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Abstract
Plastics have become a pervasive global contaminant since the mid-20th century, causing harm to organisms at all 
levels. Preventative measures to reduce plastic pollution and awareness-raising campaigns about the damaging 
effects of plastic debris on the environment and its inhabitants are crucial; however, most plastic assessments 
focus on singular trophic levels. Microplastics, tiny plastic particles ranging from 25 μm to 5 mm, have emerged as 
a widespread form of pollution found in ecosystems worldwide. They can enter the environment directly or through 
the breakdown of larger plastic debris and are thought to be mistaken for food by foraging animals. This leads to 
microplastics circulating through ecosystems via direct and indirect consumption, ultimately impacting even 
higher-order predators. Here, we assess the impacts of microplastics on Chlorophyll a concentrations, algal 
community structure, copepod survivorship, and fish behavior in experimental trials, in addition to simulated top-
predator foraging success on plastic-exposed fish. Our results indicate that microplastics have detrimental effects 
on algal growth and copepod survival. We also observed the trophic transmission of small plastic spheres from 
copepods to fish predators, highlighting a concerning pathway for microplastic pollution within aquatic 
ecosystems, where fish consumed plastics through direct and indirect means. Primary consumers, like copepods, 
face dual pressures from top-down forcing, as they are preferred over plastic particles as food sources, and 
bottom-up resource depletion, as algal food supplies can be limited by microplastic exposure. Our findings 
demonstrate the system-wide impacts that can occur when microplastics are included in food chains and 
underscore the urgent need for comprehensive strategies to mitigate the entry of plastic debris into aquatic 
ecosystems.
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INTRODUCTION
The widespread use of plastics for durable and single-use products has spurred their entry into the 
environment as waste, making them now a ubiquitous feature in all habitats and a global threat to 
wildlife[1-4]. The momentum of plastic production persists without weakening: half of all plastics ever 
produced were manufactured in approximately the last 15 years[5]. Plastics are petroleum-based products, 
and the most common debris found in the environment is comprised of Low-density Polyethylene, High-
density Polyethylene (HDPE), Polypropylene, or Polystyrene[1,6,7]. While plastics enter the environment in 
many forms and size/length classifications, we focus here on microplastics (25 μm - 5 mm)[8,9] and their role 
as resources (substrate, food, and a form of satiation) in food webs.

Microplastics enter the environment as either primary contaminants, such as industrially manufactured 
microbeads from personal care products[1,6], or secondary contaminants resulting from the breakdown of 
larger plastic pieces through weathering processes[1,10]. The size of microplastics influences their 
bioaccessibility, the degree to which they can be incorporated into organisms, and what trophic levels they 
impact[11].

The ingestion of microplastics can happen through direct[12] or indirect pathways of consumption[11]. Direct 
consumption occurs when organisms confuse plastics for digestible food items and intentionally eat 
them[12], acquire them while indiscriminately filter feeding[13,14], or incidentally swallow them while preening 
or drinking[15]. Indirect feeding occurs when organisms eat a prey item that has interacted with (consumed 
or become entangled in) microplastics[11], promoting the accumulation of microplastics in higher-level 
organisms[16]. Foundational works on contaminants in the environment provide evidence of 
biomagnification of dissolved chemicals and heavy metals in food webs[17-19]. As microplastics degrade in the 
environment or within an organism following consumption[20], they can release toxic chemicals[21]. Many of 
these compounds are endocrine-disrupting and induce metabolic disorders, oxidative stress, and altered 
gene expression[21,22]. Plastic congeners released into the environment can also bioaccumulate and 
biomagnify, similar to traditional chemical contaminants found in the environment, such as mercury and 
organochlorines[23-25]. Moreover, plastic debris attracts and accumulates other hazards on their surfaces, such 
as heavy metals, viruses, antibiotics, and other toxic chemicals[26]. As weathered plastics settle into 
sediments, their adsorbed pollutants are transported along with them[26]. Thus, plastic particles could be 
considered transport vehicles that move harmful molecules around habitat compartments[26].

Plastics and their congeners have similar risks to traditional chemical contaminants, but there are additional 
hazards associated with their physical attributes like entanglement, blockages, and taking up physical space 
in the gut that induces the feeling of satiation. The high density and uncompressible volume of plastics can 
physically block or impede the movement of digestate through the gastrointestinal (GI) tract[27]. Total 
blockages of the GIT can cause starvation, weakness, and death[28]. Besides blockages, plastics can cause 
abrasions and ulcerations as they move through the GIT[28]. Therefore, in addition to the well-documented 
biological impacts of chemical disruption extensively covered in the ecotoxicology literature, plastics pose 
an even greater danger associated with their morphological properties.

Traditionally, assessments of microplastics have focused on organisms that consume the particles; however, 
basal species like algae must also be considered[29]. Algae can grow in clumped or aggregated colonies, 
known as biofilms, on the surfaces of rocks, other organisms, sediments, and the water’s surface[30]. Algal 
productivity can increase measurably when hard substrates for growth are abundant[30]. Microplastics could 
provide the surface area necessary for biofilms to form and proliferate in aquatic systems when other 
substrates are limited[29]. Biofilms on microplastics increase the adsorption of pollutants[31] and increase the 
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surface area of microplastics through the degradation of the surfaces they colonize, increasing the potential 
for plastic toxicity exposure[29]. Chemicals infuse into the tissues of algae that colonize the microplastics, 
which, in turn, can negatively impact photosynthesis[29]. Consequently, the productivity of biofilm-forming 
algae exposed to microplastics is ambiguous, as the toxic properties of the particles could undermine the 
significance of spatial resources for autotrophs[32].

