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Microplastics have been recognized as an emerging contaminant. Copepods are abundant primary consumers in marine food webs. Interactions between copepods and microplastics can lead to negative health effects to the individual and may have implications for populations and ecosystems through biomagnification. Laboratory and field studies have observed various species of zooplankton ingesting microplastics, however, this is the first study to observe microplastic-copepod interactions in Tampa Bay. Over 2 years (November 2017-January 2020), 14 sampling cruises were conducted with seven stations throughout Tampa Bay. At each station copepods were collected by towing a 200 μm mesh ring net (0.5 m diameter) for 3 min. 1,000 individual Acartia tonsa copepods were picked from each sample and digested to release gut contents. Gut contents were stained in a Nile Red solution and then visualized using epifluorescent microscopy, quantified, photographed and sized using image analysis. In Tampa Bay, A. tonsa consumed fragments over fibers, ranging from 0.018 to 0.642 mm, with an average particle size of 0.076 mm. An overall average of 15.38 particles were ingested per 1,000 copepods, or 6.48 particles m–3 when normalized for environmental copepod concentrations. While significant differences were detected between stations and months, no clear spatial (from head to mouth of estuary) or temporal (between wet and dry seasons) trends in ingestion rate or ingested particle size were evident. These results show that A. tonsa ingested microplastics throughout Tampa Bay. These robust baseline data, for a copepod species that dominates estuarine zooplankton communities around the world, set the stage for valuable comparisons between estuaries with different physical mechanisms and levels of anthropogenic impact, allowing for exploration of how the environmental conditions impact ecological interactions.
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1. Introduction

Microplastics are small fibers, fragments or granules of plastic, 0.001–5 mm in diameter (reviewed in GESAMP, 2019). Primary microplastics are small beads and fibers, specifically manufactured for use in various products, as well as pellets known as “nurdles,” which are used in plastic manufacturing (Ellison, 2007; GESAMP, 2019). Secondary microplastics derive from macroplastics that have broken into smaller pieces through processes of thermal degradation, photo-oxidative degradation from UV exposure, and via mechanical degradation from stressors such as abrasion and impact from waves, rocks, sand and ocean currents (Andrady, 2015; GESAMP, 2019). Hence, it is estimated that the concentration of microplastics in the marine environment is negatively correlated with microplastic size, as the proportion of smaller particles increases relative to the number of larger plastics fragmenting (Cózar et al., 2014; Enders et al., 2015; GESAMP, 2019). Based on increasing production and consumption of plastics, projections indicate that up to 53 million metric tonnes of plastic per year may enter the ocean from land by 2030 (Borrelle et al., 2020). Several studies using environmental data and modeling have estimated that between 7,000–93,000 tons or 1.7–4.85 trillion microplastic particles are present in surface waters of the world’s oceans (Cózar et al., 2014; Eriksen et al., 2014; van Sebille et al., 2015; Lebreton et al., 2018), with greater concentrations near continents as opposed to offshore (Tonhua et al., 2020).

With the widespread abundance of plastics in the ocean, there is growing concern for the threats they may pose to marine organisms and ecosystems. Microplastics can transport invasive species (reviewed in García-Gómez et al., 2021) and cause intestinal blockage, pseudo-satiation or even starvation when ingested (reviewed in Egbeocha et al., 2018). Plastics also contain harmful toxins, originating from the manufacturing process, or sorbed hydrophobic toxins from the environment (Engler, 2012; reviewed in Crawford and Quinn, 2017; reviewed in Gallo et al., 2018). Studies have found that if ingested, microplastics and associated toxins can lead to a number of negative reproductive, growth, health, and behavioral impacts (Derriak, 2002; Rochman et al., 2013, 2014; Lönnstedt and Eklöv, 2016; Coppock et al., 2019; Bucci et al., 2020). In the marine environment, an array of animals ingest microplastics, including fishes (Davison and Asch, 2011), seabirds (Van Franeker, 2011), bivalves (Phuong et al., 2018), marine turtles (Duncan et al., 2018), marine mammals (Nelms et al., 2019; Ortega-Borchardt et al., 2023), and zooplankton (reviewed in Botterell et al., 2019). Ecological effects of plastic pollution in the marine environment are less clear and not always detected (Bucci et al., 2020).

