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Abstract 

The role of the horseshoe crab Limulus polyphemus in coastal food webs was analysed using a 

network approach. I constructed a database with food web interactions that included horseshoe 

crabs in different life cycle stages in US Atlantic coastal areas, based on field studies and existing 

literature. L. polyphemus interacts with many species, including long-distance migratory birds that 

use L. polyphemus’ spawning sites as important stop-overs in order to feed on Limulus eggs and 

refill their energy reserves. But many other interspecific interactions between prey/predators and L. 

polyphemus in different life stages are important both in and out of the spawning season. Previous 

studies showed that the first instars of L. polyphemus mainly fed on POM (Particular Organic 

Material) and meiofauna, while instars 5-11 mainly predate on small polychaetes and amphipods. In 

later instars the diet gradually shifts, and bivalves, gastropods and crustaceans become more 

dominant food items. This gradual shift in the dietary composition of older instars was investigated. 

The overall analysis showed L. polyphemus to be a important species in the coastal food web. It can 

be considered as an omnivorous generalist during different life cycle stages and these stages are 

important prey to many different arthropods, fishes, and birds, especially during its spawning 

period. 

 

Resume 

Betydningen af dolkhalen Limulus polyphemus i kystnære fødenetværk blev analyseret ved hjælp af 

en netværksundersøgelse. Jeg konstruerede en database med fødenetsinteraktioner for dolkhalen i 

forskellige livsstadier fra amerikansk-atlantiske kystområder baseret på egne feltstudier samt andres 

tidligere studier. L. polyphemus interagerer med mange arter, heriblandt trækfugle, der migrerer 

over store afstande og benytter dolkhalers gydeområder som vigtige rastepladser, hvor de blandt 

andet æder dolkhaleæg for at genopfylder deres energidepoter. Mange andre interspecifikke 

interaktioner mellem bytte-/rovdyr og L. polyphemus, i forskellige livsstadier, er vigtige både i og 

udenfor dolkhalens gydningssæson. Studier har vist at de første instars af L. polyphemus 

hovedsageligt levede af partikulært organisk materiale og meiofauna, mens instars 5-11 

hovedsageligt spiser mindre havbørsteorme. I ældre instars skifter denne diæt gradvist og muslinger, 

snegle, samt krebsdyr bliver de mere dominerende fødeemner. Denne ændring i diætens 

sammensætning hos ældre instars blev undersøgt. Den overordnet analyse viste at L. polyphemus er 

en vigtig art i kystnære fødenetværk. Den kan anses for at være en fødegeneralist og bliver præderet 

på af forskellige slags leddyr, fisk og fugle gennem dens forskellige livsstadier. 

 

 

 

 

 

 



6 | of 52 

 

Introduction 

All aspects of life are part of one network or another, from social networks (McDonald, James, 

Krause, & Pizzari, 2013) to ecological networks (Camacho, Guimerà, & Nunes Amaral, 2002; Milo 

et al., 2002). Basically, any collection of relationships between any arbitrary type of entities 

represents a network. These networks are typically composed of nodes and links that creates a non-

random pattern (Barabasi & Albert, 1999), that in ecological networks will be influenced by the 

surrounding communities’ stability and environment (Thebault & Fontaine, 2010). Nodes in a 

network can represent organisations, species or any kind of group that interacts with one another, 

with each interaction creating a link, which can be presented as directed or undirected with the 

direction indicating whom the instigator of the interaction, and the receiver, are. But networks can 

be more than the sum of links between two nodes, as not all nodes are equally important for the 

dynamics and stability of the network; the type, direction and connectedness all carry important 

information and analysing these network dynamics can give an insight into the role of a species and 

the consequences of changes in its abundance. Which is why it’s important when working with 

networks, to keep in mind the different types of links and how their presence, or lack thereof will 

affect the network. For example an unobserved link can either be missing or forbidden (Olesen et 

al., 2011). A missing links is a link that can be observed, but has not been documented in the 

literature and/or observed in the study but could be found with further sampling on a temporal or 

spatial scale (Olesen et al., 2011). Forbidden links, however, are links that cannot occur, either 

because of an uncoupling on a spatial or temporal scale, or because biological constraints like 

morphology keeps the species from interacting (Olesen et al., 2011; Thompson et al., 2012). For 

example, could a strong seasonality create subgroups in a network that should not be able to interact 

with each other due to being temporal separated and thus give rise to forbidden links.  

Horseshoe crabs are marine arthropods that belong to the subphylum Chelicerata together with their 

sister group the arachnids and the pycnogonids. (Edgecombe & Legg, 2014). Horseshoe crabs have 

existed for more than 480 million years, with a fossil record that encompasses the Ordovician and 

Devonian ages (Rudkin, Young, & Nowlan, 2008; Van Roy et al., 2010), with their highest 

diversity being from the Carboniferous period (Moore, McKenzie, & Lieberman, 2007). The 

morphology of the modern horseshoe crabs is very similar to that of the Devonian horseshoe crabs 

suggesting very little change and earning them the nickname “living fossils” (Gaillard, 2011). 

Horseshoe crabs belong to the family Limulidae that contains four extant species very similar in 

morphology; the mangrove horseshoe crab Carcinoscorpius rotundicauda, the Japanese horseshoe 

crab Tachypleus tridentatus, the Southeast Asian horseshoe crab T. gigas and the American 

horseshoe crab L. polyphemus. Three species are native to different parts of Asia, but L. 

polyphemus, the focus of this study, occurs along the East-Atlantic coast and within the Gulf of 

Mexico (Smith et al., 2016) (Fig. 1). Horseshoe crabs live up to 20 years and it takes 9-11 years and 

17-18 instars (phases between two periods of moulting) for them to reach sexual maturity 

(Carmichael, Rutecki, & Valiela, 2003; Shuster, Barlow, & Brockmann, 2003). L. polyphemus 

plays an important and well documented ecological role in coastal food webs. Horseshoe crab eggs 

are an important food source for a variety of different migratory shorebirds in the mid-Atlantic 

region (Beekey, Mattei, & Pierce, 2013; Castro & Myers, 1993; Niles et al., 2009). Besides their 

ecological value horseshoe crabs also have a multimillion-dollar economic value, with their blood 

being used to produce Limulus Amebocyte Lysate (LAL). A valuable material used to detect 
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endotoxins in medical devices and implants (Kumar, Roy, Sahoo, Behera, & Sharma, 2015), and the 

horseshoe crabs themselves, being used as bait in eel and whelk fisheries (Berkson & Shuster, 

1999).  

