consumption, this relationship is not observed consistently in fish with different behavioral traits in the study lakes. Importantly, in lakes with overall lower microplastics loading, and thus lower levels of exposure, the influence of microplastic exposure on microplastic consumption may be reduced relative to other influential factors, such as feeding strategy, living habitat, diet, and trophic position (Collard et al., 2019; Jiang et al., 2022). Further, the role of microplastic exposure on microplastic consumption may be reduced or altered in natural settings compared to lab settings because of interacting drivers of consumption in complex natural systems (Peixoto et al., 2019; Roch et al., 2020). The difference in the observed relationships between microplastic concentrations and microplastic consumption by visual and filter feeding fish points to an interaction between feeding strategy and microplastic exposure in these more complex natural ecosystems. This interaction is likely further complicated by factors such as feeding habitat and diet, which have been identified as influential to microplastic consumption and are more variable across species and ecosystems (Wootton et al., 2021b; Parker et al., 2021).
TABLE 2 | Summative values for the microplastic consumption by the different species collected from each study lake including: frequency of occurrence (FO) of microplastics in the GI tracts, median plastics per individual (PI) and the PI mean and standard error.
[image: Table 2]4.2 Microplastic consumption by species
Bluegill consumed the fewest microplastics across all three species. Additionally, bluegill consumed similar numbers of microplastics in all three lakes: Elk (FO = 40.0%; PI = 0.60), Peltier (FO = 46.7%; PI = 0.73), and Ten Mile (FO = 40.0%; PI = 0.7) lakes (Table 2). Despite surface water microplastics concentrations ranging from 0.19 microplastics m-3 in Elk Lake to 0.79 microplastics m−3 in Peltier Lake (Conowall et al., 2023), there was no significant correlation between plastic consumption by bluegill and surface water microplastic concentrations. While the average PI of bluegill from these lakes does increase slightly with increased surface water microplastic concentrations, the difference is much less than would be expected based on the difference in surface water microplastic concentrations and theoretical exposure levels. This may be an indication that bluegill as a species are selective as consumers and able to avoid microplastic consumption despite higher levels of exposure. This may also indicate that they are less resource limited than other species. Bluegill have generally similar diets across ecosystems consisting largely of zooplankton and aquatic insects and are known to be selective feeders (Laarman, 2004). However, populations can diverge into littoral populations and pelagic ecomorphs, with pelagic bluegill feeding primarily on zooplankton and littoral bluegill displaying more generalist feeding behavior (Moran et al., 2018). Additionally, pelagic bluegill displayed different approach behavior and feeding behavior to attempt to capture numerous zooplankton at once (Moran et al., 2018). This variability in both habitat and feeding behavior increases the potential variability of microplastic uptake routes of bluegill both within a single lake, but also across lakes. This may further contribute to the lack of a relationship between surface water microplastic concentrations and microplastic consumption by bluegill.
Yellow perch also showed similar levels of microplastic consumption in both study lakes from which they were sampled but consumed notably more microplastics than bluegill (Table 2). This was unexpected because bluegill and yellow perch are both visual feeders and occupy similar trophic positions in most ecosystems. Based on the cited importance of feeding strategy, feeding habitat, and diet, it would be expected that yellow perch and bluegill would consume a similar number of microplastics (Peixoto et al., 2019; Roch et al., 2020; Wootton et al., 2021b; Parker et al., 2021). While selectivity may contribute to the lack of variation of microplastic consumption by yellow perch across lakes, these fish also likely have high levels of variability of microplastic exposure and consumption throughout their lives based on ontogenetic dietary shifts. Variation in feeding strategy often accompanies dietary transitions, which range from zooplankton to macroinvertebrates to small fish as yellow perch increase in size. Changes in diet are often variable across lakes based on food web structure, habitat, and resource availability (Lott et al., 1996; Kraemer et al., 2012). Levels of microplastic consumption as well as routes of uptake may change in response to ontogenetic dietary shifts. Based on the wide size range of fish examined here, these shifts were certainly represented, but based on the variability in these shifts between lakes, it is impossible to accurately compare the possible effects on microplastic consumption. Variability in behavior and habitat that has been observed in both bluegill and yellow perch makes it increasingly difficult to predict the levels of microplastic consumption by a single species across different lakes, but also similar species within the same lake. This is evident by the difference in consumption by bluegill (FO = 40% and PI = 0.6) and yellow perch (FO = 60% and PI = 0.9) from Elk Lake, despite being two species that are visual feeders, occupy similar trophic positions and habitat and thus similar levels of theoretical microplastic exposure. This likely highlights the subtle differences between species and the effects of those differences on microplastic consumption. For example, similar trophic position does not inherently mean similar diet, as bluegill may depend on organisms such as Chironomidae, Cladocera, and terrestrial insects in the same lakes where yellow perch feed largely on aquatic insect larvae, Leptodora, and crayfish (Laarman, 2004). While these diets are similar in terms of overall trophic position, they may provide notable differences in terms of microplastic exposure and consumption.
