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Although there is growing concern about ingestion of microplastics by marine organisms, little research has been conducted on marine herbivores. This is the first study to document microplastic ingestion within the family Sirenia. Subsamples were collected from five locations in the gastrointestinal tracts (GI) of 26 dead manatees (Trichechus manatus latirostris) from Tampa Bay, Florida. During gross necropsies, macroplastic pieces were found in seven individuals (26.9%). Careful visual examination of the subsampled portions of the GI contents indicated that 19 individuals (73.1%) contained plastic particles. As five individuals had both macro and microplastic pieces, the overall frequency of occurrence of plastic ingestion was 76.9%. Due to the large volume of cellulose-rich ingested material, it was not feasible to analyze the entire gut contents, nor was it feasible to conduct chemical or enzymatic digestion; therefore, it is very likely that many microplastic pieces were not detected. Despite these technical challenges, it is clear that manatees in Tampa Bay are routinely consuming microplastics in addition to larger plastic pieces. Currently, nothing is known about the physiological effects of microplastic ingestion in sirenians, however environmental plastics could be concentrated by manatees through ingestion and the subsequent production of microplastics-laden feces.
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Introduction

The amount of plastic pollution in marine systems is concerning due to the potential for severe repercussions on humans and wildlife. Around 700 marine species have been documented to have encountered marine debris and 92% of those encounters were with plastic debris (Gall and Thompson, 2015). Plastics threaten marine life through physical interactions such as entanglement, ingestion, acting as a vector for invasive organisms and diseases, and by transporting and leaching toxic substances (Gall and Thompson, 2015; Saliu et al., 2019; Bucci et al., 2020). Early concerns focused on larger pieces of plastic clearly visible to the naked eye (e.g., Laist, 1987), but increasingly the plastic pollution crisis is focusing on microplastics (defined as plastic smaller than 5 mm; Arthur et al., 2009) which are ubiquitous throughout the marine environment and can be ingested by even the smallest of marine organisms (Fibbe et al., 2023).

Marine mammals are vulnerable to entanglement and ingestion of macroplastics (e.g., Simmonds, 2012; Baulch and Perry, 2014; Butterworth, 2016). Microplastics have been found in the gastrointestinal (GI) tract or scat of a variety of cetaceans and pinnipeds (see Zantis et al., 2021 for a review). Florida manatees (Trichechus manatus latirostris) have been known to ingest a variety of macroplastics including fishing line and plastic bags (Beck and Barros, 1991; Adimey et al., 2014; Reinert et al., 2017) as have Antillean manatees (Trichechus manatus manatus; Attademo et al., 2015) and Amazonian manatees (Trichechus inunguis; Guterres-Pazin et al., 2012).

Sirenian diets differ greatly from those of other marine mammals as they forage on vegetation, therefore the routes and impact of plastic ingestion may also differ. Detection of microplastics in manatees is especially challenging due to the large quantities of cellulose-rich food they consume. Manatees have long gut passage time (6–9 days; Larkin et al., 2007), large GI tract (tract and contents weighing upwards of 100 kg; Reynolds and Rommel, 1996) and a 500 kg manatee is estimated to consume 4 to 9% of their body weight daily depending on food type and season (Bengtson, 1983; Worthy and Worthy, 2014).

Manatees routinely forage in seagrass beds (Reich and Worthy, 2006) where there is increasing evidence that microplastics are trapped and retained. Microplastic concentrations in sediments from seagrass beds were higher than in sediments from surrounding non-vegetated areas (Huang et al., 2020; Jones et al., 2020; Plee and Pomory, 2020) or higher than in the surrounding seawater (Tahir et al., 2019; Kreitsberg et al., 2021), although some study sites did not see enrichment (e.g., Cozzolino et al., 2020; Unsworth et al., 2021; Boshoff et al., 2023). In some cases, there was variability between different locations within a single study, some showing enrichment of microplastics while other nearby sites did not (Huang et al., 2021). However, all studies found relatively high levels of microplastics in the sediments of seagrass beds. Cozzolino et al. (2020) also found macroplastic (particles >5 mm) concentrations were elevated in seagrass habitats in comparison to nearby unvegetated sites. Additionally, microplastics have been found adhering to seagrass blades or their epibonent algae (Goss et al., 2018; Datu et al., 2019; Cozzolino et al., 2020; Jones et al., 2020; Seng et al., 2020; Sawalman et al., 2021). Seagrass associated benthic invertebrates (Tahir et al., 2019; Jones et al., 2020; Plee and Pomory, 2020; Sawalman et al., 2021), fish (Baalkhuyur et al., 2018; Sbrana et al., 2020; Cabansag et al., 2021) and turtles (Caron et al., 2018; Duncan et al., 2019) have also ingested microplastics.

