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Quantifying the biogeography of coastal marine species is difficult and 

requires innovative study designs.  These challenges are the motivation behind this 

dissertation. The Sand Tiger shark (Carcharias taurus) is an important apex predator 

in the coastal oceans along the Eastern Coast of the United States. I conducted a study 

in the Delaware Bay and Mid-Atlantic coastal Ocean, which used historical species 

location records from acoustic telemetry matched to static and satellite-measured 

dynamic environmental predictor variables, to create a near-real time predictive 

species distribution model. Notably we found Sand Tigers were predicted by water 

temperature, water depth, day length and ocean color absorption in the near-infrared, 

which likely relates to turbidity in the coastal ocean. In this study I identified the 

timing and location of migratory corridors used by Sand Tigers, as well as how the 

timing and location of migration differed between juvenile, mature male and mature 

female Sand Tigers.  

In my second study, I investigated the timing and migration of Sand Tigers 

along the Delmarva Peninsula on much smaller spatiotemporal scales during their fall 

migration south, a time during which Sand Tigers are susceptible to anthropogenic 

threats. For the first time, I used an autonomous underwater vehicle to concurrently 

detect Sand Tigers carrying acoustic tags, and measure fine scale environmental 

properties of the sub-surface ocean to determine habitat selectivity. I found that Sand 

Tigers migrated rapidly and en masse through the coastal ocean off the Delmarva 

Peninsula and were selecting for waters near-shore, lower in salinity, and higher in 
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color dissolved organic matter. These results support the larger scale patterns in 

environmental predictors I found in my first study, as well as prove that using 

autonomous underwater vehicles is an effective method for extending our capabilities 

of detecting acoustically tagged marine species. 

Finally, I developed a novel tagging method that implanted an archival 

acoustic receiver into the body cavity of Sand Tigers, which were released alive and 

continued to conduct their annual migration before they were recaptured and the tags 

were removed. This tagging method allowed me to record associations between Sand 

Tigers and other acoustically tagged species for one year of the Sand Tigers life. 

Analysis of that dataset revealed potential fission-fusion behavior, or the change in 

size and composition of groups, in the Sand Tiger population depending on where the 

Sand Tigers were along the East Coast, and what they were likely doing during that 

time (i.e. feeding, searching for mates, migrating, etc.). I observed Sand Tiger 

aggregations change from mixed groups of male and female juveniles and adults, to 

groups of only adult males, to solitary phases where Sand Tigers were completely 

dispersed for weeks at a time. This study is important because it suggests the potential 

for social behavior in a shark species, but also identifies the possibility of 

anthropogenic impacts disproportionally impacting one sector of the Sand Tiger 

population as the composition of their aggregations changes in time and space. This 

dissertation uses advances in remote sensing and animal tagging methods to provide 

insights into the species distribution, habitat selection, and the migratory and grouping 

behavior of a coastal shark species under threat of population decline due to 

anthropogenic impacts along the East Coast of the United States and provides insights 
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into the ecology and biogeography of this species that will assist managers and 

researchers in future conservation efforts for this and other imperiled species. 
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Coastal marine species live in dynamic environments and occupy waters where 

they are exposed to direct and indirect anthropogenic impacts. In fact, a global review 

found that there is no area in the ocean that is not impacted in some way by humans, 

and nearly half of our oceans are strongly affected by anthropogenic effects (Halpern 

et al. 2008). Animals that spend their lives underwater are difficult to observe and 

therefore difficult from a management perspective to conserve. For these reasons, 

recording and quantifying coastal marine species’ distribution and habitat use in the 

coastal ocean is difficult and requires innovative study designs. Understanding an 

animal’s relationship with other animals and their environment at one time relied upon 

visual observations of animals, or simple mark and recapture studies, however 

technological advances allowed for the development of bio-logging to obtain 

measurements on the behavior, physiology and ecology of unrestrained animals that 

are otherwise difficult to obtain (Cooke et al. 2004, Davis 2008). In our oceans, sharks 

are an ideal model species for studying spatial and behavioral ecology because they 

are large enough to carry electronic tags, often make large-scale and predictable 

migrations, and display a wide range of behavioral adaptations.  

Globally, shark populations are declining rapidly (Baum et al. 2003, Baum et 

al. 2005, Ferretti et al. 2010). Historically, the effect of shark fisheries on shark 

population size has been trivial, however harvest of sharks for their fins has caused 

rapid population declines in recent decades around the globe (Baum et al. 2003).  In 

INTRODUCTION 



 2 

addition, shark bycatch is extremely common in teleost (tuna, swordfish, etc.) fisheries 

and plays an important role in shark population decline (Stevens et al. 2000, Torres et 

al. 2006). Recreational shark fishing has also increased in popularity in recent years 

(Campana et al. 2006), and has been shown to contribute to shark population declines 

(Campana et al. 2006, Ferretti et al. 2010), and inhibits recovery efforts. Shark 

population decline is cause for concern because of their vital role as apex predators. 

Increased biodiversity at both the producer and consumer level is necessary for a 

healthy and robust ecosystem (Worm et al. 2006). One problem for fisheries managers 

is that many shark species are migratory with large home ranges (Kohler et al. 1998, 

Aires-da-Silva et al. 2009, Speed et al. 2010). Because the shark’s movements are on 

large scales, it is difficult to measure the characteristics of the habitats they encounter 

and prefer. To understand why the populations of sharks are changing, it is important 

to know the habitats that sharks occupy and when, as well as what segment of the 

shark population is using that habitat (nursery ground for juveniles, pupping ground 

for mature females, etc.) 

The Sand Tiger shark Carcharias taurus is a large coastal shark that is found in 

seven distinct subpopulations around the globe (Northwest Atlantic, Mediterranean, 

Northwest coast of Africa, Southwest Atlantic, Southern coast of Africa, Australia and 

Southeast Asia: Compagno 2001, Lucifora et al. 2002).  Globally the Sand Tiger has 

experienced population decline and is currently listed as ‘vulnerable’ on the IUCN 

Redlist of Threatened Species (Pollard and Smith 2012), and critically endangered in 

two sub-populations (Eastern Australia: Pollard et al. 2007, and Southwest Atlantic: 

Chiaramonte et al. 2009). In the Northwestern Atlantic subpopulation, the Sand Tiger 

population was thought to have decreased by 75% between 1974 and 1991 (Musick et 
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al. 1993). Because of their low productivity, slow growth and aggregating behavior, 

the Sand Tiger shark is sensitive to anthropogenic effects, especially as bycatch in 

coastal fisheries, and is listed as a Species of Concern by the National Oceanic and 

Atmospheric Administration (Carlson et al. 2009). 

Sharks, and especially Sand Tigers (Northcutt 1977), have large brain-size to 

body mass ratios (Northcutt 1978), and they may be using that cognitive power to not 

only select for ideal habitats, but also to potentially change the size and composition of 

conspecific aggregations depending on their life history stage. Animals that move are 

reacting to internal (predator avoidance, reproductive behavior, internal clocks, etc.) 

and external (environmental drivers) cues that dictate what habitats an animal chooses 

at various times during their life (Nathan et al. 2008). This thesis is motivated by the 

need to investigate the spatial and behavioral ecology of Sand Tigers in relation 

external and internal cues. I believe it is necessary to study the biogeography of 

marine species on large (Chapter 1) and fine (Chapter 2) spatiotemporal scales, and 

that consideration needs to be made on how the biogeography of life history stages 

within a species (Chapter 3 & 4) differ in time and space. Only when we understand 

when and where a species occurs, can we make targeted management decisions 

regarding their conservation in the dynamic coastal ocean. 
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The Sand Tiger shark makes large-scale migrations in all geographic localities 

where it is found, and often segregates into tight aggregations of similarly sized and 

sexed sharks (Pollard et al. 1996, Dicken et al. 2007, Chiaramonte et al. 2009, Smale 

et al. 2012, Kneebone et al. 2014, Teter et al. 2015). Sand Tigers in the Northwest 

Atlantic subpopulation reliably return to the Delaware Bay and nearby coastal waters 

every summer where they can be caught on long-lines, tagged, and released alive. This 

makes the Delaware Bay a prime location to observe Sand Tiger behavior and habitat 

preferences for nearly half of their annual migration. For this research, I used Sand 

Tiger acoustic telemetry location records from 2009-2014 collected on moored 

acoustic receivers or mobile telemetry assets to monitor where and when Sand Tigers 

were occurring in the Delaware Bay and Mid-Atlantic Bight. To add environmental 

context to these location records, I utilized daily 1 km resolution remotely sensed sea 

surface conditions to location records from moored acoustic receivers deployed in the 