Gathering information on the interspecific interactions involving horseshoe crabs is essential for a 

better understanding of the horseshoe crabs’ ecology, as their role in the coastal food webs is poorly 

understood and even more so for the juveniles. Botton, (1984b) suggested that L. polyphemus may 

have a significant effect on the composition of the benthic communities as both predator and 

sediment manipulator during their spawning season where horseshoe crab abundance on the 

intertidal sand flats is temporally aggregated. Botton, (1984a) showed bivalves to be the most 

important benthic prey of adult L. polyphemus during the spawning season in Delaware bay, with 

adult horseshoe crabs having a clear preference for thin-shelled bivalves, when given a choice 

between thin and thicker shelled species. Gaines et al. (2002) and Carmichael et al. (2004) showed 

that juvenile horseshoe crabs of second and third instars mainly fed on POM with juveniles 

gradually showing a diet composition more reliant on crustaceans, polychaetes, and molluscs as 

they grew, up to the eleventh instar. But aside from these studies, little information has been 

published about the feeding ecology of juvenile horseshoe crabs. 

In this report I have constructed three different food webs: one that incorporates all interactions 

found for coastal species along the American east coast, form the Gulf of Main to the Gulf of 

Mexico. One that takes into consideration forbidden links created by spatial separation by sorting 

the interactions into a northern and southern part. And one that examines the effects of missing 

links in the food web by the addition of undocumented nodes and links, with the aim of examining 

the role of L. polyphemus in coastal food webs and the diet composition and preference of juveniles. 

More specifically, I have 1) constructed a database with food web interactions that included L. 

polyphemus in different life cycle based on field studies and existing literature, and 2) used a 

network approach to construct coastal food webs centred on the horseshoe crabs and analysed their 

role in these food webs, using a minimalistic approach that groups together specimens of the same 

taxonomical rank, in case they have not been identified to species and 3) examined the dietary 

composition of juveniles at different instars from existing literature and own field studies with two 

hypotheses. 1) The horseshoe crabs act as important connectors within the coastal food webs, 

connecting species of different trophic levels and from different habitats. 2) The diet composition 

and preference of horseshoe crabs change as they grow through the different instars, going from a 

diet consisting mainly of POM at their lower instars, to small soft bodied organism at their medium 

instars, to different kinds of molluscs during their later instars.  
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Figure 1: Range map for the American horseshoe crab (L. polyphemus). Shading is included to contract adjacent regions and 

indicate their geographic extent. Modified from Smith et al. (2016). 
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Methods 

Field site 

A stretch of beach situated in Jamaica Bay (Fig. 2) and known for its role as an annual L. 

polyphemus spawning site, was used in this study as a field site for the examination of juvenile diet 

composition and preferences. The field site was divided into three locations where juveniles were 

collected for gut content analysis and sediment core samples were collected for preference and grain 

size distribution analyses. 

Jamaica Bay (40°37'2.39" N -73°50'19.79" W) is a saline to brackish estuary with a semidiurnal 

tidal range averaging ~1.5 m and covering an area of ~100 km2 located on the southern side of Long 

Island, USA. The bay connects with New York Bay and the Atlantic Ocean to the west through 

Rockaway Inlet. Due to high concentrations of nutrients (~1600 kg nitrogen pr. day) entering the 

bay from sewage treatment plants and runoff from the urban residential, commercial, and industrial 

dominated upland, the bay is in a state of eutrophication (Benotti, Abbene, & Terracciano, 2007). 

The bay itself has been disturbed by dredging, filling and development over the years and have 

resulted in ~49 km2 of the original 65 km2 of wetlands in the bay having been filled in. Yet despite 

these anthropogenic pressures and manipulations Jamaica Bay still supports a large variety of 

marine and estuarine species. Due to large areas of the bay being dominated by subtidal open water 

and extensive intertidal areas populated by a variety of benthic invertebrates and macroalgae it can 

support seasonal or year-round populations of over 330 different species, incorporating 48 species 

of fish and 120 species of birds (Bloomberg & Strickland, 2010). Since 1972 most of Jamaica Bay 

have been protected as part of the Gateway National Recreation Area and though much has 

improved, pollution and eutrophication are still a problem. 

 

Figure 2: Jamaica Bay outlined in black with Plumb Beach encircled. Map data © 2017 Google 
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Plumb Beach (40°34’54.704” N, 73°54’56.729” W) is a beach along the north shore of Rockaway 

Inlet, in the New York City borough of Brooklyn and part of Jamaica Bay. Plumb Beach was 

originally an island but became connected to the mainland in 1930s due to construction related 

fillings of the bay. The beach is a well-known point of interest for observing the annual horseshoe 

crab spawning that starts in May and ends in August. The beach is subjected to heavy beach 

erosion, as storms often bring large amounts of water up into the Rockaway Inlet, past the beach 

and into Jamaica Bay. 

Plumb Beach was chosen as a field site due to previous observations of adults and juvenile 

horseshoe crabs at this location. The field site was divided into three field stations; West Tidal Flats, 

East Tidal Flats, and Tidal Creek (Fig. 3).  

 

Figure 3: Satellite photo of Plumb Beach with the three field stations; West Tidal Flats, East Tidal Flats, and Tidal Creek, 

highlighted. Map Data © Google. 

The Tidal Creek location (Fig. 4) consisted of a small creek that flowed from Jamaica Bay into a 

saltmarsh area. The location was characterized by relatively low water levels (45 cm at its deepest), 

slow water current and a semidiurnal tide. The beach itself were divided into the West Tidal Flats 

and the East Tidal Flats (Fig. 5), both were intertidal, experienced a semidiurnal tide nad formed 

temporal tidal pools during low tide. While the East Tidal Flats were not visited by the public for 

the most part due to a beach filled with rocks, glass, and general garbage, the West Tidal Flats were 

a much-visited site, due to the fine particle sand, easy access from the highway and occasional 

clean-up initiatives. 
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Figure 4: Lookout over the Tidal Creek, with highway in the background.. 

