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Marine debris is a direct anthropogenic impact on our ocean ecosystems. Debris is found in various marine ecosystems including the open ocean, seafloor and along coastlines, including estuarine ecosystems. There is limited scientific knowledge of the distribution and impacts of marine debris, particularly in salt marsh habitats. This research sought to: (1) understand factors controlling the presence, accumulation, and distribution of debris found in four North Carolina salt marshes; and (2) assess the incorporation of marine debris into estuarine food webs via Uca pugilator (sand fiddler crab) ingestion of plastic microbeads. From seven debris surveys, 378 items were collected; plastic was the most common debris-type (45%). Debris accumulated as quickly in marshes, with preliminary data showing debris accumulation rates of 7000 debris items / km 2 in 5 months. Debris distribution was positively correlated with a vegetation index that combined shoot height and density, indicating that vegetation likely aids in trapping and retaining debris. Plastic debris is of particular concern due to its tendency to deteriorate into microplastics, which alone can be toxic and can serve as vectors introducing additional toxins into coastal food webs. In a mesocosm experiment, I found a positive correlation between microplastic dosage and the abundance of 330 um microplastics ingested by both male and female fiddler crabs, in 24- and 48-hr trials. My findings suggest that plastics, with their toxins, can readily enter salt marsh food webs and thus, theoretically, bioaccumulate in estuarine ecosystems.
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Introduction

Marine debris is defined by NOAA as “any persistent solid material that is manufactured or processed and directly or indirectly, intentionally or unintentionally, disposed of or abandoned into the marine environment or the Great Lakes (US Department of Commerce, NOAA, n.d.).” Approximately 80% of debris comes from land sources, from littering or improper waste management; the remaining 20% comes from at-sea sources including abandoned fishing gear, illegally dumped materials, or accidental cargo spills (Eunomia, 2016). Once debris enters marine waters it is distributed via oceanic currents. There are three primary destinations for debris in the ocean environment: the sea floor, the ocean surface, or along coastlines, with global variability within each that is still being investigated. 

There are many types of marine debris including: plastic, metal, glass, and lumber. Of these materials, plastic is often cited as of greatest concern due to its relative abundance and persistence in the marine environment. An estimated 12.2 million metric tonnes of plastic is introduced into marine ecosystems per year and plastic accounts for approximately 60-80% of total marine debris (Eunomia, 2016; Gregory and Ryan, 1997). The most common types of plastic, polystyrene, polyethylene, and polystyrene, have densities that allow them to float on the ocean surface, where they can be distributed via currents and experience weathering (Andrady, 2011). It is currently unknown how long and if plastic fully degrades in the marine environment (Gall and Thompson, 2015). What we do know is that plastic weathers into smaller pieces. Plastic continuously breaks down due to UV light, thermal, and physical exposure (Weinstein et al., 2016). These small degraded pieces persist in the marine environment.

Microplastics are plastic fibers and fragments that are less than 5mm in diameter (US Department of Commerce, n.d.-a). Marine microplastic sources include breakdown from larger plastics, production pellets, or microbeads from personal care products. Breakdown of larger plastic can yield microplastics; this rate is dependent on plastic chemical composition and environmental conditions (Cole et al., 2011). For example, polyethylene, polypropylene, and polystyrene produced microplastic fibers after only 8 weeks in the salt marsh environment (Weinstein et al., 2016). The majority of microplastics are from the breakdown of tire materials, which contain plastic additives (Eunomia, 2016). This source is followed by production pellets, which contribute an estimated 230,000 metric tons of microplastics to the marine environment (Eunomia, 2016). Production pellets, also called nurdles, are raw plastic materials shipped to industrial plastic producers to be melted and molded into usable plastic (Nurdle Free Oceans, n.d.). They can make their way into the marine environment by mishandling during production or at-sea spills. Lastly, microbeads are microplastic spheres commonly used as exfoliates in personal care products such as face wash and toothpaste. These microbeads enter the marine environment when not removed by traditional wastewater treatment methods (Fendall and Sewell, 2009).  Beginning January 2018, microbeads have been banned in wash-off personal care products sold within the United States (Pallone, 2015). However, microbeads are not banned internationally and will continue threatening the oceans due to their persistence