Given the ability of seagrass beds to trap microplastics and the large volume of seagrasses that manatees consume, it is likely that manatees ingest microplastics, however this has not been previously investigated. The Florida manatee, a subspecies of the West Indian manatee, is native to the southeastern United States, mainly coastal Florida. The subspecies is listed as threatened by the US Fish and Wildlife Service1 and endangered by the IUCN.2 Continued threats (Runge et al., 2017) and several recent (Landsberg et al., 2022) and ongoing unusual mortality events3 indicate that this species is still at risk. This is the first study of microplastic ingestion by any sirenian species.



Materials and methods


Manatee sample collection

In Florida, manatee carcasses are reported by the public to a state-managed wildlife hotline, and regional biologists respond to collect carcass information. A portion of the carcasses are transported to the Marine Mammal Pathobiology Laboratory, located in St. Petersburg, Florida and operated by Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife Research Institute, where they are examined according to standardized procedures (Bonde et al., 1983). As a part of a larger project to investigate microplastics in Tampa Bay, we collected samples from the GI tract of manatee carcasses found dead in the Tampa Bay estuary. We excluded all manatees that did not have an intact external body to avoid contamination of the gut contents by external microplastics. Manatees were assigned an age class based on total length: adult >265 cm; juvenile 235–265 cm and calf <235 cm (which includes young animals capable of foraging on their own; Runge et al., 2017).

Approximately 500 mL of GI tract contents were collected from each of five gut segments: stomach, duodenum, cecum, proximal colon and distal colon (Figure 1). Samples were stored in (~700 mL) whirl packs during the necropsy and were frozen at −20°C until processed.

[image: Figure 1]

FIGURE 1
 Location of sampling sites in the GI tract of the manatee. The lower inset image shows GI tract inside the manatee carcass in anatomical orientation, while the larger image shows the tract layed out. Image credit: Florida Fish and Wildlife Conservation Commission.




Sample processing

A wide variety of approaches have been used to separate microplastics from the surrounding gut contents. Dissection and visual observation is the simplest approach, but limits the lower size particle that can be detected and, because it typically is a slow process, leads to a higher risk of contamination during processing (Dehaut et al., 2019). Chemical digestion is often used and certain protocols have been proposed as monitoring standards, such as the use of HNO3:HClO4 in a 4:1 ratio by ICES (2015). Enzymatic digestions are time-consuming and expensive (Dehaut et al., 2019), while acidic digestions frequently degrade or alter the plastic particles (Enders et al., 2017). Bases such as KOH may be less likely to alter the plastics, but are corrosive and must be used with caution (Dehaut et al., 2019). Separating microplastics from the guts of marine grazers which consume vascular plants can be especially problematic as cellulose remains resistant to many digestion processes (Hurley et al., 2018) and can be difficult to differentiate from microplastic particles (Egea-Corbacho et al., 2022). Hence, a combination of visual separation and fluorescent staining was used in the present study.

To eliminate contamination, cotton clothing or lab coats were worn at all times, samples and reagent solutions were kept covered except for brief periods while handling. After thawing samples, wet weights were collected. Gut contents were initially diluted at a ratio of 1 l water per 100 g of gut content sample. Tap water was used as we were only looking for microplastic pieces ~1 mm or larger. Diluted samples were initially hand stirred and then placed on a stir plate and mechanically stirred for 1 h. The samples were left to settle for 24 h. The entire sample was sieved through a 212 μm sieve and then rinsed with a pressure hose to separate plastics and vegetation from sand. To prevent the degradation of plastics and to conduct the analysis in an efficient and cost effective manner, the GI contents were visually examined by systematically sweeping through the sieved GI contents using stainless steel forceps and spatulas. Potential plastic pieces were collected and removed from the sample. The remaining GI contents were placed in a drying oven at 50°C for 3–5 days and then dry weights were recorded. A similar process was used for Asian elephants (Katlam et al., 2022). All plastic pieces identified from sub-samples collected from the GI tract were missed during the gross necropsy which relied on manual palpitation or visual identification.