The presence of biofilms on microplastics can disguise their identity and encourage the ingestion of plastics 
by organisms[29]. For example, Savoca et al. found seabirds responded positively to the dimethyl sulfide 
(DMS) signature emitted by biofilms on microplastics and preferentially consumed biofilm-wrapped 
plastics[33]. Procter et al. found similar DMS signature preferences in copepod foragers[34].

Copepods occur in most freshwater and marine ecosystems and are important dietary items for many 
consumers, accounting for over 90 % of the diet of some species[35]. Copepods are widely used as prey for 
fish larvae in aquaculture[36,37] and are readily available for purchase and use in laboratory settings. Previous 
works documented the ingestion of microplastics by copepods[38-41] and their immediate, second-order 
consumers like jellyfish[42] and mysid shrimp[43]. This evidence suggests that copepods can and will consume 
microplastics, and their predators - including many species of fish[44-46] -  also ingest plastics when they feed 
on copepods, acquiring plastics through indirect pathways.

Microplastic impacts on fish are of particular concern to human societies because seafood accounts for 
~17% of all animal protein that we eat[47] and commercially fished species have been reported to contain 
microplastics[48,49]. The consequences of plastic in our food chain parallel those reported in wildlife: 
accumulations of microplastics in the body can induce blockages and physiochemical disorders associated 
with the biotransformation of toxic chemicals[50,51]. Thus, plastics in food webs are an important modern 
contaminant worthy of study regardless of the target population (human or wildlife) of concern. Here, we 
investigate the transport of plastics in food webs and their impacts on three trophic levels: basal species 
(chlorophytic algae), primary consumers (copepods), and secondary consumers (fish), with assertions for 
impacts on top predators - a fourth trophic level.

EXPERIMENTAL
Exposure replicate arrangements
Over 17 months, we performed 7 types of experiments: 126 replicates across 3 distinct trial periods with 3-5 
replicate jars per treatment [Table 1]. We performed trials under various combinations of environmental 
conditions [artificial seawater (Instant Ocean at 25-38 psu) vs. freshwater (distilled water)], copepod 
consumers (small-bodied marine copepods - Apocyclops panamensis, large-bodied marine copepods - 
Tigriopus californicus and freshwater Cyclops sp.), and four different types of plastic - either microspheres 
[high-density fluorescently-labeled polyethylene spheres in orange and yellow, with diameters of 25, 70, and 
550 µm (UVPMS-BY2-1.00 & UVPMS-BO & S-BY2, Cospheric, Galeta, CA, USA), hereafter referred to as 
“polyspheres”] or microfibers [~3 mm long 500 µm diameter polystyrene, shaved from 10 mm beads 
(PSS-1.05, Cospheric, Galeta, CA, USA)]. We used marine species of copepods (Algae Barn, Commerce 
City, CO, USA) for algal and survivorship trials and freshwater copepod species (Carolina Biological, 
Burlington, NC, USA) for fish feeding trials. We paired the body size range of copepods for each size class 
of microplastics to investigate whether the surface area of plastics available (by using a consistent weight/
volume across trials) made a difference in our assessments. To correspond to the sizes of our plastics, we 
used small or large copepods to ensure the plastics could always be eaten by the primary consumers.
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Table 1. Treatment codes and components for algal growth and copepod survivorship trials

Treatment ID N Tween80 Microplastic type Plastics in jar Plastics surface area (mm2) Surface area in jar (mm2)

MT 9 Yes Smallest polyspheres 174,250 0.002 342

CT 9 No None 0 0 0

Ms 15 Yes Small polyspheres 7,940 0.015 122

Ml 15 Yes Large polyspheres 16 0.95 160

Mf 15 Yes Microfibers 4 12.3 60

C 15 Yes None 0 0 0

Plastics trials (M) are separated by the four different types used (T: 25 mm; s: 70 mm; l: 550 mm diameter microspheres; and f: microfibers). 
Despite similar masses of plastic used across trials, the differences in the surface area (mm2/particle), the absolute number of plastics in each jar, 
and the total surface area of plastics in each jar varied.

Polyspheres achieved neutral buoyancy in a concentrated stock solution of 0.1 g of plastic in 50 g of water 
with the addition of 0.1 g of the surfactant Tween 80 (See Supplementary Materials for Tween toxicity trial 
information). All stock solutions remained in centrifuge tubes away from ambient light to reduce the 
likelihood of algal growth. To standardize the quantity of plastic available in all trials, we used a consistent 
weight of microplastic (0.1 g) to make the concentrated stock solutions, regardless of shape or size. To 
estimate the surface area of each plastic treatment (surface area in jar), we used the midrange for the 
diameter and number of polyspheres[52], along with the calculated surface area and density (Equation 1 in 
the Supplementary Materials) for individual polyspheres and plastic microfibers[52]. In doing this, we 
estimated that the surface area of small polyspheres was approximately 65 times greater than that of large 
spheres and large polyspheres had about 13 times the surface area of plastic microfibers [Table 1]. For 
comparison’s sake, we assumed that the surface area, density, and number of microplastics in control 
treatments (without experimental plastics added) were zero and confirmed this in all trials. In separate 
50 mL centrifuge tubes, we mixed 1 mL of the concentrated stock solution (0.002 g plastic per mL of water) 
with 9 mL of distilled water to make the experimental stock solutions that we used in the trials (1.5 mL 
experimental stock in 148.5 mL seawater or distilled water, or 10 mL of experimental stock in 1.99 L of 
distilled water, depending on the trial). Thus, experimental concentrations varied between 1 × 10-6 and 
2 × 10-5 g plastic per mL. Although these concentrations are higher than those reported in some natural 
systems[3], they align with those in other experimental assessments[53].