 

Figure 5: East Tidal Flats (foreground), and West Tidal Flats (background) during low tide with tidal pools. 



12 | of 52 

 

Superstorm Sandy 

In 2012 the category 3 hurricane Sandy affected the American East resulting in floods and 

subsequent erosion of large parts of the beaches in Jamaica Bay, including Plumb Beach (Fig. 7, 8). 

As Plumb Beach is part of Jamaica Bay and protected as part of the Gateway National Recreation 

Area, it was decided to restore the most eroded part of the beach, the western part (Fig. 7, 8) to its 

previous condition (U.S. Army corps of engineers, 2013). This was done by filling the eroded part 

of the beach with sand dug from the boat trenches of the bay as well as lay out stones offshore to 

break waves and counter the natural erosion (Fig. 7, 8). The number of horseshoe crabs in both the 

eastern and western part of Plumb Beach have declined since the hurricane and subsequent 

restoration, and only the Tidal creek locality showed an increase in numbers (Fig. 6). Sediment 

analysis showed an inversion of percentage gravel between the west and east beach, with the east 

beach initially having a higher percentage of gravel before the hurricane and the east beach having a 

higher percentage after the hurricane, due to the restoration initiative having added finer sediment to 

the western beach and the hurricane having washed coarser grains on the eastern beach (Colon et 

al., 2015). This have caused the sediment to become much harder packed along the western part of 

the beach (Mark Botton, personal communications). As L. polyphemus females dig their nests at 

depths ranging from five to 20 cm below the surface (mean 11.5 ± 2.8 cm) (Brockmann, 1990; 

Rudloe, 1979) it has been suggested that the change in granulometry, following the hurricane and 

restoration could be one of the reasons for the observed decline in returning horseshoe crabs as well 

as the skewed distribution of nesting females observed across Plumb Beach (Mark Botton, personal 

communications). Observations made during field studies, indicated an increase in the juveniles’ 

population at the Tidal Creek compared to the number of juveniles from previous years (Christina 

Colon, personal communications). This also seemed the case for the East Tidal Flats location, 

where juveniles (instar 2-3) could be found in tidal pools for the first time since hurricane Sandy. 

The West Tidal Flats location was not observed to contain any juveniles nor eggs and apart from a 

few off-course males searching for females, the same seemed to be the case for returning adults. 

Sediment data was taken from each field site, to test if differences in granulometry could explain 

the skewed distribution of horseshoe crabs along the beach, as grain size is an important factor for 

aeration and moisture retention in the sediment with coarser grain size making the sand more 

permeable to oxygen and water, both of which are reported to be essential to the development of 

horseshoe crab embryos (Funch, Wang, Pertoldi, & Middelbo, 2016) 
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Figure 6: Total number of L. polyphemus found at East Tidal Flat, Tidal Creek and West Tidal Flat at Plumb Beach, Jamaica Bay, 

NY, 2011-2015 from Colon et al. (2015). 

 

 

 

 

 

Figure 7: Satellite photo of Plumb Beach after hurricane sandy, 2012, © Google. 
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Figure 8: Satellite photo of Plumb Beach after beach restoration, 2012 © Google. 

 

Sediment Collection 

Thirteen sediment cores (8.5 cm diameter, 1.5 cm depth, 85.1 cm3 volume) were collected from the 

Tidal Creek, with four cores collected at the 11 AM low tide on June 20th 2017, Four cores 

collected at the 12 PM low tide on July 5th 2017, and five cores collected at the 1 PM low tide on 

July 6th 2017. The cores were collected in close proximity to the juveniles, while avoiding foraging 

trails. The samples were transported to Fordham University (2-3-hour ride) in zip-lock plastic bags 

where they were washed through a 500 µm mesh, preserved in 70% ethanol, and stained with Rose 

Bengal (200 mg/l) for 48 hours before meiofauna extraction. 

An additional nine cores were collected from the field sites on the July 6th 2017, with three cores 

collected from across each of the three locations. Each core was transferred to a aluminium pan and 

placed in an oven for 24 hours at 60 °C before being sieved through 4000, 2000, 1000, 500, 250, 

125, and 63 µm mesh screens with the sediment from each sieve being collected and weighed, 

before using the particle size analysis software GRADISTAT (Blott & Pye, 2001) to calculate the 

sediment characteristics (Appendix. 1). 
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Meiofauna extraction 

For the separation of meiofauna from core samples, 

an isopycnic separation technique using LUDOX® 

HS-40 colloidal silica as a high density solution to 

extract meiofaunal organisms was used, with an 

average extraction efficiency of 96.8 ± 3.9 % for 

the total meiofaunal abundance (Burgess, 2001). To 

prevent the gelling that occurs when silica sols 

come into contact with divalent cations such as 

calcium and magnesium, which could be found in 

relatively large quantities in the waters of Jamaica 

Bay around Plumb Beach (Adam Aly, Personal 

communications), the samples were rinsed on a 63 

µm sieve before being washed into 50 ml 

disposable polypropylene centrifuge tubes, limiting 

the amount of water used so as not to cause a 

gelling of the LUDOX. Approximately 22 ml 

LUDOX was added to the sample tubes for a total 

sample volume of approximately 45 ml per sample. 

Leaving enough air space in the tubes for a 

thoroughly mix.  A vortex mixer was used at 

maximum speed for 30 seconds to mix the sample 

with the Ludox solution, at the end of which, the 

speed was slowly decreased to a level where the 

bottom of the tube remained fluidized but heavy particles and shell hash fell out of suspension. The 

samples were then left at slow speed on the vortex mixer for 4 min. During which animals and 

materials in the sample lighter than both the sediment and LUDOX, would float up through the 

fluidized sediment and come to rest at the surface (Fig. 9). The samples were then centrifuged at 

900 x g (6000 RPM) for 5 min to speed up the sedimentation of the fine silt and clay, this step did 

not affect the density distribution as silica sols will not centrifuge out at this g force (Burgess, 

2001). The meiofauna and LUDOX were then transferred unto a 63 µm sieve, with the LUDOX 

being collected for reuse. The inside walls of the 50 ml tube, together with the underside of the lid, 

were washed unto the sieve before the entire contents of the sieve were washed to remove any 

remaining LUDOX.  The now separated meiofauna was washed into another 50 ml tube and 

preserved in 70 % ethanol for later identification. Any leftover LUDOX was collected and reused in 

subsequent samples. 