Our knowledge of microplastics is still deepening, with a current concern for the ecological impacts on marine and human life. Ecological impacts of microplastics include ingestion by marine life and toxin accumulation. The small size of these plastics makes them easily ingestible by marine organisms, ranging from zooplankton to cetaceans (Cole et al., 2013, Gall and Thompson, 2015). Cole et al. (2013) investigated fifteen zooplankton taxa common the Northeast Atlantic and found that thirteen of these taxa ingested microplastics <31 um. . The ingestion of plastic by primary consumers could lead to bioaccumulation of plastic in higher-trophic-level species. This is problematic considering plastic’s potential to adsorb toxins and other pollutants (Mato et al., 2001). Plastics themselves contain toxins such as colorants and plasticizers. Additionally, due to their high surface-area-to-volume ratio, microplastics can adsorb hydrophobic-persistent organic pollutants such as polychlorinated biphenyls (PCBs) and dichlorodiphenyldichloroethylene (DDE) from surrounding seawater (Mato et al., 2001). Thus, microplastics can serve as vectors for introducing toxic substances into the marine food chain when ingested (Hirai et al., 2011). Bioaccumulation of chemicals used to manufacture plastic are linked to endocrine disruption, cancer, reproductive problems, and other health concerns for many marine species as well as humans (Ryan, 1989).

In this research, I examine the distribution of marine debris in the salt marsh ecosystem. Many field studies assessing debris along coastlines focus on sandy beaches; there is little literature addressing marine debris in estuaries, particularly salt marshes (Browne, 2010; Thornton and Jackson, 1998; Viehman et al., 2011). I conducted field studies to quantify debris abundance and distribution in four North Carolina (NC) salt marshes and compared these data to the following environmental variables: distance from estuarine edge, shoreline aspect, predominant wind direction, fetch distance, body of water, vegetation shoot height and density, marsh elevation, and tidal inundation. 

Additionally, I conducted lab experiments to determine whether marine plastics, specifically microplastics, can enter the salt marsh food web through consumption by Uca pugilator (sand fiddler crabs). This species of fiddler crab is ubiquitous in salt marshes along the Atlantic and Gulf Coasts of the United States and is highly abundant in local salt marshes (Crane, 1975). These crabs are preyed upon by species that transition between the salt marsh and greater estuarine and marine environments (Crane, 1975). As primary consumers, they feed on benthic microalgae and detritus from the top 2-3 mm of marsh surface sediments (Wolfwrath, 1992). During feeding, fiddler crabs use their chelipeds to bring sediment to their mouth, where specialized mouth parts select for organic matter and discard remaining sediment as feeding pellets (Wolfwrath, 1992). This selective feeding mechanism made me question the possibility that fiddler crabs could ingest inorganic particles, such as microplastics. One prior study has reported the ingestion of microplastics >100 um in the tropical fiddler crab Uca rapax (Brennecke et al., 2015). Here, I examined the possibility of sand fiddler crab (Uca pugilator) consumption of plastic microbeads. 


Methods

Marine Debris Distribution in Salt Marshes

Field surveys were conducted to assess the distribution of marine debris in four salt marshes in Carteret County, NC. These marshes all experience semidiurnal tides with an average range of 1m in this area (NOAA Tides & Currents, n.d.). Bogue Watch and Pine Knoll Shores marsh sites are located on the north and south shores, respectively, of Bogue Sound. Crab Point and Deerfield are located on the west and east shores, respectively, of the Newport River. (Fig. 1). These sites are part of a larger NOAA study (pers. comm., Dr. Christine Voss). Each study area is 50 m wide and extends from the shoreline boundary to the upland transition, typically 50 m. 
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Figure 1: Study sites (4), located within Carteret County, NC (USA). 

I conducted debris surveys during three distinct collections: the initial collection occurred in Sept 2017 at all four sites, a one-month accumulation collection occurred in Oct 2017 only at Pine Knoll Shores, a five-month accumulation collection occurred in Feb 2018 only at Bogue Watch and Crab Point. The Deerfield site was not revisited. All collections occurred during low tide.