Delaware Bay and coastal ocean, or I utilized minute and meter scale sub-surface 

environmental conditions measured by an autonomous underwater vehicle to acoustic 

detections recorded by receivers on the vehicle. Understanding the external 

environmental parameters driving Sand Tiger distribution and migratory behaviors in 

the Mid-Atlantic Bight (Chapter 1) provided a broader context to the smaller scale 

habitat preferences observed during their fall migration south along the Delmarva 

Peninsula (Chapter 2), a critical time for Sand Tigers when they are likely exposed to 

many anthropogenic threats. In Chapter 1, I used a species distribution model to 
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predict the ecological overlap between juvenile and mature Sand Tigers, and while I 

knew Sand Tigers were aggregated in the Delaware Bay, I needed to develop a new 

tagging method to detect if these patterns in aggregation were consistent throughout 

the year (Chapter 3). This new tagging method, allowed me to study the changes in 

size and composition of Sand Tiger aggregations throughout their annual migrations to 

see if those patterns changed in time and space (Chapter 3). This dissertation is 

composed of three published manuscripts (Chapters 2-4), and one manuscript that is in 

preparation for publication (Chapter 1). Because each chapter is in publication format, 

there is some redundancy in the text and often the results from one chapter are cited in 

another. I have arranged the chapters not in chronological order, but in order from a 

large spatiotemporal scale analysis of Sand Tiger spatial ecology in the Mid-Atlantic, 

to fine-scale habitat preferences and behavioral ecology that creates those broad scale 

patterns. 
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Chapter 1 

SPATIAL ECOLOGY OF CARCHARIAS TAURUS IN THE MID-ATLANTIC 

OCEAN 

Sand Tiger sharks (Carcharias taurus) are a highly migratory coastal shark 

species with declining populations worldwide. This species exhibits many behaviors 

that make a coastal shark species difficult to manage, including aggregatory behavior, 

sexual segregation, and large-scale migrations, through shallow coastal waters with 

many opportunities for human interactions. Sand Tigers from the Western North 

Atlantic subpopulation are known to inhabit the Delaware Bay and surrounding 

coastal waters on a seasonal basis. This region has been recommended as a Habitat 

Area of Particular Concern for the Western North Atlantic Sand Tiger population. We 

developed models to predict Sand Tiger occupancy using spatially dynamic 

environmental predictors. Our models predicted Sand Tiger (juveniles, mature males, 

mature males, all sharks combined) occurrences in two study regions, the Delaware 

Bay and the Coastal Ocean. Sea surface temperature, day length, water depth, and 

ocean color absorption in the near-infrared (wavelength) were the most important 

environmental predictors of Sand Tiger occurrence, and correctly predicted 79-89% of 

Sand Tiger acoustic telemetry records in the two study regions. Our models predict 

differences in the timing and location of occurrences among juvenile, mature 

9  
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male and mature female Sand Tigers as well as areas where and when these life 

history stages overlap in the Mid-Atlantic Bight. We propose a daily updating forecast 

of Sand Tiger occurrence based on the models presented here, could be useful for 

conservation and management efforts in this important region. 

1.1  Introduction 

Sharks play important roles as top predators by restructuring the ecosystem 

through predation, or even altering trophic cascades through non-consumptive effects 

(Stevens et al. 2000, Myers and Worm 2003, Burkholder et al. 2013, Bornatowski et 

al. 2014). For these reasons, managers, researchers, and stakeholders are concerned 

about declining shark populations worldwide, and are taking efforts to enact 

meaningful conservation and management strategies to reverse these trends (Topelko 

and Dearden 2005, Kinney and Simpfendorfer 2009). Sharks that live in the coastal 

ocean face direct anthropological threats such as habitat degradation and fishing 

pressures (Holland et al. 1999, Stevens et al. 2000, Field et al. 2009, Speed et al. 2010, 

Kneebone et al. 2013). Coastal sharks that make large-scale seasonal migrations, 

traversing political boundaries, require coordination among managing organizations 

(Musick et al. 2000, Dicken et al. 2007, Speed et al. 2010, Kneebone et al. 2014). 

Furthermore, many coastal shark species segregate by life-history stage 

(Simpfendorfer et al. 2005, Sims 2005, Speed et al. 2010, Bansemer and Bennett 2011, 

Haulsee et al. 2016), which can result in segments of the population being 

disproportionally affected by disturbances, and/or protective management strategies.  

For marine animals that do not surface regularly or remain within coastal zones 

for much of the year, passive acoustic telemetry can be used to monitor movements 
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and migrations (Heupel et al. 2006, Donaldson et al. 2014, Hussey et al. 2015). This 

technique allows researchers to monitor numerous individuals of any species large 

enough to carry an acoustic transmitter within and between acoustic ranges of moored 

acoustic receiving arrays (Jackson 2011, Kneebone et al. 2012, Haulsee et al. 2015). 

Appropriately matching environmental predictors to these observations depend on the 

space and timescale of the predictors and the research question. Temperature-loggers 

(Kneebone et al. 2012, Aspillaga et al. 2016), benthic maps (Papastamatiou et al. 

2009, Breece et al. 2013), and remotely sensed sea surface properties (Breece et al. 

2016) have been used to provide environmental context to acoustic telemetry 

observations. Environmental sensors, such as those aboard the MODIS-Aqua polar-

orbiting satellite, collect measurements of the ocean surface properties, such as sea 

surface temperature (SST) and ocean color at scales relevant for broad scale (1 km 

resolution), dynamic (daily) species distribution models (Scales et al. 2016). Ocean 

temperature often relates to movement patterns exhibited by marine organisms due to 

physiological constraints (Manderson 2016), and ocean color properties are often 

considered proxies for in situ ocean properties such as turbidity and salinity (Siegel et 

al. 2005, Geiger et al. 2013). Even though sea surface temperature and ocean color 

variables are only measured on the surface of the ocean, studies have found this sea 

surface data can be predictive of species distributions in the ocean (Adams et al. 2016, 

Breece et al. 2016, Hazen et al. 2016).  

The Sand Tiger shark, Carcharias taurus, is a slow moving shark found 

aggregating in schools near the seafloor in coastal waters from the Gulf of Maine to 

Florid, and into the Gulf of Mexico as far as Louisiana (Compagno 2001, Carlson et 

al. 2009). Sand Tigers make seasonal migrations in the coastal ocean in all of their 
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major population segments around the globe [i.e. Northwest Atlantic: (Kneebone et al. 

2014, Teter et al. 2015, Haulsee et al. 2016), Southwest Atlantic: (Lucifora et al. 

2002), South Africa: (Dicken et al. 2007), and Eastern Australia: (Bansemer and 

Bennett 2011)], which are thought to be correlated with reproduction and seasonal 

habitat suitability. Globally, Sand Tigers have experienced population declines and are 

listed as “Vulnerable” on the IUCN Red List (Pollard and Smith 2012), and critically 

endangered in two subpopulations [Eastern Australia: (Pollard et al. 2007) and 

Southwest Atlantic: (Chiaramonte et al. 2009)]. Because of their low productivity, 

slow growth and aggregating behavior, the Sand Tiger is in danger of exploitation 

from recreational fishing and as bycatch in coastal fisheries in its Northwest Atlantic 

subpopulation as well. Due to these threats, Sand Tigers are listed as a Species of 

Concern by the National Oceanic and Atmospheric Administration (NOAA) (Carlson 

et al. 2009). Because of concerns about the status of the Sand Tiger stock in the 

Northwest Atlantic, NOAA is considering designating the Delaware Bay as a Habitat 

Area of Particular Concern (HAPC) (United States Office of the Federal Registry 

2016). Sand Tigers are known the frequent Delaware Bay and surrounding coastal 

ocean from the early spring to the late fall (Compagno 2001, Kilfoil 2014, Haulsee et 

al. 2015, Teter et al. 2015, Haulsee et al. 2016). The environmental conditions driving 

Sand Tiger distribution in this area are poorly understood, and estimating the ability of 

such conditions to predict their occurrence may help explain patterns observed in their 

distributions (Teter et al. 2015, Haulsee et al. 2016). 
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Figure 1.1: Map of study domain in the Mid-Atlantic region of the East Coast, USA. 
Points represent the positions of VEMCO VR2W moored receiving 
stations deployed from 2009-2013. Bathymetry contours shown at 25m 
intervals. Spatial extent of map represents the extent of satellite 
environmental data used as inputs in models. 
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1.2 Methods 

1.2.1 Location record collection 

Sand Tiger location records were obtained using acoustic telemetry. This study 

leveraged tagging efforts for projects carried out by Delaware State University and the 

University of Delaware between 2007 and 2013 (Kilfoil 2014, Haulsee et al. 2015, 

Haulsee et al. 2016). During that time, 303 Sand Tigers were captured and tagged with 

VEMCO acoustic transmitters (V16-6H n=207, V16P-6H n=43, V16-5H [external] 

n=33, VMT-1H/V16-4H dual tagged n=20, VEMCO LTD) in the Delaware Bay and 

surrounding Delaware coastal waters in accordance with the Delaware Department of 

Natural Resources and Environmental Control (DNREC; 2012-017F), Delaware State 

University IACUC, and the University of Delaware IACUC (1259-2014-0). All 

transmitters were internally implanted into the coelomic cavity of the Sand Tigers 

unless otherwise noted. Acoustic transmitter pulse rates varied depending on the goal 

of the initial study, but pulse rates ranged between 10-190 s, with an average for all 

tags of approximately 78 s. Sex, fork length (FL), and total length (TL) were 

documented for each Sand Tiger implanted with an acoustic transmitter.  

