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ABSTRACT 

Bioturbation in supratidal carbonate substrates has only recently received 

attention from ichnologists, relying primarily on traditional ground-based techniques. 

This study is the first high-resolution geophysical investigation of three decapod species 

inhabiting adjacent coastal biotopes on San Salvador Island. Extensive (>2 km) 800 MHz 

georadar surveys captured a diverse suite of >120 burrows of ghost (Ocypode quadrata), 

blackback (Gecarcinus lateralis) and blue (Cardisoma guanhumi) land crabs. Site-

specific post-processing protocols were used to establish characteristic attributes that 

distinguish unfilled burrows from other discordant anomalies based on signal polarity 

structure. Variably oriented 2D and quasi-3D (~0.75-1.25 wavelength line separation) 

images allow the diagnostic signature of G. lateralis burrows to be distinguished from 

those of O. quadrata based on: 1) higher density of point-source diffractions (0.9-1.9/m 

vs. 0.01-0.06/m) and 2) shallower inclination angle (21-46° vs. >60°). C. 

guanhumi burrows are differentiated by: 1) larger diameter; 2) presence of an end 

chamber (where the radar signal is not attenuated by saline groundwater); 3) low 

electromagnetic signal velocity (~9 cm/ns vs. ~11 cm/ns) in organic-rich muddy substrate 

and 4) rapid signal decay. The migrated inclination angle (a) and the effective range (t0; 

time window of strongest reflectors) offer the best combination that differentiates 

between the three end-member structures and matrix properties. This study establishes 

GPR as a viable non-invasive subsurface imaging technique, with potential implications 

for: 1) identification of shifting ichnocoenoses, as exemplified by intense hurricane 

impacts (2015/2016); 2) recognition and mapping of similar biogenic structures in buried 
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or lithified carbonates and, 3) quantification of a near-surface ichnofabric index and the 

dual porosity/permeability structure of prospective hydrocarbon reservoirs. Furthermore, 

the basic attributes of subsurface visualization can be readily extended to other mesoscale 

biogenic structures in evaporite and siliciclastic media. 
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CHAPTER 1 

INTRODUCTION  

 

Comprehensive neoichnological observations in modern settings, linking tracemakers to 

environmental contexts and habitat ranges, enhance the utility of ancient traces for paleo-

environmental interpretation (Curran and Martin, 2003; Rodriguez-Tovar et al., 2014; 

Seike and Curran, 2014). In many cases, these traces are the only means to reconstruct 

ancient biotopes, due to the poor preservation potential of tracemakers (Buatois and 

Mangano, 2011; Locatelli, 2013; Hembree, 2016). Therefore, continual refinement of 

neoichnological field and laboratory research methods is indispensable for detailed and 

accurate interpretation of the geological record. For burrowing organisms, field 

measurements (burrow counts, length, depth, inclination), casting, and trenching have 

provided datasets of burrow morphology and distribution. However, the geometry and 

spatial distribution of some subsurface biogenic structures (e.g., decapod burrows in 

supratidal carbonates), their patterns as linked systems, and the geomorphic changes they 

generate, are poorly known or are addressed at limited scales. In addition, the scale (0.1-

2.0 m) of individual burrows and their subsurface patterns may cause them to be 

misinterpreted as physical sedimentary structures. Collectively, this hampers recognition 

of traces and tracemakers and obscures the impact of burrow systems on primary 

bedding, from slight disturbance to thorough reworking.  

The subsurface architecture of large terrestrial (supratidal) burrows produced 

primarily by decapod crustaceans has not been addressed from a neoichnological point of 

view, especially in carbonate settings (Curran and White, 1991). Because carbonate 

platforms hold approximately 50% of the worldôs hydrocarbons, extensive research into 
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the marine ichnology has received the bulk of attention to better understand ichnofabric 

(bioturbation intensity) effect on reservoir properties (Knaust et al., 2012). To date there 

is a lack of neoichnological and ichnological studies of ecologically important carbonate 

supratidal biotopes. In addition, trace fossil content in all supratidal facies has been 

described as ñgenerally devoid of burrowsò (Gingras and MacEachern, 2012) while 

Desjardins, et al. (2012) state that there is ñé a remarkable dearth of (ichnological) 

studies in ancient (supratidal) depositsò, resulting in an under-developed ichnological 

classification in these facies. Yet, globally, dense populations of large land crabs inhabit 

marginal-marine supratidal biotopes, building burrow networks from the beach to tidal 

mangroves (Figure 1). The lack of a comprehensive, geologically driven study of these 

modern carbonate supratidal traces is a key factor in the underrepresentation of mesoscale 

crustacean trace fossils in similar ancient depositional environments.   

On San Salvador Island, The Bahamas, three brachyuran decapod crustaceans 

occupy distinct biotopes. The ghost crab (Ocypode quadrata [Oq]), the blackback land 

crab (Gecarcinus lateralis [Gl]), and the blue land crab (Cardisoma guanhumi [Cg]) 

prefer upper beach, vegetated dunes, and mangrove wetland, respectively. This 

distribution, and the size and accessibility of their burrows makes San Salvador an ideal 

environment for characterization and comparison of mesoscale burrowing impacts on 

marginal marine carbonate habitats. In addition to utilizing traditional field methods 

(ground surveys, excavations, casting) a strategy to characterize the neoichnological 

effects of these crab burrows is through geophysical and remote-sensing technology. 

These methods complement field datasets, providing spatial models that can more 

accurately reflect a broader scale of the subsurface and subaerial effects of burrowing. In 
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particular, a combination of high-frequency ground-penetrating radar (GPR) and drone-

mounted high-definition photography has the potential to increase our understanding of 

the effects of dense, widespread bioturbation. This study is the first attempt to 

characterize decapod burrows and burrow networks in terrestrial carbonates using 

geophysical techniques. The research focused on two aspects of subsurface imaging 

application: spatial density and diagnostic geophysical signature of the burrow produced 

by the three crabs (Oq, Gl, Cg) by testing the following hypotheses:  

 

1. The magnitude of bioturbation increases toward the low-energy supratidal 

biotope, from minimal along the upper beach to most intense in the supratidal 

mangrove forest (Oq<Gl<Cg). 

 

2. The gross characteristics (size, geometry, inclination) of the representative 

decapod burrows can be differentiated from each other and from similar 

discordant structures (roots, erosional disconformities), based on georadar image 

attributes alone. 

  

To characterize bioturbation and individual burrows using GPR, distinguishing 

georadar attributes between each crab (i.e. depth, inclination angle) and between the 

biotopes (i.e., sediment velocity, attenuation) were determined. The ability to characterize 

mesoscale subsurface biogenic effects using geophysics has applications beyond 

neoichnology, from ecological and conservation studies to infrastructure analysis, oil spill 

remediation, and its effects on the dual-porosity/-permeability of hydrocarbon reservoirs. 
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Figure 1. Geographic distribution of three studied decapod species along the western 

Atlantic Ocean basin (data from multiple sources in Bright and Hogue, 1972). Other 

species within the three genera are found globally. Inset shows a medium-sized blue crab 

(Cg) burrow at a study site. 
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CHAPTER 2 

BACKGROUND AND PREVIOUS RESEARCH  

 

2.1 Physical Setting 

Fieldwork, including burrow measurements, casting, density counts and georadar 

profiles, was conducted on San Salvador Island, The Bahamas in January 2016 and 

January 2017. Selected GPR profiles previously collected on the nearby islands of Exuma 

and Eleuthera were also utilized in this study (Figure 2).   

San Salvador Island, the outermost in the Bahamian archipelago, was selected as 

an ideal field location due to its long history of intensive and thorough geological and 

ecological studies, and particularly its pioneering carbonate ichnological research (Curran 

and White, 1991; Curran and Williams, 1997; Ginsburg, 2001; Martin, 2006; Curran, 

2007). San Salvador is 11x19 km, and is located at 24ęnorth and 75ę west on an isolated 

carbonate bank east of the Great Bahama platform. The shorelines are composed of 

biogenic sand beaches and rocky aeolianite outcrops dating from early- to mid-

Quaternary. Elongate dune ridges dominate the topography inland of the beach, and the 

island interior consists of densely vegetated aeolianite highlands interspersed with 

shallow, variably saline water bodies occupying karstic lowlands. A large (4-km-long) 

tidal basin, Pigeon Creek, runs north from its inlet on the southeast corner of the island, 

and is fringed with supratidal mangrove habitat (Figure 3).   

 Many factors make San Salvador a natural laboratory for geophysical 

neoichnological study. The carbonate substrate serves as a homogenous background for 

imaging biogenic subsurface anomalies. But most importantly, the relatively simple 
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habitat constraints of the three decapods under study provide discernable boundaries and 

unique ecological variables that distinguish each biotope and burrower (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Study site locations. Satellite image of The Bahamas showing the location of 

the main study area, San Salvador Island, and sites of 2013 fieldwork from which 

supplementary examples were drawn (Eleuthera and the Exumas). Detailed aerial images 

at right show Hanna Bay and East Beach and locations of supplementary georadar 

profiles (Sandy Hook, The Thumb). 
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Figure 3. Drone image of North Pigeon Creek study sites (C. guanhumi casting, burrow 

measurements and density counts, GPR profiles and 3D grids). 
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Figure 4. A GoogleEarth image (A) that crosses the three adjacent decapod habitats, and 

(B) these habitats in idealized cross-sectional view, with general burrow shapes.  
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Ocypode quadrata inhabits the sandy beach biotope. This biotope ranges from the 

upper foreshore up to the unvegetated foredune front. Proximal to the ocean, the sand is 

variably saturated with seawater, whereas the high berm is protected from tides 

(excepting storms surges) and rises above the water table. At the base of the foredune, the 

beach transitions into vegetated dune ridges, which rise meters above the water table and 

can extend into the heavily vegetated inland (Ahr, 2011). In many cases, the older inland 

dune ridges consist of unconsolidated sediment underlain by aeolianites. This is the 

dominant habitat of Gecarcinus lateralis. Dune sediment is composed of fine, organic-

rich silty sand, broken up by dense root systems. Due to their elevation, proximity to the 

ocean, and the stability of the sediment, rapid lithification (tens of years) can occur in this 

environment from the reaction of salt spray and bicarbonate. Cardisoma guanhumi 

occupies a narrow environment along tidal creeks in the supratidal mangrove forests. 

This environment is heavily vegetated with multistoried trees, shrubs, and groundcover. 

The mangrove sediment is composed of muddy sand with abundant organics. Mangrove 

tree roots, reaching up to 4-cm wide, are densely packed and reach depths well below the 

water table. The saline (~25 ppt) water table, minimally influenced by the adjacent tidal 

creek, rises to within ~30-70 cm of the surface. There is a slight elevation rise moving 

away from the creek, and as the gradient increases (from 0.02 to 0.05), the mangrove 

biotope shifts abruptly and transitions into dunes.  

 

2.2 Tracemakers and General Burrow Characteristics 

The three decapod species construct distinctive burrow morphologies and patterns. 

Ocypode quadrata is geographically wide-ranging from the east coasts of North, South 

and Central America to coastal areas of Caribbean and Western Atlantic islands  
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(Figure 5 A, B, C; Bright and Hogue, 1972). In Bahamian sandy carbonate environments, 

this species inhabits the narrow intertidal beach/unvegetated dune environment around 

the island perimeter. It is known for its steeply inclined (~60°), narrow diameter (~3 cm) 

J- and Y- shaped burrows (some >1 m long; Seike and Curran, 2014). Within the J- or Y-

shaped morphological constraints, burrow complexity (depth, offshooting tunnels) is 

variable, and may depend on factors, including crab age, depth to water table and 

proximity to the ocean (Clum, 2005). Isolated Oq burrows are widely distributed between 

the neap and spring high tide lines, ensuring that some burrows are consistently inundated 

with seawater and others inhabit drier, more stable sand. Ghost crab burrow densities 

range from < 0.06-1.10/m2 (Clum, 2005).  

  Gecarcinus lateralis occupies the largest area of the island, from the vegetated 

dunes adjacent to the beach to deep inland thickets (Figure 5 D, E, F). Their unbranched 

tunnels are variably shaped, gently inclined (~30°), and shallow (~26 cm deep), with oval 

(~3x4 cm) entrances and shafts that average 68 cm in length (Seike and Curran, 2014). 

Blackbacks form dense burrow patterns in heavy vegetation and on bare ground 

(including trails and populated areas) and can reach densities from 3.4-4.5/ m2 (A. 

Curran, personal communication, March 2017).  In areas of high bioturbation, particularly 

along vegetated areas, small (<10 cm) mounds created by the excavation of sediment 

alter the existing topography, and in some cases, exhibit proto-lithification. 

Cardisoma guanhumi, the largest of the three decapods (size range up to 35 cm 

and 500 g), is confined to the mangroves of the supratidal zone, directly abutting the 

habitat of G. lateralis (Figure 6). C. guanhumi meets the definition of a landscape 

engineer (Kinlaw and Grasmuek, 2012) in tropical supratidal environments, where it  
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Figure 5. Ghost and blackback crabs and habitats. A) The ghost crab (Oq) and its B) 

foreshore beach habitat near The Thumb, with C) burrows and trackways and, D) The 

blackback land crab (Gl) and its E) vegetated dune habitat of East Beach, with F) densely 

space burrows.  
 

 

Figure 6. A) The Blue land crab (Cg) hiding in tree roots in its B) North Pigeon Creek 

mangrove habitat. C) An example of a medium-sized burrow entrance and spoil mound. 
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creates the largest surficial (spoil mounds) and subsurface (burrow galleries) geomorphic 

signatures in marginal-marine carbonates. It excavates wide (2-20 cm) inclined tunnels 

(25-50ę) with basal end chambers that always reach the water table (Herreid and Gifford, 

1963).  

Numerous Cg burrows are generally found in clusters (from 0.4 to >1.5/m2) in 

areas of dense tree roots or groundcover, where plant litter is abundant (Herreid and 

Gifford, 1963; Mendes and Cruz, 2017). Over the habitat range, these burrow clusters are 

patchy, and can be recognized by spoil piles that create a distinctive laterally extensive 

mounded topography (Wolcott, 1988). 