All trials occurred in an environmental chamber, which remained at a steady temperature (25 °C) with 
lights programmed on a 16:8 light: dark sequence (432-watt 4-bulb fluorescent fixture over a wire rack) and 
1 h of twilight (100-watt UV bulb) on each side of the simulated day. We kept two copepod populations in 
separate housing glass jars (2 L, Mason) to mitigate the possibility of both populations crashing 
simultaneously. The housing jars were aerated by a glass pipet (13-665G, Fisher Scientific, Waltham, MA, 
USA) linked with silicone tubing to a 4-valve aeration pump (ActiveAqua, Chico, CA, USA) by metal 4-way 
air control valves (Bnafes, Mississauga, ON, CA). Aeration ensured that the water remained oxygenated, 
and we adjusted bubble rates to allow for air to constantly be diffused into the water, but not so turbulent 
that copepods could not orient themselves (40-200 bubbles/min). We supplemented copepods with algae 
for food and provided an IceCap Pod Habitat (CoralVue, Slidell, LA, USA) for shelter.

There were 3-5 replicate jars for each respective treatment in all trials. Every trial occurred in a 200 mL glass 
jar fitted with a cork top (7 oz Pudding Jar, Folinstall, Houston, TX, USA) that we drilled a hole in to fit a 
glass pipet linked to our aerator system. All treatments contained a commercially available mix of four 
different algal species (Nannochloropsis gaditana, Tetraselmis sp., Isochrysis galbana, and Thalassiosira 
weissflogii, Algaebarn, Commerce City, CO, USA). Some algae were more likely to persist as single-celled, 
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swimming individual cells, while others had a propensity to develop into clumps of biofilm that could 
adhere and, subsequently, slough off substrates, like the glass walls of the jar or microplastic particles.

Primary producer and consumer assessments
All experimental exposure trials (algal, copepod consumers, fish predators) required a running stock of 
algae for subsistence. For the basal trophic level, productivity (Chlorophyll a concentration) and the 
composition (living, dead, single-celled, and clumping) of the algal community were assessed and we 
considered these to be estimates of net primary productivity. For the first-order consumers, we used 
copepods and tracked their survivorship. Additionally, copepod and plastic prey were maintained in the 
presence of algae as a food source or growth substrate before being offered to fish during feeding trials.

To test for algal productivity in the presence of microplastics, we allowed primary producers to grow in 
replicated jars for twelve days. Each algal trial consisted of twelve sample jars: three of each treatment, 
randomly arranged to reduce error from spatial bias. The jars contained 147 mL of water, 1.5 mL of 
experimental stock, and 1.5 mL of algal stock. Every three days, 50 mL of water from each jar was filtered on 
a pre-muffled glass fiber filter (1820-047, Whatman 1.6 μm, Tisch Scientific, Cleves, OH, USA). We 
wrapped filters in aluminum foil and froze them for downstream processing. After filtering, 49 mL of water, 
0.5 mL of experimental stock, and 0.5 mL of stock algae were added back to each jar to replace the water 
volume and initial treatment concentrations. We filtered the sample jars every three days (21 days total), 
yielding repeated filter metrics that we averaged for each replicate jar.

We used three genera of copepods in our trials. For the initial Tween80 toxicity trials [Supplementary 
Materials], we used the small-bodied marine Apocyclops panamensis and the smallest-sized (25 mm 
diameter) polyspheres. In primary consumer trials, we used the large-bodied marine Tigriopus californicus, 
with the large polyspheres (550 mm diameter) and the small polyspheres (70 mm diameter). For the 
predator fish feeding trials, we used the large-bodied freshwater Cyclops sp. (Carolina Biological, Burlington, 
NC, USA), the small (70 mm diameter) and large (550 mm diameter) polyspheres. To ensure sufficient algae 
for copepod feeding, we first cultivated algae in the replicate jars for ten days without copepods, then 
introduced 20 adult copepods to each replicate (excluding controls). On that day, and every 3-4 days over 
the next eleven days, we performed a filtration with replacement to ensure no copepods were lost in the 
50 mL of water that we removed. To track survivorship, we counted the number of adult copepods in each 
replicate jar on every filtration day. We calculated mean copepod survivorship (the number of adult 
copepods in each replicate jar, averaged within each treatment for each filtration/population estimate) and 
the change in copepod-standardized primary net productivity (based on Chlorophyll a concentrations 
measured from filters). While counting the copepods, 1/4 of the adults from each sample were transferred to 
a 9-depression glass spot plate (PYREX, Corning, Charlotte, NC, USA) for visualization under a fluorescent 
microscope. We used fluorescent microscopy (40-200× compound, Baltimore Precision Instruments, 
Parkville, MD, USA) to ensure our controls were not contaminated with plastics and to document any 
microplastics that had been consumed by copepods.

Primary productivity
To estimate algal relative net primary productivity (RNPP), we calculated the Chlorophyll a concentration 
for each sample jar. We extracted Chlorophyll a from algal filtrate on previously frozen filters in 90% 
acetone (Certified ACS grade, Fisher Scientific, Waltham, MA, USA) and agitated them in individual 
centrifuge tubes by hand (shaken for 3-5 min) until the filter was completely degraded, then centrifuged at 
3,000 rpm for 5 min (RCF = 2,006 g)[54]. A Spectrophotometer (Thermo Scientific Spectronic Genesys 2, 
Waltham, MA, USA) measured the absorbance of 2 mL of supernatant for each sample at 470, 645, 662, and 
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750 nm. We used a correction factor to estimate Chlorophyll a concentrations to account for the light 
transmission of the solvent[55]. To understand the relative ecological impact (if present) of microplastics on 
algal communities, we calculated the average percent change in [Chlorophyll a] between each filtration 
period - a quantification of the change in primary productivity (NPP). Accounting for copepod 
consumption of algae, the percent change was divided by the number of copepods in the jar during the later 
filtration period, giving a comparable value for the RNPP.