During each survey the marsh site was extensively surveyed for any visible debris. I walked in a serpentine pattern throughout the marsh, with transects perpendicular to the shoreline and approximately 5m between paths. All visible debris was categorized and the location recorded using the Marine Debris Tracker mobile app. I logged data using the “NOAA Marine Debris Items” list derived from the NOAA Marine Debris Shoreline Survey Field Guide (Opfer, Arthur, and Lippiatt, 2012). Debris was categorized by type (plastic, metal, glass, rubber, cloth, paper and lumber, and fishing gear) and subcategories within each major type (Fig. 2). This app utilized my mobile phone’s GPS to assign geographic coordinates to each item entered, with an accuracy of <5 m.  Large or heavy items were left in the marsh, with locations noted so as not to be recounted; all other items were removed.
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Figure 2: Marine Debris Tracker mobile app used to categorize and log debris. All categories are shown here, but later classified as plastic, metal, glass, lumber, and other.

For mapping and statistical analysis, debris was further classified according to predominant material type and location within the marsh. Material types were: plastic (including Styrofoam), metal, glass, lumber, and other. “Other” items included cigarettes, clothing, and unidentified materials. Debris by type was mapped in ArcMap (v. 10.3) using the “North Carolina FIPS 3200, Meters” projection coordinate system. Debris location was classified according to distance from shoreline edge in 10-m bins. Shoreline edge was mapped using a Trimble Geo XH 6000 Series GPS unit during June and July 2017 (accuracy < 1 m). Distance was measured using the point distance tool in ArcMap, which calculated the distance from the debris point to the shoreline edge line feature. Data were organized for analysis by recording the abundance of each of the debris types for each 10-m section of marsh of each marsh site.

Environmental variables measured for each site include: shoreline aspect, predominant wind direction, fetch distance, and body of water. Shoreline aspect was defined as the predominant direction that the marsh edge faced. Predominant wind direction was determined using yearly trends (pers. comm., C. Voss). Minimum fetch distance was calculated by measuring the shortest distance perpendicular from the shoreline to the land across the water body. Body of water was assigned according to where the marsh was located. 

Additional data from an ongoing research project were analyzed for the Bogue Watch and Crab Point sites. These sites were surveyed for accumulated debris in Feb, five months after the initial collection in Sept. “The Ecological Effects of Sea Level Rise” (TEESLR) project is a part of the NOAA Sentinel Site Program and is led by my advisor Dr. Christine Voss at UNC’s Institute of Marine Sciences. This project provided data on vegetation (species, shoot height and density), marsh surface elevation, and water level (allowed computation of inundation across marsh) for the Bogue Watch and Crab Point sites.

Vegetation surveys were conducted during Aug and Sep 2016 and provided shoot density and stem heights of Spartina alterniflora and Juncus roemerianus. Stem density and stem height were measured in 25 x 25 cm quadrats, with approximately 65 quadrats per site. The density and height were integrated using a vegetation index; this index was computed as the sum of shoot heights per quadrat. This index represents the aboveground portion of vegetation, which can aid in debris retention. The vegetation index was interpolated in ArcMap using the IDW (inverse distance weighted) interpolation tool. This interpolation method does not account for patches of S. alt and J. roe, but neither Bogue Watch nor Crab Point had vegetation in patches. Any vegetation patches were mapped using the Trimble GPS unit in the summers of 2016 and 2017. 

Elevation data were collected in May and June 2017 by laser leveling to a RTK GPS benchmark, referenced to NAVD88. Mean marsh elevation values were calculated by averaging all data points. A Digital Elevation Model (DEM) was created for each site using the Topo to Raster tool in ArcMap, this method accounts for a connected drainage network. Elevation was then assigned to each debris location via the Extract Values to Points tool in ArcMap. 

Water-level and barometric pressure were logged every six minutes using HOBO U20-00-01 Data Loggers (error ≤ 2cm) located at each marsh field site. Each station included a reference RTK GPS benchmark, also referenced to NAVD88. Only water levels from the five months between the Sept 2017 and Feb 2018 collection dates were analyzed for the Crab Point and Bogue Watch sites. Here, average percent of time inundated over the five-month period was calculated for each debris location by comparing elevation and water level data (Fig 3). This is to account for tidal supply or removal of debris. 
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Figure 3: Elevation (left) and water level (right) were compared to calculate percent of time inundated over five months for each debris location. Only one month (September) of water level data is shown here. 