Plastic particle identification and imaging

Potential plastics were individually stained with Nile Red (9-diethylamino-5H-benzo[a] phenoxazine-5-one) stock solution (5 mg Nile Red powder dissolved in 1 l acetone) (adapted from Maes et al., 2017) for 30 min and then individually placed in petri dishes to dry and for storage. Dried plastics were imaged using a dissecting microscope equipped with a digital camera and Stereo Microscope Fluorescence Adapter system (NightSea, Lexington, MA). Samples were exposed to cyan light (excitation wavelength: 490–515 nm) and viewed through an orange emission filter (550 nm longpass). Plastics were categorized as micro or macroplastics, as well as fragments, sheets or fibers. Monofilament lines, typically from fishing gear, were recorded as fibers as they can break down into smaller fibers (Wright et al., 2021), but they are additionally listed as monofilament lines in Supplementary Table S1. ImageJ (Schneider et al., 2012) was used to determine the length of the longest axis and area.



Statistical analysis

To investigate if the concentration of microplastics varied between the different sections of the GI tract, we calculated the number of plastic particles per gram of both wet and dry weight of material examined for each sampled location in each manatee. A Shapiro–Wilk test was used to test for normality in the distribution of the data and a nonparametric Kruskal-Wallis test was used to compare the distribution of the plastic particles between the different segments of the GI tract. All data analysis was performed in JMP (SAS Institute, NC, United States).




Results

Between December 2017 and March 2020, 26 manatee carcasses recovered from Tampa Bay were sampled for plastics (see Supplementary Table S1 for details on each individual). There were 16 adults, 7 juveniles and 3 calves; 12 females and 14 males; all of the calves had GI tracts filled with vegetation. During gross necropsy, macroplastics were detected in 26.9% of the individuals (7/26). Most carcasses (81%; 21/26) had full GI tracts, with large quantities of vegetation present throughout the tract. While cause of death varied for these manatees, plastic ingestion was not a direct cause of death, although GI lesions of one (MNW18003) were consistent with having previously passed a foreign body.

A total of 12 pieces of macroplastic were found during gross necropsy ([image: image] = 0.46, S.E. = 0.19 per individual); 48 plastic pieces were found in the selected sub-samples ([image: image] = 1.86 S.E. = 0.33 per individual); for a total of 60 plastic pieces [image: image] =2.31, S.E. = 0.41 per individual). Plastic pieces ranged in linear measurement from 0.02 mm to 14.9 mm, including eight plastic fibers which were larger than 5 mm, which is the generally accepted definition of microplastics. Fibers were the most common type of microplastics identified in manatees (Table 1; Figure 2), including 11 pieces which were clearly visible as monofilament fishing line. Five of the eight larger plastic fibers were monofilament fishing line. Fragments were typically small particles with an irregular oval shape, while sheets were relatively uncommon, but did include small portions of plastic bags.



TABLE 1 Summary of plastic pieces collected from sub-sampled GI tract from 26 Florida manatees collected in Tampa Bay, Florida.
[image: Table1]
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FIGURE 2
 Microscopic images of representative plastics of different shapes collected from the GI tract of manatees (A) Fragment, two different particles, (B) Sheet, (C) Monofilament Line Fiber and (D) Fiber. Scale bar = 1 mm.