The transfer of microplastics from zooplankton to secondary consumers has been observed in laboratory studies (Farrell and Nelson, 2013; Setälä et al., 2014; Athey et al., 2020; Costa et al., 2020; Van Colen et al., 2020; Domínguez-López et al., 2022; Kim et al., 2022), raising concern that plastics and associated toxins have the potential for biomagnification, moving up through trophic levels and accumulating in top consumers. Microscopic plankton represent a potential entry point of microplastics at the base of the food web (Botterell et al., 2019) and may act as bioindicators for overall health of aquatic ecosystems (Hemraj et al., 2016; Araujo et al., 2017). Copepods serve as a vital link between primary producers and higher trophic levels throughout the ocean (Vroom et al., 2017; reviewed in Mauchline, 1998). Investigating copepod interactions with microplastics will not only increase our understanding of the impact of plastics on zooplankton but will also shed light on the potential for zooplankton to serve as vectors of plastic transfer through marine food webs. While investigating grazing rates and size-selection, using microplastics particles as inert “prey,” several early laboratory experiments unintentionally demonstrated that copepods ingest microplastics under certain conditions (Burns, 1968; Frost, 1972; Wilson, 1973). More recent laboratory experiments have found that exposure to high concentrations of microplastics can lead to changes in copepod feeding behavior and prey selection (Cole et al., 2013, 2014, 2019; Coppock et al., 2019; Koski et al., 2021), reproductive output (Cole et al., 2014), molting cycles (Cole et al., 2019), lipid production (Cole et al., 2019), and fecal pellet sinking rates (Coppock et al., 2019).

There has been limited research, however, on ingestion of microplastics by copepods in the field. Ingestion rates (particles per copepod) have been estimated for large oceanic copepod species in northern Pacific (Desforges et al., 2015), Arctic (Howell, 2019; Botterell et al., 2022), and Black Sea (Aytan et al., 2022) offshore waters. Despite differences in prey size spectra as function of copepod size and feeding strategy, ingestion rate estimates have also been made for mixed copepod assemblages in coastal waters of the South China Sea (Sun et al., 2017; Amin et al., 2020), Gulf of Thailand (Buathong et al., 2020; Taha et al., 2021), Andaman Sea (Goswami et al., 2020), and western Indian Ocean (Kosore et al., 2018). Notably, few observations have been made of microplastic ingestion by copepods in estuaries, where high biological productivity and high surface microplastic concentrations, resulting from the semi-enclosed shape and proximity to river discharge and anthropogenic activities (GESAMP, 2019), facilitate such interactions. Microplastic ingestion rate estimates were generated from small sample sizes collected over a series of days for copepod assemblages in Malaysia (Taha et al., 2021) and the southeastern United States (Payton et al., 2020), as well as for dominant copepod species in the mid-Atlantic United States (Sipps et al., 2022). In contrast, periodic sampling over the course of many months accounted for seasonal variability in tropical rainfall when measuring microplastic ingestion by copepod assemblages from estuaries in India (Rashid et al., 2022) and China (Zheng et al., 2021).

This study aims to expand understanding of microplastic-copepod interactions by comprehensively characterizing the ingestion of environmental microplastics by a cosmopolitan estuarine calanoid copepod. Tampa Bay is located in the transition zone between subtropical and temperate climates along Florida’s west-central coast. Spanning a surface area of 1,036 km2, it is the largest open-water estuary in Florida. A watershed of approximately 5,700 km2 feeds into Tampa Bay, including four major rivers and numerous smaller tributaries (Cicchetti and Greening, 2011). However, non-point source stormwater runoff appears to be the greatest input of freshwater to the Bay (Zhu et al., 2015). Pinellas County, to the west, is the most densely populated county in Florida1 and the Bay supports high levels of tourism, fishing and boating. Additionally, Tampa Bay is the only deep water cargo port on Florida’s west coast and the largest cargo port in Florida.2 This collection of features suggests that Tampa Bay may be especially prone to plastic accumulation; McEachern et al. (2019) estimated an average of 940 particles m–3 in Tampa Bay surface waters. Here, we report on the quantities, sizes and types (e.g., fragment or fiber) of microplastic ingested by Acartia tonsa over the course of 2 years in Tampa Bay, providing a substantial baseline for comparison to future studies in both developed and pristine estuaries.