 

Collection of juvenile L. polyphemus for identification of gut content 

Undamaged and apparently healthy juvenile L. polyphemus were collected from the Tidal Creek 

location on June 20th, July 5th, and July 6th during the 11 AM – 1 PM low tides (Table 1). The 

juveniles were collected by locating foraging track and following them, which always lead to a 

horseshoe crab being found at one of the tracks ends. The horseshoe crabs were transported back to 

Figure 9: Sediment sample separating in three distinct layers 
after being treated with LUDOX® HS-40 colloidal silica. 
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Fordham University (2-3-hour ride) in zip-lock plastic bags, where they were placed in a -11°C 

freezer for later dissection.  

 

E-DNA 

Five horseshoe crabs (#17-21) were brought to Queens Borough Community College where they 

were kept in a -70°C freezer until DNA extraction, with six samples taken for the purpose of next-

generation sequencing as part of another project. One sample were taken from the crop of horseshoe 

crab #17 while the five other samples were taken from the stomach and intestine from horseshoe 

crabs # 17-18, with one sample taken from each. Any remaining gut content was preserved in 70% 

ethanol and brought back to Fordham University for later identification. 

 

Examination of gut content 

21 Juvenile L. polyphemus were dissected following six steps: 1) The horseshoe crab was placed on 

its dorsal side and the chelicerae, pedipalps, and walking legs were removed by cutting diagonally 

through the coxae under the gnathobase; 2): The book gills were removed by first removing the 

genital operculum with a vertical cut through the middle and two diagonally cuts to the side freeing 

it from the abdomen. The five pairs of book gills were then removed with diagonally cuts; 3) Two 

deep cuts parallel the gut were made for easier removal of the gut content in a later step; 4) A 

vertical cut through the middle of the cephalothorax on the dorsal side and along the rim to either 

side were made making it possible to “peel back” part of the carapace, enabling removal of the gut;  

5) With a pair of tweezers the crop and gizzard could be removed intact by inserting the tweezers 

into the mouth, gripping the oesophagus and carefully pulling it out through the mouth together 

with the crop and gizzard; 6) With the crop and gizzard removed the remaining part of the guts 

could be removed by carefully lifting the nervous and digestive systems with a pair of tweezers, 

locating the midgut and slowly pulling it away from the remaining intestine. It can sometimes be an 

advantage under step four to make a vertical cut through the abdomen carapace covering the rectum 

for easier removal of gut content in the anal region of the midgut. 

 

Identification and counting of sample contents 

The contents of the guts and sediment samples were identified using a Leica MS5 stereomicroscope 

and the following keys; (Chapman, 2007; Ernst & Dietrich, 2006; Fauchald, 2005) and cross 

referenced with (Franz et al., 1988), which describes the benthic community in Jamaica Bay. When 

counting the number of specimens in the samples it was necessary to use different methods for 

different species as some of the specimens were damaged. The number of damaged bivalves in a 

sample were counted as the total number of mirrored umbones (Fig. 21, 22) divided by two. For 

gastropods, the presence of a shellspire apex was counted as one specimen. For polychaetes, each 

prostomium found was counted as one specimen and when no prostomium nor other part were 

present, any amount of setae present was counted as one polychaete. For amphipods each head 

segment containing compound eyes was counted as one specimen. 
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Strauss’ Linear Food Selection Index 

Strauss’ Linear Food Selection index (Strauss, 1979) was used as a measure of selectivity. It 

compares the representation of a prey item in the gut of a predator and the availability of the same 

prey item in the habitat as follows. 

L = ri - pi 

Where (ri) is the relative abundance of prey item (i) in the gut and (pi) is the relative abundance of 

this item in the habitat. The values of Strauss’s food selectivity index (L) ranges from -100 (total 

avoidance) to +100 (strongest selection) with (L) having an expected value of 0 (no selection) for 

random feeding.  

 

Network analysis 

Interaction data was compiled from existing literature and put into a database containing 

information of species, life stage, location, date, and reference as precisely as the literature allowed. 

Coastal food webs centred on L. polyphemus were then constructed from the compiled database 

using a minimalistic approach and then analysed using the statistical software igraph (Csardi & 

Nepusz, 2006). To test the effects of spatial bias, two different food webs were constructed based 

on the horseshoe crabs’ distribution along the American east coast (Fig. 1). One food web that 

encompassed all food web interactions along the entirety of the horseshoe crab distribution (Fig. 11) 

and another that separated the horseshoe crabs into two groups, based on genetic and geographical 

distance as reported by Smith et al. (2016) (Fig. 13). The two groups consisted of a southern group 

that included coastal interactions from Florida Atlantic, Florida Gulf of Mexico, and Mexico, and a 

northern group that included coastal interactions ranging from the Gulf of Main, Mid Atlantic, and 

the Southeast Atlantic. 

Centrality was used as a measure of a node importance in the food web, with two forms of 

centrality; betweenness centrality (which measure how many nodes are linked through a species, 

describing the species importance as a connector) and closeness centrality (which indicates how 

close a species is connected to all other species in the network) being calculated for each food web 

using the igraph software. 

 

 

 

 

 

 



18 | of 52 

 

Results 

Collection of juvenile L. polyphemus 

21 juvenile horseshoe crabs were collected from the Tidal Creek location during low tide at three 

different dates. The horseshoe crabs were weighted before dissection and the total gut content were 

weighted after dissection (Table 1). The prosomals were measured and used to group the juveniles 

into instars based on data from L. polyphemus reared in captivity (Sekiguchi, 1988). 