We were able to subsample from all five locations in the GI tract for 24 individuals, however individual MNW18009 did not have any ingesta in either the stomach or duodenum, and individual MNW19038 did not have any digesta in the cecum. Plastic pieces were detected in the sub-sampled portion of the GI tract of 73.1% of the individuals (19/26) and when combined with the macroplastics found during gross necropsies, 76.9% (20/26 individuals) contained at least 1 piece of plastic in their GI tract. In carcasses with both types of plastics, the macro- and microplastics came from different items for most individuals (5/6; see Supplementary Table S1). Ingestion of plastics varied between the sexes (10/14–71% males and 10/12–83% females had ingested plastic) and age classes (12/16–75% adults, 457–71% juveniles and 3/3–100% calves had ingested plastic); however, small sample sizes prevented further analysis. Plastic was found in the GI tracts of manatees that had been feeding recently (16/22) as well as those with relatively empty GI tracts (3/4 individuals).

Microplastic pieces were found throughout the GI tract; 6 in the stomach (13%), 5 in the duodenum (10%), 8 in the cecum (19%), 10 in the proximal colon (25%) and 16 in the distal colon (33%). Concentrations of plastics per gram of GI subsample examined varied between the different sections (Table 2). The concentrations of the particles were not normally distributed (Shapiro-Wilks W = 0.433, p < 0.0001 wet; W = 0.363, p < 0.0001) and the distribution of particles between the different segments of the GI tract were not significantly different from each other (χ = 0.4371, df = 4, p = 0.9793 wet; χ = 1.9237, df = 4, p = 0.7498 dry).



TABLE 2 Concentration of microplastic pieces throughout the GI tract.
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Discussion

Overall it is clear that manatees in Tampa Bay routinely ingested plastic during our study period, as 76.5% of individuals sampled contained plastic in their GI tract. Although ingestion of plastic is rarely the leading cause of death in manatees, it can be a contributing factor in some mortalities (Beck and Barros, 1991; Reinert et al., 2017). While this is the first study to investigate microplastic ingestion by manatees, necropsies routinely examine the gastrointestinal tract for marine debris, much of which is plastic. Beck and Barros (1991) found 14.4% of manatees examined between 1978 and 1986 had ingested debris. Between 1993 and 2012, 9.7% of all manatee carcasses (598/6561) contained marine debris, however in just the last five years of the study (2008–2012) 19.7% of the carcasses contained marine debris (Reinert et al., 2017). While our study only examined 26 animals, 26.9% of the carcasses examined contained marine debris, all of which was plastic. Differences in detection rate during gross necropsy, for example increased awareness by prosectors, may also explain part of the increase over the years.

As all the manatees in this study were collected in Tampa Bay, it is possible that manatees in our samples were exposed to higher levels of plastic contamination as the Gulf of Mexico has been recorded to have some of the highest microplastic concentrations reported (Shruti et al., 2021). However, the previous study that included manatees from across Florida did not suggest that Tampa Bay was a hot spot for debris ingestion by manatees (Reinert et al., 2017) nor were concentrations of microplastics in Tampa Bay particularly high (McEachern et al., 2019).

In addition to the seven manatees which contained macroplastic detected during gross necropsies, our study documented an additional 13 manatees containing plastics in their GI tract; and six manatees contained plastics identified by both methods. This suggests that gross necropsy procedures do not identify all plastic pieces ingested by manatees, previous rates of plastic ingestion by manatees underrepresent the high proportion of individuals with plastic in their GI tract and manatees may be routinely ingesting many different plastics. Careful examination of the plastic pieces found in these six manatees, suggests that most of these manatees had ingested several different plastic items. For example, during the necropsy of manatee MNW18132 the Marine Mammal Pathology lab identified a piece of clear string in the colon, while we identified part of a black plastic bag in the distal colon. In contrast, MNW20012 had a large piece of clear monofilament line in its distal colon (found during the necropsy) as well as a smaller piece of monofilament line which could have broken down from the larger piece. At this point, it is not possible to determine if manatee digestive processes including grinding in the mouth are contributing to the further breakdown of plastics, as has been suggested in other organisms (Pérez-Guevara et al., 2021).

Monofilament fishing line, including recreational fishing gear, was the most common macroplastic ingested by manatees (Beck and Barros, 1991; Reinert et al., 2017) and entanglement and ingestion of fishing gear including monofilament line were the most common form of fisheries interactions in manatees (Adimey et al., 2014). Monofilament fishing line was also the most common type of plastic found during necropsies (9/12 pieces; 75%) and during the microplastic detection process (11/48 pieces; 23%). Thus, fishing gear continues to pose a threat to manatees in Florida.