2. Materials and methods

From November 2017 through January 2020 copepod samples were collected bi-monthly (14 cruises total) at seven stations in Tampa Bay, FL, USA (Figure 1). All stations, except for Boca Ciega Bay, were co-located with established Environmental Protection Commission of Hillsborough County (EPC-HC) water quality monitoring sites and selected to represent sub-regions of the Bay with different flushing times and physical mechanisms (e.g., tidal excursion, river influx, and winds). Because Tampa Bay is long and the four major rivers enter on the eastern side, residence times increase from mouth to head (south to north) and east to west (Zhu et al., 2015). Many tidal inlets between barrier islands keep the Boca Ciega Bay region well-flushed with a short residence time (Zhu et al., 2015). Skyway, Pinellas Point, and MacDill Air Force Base stations follow a south to north axis through the open mid-Bay region. The two heads of the Bay differ greatly in residence time. Hillsborough Bay residence time is shorter (100–120 days) due to freshwater input from the Hillsborough and Alafia Rivers, whereas Old Tampa Bay residence time is longest (120–200 days) due to its location in the northwest and the multiple causeways that restrict flow (Zhu et al., 2015). The Egmont Key station sits at the transition between Tampa Bay and open shelf waters.
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FIGURE 1
Sampling locations in Tampa Bay, Florida, USA. Station map was created using QGIS software (QGIS 3.4.14-Madeira).


Copepods were collected using a Sea-Gear Corporation (Florida, USA) model 9000 conical ring net (0.5 m diameter, 200 μm mesh) towed horizontally while submerged just below the surface for 3 min at approximately 1.5 knots. Tow distance was calculated based on straight line distance between beginning and ending GPS coordinates and tow volume was estimated from tow distance and area of the plankton net mouth. Each zooplankton sample was immediately concentrated on a 200 μm mesh sieve and preserved with ethanol to halt ingestion or egestion of microplastic particles.

In the lab, each sample was concentrated on a 200 μm mesh sieve and resuspended in a known volume of Milli-Q water to determine biovolume. From each sample, 1,000 copepods, with full guts and of the dominant species, were individually selected using a glass Pasteur pipet. Each copepod was passed through several Milli-Q water rinses and examined under a dissecting microscope with bright-field, white light to confirm there were no externally adhered microplastic particles. Copepods were transferred in batches of 500 individuals to 2 mL microcentrifuge tubes for an initial room temperature decomposition period of 14 days. Subsequently, the batches were dried for approximately 24 h in a covered heating block set to 60°C. Microcentrifuge tube caps were closed but not firmly sealed to allow for evaporation during the drying step. An enzymatic digestion protocol adapted from Cole et al. (2014), with a ratio of 500 μg mL–1 proteinase-K to 0.2 g dry-weight of sample, was used to break apart exoskeletons and release gut content from copepods into solution. For the contents in each tube, 750 μL homogenizing solution (0.25 L stock homogenizing solution consisting of 15.77 g Tris-HCL, 4.38 g EDTA, 1.53 g NaCl, and 1.26 g SDS, with 15 mL of homogenizing solution being 40 mM Tris-HCL, 60 mM EDTA, 105 mM NaCl and 1% SDS) were added. Sample tubes were then vortexed for at least 30 sec and incubated for 1–2 h at 60°C. 40 μL of proteinase-K solution was added and samples were incubated for at least 6–8 h with periodic vortexing. 250 μL of 5M NaClO4 were added and samples were vortexed for several minutes before incubating at 60°C for 24 hrs.