Algal community phenotypes
In addition to Chlorophyll a concentrations, we assessed the components of the algal community for any 
changes in algal-type frequencies. We viewed a subsample of each replicate algal treatment on a 
hemocytometer and enumerated the types of algae that were present (single cells, clumps, living, and dead). 
On every filtration day, we transferred 1 mL aliquots of water from each replicate jar to a glass spot plate 
with 1 mL of 0.4% Trypan Blue to stain (dead) cells for differentiation between living and dead cells[56]. We 
flooded the surface of the hemocytometer with 20 μL stain-treated algal aliquot and counted the number of 
single cells, clumped cells, living (unstained), and dead (stained) cells, then multiplied by 5,000 to estimate 
the frequencies of each type of cell per mL in each replicate jar[57].

Secondary consumer assessments
Fish collection and housing
We collected Eastern blacknose dace (Rhinichthys atratulus) from Sand Spring Run in Frostburg, Maryland, 
USA, from April-August 2023, following IACUC protocols and collection permit requirements 
(FSU:PFHE-01 SOP, FSU:IACUC2021-003, 2022-04, MD State 202259). Baited (sardines) minnow traps 
soaked in the creek for 4 to 24 hours and were emptied at 4 h intervals. We transferred fish from traps to the 
laboratory facility in coolers filled with water from the creek within 15 min after recovery. The fish 
remained aerated in the cooler of creek water for ~48 h in the same environmental chamber in which 
copepod trials occurred. Over this acclimation period, we added holding tank water (tanks the fish lived in 
while awaiting trials) to the cooler every 8 h until the volume tripled. After acclimation and removal of any 
visibly diseased or unusual individuals (humanely euthanized according to IACUC protocol: FSU: PFHE-01 
SOP, FSU: IACUC2021-003, 2022-04), we moved experimental candidate fish to one of two identical 50 gal 
aquaria in the environmental chamber. Each holding tank contained ~45 gal of water and was constantly 
filtered using a Lifegard Hang-On Filter (Lifegard Aquatics, Santa Fe Springs, CA). We replenished the 
water in the tank with distilled tap water as needed to abate evaporation and provided fish in the holding 
tanks with copepods every other day to habituate fish to the size and movements of a digestible, natural prey 
item. A third 25 gal tank housed fish for a 48 h starvation period that preceded each trial. We transferred 
fish between acclimation, housing, and starvation tanks using 2 mm nylon mesh 12 cm × 8 cm wire and 
rubber-handled fish nets.

Fish predatory trials
Individual fish were placed into one of four identical 3 L square, glass aquaria that contained 2 L of water 
and were allowed 60 min to acclimate to the new environment (aerated but unfiltered/uncirculated water 
replaced for each trial). All trials were recorded on digital cameras (AKASO EK7000, Frederick, MD), 
positioned at two angles (one camera facing the front of the tank and the other facing the right-hand side to 
get 90-degree angle views on the tank) for 30 min, and we analyzed the fish feeding behavior for both angles 
to accumulate data for feeding behavior.

Following acclimation to the video arena tanks, predatory fish were offered food items: copepods, 
polyspheres, or a combination of the two. Some copepods had been cultured in the presence of polyspheres 
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(either large 550 mm or small 70 mm), so we had four levels of possible plastic exposure for the fish. The 
levels of exposure for the fish included: no plastic (copepods only), indirect plastic exposure (copepods 
cultured in the presence of polyspheres), direct plastic exposure (copepods and polyspheres in the tank 
combined), and direct + indirect exposure (copepods cultured with plastic combined with polyspheres). 
Different combinations of direct and indirect exposure were associated with the two different sizes of 
polyspheres, so we completed trials using 14 different experimental treatments [Table 2]. We performed 
eight trials for each treatment, resulting in 112 trials assessing fish feeding behavior. When a fish was offered 
copepods, we placed 15 in the experimental tank. When plastics were offered to fish, we added 10 mL of the 
same experimental stocks of large (550 mm) and/or small (70 mm) polyspheres used for the previous algal 
and copepod trials.

When the 30-min feeding trials were over, we attempted to capture the fish from the experimental tank 
using forceps while wearing a bird puppet (Folkmanis Ostrich Stage Puppet, Emeryville, CA, USA) to 
simulate the appearance and movement of an avian predator[58-60]. The puppet was held motionless above 
the tank for 10 s, and then we attempted to capture the fish every 5 s for up to 1 min (up to twelve possible 
capture attempts). If we did not successfully capture the fish using the forceps and puppet within 1 min, we 
removed the fish with a clean net. After completing the feeding trial and predation attempt, each fish was 
humanely euthanized following IACUC protocols (FSU: PFHE-01 SOP, FSU: IACUC2021-003, 2022-04) 
and frozen for later dissection.

Video analysis of fish trials
We inspected videos from both angles of all fish feeding trials (n = 224) to document several behaviors. We 
used lunges as a proxy for feeding behavior[61,62] and swimming activity in response to a predator for the 
likelihood of predation. The number of lunges and the time code of each lunge was recorded. A lunge was 
defined as a quick and direct forward motion. Using time code data, we calculated the antecedent time to 
the first lunge (latent time) to compare the general activity level of a fish, and the mean time between lunges 
to determine feeding rates. Further, we counted how many capture attempts were necessary to catch the fish 
(if caught at all in the one-minute time limit) and recorded the total number of seconds the fish moved 
while the bird puppet was present out of the 70 s possible. From these data, we calculated the proportion of 
time the fish moved in response to the puppet as a proxy for fish evasion behavior[63].