 

2.3 Previous Research 

Extensive research over the last 30 years on the ichnology of carbonate supratidal 

environments has focused on the Holocene outcrops of San Salvador (North Point and 

Hanna Bay members of the Rice Bay Formation). Despite diagenetic matrix alteration, 

dissolution, and homogeneity, abundant traces are well preserved in lithified carbonate 

dunes. In 1984, Frey et al. proposed a new ichnogenus based on the distinct morphology 

of J- and Y-shaped fossilized crab burrows in Pleistocene outcrops on the east coast of 

San Salvador, the Georgia coast, and in the Miocene in Poland. These fossilized burrows 

are identical to those of the modern ghost crab. The holotype for this ichnogenus, 

Psilonichnus upsilon, is found on San Salvador and is the defining trace fossil of the 

Psilonichnus dunal ichnofacies (Frey et al., 1984). Several investigations of aeolianites 

on northeast San Salvador Island provided detailed descriptions of both individual and 

assemblages of burrowing arthropod and plant traces, many of which mimic modern 
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traces (Curran and White, 1987; White and Curran, 1988). In these studies, modern 

observations were key to interpreting similar features in outcrop. In the case of the ghost 

crab, this approach has led to the current acceptance of Psilonichnus upsilon as a paleo-

sea-level indicator. Ubiquitous G. lateralis burrows were only recently studied in detail, 

with several examples of Holocene subfossil remains and burrows discovered to date 

(Locatelli, 2013; Seike and Curran, 2014). Field studies (casting) by Seike and Curran 

(2014) detailed the contrasting morphologies of O. quadrata and G. lateralis, and the 

differences between the two burrows were vital to the recent discovery of a Gecarcinus 

trace, providing the means to differentiate between the specific adjacent 

paleoenvironments of these two crabs in the rock record (Figure 7). 

Despite their size and environmental impact, blue crab burrow morphology has 

been understudied and is relatively unknown. To date, only a handful of biological 

studies have focused on this crab/habitat. In a single ecological study, Herreid and 

Gifford (1963) measured C. guanhumi burrow density (>7500/acre), described general 

burrow shape, and discussed distribution limitations based on water-table salinity. Only 

Shinn (1968) and Semple and Albrecht (2015) have studied burrow morphology from a 

geological perspective. This dearth of research complicates efforts to identify lithified 

burrows, despite their size and preservation potential. It has been recently proposed that 

Cardisoma sp. be considered as a possible tracemaker for the trace fossil Macanopsis 

plataniformis due to the similarity of end chamber morphology (Muñiz and Mayoral, 

2001; Buynevich et al., 2016), although Macanopsis has not yet been found on San 

Salvador. The level of both subsurface and subaerial sediment reworking, as well as the  
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Figure 7. Casting and dataset from Seike and Curran (2014) provide new information on 

the burrow morphology of Gecarcinus lateralis and Ocypode quadrata, which was used 

as groundtruth to aid in identification of these burrows in georadar images.  
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preservation potential of their basal end chambers, highlight the need for geophysical 

characterization of burrows with known dimensions and morphology. 

 

2.4 GPR Technique and Recent Applications 

The GPR antenna transmits high-frequency (500-1200 MHz) electromagnetic (EM) 

waves into the shallow subsurface, with densely spaced pulses providing a continuous 

image. EM waves reflect off objects or other interfaces as a response to contrasting 

dielectric properties of the substrate and targets, are captured by a receiver, and presented 

as a two-dimensional image in real time (Jol and Bristow, 2003). Subsurface boundary 

changes, from bedding scale to point sources, are displayed as high-amplitude reflectors 

of the EM wave (anomalies) due to differences from the surrounding substrate in texture, 

lithology, density, porosity and water content. Depending on the trajectory of the survey 

line relative to the target, the response will be a discontinuous reflection that mimics the 

actual feature (e.g., a longitudinal reflection along a longitudinal burrow section) or a 

hyperbolic diffraction that represents a point source. Point sources are buried three-

dimensional objects (targets), such as a clast or the end chamber of a burrow, or a 

response to a burrow segment imaged at high angle (transverse section; Figure 8). In this 

case, the radar is capturing a transverse cross-section of the burrow that reflects as a point 

source. The hyperbolic shape is due to the cone-shaped radar pulse (Fresnel zone) 

arriving at a target both before and after the antenna crosses directly over it, thereby 

producing longer arrival times manifested as hyperbola limbs. The apex of the hyperbola 

is thus the shortest pulse arrival time and represents the actual object depth (Figure 8). 
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Figure 8. A longitudinal burrow reflection from movement of the GPR unit along the 

burrow, and a hyperbolic diffraction caused by reflections off a burrow or point source as 

the GPR unit moves at an angle transverse to the burrow.  
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In unsaturated and freshwater-dominated media, high-frequency georadar surveys 

provide rapid, continuous, non-invasive means of visualizing the shallow subsurface, 

making it a viable geophysical tool for the analysis of burrow attributes and enclosing 

matrix. The proper frequency is required to successfully balance the requirements of a 

GPR survey, with a tradeoff between penetration depth and feature resolution in images. 

High-frequency GPR limits depth of penetration but allows for clearer resolution of small 

features in the near subsurface (Jol and Bristow, 2003; Figure 9). Decapod burrows on 

San Salvador are ideal for these mesoscale neoichnological GPR studies, with some 

diameters (>4 cm) that can be differentiated in images and depths (0.2-1.0 m) both within 

the range of high-frequency penetration in carbonates and in most cases above the saline 

water table (Buynevich et al., 2013). In addition, the carbonate substrate provides a 

homogenous background that allowed for a clear signal response from biogenic 

structures.  

In the case of decapod bioturbation, substrate changes captured by the radar can 

exist between the matrix and burrow fill or void space (Buynevich et al., 2009; Chlaib et 

al., 2014; Kopcznski et al. 2015). The increase in the EM wave velocity as it moves from 

sediment to air through a void (empty burrow) causes the reflected waveform to show 

reverse polarity (positive to negative peak amplitudes) relative to the initial ground wave 

(Figure 10). In addition, horizon truncation can be seen in the radargram at some points 

where bioturbation interrupts the background bedding. These changes in the radargram, 

when observed against the background matrix, provide data about gross burrow 

morphology as well as lateral patterns and extensive bedding disruption caused by 

burrow assemblages. 
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Figure 9. Relationship between GPR antenna center frequency (f), EM signal wavelength 

(l) and vertical resolution (Dd, modified from Buynevich et al., 2014). A high-frequency 

georadar signal, such as 800 MHz used in this study, is sufficient to detect and resolve 

most decapod burrow elements, such as burrow diameter ranges (dashed box) and basal 

living chambers (oval). Note that unsaturated carbonates (curve C) have the highest 

resolution compared to siliciclastic (S) and evaporite (E) media. Saturated siliciclastic 

(SS) media has very high resolution. 
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Figure 10. An air-fill ed burrow tunnel which reflects as a point-source hyperbolic 

characterized by reversed polarity at the sediment-air interface (blue-red-blue or positive-

negative-positive signal amplitude) the opposite of the first ground-air wave, which shows 

normal polarity at the air-sediment interface (red-blue-red or negative-positive-negative 

amplitude). 
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Researchers have utilized high-resolution GPR to complement traditional 

fieldwork in various disciplines, including archaeology (Conyers, 2015), ecology (Hirano 

et al., 2009; Jayawickreme et al., 2014), forensics (Damiata et al., 2014; Widodo et al., 

2016) and infrastructure analysis (Diprinzio et al., 2010). GPR traditionally has been used 

in geology to analyze large structures (5-10s of meters; i.e., faults, dunes, inlets) or 

stratigraphic changes. Identification of small, surface-proximal structures can be difficult, 

due to the non-unique nature of the radar reflection and the common presence of shallow 

sediment disturbance and roots. Yet field studies to distinguish roots or small 

archaeological features (artifacts) have had variable success (Barton and Montagu, 2004; 

Hirano et al., 2009; Conyers, 2015).  

Utilizing geophysical techniques to more accurately characterize bioturbation is a 

relatively new idea in neoichnology, and its applicability as a tool to analyze meso/mega-

scale lithified traces is receiving increased attention in recent year (Stott, 1996; 

Buynevich, 2011; Buynevich and Hasiotis, 2011; Buynevich et al., 2014). Recently, 

georadar imaging has been used to map small-animal burrows in conservation studies, as 

well as to determine their effect on hydraulic infrastructure (DiPrinzio et al., 2010; 

Kinlaw and Grasmueck, 2012; Chlaib et al., 2014; Jayawickreme et al., 2014; Klovkov et 

al., 2014; Swinbourne et al., 2015). In many of these recent infrastructure studies, 

vertebrate burrows were distinguished from other structures due to their wide distribution 

in simple, grassy matrix. In this study on San Salvador, georadar was used to distinguish 

and characterize smaller burrow structures in a vegetated environment with a complex 

near-surface substrate fabric.   
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CHAPTER 3 

METHODOLOGY  

 

To characterize and distinguish the spatial arrangement and subsurface burrow patterns of 

the three decapods, we used an integrated approach of non-invasive imaging followed by 

intensive groundtruthing at specific sites along the eastern side of San Salvador Island. 

 

3.1 Small Unmanned Aerial Vehicle (SUAV or drone) 

In the initial phase of this field investigation, low-altitude (40-50 m) drone-mounted 

camera surveys were collected using a Phantom 3 Advanced with 12 megapixels, f/2.8 

lens and a 94° field of view to get high-resolution images of Hanna Bay and North 

Pigeon Creek (Figure 11). The team, led by researchers from the Smith College Spatial 

Analysis Lab, programmed an autonomous flight plan that generated an orthomosaic 

image with a 2-cm ground sampling distance. Coordinates were measured with a 

mapping-grade GPS unit for five ground control markers that were distributed through 

the survey area. The ground control enabled the orthomosaic image to be georeferenced 

to within 1 m of its true location.  

Aerial imagery collected by drones is often higher resolution than satellite images 

(i.e. those viewed in Google Earth), allowing recognition of subtle surface features such 

as burrows (Perlmutter et al., 2016; Figure 12). An orthomosaic and digital surface model 

(DSM) was created from 194 individual geo-tagged images using free photogrammetry 

software and Pix4D (Perlmutter et al., 2016). The DSM was exported to ArcGIS, and a 

grid including the Cardisoma guanhumi GPR 3D grid was plotted in ArcScene. Three 
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transects (4.5 m length, 0.75 m spacing) were placed across the area to measure the 

height of depressions and mounds created by blue crab sediment reworking.  

 

 

 

 

 

Figure 11. Drone images of North Pigeon Creek.  A) A small unmanned aerial vehicle 

(SUAV) used during field work (by a Smith College team) provided B) high definition 

images of North Pigeon Creek. C) The microtopography of the spoil mounds (~ mean: 10 

cm) could be measured across transects in an ArcScene Digital Elevation Model. 
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Figure 12. SUAV image close-up of part of N. Pigeon Creek Study site (single Cg 

burrow circled in yellow). 
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3.2 Field Burrow Counts and Surveys (North Pigeon Creek) 

Three 5x5 m plots were chosen to obtain C. guanhumi burrow density counts (Figure 13). 

Each plot was chosen for accessibility and representation of different vegetation types 

(i.e. groundcover vs mangrove trees). Entrance diameter, inclination angle (by inserting a 

rod and using a compass) and tunnel orientation were measured for each burrow. Ten 

random burrows on either side of a straight accessible path at different distances from the 

tidal creek were cast (Figure 13). Depth to water table and burrow depth (penetration) 

were noted, and each cast tunnel/end chamber was measured. Water salinity was 

determined using a hand-held refractometer. Gross volume of eight casts was calculated 

to approximate both sediment removed and liquid volume. Crab biomass for the casts and 

grid counts was obtained using an equation from Forsee and Albrecht (2012), which 

correlates C. guanhumi burrow entrance diameter with crab mass: 

 

 y = 32.17 + 21x 

 

where y = crab biomass (g) and x = burrow diameter (cm). Total sediment movement 

within the 5x5 plots (assuming no net loss or gain between plots) was then calculated 

based on extrapolating cast diameters and volumes to all enclosed burrows with known 

diameters.  

 

3.3 Borescope 

An Explorer PremiumTM wireless inspection camera with a 3.5-inch LCD recordable 

monitor and a 2-m flexible optical fiber cable (endoscope) was utilized in the field to  
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Figure 13. Map of blue crab cast locations and burrow density count plots in N. Pigeon 

Creek. Cast 7 was excavated in its entirety, whereas 25 pounds of plaster only partially 

filled this large (65 cm length) end chamber (cast 10).  
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measure minimum burrow length, to assess gross burrow geometry, and to capture video 

and photo (640 x 480 pixels, AVI format stills) images of burrow interiors (Figure 14). 

This inexpensive and portable instrument allowed rapid in situ examination of 

undisturbed burrow sculpture and content (vegetation, sediment, burrowers and 

commensal organisms) at a resolution not achievable by geophysical methods and with 

minimal invasiveness compared to traditional field techniques (Semple and Albrecht, 

2015). On San Salvador, a small number of G. lateralis and O. quadrata burrows were 

scoped to test the viability of the method to acquire data typically gathered by casting. 

The endoscope was then utilized to complement ongoing development of a new dataset 

for C. guanhumi burrows, providing minimum length, inclination, and camera 

observations of interiors.  