Nile Red [9-diethylamino-5H-benzo(a) phenoxazine-5-one], a selectively fluorescent dye that binds to lipids (Maes et al., 2017; Shim et al., 2017), was used to stain copepod gut content in preparation for visual identification of microplastics. Preliminary protocol testing with plastics of known composition indicated that plastics glowed brightly red, orange, yellow or green, depending on composition, and chitin or cellulose material fluoresced a faint red. It is important to note that the staining pattern may cause semi-synthetic or regenerated cellulosic fibers to be overlooked and the presence of manufacturing dyes can negatively impact the ability of Nile Red to stain some plastic particles (Stanton et al., 2019). Therefore, the quantification of microplastics using this method may represent an underestimation of particles present in a sample.

Digested copepod batches were stained with Nile Red for 30 min in clean and covered glass beakers containing a ratio of 20 mL Milli-Q water to 4 mL Nile Red stock solution (5 mg Nile Red powder dissolved in 1 L acetone). Each batch was then transferred to a 47 mm diameter, 5 μm pore size black polycarbonate filter using vacuum filtration and stored in a clean petri dish with lid. To eliminate contamination, cotton clothing or lab coats were worn at all times and samples and reagent solutions were kept covered while handling. Wet filters left exposed in a variety of locations around the lab for 24 h did not accumulate microplastic particles.

A dissecting microscope equipped with a digital camera and Stereo Microscope Fluorescence Adapter system (NightSea, Lexington, MA, USA) was used to quantify microplastic particles. Sample filters were exposed to cyan light (excitation wavelength: 490–515 nm) and viewed through an orange emission filter (550 nm long pass). Similar to reports by others (Erni-Cassola et al., 2017; Nalbone et al., 2021), brightly glowing microplastic particles clearly contrasted with the faint red of stained copepod exoskeleton fragments remaining after digestion (Figure 2). Before imaging a particle and adding its photo to the archive, each particle was also examined at higher magnification under bright-field, white light and physically manipulated with a metal probe to assess hardness. Microplastic particles were categorized as fragments or fibers. ImageJ (Schneider et al., 2012) was used to measure the length of the longest axis.
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FIGURE 2
Four separate examples of fluorescent microplastics released during copepod digestion. Samples were stained with Nile red following digestion and photographed with a cyan light (490–515 nm) through an orange long pass filter (550 nm). Each image includes a 1 mm scale.


In addition to directly measured microplastic particle length and number of ingested particles per 1,000 copepods, the number of ingested particles per m3 was estimated to account for differences in mesozooplankton concentration between samples. Based on observations made while picking copepods for digestion, a conversion of 1 mL biovolume to 1,000 individuals was used to estimate the total number of individuals in each tow. The calculation also assumed that each copepod contained at most a single ingested microplastic particle. As none of these direct-measurement and estimated datasets were normally distributed, single-factor Kruskal–Wallis tests were used to assess differences between groups (e.g., stations, months, and seasons) and Dunn Method for Joint Ranking tests were used to make pairwise comparisons. All data analyses were performed in JMP Version 16 (SAS Institute Inc., Cary, NC, USA).