Fish gut content assessments
Following each trial, the fish were immediately frozen, and later, we thawed and dissected each to evaluate 
their gut contents. We removed the alimentary canal during dissection, cut it longitudinally, and spread it 
flat on a glass petri dish. The contents were wetted in distilled water, scraped from the gut lumen using a 
glass microscope slide, and transferred to a fresh glass petri dish for inspection under a dissecting 
microscope (Olympus SZ61, Center Valley, PA, USA). We enumerated the number of plastics, type of 
plastics (large/small polyspheres, fibers, and any environmental contaminants), and number of copepods 
consumed by each fish. Further, we visualized the gut contents under fluorescent microscopy to ensure we 
accurately documented all plastics. All dissecting and microscopy supplies were thoroughly cleaned between 
each fish to avoid any potential cross-contamination. Fish carcasses were re-frozen and saved for future 
assessments. To compare the number of items consumed relative to their frequencies in our experimental 
trials, we calculated the expected frequencies by determining the likely encounter rate of fish based on 
hypothetical respiration rates to estimate the volume of water that was passed over the gills [Supplementary 
Materials].
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Table 2. Treatments of the fish feeding trials

Code N Copepod exposure Plastic type Plastics in tank Plastics total SA (mm2) Copepods in tank

C 8 Control None 0 0 15

CwL 8 Control Large PS 110 104 15

CwS 8 Control Small PS 53,000 814 15

CwM 8 Control Large PS & small PS 55 & 26,500 50 & 407 15

LeC 8 Large PS None 0 0 15

LeCwL 8 Large PS Large PS 110 104 15

LeCwS 8 Large PS Small PS 53,000 814 15

LeCwM 8 Large PS Large PS & small PS 55 & 26,500 50 & 407 15

SeC 8 Small PS None 0 0 15

SeCwL 8 Small PS Large PS 110 104 15

SeCwM 8 Small PS Large PS & small PS 55 & 26,500 50 & 407 15

L 8 None Large PS 110 104 0

S 8 None Small PS 53,000 814 0

M 8 None Large PS & small PS 55 & 26,500 50 & 407 0

Despite similar masses of PS used across trials, the surface area (cm2/particle) varied, as did the number of plastics in the experimental tanks and 
the total surface area of plastics within each tank. When copepods were offered as prey items (15/tank), they had previously been isolated from 
or exposed to polyspheres.C: Copepods; w: with; L: large polyspheres (550 µm); S: small polyspheres (70 mm); M: mixed polyspheres; e: 
exposed; PS: plastics.

Statistical analysis
We ran Kruskal-Wallis tests to assess differences in the standardized net change in primary productivity 
and the algal community composition to evaluate the treatment effects for microplastic exposure. We 
evaluated whether there were differences in the frequencies of living vs. dead and single vs. clumped algal 
cells following exposure to microplastics with Student’s t-tests. Because our treatments contained a wide 
range of plastic particles, we transformed plastic number data when assessing for the influence of surface 
area or plastic quantities when seeking trends for plastic influence on algal communities. By taking the log 
of the number of plastics in each replicate jar and the square root of the total plastic surface area in each jar, 
we were able to meet assumptions of equal variance and better assess the relationships of these variables 
with the RNPP. Kruskal-Wallis tests assessed whether there were treatment-associated changes in copepod 
survivorship. We also ran Kruskal-Wallis tests to assess whether there were differences in fish feeding and 
predation response behaviors. Post hoc tests correcting p for the frequencies of pairwise assessments 
(Tukey’s HSD) elucidated the differences among treatments when Kruskal-Wallis tests yielded significant 
results (P < 0.05). Finally, we compared the frequency of consumption of copepods and polyspheres relative 
to their abundance in experimental tanks with Chi-square analyses and linear regression to learn whether 
fish preferentially targeted or avoided certain objects.

RESULTS AND DISCUSSION
Algal exposure trials
We detected decreased RNPP (percent change of Chlorophyll a content standardized by copepod density) 
in treatments where algae were exposed to any type of polysphere, but not in plastic microfiber treatments 
(F = 3.16, DF = 3, P = 0.029, Figure 1). Because we used equivalent plastic weights (i.e., volume) in each trial, 
the volume of plastic did not differ between treatment types [Table 2]. However, the surface areas to which 
algae could adhere and from which plastic congeners could leach differed, as shape and diameter varied 
among the different microplastic types used here. Algal RNPP was changed along the range of surface areas 
tested here (F = 6.61, P = 0.012, R2 = 0.070) and based on the total number of plastics in each replicate jar 
(F = 5.47, P = 0.022, R2 = 0.059). We also detected a change in the composition of the algal community, 
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Figure 1. RNPP estimates (proportional change in Chlorophyll a concentrations divided by the number of copepod consumers) for 
control and plastic (microfibers, 70 mm plastic spheres, and 550 mm plastic spheres) exposure trials. Letters above the standard error 
bars indicate significant differences in RNPP based on Tukey’s HSD pairwise post hoc analyses. RNPP: Relative net primary productivity; 
PS: polyspheres.

where living single-celled algae were more abundant in the presence of microplastics (polyspheres and 
plastic microfibers combined: F = 0.50, DF = 1, P = 0.046, Figure 2).

Unlike previous assessments of primary producers exposed to plastics[29], our findings suggest that the 
microplastics used at four different surface area to volume ratios (polyspheres with diameters of 25, 70, and 
550 µm, and microfibers that were ~3,000 µm long × 500 µm diameter; Table 1) inhibited algal growth. We 
hypothesized an increased surface area from plastics would increase algal productivity, as they provided 
more substrate. Consequently, we expected the number of cells and concentration of Chlorophyll a would 
increase as trials with microplastics progressed. On the contrary, we found lower RNPP when polyspheres 
were present. However, the experimentally exposed plastic microfibers did not inhibit or promote algal 
growth, with productivity falling between the controls and the polysphere treatments [Figure 1]. These 
unexpected findings in the treatments of polyspheres could stem from plastic toxicity that reduced the 
fitness of algae growing on the plastics as biofilm or simply from being in water where plastics were 
abundant[21].