Data were analyzed using JMP, SYSTAT, and PRIMER (v. 7) for ANOVA and PERMANOVA analyses. I utilized one-way ANOVA tests to compare debris communities by category, in 10-m binned distances, between sites with regard to the following factors: shoreline aspect, predominant wind direction, fetch distance, body of water, vegetation index, marsh elevation, and tidal inundation duration. Additionally, a PERMANOVA analysis was used to assess differences in the debris communities when grouped by 10-m distance and proportion of time inundated. Data were prepared for this analyses using a fourth-root transformation to down-weight the importance of highly abundant debris prior to analysis and utilized a Bray-Curtis similarity index (Clarke et al., 2016). 


Microplastics in the Fiddler Diet

Sixteen adult fiddler crabs (eight male and eight female) were collected from Pivers Island in Beaufort, NC in October of 2017. Crabs were rinsed with filtered sea water and placed in mesocosm containers. These plastic containers were approximately 5 gal in volume and each container had approximately 1.8 L of Quickrete All-Purpose sand to allow fiddler crab burrowing. Two crabs were placed in each mesocosm: one male and one female, both randomly assigned to mesocosms. Containers were covered with window screen mesh secured by rubber bands to ensure that the crabs could not escape (Fig 4). 
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Figure 4: Mesocosm setup of fiddler feeding trial. Each container depicted above (8 total) contained all-purpose sand and two fiddler crabs, one male and one female. Window screen was attached to prevent crab escape.   

The microplastics used during this study were blue polyethylene microbeads derived from Bioré Warming Charcoal Face Wash, manufactured by Kao USA Inc. Of the three major sources of microplastics (breakdown from larger plastics, production pellets, and cosmetic sources), plastic microbeads from cosmetic sources were the easiest to obtain for the purposes of this study. I purchased 10 containers of Bioré Warming Anti-Blackhead Charcoal Face Wash, before the January 2018 ban of cosmetic microplastics. To extract the microbeads, the face wash product (4.5 ounces) was mixed with ~600 mL of water using a magnetic stir plate for approximately 1 minute or until visibly well mixed. The resulting solution was then filtered through a 125 um mesh sieve and rinsed thoroughly (~30 minutes) to remove any soap or other soluble components.  The sieve and resulting microplastics were left to dry for at least 24 hrs. This process yielded blue round microbeads 330-um in diameter (Fig 5). These microbeads are easily identifiable while floating. 

The crabs were allowed to acclimate to laboratory conditions for 24 hrs with no food, to encourage hunger.  After 24 hrs of fasting, each container received 250 g of moist marsh-surface sediment collected from Pivers Island, NC. Surface sediment was collected using a garden spade to scrape the top 2-3 cm of recently wetted sediment from approximately 5 m from the marsh edge. Back in the lab, this marsh surface sediment was distributed evenly, by mass, between the 8 mesocosm containers; there was approximately 250 g of sediment added to each mesocosm. Microbeads where then introduced to the crabs by sprinkling a microbead dose over this sediment, with care taken to ensure an even distribution on each mesocosm sediment surface. The sprinkling imitated the deposition of microplastics to the marsh sediment surface during marsh inundation.  Microbead additions were dosed in four treatment levels: null (0 g), low (1.32 g), medium (2.63 g), and high (3.96 g) as depicted in Figure 6. Subsequently, half of the crabs were allowed to feed for 24 hrs; the other half fed for 48 hrs.  
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Figure 5: Biore Warming Anti-Blackhead Charcoal Face Wash (left), used in this study as a source of blue polyethylene plastic microbeads, 330 um (right). These served as the microplastics dosed to fiddler crabs. 

[image: experimental setup]
Figure 6: Experimental groups separated by dosage, based upon mass of microbeads added to food, and time of exposure (24 and 48 hrs).

Twenty-four hours later, eight crabs (four males and four females) were removed from their feeding containers, rinsed with filtered sea water, and placed in individual containers. These shallow plastic containers were shallow and filled with filtered seawater to approximately 1-2 mm in depth. Crabs were kept live in these containers for 24 hrs to retain any egestions. After 24 hrs in isolation, crabs were rinsed again with filtered seawater, placed into individual bags, and frozen for subsequent gut-contents analysis. I inspected container contents and counted any floating blue microbeads. These microbeads were considered egested microplastics. This process was repeated with the remaining eight crabs after 48 feeding hrs had elapsed. 