3. Result

A total of 1,507 ingested microplastic particles were collected from 97,500 copepods. A. tonsa dominated mesozooplankton communities and accounted for all 1,000 copepods picked from samples at all stations, except one–the May 2018 sample from Egmont Key, where 500 copepods representing multiple species were picked in the absence of abundant A. tonsa. Most ingested microplastic particles were fragments (96.88%); the remainder of ingested particles were fibers, which were most commonly ingested at the Skyway Bridge and Egmont Key stations. The mean size of all ingested microplastic particles was 0.076 mm (SE ± 0.001; Figure 3). Fragment length ranged from 0.018 to 0.351 mm (mean = 0.072 mm; SE ± 0.001), whereas fiber length ranged from 0.019 to 0.642 mm (mean = 0.202 mm; SE ± 0.022). Significant differences in ingested particle size were detected between sampling stations (H = 22.105, 6 d.f., p = 0.0012; Figure 4A) and months (H = 58.903, 5 d.f., p < 0.0001; Figure 4B). Pairwise comparisons indicated that ingested particle size was significantly smaller at the Boca Ciega Bay station than at the Pinellas Point (p = 0.0106), Old Tampa Bay (p = 0.0275) and Hillsborough Bay stations (p = 0.0359). Ingested particle size was significantly smaller during May and November compared with January (May: p = 0.0039; Nov.: <0.0001), March (May: p = 0.0124; Nov.: p < 0.0001) and September (May/Nov.: p < 0.0001) as well as during July compared with September (p = 0.0153). All other comparisons between stations and months resulted in no significant differences.
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FIGURE 3
Size distribution of ingested microplastics.
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FIGURE 4
Ingested microplastic particle size (mm) across (A) sampling stations and (B) months. Horizontal line spanning box indicates median, while point indicates mean. Whiskers indicate maximum and minimum values, with intermediate quantiles marked. Letters identify statistically significant differences between stations or months.


The average number of ingested microplastic particles per 1,000 copepods was 15.38 (SE ± 0.85), with a mode of 11 microplastic particles per 1,000 copepods. The Hillsborough Bay sample from May 2018 contained 55 ingested microplastic particles per 1,000 copepods, the maximum observed in this study. The minimum was 4 ingested microplastic particles per 1,000 copepods in the January 2018 MacDill Air Force Base and September 2018 Old Tampa Bay samples. There were no significant differences in the number of microplastic particles ingested per 1,000 copepods between stations (H = 3.214, 6 d.f., p = 0.7815; Figure 5A). However, the number of ingested microplastic particles per 1,000 copepods was significantly lower during the dry season (August to June) compared with the wet season (May to July; H = 4.868, 1 d.f., p = 0.0274). Specifically, the number of ingested particles per 1,000 copepods was lower during September compared with May (p = 0.0274; Figure 5B); no other pairwise comparisons between months were significantly different.
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FIGURE 5
Number of ingested microplastic particles per 1,000 copepods across (A) sampling stations and (B) months. Horizontal line spanning box indicates median, while point indicates mean. Whiskers indicate maximum and minimum values, with intermediate quantiles marked. Letters identify statistically significant differences between months; there were no significant differences between stations.


Variable wind and tidal current speed and direction resulted in tow volumes ranging from 7.27 to 83.64 m3 (mean = 31.81 m3; SE ± 1.42). Mesozooplankton biovolume per tow ranged from 1.2 to 76 mL (mean = 12.73 mL; SE ± 1.42) after removing one sample with abundant diatoms that skewed the measurement. There was no relationship between tow volume and mesozooplankton biovolume; tow volumes were close to the mean at the maximum and minimum biovolume stations. The estimated number of microplastic particles ingested per m3 was not significantly different between stations (H = 1.853, 6 d.f., p = 0.9327; Figure 6A) or sampling months (H = 7.742, 5 d.f., p = 0.1710; Figure 6B). However, fewer particles were ingested per m3 during the dry as compared to the wet season (H = 6.429, 1 d.f., p = 0.0112).
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FIGURE 6
Number of ingested microplastic particles per m3 across (A) sampling stations and (B) months. Horizontal line spanning box indicates median, while point indicates mean. Whiskers indicate maximum and minimum values, with intermediate quantiles marked. There were no statistically significant differences between stations or months.