Because live single cells within the community are the phenotypic opposite of biofilms - algae that form 
aggregated clumps on the surfaces of water or floating/submerged objects[30] - it appears that biofilms that 
attempt to colonize the surfaces of microplastics do not survive, and the remaining single motile algal cells 
are what predominantly remain in the algal community [Figure 2]. These results could reflect the toxicity of 
the microplastics that biofilms formed on; however, we cannot speak to the toxic impacts in the context of 
our study.
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Figure 2. Algal community composition (represented by live single cells) of treatments with microplastics (M) and those without (C). 
Letters above the standard error bars represent significantly different means.

Copepod feeding treatments
Algae served as the base of the aquatic food chains assessed here, and while evaluating the impacts of 
microplastics on algal communities, we also assessed whether these conditions influenced the survivorship 
of primary consumers. The survivorship of copepods (mean percent change) over a 3- or 4-day period 
differed by treatment (DF = 3, P = 0.007, Figure 3), where the population sizes of copepods in the control 
treatments increased more than those exposed to polyspheres (small and large) but were similar to those in 
the plastic microfiber trials.

Because the presence of plastics limited algal growth and plastics can release/adsorb toxic compounds[21], 
our findings of overall lower copepod survival rates are compelling. While this result was relatively 
straightforward for polysphere exposures, copepods in plastic microfiber treatments had similar survival 
rates to control treatments without plastics. Consequently, the questionable responses to plastic microfibers 
justified their exclusion from trials at higher trophic levels.

Copepod populations could decrease in the presence of microplastics if: the plastic, when consumed, 
physically blocks the GIT and leads to the starvation of the copepods; the consumed plastics are toxic and 
impair the function of internal systems, ultimately reducing the fitness of the copepods; consumed biofilms 
growing on the plastics are toxic to the copepods and fitness is reduced or lost; or chemicals leeching from 
on/in the plastics are toxic to copepods. Because our findings align with those of the primary producer 
assessments, increased algal growth in the control and plastic microfiber treatments could support a larger 
population of copepod food (i.e., algae). We suggest that the numerical response observed here occurred as 
a consequence of increased nutritional resources in the absence of polyspheres. In polysphere-exposed 
treatments, there were fewer algae, and although a combined effect of toxicity and starvation on copepod 
survival is possible, we could not directly assess that here. However, we assert that the differences in the 
algal abundance are more impactful to copepod suppression than plastic-associated direct toxicity - whether 
that is associated with toxic effects remains to be definitively assessed.
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Figure 3. Relative survivorship of the copepods (mean % change over 3-4 day periods) for control and plastic (microfibers, 70 mm 
plastic spheres, and 550 mm plastic spheres) exposure trials. Letters above the standard error bars indicate significant differences 
based on Tukey’s HSD pairwise post hoc analyses. PS: Polyspheres.

Fish feeding trials
Foraging behavior
In this system, fish represented second-order consumers: a key link to understanding the potential transfer 
of microplastics between basal and higher trophic levels. By assessing three components of foraging 
behavior (feeding latency, feeding frequency, and consumed items), we could address the likelihood of fish 
transferring plastics to other organisms that might consume them, such as birds and humans. We detected 
no difference in feeding latency during the 30-min feeding trials (F = 0.91, DF = 13, P = 0.549). Thus, initial 
feeding attempts occurred at similar times regardless of the type of foods (copepods, plastics, or a 
combination) we offered.

We evaluated the number of lunges as an indicator of intentional feeding behavior as opposed to passive 
consumption of plastics. We detected a difference in fish lunging behavior between those with and without 
copepod prey items present. Fish lunge rates were higher (F = 9.64, DF = 13, P < 0.001, Figure 4) whenever 
copepods were present (with and without plastics) compared with trials where only plastics were offered as 
food. This suggests that fish feeding activity increases when visual cues such as the jerky movements of 
swimming copepods[61] are present.

Gut content analyses
Within the gut contents of fish exposed to different combinations of copepods and microplastics, we 
compared the frequencies of total items consumed, copepods consumed, and polysphere combinations 
(large, small, or a mixture of the two). The number of copepods present in the guts of fish increased with 
the number of lunges (P < 0.0001, R2 = 0.406, Figure 5), indicating lunging was a good proxy for intentional 
feeding behavior. However, the number of copepods consumed did not vary (P = 0.3877, R2 = 0.022) when 
plastics were visible (95% CI = 5.6-6.9) compared to when copepods were present alone but had been 
previously exposed to plastics (95% CI = 6.0-8.6), or when copepods had not been exposed to plastic (95% 
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Figure 4. The number of lunges a fish made in a 30-min trial period exposed to different plastic and copepod combinations. Three 
experimental conditions: trials involving only plastics (dark bars), trials involving copepods alone but with prior exposure to plastics 
(light bars), and trials involving a combination of plastics and copepods, with and without prior exposure to plastics (hatched bars), are 
presented. The outer x-axis contains labels for the type of plastic that was offered to the fish, and the inner label indicates prior 
exposures of the copepods offered (L: large plastic spheres; S: small plastic spheres; NP: no plastic; NC: no copepod). Letters above the 
standard error bars indicate significant differences based on Tukey’s HSD pairwise post hoc analyses.

Figure 5. The number of copepods consumed by fish during a 30-min feeding trial.
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CI = 4.7-8.5). No copepods were recovered from the guts of fish for trials where copepods were not offered 
as food items (plastics-only trials). Despite the potential protection of copepods from dilution effects 
associated with microplastics, it is notable that fish did not exhibit reduced consumption of copepods in the 
presence of polyspheres. This observation suggests a dual response from fish: not only do they recognize 
copepods as viable food sources and increase their predation efforts, but they also display a preference for 
copepods over microplastics. While this phenomenon may not have immediate implications for fish health 
or fitness in terms of energetics, the diminished copepod populations responding to microplastic exposure 
could precipitate numerical declines in fish populations.