Table 1: Total weight, total gut weight, prosomal length, instar (Sekiguchi, 1988) and location, date and time of collection for each 

of the 21 horseshoe crabs used in the study. 
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Sediment and gut content 

All L. polyphemus collected 

had at least one identifiable 

prey item in the gut, for photo 

documentation see Appendix 1. 

A total of 1242 food items were 

found in the juveniles’ guts and 

2637 items were found in the 

sediment core samples. The 

items were grouped into 10 

categories (Table 2). Bivalves 

(Mulinia laterali) were found 

in 1/21 juveniles (Fig. 25) and 

6/13 core samples (Fig. 26, 27), 

while gastropods (Ilyanassa 

obsolete) were found in 10/13 

core samples (Fig. 28) and 

none in juveniles. A total of 82 

Nereis sp. were found in 15/21 

juveniles (Fig. 29) and a total 

of 933 Heteromastus sp. were 

found in 21/21 juveniles 

(Fig.30). Making 81.8 % of the 

prey abundance found in 

juveniles’ polychaetes with 

91.7 % belonging to 

Heteromastus sp. and 8.7 % to 

Nereis sp. For arthropods, a total of 10 amphipods (Ampeliscidae sp.) (Fig. 31) were found in 4/21 

juveniles while none were found in the sediment samples. A single Limulus trilobite and isopod 

(Idotea sp.) (Fig. 32, 33) were found in the core samples with none in the juveniles. Approximately 

182 nematodes were found in 20/21 juveniles and a total of approximately 2384 were found in all 

13 sediment samples (Fig. 34, 35). Other miscellaneous materials such as plant material, sediment 

and polychaete setae were found in in all gut samples and, apart from setae, in all core samples.  

Based on the number of specimens in the core samples the density of each item was calculated and 

found to be: polychaete (2.07 individuals pr. cm3), with Heteromastus sp. having a density of (1.6 

individuals pr. cm3) and Nereis sp. having a density of (0.39 individuals pr. cm3). Mulinia laterali 

had a density of (0.07 individuals pr. cm3), Ilyanassa obsoleta (0.49 individuals pr. cm3) and 

nematodes (28.01 individuals pr. cm3). 

 

 

 

Table 2: Occurrence of food items in digestive tracts of 21 L. polyphemus and content of 
13 sediment samples from Jamaica Bay, summer 2017. Freq = the number of samples 
containing one or more items. n = total number of items found. 
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Grain size distribution 

Analysis of the grain size distribution (Appendix. 1) showed the three field stations to mainly consist 

of sand of a medium coarseness. The restored western part of Plumb Beach had an overall lower 

composition of coarse grain size compared to the other field sites but contained the highest 

distribution of finer sand particles with the Tidal Creek having the highest distribution of coarse sand. 

The eastern part of Plumb Beach had a composition closer to the of the western part of Plumb Beach 

than the Tidal Creek except for coarse sand (Table 3), which supports the findings presented in (Colon 

et al., 2015). 

Table 3: Average grain size distribution (%) from the field sites; Tidal Creek, Western (part of Plumb Beach), and Eastern (part of 

Plumb Beach). 

 

 

Diet preference 

The dietary preference for the juveniles collected at the Tidal Creek location was calculated using 

Strauss’ Linear Food Selectivity Index. The analysis showed Heteromastus sp. and Ampeliscidae 

sp. to be the only species with positive values and thus a selective preference, with Heteromastus 

sp. having a value of +20.6 and Ampeliscidae sp. having a value of +4.3. The food selection shows 

the rest of the species found to have a negative value; Nereis sp. (-6.8), Mulinia lateralis (-2.4), and 

Ilyanassa obsolete (-18.6), indicating avoidance. 
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Figure 10: Values of Strauss' Linear Food Selectivity Index (L) for five of the most frequently occurring prey items, with SD bars. 

 

Network analysis 

Three food webs were constructed along with hubs/authorities analyses. The food web in Fig. 11 

and its hubs/authorities analyses (Fig. 12) were constructed using the entire compiled database with 

all the interactions from the Gulf of Main to Mexico and involves 271 different species and 383 

interactions. Of these species, 41 were found to predate on the horseshoe crabs (of which 20 were 

birds, 14 fish, 3 reptiles, 1 mammal, 1 gastropod, and 1 Crustacean.) while the horseshoe crabs 

themselves predated on 70 species (21 bivalves, 16 polychaetes, 14 gastropods, 13 crustaceans, and 

1 of each of the following: bryozoa, foraminifera, platyhelminthes, echinoidea, cnidaria and 

insecta). Besides predations, the food web was also found to contain 18 cases of epibionts 

interacting with the horseshoe crabs as well as six cases of parasitic interactions (3 fungi, 2 

platyhelminthes, and 1 algae). Betweeness- and closeness centrality was calculated for the 

horseshoe crabs using igraph and found to be 4899.5 for betweenness and 0.0014064698 for 

closeness. The hubs/authorities analysis (Fig. 12) showed Limulus to have the most out- and 

ingoing links of any node followed by different species belonging to Reptilia, Osteichthyes, and 

Charadriiformes for outgoing links and Bivalvia, Gastropoda, and Polychaeta/Crustacea for ingoing 

links. 

The food web (Fig. 13) and hubs/authorities analyses (Fig. 14) were constructed using only the 

interaction from the Gulf of Main to the Southeast Atlantic (Fig. 9) and incorporated 195 species 

and 270 interactions. In this food web 36 species were found to predate on the horseshoe crabs (20 

birds, 13 fish, 2 reptiles, and 1 gastropod) while the horseshoe crabs still predated on the same 70 

species as in the food web containing all interactions (Fig. 11). Betweenness- and closeness 

centrality of the horseshoe crabs in this network were found to be 4215.5 for betweenness and 

0.003597122 for centrality. Like the food web seen in Fig. 12 this food web also shows Limulus to 

have the most out- and ingoing links. Followed by species belonging to Charadriiformes, 

Osteichthyes, and Reptilia for outgoing links and Gastropoda, Bivalvia, and Crustacea for ingoing 

links. 
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The last food web (Fig. 15) was constructed using the same interactions used to create the food web 

in Fig. 11, but with the addition of undocumented links between bivalves and phytoplankton to 

examine the effects of missing links in a single species focused food web. This food web was made 

from 196 species and 301 interactions, 30 of which were the undocumented interactions between 

bivalves and phytoplankton. Here the betweenness- and closeness centrality of the horseshoe crabs 

were found to be 4261.2 for betweenness and 0.003571429 for closeness. 