 

3.4 GPR Field Surveys 

Two- and three-dimensional GPR surveys were conducted at three primary field sites 

(East Beach, Hanna Bay, and North Pigeon Creek; Figures 2 and 15). These three sites 

encompass all three decapod habitats, ensuring a substantial collection of each burrow 

type. More than 1.5 km of georadar surveys were collected using a MALÅ Geoscience 

radar with a monostatic 800 MHz antenna. Survey lines ranged in length from 12-297 m 

(2D profiles), with trace spacing of 2 mm and a range window optimized for penetration 

and resolution (200-512 samples; range dependent on signal loss). In addition, closely 

spaced (7-14 cm line spacing, y-direction, 2.5x2.5 m) grid surveys were collected for 

each burrow type. For G. lateralis and C. guanhumi, these grids were established in areas 

of dense burrow occurrence and reflect their typical lateral arrangements.  
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Figure 14. An inspection camera (borescope) was utilized in gathering data on blue crab 

burrows.  A) The metal tubing provided entrance inclination angle and minimum burrow 

length. Although burrows were difficult to maneuver, a few images were captured, such 

as this B) periwinkle flower in a blackback burrow (field of view 7 cm), and C) a blue 

crab hiding among tree roots (field of view 10 cm).  
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Figure 15. Greater than 1 km of GPR profiles and three 3D grids were taken at the North 

Pigeon Creek study site. Inset: A pathway through the densely-forested mangroves. 
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O. quadrata burrows can be spatially proximal, but never form dense clusters. In this 

case, a single burrow structure was imaged. In addition, profiles from 2015 taken on San 

Salvador at the Thumb and Sandy Hook, and profiles from Exuma and Eleuthera (2013) 

were utilized in data processing and compilation. From both 2D and 3D surveys, 28 

Ocypode quadrata burrows, 39 Cardisoma guanhumi burrows, and 85 Gecarcinus 

lateralis burrows were imaged and recorded in field notes.  

Most 2D surveys were designed to maximize imaging of tunnel structures, and to 

capture a sample of both open and partially collapsed burrows. Orientation of the GPR 

unit relative to burrows was recorded for accurate designation of both transverse and 

longitudinal orientation in the radar images. Although not crucial in this study, 

georeferencing was provided by either a Garmin GPS unit or clearly recognizable 

benchmarks. Within the spatial scale of adjacent burrows, the topographic variation was 

<15 cm and no surface normalization has been applied to image segments <5 m in length. 

For typical dry carbonate sand, EM signal velocity is ~12 cm/ns (Buynevich et al., 

2014). However, to assess biotope-specific velocity, hyperbola fitting was performed for 

each subenvironment dominated by a particular burrow type. In addition, marker 

horizons or easily identifiable burrow elements were used to corroborate velocity values 

used for the length of each profile. For example, in North Pigeon Creek, velocity was 

measured using a reflection of a C. guanhumi chamber at a known depth. 

Based on signal velocity, vertical resolution can be calculated as a quarter of EM 

pulse wavelength and ranged from 2.50 to 3.75 cm depending on sediment characteristics 

and water content (Jol and Bristow, 2003). This becomes important not only for 
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calculating burrow diameters, but also for optimizing the image window for polarity 

structure analysis. 

 

3.5 GPR Image Processing    

The raw radar images were post-processed in 2D using MATGPR v. 3.5 and RadExplorer 

v. 7, and in 3D using GPR Slice. For standard protocol of post-processing steps (gain 

functions, filtering, etc.) see Cassidy (2009). To improve image quality and clarity, post-

processing steps were prioritized to maximize the clarity of near-surface (<0.50 m) 

features and minimize the strong initial ground-air wave, the first wave emitted from the 

transmitter that is immediately captured by the receiver before subsequent EM waves can 

enter the ground. This initial wave gives a powerful reflection, which can impede 

recognition of very near-surface disturbances and features such as upper burrow shafts. 

For this study, bandpass filters and depth-dependent amplitude functions were optimized 

based on the size, attitude and depth of biogenic structures. Background removal, which 

subtracts the mean trace across a specified window size, was utilized to remove the 

horizontal noise and strong direct wave. Eigenvalue filtering was performed on selected 

radargrams in MATGPR, with comparable results to the background removal step in 

RadExplorer. Filtering out the background traces can also have the effect of causing the 

surface signal to appear chaotic, so it was not used with strong surface disturbances 

(burrow openings) that were readily visible (Figure 16A). In most cases, background 

removal (with amplitude and bandwidth frequency corrections) allowed for improved 

resolution of near-surface non-horizontal structures (Figure 16B). As stated above, no 

surface normalization was applied to short segments containing burrows. Near-surface  
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Figure 16. An example of post-processing of a 2D (B-scan) radargram. The numbers 

across the top of the images are distance (m) and signal trace numbers.  A) Cardisoma 

guanhumi burrow at marker 1 (vertical green line). The first image is zero-corrected only, 

and the burrow entrance (and tunnel section) is clearly visible. B) Background horizontal 

reflectors have been removed, but whereas the burrow (reflector) base is somewhat 

clearer, the entrance is no longer distinguishable. The same is true of marker 2, with a 

visible entrance in image A, which becomes obscured in the processed image (B). In 

addition, background removal has exposed a possible burrow tunnel below marker 2. 

Post-processing is a tradeoff, with certain corrections amplifying or clarifying sections of 

the burrow structures while masking others. The dashed horizontal line in image A 

represents the approximate depth at which the EM signal reaches 1% of its maximum 

amplitude, effectively representing attenuation depth (the point where structures are 

unable to be distinguished; z0, see text for explanation). 
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anomalies were then cross-referenced with field notes to distinguish burrow structures 

from physical and other biogenic structures (roots, clasts). 

 

3.6 GPR Image Analysis 

Each biotope was analyzed for diagnostic radar signatures based on sediment differences. 

In addition to velocity measurements determined in the field and assigned to entire 

profiles within each biotope, velocity structure was determined for hyperbolic reflections 

(<0.5 m depth) using hyperbola fitting across profile sections containing biogenic 

structures. Velocity ranges for each biotope were obtained. Due to the homogeneity of 

the substrate and generally shallow burrow depth, velocity was not obtained for deeper 

reflections and was assumed to be constant at <0.5 m depth.                                                                                                

          Where present, the depth at which all structures in the radar image were visually 

lost due to EM signal attenuation was measured and used to document the level of 

brackish to saline interstitial water in each environment at the time of data collection. In 

most cases, this depth (z0) was determined visually on B-scans (2D radargrams; Figure 

16) and selected A-scans (single wave traces) after minimal post-processing (time zero 

correction and background removal). A MATLAB script application (J. Nyquist, personal 

communication, April  2017) applied to radargrams from each habitat type (3 profiles) 

demonstrated that these visual inspection results, or the depth at which a loss of structure 

in the image is observed, correspond to a 1% amplitude attenuation threshold (the EM 

signal has attenuated to 1% of its maximum amplitude; J. Nyquist, personal 

communication). Only time-zero adjustment and background removal were applied to the 

images before application of the MATLAB code. Based on these calculations, attenuation 
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depth is defined as the point in the image at which the EM signal drops to ~1% of its 

maximum value, and is visible by eye as loss of distinguishable architecture within the 

matrix. Attenuation depths (by visual inspection) were averaged over each profile, and a 

range of depths were produced for each biotope. Li thified aeolianite at depth did not 

cause attenuation. In fact, it often produced strong signal return, especially in upland 

vegetated dunes.  

To quantitatively compare the bioturbation density in each biotope, images were 

analyzed to determine the proportion represented by continuous reflection pattern 

(interpreted as planar bedding or cross-bedding) vs. those dominated by hyperbolic 

diffractions or discontinuous reflectors (in this setting, roots or burrows). Bedding was 

defined as any section length >2 m of three or more (semi-)continuous reflectors at any 

angle (Figure 17). Overlapping sections were defined by their dominant feature (bedding 

or hyperbolics). The percentage of hyperbolics and continuous reflectors was determined 

for several radargrams from each biotope and these were duplicated to assess the 

reproducibility of this approach.  

Bioturbation density is determined in core and outcrop by measuring the quantity 

of traces and level of bedding disturbance. In radargrams, this density was determined by 

counting targets over different depth ranges. In this case, targets were defined as the 

hyperbolic reflections from both roots and burrows (differentiated by their polarity 

structure). To compare across the three biotopes, these hyperbolic reflections were 

counted across a sampling of profiles at three depth ranges, 0-30 cm, 30-60 cm, and >60 

cm. In the absence of limestone clasts or cultural features, all hyperbolic diffractions 

were interpreted as point-source returns from burrows or roots (Buynevich et al., 2017).  
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Figure 17. An example of (semi-)continuous reflectors (background dune bedding) 

adjacent to point-source diffractions and discontinuous reflectors, which represent roots 

and burrow tunnels, and disturbed bedding along the dunes at East Beach.  
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In addition, depth slices for two 3D Cg grids were compared to 2D results and field notes 

to ascertain if densely spaced burrow structures could be identified as high-amplitude  

reflectors, to test whether amplitude analysis of various 3D image components is a viable 

tool for identifying and quantifying biogenic structures.    

The majority of imaged burrows of each decapod species were open (air-filled) 

during surveys. In these cases, a reversed polarity structure was observed for sub-

horizontal (tunnel) sections representing void space (both hyperbolic and longitudinal 

reflections; Chlaib et al., 2014). Collapsed lower portions of the burrows or partially 

filled structures showed a more variable response (polarity masked by signal resolution), 

while still manifesting as point-source hyperbolics or longitudinal reflectors. In the case 

of sub-vertical (shaft) burrow segments, signal scattering, rather than polarity structure, 

was used to identify burrow structures. Factors such as EM signal loss and signal scatter 

made it difficult to identify complete Oq and Cg burrow structures for individual 

measurements. Eight of each of the identified Cg and Oq burrows were distinct and 

complete enough to measure. Twelve Gl burrows were measured.  

These samples of each burrow type were used to determine inclination angle 

(dominant angle along a longitudinal profile or between a known entrance and its tunnel 

hyperbolic), minimum length, penetration depth, and the presence of an end chamber. In 

the case of inclined burrows, the reflection has an apparent dip that differs from true dip, 

due to reflection placement perpendicular to the moving GPR transmitter-receiver instead 

of directly below (Jol and Bristow, 2003). This results in an apparent dip, which is equal 

or shallower than the true inclination angle. Wherever possible, survey orientation was 

optimized to parallel the longitudinal aspect of the burrow, thereby representing the true 
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dip (inclination angle). Migration corrects the dip angle to its original, steeper position, 

and can be calculated with the following equation: 

 

Ŭ = sin-1(tan b) = sin-1(Dz/Dx) 

 

where a is the migrated apparent angle, b is the unmigrated apparent angle, Dz is the 

vertical difference between two points on a laterally continuous downwind-dipping 

reflection based on time-depth conversion, and Dx is the along-ground distance between 

the same points based on survey wheel measurements (Figure 18). This corrects dip 

angles of <~35° (generally, the maximum recorded slope based on radiation angle). For 

burrow angles >35°, the equation is generally not applicable due to signal scattering (Jol 

and Bristow, 2003). This was the case for sub-vertical burrow shafts (e.g., Oq), where 

signal scatter or broken bedding is utilized for feature recognition, but the inclination 

angle is difficult to measure reliably in radargrams (Figure 19). 

Several approaches were used to calculate minimum burrow length. In the case of 

a longitudinal reflection, the open section of the burrow was measured from the surface 

entrance. For several burrows with a hyperbolic point-source reflector and a detectable 

entrance, the length between the two was measured. For subvertical burrows, the signal 

scatter was measured from the surface to the base of the signal disturbance.  

 Approximate penetration depth was measured as the level reached by individual 

longitudinal burrow structures, which was confirmed by groundtruth in some instances. 

Burrow depth was also assessed more generally over entire profiles using the maximum  
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Figure 18. Burrow slope calculation through the migration of the apparent angle b. A) 

Longitudinal Gecarcinus burrow image, B) The apparent (in this case, true) dip angle (Ŭ) 

is calculated (see Jol and Brisow, 2003). In the case of G. lateralis burrows, apparent dip 

angles between 20-30Ǔ result in migrated angle increase of only 1-2Ǔ down dip (see text 

for discussion).  
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Figure 19. Three Ocypode quadrata burrow entrances on East Beach. Horizontal 

reflectors are broken and ñpulled upò by the EM wave traveling through air-filled shafts. 

The disturbance can still be seen at 90 cm depth. Below the third burrow entrance, 

disturbed vertical bedding and dipping broken beds are possible tunnels.    
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depth of longitudinal and hyperbolic reflections of known burrows. Finally, at the 

(approximate) distal end of distinguishable burrows structures, the existence of a terminal  

widening (end chamber) was determined by the presence of wide hyperbolics, 

longitudinal disturbances, or general bedding disturbance at the water table.   

To distinguish between roots and burrows, 38 known burrow hyperbolics and 39 

normal-polarity hyperbolics (roots in a densely-vegetated area) between 20-30 cm of the 

surface, were migrated (Stolt F-K migration; constant velocity) and the highest 

(normalized) amplitude wave of the migrated hyperbolic was recorded to establish 

differences in reflection strength between burrows and roots. In 3D grids and several 

reversed 2D transects, parallel survey lines effectively assured reproducible ground-

coupling effects. All measured burrow attributes of Oq and Gl were compared to the 

groundtruthed datasets of Seike and Curran (2014), and Cg features were compared to the 

casts and field dataset recently catalogued on San Salvador.  
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CHAPTER 4 

RESULTS 

 

To test the two hypotheses posed in this research, more than 2 linear km of 2D georadar 

surveys, and two 3D grids, were used to characterize the three carbonate 

subenvironments affected by decapod bioturbation. Below are the results of geophysical 

investigations during 2016 and 2017, with several examples from earlier surveys taken on 

Eleuthera (2013). Representative post-processed GPR images are used to characterize the 

density of point-source targets (Hypothesis 1) and establish diagnostic features associated 

with the three tracemakers (Hypothesis 2). All field measurements are archived in 

Appendix 1 and summarized in Table 1. GPR profiles collected during 2016 and 2017 

surveys are compiled in Appendix 2. Key subsurface attributes associated with 

bioturbation structures and surrounding matrix are presented in Table 2.  

For known burrows, their GPR signature was recognized by: reversed EM signal 

polarity (open burrows), inclined reflections (longitudinal section), hyperbolic 

diffraction(s) (transverse section), signal scatter, and/or depth range. The number of 

burrow targets identified on radar images after varying degrees of post-processing and 

based on known location was: 16 of the 28 imaged Oq, 27 of the 39 Cg, and 73 of the 85 

Gl burrow targets.  