Plastic pieces >1 mm may have been present in at least some of the six individuals in our study in which we did not detect plastic, as we only sub-sampled a small portion of the entire GI contents. Examining a greater proportion of the GI tract would more accurately reflect ingestion rates; however, this process is very labor intensive. Better methods to digest cellulose would be helpful. Hurley et al. (2018) and Egea-Corbacho et al. (2022) have some suggestions but these methods are likely still too complicated, toxic and expensive to deal with the large quantities of cellulose-rich food manatees ingest.

Studies on microplastic ingestion by fish suggest that sample sizes below 10 are unreliable for frequency of observation of microplastic ingestion, especially when relying only on visual detection of plastic particles from gut contents (Markic et al., 2020). This suggests that our sample of 26 individuals, while still small, likely resulted in useful representation of the frequency of observation of microplastic ingestion by manatees in Tampa Bay, however our sample size prevented detailed analysis of other factors such as age, sex or cause of death. A review of microplastic ingestion by marine fishes indicated that about one-third of all individual fish (regardless of species) had ingested plastic, and on average, each fish contained about two plastic pieces (Markic et al., 2020). In our study, a much greater proportion of individuals contained plastic in their GI tract and although we estimated 2.3 plastic pieces per manatee, this is likely an underestimate as we only sub-sampled a small portion of the GI tract. If we had been able to use chemical digestion, filtration and microscopic identification as suggested by Savoca et al. (2021), we would likely have identified many more plastic pieces.

While it is challenging to calculate plastic ingestion rates for manatees, we can calculate a rough ingestion rate based on plastic pieces found in manatee stomachs as this region represents the least processed material. A 500 kg manatee consumes approximately 35 kg of vegetation per day (assuming manatees consume 7% of their body weight per day; Bengtson, 1983; Worthy and Worthy, 2014). Therefore, if we scale the average concentration of 5 plastic pieces/kg wet material examined (Table 2) up to 35 kg of ingested material, it suggests that manatees may be ingesting upwards of 175 microplastic pieces per day. The physiological implications of this ingestion rate are currently unknown for manatees; however, work on several species of sea turtles indicated that greater amounts of plastic ingestion lead to higher risks of mortality (Wilcox et al., 2018).

Plastic ingestion by marine herbivores has not been well studied, and of the herbivores studied, most are fish grazing on algae. Marine herbivorous fish likely ingest plastic particles adhered to vegetation (Cardozo-Ferreira et al., 2021) and have lower rates of plastic ingestion than fish with other foraging strategies (Savoca et al., 2021). Benthic foragers also have relatively high rates of plastic ingestion (Savoca et al., 2021). Manatees in Tampa Bay predominately forage on seagrass, but also often contain sand, shells and benthic invertebrates in their GI tract (Reich and Worthy, 2006) and thus their plastic ingestion rates may be more similar to benthic foragers than marine herbivores.

While there was no clear indication of a concentration of microplastic pieces through the GI tract (Table 2), manatees concentrate forage materials between the stomach and fecal matter which suggests that manatees have the potential to concentrate environmental plastic in their feces. Microplastics in fecal matter is an emerging field of study, with examination of concentrations as well as the potential ecological implications of microplastic-laden feces (Pérez-Guevara et al., 2021). Fecal matter is clearly a vector of microplastics throughout the environment and the role of coprophagy in further transfer of microplastics in the food web deserves further attention (see Pérez-Guevara et al., 2021 for a review).



Conclusion

While it is challenging to identify microplastic pieces from the GI tracts of large herbivores such as manatees, it is clear from this study that manatees are ingesting microplastic in Tampa Bay and likely at fairly high rates. It is likely that all sirenian species are exposed to environmental microplastics which can be ingested while foraging. Further work is needed to assess the potential physiological impacts of microplastic consumption by sirenians as well as the role marine herbivores may play in concentrating environmental plastics into feces for trophic transfer up the food web.
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