The last food web (Fig. 15) was constructed like the second (Fig. 11) by using the entire database, 

but with the addition of undocumented links between bivalves and phytoplankton to examine the 

effects of a single species focused bias. This food web was made from 196 species and 301 

interactions, 30 of which were undocumented interactions between bivalves and phytoplankton. 

Here the betweenness- and closeness centrality of the horseshoe crabs were found to be 4261.2 for 

betweenness and 0.003571429 for closeness. 

 

 

Figure 11: Coastal food web centered on L. polyphemus for all interactions from the Gulf of Main to Mexico. 
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Figure 12: hubs/authorities analysis for the food web encompassing all interactions (Fig. 11), coloured according to legend in figure. 

11 and figure. 13. 

 

Figure 13: Coastal food web centered on L. polyphemus for interactions from the Gulf of Main to the Southeast Atlantic. 
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Figure 14: hubs/authorities analysis for the food encompassing interactions from the Gulf of Main to the Southeast Atlantic (Fig. 

13). coloured according to legend in figure. 11 and figure. 13. 

 

Figure 15: Coastal food web centered on L. polyphemus for all interactions from the Gulf of Main to the Southeast Atlantic, with 

phytoplankton node and edges added. 
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Discussion 

Methodological challenges 

Minimalistic approach 

Much of the literature used to construct the food webs in this study identified the interspecific 

interactions to varying taxonomic ranks, some identifying specimens to species level while others 

identified specimens to order. This variation in taxonomical precision meant that different literature 

described interactions involving individuals of the same rank e.g. Nereis sp. with no additional 

information. Whether or not these interactions involve individuals of the same species was 

impossible to determine from the literature and thus the argument could be made that each such 

interaction should be treated as different nodes in the food web, as each such interaction could be a 

unique one involving a different species. But due to the large amount of information of varying 

taxonomical precision and time constraint, it was decided to use a minimalistic approach that 

merged such interactions together in single nodes in the food webs. 

 

Spatial bias 

The interactions used in this study for the construction of the food webs comes from studies made at 

different locations across the east-Atlantic coast and as such can give an unrealistic impression of 

the interaction happening in a food web incorporating all interactions, as some of the interactions 

would be forbidden links due to their spatial separation. Species from the northern part coast does 

not necessarily have a connection to the species from the southern part of the coast, as suggested by 

the food web (Fig. 11). Some species, like the American eider (Somateria mollissima) is linked to 

horseshoe crabs in the Gulf of Main through shared prey and are further linked, through the 

horseshoe crabs, to the raccoons (Procyon lotor) at the Yucatan Peninsula, that interacts with the 

horseshoe crabs from the Gulf of Mexico. Thus, creating a forbidden link from the American eider 

to the raccoons, as the horseshoe crab node that links these species in the food web, belongs to two 

spatial separated populations. To examine the effects of a spatial bias, the interactions used in the 

construction of the food web (Fig. 11) were separated into a northern and southern part, based on 

the horseshoe crabs distribution and genetic variation along the Atlantic coast as found by Smith et 

al. (2016). With the northern part ranging from The Gulf of Main to the Southeast Atlantic and the 

southern part ranging from the Floridan Atlantic to Mexico. Using the interactions from the 

northern part a new food web was constructed (Fig. 13). A food web of the southern part was 

omitted due to the small number of interactions with the horseshoe crabs (four interactions) 

documented in the southern part.  

By separating interactions into a north and south part it was found that the betweenness centrality 

for the horseshoe crab changed from 4899.5 to 4215.5 with the closeness centrality changing from 

0.0014064698 to 0.003597122. This change in centrality can be explained by the removal of 54 

species from the food web. The betweenness centrality that describes a species importance as a 

connector fell as the network became smaller and the number of nodes having a connection to other 

nodes through the horseshoe crabs became less. The smaller network also meant that the horseshoe 

crabs closeness to the other species became higher as 50 of the removed 54 species were not 



26 | of 52 

 

directly connected to the horseshoe crabs and the removal of these gave the horseshoe crabs a 

higher closeness score. What this shows is that the separation of interactions based on spatial 

distribution removes forbidden links. And as the total number of nodes and links in a network 

influences the different measures of centrality, the removal of these forbidden links changes the 

centrality measures, giving a more precise view of the species importance in the food web.   

 

Temporal bias 

Seasonality is an important factor to consider when constructing a food web. Certain interactions 

like those between migrating shorebirds and the eggs of the horseshoe crabs happens only during 

the months when the horseshoe crabs are spawning. For species like the Red knots (Calidris 

canutus) that are only connected to the horseshoe crabs through their interaction with the horseshoe 

crabs’ eggs. This means that interactions happening outside of the spawning season should not 

connect to the Red knots, as they would no longer be part of the same food web as the horseshoe 

crabs outside of the spawning season. By not separating interactions based on seasonality it is 

possible to include forbidden links in one’s network. Another temporal bias is the changing of 

interactions over time, as in the case of the loggerhead sea turtle (Seney & Musick, 2007). While 

the loggerhead sea turtle still interacts with the horseshoe crabs, the strength of the interaction has 

diminished over the past three decades because the main composition of the loggerheads diet having 

changed. During the early to mid-1980’s loggerheads predated mainly on horseshoe crabs, which 

changed to a diet consisting mainly of Common Blue Crab (Callinectes sapidus) during the late 

1980s and early 1990s and a diet dominated by finfish in 2000-2002 (Seney & Musick, 2007). This 

shows that diet can change as a response to prey abundance and that food webs are not static but 

dynamic, changing according to the fluctuation in prey abundance. As much of the literature used in 

the compilation of the database is decades old, it raises the possibility of interactions having 

changed since the literatures’ original publication. 