Crab gut contents were visually inspected for the blue polyethylene pellets. To do this, each crab was removed from freezer (>48 hrs) and rinsed with tap water to remove any residual microbeads. All of the exoskeleton was removed, leaving behind the muscle and gut of the crabs. This material was mixed with ~40 mL of water and shredded to allow any microbeads to float and separate from the crab remains. Each sample was inspected under a compound microscope and by eye, as the blue microplastic beads would clearly float on the surface when present. These microbeads were considered retained microplastics. Each retained microbead count was recorded and crab remains and microplastics were properly discarded.

I used Excel and JMP for statistical analyses on the effect of dose on microbead counts. I ultimately summed egested microplastics (from isolated containers) and retained microplastics (from gut contents) counts. This value is represented as microplastic burden and can be interpreted as total microbeads ingested by the fiddler crabs during their time of exposure (either 24 or 48 hrs). 


Results

Marine Debris Distribution in Salt Marshes

Debris Presence

In total, 378 debris items were collected during seven collections from four marsh sites (Table 1). The most numerous material collected was plastic, which accounted for 45% of debris item counts (Fig. 7). No microplastics were observed. 
 
Table 1: Total debris found per collection per site. Initial collections occurred in Sept 2017. Pine Knoll shores’ second collection occurred in Oct 2017. Bogue Watch and Crab Point’s second collection occurred in Feb 2018. 

	
	Pine Knoll Shores
	Bogue Watch
	Crab Point
	Deerfield

	Initial collection
	79
	27
	39
	85

	Second collection
	68
	55
	25
	n/a

	
	
	
	Total:
	378
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Figure 7: Relative contribution of debris material types (by count).

Debris distribution was different at each of the four sites. Multivariate PERMANOVA tests showed that the types of debris found at 10-m intervals throughout the marsh were significantly different for each site (p=0.015, Fig. 8). For example, the Deerfield site was characterized by more plastic closer to the upland transition, whereas Bogue Watch debris was distributed evenly throughout the marsh survey site. These differences in debris distribution by site were not explained by differences in predominant wind direction, shoreline aspect, or body of water. 
[image: allsites]
[image: ]
Figure 8: All four sites’ initial collection results by material. Debris type varies visually and differences are statistically significant between sites (p = 0.015). 



Debris Accumulation

Debris readily accumulated after removal from the marsh sites. Second collections were made at Pine Knoll Shores after one month of accumulation (19 Sept to 13 Oct). During the one month between collections at Pine Knoll Shores, three strong tropical storms affected the NC coast. This allowed us to document the accumulation of debris after storms on a short (1 month) time scale. In one month, the Pine Knoll Shores location accumulated 68 items, only slightly less than the original 79 items (Fig. 9).
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Figure 9: Accumulation of debris at Pine Knoll Shores between 19 Sept (left) and 13 Oct, 2017 (right)

Additionally, I examined debris accumulation on a seasonal scale (5 months, Sept 2017 to Feb 2018) at Bogue Watch and Crab Point. Fifty-five new items were found at Bogue Watch; 25 new items were found at Crab Point (Fig 11). Based upon one trial of 2 marsh sites,  Bogue Watch and Crab Point, my data suggest that an average rate of debris accumulation along a saltmarsh coastline could be 7000 debris items / km 2 / 5 months. Interestingly, the types of debris accumulated at these sites differed. A two-way ANOVA test showed that accumulated metal (p = 0.043) and plastic (p < 0.001) abundance in 10-m bins from shoreline edge differed between these two sites (Fig. 10). Specifically, Bogue Watch accumulated greater amounts of metal items (38% metal, 18% plastic) and Crab Point accumulated greater amounts of plastic items (72% plastic, 12% metal). 
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Figure 10: Accumulation of debris at Bogue Watch (left) and Crab Point (middle). When broken down by type (right), sites differed statistically with respect to plastic and metal. 