Passive acoustic transmitters were recorded on VR2 and VR2W (VEMCO Ltd. 

Nova Scotia, Canada) acoustic receivers deployed in the Delaware Bay and nearby 

Delaware coastal ocean (Fig. 1.1). Preliminary studies in this region estimate the 

detection range of VR2 and VR2W acoustic receivers to be at most 1 km, depending 

on conditions. The acoustic records were manually filtered to remove tags that 

remained on a single receiver over extended periods of time (likely dropped or 
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extruded tags), or to remove detections that were likely caused by code collision (e.g. 

single detections or detections in areas never frequented by Sand Tigers historically). 

1.2.2 Model Data Preparation 

Our study focuses on detections of Sand Tigers between 2009 May 16 – 2013 

August 31. Individual Sand Tiger presences from the detection records on the acoustic 

receivers were treated as daily presences at each receiver station. Each receiver station 

where an individual was not detected between their first and last day of detection was 

considered a pseudo-absence for that individual. Frequency of Sand Tiger presence on 

receiver arrays inside the Delaware Bay and in the Delaware coastal ocean over time 

was visualized by creating density plots of detections over time. To add an 

environmental context to when Sand Tigers were present and absent from the 

detection records, we plotted the smoothed average sea surface temperature from the 

MODIS-aqua (Moderate Resolution Imaging Spectroradiometer; 1 km resolution) 

satellite using the geom_smooth function in the R statistical environment [ggplot2; 

(Wickham 2009, Team 2013)].  

1.2.3 Predictor variables 

Sand tiger presence and absences were matched to daily, 1 km sea surface 

environmental conditions measured by satellite MODIS-aqua, as well as high-

resolution bathymetry. Daily level 2 MODIS-Aqua satellite data was retrieved the 

NASA Ocean Color Biology Processing Group, which was aggregated here: 

http://basin.ceoe.udel.edu/thredds/dodsC/Aqua1DayAggregate.nc. In total, 32 sea 

surface satellite products were matched to Sand Tiger presences and absences (Fig. 
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1.2a-d, Fig. A.1a-d, Table A.1). In addition, the water depth at each receiver station 

was extracted from a high-resolution bathymetry map (1 Arc-Second, NOAA National 

Centers for Environmental Information, U.S. Coastal Relief Model). We also included 

day length as potential predictor variable to account for seasonality and migration cues 

not captured by the satellite measured environmental datasets.  

To reduce the number of predictor variables included in the habitat model, we 

computed the Information Value scores for each predictor using the create_infotables 

function in the R statistical environment [InformationValue; (Prabhakaran 2016)]. 

This function uses the Weight of Evidence to calculate the predictive power of 

predictor variables in terms of a binary response variable, in our case presence (1) and 

absence (0) of Sand Tigers on acoustic detection receivers. Typically, information 

value scores of > 0.3 as strong predictors, 0.1-0.29 as medium predictors, 0.02-0.09 as 

weak predictors and <0.019 as non-predictive (Siddiqi 2006).  For predictor variables 

that were correlated (r > 0.70; cor function in R), the predictor variable with the 

highest information value was selected for model testing (Wegmann et al. 2016). In 

addition, the availability of predictor variables on future satellite observation platforms 

was also considered as a factor for predictor suitability.   
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Figure 1.2: Spring and fall composite images of a-b) sea surface temperature (°C) 
and c-d) ocean color absorption at 869nm (m -1) in the Mid-Atlantic 
region of the East Coast, USA, measured by the MODIS aqua satellite. 

a) b)

c) d)
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1.2.4 Model design and selection 

To model the non-linear relationship between Sand Tiger presence and the 

environment, we used generalized additive mixed models (GAMM; Lin and Zhang 

1999). Similar to generalized additive models [GAM; (Hastie and Tibshirani 1990)], 

this modeling technique estimates the complex relationships between predictor (e.g. 

remotely sensed environmental variables) and binomial response (e.g. 

presence/absence of Sand Tigers) variables, but allows for the interaction of a random 

effect (e.g. individual Sand Tiger behavior), to account for autocorrelation in 

individual location records (Wood 2004, Wood 2006, Aarts et al. 2008, Manderson et 

al. 2014). GAMMs were fit using the gamm4 package (Wood and Scheipl 2016), in 

the R statistical environment. Thin plate penalized shrinkage smoothers (ts) were used 

to model the binomial response (presence/absence) of Sand Tigers, specifying a 

maximum of 6 knots limits the model to a maximum of five effective degrees of 

freedom to protect against model over-fitting. The use of shrinkage smoothers 

effectively replaces forward/backward model building by automatically penalizing the 

degrees of freedom of smoothed covariates that do not contribute to a models 

performance (Marra and Wood 2011). A covariate penalized to ~1 effective degree of 

freedom (edf), indicates a linear relationship between the predictor and response, 

which does not require further smoothing. Covariates penalized to ~0 edf do not 

contribute to the models performance and are effectively removed from the GAMM. 

Tensor product smooths (t2) were used to test 2-way interactions between different 

combinations of environmental variables (Wood et al. 2013).  

Preliminary data exploration and anecdotal evidence suggested that the 

relationship between Sand Tiger presence and their environment differed depending 



on if they were inside or outside of the Delaware Bay. In addition, changes in the 

behavior of the Sand Tigers (i.e. migrations in the coastal ocean vs. over-summering 

in the Delaware Bay (Haulsee et al. 2016)), lead to differences in habitat use. Because 

of these reasons, we chose to build separate models for Sand Tigers inside (Delaware 

Bay), and outside (Coastal Ocean) of the Delaware Bay. To test for potential 

behavioral response differences among the different life history stages as seen in other 

shark species (Sims 2005, Mucientes et al. 2009) we also built separate models inside 

and outside of the bay based on the size and sex of Sand Tigers. We considered 

juveniles to be males less than 190 cm, and females less than 220 cm, and adults to be 

greater than these cut off lengths respectively based on previous studies (Gilmore et al. 

1983).  

We systematically tested for effects of interactions with the selected 

environmental predictors using reduction of the Akaike information criterion (AIC) as 

an indicator of increased model performance (Wood 2006). However, including too 

many interaction terms can prevent models from converging, or can cause models to 

become so complex that they are no longer interpretable. Keeping this in mind, we 

selected models that had reduced AIC scores, but were still ecologically interpretable 

and were the least complex.  

To calculate how much predictor variables were contributing to the overall 

performance of our top models, we used the varImpBiomod function in R [source code 

available here: https://bitbucket.org/rsbiodiv/species_distribution_model/src, 

(Wegmann et al. 2016)]. This function returns the variable importance score for each 

predictor variable in the final top models by systematically pulling out and 

randomizing each variable, and correlating the prediction made after randomization, to 

the prediction made by the original model. The variable importance score is then 
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calculated by taking 1 - correlation(original prediction, randomized prediction). If the 

new prediction is highly correlated to the original prediction, that variable has a lower 

influence on the model (i.e. closer to 0), and vice versa. If the predictions are 

negatively correlated, the variable importance score will be greater than 1, and 

indicates that the predictor variable has a very strong influence on the model’s 

performance. 

To test for potential model over-fitting, we ran a five-fold cross validation of 

our top models selected (Wegmann et al. 2016). Presence/absence records matched to 

environmental predictor variables were randomly split into 5 subsets. Over 5 

iterations, the models selected were re-trained on 80% of the data, reserving 20% of 

the data to use for prediction using the newly created model parameters. From this 

cross validation, a probability of occurrence was predicted for every presence and 

absence observation, allowing us to calculate the explained deviance (r2), optimal 

threshold (predicted prevalence where sensitivity equals specificity), sensitivity (true 

presences correctly predicted), specificity (true absences correctly predicted), percent 

correctly classified (PCC), and the AUC for each of the top models using the 

PresenceAbsence package in R (Freeman 2008).  

Relative probability of occurrence maps were created by inputting historic 

satellite layers from NASA’s MODIS-aqua satellite freely available online 

(http://tds.maracoos.org/thredds/dodsC/MODIS/2012/8Agg), into the best performing 

models in R. In addition, for static visualizations, we used 8-day climatologies of 

satellite predictor variables 

(http://basin.ceoe.udel.edu/thredds/dodsC/AquaClimatology8Day.nc) from 2002-2016 

and input to create seasonal probability of occurrence maps based on the average 



conditions. Input datasets were constrained to only include data values within the 

ranges of the matched predictor variables to avoid extrapolation of model predictions 

into novel conditions.  