Ocypode quadrata habitat profiles exhibit some background bedding in non-

attenuated areas ~100% of the time (over 380 m and four different profiles).  
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Figure 20. Radar images of a typical O. quadrata upper beach habitat. A) These settings 

exhibit (semi)continuous background bedding reflectors with minor disturbances, as seen 

in this typical image from The Thumb beach site. B) Surveys proximal to the ocean 

attenuate rapidly, but once the antenna is pulled toward the foredune, reflections may 

return, reaching > 1m in this image from Eleuthera. The beach habitat of the ghost crab is 

distinguishable in radargrams by the presence of subhorizontal bedding, few hyperbolics, 

and variable attenuation (EM signal loss) depths, generally deepening away from the 

ocean.  
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Figure 21. Radar images of the chaotic, disturbed bedding typical of Gecarcinus lateralis 

habitat along Hanna Bay and East Beach. A) Examples of point source hyperbolics and 

frequently truncated reflectors. B) Root signatures, distinguished by normal-polarity 

hyperbolics, adjacent to the continuous reflectors from primary bedding. Hyperbolics 

representing roots and burrows cover ~70% of the G. lateralis habitat images, with the 

remaining ~30% background bedding likely attributable to aeolianites. The water table is 

deeper than in either the beach or the mangroves, allowing this habitat to reflect signals 

from up to 1.6 m. C) In the center (dashed box) is a cluster of G. lateralis burrows, which 

can be distinguished by reverse signal polarity and the surrounding signal return 

characteristic of the backdune environment. 
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Full attenuation occurs along the seaward part of profiles, with sub-parallel seaward-

dipping reflection pattern in the upper section where Oq burrows are typically observed 

(Figure 20). In contrast, profiles from Gecarcinus lateralis habitat exhibit 27-33% 

background sub-parallel reflectors interspersed with broken and hyperbolic reflectors 

(Figure 21).  

Gl dune habitat has the deepest signal response, which can reach >2 m. Despite this 

visibility, no observed Gl burrows were found to penetrate deeper than 45 cm across 900 

m in three profiles. 

The soil of the Cardisoma guanhumi mangrove forest habitat has the fastest EM 

signal loss, and the mean attenuation depth (by visual inspection) in these profiles is 27 

cm. In addition, the matrix lacks any (sub)horizontal reflectors except for the water table 

(Figure 22). Due to high attenuation of the bioturbated area and relatively little 

ichnological research on this tracemaker, field (non-geophysical) measurements of Cg 

burrows were used to supplement the GPR database. At three sites within the N. Pigeon 

Creek study area, burrow diameters (n=104) range from 2-18 cm (mean: 7.6 cm), which 

corresponds to biomass of 74.2-420.7 g (Figure 23A). Plot 2 has both the lowest biomass 

(~20 g lower than other plots), and smaller range of burrow diameters. This plot is in an 

open Salicornia-dominated area (thick, matted groundcover; Figure 23B). There is a 

general positive correlation between Cg entrance diameter and burrow volume based on 

cast measurements (Figure 23C). Burrow entrance inclination angles in these plots ranged 

from 20-60º (Table 1).  

Drone flights helped identify vegetation gaps and burrow clusters. In aerial 

images along the Pigeon Creek, C. guanhumi burrows and microtopography are visible  
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Figure 22. Figure 22. EM signal loss and lack of bedding in C. guanhumi habitat from 

North Pigeon Creek. A) Even with the strong horizontal reflectors removed in post-

processing, this image of a blue crab burrow is difficult to distinguish due to immediate 

loss of the EM signal. This profile was taken proximal to the creek, where the saline 

water table is within 30-40 cm of the surface. Full attenuation depth (signal loss) z0 and 

the resulting optimal range t0 are shown on the right. B) The low-frequency horizontal 

reflectors were not removed in this image to maintain the sharp view of each burrow. A 

typical example of the effect of the shallow, saline water table causing rapid EM signal 

decomposition, this profile is slightly elevated from the creek, allowing for strong signal 

response up to ~35 cm, with several strong reflectors reaching ~50 cm. Greater than 90% 

of C. guanhumi surveys have full signal attenuation at <45 cm. The lack of any 

distinguishable background bedding (continuous) reflectors in and rapid attenuation 

across these surveys can help distinguish this habitat from the others.  
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Figure 23. Field-based blue crab burrow dimensions. A) Entrance diameters have similar 

distributions in three random surface 5x5 m plots in North Pigeon Creek. Mean crab 

biomass is indicated for each plot (see Methods). Plot 2 has the largest number of 

burrows (n=41), but the lowest mean crab biomass and the shortest range of burrow 

opening diameters. B) This corresponds to the presence of extensive thick saltwort 

(Salicornia perennis) groundcover in Plot 2. C) Burrow opening diameter is correlated 

with total cast-based burrow volume (tunnels and end chambers) with implications for 

estimation of subsurface void spaces from ground surveys of fluid (oil spill, basal 

chamber volume), as well as measuring sediment transport by ecosystem engineers. 

Measurement errors are contained within symbols. 
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Figure 24. Measurement of blue crab burrow microtopography using SUAV-based digital 

elevation model in ArcGIS. A) Drone coverage of N. Pigeon Creek allowed 

measurements of spoil mounds and depressions. B) Three 4.5 m transects (0.75 m 

spacing) across the 2016 3D GPR grid exhibit height changes (C) from 1.0-14.2 cm for 

recent spoil piles and depressions, and up to 33 cm for a feature interpreted as compound 

spoil mounds. Vertical error is unknown. 
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from a 40-m height in clearings of the mangrove forest (Figures 11-13). The general 

mounded topography (up to ~15 cm) can be observed in a digital elevation model (DEM) 

profile of an open, bioturbated plot (3D grid site; Figure 24). The depth slices at  

this site reveal high-amplitude anomalies within the upper 1 m (Figure 25).  

Anomalies which correspond to observed burrows, including open and collapsed 

structures, can be seen in the upper 0.60 m (Figures 25 and 26).  

GPR target density, defined by the number of point-source diffractions (roots and 

burrows) within a linear survey segment (Fresnel zone), was determined for all three 

tracemaker habitats. On San Salvador, in areas dominated by vegetation (no visible 

burrows) the average target density varies from 2-3/m in the upper 30 cm and decreases 

to 0.5-1.0/m at >1.2 m depth (Figure 27; Buynevich et al., 2017). At study sites with 

known burrows, target density included both roots and burrows. This density for Oq 

habitat varies from 0.08-15/m at the surface, decreasing to 0.01-0.08/m at >60 cm (Figure 

28; Table 2). For Gl habitat, target density varies between 1.00-2.32/m in the upper 30 

cm and decreases to 0.12-0.45/m >60 cm depth. Target density for Cg habitat is 0.20-

0.65/m at the surface, and decreases to 0.01/m at >60 cm.  

 Known Ocypode quadrata burrow reflections have three basic distinguishable 

forms, pull up of horizontal reflections (Figure 29A), broken bedding at known entrances 

which mimics the known burrow shape (Figure 29B), and near-surface reverse-polarity 

reflectors (Figure 29C).  
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Figure 25. C. guanhumi burrow complex 3D images from the 2016 grid (2.5x2.5 m; 18 

transects with 14 cm line spacing in the y direction [white arrows]; see Figure 24 for 

location). Top left: depth slices reveal areas of high (red) and low (blue) amplitudes 

corresponding to boundary changes, in this case 16 known burrow structures (collapsed 

and open). Few roots crossed through this relatively open area, based on excavation 

(2017) of two burrow casts here. Bottom left: a ring of low amplitude (arrow) surrounds a 

high-amplitude area near the 1-m mark (x), which corresponds to a collapsed burrow (this 

ring can be seen on top depth slices from 15-45 cm). The 45-cm depth slice (top) 

corresponds to this z-slice (arrow). Bottom right: the dashed arrow shows a burrow 

descending from the back right corner of the grid. This burrow also can be observed on 

the top three depth slices (dashed arrows). Top right: a bioturbation index by Taylor and 

Goldring (1993) ranks the amount of sediment disruption (core and outcrop) by 

bioturbation in an index that ranges from 0 (none) to 6 (100% bioturbation). No one has 

combined GPR amplitude analysis of known burrow networks and this type of index to 

form a radar bioturbation scale.  
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Figure 26. Fence diagram of the 3D grid. Right: B-scan slice (profile 103) is at ~91 cm in 

the x direction on these depth slices. The first marker (green vertical line) corresponding 

to a burrow shaft (solid arrow) that can be seen on top z-slice as an area of high 

amplitude (depth ~35 cm). Another burrow segment (second marker) can be seen in the 

bottom fence diagram (dashed arrow).  
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Figure 27. Target density refers to hyperbolic diffraction density (attributed to roots in 

this figure) at three depth levels for three different environments devoid of decapod 

bioturbation (from Buynevich et al, 2017). In carbonates (dashed graphs), these roots 

leave behind void spaces in sediment that can rapidly lithify. The San Salvador site, The 

Thumb, is an example of a target-rich pattern unrelated to crab bioturbation (compare to 

Figure 28).   
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Figure 28. Hyperbolic target density counts at three depth ranges for three different 

environments on San Salvador along linear GPR profiles. In this case, both roots and crab 

burrows were targets. The first 30 cm exhibits the maximum target density for all three 

species, and decreases with depth due to signal decay, burrow infill or collapse, or root 

decomposition. Gecarcinus lateralis habitat has the highest density target counts due to 

lack of attenuation in the EM signal and substantial vegetation. C. guanhumi shows much 

lower target densities in radar images than in the field counts, primarily due to signal 

attenuation. Compared to visible surface disturbance, subsurface sediment reworking 

through the first 30 cm (top arrows) increases in blackback territory, increases slightly for 

ghost crab burrows, and decreases in blue crab habitat, where extensive, thick root 

networks and large burrow structures are masked by signal attenuation. The highest target 

density (>2/m) is comparable to densely vegetated sites (see Figure 27). 
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Figure 29. Three different radar responses to Ocypode quadrata burrow structures 

(selected images from San Salvador and Eleuthera, Figure 2).  A) The majority of ghost 

crab burrows can be distinguished by the vertical pull up caused by the air-filled tunnel. 

B) However, several images appeared as broken reflectors, with distinguishable entrances 

(shaft inclination is unknown), or C) shallow-angle longitudinal images with reverse 

polarity, similar to the blackback crab. In this case, other radar characteristics may 

distinguish between the two burrow types, including number and depth of hyperbolic 

reflectors (vegetation-rich dunes vs. beach), signal velocity, or signal attenuation depth.  
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For longitudinal reflections or distinguishable, traceable surface openings ï tunnel 

hyperbolic, the mean inclination angle based on these GPR signatures (n=8) is 77°, mean 

length is 82 cm, and mean penetration depth is 78 cm (Figure 30; Table 2). Known 

Gecarcinus lateralis burrows demonstrate simple, shallow, reverse-polarity reflections, 

often found in clusters (Figure 31A).  

These reflections (n=12) have a mean inclination angle of 30º, a mean length of 68 cm, 

and mean penetration depth of 36 cm (Figure 31B). Cardisoma guanhumi radar burrows 

exhibit reverse polarity or bedding disturbance at depths <35 cm, and end chambers are 

visible above strong water-table reflectors (Figure 32 and 33). For Cardisoma guanhumi 

(n=8), burrow parameters are 56º, 83 cm, and 49 cm respectively (Figures 32 and 33). 

Mean radargram burrow diameters for individually measured Gl burrows is 5.9 cm, and 

for Cg burrows is 7.7 cm. No diameters could be differentiated for Oq (Table 1). 

For a single GPR transect crossing from Cg into Gl habitat, the change in burrow 

types at a habitat boundary was measured in the field and corresponds with an elevation 

change (Figure 34A). Burrow casts also reveal this abrupt biotope transition (Figure 

34B). In the GPR image, this boundary is clear and corresponds to the change from 

attenuated signal to a clearer, stronger, and deeper reflection pattern at the15-m mark in 

the radar image (Figure 34 C and D).  

Figure 35 shows that EM signal velocity is different for each habitat. In Oq 

profiles it ranges from 10.0-11.5 cm/ns in the top 50 cm of the profiles, with a mean of 

10.8. Gl has velocity of 9.0-11.2 cm/ns (mean: 10.6), and Cg has the lowest velocities 

(7.3-9.5 cm/ns; mean 8.9). The range of attenuation depths (depth of the loss of visible 

structures due to signal attenuation) across the habitats is shown in Figure 36, with Gl 



54 

 

dune habitat having the lowest depth of attenuation with no overlap with the two other 

crab habitats. Roots (hyperbolic reflectors; n=39) in the 20-30-cm depth interval in three 

different G. lateralis GPR profiles had a mean high amplitude wave of 8.44 decibels. 