4. Discussion

A. tonsa copepods in Tampa Bay primarily ingested microplastic fragments. Fibers accounted for <4% of ingested particles, despite having been reported as the most common microplastic type in surface waters of the Bay (McEachern et al., 2019). This pattern of dominant fibers in seawater samples with dominant fragments in concurrent copepod samples has been observed by others (Amin et al., 2020; Aytan et al., 2022) and while fibers were abundantly present in seawater of the Fram Strait, copepods ingested only fragments (Botterell et al., 2022). Overall, however, ingestion of greater proportions of fibers to fragments has been more frequently reported. Kosore et al. (2018) and Taha et al. (2021) found that fibers were dominant in both seawater and copepod samples. Similarly, a greater proportion of microplastic fibers to fragments were ingested by copepods in the other published field studies (Sun et al., 2017; Buathong et al., 2020; Payton et al., 2020; Zheng et al., 2021; Rashid et al., 2022). Amin et al. (2020) suggested that if zooplankton were not preserved immediately after collection, fragments could pass through the digestive system more easily than fibers, leading to reporting of elevated fiber to fragment ingestion ratios. Yet, most methods in the aforementioned studies include a preservation step. Furthermore, A. tonsa selected for nylon fibers over polystyrene beads in a laboratory setting (Borrelle et al., 2020). In this particular case, the nylon fibers were smaller than the polystyrene beads, possibly making the fibers more easily ingested. In the field, fibers tend to be larger/longer than fragments (Aytan et al., 2022; Botterell et al., 2022), with lengths that can exceed ingestion capacities. The shape of ingested microplastic appears to be limited both by particle size and availability in the surrounding water. Thus, Desforges et al. (2015) found that a single large copepod species switched from more frequently ingesting fragments at offshore sites to only ingesting fibers at coastal sites, and given the mismatch in shape and size of fibers to the typical estuarine copepod diet of phytoplankton and microzooplankton, more frequent ingestion of fragments by A. tonsa was expected.

The average size of particles ingested by A. tonsa was comparable to that of their natural phytoplankton prey (0.002–0.106 mm or 2–5% of prosome length; Berggreen et al., 1988), as well as to estimates for microplastic ingestion by A. tonsa in the Hudson-Raritan Estuary, USA (Sipps et al., 2022) and for the closely related A. clausi in the Black Sea (Aytan et al., 2022). These three estimates, however, were smaller than estimates reported for copepods in most other field studies. Ingested particle size clearly scales with copepod size (Hansen et al., 1994). Aytan et al. (2022) observed Calanus euxinus, a species of copepod larger than A. tonsa, ingesting microplastic particles that were 1.8 times the size of those ingested by A. tonsa in Tampa Bay. The largest microplastics (2.485 mm) ingested by copepods were found during a study conducted in Jiaozhou Bay, Yellow Sea (Zheng et al., 2021). Although the copepod species was not reported, the authors indicated that typical prey size for the dominant copepods was approximately 0.5 mm. While the maximum recorded fragment (0.351 mm) and fiber (0.642 mm) lengths ingested by copepods in Tampa Bay were exceptional, Buathong et al. (2020) also measured large particles ingested by calanoid copepods of similar size to A. tonsa and Davis (1977) reported an observation of A. longiremus (1.16 mm) ingesting a larval Chaetognatha (approx. 2.6 mm), making the prey 2.23 times longer than the predator. Desforges et al. (2015) also suggested that fibers are not always elongated and could be folded into a ball, effectively decreasing the overall size and facilitating ingestion. Alternatively, a few large particles may have remained adhered to exoskeletons even through the extensive rinsing process and been measured along with the ingested particles released during enzymatic digestion. Nevertheless, due to the variety of individual species examined and/or the grouping of copepods into mixed assemblages for ingestion estimates, it is difficult to make further comparisons between studies and assess any potential environmental impacts on copepod-microplastic interactions.