1.2.5 Ecological overlap 

Finally, we visualized areas of overlap between mature and juvenile Sand 

Tigers by using the top models created for each sub-group inside of the Delaware Bay 

and in the Coastal Ocean model domains. Mature (males and females combined) and 

juvenile (males and females combined) occurrence was predicted using the top models 

for each sub-group and the 8-day climatologies of satellite predictor variables as 

inputs. Predicted probability of occurrence levels above the optimal threshold 

(predicted probability where sensitivity equals specificity) for each sub-group were 

considered a presence for that sub-group, and predicted probability of occurrence 

below the threshold considered an absence. This allowed us to visualize areas inside 

of the Delaware Bay and in the Coastal Ocean model domains where only mature 

Sand Tigers and only juvenile Sand Tigers were predicted to occur, as well as areas 

where they both are predicted to occur.  

1.3 Results 

1.3.1 Sand Tiger Detections 

Between 2009 May 16 – 2013 August 31, 52,674 daily detections were 

recorded for 264 of the 303 acoustically tagged Sand Tigers in the Delaware Bay and 

the Delaware coastal ocean VR2W acoustic receiver arrays (Fig. 1.1). Of these 

detections, only 16% (8,652) were matched to one-day environmental predictor 
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variables measured by satellite due to missing data in the satellite record (due to 

clouds). This dataset included presences from 112 juvenile, 102 mature male, and 45 

mature female Sand Tigers. The Delaware Bay study region contained more receivers 

than the coastal ocean receiver array, and therefore also recorded more matched 

acoustic detections of Sand Tigers (8211 vs. 441 respectively). During this time there 

were 6,481,980 pseudo-absences, or cumulative days when receivers and transmitters 

were both active for all transmitters combined, however, only 1,234,710 (~19%) of 

those absences could be matched to satellite measured environmental variables. Large 

sample sizes can substantially increase machine time and also prevent model 

convergence (Wood et al. 2013), thus we randomly sub-sampled 5% (61,736) of the 

absences for GAMM input.  

Sand Tigers arrived in the Delaware coastal ocean receiver array as early as 

day of year 104 (14 April) for juveniles, and day of year 122 (2 May) for mature 

sharks (Fig. 1.3a). Both juvenile and mature Sand Tigers arrived in the Delaware Bay 

array later in the year, with day of year 114 (24 April) and 151 (31 May) as the 

earliest days of arrival respectively (Fig. 1.3b). Sand Tiger departure from both the 

Delaware Bay array, and the coastal ocean array occurred within a narrower time 

frame than their arrival. The latest departure from the Delaware Bay array was on day 

of year 290 (17 October) for juveniles, and day of year 294 (21 October) for mature 

sharks (Fig. 1.3b), while their latest departure date from the coastal ocean array was 

day of year 302 (29 October) for juveniles and 294 (21 October) for mature sharks 

(Fig. 1.3a).  
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Figure 1.3: Density of Sand Tiger Carcharias taurus presences recorded by VEMCO 
VR2W moored acoustic receivers in the a) Delaware coastal ocean and 
the b) Delaware Bay study regions. Smoothed sea surface temperature 
(SST) measured by the MODIS aqua satellite at receiver stations in each 
subset region a-b) are shown as the black trendline surrounded the 95% 
confidence interval. 

a)	

b)
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1.3.2 Environmental relationships and predictor selectivity 

Analysis of the information valuation and correlation among environmental 

predictor variables reduced the number of variables for model testing from 32 to four. 

In the Delaware Coastal Ocean study region, water depth, sea surface temperature 

(SST), day length, and ocean color absorption at 869 nm (a869) contained the most 

information to explain Sand Tiger presence and absence. In the Delaware Bay study 

region, water depth, SST and day length explained the most information for Sand 

Tiger presence or absence.  

Table 1.1: Summary statistics for environmental predictor variables associated with 
Sand Tiger Carcharias taurus presence in the Delaware Coastal Ocean 
study region.  

Predictor Variable Range Mean SD 
Juveniles 

Depth (m) 8.90-24.40 15.72 4.51 
SST (°C) 13.26-25.68 19.38 2.27 

Day Length (h) 11.01-14.88 11.99 1.08 
a869 (m-1) 0.10-2.21 0.41 0.23 

Mature Males 
Depth (m) 9.10-24.40 17.03 4.96 
SST (°C) 17.68-26.64 21.21 2.12 

Day Length (h) 11.21-14.88 12.42 1.08 
a869 (m-1) 0.08-5.78 0.5 0.46 

Mature Females 
Depth (m) 7.40-24.40 16.84 4.46 
SST (°C) 15.77-25.38 20.31 2.28 

Day Length (h) 11.18-14.65 12.02 0.91 
a869 (m-1) 0.11-1.15 0.43 0.22 

All 
Depth (m) 7.40-24.40 16.46 4.74 
SST (°C) 13.26-26.64 20.32 2.36 

Day Length (h) 11.01-14.88 12.18 1.08 
a869 (m-1) 0.08-5.78 0.45 0.35 
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Environmental conditions where Sand Tigers were present varied depending 

on whether the sharks were in the Coastal Ocean (Table 1.1), or in the Delaware Bay 

study regions (Table 1.2), as well as by life history stage (Tables 1.1-1.2). Generally, 

Sand Tigers were found in shallower water in the Delaware Bay than the Coastal 

Ocean with mean ± SD depths of 8.03 ±	5.21 m and 16.46 ±	4.74 m respectively 

(Tables 1.1-1.2). Average depth varied little among the various life history stages in 

both study regions (Tables 1.1-1.2).  

Table 1.2: Summary statistics for environmental predictor variables associated with 
Sand Tiger Carcharias taurus presence in the Coastal Ocean study 
region. 

Predictor Variable Range Mean SD 
Juveniles 

Depth (m) 1.90-20.30 7.95 4.93 
SST (°C) 12.89-30.83 24.86 2.38 

Day Length (h) 11.17-14.93 13.72 1.05 
Mature Males 

Depth (m) 1.90-20.30 8.15 5.6 
SST (°C) 17.07-30-83 25.15 2.23 

Day Length (h) 11.21-14.93 13.79 1.00 
Mature Females 

Depth (m) 1.90-20.30 7.94 4.86 
SST (°C) 16.36-30.83 24.56 2.61 

Day Length (h) 11.01-14.93 13.5 1.13 
All 

Depth (m) 1.90-20.30 8.03 5.21 
SST (°C) 12.89-30.83 24.96 2.35 

Day Length (h) 11.01-14.93 13.73 1.04 

Sand Tigers were found in colder surface water temperatures in the Coastal Ocean 

than in the Delaware Bay (mean ± SD: 20.32 ± 2.36 °C and 24.96 ± 2.35 °C 

respectively, Tables 1.1-1.2). Juvenile Sand Tigers consistently arrived earlier to the 



Coastal Ocean and Delaware Bay study regions (Fig. 1.3a-b) and therefore were found 

in slightly cooler sea surface temperatures than mature male and female Sand Tigers, 

although their average temperatures were similar among life history stages (Tables 

1.1-1.2). In the Coastal Ocean study region, the average absorption at 869 nm varied 

little among life histories (Table 1.1). 

1.3.3 Model selection 

Generalized additive mixed models for juveniles, mature males, mature 

females and all life histories combined were built separately for the Coastal Ocean 

and Delaware Bay study regions (Table A.2). Penalized thin-plate smoothers 

eliminated predictor variables that were not contributing to model performance by 

driving the effective degrees of freedom (edf) for those variables to 0; however 

systematic testing for the influence of various predictor interactions was necessary. In 

total, 11 model combinations were tested for each of the life history sub-groups, as 

well as all Sand Tigers combined, for the Coastal Ocean study region. In addition, 9 

model combinations were tested for each life history sub-group and all sharks 

combined for conditions inside of the Delaware Bay study region.  

Top models for the different life-history stage sub-groups in each study region were 

identified via reduced AIC scores, increased r2 scores, and ecological relevance.  In 

the Coastal Ocean, the top model for juveniles, mature males, and all sharks combined 

included water depth, log a869, and an interaction between SST and day length (Table 

A.2). The top model for mature females in the Coastal Ocean included only a869, SST 

and day length, as the EDF for depth was driven to 0 and therefore did not contribute 

to the model’s performance (Table A.2, Table 1.3). 
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Although a simpler model including only depth, SST and a869 had a slightly lower 

AIC for mature females (Δ AIC = -8), the model produced predictions that did not 

make ecological sense in terms of the timing of arrival for mature females, therefore 

we chose the model that included day length as an interaction with SST (Table A.2). 