In contrast to bluegill and yellow perch, cisco offer a simpler comparison across lakes because they show little variation in habitat across lakes due in large part to their temperature and oxygen sensitivity. Cisco can vary in behavior and diet from lake to lake depending on zooplankton communities as well as resource availability. However, they are primarily zooplanktivores, feeding sometimes on insect larva such as Hexagenia spp. or Chaoborus spp. (Ahrenstorff et al., 2013). Cisco occupy pelagic zones and display diel vertical migration (DVM) patterns, which can vary from lake to lake depending on resource availability, environmental conditions, and risk of predation (Loch, 1974; Shields and Underhill, 1993; Ahrenstorff et al., 2013). This general consistency in behavior and habitat, despite differences across lake ecosystems, is likely a reason that there is a simpler relationship between microplastic consumption by cisco and microplastic exposure based on surface water microplastic concentrations. Individual cisco both within and across different lake ecosystems likely demonstrate overall similar behavior and thus have similar possible routes of exposure and uptake. Thus, drivers of microplastic consumption by pelagic filter feeding fish like cisco may be more predictable, depending more heavily on surface water microplastic concentrations. In contrast, species such as bluegill and yellow perch have highly variable life histories and thus, high variability in habitat, diet, and feeding behavior. This is likely coupled with a higher variability of drivers of microplastic consumption, making it difficult to predict. Fish size may also be an influential factor in microplastic consumption, with increased body size and increased gape size resulting in increased consumption (Parker et al., 2021; Gad and Midway, 2022). However, after grouping fish into 5 cm size bins by species, no clear relationship was observed between fish length and microplastic consumption (Figure 4). In Ten Mile Lake, there was a positive correlation between cisco length and microplastic consumption. However, all cisco from Ten Mile Lake fell within a single size bin, with a total size range of only 2.8 cm, making it hard to compare to the other cisco populations sampled. Based on this small size separation and no observed relationship between cisco length and microplastic consumption in the other study lakes, we are hesitant to make any concrete claims or conclusions about any relationship between cisco length and microplastic consumption. White Iron Lake yellow perch showed a decrease in average microplastic consumption from 0–20 cm before a shift to an increase in average microplastic consumption from 20–25 cm (Figure 4). This may be evidence of a shift in microplastic consumption in response to ontogenetic shifts which result in changes to both diet and feeding habitat and presumably could impact microplastic consumption (Kraemer et al., 2012). However, these shifts may occur differently across lakes based on resource availability, making any comparison across lakes difficult, and any interpretations or conclusions very speculative. Lastly, there was a slight decrease in average microplastic consumption with increased bluegill length in all three lakes (Elk, Peltier, and Ten Mile), but correlation tests were not significant (Figure 4). It is possible this relationship is ecologically important, but with the data presented here it is unclear. It is possible that density dependence and resource limitation are relaxed in larger fish. It is also possible that larger fish seek larger prey items and in turn, there is less mistaken identity between small prey and microplastics.