Adjacent known G. lateralis burrows (hyperbolic reflectors; n=38) had a mean of 9.34 

decibels.   
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Figure 30. Observed (field) vs. imaged (GPR) individual burrow inclination angles, 

lengths and depths. A) Known inclination angles (solid lines) of the three burrow types 

are compared to angles measured in the radar images (dashed lines) and show overlap. Gl 

radar inclinations are within 1 degree of the field measurements. The higher radar angles 

for Oq reflect the inclusion of vertical bedding disruption, measured as 90 degree angles, 

that is diagnostic of this burrow type. Higher Cg angles reflect radar measurements taken 

at depth, revealing the steeper angle found below the shallower burrow entrance angle. B) 

Radar burrow length means are similar to field means and the overlap among the three 

burrow types ensures this feature cannot be diagnostic. C) Oq is distinguished by the 

depth it reaches in beach sands, outside the range of both Cg and Gl. Oq radar depths are 

deeper than field values, reflecting difficulty in determining where the vertical burrow 

signal terminates. See Appendix B for one-way ANOVA tests of significant differences 

among these variables. 
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Figure 31. Gecarcinus lateralis burrows. A) Gray-scale B-scan of four blackback 

burrows (green marks) in a 2.5 m segment. To maintain the strong burrow boundaries the 

ground-air wave was maintained, making it difficult to see the entrances. Longitudinal 

burrows show signature inclination angle (~35º) and depths (<45 cm). B) Longitudinal 

burrow structures (box with blue trace exhibiting reverse polarity) adjacent to roots 

(normal-polarity hyperbolics). C) A minimum of eight burrows (white arrows) are found 

in this 10-m section, with the possibility of several deeper, possibly collapsed or lithified 

structures; the water table is a strong reflector at 60 cm. These burrows are the most 

easily recognized of the three crabs, with reverse polarity and signature inclination 

angles, depths, and the tendency to be densely clustered. These are selected from 2D 

profiles and 3D grids near East Beach (Figure 2). 
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Figure 32 Cardisoma guanhumi individual radar responses. A) This blue crab burrow(s) 

in Eleuthera reaches ~60 cm (A and inset), the deepest blue crab image identified in over 

500 m of blue-crab habitat radargrams. B) Although burrow structure can be difficult to 

see in radargrams due to signal attenuation in the mangrove habitat, in some cases the 

entrance disturbance can be distinguished, and tunnels/shafts/end chambers can be seen.  
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Figure 33. Cardisoma guanhumi burrow end-chamber radar signature and casts. Blue 

crabs always build variably sized end chambers at the water table. A) In radargrams 

(when the signal is not attenuated), these are seen as hyperbolic reflectors (varying with 

width) or bedding disturbances near the water table. This high-amplitude reverse-polarity 

reflector under a known burrow entrance, appears to be near the water table, and can be 

interpreted as a blue crab end chamber, similar to the casts in B and C.  
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Figure 34. An abrupt biotope change observed using both field methods and a GPR 

image. A) In this area of N. Pigeon Creek, field surface observations determined the 

exact transition point between Cardisoma guanhumi and Gecarcinus lateralis habitat by 

comparing burrow diameter size and the different burrow casts on either side of the 

divide (Cast 6,7 = Cg).  C and D) Subsurface techniques verified this transition point, 

with different burrow casts on either side, and the radar image showing signature 

characteristics of each environment, with the biotope shift at the 15-m mark.   
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Figure 35. Signal velocity mean and range for the three substrate types (hyperbolics 

measured in the top 0.50 m of the radar image to capture most burrow elements).  The 

muddy sand of the mangrove/tidal pond area slows the EM signal (mean 8.9 cm/ns), 

whereas the blackback dune environment, with organics and silty sand has a mean 

velocity of 10.6 cm/ns and the beach (medium sand) is 10.8 cm/ns. The velocity (and EM 

signal) drops off at the saline tidal pond and the ocean. Signal velocity in unsaturated 

carbonates is ~12 cm/ns (gray box; Reynolds 1997; Buynevich, et al., 2014). 

 

 

 

 

 

 

 



61 

 

 

 

Figure 36. EM signal loss depth (z0) in the three biotopes- insets are micrographs of 

representative sediments from each biotope. Pure, small-medium beach sand attenuates 

more quickly than expected in some areas due to the influence of ocean salinity. 

Vegetated dunes have a mix of organics and silty sand, underlain by aeolianites, which 

permits strong signal response from depth in Gl territory. The mangrove sediment is fine 

and muddy (inset shows cemented grains and organics). Quick attenuation here is due to 

the high, saline water table.  
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Table 1. Characteristics of modern burrows of three decapod tracemakers based on field 

measurements. 

 

 

 

Table 2. Summary of key subsurface characteristics of three decapod tracemakers based 

on GPR images. 
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CHAPTER 5 

DISCUSSION 

 

These results demonstrated the utility of GPR as a rapid and effective subsurface 

technique in supratidal carbonates. The adjacent biotopes on San Salvador proved to be 

an ideal location for this research, due to the distinct burrow morphologies and density of 

occurrence. In addition, substrate properties (organics, mud fraction) and the varying 

influence of salinity/water table in each environment also showed predictable variations.  

Therefore, the utilization of environmental characteristics (root complexity, water table 

depth) and substrate signatures, when combined with consistent, specific burrow traits, 

provided a context to characterize both bioturbation densities and burrow structures. Due 

to these factors, it was possible to survey different sites using 2D profiles, and locate on 

the radargram changes in biotope and consequently, burrow type, with simple variables 

allowing for burrow recognition.         

In a novel combination for this setting, this study used a variety of methods with 

varying degrees of invasiveness to analyze burrow structures (Figure 37). GPR was both 

theoretically and actually the most effective means of non-destructive subsurface 

imaging. The importance of groundtruthed data to radar image analysis cannot be 

overstated. Thus, the relatively unknown blue crab burrow morphology was characterized 

using field techniques, and a robust dataset was established to aid in verifying the 

burrows in radar images (Table 1; Figure 23). When complemented by casting and field 

observations by Seike and Curran (2014) and this new dataset from 2016-2017, 

geophysical results allowed the testing of the two posed hypotheses. 
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Figure 37. Generalized relationship between relative degree of invasiveness and 

penetration of field techniques used in this study (red - traditional field methods; green - 

minimally invasive techniques added during this research). Note the general positive 

correlation between disturbance and penetration, with GPR being an exception (from 

Kopcznski et al., in review). 
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An SUAV proved advantageous for subaerial site prospecting concurrent with 

georadar imaging and has proven to be an effective tool for habitat characterization. For  

large-scale bioturbation such as that by the landscape engineer Cardisoma guanhumi, this 

technique holds promise for identifying and quantifying the resulting microtopography 

and sediment redistribution (Figure 24; Kopcznski et al., 2016 and in review). Whereas 

there is attribute overlap among the three end members, subsurface target (hyperbolic 

diffraction) density (Hypothesis 1) and other diagnostic imaged attributes (burrow 

diameter, depth and inclination, matrix velocity, depth of signal loss) can aid in their 

differentiation (Hypothesis 2). Below is the discussion of each aspect of subsurface 

imaging addressing these hypotheses.  

 

5.1 Point-Source Reflection Density 

The results demonstrate that blackback crab burrows have substantially higher density in 

2D space than the other two tracemakers (Figure 28). This is due not only to burrow 

density, but also a large vegetation signal in largely unattenuated aeolian substrate. 

However, based on multiple non-geophysical field observations, the Cg burrows are by 

far the greatest agents of bioturbation for their biotope. The quantity of burrows found in 

the 5x5 plots, combined with volume measurements for seven casts, the presence of end 

chambers, and biomass calculations, indicate that this habitat includes the highest levels 

of bioturbation (Table 1). This is supported by the changed surface topography around 

burrow clusters, which in many cases are compound spoil piles created by blue crab 

sediment excavation extending for 10s of meters (Figure 24). Field data show that Gl has 

a higher mean density (Table 1), but diameters that average <50% those of blue crabs, 
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significantly shorter lengths, and no end chambers (which can make up as much as half 

the total Cg burrow volume; Appendix 1).   

Roots were utilized in the radar target density counts to determine overall 

biogenic disturbance due to their density and consequent impact on background matrix, 

and potential for creating void space in lithified carbonate sediments. The dune habitat of 

Gl has ~100% vegetation cover (except for pathways) with extensive roots that can be 

seen in both exposed lithified aeolianites and radar images. Large (up to 4-cm diameter) 

mangrove roots often occur adjacent to blue crab burrows, however, their presence and 

density in radar images is almost always masked by signal attenuation. In field 

observations, clasts were not found in 10 Cg burrow excavations, ensuring that 

hyperbolic reflectors in this environment were burrows or roots. In addition, clasts were 

not discovered in shallow beach sands (Oq) nor among the Gl dunes. As stated, 

traditional field observations were not supported by the results of the point-source density 

counts in radar images. Through all three depth levels and across 972 m of dune profiles, 

root structures and Gl burrows showed much higher target reflection densities with Cg 

density ranges more closely aligned to those of the isolated Oq burrows (Figure 28). In 

effect, Gl habitat exhibits a higher apparent target density on radar images.  

A second method to provide a gross view of biogenic intensity, analyzing the 

proportion of hyperbolics and disturbed bedding (broken reflectors) to background 

bedding (subhorizontal reflectors), also supported the conclusion that Gl had the highest 

bioturbation density. The ~30% of undisturbed bedding in Gl habitat indicates that ~70% 

of this biotope has been disturbed by roots (surface to >1m) and burrows (<0.45 m). The 

beach biotope showed bedding with little disruption over long profiles. Burrows, trash, 
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and minor surface disturbances generally cause broken reflectors or hyperbolics here. 

Finally, the mangrove substrate lacks a background bedding structure in radar images. 

The lack of dense hyperbolics in Cg habitat reflects the attenuation in this area, which 

explains why the GPR hyperbolic density counts do not match field observations. Blue 

crab habitat displays rapid signal decay, in many cases <35 cm. Field measurements of 

salinity and water levels in and around imaged burrows show the water table between 40-

70 cm of the surface, with salinity near that of seawater. This attenuation makes accurate 

radar estimates of burrow density and biogenic disturbance untenable in N. Pigeon Creek, 

whereas the lack of attenuation in the dunes allows for a more accurate view of the 

biogenic density of Gl (high apparent target density). Therefore, the combination of field 

data and georadar imaging support Hypothesis 1: bioturbation density increases from 

open ocean through aeolian to mangrove biotopes (Oq<Gl<Cg). The limitation inherent 

in areas of shallow signal attenuation and loss must be considered when relying on 

radargrams alone to assess bioturbation density (Buynevich et al., 2017). In addition, due 

to the relatively territorial nature of C. guanhumi (Schlacher et al., 2016), the burrow 

density is unlikely to increase beyond an established population (Mendes and Cruz, 

2017). This will result in burrow reoccupation, sediment reworking of collapsed tunnels, 

or in outcompeted individuals forced to look for inland refugia (e.g., blue holes).  

Actual burrow density counts may be more accurate in the 3D grids, where their 

numbers are more reflective of clustering and overlap than in linear profiles. For 

example, depth slices of a blue crab burrow complex reveal high-amplitude anomalies 

that are consistent with both location and morphologies of Cg burrows (Figures 25 and 

26). These can be easily compared to commonly used ichnofabric indices (Figure 25, top 
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right; Taylor and Goldring, 1993), indicating a relatively high index (3-4) for N. Pigeon 

Creek burrows. Furthermore, 3D images, when calibrated with casts (Figure 23), can be 

used to calculate approximate volumes of void space, with far-reaching implications to 

ecological and oil-spill research (Reddy, 2010; Semple and Albrecht, 2016).  

Finally, this study demonstrates that GPR can be used to assess the potential for 

differentiating between dual-porosity and dual-permeability reservoir properties (Gingras, 

et al., 2012). It is expected that substrates with similar matrix and burrow-fill 

characteristics (beach, dune) will likely result in dual-porosity structure (Oq and Gl, 

respectively), whereas the sandy, organic-rich muddy matrix of Cg burrows, along with 

their size and density, is a candidate for a dual-permeability limestone reservoir.  

 

5.2 Diagnostic Geophysical Signatures  

The results demonstrate that both single burrow attributes and a combination of 

individual burrow parameters and surrounding matrix characteristics can serve as 

diagnostic signatures for each bioturbation type. This allows for accurate identification of 

biotope-specific substrate and decapod species in the absence of field datasets, due to 

strong overlap between field observations and geophysical attributes (Figure 30). There 

are also effective radar attribute contrasts among the three burrow types, allowing for 

accurate identification between different burrows. Burrow density differences described 

above may also serve as a diagnostic feature, however it requires large survey datasets.  

Among others, a simple and effective method of discriminating among end 

members is by comparing an individual burrow parameter such as inclination angle to a 

set of substrate characteristics (EM signal velocity, signal attenuation depth) that are 
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unique to each environment (Figures 30, 35,36; Tables 1 and 2; Kopcznski et al., 2017). 

In the case of Gecarcinus lateralis, the totality of measured radar single-burrow attribute 

(length [Figure 30], inclination, depth, diameter) averages were within <10% of the field 

values, which allowed rapid recognition of these structures. Gl also can be distinguished 

from Oq and Cg based on strong differences between depth ranges (Figure 30) and 

inclination angle in particular.  

Ultimately, burrow inclination (apparent migrated angle a) is the most robust 

distinguishing characteristic (Figure 30, dashed lines; Kopcznski et al., 2017). At this 

stage, combining this parameter with a matrix-based attribute offers the best strategy of 

differentiating between the three end-member settings. For example, the surrounding 

matrix in the three biotopes has slight variations in EM velocity (v~8-12 cm/ns; Figure 

35). Because the available image range in low supratidal setting (beach and mangrove) 

was highly dependent on the depth of the saline water table (Figure 36), this depth of 

signal loss must be considered for modern settings. Therefore, a simple way of 

combining the two matrix attributes is through the effective range (t0):  

 

    t0 = 2z0/v     

 

where z0 is the depth of signal loss due to high conductivity (attenuation depth; Figure 

22A) and v is signal velocity. This is in effect an optimal range (two-way travel time, ns) 

calculated based on frequency-dependent potential range and velocity if there were no 

changes in attenuation along a survey line. When plotted against imaged burrow angle 

(a), t0 provides additional differentiation of the three end-member bioturbated substrates 
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(Hypothesis 2; Figure 38). When attenuation is not an issue, such as in lithified carbonate 

successions with Oq (Psilonichnus isp.) and Cg burrows high above (>2 m) modern sea 

level (Thompson et al., 2011), velocity will become the sole controlling factor (Figure 38, 

dashed boxes). The effective range will be slightly higher for back-barrier Cg-hosting 

successions due to lower velocity. In this instance, large basal chambers characteristic of 

Cg can provide additional interpretive value (Buynevich et al., 2016). 

The goal of this research is to use geophysical identification and mapping of 

subsurface biogenic structures in the rock record. Because modern processes, such as 

overwash or shifts in vegetation may temporarily or permanently transform a specific 

coastal biotope, it is expected that some overprinting of biogenic structures will occur 

(Figure 39). For example, overwash from a recent catastrophic hurricane (Joaquin, 2015) 

moved nearshore sand into vegetated blackback crab habitats. In addition, previous storm 

events have caused a substantial sandy washover from Pigeon Creek into the mangrove 

forest. The former caused overprinting of Gl tunnels by Oq shafts (Figure 39, photo 

inset), whereas the latter likely produced collapsed, buried Cg burrows (tubular 

tempestites) with only recent minor reestablishment by blue crabs (field observations, 

2017). Ultimately, this research will lead to comparative studies between carbonate, 

evaporate, and siliciclastic substrates where bioturbation by other taxa is relatively 

understudied (Gingras et al., 2012; Buynevich et al., 2014; Hembree, 2016) and should 

benefit from georadar imaging. 