In Tampa Bay, the size of particles ingested by A. tonsa exhibited some spatial and temporal variability, but did not show a clear trend. The size of the particles ingested was significantly smaller in Boca Ciega Bay than Pinellas Point, Old Tampa Bay and Hillsborough Bay. This could be caused by slower circulation in Pinellas Point, Old Tampa Bay and Hillsborough Bay (Weisberg and Zheng, 2006) and retention of buoyant microplastic particles from riverine inputs to these areas, whereas water in Boca Ciega Bay exchanges more frequently with the open Gulf of Mexico. Nevertheless, all ingested particles were still within the size range of food particles preferred by A. tonsa (Berggreen et al., 1988). Ingested particle size distribution in Hudson-Raritan Estuary was also significantly different based on location (Sipps et al., 2022). However, no clear pattern was observed or viable explanation offered in either of these studies. Temporally, the particle size ingested by A. tonsa was significantly smaller in May and November compared to January, March and September. Studies in Fram Strait (Botterell et al., 2022) and Hudson-Raritan Estuary (Sipps et al., 2022) also detected temporal variability that was difficult to explain, while other studies reported no significant differences between the size of ingested particles and season (Zheng et al., 2021; Rashid et al., 2022). Future work could explore the potential relationship between the size of seasonally available phytoplankton and the size of microplastic ingested as well as seasonal variation in microplastic sizes in surface waters.

The overall average microplastic ingestion rate by A. tonsa in Tampa Bay was 0.015 particles per individual, which was lower than estimates from estuarine studies conducted in the Hudson-Raritan Estuary, USA (0.56 particles per individual; Sipps et al., 2022), Kochi backwaters, India (0.41 particles per individual; Rashid et al., 2022), and Jiaozhou Bay, China (0.21 particles per individual; Zheng et al., 2021), but on par with estimates from studies in Terengganu Estuary, Malaysia (0.02 particles per individual; Taha et al., 2021) and Charleston Harbor, USA (0.009 particles per individual; Payton et al., 2020). Prey ingestion rates vary by copepod species, as well as prey concentration and nutritional quality (reviewed in Mauchline, 1998). For example, without the presence of infochemicals or biofilms on microplastic particles copepods could be deterred from ingesting microplastics (Vroom et al., 2017; Borrelle et al., 2020). The differences in ingestion rates between studies could also result from differences in proximity to large industrial areas or large populations and likely greater microplastic loads. Similar to Hudson-Raritan Estuary, calanoid copepods ingested 0.45 particles per individual near an industrial complex in Chonburi Province, Thailand (Buathong et al., 2020). However, other studies have observed that the amount of microplastics present in the water does not correlate with the ingestion rate (Amin et al., 2020; Taha et al., 2021). Moreover, the ingestion rate in the present study was lower than estimates for some offshore environments (Desforges et al., 2015; Sun et al., 2017; Botterell et al., 2022). Ingestion rates could also be affected by the current strength and flux of water in and out of the sampling location. Rashid et al. (2022) observed that ingestion rates for calanoid copepods increased during the pre-monsoon season in the Kochi backwaters of India, when Barrage shutters are closed restricting the flow of water into the estuary. Alternatively, Sipps et al. (2022) found that ingestion rate in the Hudson-Raritan Estuary was lowest in July when the river flow was slow. Compared to other estuaries, Tampa Bay has low river input and long residence time (Zhu et al., 2015).

The ingestion rate of A. tonsa showed no significant differences between stations in Tampa Bay. Similar to the present study, there was no spatial pattern to ingestion rates in Terengganu coastal waters and estuary (Amin et al., 2020; Taha et al., 2021), Black Sea (Aytan et al., 2022), Fram Strait (Botterell et al., 2022), northeast Pacific Ocean (Desforges et al., 2015), and South China Sea (Sun et al., 2017). For some, the lack of significance was attributed to a small sample size and a small number of particles ingested by zooplankton (Desforges et al., 2015; Botterell et al., 2022). On the other hand, Zheng et al. (2021) observed significantly greater ingestion rates in the estuary than farther from the coast and attributed this pattern to proximity of estuarine sampling sites to a major river carrying effluent from a large wastewater treatment facility. In contrast, freshwater flow, likely the greatest source of microplastics, into Tampa Bay is dominated by non-point source stormwater runoff (Zhu et al., 2015). Seasonally, in Tampa Bay, there was a significantly lower number of microplastic particles ingested during the dry season (around September) compared to the wet season (around May). This could be attributed to the amount of run-off from the surrounding coastline during the wet season. McEachern et al. (2019) observed that months with increased precipitation levels correlate with increased microplastic concentration in surface waters of Tampa Bay. Regardless of whether or not there is a correlation between microplastic concentrations in surface waters and ingestion rates, freshwater runoff can foster phytoplankton growth (Corcoran et al., 2017), which in turn could increase copepod suspension feeding activity and ingestion of microplastics suspended in the bloom. While other studies also detected significant seasonal differences in ingestion rates, there were no consistent patterns across studies.