 

Single species focus  

The addition of missing links, in this case the undocumented interactions between bivalves and 

phytoplankton to the food web (Fig. 15) changed the betweenness centrality of the horseshoe crabs 

from 4215.5 to 4261.2 and the closeness centrality from 0.003597122 to 0.003571429. The 

betweenness centrality for the horseshoe crab increased as the addition of the phytoplankton node 

and its interactions allowed for new interactions to be formed with the horseshoe crabs, adding to its 

importance as a connector. While the closeness centrality of the horseshoe crabs fell as the number 

of nodes not directly linked species increased in the food web cause the horseshoe crab node to 

become less central in the food web. 

This shows that in constructing a food web that focuses on a single species and expands from that, 

it’s possible for interactions not involving the focal species to be omitted, either due to time 

constraints or lack of documented interactions, which can affect the overall food web. In this 

example, phytoplankton and filtrating bivalves were added to the food web as the interactions 

between these are well-known, yet not part of the food web (Fig. 15). 
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Horseshoe crab distribution along Plumb Beach 

What could explain the observed differences in horseshoe crab distribution at the three locations 

along Plumb Beach? One reason could be that the sediment on the western part of the beach has 

become too densely packed due to a composition of finer sediment particles compared to that of the 

two other locations, changing the microclimate of the sediment and making it unsuitable for egg 

development in regards to temperature and oxygen concentrations (Penn & Brockmann, 1994; 

Vasquez, Johnson, Brockmann, & Julian, 2015) causing the females to move to the less disturbed 

and manipulated eastern part. Analysis of the grain size distribution on Plumb Beach showed the 

Tidal Creek location to have the highest percentage of very coarse and coarse sand followed by the 

eastern part of Plumb Beach with the western part of Plumb Beach mainly being composed of finer 

sediment particles. The Tidal Creek had the highest Percentage of coarse particles of the three 

locations but possible due to its location away from the shoreline and different microclimate, 

compared to that of the beach, it did not appear to be a suitable nesting site as no adults were 

observed here. But based on the difference in grain size distribution between the western and 

eastern parts of Plumb Beach and the skewed distribution of nesting females between these 

locations, it would indicate that female horseshoe crabs prefer sediment with a coarse particle size 

when selecting nesting site. 

With the exception of six juveniles (instar 2-3) found in tidal pools at the Easter Tidal Flats during 

low tides, only the Tidal Creek location contained juveniles (instar 10-14). The lack of juveniles 

(instar 4-9 and 15-17) could be due to a lack of spawning activity over several years, likely caused 

by the effects of hurricane Sandy and the beach restoration. As no eggs nor adults were observed at 

the Tidal Creek, and never had been (Mark Botton, personal communications), the juveniles found 

there most likely migrated into the Tidal Creek from the bay due to some sort of preference. The 

reason why juveniles of a certain instar range seem to prefer the Tidal Creek location over that of 

the Tidal Flats, could be explained by the location potentially having a lower predation pressure. No 

birds were observed at the Tidal Creek and the only other possible threat to the horseshoe crabs 

observed during the low tides were schools of small fish assumed to be sticklebacks, but these were 

of a size too small to be a likely threat to horseshoe crab juveniles found there. While it was not 

observed, it was possible for the high tide to being with it predators not seen during low tides in the 

form of larger fish or crustaceans which could pose a threat to the juveniles. Another possibility is 

that it is easier for the juveniles to blend in with the muddy sediment at the Tidal Creek locations as 

the juveniles’ brown carapace is less in contrast with the sediment at this location, making it harder 

for the juveniles to be spotted by a potential predator. Another effect of staying in the tidal creek 

could be the benefits of the increased water temperature during the summer months as Carmichael 

& Brush, (2012) found the temperature range for optimal growth in juveniles to be 20-35 °C. No 

nightly observations were made so it was no possible to examine if the juveniles stayed at the Tidal 

Creek locations during night. 

 

Diet preference of juvenile L. polyphemus 

The diet composition and preference of juvenile were examined for the juveniles (instar 10-14) 

collected from the Tidal Creek. With the exception of a few instars 2-3 found in tidal pools at the 

Eastern Tidal Flats location, only instars 10-14 were found, meaning that in order to get an 
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overview of juveniles diet compositions and how it changes across instars it was necessary to 

include results from other studies from different locations and populations (Botton, 1984a; Gaines 

et al., 2002). Only 21 juveniles of instars 10-14 could be collected due to the decline in the local L. 

polyphemus population as the general wish of the people involved were to manipulate the local 

juvenile population as little as possible. The gut content of juveniles, instars 10-14, from Plumb 

Beach was found to consist mainly of polychaetes (Table 2), a find that is supported by a study on 

the diet composition and preference of juveniles, belonging to the Asian species T. tridentatus 

(Kwan, Cheung, & Shin, 2015). Suggesting that juvenile horseshoe crabs on a global scale goes 

through much the same shifts in diet composition and preference. Comparing this find to previous 

studies on the dietary composition and preference of instars 2-3 (Gaines et al., 2002) and adults 

(Botton, 1984a), suggests a shift in diet composition and preference of horseshoe crabs as they 

grow. Younger instars appear to subsist on POM heavy diet with older instars predate mainly on 

polychaetes, and adults feeding predominately on different molluscs. Due to lack of data on diet 

composition of other instar stages, it was not possible to say if this shift in diet composition is 

gradual or if diet changes happen abruptly between two instars. Since it is possible for the diet 

composition and preference to vary between populations, due to local prey composition, prey 

availability or morphology of the horseshoe crabs, and the three examples of juvenile diets given 

above are from three separate locations; Nauset Beach, Massachusetts, Jamaica Bay, New York, 

and Delaware Bay, Delaware. It should be considered that the results as found in this study might 

not reflect a true shift in diet. The diet preference of juvenile horseshoe crabs as seen in Fig. 10 was 

calculated under the assumption that juvenile foraging took place inside the Tidal Creek field 

station, but the amount of polychaetes found in the juveniles’ digestive systems differed from the 

what was found in the sediment samples taken from the Tidal Creek (Table 2). This suggests that 

juveniles left Tidal Creek likely during high tide to forage in other areas with higher densities of 

polychaetes. No observations of juveniles foraging outside the Tidal Creek during high tide was 

made, nor was any juveniles observed leaving the Tidal Creek during this period, but a possible 

explanation for this could be a lack of field work centered on the Tidal Creek location during the 

high tides. 