In the Delaware Bay study region, the top model among life-history sub-groups 

differed from the combined model (Table A.3). For juveniles, the top model included 

depth, SST and day length, as well as an interaction between depth and SST (Table 

A.3). The top models for mature males and all sharks combined contained the same 

terms: depth, SST, day length, and an interaction between depth and day length. 

Mature females were predicted by simply depth and an interaction between SST and 

day length (Table A.3). Inclusion of SST and day length individually into the top 

model for mature females did not significantly improve model performance (Δ AIC = 

+7) and therefore the simpler model was chosen.

General trends in variable importance were similar for each model in the 

Coastal Ocean study region, with the exception of mature females whose model did 

not contain depth (Fig. 1.4a). In general, SST and day length contributed the most to 

all models (0.63-1.07, Fig. 1.4a). For juveniles, day length was more important than 

SST (0.87 vs. 0.72), while day length and SST were essentially equally important for 

mature males (0.63 vs. 0.69, Fig. 1.4a). SST was much more important for mature 

females than day length (1.07 vs. 0.71, Fig. 1.4a). Interestingly, for the combined 

model, day length was more important than SST for predicting Sand Tiger presence/

absence (0.78 vs. 0.64, Fig. 1.4a). Depth and a869 were less important for all models 

in the Coastal Ocean study region (0.13-0.36), and contributed essentially equally 

within each model (Fig. 1.4a). In the Delaware Bay study region, the general 
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trend of variable importance was essentially the same for each of the 4 top models 

(Fig. 1.4b), even though each model structure was different. For each model, SST was 

the most important variable (0.52-0.59), followed by depth (0.39-0.44) and day length 

(0.22-0.30, Fig. 1.4b). 

Table 1.3: Top performing generalized additive mixed model summaries for models 
predicting Sand Tiger Carcharias taurus occurrence in the Coastal Ocean 
study region. Thresh. = optimal threshold, Sens. = sensitivity or percent 
presences correctly predicted, Spec. = specificity or percent absences 
correctly predicted. Included are AUC and r2 values for fitted model and 
after five-fold cross-validation, which show agreement. All variables 
significant (p<0.001) unless denoted with (*). 

Predictor Variables edf Thresh. Sens. Spec. AUC r2 AUCCV r2
CV

Juveniles 0.02 0.82 0.87 0.93 0.35 0.93 0.37 
s(Depth) 3.75 

s(log10(a869)) 3.20 
t2(SST x Daylength) 12.11 

Mature Males 0.03 0.86 0.89 0.93 0.35 0.92 0.31 
s(Depth) 3.93 

s(log10(a869)) 3.37 
t2(SST x Daylength) 10.29 

Mature Females 
s(Depth)* 0.00 0.03 0.80 0.78 0.86 0.21 0.83 0.17 

s(log10(a869)) 2.38 
t2(SST x Daylength) 3.12 

All 0.02 0.86 0.86 0.93 0.37 0.92 0.33 
s(Depth) 3.95 

s(log10(a869)) 3.67 
t2(SST x Daylength) 12.87 



Figure 1.4: Variable importance of generalized additive mixed models for juvenile, 
mature male, mature female, and all Sand Tigers Carcharias taurus 
in the a) Coastal Ocean study area, and in the b) Delaware Bay study 
area. 

In the Coastal Ocean study region, the response curves for depth for juveniles, 

mature males, and all Sand Tigers combined were generally bimodal, with peaks in 

positive response occurring at ~23 and ~12 m depth (Fig. 1.5a,d,j). However, for 

juveniles the response at deeper depths is likely insignificant based on the large 

confidence intervals around the average response smooth (Fig. 1.5a,d,j). All four of 

our top models also had a similar general trend in the response to a869, with a 

negative response at low absorption values, and wide confidence intervals at 

absorption values approaching and surpassing 1 m-1, however mature males and 

mature females and all sharks combined were predicted to occur in waters with higher 
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a869 values (Fig. 1.5b,e,h,k). The GAMM response to the interaction between SST 

and day length for each life-history stage and all sharks combined varied (Fig. 

1.5c,f,i,l). Juveniles had a very negative response when day length was short and SST 

was lower, but this relationship was less negative if days were short and the water was 

warm, or days were long and waters were cold (Fig. 1.5c). For mature males, short 

days regardless of the SST, and cooler water regardless of the day length resulted in a 

highly negative response (Fig. 1.5f). The model for mature females again contained a 

negative response to short cold days, but water above ~14 °C, regardless of the day 

length produced a positive response (Fig. 1.5i). Finally, for all sharks combined, the 

response to SST and day length was very similar to the response plot of the juveniles 

(Fig. 1.5c), with cold and short days producing a strong negative response in the 

model, but short warm days and cold long days having less of a negative response 

(Fig. 1.5l). 

In the Delaware Bay, depth was not predictive of juvenile Sand Tigers (edf=0, 

Table 1.4, Fig. 1.6a), and was not informative for the response of mature males 

because the mean trend line and surrounding confidence intervals encompassed 0 in 

the response plot (Fig. 1.6e). Confidence intervals around the mean response of all 

sharks combined to depth were large and encompassed zero, but in general there was a 

positive response for predicting the presence of sharks in waters deeper than ~10m and 

a negative response in waters shallower (Fig. 1.6k). For mature females, the response 

curve for depth was tri-modal, with peak positive responses occurring around ~17 m, 

~7 m and the shallowest waters in our study domain (Fig. 1.5i). The GAMM response 

to SST was very similar for juveniles, mature males, and all sharks combined with a  
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Figure 1.5: Coastal Ocean: Predictor variable response functions for GAMMs 
predicting the binomial response of a-c) juvenile, d-f) mature male, g-i) 
mature female, and j-l) all Sand Tigers Carcharias taurus within the 
Coastal Ocean study region.   

a)	 b)	 c)	

d)	 e)	 f)	

g)	 h)	 i)	

j)	 k)	 l)



 32 

positive response for water above ~20 °C, and a negative response in colder waters 

(Fig. 1.6b,f,l). Similarly, the response of juveniles, mature males, and all sharks 

combined for day length was also the same, with a positive response for days longer 

than 11 h and a very negative response for days shorter than 11 h (Fig. 1.6c,g,m). The 

top model for juveniles in the bay contained an interaction with SST and day length, 

which responded similar to that interaction outside of the bay in that the response was 

highly negative for short days with cold water (Fig. 1.6d). Mature males were 

predicted by the addition of an interaction between day length and depth, which 

revealed that on short days, the response is positive in deep water, and negative in 

shallow water, but as days get longer this relationship switches with the model 

responding negatively to deep water and positively to shallower water (Fig. 1.6h). For 

mature females, an interaction term between SST and day length showed a very 

negative response to cold SST on the shortest and longest days, with a less negative 

response to cold water on around the equinoxes (Fig. 1.6). Finally, for all sharks 

combined, an interaction between day length and depth was included in the top model 

in the Delaware bay, and shows in general a negative response for deep water 

regardless of day length, but especially on the shortest days, and a positive response 

for waters shallower than ~8m, but especially for the shallowest waters on the longest 

days (Fig. 1.6n). However, as a caveat, one must be careful interpreting each of these 

response plots separately as the prediction of the presence or absence of a Sand Tiger 

takes into account the additive effect of all of these predictor variable responses 

combined.  
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Table 1.4: Top performing generalized additive mixed model summaries for models 
predicting Sand Tiger Carcharias taurus occurrence in the Delaware Bay 
study region. Thresh. = optimal threshold, Sens. = sensitivity or percent 
presences correctly predicted, Spec. = specificity or percent absences 
correctly predicted. Included are AUC and r2 values for fitted model and 
after five-fold cross-validation, which show agreement. All variables 
significant (p<0.001) unless denoted with (*) 

Predictor	Variables edf Thresh.	 Sens.	 Spec.	 AUC	 r2	 AUCCV	 r2CV
Juveniles 0.02 0.82 0.87 0.93 0.35 0.93 0.37 

s(Depth)* 0.00 
s(SST) 0.95 

s(Day Length) 4.9 
t2(SST x Depth) 20.17 

Mature Males 0.03 0.86 0.89 0.93 0.35 0.92 0.31 
s(Depth) 4.65 

s(SST) 2.90 
s(Day Length) 4.83 

t2(SST x Day Length) 11.82 
Mature Females 0.03 0.80 0.78 0.86 0.21 0.83 0.17 

s(Depth) 4.95 
t2(SST x Day Length) 10.64 

All 0.02 0.86 0.86 0.93 0.37 0.92 0.33 
s(Depth) 4.67 

s(SST) 3.30 
s(Day Length) 4.93 

t2(Day Length x Depth) 14.33 
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Figure 1.6: Predictor variable response functions for GAMMs predicting the 
binomial response of a-d) juvenile, e-h) mature male, i-j) mature female, 
and k-n) all Sand Tigers Carcharias taurus within the Delaware Bay 
study region. 