71 

 

 

 

Figure 38. Diagnostic GPR-based attributes of the three end-member bioturbation 

structures (solid lines). By plotting the migrated apparent inclination (a) against the 

matrix-based effective range parameter (t0), the best differentiation is achieved (see 

Figure 22 for an example of t0. When signal loss is not an issue, such as carbonate 

successions with Oq (Psilonichnus isp.) and Cg burrows high above modern sea level 

(Curran, 2007), velocity will become the sole controlling factor (dashed boxes: z0 >2 m). 

In this instance, large basal chambers characteristic of Cg will provide additional 

interpretive value.  
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Figure 39. A conceptual diagram of the three end-member decapod habitats. The arrows 

show both observed (post-Hurricane Joaquin, 2015) and predicted biotope shifts resulting 

from various external forcings. These trends help forecast the potential overprinting of 

bioturbation structures by adjacent tracemakers, e.g., Oq overprinting Gl following a 

storm (photo inset). The implications of our research predict an increase in attenuation 

(saline water) and signal scattering (subvertical Oq shafts) in an otherwise Gl-dominated 

target-rich lithosome.  
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CHAPTER 6 

CONCLUSIONS 

 

This study is the first high-resolution geophysical investigation of bioturbation structures 

with the goal of characterizing and differentiating burrow types of three decapod species 

inhabiting adjacent coastal biotopes on San Salvador Island. Previous neoichnological 

research has been confined to traditional field methods over limited areas. High-

frequency georadar datasets, combined with site-specific drone imaging and extensive 

field measurements and casting, were used to test two hypotheses related to bioturbation 

density and diagnostic burrow characteristics.  

Extensive georadar surveys through the three habitats captured a diverse set of 

burrows (open, collapsed, transverse, longitudinal) of the ghost (Ocypode quadrata), 

blackback (Gecarcinus lateralis) and blue (Cardisoma guanhumi) land crabs. Variably 

oriented 2D and quasi-3D surveys revealed the highest apparent target density 

(hyperbolic diffractions per meter of survey) associated with Gl burrows and surrounding 

vegetation. However, field observations and projections of large burrow diameters and 

root density in Cg habitats suggest that Hypothesis 1 is supported in that this landscape 

engineer will have the highest bioturbation index.  

Characteristic attributes that distinguish unfilled burrows from other discordant 

anomalies are based on signal polarity structure, measurements, and environment/matrix 

features. Radar images allow the diagnostic signature of G. lateralis burrows to be 

distinguished from those of O. quadrata based on: 1) higher density of point-source 

diffractions (1.0-2.3/m vs 0.08-0.15/m) and 2) shallower inclination angle (21-43° vs 
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>60°). C. guanhumi burrows are differentiated by: 1) larger diameter (mean: 7.7 cm); 2) 

presence of end chamber (where not attenuated by saline groundwater), and 3) low 

electromagnetic signal velocity (9 cm/ns vs 10-11 cm/ns) in organic-rich muddy 

substrate. The migrated inclination angle (a) and the effective range (t0) offer the best 

combination that differentiates between the three end-member structures and matrix 

properties. It is expected that when otherwise attenuated beach and mangrove carbonate 

successions are found above present sea level, the velocity structure (matrix) and 

inclination angles (lithified burrow traces) may remain the most important distinguishing 

properties. In this instance, large basal chambers characteristic of Cg will provide 

additional interpretive value.  

This study establishes georadar as an ideal non-invasive subsurface imaging 

technique, with potential implications for: 1) identification of shifting ichnocoenoses, as 

exemplified by intense hurricane impacts (2015/2016); 2) recognition and mapping of 

similar biogenic structures in buried or lithified carbonates and, 3) quantification of a 

near-surface ichnofabric index and the dual porosity/permeability structure of prospective 

hydrocarbon reservoirs. The basic attributes of subsurface visualization can be readily 

extended to other mesoscale biogenic structures in evaporite and siliciclastic media.  

Future efforts should focus on refining the indicative meaning of burrow style 

variations, with ongoing research of C. guanhumi currently underway. In addition, 

emphasis should be placed on designing automated post-processing algorithms for 

burrow recognition and mapping of subsurface targets in bioturbated media, with polarity 

structure mapping of void spaces. Furthermore, amplitude analysis of 3D images may 

prove useful for quantification of spatial distribution and volumes of biogenically altered 



75 

 

sediment. These approaches will provide meso-scale resolution for sedimentary 

lithosomes, which is relevant in scale to ichnofabric analysis and fluid flow. 
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APPENDIX A  

   NORTH PIGEON CREEK FIELD DATA  

 

Cardisoma guanhumi Burrow Plot Data  

 

Plot #1 

(5x5)  

GPS: N 24 

00, 659', W 

74 27, 572' 

     

Burrow 

number  

Diameter 

Minimum 

or width 

(cm) 

Diameter 

Maximum 

or Length 

(cm) 

Inclination 

(degrees) 

Mean 

Diameter 

% 

error 

Crab 

Biomass 

(g) 

1 3 8 x= collapsed 5.5 62.5 147.67 

2 4 5 50 S 4.5 20.0 126.67 

3 6 7 x 6.5 14.3 168.67 

4 8 13 x= collapsed 10.5 38.5 252.67 

5 7 8 39 NE 7.5 12.5 189.67 

6 9 11 40 NE 10 18.2 242.17 

7 3 5 37 S 4 40.0 116.17 

8 9 10 48 NW 9.5 10.0 231.67 

9 11 16 x= collapsed 13.5 31.3 315.67 

10 5 5 46 E 5 0.0 137.17 

11 3 5 30 W 4 40.0 116.17 

12 3 4 36 E 3.5 25.0 105.67 

13 7 8 44 E 7.5 12.5 189.67 

14 7 7 x= collapsed 7 0.0 179.17 
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15 5 7 x= collapsed 6 28.6 158.17 

16 5 5 30 W 5 0.0 137.17 

17 16 18 bowl shaped 

collapse 

17 11.1 389.17 

18 16 21 bowl shaped 

collapse 

18.5 23.8 420.67 

19 12 10 x= collapsed 11 -

20.0 

263.17 

20 12 10 bowl shaped 

collapse 

11 -

20.0 

263.17 

21 5 6 50 W 5.5 16.7 147.67 

22 5 6 42 E 5.5 16.7 147.67 

23 11 11 x= collapsed 11 0.0 263.17 

24 3 3 36 NE 3 0.0 95.17 

25 4 4 partial 

collapse-50 

NW 

4 0.0 116.17 

26 7 8 26 W 7.5 12.5 189.67 

27 2 2 41 W 2 0.0 74.17 

28 3 5 50 S 4 40.0 116.17 

29 10 11 x= collapsed 10.5 9.1 252.67 

30 6 7 40 E 6.5 14.3 168.67 

31 3 3 vertical 3 0.0 95.17 

32 10 12 x= collapsed 11 16.7 263.17 

33 8 9 x= collapsed 8.5 11.1 210.67 

34 5 6 30 W 5.5 16.7 147.67 
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35 2.5 2.5 60 N 2.5 0.0 84.67 

36 10 12 x= collapsed 11 16.7 263.17 

37 4 5 partial collapse 4.5 20.0 126.67 

38 3 4 34 NW 3.5 25.0 105.67 

    
7.26 14.8 
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Plot #2 

(5x5) 

GPS: N 24 00, 

660', W74 27, 

578' 

     

Burrow 

number  

Diameter 

Minimum 

(cm) 

Diameter 

Maximum 

(cm) 

Inclination 

(degrees) 

 
% error Crab 

Biomass 

(g) 

1 10 14 x 12 28.6 284.17 

2 6 7 20 NE 6.5 14.3 168.67 

3 9 11 x 10 18.2 242.17 

4 7 10 32 W 8.5 30.0 210.67 

5 5 6 30 N 5.5 16.7 147.67 

6 6 10 x 8 40.0 200.17 

7 7 8 33 E 7.5 12.5 189.67 

8 4 5 41 E 4.5 20.0 126.67 

9 8 8 30 N 8 0.0 200.17 

10 5 5 20 N 5 0.0 137.17 

11 2 2 x 2 0.0 74.17 

12 7 12 x 9.5 41.7 231.67 

13 6 6 24 NW 6 0.0 158.17 

14 8 8 34 NW 8 0.0 200.17 

15 6 4 x 5 
 

137.17 

16 5 6 40 SW 5.5 16.7 147.67 

17 3 5 x 4 40.0 116.17 

18 4 5 30 S 4.5 20.0 126.67 

19 3 3 x 3 0.0 95.17 

20 7 11 40 N 9 36.4 221.17 
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21 8 8 32 SE 8 0.0 200.17 

22 3 3 28 E 3 0.0 95.17 

23 7 9 x 8 22.2 200.17 

24 10 14 x 12 28.6 284.17 

25 3 4 x 3.5 25.0 105.67 

26 5 5 30 E 5 0.0 137.17 

27 8 9 x 8.5 11.1 210.67 

28 3 3 34 NE 3 0.0 95.17 

29 9 10 38 SW 9.5 10.0 231.67 

30 5 6 38NE 5.5 16.7 147.67 

31 10 12 x 11 16.7 263.17 

32 11 14 x 12.5 21.4 294.67 

33 5 6 30 N 5.5 16.7 147.67 

34 3 3 26 W 3 0.0 95.17 

35 2 3 20 NW 2.5 33.3 84.67 

36 2 3 24 N 2.5 33.3 84.67 

37 4 4 30 E 4 0.0 116.17 

38 2 3 28 N 2.5 33.3 84.67 

39 3 4 mean 

vertical 

3.5 25.0 105.67 

40 6 6 28 N 6 0.0 158.17 

41 4 4 33 N 4 0 116.17 

    
6.2 15.7 
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Plot #3 

(5x5) 

GPS: N 24 00, 

648', W74 27, 

570' 

     

Burrow 

number  

Diameter 

Minimum 

(cm) 

Diameter 

Maximum 

(cm) 

Inclination 

(degrees) 

 
% 

error 

Crab 

Biomass 

(g) 

1 5 6 40 SE  5.5 16.7 147.67 

2 13 19 x 16 31.6 368.17 

3 5 6 38 NE  5.5 16.7 147.67 

4 4 4 42 S 4 0.0 116.17 

5 9 11 x 10 18.2 242.17 

6 10 13 40 W 11.5 23.1 273.67 

7 11 14 41 W 12.5 21.4 294.67 

8 11 11 45 W 11 0.0 263.17 

9 11 12 45 W 11.5 8.3 273.67 

10 12 13 42 SW 12.5 7.7 294.67 

11 3 3 40 NW 3 0.0 95.17 

12 11 11 60 W 11 0.0 263.17 

13 3 3 x 3 0.0 95.17 

14 2 2 36 N 2 0.0 74.17 

15 2 2 38 E 2 0.0 74.17 

16 2 4 35 NE 3 50.0 95.17 

17 2 2 30 S 2 0.0 74.17 

18 17 17 x 17 0.0 389.17 

19 2 2 55 SE 2 0.0 74.17 

20 2 2 42 S 2 0.0 74.17 
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21 3 3 40 S 3 0.0 95.17 

22 15 20 x 17.5 25.0 399.67 

23 4 5 x 4.5 20.0 126.67 

24 3 3 20 E 3 0.0 95.17 

25 3 4 28 SW 3.5 25.0 105.67 

    
7.1 10.5 
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Cardisoma guanhumi Burrow Cast Volume 

 

Burrow 1 
    

Tunnel Dimensions 

(cm) 

    

Section 1 
 

Volume Total (cm^3) Total (dm^3) 

Height 9 990.0 5023.2 5.0 

Length  23.5 
   

Width 4.9 
   

Section 2 
    

Height 9 547.9 
  

Length  10 
   

Width 7.2 
   

Section 3 
    

Height 9 584.7 3007.2 
 

Length  17.1 
   

Width 4 
   

Section 4 
    

Height 9 272.6 
  

Length  6.4 
   

Width 5.9 
   

Section 5 
    

Height 9 612.1 
  

Length  12 
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Width 6.4 
   

End Chamber 
    

Height 8 2016.0 
  

Length  12 
   

Width 21 
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Burrow 3 
    

Tunnel Dimensions 
 

Volumes Total (cm^3) Total (dm^3) 

Section 1 
    

Height 6.2 304.2 644.4 0.6 

Length  10.1 
 

2577.6 2.6 

Width 5.5 
   

Section 2 
    

Height 6.2 262.3 
  

Length  11.2 
   

Width 4.1 
   

Section 3 
    

Height 6.2 77.9 
  

Length  4 
   

Width 4 
   

End Chamber 
    

Height 0 1933.2 
  

Length  0 
   

Width 0 
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Burrow 4  
    

Tunnel Dimensions 
    

Section 1 
 

Volume (cm) Total (cm) Total (dm^3) 

Height 6.7 249.7 6236.5 6.2 

Length  7.5 
   

Width 6 
   

Section 2 
    

Height 6.7 988.4 
  

Length  19 
   

Width 8.6 
   

Section 3 
  

1712.7 
 

Height 6.7 474.5 
  

Length  9.8 
   

Width 9 
   

End Chamber 
    

Height 5 4523.9 
  

Length  10 
   

Width 19 
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Burrow 5 
    

Section 1 
 

Volume total volume 

(cm) 

total volume 

(dm^3) 

Height 4.5 235.2 9617.6 9.6 

Length  10 
   

Width 6 
   

Section 2 
    

Height 4.5 415.3 
  

Length  16 
   

Width 6.3 
   

Section 3 
    

Height 4.5 205.4 
  

Length  10.2 
   

Width 5 
   

Section 4 
    

Height 4.5 544.2 
  

Length  20 
   

Width 6.5 
   

Section 5 
    

Height 4.5 327.1 
  

Length  11.3 
   

Width 7.5 
   

Section 6 
    

Height 4.5 283.4 
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Length  10.5 
   

Width 7 
   

Section 7 
    

Height 4.5 211.4 
  

Length  10 
   

Width 5.3 
   

Section 8 
    

Height 4.5 157.4 
  

Length  6.5 
   

Width 7 
   

End Chamber 
    

Height 7 7238.2 
  

Length  16 
   

Width 17 
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Burrow 7 
 

Volume  Total 

Volume (cm) 

Total 

Volume 

(dm^3) 