Similar to our findings for copepod consumption, we detected a positive relationship between the number 
of plastics consumed by a fish and the number of lunges it made during a 30-min feeding trial, regardless of 
copepod presence (all trials combined: F = 23.78, DF = 1, P < 0.001, R2 = 0.116, Figure 6). We note of 
particular interest, even when not directly exposed to small polyspheres, fish offered copepods that had been 
maintained in the presence of small polyspheres contained those plastics (F = 6.27, DF = 13, P < 0.001, 
Supplementary Figure 2). Thus, it appears that copepods are capable of transferring small polyspheres into 
the food chain. These results echo our observations, where we documented polyspheres passing through the 
gut of copepods (McHale, pers. obs. July 2022).

In trials where fish were offered copepods and both types of polyspheres (70 and 550 mm), we found an 
equal proportion of the two polysphere sizes present in their guts. There were more small polyspheres than 
large ones available in the mixed plastic trials [Table 2]; thus, we conclude the large polyspheres could have 
been actively targeted as food, and the small polyspheres were consumed passively during lunging actions or 
indirectly through activities related to respiration. Small polyspheres could adhere to the gill rakers during 
respiration and be eliminated or swallowed by the gills.

Within the gut contents, we find not only our experimental plastics but also environmental fiber 
contaminants from the ambient laboratory at a consistent rate [Supplementary Figure 1]. Microplastics have 
been found in every natural habitat where anyone has looked for them[64], so it was not surprising that we 
found non-experimental contaminants inside the fish during diet assessments. All environmental plastics 
found in this research were fibers, which is consistent with other evaluations of high-order consumers such 
as avian top predators[65-67]. In many instances, including our study, microfiber inclusion is widespread and 
shows little pattern of contamination that would suggest a specific route of transmittance. Nonetheless, we 
did not observe environmental plastics in our copepod samples. We believe they originated in the aquaria 
where fish were held before the feeding trials, or acquired in the stream prior to our fish collections. Because 
these fibers were so different in appearance from the fluorescently labeled plastics that we created our 
experimental plastic microfibers from, they were easy to identify. We could not determine the composition 
of the environmental fibers; thus, we cannot rule out the possibility that they are comprised of material 
other than plastic (cellulose, cotton, linen, etc.).

In addition to environmental fibers, large and small polyspheres were easily detected in the fish digestate 
during gut content analyses with the aid of brightfield and fluorescent microscopy. There was no evidence 
that copepods trophically transmitted the large (550 mm) polyspheres, but we enumerated small (70 µm) 
polyspheres in several trials where fish were only indirectly exposed (18.75% of applicable trials). Our study 
design was imperfectly nested and not all combinations of plastics and copepods could be assessed. Notably, 
we did not expose fish to a combination of small polyspheres and copepods that had previously been 
exposed to small polyspheres. We expected we would not be able to successfully disentangle the number of 
plastics consumed from each type of food item; however, we suggest that, if tested here, we would have seen 
even higher frequencies of small polyspheres in that treatment.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/jeea2049-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/jeea2049-SupplementaryMaterials.pdf
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Figure 6. The number of experimental polyspheres consumed by fish during a 30-min feeding trial with and without copepods.

The inclusion of small polyspheres in the gut contents of fish that were not directly exposed to them 
indicates the copepods had consumed some small polyspheres, which were then transferred to fish 
consumers, an indirect means of plastic transmission. These findings agree with previous works, and 
personal observations (McHale, pers. obs. July 2022) documenting copepods ingesting microplastics[38-41]. 
Thus, even if higher-order predators are not intentionally eating plastics, our study demonstrates a pathway 
for plastic consumption through indirect means[11].

Should lunge frequencies, as opposed to feeding preferences, control the number of copepods (digestible 
food) and microplastics (non-digestible, potentially toxic foods), we would expect a positive association 
between the two. We found a weak positive relationship between copepods and plastics consumed 
(P = 0.029, R2 = 0.043, Supplementary Figure 3), suggesting plastics are consumed when fish lunge, whether 
the plastics are being intentionally targeted as prey items or not. This phenomenon may stem from the 
inability of fish to discern plastics from viable food items[12]; however, the consumption rate of copepods 
remained consistent irrespective of the presence or absence of plastic particles (F = 0.958, DF = 2, P = 0.388), 
and the consumption rate of larger polyspheres (550 μm) was scaled with their abundance (R2 = 0.79, 
P = 0.0002), but these plastics were found less frequently than expected by random chance (DF = 1, 
Chi = 926, P < 0.001). This suggests avoidance behavior toward these particles. Similarly, smaller 
polyspheres (70 μm) exhibit diminished consumption rates in proportion to their encounter frequency (95% 
CI = 5.54-2.76, DF = 1, Chi = 63,825, P < 0.001), but also scale with their abundance (R2 = 0.88, P < 0.0001), 
indicating a possibility that smaller ingested microplastics are avoided or expelled via the gills.

Previous works have indicated that the presence of plastics in fish could be the result of passive collection 
during respiration[68-70]. Because blacknose dace has gill rakers that are likely ineffective at collecting 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/jeea2049-SupplementaryMaterials.pdf
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microplastics, the contaminants are probably expelled from the mouth. Our research has shown that the fish 
recognize microplastics as non-food items and avoid them. However, incidental consumption of these 
materials may occur while attempting to catch intended prey, such as copepods. Our findings indicate that 
fish primarily consume plastics unintentionally while foraging, and the quantity of microplastics in their gut 
is correlated with the number of consumed copepods [Supplementary Figure 3]. This suggests that 
incidental ingestion of microplastics is the primary cause of plastic accumulation in the guts of fish.