In Tampa Bay, the average microplastic ingestion rate normalized for copepod concentration was 6.48 particles m–3 and there were no significant differences between stations or sampling months. McEachern et al. (2019) provides the only estimate of microplastic concentration for comparison in Tampa Bay waters, 940 particles m–3. Of note, this microplastic concentration is over twice the average concentration of copepods collected during the present study (440 copepods per m–3). Based on the present results, copepods in Tampa Bay may be ingesting 0.7% of the available microplastics each hour, assuming that is a viable gut passage time (Kiørboe and Tiselius, 1987; Tirelli and Mayzaud, 2005). Few environmental microplastic ingestion studies normalize for zooplankton concentration (Sun et al., 2017; Amin et al., 2020; Taha et al., 2021; Sipps et al., 2022). Our estimate of normalized ingestion rates and our subsequent extrapolation of proportional ingestion impact on microplastic concentration in Tampa Bay were approximately on the same order of magnitude as those for other studies. However, 10 times greater estimates were reported for the Hudson-Raritan Estuary. Future ingestion studies should also consider accounting for zooplankton concentration in their analyses, as this type of calculation is more directly applied to understanding the degree of environmental impact.

In addition to being the most abundant metazoans in the ocean, calanoid copepods can exhibit higher environmental microplastic ingestion rates than other zooplankton (Sun et al., 2017; Amin et al., 2020; Buathong et al., 2020). Microplastic ingestion can have negative effects on copepod populations via decreased egg production and survival (Cole et al., 2014; Shore et al., 2021). In turn, population level impacts on copepods could lead to adverse effects further up the food web. However, trophic transfer of microplastics from lower trophic levels to higher trophic levels have only been observed in laboratory experiments. A recent study even demonstrated that A. tonsa, specifically, can serve as a vector for microplastic transmission to seahorses, which then retain the microplastic particles and could lead to obstructions in the gastro-intestinal tract (Domínguez-López et al., 2022). Similarly, microplastics in copepod fecal pellets could be transferred to benthic organisms in shallow coastal waters that rely on sinking pellets as an important component of their diet, thus redistributing plastic from the surface to the benthos. However, the presence of microplastics in fecal pellets may decrease their sinking rates (Cole et al., 2016; Coppock et al., 2019; Wieczorek et al., 2019; Shore et al., 2021). Shore et al. (2021) also found that copepods egest smaller and fewer pellets when exposed to high concentrations of microplastics; together these factors could reduce the potential for concentrated redistribution of microplastics from surface to benthos.



5. Conclusion

This study is the first characterization of microplastic-plankton interactions in Tampa Bay Estuary. The microplastic ingestion rate by A. tonsa was spatially consistent but temporal differences seem to be driven by rainy/dry seasons. However, no trends were evident once the data were normalized for copepod concentrations in the environment. The size of microplastic ingested varied spatially and temporally without a consistent pattern, however, the size of particles ingested was consistent with the prey size spectra for A. tonsa. Additionally, A. tonsa ingested significantly more fragments than fibers, and further research is needed to understand the selective behavior of A. tonsa in the presence of fragments and fibers. With a focus on A. tonsa, a species that dominates estuarine zooplankton communities around the world, this study provides a useful baseline for comparison. Additional data on the same species from estuaries with different physical mechanisms and levels of anthropogenic impact will prove useful in teasing apart the role of the environment in these interactions. Finally, future studies should further investigate the potential for and impacts of trophic transfer of microplastics across multiple trophic levels.
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