Section 1 
    

Height 6.7 249.7 5784.2 5.8 

Length  7.5 
   

Width 6 
   

Section 2 
    

Height 6.7 988.4 
  

Length  19 
   

Width 8.6 
   

Section 3 
    

Height 6.7 474.5 1712.7 
 

Length  9.8 
   

Width 9 
   

End Chamber 
    

Height 7 4071.5 
  

Length  16 
   

Width 11 
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Burrow 8 
    

Section 1 
  

Volume (cm) total Volume 

(dm^3) 

Height 10.5 1559.7 3343.7 3.3 

Length  16.4 
   

Width 10.5 
   

Section 2 
    

Height 10.5 270.6 
  

Length  6 
   

Width 5.3 
   

Section 3 
    

Height 10.5 1513.4 
  

Length  13.3 
   

Width 14 
   

No end chamber 
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Burrow 9 
    

Section 1 
  

Volume 

Total (cm) 

Volume total 

(dm^3) 

Height 8.8 888.1 15337.5 15.3 

Length  16.5 
   

Width 6.7 
   

Section 2 
    

Height 8.8 1975.8 
  

Length  43.5 
   

Width 5.3 
   

Section 3 
    

Height 8.8 689.5 3553.4 
 

Length  12.3 
   

Width 7.3 
   

End Chamber 
    

Height 9 11784.1 
  

Length  31 
   

Width 13 
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Burrow 10 
   

Dimensions of end 

chamber 

 
Volume (cm^3) Volume total 

(dm^3) 

Height 12 19800.0 29.3 

Length 55 
  

Width 30 
  

shaft 
   

length 42 9533.2 
 

diameter 17 
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APPENDIX B 

GPR DATA 

 

Overview of GPR Transects, San Salvador 2016 

 

Transect #  Location                Field book        Comments 

1/18 

679-683  Sandy Hook                 4-6           light on burrows 

684-686 French Bay                  6 +  

                                                    Savarese notes                                                                  

1/19 

687-696 Pigeon Creek   8-12          Archaeology/ Cg and Gl  

        burrows 

697-714 C. guanhumi 3D   14-15 

715,717,718 Road north    19           walking along road 

from  

                                                                                                                   Pigeon Creek 

716  The Thumb (road to scarp) 19            2 m Joaquin scarp 

717-718 Salt Pond    Savarese notes   

1/20  

719-720 Hanna Bay   20-24           Gl burrows/720 Oq  

                                                                                                                   burrows 

721-722 Hanna Bay               attempt on boulders to 

          image lithified traces 

724-740 G. lateralis 3D   26-27            directly behind 

foredune 
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741-742 Hanna Bay again  36-40           prolific Gl burrows 

743-744 East Beach (road)  42           W-E then S-N along  

                                                                                                                  beach/Oq burrows 

745-760 O. quadrata 3D   44-45    

761-762 East Beach swale  46           sea turtle nests? 

  

763-764 N. Pigeon Creek Cg burrow 46-49                   mega burrow: along  

 

burrow at 5mm/1 cm 

 

765-771 N. Pigeon Creek Cg burrow 46-49               perpendicular to burrow               

   

    

 

Overview of GPR Transects, San Salvador 2017 

    

Transect # Location  Field book   Comments 

1/21  

124  NPC    78-79  Washover (N-S), burrow 

(cast 5) 

125  NPC    79  perp to washover,   

            

        from edge of creek (W-E) 

126  NPC    89  from path to 3D grid  

127-132 NPC    90  2.5 m grid (3 Cg) 

133  NPC    91  short down burrow  

           

        dip 

134  NPC    91               short over opening 
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Burrow I mages for Post Processing (2016) 

 

Profile  Distance (m)  Image   C, G or O Comments 

Pigeon Creek (archaeology transects) 

687  1-4   cluster   C 

22   burrow   C 

  23.4   opening  G   *  

688  2   burrow   C     

  3.5   collapsed  C    

  6   burrow   C 

691  1.5   opening  G 

  11.5   opening  G 

693  1.5   opening  G same as 691, diff smp 

# 

  11.5   opening  G 

 

Hanna Bay   

719  53   opening  G          **  

  122.5   burrow   G 

  124.5   burrow   G 

  125.6   burrow   G 

  165   burrow   G 

  171   burrow   G 

  195.4   opening 
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720  1.2   opening  O 

  15.5   burrow   O 

  20   opening  O 

  22   collapsed  O disturbance, H left 

 

 

Profile  Distance (m)  Image   C, G or O        Comments 

East Beach 

741  146   burrow   G   

  147   opening  G 

  147.3   opening  G  

  148.2-.5  burrow/opening G  ****   

  149.5   burrow   G  ***  

  152   opening  G  *  

  154.6   burrow   G    

  206.3   burrow   G 

  214   burrow   G 

  224-25   burrow x 3  G 

  228-35   bioturbated area G 

  235.3   crab in burrow   G   

  

 

This whole transect has potential G burrows not noted in field notes (188,189.5) 
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742  52.4   burrow   G 

  56.8   opening x 3  G 

  65.5   burrow   G  *  

  83.7   burrow   G  *  

  87   what is it? 

   104.7   burrow   G  decent H 

  144   opening  G  *  

  144.5   burrow   G  *  

  170.8   burrow   G  small break in  

  170-78   burrow area  G                        beds 
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Burrow Images for Post Processing 2017 

 

Profile  Distance (m)  Image  C, G or O Comments 

NPC 

124  48.2   washover burrow  all C 

125  18   washover burrow  

126  .5   large burrow 

  9-11   mounds 

  20.6   burrow 

  33   abandoned burrow 

  36   over cast 6  

  42         burrow and mounds 

127  1.7   opening 

129  2.0   tunnel 

  1.5   burrow 

  2.3   double opening 

130  1.3   tunnel 

131  1.3    opening 

133  2.1   opening 

134  1.1   over burrow 

135  1.3    tunnel 

  1.8   tunnel  

  4.4   opening  
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GPR Profile Notes 

 

C= Cardisoma 

G= Gecarcinus 

O=Ocypode 

o= open 

c= collapsed 

b= burrow 

 

 

DATE 
 

1/18/2016 

PLACE 
 

SANDY POINT 

DESCRIPTION 
  

   

TRANSECT NUMBER 
 

679 

DETAILS MARKS 
 

SL  
 

YELLOW HOUSE 

9 m                                           1 start foredune    

25 m 
 

scarp top 

31 m                                        2 ramp bottom 

35 m                                      3 aeolianite clast (LHTS) 

46-51  
 

aeolianite outcrop/EL berm 

scarp 

   

TRANSECT NUMBER 
 

680 

DETAILS 
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SL 
 

starting at 35 m. on 679 

4 
 

clast 

78 1 
 

89 
 

clast 

100 
 

EL 

   

TRANSECT NUMBER 
 

681 

DETAILS 
  

SL 
 

Starting at swale 2, moving 

seaward 

4.5-5 
 

ant mounds 

  
move to 682 at this point which  

  
intersects 680 at 78 m.  

   

TRANSECT NUMBER 
 

682 

DETAILS 
 

682 is a continuation of 681, 

slightly  

  
shifted (see field book) 

3.5 1 top ridge 2 (FDR on 679) 

12 
 

aeolian ramp bottom 

16.5 2 x 680 

21 
 

clast 

25 
 

middle swale 1 

39 
 

start ridge 0 

45.5 3 top scarp ridge 0 

51 
 

ramp bottom 
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55.5 
 

clast 

60 
 

outcrop/ EL berm crest 

   

TRANSECT NUMBER 
 

683 

DETAILS 
 

burrows 

 
1 ob 

 
2 double burrow (y) 

 

DATE 
 

1/18/2016 

PLACE 
 

FRENCH BAY  

DESCRIPTION 
 

 Overwash area and Ilya's buried scour 

channel 

  
(684 and 686) 

TRANSECT 

NUMBER 

 
684 

DETAILS 
 

field notes taken by Mike Savarese 

 
Marks transect N to S 

SL      
 

23 57.271    74 31.866 

10 m 
 

ramp top 

13 1 middle road 

16 
 

ramp top on south of road 

33-34 
 

possible buried boulders 

37.5 
 

deepest part thalweg 

42.5 
 

dune scarp in subsurface/beds dip 

landward 

58 
 

spring high tide 
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70 
 

EL berm crest 

   

TRANSECT 

NUMBER 

 
685 

DETAILS 
 

burrows  

 
1 over burrow 

 
2 between two openings (y) 

13.4 3 over burrow 

 
4 past burrow 

   

TRANSECT 

NUMBER 

 
686 

DETAILS 
 

field notes taken by Mike Savarese 

SL 
 

transect W to E 

  
23 57.251    74 31.863 

 
1 x 684 

  
scour channel in 3D here with both lines 

10 m 
 

burrow 

 

DATE 
 

1/19/2016 

PLACE 
 

NORTH PIGEON CREEK  

DESCRIPTION 
 

Archaeology and Cardisoma 3D 

   

TRANSECT NUMBER 
 

687 

DETAILS 
  

 
MARK

S 
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SL 
 

Queen's Highway moving south into 

mangroves 

4 m 
 

metal stake #1 (on crab mound) 

6.5 
 

metal stake #2 C burrow 

13 
 

Cb 

22 
 

Cb 

23.4 
 

Go 

33.2 
 

Cb 

35 1 EL at Stake #4 

   

TRANSECT NUMBER 
 

688 

DETAILS 
 

continues from 687 

SL 
 

Stake #4 and heading east 

2 
 

Cb 

3.5 
 

Cb-c 

6 
 

Cb 

10 
 

path starts to rise 

23.7 1 MP #1 

44-46 
 

Hyperbolics 

53 
 

1 meter down = U 

75.5 
 

EL at MP#3 

   

TRANSECT NUMBER 
 

689 

DETAILS 
 

continues 

SL 
 

MP #3 
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17.5 
 

Hyperbolic 

33-36 
 

test pit? 

38-42 
 

Hyperbolics ++ 

44 1 start L2 (landward of dune) 

57.5 2 MP #5 

77.6 3 corner of pit 2 

79.6 4 MP#6 

83 
 

Pit 1 SE corner 

84.5-87.7 
 

Hyperbolics  

103 
 

EL- vegetation 

 

N. Pigeon Creek 

(cont) 

  

   

TRANSECT 

NUMBER 

 
690 

DETAILS 
  

 
MARKS 

 

SL 
 

Pit 2 

2 m 
 

Pit 2 SE corner 

4 1 x 689 

12.5 
 

Hyperbolics ++ 

22 2 Test pit 4 SW 

26-31 
 

5 m. deep swale 

36 
 

EL 
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TRANSECT 

NUMBER 

 
691 

DETAILS 
  

SL 
 

pit 4 (at mark 2-690) 

1.5 
 

Go 

4-7.5 
 

mound 

10 1 Shovel test pit 5 

11.6 
 

Go 

12 
 

EL 

   

TRANSECT 

NUMBER 

 
692 

DETAILS 
 

same as 690 except 

400smp(deeper) 

SL 
  

22.6 1 test pit 4 SW 

33.5 
 

Hyperbolics and EL 

   

TRANSECT 

NUMBER 

 
693 

DETAILS 
 

same as 691 except 400 smp 

SL 
  

1.5 
 

Gb 

10 
 

shovel test pit 3 

11.6 
 

Go 
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TRANSECT 

NUMBER 

 
694 

DETAILS 
 

reverse of 689 

SL 
 

same as EL 689 

21.5 1 MP#6 

44 2 MP#5 

71 
 

vegetation ends 

101 3 x 695 

105 
 

EL 

   

TRANSECT 

NUMBER 

 
695 

DETAILS 
 

perpendicular to 694 

SL 
  

9.5 m 1 x 694 

10.5 
 

SW edge test pit 3 

13 
 

EL 

   

TRANSECT 

NUMBER 

 
696 

DETAILS 
 

reverse 688 

SL 
 

MP #3 

51.5 1 MP#1 

71.5 
 

Cb-c 

74.5 
 

EL- MP#4 
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N. Pigeon Creek (cont) 

 

 
3D Cardisoma grid 

  

    

 
TRANSECT 

NUMBER 

 
697-714 

 
DETAILS 

 
14 cm apart / 2.5 meters 

long 

Transect Mark 1 Mark 

2 

Mark 3 

697 M  O 
 

698 P B B 

699 M O 
 

700 OM 
  

701 B P 
 

702 OM P 
 

703 B P 
 

704 Depression M 
 

705 D M 
 

706 D 
  

707 
   

708 M 
  

709 CM 
  

710 B CM B 

711 O B 
 

712 O O 
 

713 B B 
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714 
   

    

    

 
M=mound 

  

 
P=partially 

collapsed 

  

 
B=burrow 

  

 
O=opening 

  

 

 

DATE 
 

1/19/2016 
 

PLACE 
 

Road north of PC & the Thumb 

DESCRIPTION 
   

    

TRANSECT 

NUMBER 

 
715,717,718 

 

DETAILS 
 

along the road 
 

    

TRANSECT 

NUMBER 

 
716 

 

DETAILS 
 

from the road to the Thumb 
 

 
Marks 

  

SL 
 

road 
 

61 m 1 FDR top 
 

79 
 

EL top of scarp (2 m) 
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DATE 
 

1/20/2016 

PLACE 
 

Hanna Bay 

DESCRIPTION 
 

L=landward, S=seaward, T=top 

  
Dune 1=oldest dune (near road) 

TRANSECT 

NUMBER 

 
719 

DETAILS marks 
 

SL 
 

base of dune 1 at the road 

29.5 1 1T-G 

38 
 

Gb 

42 
 

1S 

50-52 
 

G colony 

53 
 

Go 

54 
 

hyperbolic (G?) 

59.5 
 

Gb 

85 
 

2L 

98.5 2 2T 

119 
 

Gb 

122.5 
 

Gb 

124.4 
 

Gb 

125.6 
 

Gb 

130 
 

3L 

142 3 3T 

156 
 

3S- hyperbolics 
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165 
 

Gb 

171.3 
 

Gb 

181 
 

Gb 

195.4 
 

Go ***  

215 
 

clearing 

232 4 4T (foredune ridge) 

236.8 
 

EL at scarp top (~1m scarp) 

   

TRANSECT 

NUMBER 

 
720 

DETAILS 
 

beach N-S Ocypode burrows 

1.2 m 
 

Oo ***  

4 
 

x 719 

12.6 
 

Of (filled) 

15.5 
 

Ob 

20 
 

Oo 

22 
 

Of (filled) 

40 
 

EL 

   

TRANSECT 

NUMBER 

 
721-722 

DETAILS 
 

attempt to GPR over boulder 

traces 

see field book p. 