Top predator exposure trials
We used a bird puppet to simulate the shape and size of a predator following each feeding trial to learn 
whether the responses of fish when threatened by a predator changed based on fish diet (copepods, 
polyspheres, or a combination of the two). The number of capture attempts differed between the copepod-
only trials and the small polyspheres trials, with all other trials falling into an intermediate range [Figure 7]. 
We also found no difference in the proportion of time the fish spent moving during the predation period 
among treatments (F = 1.24, DF = 13, P = 0.263). Further, the feeding activity (lunge rates) was not 
associated with the number of capture attempts (F = 1.93, DF = 1, P = 0.167) or the proportion of time 
moving (F = 2.87, DF = 1, P = 0.093). The number of plastics consumed had a weak positive relationship 
with the number of capture attempts (F = 4.09, DF = 1, P = 0.046, R2 = 0.0358), but was not reflected in the 
proportion of time spent moving (F = 1.47, DF = 1, P = 0.227, R2 = 0.013). Thus, fish that had been exposed 
to small plastics were harder to catch than those that had consumed copepods and had no plastic exposure.

In the short term, the exposure and consumption of plastics could have limited yet positive impacts on fish’s 
ability to respond to predators. If this trend is constant in the wild, we would expect no increase in 
predation on fish that consume plastics. Thus, the survivorship of fish exposed to plastics is not different 
from fish that did not consume plastics. However, based on our study, we cannot speak to the potential 
toxic impacts of plastics on the fish.

CONCLUSIONS
Ecotoxicology is a well-established field that extensively models the movement and trophic transfer of 
chemicals in the environment[71]. Previous works thoroughly document the impacts of these contaminants 
on individuals, populations, communities, and ecosystems[72-74]. However, plastics introduce additional 
complexities, as they can not only contain toxic congeners but also act as physical objects, causing direct 
damage and facilitating the transfer of other harmful substances through food webs[75]. Thus, there is 
precedent to expand on our knowledge of the bioaccumulation and transfer of hazardous chemicals that 
dissolve in water to also include contaminants that attract, magnify, and take up physical space in the 
environment and the organism.

Here, we demonstrate evidence of both bottom-up and top-down forcing on intermediate trophic levels, 
with an emphasis on first-order consumers. Algal growth was inhibited by exposure to plastic, limiting 
copepods’ food resources and reproductive ability. Should this be the case in the field, these critical 
components of food webs would have less to eat while still experiencing similar rates of predation pressure, 
as we documented in our fish feeding trials. Thus, plastics in the environment could negatively impact 
primary consumer populations in multiple ways. This, in turn, can impact interaction strengths in copepod-
containing food webs and the productivity of their carnivorous consumers.

Predators that rely on copepods as prey can also experience impacts as a result of plastic exposure. With 
fewer copepods to feed on, fish populations would respond with lower growth rates and declines in fitness. 
Direct yet unintentional consumption of plastics could further inhibit fish population success. While not 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202406/jeea2049-SupplementaryMaterials.pdf
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Figure 7. Predator evasion success based on capture attempts for fish feeding trials (lower axis title), taking into consideration the type 
of prey (copepods, plastics, and a combination) that fish were exposed to. Three experimental conditions: trials involving only plastics 
(dark bars), trials involving copepods alone but with prior exposure to plastics (light bars), and trials involving a combination of plastics 
and copepods, with and without prior exposure to plastics (hatched bars), are presented. The outer x-axis contains labels for the type of 
plastic that was offered to the fish, and the inner label indicates prior exposures of the copepods offered (L: large plastic spheres; S: 
small plastic spheres; NP: no plastic; NC: no copepod). Letters above the standard error bars indicate significant differences based on 
Tukey’s HSD pairwise post hoc analyses.

directly assessed here, due to the short duration of fish exposures in captivity, we suspect that, should fish 
have been maintained long enough in our exposure trials, their survivorship or reproductive ability could 
decline in the presence of plastics. Blockages of the gut and perceived satiation from a stomach full of 
plastics[28] could perpetuate ineffective feeding when microplastics are included in the mix of potential food 
items over a long period of time.

Our assessments of behavioral changes in fishes exposed to various combinations of copepods and 
polyspheres also allude to the potential impacts on top predators, like avian and mammalian piscivores. 
Because fish that were exposed to polyspheres were harder to catch, they might successfully evade predators 
while in good condition, which was the case in our trials. As such, small pulses of plastic in natural 
environments could provide higher proportions of plastic-averse prey items into the food web. However, if 
the condition of the fish changes due to long-term starvation and potential toxic effects from plastic 
exposure, they could become easier to catch. Similarly, scavengers consuming deceased fish that succumbed 
to starvation or toxic impacts from plastic exposure are at high risk for accumulating high levels of 
consumed microplastics. Therefore, plastics impact every level of the food web through direct physical 
interactions or indirectly through reduced food sources.

Microplastics are consumed by many organisms worldwide, including species eaten by humans, such as 
commercial fish and shellfish[50]. If microplastics are in our food sources, they can be passed to humans 
through trophic transfer[50]. This raises further concern because, like the lower organisms assessed here, 
humans can suffer from the physical and toxicological impacts of consumed plastics[51].
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Microplastics have been reported in all environments, from the open ocean, to soils, and to the 
atmosphere[64]. The production of plastic materials is expected to increase as durable and single-use 
products have few economically appropriate alternatives. The combination of increasing plastic production 
and its durability signifies that it will take decades to centuries for the plastics we are currently using to 
break down[52]. Thus, there is a need to study plastics and their impacts on food webs (natural and human-
based), in addition to engineering solutions and the adoption of biodegradable materials that will resist the 
negative impacts associated with their accumulation in our food sources.

Plastics are an integral, ubiquitous part of our modern society and there is no evidence that they will be 
easily replaced by more sustainable products[76,77]. Thus, there is a need for clear and thorough evaluations of 
their real and perceived impacts, their biological implications, and how they move through environments so 
we can devise mitigation strategies to deal with this omnipresent and persistent contaminant.
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