Cross-validation confirmed that our models were performing well and were not 

over-fitting the data. Although the sensitivity, specificity and AUCCV of our models 

were similar between the two study regions, models In Bay performed slightly better 

a) b) c) d)

e) f) g) h)

i) j) 

k) l) m) n)
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than Coastal Ocean models when comparing r2
CV values for all life history sub-groups 

and all sharks combined (Tables 1.3-1.4). In the Coastal Ocean models, sensitivity 

scores (correctly predicting true presences) ranged from 0.79-0.82, and specificity 

scores (correctly predicting true absences) ranged from 0.78-0.82, indicating that these 

models are correctly predicting presences and absences of Sand Tigers ~80% of the 

time in the study domain (Table 1.3). In the Delaware Bay models, sensitivity and 

specificity were even higher (0.80-0.86 and 0.78-0.89 respectively, Table 1.3). In both 

study regions, our top performing model was that for mature males, with the model for 

mature females performing the least well likely due to having the lowest sample size 

of any life history category (Tables 1.3-1.4).  

1.3.4 Migration corridors and habitat overlap 

The top models for all life-history subgroups and all Sand Tigers combined in 

each study region were used to create prediction maps of the probability of Sand Tiger 

occurrence using daily and climatology satellite imagery as input. These outputs show 

dynamic patterns in potential Sand Tiger use of the Coastal Ocean and Delaware Bay 

study regions (see Supplemental Animations). All of the models predicted zero 

probability of Sand Tiger occurrence in the winter months (Fig. 1.7a, Figs. A.2a, A.3a, 

A.4a).
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Figure 1.7: Generalized additive mixed model predictions for all Sand Tiger 
Carcharias taurus prevalence in the Coastal Ocean study region in the 
a) winter, b) spring, c) summer, and d) fall using an 8 day climatology 
of SST and a869 from the MODIS aqua satellite record, day length, and 
depth as a predictor inputs. 

c)			

a)			 b)			

d)



 37 

In early May, when sand tigers first arrive, occurrences are highest in the 

shallow, near shore waters  (Fig. 1.7b), however inspection of the model predictions 

separated by life-history stage, it is mainly juvenile Sand Tigers driving this pattern 

(Fig. A.2b). Mature male Sand Tigers also appear to migrate into our Coastal Ocean 

study region using a narrow band of shallow near-shore water, but do so about a 

month later than juveniles (Fig. A.3b). Our models begin to predict Sand Tiger 

occurrence in the shallowest and deepest waters of the Delaware Bay in early June, 

(Fig. 1.8b), which the life-history models indicate are most likely mature males (Fig. 

A.6b).

By mid-summer (August), Sand tigers were using both the shallow near-shore 

waters, especially concentrated at the mouths of estuaries (Fig. 1.7c), as well as 

multiple areas in the Delaware Bay, but especially the shallowest and deepest features 

(Fig. 1.8c). Juveniles and mature females had lower probabilities of occurrence in the 

Coastal Ocean during the summer, with mature males appearing to drive the all sharks 

combined model prediction (Figs. A.2c, A.3c, A.4c). Areas in the Delaware Bay with 

high probabilities of juvenile and mature male occurrence appeared similar, with 

mature females having lower occurrence predictions in August (Figs. A.5c, A.6c, 

A.7c).

The fall migration of Sand Tigers out of the Delaware Bay and Coastal Ocean 

study regions occurred in October-November and the pattern was different than that of 

the spring migration. In the fall, Sand Tigers (juveniles, mature males, all sharks 

combined) moved from the shallow areas of the Delaware Bay into the mid-water 

level depth areas (Fig. 1.8d, Figs. A.5d, A.6d). Predictions of mature female Sand 

Tiger occurrence were much lower in the fall, and concentrated in the very shallowest 



near shore waters and deepest channel in within our study domain (Fig. A.7d). 

Outside of the Delaware Bay, in the Coastal Ocean, the migration route of Sand Tigers 

traveling south extended further offshore than in the spring migration (Fig. 1.7d). 

Inspection of the model predictions for each of the life-history stages revealed that 

Sand Tigers using the waters further offshore during the Fall were mainly the mature 

males and females, and that females were predicted to occur in the Coastal Ocean 

about a month later than juveniles and mature males (Figs. A.2d, A.3d, A.4d).  

The seasonal patterns of ecological habitat overlap by juvenile and mature 

(male and female) Sand Tigers in the Coastal Ocean study region were summarized by 

creating presence/absence prediction maps as opposed to probabilities of occurrence 

(Fig. 1.9). These maps clearly show the early arrival of juvenile Sand Tigers in the 

spring (Fig. 1.9b). In the summer, juvenile and mature Sand Tigers overlap in their 

habitat use in the near-shore coastal waters, extending slightly further offshore at the 

mouths of estuaries (Fig 1.9c). Finally, the extension of the southern migration 

pathway further offshore clearly visible, with most of the study region containing 

predictions for juveniles and mature Sand Tigers, and the deepest offshore waters 

containing only mature sharks (Fig. 1.9d).  Maps of ecological overlap for the 

Delaware Bay model show no clear patterns because for most of the year, our models 

predicted juveniles and mature Sand Tigers to co-exist, at least at the scale of our 

models.  
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Figure 1.8: Generalized additive mixed model predictions for all Sand Tiger 
Carcharias taurus prevalence in the Delaware Bay study region in the a) 
winter, b) spring, c) summer, and d) fall using an 8 day climatology of 
SST from the MODIS aqua satellite record, day length, and depth as a 
predictor inputs. 

a)			 b)			

c)			 d)			
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Figure 1.9: Overlap of life history stages of Sand Tiger Carcharias taurus 
prevalence predicted by generalized additive mixed models in the Coastal 
Ocean study region in the a) winter, b) spring, c) summer, and d) fall 
using an 8 day climatology of SST and a869 from the MODIS aqua 
satellite record, day length, and depth as a predictor inputs. 

c)			

a)			 b)			

d)
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1.4 Discussion 

Coastal shark species present management and conservation issues because 

they often make large migrations, segregate by life-history stage, and are found in 

close proximity to humans, and are therefore susceptible to various forms of 

exploitation that may fall under the jurisdiction of multiple entities (Speed et al. 2010). 

The Sand Tiger shark exhibits all of these characteristics, and detailed information 

about the distribution, habitat selectivity, and timing of their migrations is needed by 

managers to effectively manage Sand Tiger stocks. Dynamic habitat models allow 

managers to identify core habitats used by a species, and therefore identify areas 

where a species is more likely to interact with humans (Bonfil 1997, Speed et al. 2010, 

Zydelis et al. 2011, Teter et al. 2015). Our models use freely available remotely sensed 

and static ocean properties to create predictive distribution maps for Sand Tigers. We 

also analyze the differences in the timing and distribution of juveniles, mature males, 

and mature females in the Delaware Bay and Mid-Atlantic Bight. This geographical 

area is an important area for Sand Tigers, as they have been found to consistently 

return to the region during their seasonal migrations making it an area of active 

concern for conservation efforts (Compagno 2001, Carlson et al. 2009, Kneebone et 

al. 2014, Haulsee et al. 2015, Teter et al. 2015, Haulsee et al. 2016). 

1.4.1 Migration timing and migratory corridors 

Results from our GAMMs support current hypotheses of Sand Tiger migration 

into and out of the Mid-Atlantic Bight and Delaware study regions (Kneebone et al. 

2014, Haulsee et al. 2015, Teter et al. 2015, Haulsee et al. 2016). These movements 

are highly seasonal, with Sand Tigers reliably arriving into the study regions when the 

water temperature approaches 18 °C, and Sand Tigers promptly leaving these areas 



when waters fall below 18 °C. Juvenile Sand Tigers consistently arrived earlier than 

mature sharks into the Delaware Bay and Coastal Ocean, at times arriving almost a 

month earlier than mature sharks. In contrast, all sharks left the Delaware Bay the 

same time every fall (mid-October), with juveniles lingering in the Coastal Ocean for 

at most a week longer than mature sharks. This contrast in the arrival and departure of 

Sand Tigers into our study regions indicates that there are likely different forces 

driving these behaviors. Size segregation in the spring migration is likely a function of 

small juvenile Sand Tigers migrating earlier than adults to avoid interspecific 

competition. In addition it is likely that some of these juveniles are passing through 

our study region during their migration further north to nursery habitats as far north as 

the Plymouth-Kingston-Duxbury Bay (PKD), Massachusetts (Kneebone et al. 2012, 

Kneebone et al. 2014). Mature sharks seem to be reacting to water temperature, 

quickly moving north into the Mid-Atlantic coastal ocean as surface waters warm to 

approximately 18 °C. In the fall, the abrupt departure of the juvenile and mature Sand 

Tigers indicates that the migratory cue may be something much more acute. Kneebone 

et al. (2012) concluded that the rapid emigration of juvenile Sand Tiger sharks from 

the PKD Bay in Massachusetts was related to both water temperature and day length, 

but that day length might be a much stronger signal cueing the dispersal of sharks 

from the region because of the consistency in the timing of Sand Tiger emigration 

over their study. We observed a similar pattern in the rapid emigration of juvenile and 

mature Sand Tigers from the Delaware Bay and Coastal Ocean, represented by the 

steep slope of the density plots of Sand Tiger presence (Fig. 1.3), indicating that this 

behavior may be engrained in the population in the Western North Atlantic. Teter et 

al. (2015) found that no Sand Tigers were detected on acoustic 
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receivers in the Delaware Bay at surface temperatures below 18 °C, further supporting 

evidence that this temperature is an important thermal threshold for the arrival and 

departure for Sand Tigers in the Delaware Bay. Mature female Sand Tigers behave 

differently in the coastal ocean and are predicted to occur for approximately one 

month later than juveniles and mature males, and even after they are no longer 

predicted to occur in the Delaware Bay. This pattern likely reflects the sexually 

segregated migration observed in the southern migration of Sand Tigers in the 

Northwest Atlantic.  