Debris Distribution

Elevation was not a significant factor affecting accumulated debris’ distribution at Bogue Watch or at Crab Point. This was due largely to variability between and within sites. Marsh elevation differed significantly between sites (two-sample t-test: p< 0.001). Specifically, mean marsh elevation at Bogue Watch was 20 cm greater than that of Crab Point. Both sites had similar ranges of elevation values; however, Bogue Watch has a much smoother surface, whereas Crab Point has a more variable surface (Fig 11). 
[image: ]
Figure 11: Digital Elevation Models (DEMs) showing elevation surface of Bogue Watch and Crab Point relative to NAVD88. Bogue Watch’s mean elevation is 0.178 m (range: -0.61m to 0.4 m); Crab Point’s mean elevation is -0.027m (range: -0.65 m to 0.42m). 

Debris found on the marsh at Bogue Watch and Crab Point experienced different inundation periods. Crab Point debris locations were inundated for an average 10% more time than Bogue Watch debris locations, which is expected due to the lower elevation at Crab Point. Between sites, debris material types did not differ when grouped by time inundated (PERMANOVA, p = 0.056). I expected the material types to respond differently, due to variations in debris material density; it is worth nothing that the p value is close to α = 0.05. Additional data are needed to determine the effect of inundation time on the distribution of different debris materials.

The vegetation index used here varied between sites and likely explains some of the variation between sites in number of accumulated debris items. At Bogue Watch, S. alterniflora dominates the front marsh and J. roemerianus dominates the back marsh; there is a transitional area that is a mix of both grasses (Fig. 12). Crab Point is vegetated entirely by S. alternaflora. The vegetation index used here would reflect such differences and was assigned to each debris location via the Extract Values to Points tool in ArcMap. The vegetation index for each debris location differed significantly between sites (two-sample t-test, p < 0.001). Specifically, Bogue Watch had higher vegetation indices. This difference was likely due to the presence of J. roemerianus, which is typically taller and denser than S. alterniflora, at Bogue Watch. Tall and dense vegetation would be expected to be better at trapping and retaining debris items, because of a higher level of friction, compared to short and less dense vegetation. This is evident in the positive linear correlation (Type II General Linear Model) between the vegetation index and abundance of debris found at 10-m intervals throughout both marsh sites (Fig. 13). 
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Figure 12: Visual representation of the two vegetation species found at Bogue Watch. S. alterniflora is predominant in the front marsh, J. roemerianus is predominant in the back marsh, and there is a mix of vegetation between.
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Figure 13: Positive linear correlation (p < 0.001) between vegetation index (representing stem density and height) and debris abundance. 





Microplastics in the Fiddler Diet

Sand fiddler crabs ingested polyethylene microplastic beads of 330 um diameter. There were microbeads found in both the egestions and gut contents of fiddler crabs (Fig. 14). No microplastics other than the blue polyethylene microbeads were observed. Most microbeads were found in the egestions collected after crabs 24 hrs in isolation. These results suggest that few microplastics are retained in the fiddler crab gut, rather they are egested in as little as 24 hrs. 


Figure 14: Sum of microbead counts egested, which were found in egestions, and retained, which were found in gut contents.

The microbeads egested and retained were summed and represented as microbead burden. The microbead burden data are not normally distributed (Fig 15). A non-parametric Kruskal-Wallis test for ranks did not find a statistically significant difference between treatment groups (p=0.055). However, there was a significant linear correlation (p=0.048) between treatment dosage and microbead burden when plotted by a Type II General Linear Model (Fig. 15). It is possible that additional trials would strengthen this trend. I found no statistically significant relationship between the microbead burden and crab gender or duration of exposure. 
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Figure 15: (left) Distribution of the sum of microbead counts from excretions and retained in gut contents of all fiddler crabs. (right) Linear correlation between microbead counts and dosage (p = 0.048). 


Discussion

Marine debris was present during all collection dates in the four marshes surveyed. Plastic was the predominant debris material found in the marshes (45% of total debris items), closely followed by metal (27% of total). These findings are consistent with other literature identifying plastic as the predominant debris found in the estuarine environment (Viehman et al., 2011; Jackson and Thompson, 2005).