22 
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Hanna Bay 

   

 
3D Guanhumi 

grid 

   

     

 
TRANSECT 

NUMBER 

 
724-740 

 

 
DETAILS 

 
14 cm apart/2.5 m. 

long 

 
Mark 1 Mark 2 Mark 3 

 

724 B 
   

725 O O 
  

726 O C B(END) 
 

727 
    

728 O B 
  

729 B O 
  

730 O VEG 
  

731 O O O 
 

732 C 
   

733 O O O 
 

734 O C B O 

735 VEG C O 
 

736 VEG CLUMP 
   

737 O C 
  

738 O VEG 
  

739 O (small) 
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740(perp) B B B B 

(perpendicular, winds north of grid to 

~724) 

  

 

 

DATE 
 

1/21/2016 

PLACE 
 

Hanna Bay 

DESCRIPTION 
 

second profile here-road to beach 

   

TRANSECT 

NUMBER 

 
741 

 
marks 

 

DETAILS 
 

road to beach 

SL 
 

road 

27 
 

driveway blue house 

43 
 

1L (lithified dune0 

62 1 1T (about 2 m) 

73 
 

possible stellate 

79 
 

1S 

82 
 

Gb 

87 
 

2L 

108 2 2T 

115-130 
 

Gecarcinus area-hummocky, 

burrows 

123.3 
 

ants 

139 
 

2S 
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146 
 

Gb 

147 
 

Go 

147.3 
 

Go 

148.2 
 

Gb 

148.5 
 

Go 

149.5 
 

Gb 

152 
 

Go 

154.6 
 

Gb 

156 
 

3L 

184 
 

3S=3.5L (small dune) 

201 4 3.5T/possible stellate lithified 

206.3 
 

Gb 

213.9 
 

Gb 

224.3-224.6 
 

Gb (3) 

225 
 

4L 

228-235 
 

Gb area 

235.3 
 

Gb with crab 

258 5 4T 

290-295 
 

truncation from a previous storm 

297 
 

EL scarp top 

   

mark 3 = 3T btw. 156-184 
 

 

 

DATE 
 

1/21/2016 
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PLACE 
 

Hanna Bay 
 

DESCRIPTION 
 

second profile here-beach to 

road 

 

    

TRANSECT 

NUMBER 

 
742 

 

 
marks 

  

DETAILS 
 

beach to road/200 smp look for half 

hyperbolas 

SL 
 

scarp 
 

52.4 
 

Gb 
 

56.8-57.6 
 

Go (3) 
 

65.5 
 

Gb 
 

65-80 
 

Gb area 
 

83.7 
 

Gb 
 

104.7 
 

Gb 
 

117.4 
 

Gb 
 

138 
 

Gb 
 

144 
 

Gb 
 

144.5 
 

Go 
 

170-178 
 

Gb area off to side of path 
 

248 
 

soft sand (from lithified) 
 

295 
   

 

DATE 
 

1/21/2016 

PLACE 
 

East Beach rd. 
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DESCRIPTION 
 

400 smp W-E seaward 

  
Ghost crabs! 

TRANSECT 

NUMBER 

 
743 

 
marks 

 

DETAILS 
  

SL 
 

T4 near truck 

54.5 1 swale 

 
2 FDR top 

64.7 
 

Oo on aeolian ramp 

85 
 

EL LHTS 

   

TRANSECT 

NUMBER 

 
744 

DESCRIPTION 
 

S to N along beach 

   

DETAILS 
  

SL 
  

4.1 1 Ob/ x 743 

70.5 
 

Ob vertical 

13.5 
  

 

 

E. Beach Rd (cont.) 
 

3D Ocypode grid 
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TRANSECT 

NUMBERs 

745-760 

7 cm apart / 2 meters 

long 

 

plexi protects burrow opening  

Transect  POINT  DETAILS 

745 
  

746 
  

747 70 cm spoil pile 

748 
 

over spoil pile 

749 65 cm at opening 

750 75 cm direct over opening 

751 65 cm burrow shaft starts 

752 60 cm shaft at -40 cm 

753 
 

shaft deeper 

754 
 

shaft deeper 

755 
 

shaft deeper 

756 
 

shaft at -50 cm 

757 
  

758 
 

anomaly at -1.2 m. 

759 
 

anomaly at -1.2 m. 

760 
 

normal to above along 

shaft 

   

  
burrow dips landward 
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E. Beach Rd 

(cont.) 

 
DATE 1/21/2016 

 
Swale back 

and forth 

 
PLACE N. PIGEON CREEK 

 
TRANSECTS

: 761-762 

 
DETAILS MEGA CARDISOMA  

 
looking for turtle nests? 

 
763-64 along burrow 

    
765-770 across burrow 

    
771 same as 767 but with 

metal endoscope 

Trans

ect 

Details 
   

761 x 759 at road 

runs 3m 

 
TRANSECT 

NUMBERs 

763-770 

762 reverse 761 

400 smp 

 
TRANSECT  Detail 

   
763 1 cm interval 

   
764 5 mm interval 

   
765 proximal end chamber 

   
766-769 across burrow 

   
770 distal end chamber 

   
771 767 but with endo 
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Burrow Recognition and Attributes 

 

H=hyperbolic 

BD=bedding disturbance 

RP=reverse polarity 

L=longitudinal 

C=Cardisoma guanhumi 

O=Ocypode quadrata 

G=Gecarcinus lateralis 

 

 

Profile # Meter Crab recognized open,collapsed BD/H/L attributes comments

683 1 O n open severe atten at 35 cm

2 O y? Y burrow BD nope severe atten at 35 cm

not distinguishable if marks unknown

685 1.6 O y over BD, INCL angle

2.4 O y btw 2 openings RP,BD RP lacks typical contin. Reflectors (bb)

13.3 O n over deep attenuation (1.2 m)

15 O n past 

686 10 (2) O y open BD, H RP, depth, angle Ilya's channel

687 13 C n starts near road (deeper reflectors)

1-7 C n open all large cluster

22 C y open all RP, angle, depth, end chamber not super clear (branching?)

23.4 C y BD and L RP, angle, depth, cardisoma

33.2 C no

688 2 C n

3.5 C n coll severe signal weakening early

5--6 C y L RP, angle, depth

12 C y open H RP

691 1.5 G y o BD, L, H RP, depth, angle

11.6 G y o

8.5 G y o L, H RP angle

693 1.5 G y b L, H RP , angle,depth same as 691 but 400 smp (good)

9 and 10 G y o L, H RP, angle, depth recognized with no postprocessing

5 G y o RP, angle, depth

11.6 G y o

696 71.5 C n c

719 29.5 All G n b lost in bedding 719 attenuation at 55-80

38 y o BD, L ,H

50-52 y good shots 50- L/RP52-H/RP colony

53 yyyy!! o L big time RP 

54 y o H RP

59.5 y b BD difficult to see

119 y b H RP

122.5 y b H (double) RP interesting features

124.4 y b H RP

125.6 y b  BD,  L RP

165 y b BD, L ,H small L piece at surface RP

171.3 y b BD slight indication difficult to see

181 n b

195.4 n o
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Profile # Meter Crab recognizedopen,collapsed BD/H/L attributes comments

V= 10.4

720 1.2 Oq y o BD entrance double entr, vertical pull up 

12.6 Oq y? c attenuation at ~40 cm

15.5 Oq Y? b large gap at surface

20 Oq n o

22 Oq y c great example of entrance, broken reflectors, angle (can't tell depth)

741 87 Gl y b Bd, L depth, angle,L full resolution to > 1.2 m, H, 

297 m 115-130 Gl whole area

146 Gl y b H RP,depth

147 Gl y o L RP, angle

147.3 Gl y o L RP, angle

148.2 Gl Y b L RP, angle

148.5 Gl o RP

149.5 Gl Y b L RP, angle

152 Gl Y o L RP,angle

154.6 Gl Y b H RP, depth

206.3 Gl Y b L Rpangle

213.9 Gl Y b

224-224.6 Gl Y b 3 burrows

228-235 Gl Y whole area

235.3 Gl Y with crab

Gl

742 52.4 Gl Y b L RP, depth angle

56.8-57.6 Gl Y o L H 3 openings-VISIBLE 57.8,57.5

65.5 Gl Y b LH BD

65-80 Gl Y VARIOUS 6 BOTH H AND L

83.7 Gl Y b H overlapping structures

104.7 Gl N b

117.4 Gl Y b L H short L confused

138 Gl Y b L weak signal

144 Gl Y b L RP,angle, depth

144.5 Gl Y o H RP All H  40 cm and above

170-178 Gl Y area to the side

743 64.7 Oq no LACKS TYPICAL BEACH REFLECTORS

744 4.1 no bedding, atten at ~50 cm

70.5 no
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Profile # Meter Crab recognized open,collapsed BD/H/L attributes comments

2017 V=9.0 cm/ns

mark 1 (4.5) Cg n middle road

126 50 cm Cg y L RP large burrow

9 to 12 Cg Y 11.5 mound with artifacts/ser. Atten.

20.6 Cg n mound with burrow

33 Cg n abundant burrows

36 Cg n over cast 6 (cast out)

mark 3 Cg over cast 7 (cast out)

42 Cg y o L RP burrow and mounds

127-132 3D Cg scalercornia meadow starts at 25

131 1.3 Cg n

133 2.1 Cg y o BD,H,L RP, angle, H? interesting H reflections below Long.

134 1.1 Cg n

135 1.3 Cg yes BD, slight L tunnel btw two burrows 0.8-1.8 2 open burrows, tunnel between

1.8 Cg yes large tunnel

4.4 Cg n o 4.4 tunnel and 3.2 spoil pile

Exuma

Eleuthera

36 23 O y o BD attenuation at the water table with some strong reflectors below RP H at 39.5

beach 49.5 O n strong reflectors at 39.5

very disturbed bedding (deep H)

34 (beach) 89.7 O y open BD pull up vertically of horiz reflectors due to wave speed

90.5 O y open BD depth and RP better seen with AGC 6

120.6 O Y open

56 4.7 O maybe winding bay

5.2 O y many reflectors, generally bedding not H

93 O n

395 NPC2015 86.5 C y o see pp

93.6 C y 2

107.5 C y 2 double burrow

137.7 C n ?

388 0.1 C y L RP, inclinationvisible in unprocessed-no other disturbances and all attenuation

4.5 C y BD, H, RP, inclination and all attenuation

65 C y L,BD RP, inclination

77.5 C y BD

80.5 C possible BD

392 thumb 11.5 O n beach berm

23.5 O n

62.3 O y

62.7 O y
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Box Plots from One-Way ANOVA Tests for Significant Relationships Among 

Tracemakers for Three Attributes (p<0.05).  

LƴŎƭƛƴŀǘƛƻƴ ŀƴƎƭŜ 

όaύ 

hǉ Dƭ 
/Ǝ 

aŀǘǊƛȄ ǾŜƭƻŎƛǘȅ όǾύ 

/Ǝ 

hǉ 
Dƭ 

{ƛƎƴŀƭ ŀǘǘŜƴǳŀǘƛƻƴ ŘŜǇǘƘ 
όǘύ

hǉ 

/Ǝ Dƭ 
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GPR Profiles  

 

PROFILE 34 ELEUTHERA - JANUARY 2013 
SAMPLES:312 

FREQUENCY:8592.750977  

FREQUENCY STEPS:4 

SIGNAL POSITION:447.528369  

RAW SIGNAL POSITION:50 153  

DISTANCE FLAG:1  

TIME FLAG:0  

PROGRAM FLAG:0 

EXTERNAL FLAG:0 

TIME INTERVAL: 0.000000  

DISTANCE INTERVAL: 0.009498  

OPERATOR: _ 

CUSTOMER:_ 

SITE:_  

ANTENNAS:800 MHz shielded=3  

ANTENNA ORIENTATION:NOT VALID FIELD  

ANTENNA SEPARATION: 0.140000  

COMMENT:PROFILE_A=18 

TIMEWINDOW:36.309674  

STACKS:2 

STACK EXPONENT:1 

STACKING TIME:0.048000  

LAST TRACE:14549  

STOP POSITION:138.193383  

SYSTEM CALIBRATION:0.0000290943  

START POSITION:0.000000  

SHORT FLAG:0 

INTERMEDIATE FLAG:1  

LONG FLAG:0 

PREPROCESSING:0 

HIGH:0  

LOW:0 

FIXED INCRE MENT:0.300000  

FIXED MOVES UP:0  

FIXED MOVES DOWN:1 
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FIXED POSITION:0.000000  
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PROFILE 36  ELEUTHERA - JANUARY 2013 
SAMPLES:312 

FREQUENCY:8592.750977  

FREQUENCY STEPS:4 

SIGNAL POSITION:447.528369  

RAW SIGNAL POSITION:50153  

DISTANCE FLAG:1  

TIME FLAG:0  

PROGRAM FLAG:0 

EXTERNAL FLAG:0 

TIME INTERVAL: 0.000000  

DISTANCE INTERVAL: 0.009498  

OPERATOR:_ 

CUSTOMER:_ 

SITE:_  

ANTENNAS:800 MHz shielded=3  

ANTENNA ORIENTATION:NOT VALID FIELD  

ANTENNA SEPARATION: 0.140000  

COMMENT:PROFILE_A=18 

TIMEWINDOW:36.309674  

STACKS:2 

STACK EXPONENT:1 

STACKING TIME:0.048000  

LAST TRACE:7117  

STOP POSITION: 67.600681  

SYSTEM CALIBRATION:0.0000290943  

START POSITION:0.000000  

SHORT FLAG:0 

INTERMEDIATE FLAG:1  

LONG FLAG:0  

PREPROCESSING:0 

HIGH:0  

LOW:0 

FIXED INCREMENT:0.300000  

FIXED MOVES UP:0  

FIXED MOVES DOWN:1 

FIXED POSITION:0.000000  

WHEEL CALIBRATION:526.40002 POSITIVE DIRECTION:1  
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