A second notable difference in the spring and fall migratory behaviors 

predicted by the GAMMs built into this study, was the difference in the migratory 

corridors used by Sand Tigers during the spring and fall. In the spring, Sand Tigers 

were predicted to remain in very near-shore, shallow waters as they migrated north 

from the southern extent of our study region, to the Delaware Bay and further north. In 

the fall, all Sand Tigers extended their predicted occurrence to deeper water. This shift 

offshore, is clearly visible in the ecological overlap maps (Fig. 1.9) and shows that 

whereas juvenile and adult Sand Tigers may co-occur in most of our model domain in 

the fall, only mature Sand Tigers are found in the deepest waters extending to the edge 

of our model domain (25 m). While mature males are predicted to occur in deeper 

waters in the fall than in the spring, the area of their highest predicted occurrence is 

still in the shallow coastal waters. Mature male Sand Tigers tracked using pop-up 

satellite archival tags (PSATs) migrated south much further offshore than our model 

predicts (Teter et al. 2015), indicating that the presence records from the acoustic 

receiver array may not adequately capture the range of depths used by male Sand 

Tigers in the fall. However, a study using an autonomous underwater vehicle as a 
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mobile receiving unit found that male and female Sand Tigers were selecting for near-

shore waters during their southern migration in the Coastal Ocean (Haulsee et al. 

2015). This conflict between observed and modeled occurrence indicates there may be 

sub-groups within the Sand Tiger population in the Northwestern Atlantic Ocean that 

are behaving differently. 

In contrast, mature females are more evenly dispersed throughout our model 

domain in the fall. This pattern reflects suggested sexual segregation in the migratory 

routes chosen my mature male and female Sand Tigers in the fall, with mature females 

migrating further offshore than mature males, and potentially heading west to 

northwest after emigrating from the Delaware Bay (Teter et al. 2015, Haulsee et al. 

2016). Because we constrained our model by the available input data, model 

predictions were not made further offshore than the 25 m water depth contour. The 

PSATs used by Teter et al. (2015) showed that females (sub-adult or recently mature) 

likely migrate much further offshore in the fall than our model projected, although 

their sample size was small (n = 3), indicating that our models may not be capturing 

the migratory corridor in its entirety for mature female Sand Tigers in the fall. Future 

studies should extend telemetry assets offshore to locate the offshore extent of the 

Sand Tiger migratory corridor, either by placing receivers in deeper water, or using 

mobile telemetry platforms such as wave gliders or Slocum electric gliders (Oliver et 

al. 2013, Haulsee et al. 2015). In addition, Haulsee et al. (2016) found that during their 

southern fall migration, mature males were not found in close proximity to mature 

females, indicating segregation in the population that did not exist during the summer 

months, likely due to differences in the timing and locations of the mature female 

migration route. Sexual segregation is common in sharks (Klimley 1987, Sims 2005, 



Mucientes et al. 2009), but the underlying reason for this behavior in Sand Tigers at 

this point is not known. Segregation of mature Sand Tigers during fall migrations may 

be related to mating, with mature females possibly avoiding males by using deeper 

waters further offshore (Teter et al. 2015).  Klimley (1987) speculated that sexual 

segregation in scalloped hammerheads resulted from females moving offshore to 

avoid aggressive males. Another possible explanation for sexual segregation in Sand 

Tigers is that energy requirements differ among juveniles, mature males and mature 

females, with elevated energy demands for reproduction among mature females and 

subsequent movement of mature female Sand Tigers offshore in the fall to take 

advantage of warmer and more productive Gulf Stream waters (Teter et al. 2015). 

1.4.2 Interpretation of predictor variables 

Sea surface temperature and day length were the most important predictors for 

GAMMS created for all life-history stages in the Coastal Ocean. This emphasizes the 

importance of these variables for predicting the seasonal occurrence of Sand Tigers in 

the Mid-Atlantic Bight.  Sand Tigers have been documented in temperatures ranging 

from 9.8 - 26.9 °C for juveniles at the northern extent of their range (Kneebone et al. 

2014), and 13 – 26 °C in the Delaware Bay (Teter et al. 2015), which corresponds to 

the SST range observed for all sharks in our study (~13-30 °C). In the Delaware Bay, 

the mean SSTs for all Sand Tigers in our study were slightly elevated compared to the 

mean water temperatures recorded by PSATs deployed on male and female Sand 

Tigers by Teter et al. (2015) (males: 25.2 vs. 19.3 °C, females: 24.6 vs. 22.2 °C 

respectively). This likely indicates that Sand Tigers are spending time at depth, in 

waters cooler than the surface temperature.  
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In the Delaware Bay models, depth was the second most important predictor of 

Sand Tiger presence. The depths where Sand Tigers occurred appeared seasonal, with 

Sand Tigers found in shallower waters early in the season, and then moving to the 

deeper channels and sloughs as the season progressed. This seasonality in Sand Tiger 

occurrence related to depth was captured in our GAMMs through an interaction 

between depth and either SST or day length for all models except for mature females. 

Interestingly, our models predict a shift in depth of the occurrence of Sand Tigers 

between the summer and the fall. During the summer, Sand Tigers are predicted to 

occur in the shallowest and deepest regions of the Delaware Bay, but in the fall, our 

models predict Sand Tigers to move out of the shallower waters and into intermediate 

depths where they were not predicted to occur before. This pre-migration 

“shallowing” behavior was observed in the depth record for three male Sand Tigers 

carrying PSATs in the Delaware Bay as well (Teter et al. 2015). Depth as a predictor 

variable is likely a proxy for other environmental conditions that are important to Sand 

Tigers in the Delaware Bay. Globally, Sand Tigers are found around reefs, shipwrecks 

or other forms of physical structure (Pollard et al. 1996, Smale 2002, Whitfield et al. 

2011). In a soft-bottomed system like the Delaware Bay, rapid changes in depth along 

the edges of channels and sloughs may act as surrogates to physical structure for Sand 

Tigers. In addition, Sand Tigers were observed in waters with SSTs up to ~30 °C in 

the Delaware Bay, however PSATs rarely recorded Sand Tigers in ambient sea water 

temperatures higher than 23 °C (Teter et al. 2015), indicating that Sand Tigers may be 

choosing to spend time in the deeper channels of the bay to reduce energetic costs 

during times of rest, and moving to warmer and shallower waters only briefly to feed 

(Sims et al. 2006). This behavioral switch may explain our models predicting daily 



Sand Tiger occurrence in the shallowest and deepest areas of the Delaware Bay, but 

observations on the scale of the individual are necessary to confirm this hypothesis.  

Ocean color absorption in the near-infrared (869 nm) was included in the 

Coastal Ocean models. To our knowledge this is the first study to use ocean color 

absorption to as a dynamic environmental predictor of shark occurrence.  Absorption 

and normalized water leaving radiance levels in the near-infrared (748 and 869 nm) 

have been found to relate to the turbidity of the ocean in coastal waters 

(Wang and Shi 2005, Shi and Wang 2007). Previously, a study of Sand Tiger sharks in 

the Delaware Coastal Ocean found Sand Tigers to be selecting for ocean waters with 

elevated levels of color dissolved organic matter (CDOM), which relates to the 

turbidity of coastal ocean water (Haulsee et al. 2015). Smale (2002) also observed a 

relationship between turbid waters and increased Sand Tiger occurrence in the coastal 

waters off of South Africa. Often, turbidity is related to freshwater plumes exiting 

estuarine systems (Geiger et al. 2013), and may be an olfactory navigational cue for 

Sand Tigers migrating along the Eastern Coast of the USA (Montgomery and Walker 

2001, Haulsee et al. 2015).  In addition, turbid waters may increase the stealth of a 

predatory shark stalking prey (Ebert 1991), or allow conspecifics living in relatively 

close proximity to avoid competition (Chin et al. 2013).  