Debris accumulated surprisingly quickly between sampling collections. Debris accumulation found over as little as one month of tropical storms at Pine Knoll Shores suggests that storm activity can be viewed as a potential source for marsh debris. This debris could have been supplied by either storm water runoff, wind transporting litter from land-based sources, or storm surges depositing debris from the estuary. It is also possible that debris collected in the secondary collections could have been initially covered or outside the bounds of the site survey, only to be uncovered or redistributed by wave action resulting from any of the storm events during the duration of this study.  

Accumulation over five winter months at Bogue Watch and Crab Point demonstrates that the rate of debris accumulation in the estuarine salt marsh is concerning, with our study suggesting a rate of 7000 debris items / km 2 at the two marshes and for the 5-month period I surveyed. It is important to note that these were five winter months, a time when local recreation, boating, and fishing are at a minimum. These activities would likely increase the debris accumulated; additional field studies are required to determine an accurate annual accumulation rate. Again, redistribution of debris between initial and secondary collections is a possibility. I was not able to calculate the average resident time of each debris items so we do not know how frequently debris is supplied and distributed. Regardless, accumulation surveys yielded item counts of similar magnitude of the initial surveys. This study suggests that marshes are supplied with high levels of debris over both short, one-month and five-month, time scales from either marine or land-based sources. 

Of the debris accumulated at Bogue Watch and Crab Point, the sites experienced different relative amounts of plastic and metal. Bogue Watch had more metal, and all metal objects were aluminum cans. This is potentially due to Bogue Sound being part of the Atlantic Intracoastal Waterway, a nearly 5,000 km waterway along the Atlantic and Gulf of Mexico coast (Wikipedia). This waterway is heavily used by boaters and fishermen, even during the low-activity winter months. The aluminum cans are potentially the remains of beer enjoyed while boating. However, this is only speculative as debris sources are difficult to discern and beyond the scope of this research. 

The results of this study suggest that differences in debris distribution between sites is likely related to degree of inundation and marsh vegetation characteristics. The Bogue Watch marsh site was at a higher mean elevation, has a smooth topography and was inundated for less percent of the five month period when compared to Crab Point.  However, the inundation periods of the marsh did not differ significantly. Additionally, Bogue Watch had both S. alterniflora and J. roemerianus vegetation patches present whereas Crab Point only had S. alterniflora. Vegetation density and shoot height, accounted for in the vegetation index used here, was positively correlated with debris abundance. This suggests that vegetation is aiding in the trapping of debris as it is deposited and is likely retaining debris over time. 

Debris in marshes can negatively affect the estuarine flora and fauna. Large debris items, such as the light pole, crab pots, and lumber found in this study can crush vegetation. Vegetation growth is negatively affected when debris suffocates above-ground vegetation, and these effects can continue across growing seasons (Uhrin et al., 2011). Debris that remains in the marsh also poses a risk to the animals using this ecosystem. This risk primarily stems from the prevalence of plastic and its ability to degrade into microplastics to potentially be ingested. Although I did not survey for  microplastics at marsh sites during debris collections, they have been documented in other estuarine systems (Browne, 2010; Weinstein et al., 2016). I did attempt to quantify microplastics in marsh surface sediment collected from our four sites, but was not successful in finding an inexpensive, effective method for microplastic extraction. However, microplastics were visually identified in some of the marsh sediment samples, thus supporting our assumption that microplastics would be found within the food substrate for a benthic organisms, such as sand fiddler crabs. 

Sand fiddler crabs have a selective feeding mechanism, but the 16 fiddler crabs in this study did not selectively discard all microplastics when incorporated with their food source. In laboratory experiments, sand fiddler crabs ingested microbeads 330 um in diameter. These microbeads, extracted from Bioré Warming Anti-Blackhead Facial Cleanser, were found in both the egestions and gut contents of fiddler crabs. Even in this limited dataset, I found a significant correlation between microbead dose and burden; additional trials are needed to better understand this trend. If microbeads are ingested and retained by a low-trophic level species, there is potential for bioaccumulation to occur. This is concerning for the ecosystem health of estuarine food webs. Fiddler crabs are prey for marsh birds, blue crabs, and other species that link salt marshes to the greater estuarine food web. Bioaccumulation of plastics, including toxins that adhere to plastics, throughout the food web could lead to long-term impacts, which still need to be investigated.
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