While microplastic consumption across the three species shows high variability in drivers, all species exhibit active uptake as indicated by the difference in both colors and morphologies of microplastics within fish GI tracts when compared to surface water microplastics. While fibers were the dominant morphology in both fish (61.9%) and surface waters (78.0%), they made up a smaller proportion of the total number of plastics isolated from fish samples than from surface water particulate samples (Conowall et al., 2023) (Figure 5). More notably, however, fragments were the second most common morphology within fish (33.0%) but were one of the least common morphologies in surface waters (5.2%) of the study lakes (Conowall et al., 2023). A similar difference in plastic morphology between water particulate and fish samples was observed in the Fengshan River, where across six sites, fibers comprised 81%–99% of water microplastics but only 50%–66% of microplastics extracted from fish (Tien et al., 2020). Fragments made up a much larger proportion of microplastics extracted from fish in the Fengshan River, making up 34%–50% of the extracted plastics across four sites, which was much higher than in water samples (1%–19%) (Tien et al., 2020). The difference in morphology between surface water and fish-ingested microplastics was accompanied by differences in the colors of microplastics from fish and surface waters. Despite translucent and transparent plastics making up over half of the microplastics in surface waters of the study lakes, they comprised less than one-fifth of the plastics isolated from fish (Conowall et al., 2023). Additionally, black and blue microplastics, which combined to make up only 21.4% of the plastics in surface waters, comprised 50% of the microplastics within fish (Conowall et al., 2023). This may be an indication of consumption as a result of active uptake of microplastics that have been mistaken as prey. It is likely that colorful (black, blue, and red) fragments and fibers more closely resemble prey items than translucent plastics, which is known to increase the likelihood of consumption by fish (de Sá et al., 2015; Roch et al., 2020). Further, differences in prey items between species may result in differences in the colors and morphologies of microplastics consumed by different species. The differences observed in colors and morphologies of microplastics consumed by the different species in each lake may point to this, despite the differences not being significant. More data, such as additional fish as well as diet data would be needed to determine if these differences may be related to differences in diet between species.
4.3 Considerations for further studies exploring fish consumption of microplastics
Together, our findings highlight the complexities of explaining microplastic consumption by fishes and other aquatic organisms. Exposure levels and factors such as diet, feeding strategy, and feeding habitat almost certainly impact microplastic consumption, but this serves as evidence that predicting microplastic consumption by fishes is dependent on more than just these simple factors. Independent variables that extend beyond simple loading and abundance of microplastics but include ecosystem characteristics such as resource availability that may be dependent on species (i.e., feeding strategy, size, and general diet) and study system (i.e., microplastic concentrations, eutrophication, and available habitat) may shed light on key mechanisms underlying consumption. Fish behavior is remarkably complex between species but can also be highly variable within one species across ecosystems (Lott et al., 1996; Kraemer et al., 2012; Laarman, 2004; Ahrenstorff et al., 2013; Moran et al., 2018). This variability in behavior, along with the multiple possible routes of microplastics uptake (i.e., confusion with food, accidental passive uptake, or trophic transfer) make comparisons or predictions of microplastic consumption very difficult without more detailed data to provide information about the behavior of study fishes. Implementing detailed diet surveys, more in depth food web research, or stable isotopic data into microplastics research would allow for more detailed interpretation and understanding of what more nuanced factors may be impacting microplastics consumption. Diet surveys and food web research allow for an improved understanding of the diets of study fishes (Lott et al., 1996; Ahrenstorff et al., 2013; Laarman, 2004). Additionally, stable isotopic data can give crucial information about trophic level, diet, and feeding habitat and has been used to successfully classify ontogenetic shifts in species like yellow perch (Kraemer et al., 2012). Implementation of either or both these methods may allow for the comparison of specific diets, food items, and/or trophic position to plastic consumption. This could provide important information about how diets, feeding strategies, and habitats impact microplastic consumption, regardless of species. This information would allow for another option of determining what roles habitat and trophic position may play in microplastic consumption, as well as provide insight as to the potential roles of passive or active uptake of microplastics. Even with the detailed cisco behavior that has been documented on these study lakes, it is difficult to interpret the data without the aforementioned information.
5 CONCLUSION
Microplastic consumption by bluegill, cisco, and yellow perch differed among ecosystems, however hypothesized drivers including surface water microplastics concentrations and feeding strategy did not appear to be primary factors related to observed variability. Microplastic consumption by cisco appeared related to surface water microplastic concentrations, but consumption by visual feeding bluegill and yellow perch was driven by a more complex suite of factors. This may indicate that differences in drivers such as feeding strategy, ontogeny, population dynamics and ecosystem conditions may alter the response (microplastic consumption) to microplastic exposure. The findings of this study point to the overall low variability of microplastic consumption across species and ecosystems, despite differences in exposure, feeding strategy, and feeding habitat. This low variance highlights the difficulties of comparing microplastic consumption of fish due to complex species traits and ecosystem characteristics and suggests we do not have a clear understanding of the different drivers of microplastics consumption by fish.
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