 

The role of L. polyphemus in coastal food webs 

The role of L. polyphemus in coastal food webs as found in this study can be subdivided into two 

parts; their role as prey, and their role as predators. As prey their eggs play an important role in the 

annual migration of certain shorebirds that uses these eggs to refill their energy reserves during their 

migration (Beekey et al., 2013; Castro & Myers, 1993; Niles et al., 2009). While the majority of 

bird-horseshoe crab interactions are between the horseshoe crabs’ eggs and the migratory 

shorebirds, predation by large sea gulls on stranded horseshoe crabs is common especially during 

the horseshoe crab spawning season, creating links between L. polyphemus and members of the 

genus, Larus. Through their interactions with the gulls, the horseshoe crabs are connected to a large 

variety of species across habitats, the extent of which this study does not fully encompass. 

Loggerhead sea turtle were also found to predate on adult L. polyphemus, though the strength of this 

interaction has changed over the last three decades as previously explained. Besides birds and 

loggerhead sea turtles few interactions with L. polyphemus as prey was found.  
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The results of this work lend support to earlier findings about the position of horseshoe crabs as 

omnivorous generalists as most of the interactions with L. polyphemus were found to be as 

predators or as hosts for a variety of epibiota (see photo on the cover). The food webs (Figs. 11, 13) 

showed L. polyphemus to be an omnivorous generalist that predates on many different species and 

connects different trophic levels with the different instars of horseshoe crabs preferring different 

prey. Previous studies showed that young horseshoe crabs (instar 2-3) feed mainly on POM, while 

older juveniles, instars 5-11, had a diet mainly consisting of crustaceans and polychaetes (Gaines et 

al., 2002), and by instar 10-14 juveniles from this study were found to have a diet composition 

dominated by polychaetes, with adults, while still predating on most of the benthic community, 

having shifted to a diet consisting mainly of molluscs, with a preference for thin shelled bivalves 

(Botton, 1984a). 

Overall the constructed food webs (Figs. 11, 13) shows L. polyphemus to be a key species in the 

coastal food webs, that connects spatial and temporal distant species through their own direct 

interactions and through their interactions with other species, especially other generalists. Birds, 

bivalves, gastropods, and sea turtles were also found to have a relatively large influence in the 

coastal food web (Fig. 12, 14) by sheer numbers of in- and outgoing interactions though this study 

finds L. polyphemus to be the most influential species in the food web based on measures of 

betweenness- and closeness centrality. 

 

Conclusion 

In summary, the initial hypotheses were both confirmed within the limitations of the study. 1) The 

construction of the coastal food webs and analyses of the importance of the horseshoe crabs, using 

betweenness- and closeness centrality as measures, indicating horseshoe crabs to be a key species 

with the highest importance as a connector and with the closes proximity to other nodes in the food 

webs. 2) The diet composition and preference of juveniles, instar 10-14, were found to be 

dominated by polychaeta, a finding that’s supported by studies done on juveniles belonging to the 

Asian species, T. tridentatus (Kwan et al., 2015). While the diet of juveniles, instar 2-3, is 

dominated by POM (Carmichael et al., 2004), juveniles instar 5-11 showing an increase in the 

amount of polycheate and the diet of adults is dominated by different molluscs (Botton, 1984a), 

suggesting a shift in diet of horseshoe crabs as they as they grow through the different instars, going 

from small and soft bodied prey items to larger and harder prey items. Yet still more work can be 

done and in future studies, the diet composition and preference of juveniles as well as the role of 

horseshoe crabs in coastal food webs could be expanded upon as the diet composition and 

preference of all juveniles’ instars are still lacking and the coastal food web’s still missing links. 
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Appendix 1: Grain size distribution: 

 

Figure 16: Grain size distribution of core sample #1 from the Tidal Creek location of Plumb Beach. 



35 | of 52 

 

 

Figure 17: Grain size distribution of core sample #2 from the Tidal Creek location of Plumb Beach. 
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Figure 18: Grain size distribution of core sample #3 from the Tidal Creek location of Plumb Beach. 
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Figure 19: Grain size distribution of core sample #4 from the western part of plumb Beach. 
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Figure 20: Grain size distribution of core sample #5 from the western part of Plumb Beach. 
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Figure 21: Grain size distribution of core sample #6 from the western part of Plumb Beach. 
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Figure 22: Grain size distribution of core sample #7 from the eastern part of Plumb Beach. 
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Figure 23: Grain size distribution of core sample #8 from the eastern part of Plumb Beach. 
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Figure 24: Grain size distribution of core sample #9 from the eastern part of Plumb Beach. 
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Appendix 2: Photo documentation of gut and sediment content: 

 

 

Figure 25: Mulinia laterali from sediment sample, (scale = 1000 µm). 
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Figure 26: Mulinia laterali shell with umbone from L. polyphemus gut, (scale = 1000 µm). 

 

Figure 27: Mulinia laterali shell with mirrored umbone from same L. polyphemus gut as fig. 21, (scale = 1000 µm). 
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Figure 28: Ilyanassa obsoleta from sediment sample, (scale = 1000 µm). 
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Figure 16: Nereis sp. found in L. polyphemus gut sample, (scale = 1000 µm). 
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Figure 30: Heteromastus sp. from sediment sample, (scale = 1000 µm). 

 

 



48 | of 52 

 

 

Figure 31: Ampeliscidae sp. found in L. polyphemus crop, (scale = 1000 µm). 
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Figure 32: L. polyphemus trilobite from sediment sample, (Scale = 1000 µm). 
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Figure 33: Idotea sp. from sediment sample, (Scale = 1000 µm). 
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Figure 34: Nematodes from sediment sample, (scale = 1000 µm). 
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Figure 35: Nematode from L. polyphemus gut sample, (scale = 100 µm). 

 