1.4.3 Conclusion 

Using remotely sensed and static environmental predictor variables and 

presence/absence records we created dynamic predictive species distribution models 

for the Sand Tiger shark in the Delaware Bay and Coastal Ocean. These models 

incorporate species location records using acoustic telemetry, with freely 
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available ocean surface properties, and similar methods could be applied in other 

systems for species of concern. Our models allow us to create daily, near-real time 

forecasts of where Sand Tigers are likely to be in the Mid-Atlantic Bight, allowing 

managers to assess potential interactions between humans and these sharks. We were 

able to create different models for the different life history stages of Sand Tigers to 

capture distinctive habitat preferences and migratory behaviors related to segregation 

among Sand Tigers. As local and federal managers continue to develop and implement 

conservation strategies for this coastal apex predator, we believe our model outlines 

features of Sand Tiger biogeography necessary for determining where and when Sand 

Tigers occupy key coastal and estuarine waters. Sand Tiger populations are in critical 

condition in the Southwestern Atlantic and Eastern Australia and applying this 

modeling technique in those regions may assist recovery efforts by providing more 

detail about habitat use and interactions with humans. Identifying and predicting 

habitats where Sand Tigers, or other coastal shark species of interest likely occur, and 

when they occur, is a powerful tool for identifying essential habitat and potential 

threats to the recovery of a population.  
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HABITAT SELECTION OF A COASTAL SHARK SPECIES ESTIMATED 

FROM AN AUTONOMOUS UNDERWATER VEHICLE 

Quantifying habitat selection in marine organisms is challenging because it is 

difficult to obtain species location information with multiple corresponding habitat 

measurements. In the ocean, habitat conditions vary on many spatiotemporal scales, 

which have important consequences for habitat selection. While macroscale biotic and 

abiotic features influence seasonal movements (spatial scales of 100−1000 km), 

selectivity of conditions on mesoscales (1−100 km) reflects an animal’s response to 

the local environment. In this study, we examined habitat selectivity by pairing 

acoustic telemetry with environmental habitat parameters measured by an autonomous 

underwater vehicle (AUV), and demonstrate that migrating Sand Tiger sharks 

Carcharias taurus along the East Coast of the USA did not randomly use the coastal 

environment. Of the variables examined, we found evidence to suggest that Sand 

Tigers were selecting their habitat based on distance to shore, salinity, and colored 

dissolved organic matter (CDOM). Notably, temperature was not predictive of habitat 

use in our study. We posit that during their coastal migration, Sand Tigers select for 

specific mesoscale coastal habitats that may inform navigation or feeding behaviors. 

To our knowledge, this is the first empirical measure of mesoscale habitat selection by 

a coastal marine organism using an AUV. The applications of this method extend 

Chapter 2 
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beyond the habitat selectivity of Sand Tigers, and will prove useful for future studies 

combining in situ observations of marine habitats and animal observations. 

2.1 Introduction 

The distribution of marine nekton is influenced by abiotic and biotic 

environmental cues on multiple spatial and temporal scales (Bowler & Benton 2005, 

Nathan et al. 2008, Torres et al. 2008, Huijbers et al. 2012). Animals selecting for 

habitats in patchy environments may also have patchy distributions, reflecting variable 

oceanic conditions. Quantifying the underlying environmental mechanisms driving 

patchy distributions of marine organisms requires understanding where the organisms 

are, and the habitats available to them. A mobile species distribution is the integration 

of individual movements; each depending on the animal’s physical ability to move and 

cognitive ability to navigate and respond to external factors (Nathan et al. 2008). The 

external cues that influence animal distributions depend on the perceptual range of the 

animal (Bowler & Benton 2005) and its ability to interpret the detected environment 

(Nathan et al.2008). Decisions regarding habitat selection are made on behavioral time 

scales, and are often based upon external cues sensed on scales relevant to the 

individual. In the aquatic realm, identifying external cues influencing mesoscale 

(1−100 km) habitat selectivity in the field is challenging and understudied. 

Habitat selectivity has been defined as the disproportionate use of a habitat 

compared to its availability (Johnson 1980, Morrissey & Gruber 1993, Manly et al. 

2002, Aarts et al. 2008). Marine organisms can select and use preferable habitat on 

multiple scales (Levins 1968, Morris 1987, Bowler & Benton 2005, Nathan et al. 

2008). Morris (1987) explained the importance of understanding habitat selection at 
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multiple scales in the environment, as these preferences can change at different 

spatiotemporal scales.  

Researchers interested in habitat selection on macroscales (100−1000 km) 

have used satellite telemetry capable of estimating locations (accuracy of 1−10 km) of 

marine organisms for a few months to a year (Kobayashi et al. 2008, Weng et al. 2008, 

Block et al. 2011). These locations are then compared to habitat parameters, 

represented by remotely sensed sea surface conditions, or temperature and depth 

recorders within the tags themselves. The results of these studies are useful for 

understanding global scale conditions that restrict marine species distributions, but can 

be too large in geographic scale to identify the small-scale subsurface biotic and 

abiotic habitat conditions that drive local distributions. 

Studies identifying mesoscale habitat use commonly use acoustic telemetry or 

visual sightings records to document species locations in the coastal ocean and 

estuaries (Heithaus et al. 2006, Torres et al. 2008, Huijbers et al. 2012, Kneebone et al. 

2012). The coastal ocean presents additional challenges in habitat selection studies due 

to its physical dynamics. Currents, tides, freshwater inputs, nutrient loading and 

patchy prey distribution create an environment that varies on scales much smaller than 

those in the open ocean (Epifanio & Garvine 2001). Within these mesoscale study 

regions, environmental conditions are measured using temperature loggers at fixed 

points (Kneebone et al. 2012), bathymetry maps and sediment type (Heithaus et al. 

2006, Torres et al. 2008), or point source measurements of temperature, salinity, 

turbidity, and dissolved oxygen recorded near sightings of animals (Torres et al. 

2008). In addition, auditory, olfactory and visual cues at smaller scales have been 

shown to affect juvenile reef fish habitat association in a laboratory setting (Huijbers 
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et al. 2012), and studies have shown that salmonids use chemical cues in the water for 

natal stream homing behavior (Scholz et al. 1976, Dittman & Quinn 1996). 

The goal of this study was to demonstrate the utility of using an autonomous 

underwater vehicle (AUV) to identify mesoscale habitat selection for an imperiled 

species, the Sand Tiger shark Carcharias taurus. Sand Tiger sharks (for brevity, 

hereafter Sand Tigers) are a top predatory shark found worldwide in coastal oceans, 

but are particularly concentrated in the Mid-Atlantic coastal ocean during the summer 

months (Castro 2011). Low fecundity and slow growth inhibits their populations from 

rebounding after disturbances from commercial fishing, spearfishing and protective 

beach meshing (Pollard & Smith 2009). Thus, the National Oceanic and Atmospheric 

Administration (NOAA) have listed the Sand Tiger as a Species of Concern (Carlson 

et al. 2009) and globally they are listed as Vulnerable on the IUCN Red List (Pollard 

& Smith 2009). Population assessments of the status of Sand Tigers in the western 

North Atlantic Ocean have varied widely, partly due to lack of ecological and 

biological information for this species (Musick et al. 1993, Carlson et al. 2009). Top 

predators including Sand Tigers may help maintain balance in marine ecosystems 

(Myers & Worm 2005) since disruptions in top predator populations may change 

marine food webs (Myers et al. 2007). Declines in shark populations have been 

documented worldwide (Baum et al. 2003, Myers & Worm 2003, Ferretti et al. 2010), 

and many studies cite lack of information regarding shark population size, behavior 

and habitat selection as key limitations in developing effective management strategies 

to assist population recovery. More information about mesoscale habitat selection by 

Sand Tigers during migration and the level of habitat selection in top predators in 

general would facilitate improved understanding of essential habitats, interactions with 



 
 
 
 

61 

fisheries, and ultimately contribute to the conservation and recovery of this, and other 

imperiled species. 

In this study, we examine local habitat selectivity of Sand Tigers during their 

coastal migration using a buoyancy controlled AUV. This AUV has integrated, near 

real-time, acoustic receivers and measures in situ water conditions associated with 

detections of acoustically telemetered Sand Tigers in the coastal Mid-Atlantic Ocean. 

This dataset allows us to not only quantify habitat selection, but to also make 

inferences about why certain habitat parameters may be important to a Sand Tiger. 

The null hypothesis in this study is that Sand Tigers are not selecting for specific 

habitats during their coastal migration. 

2.2 Methods  

2.2.1 Acoustic telemetry 

Sand Tigers were captured and acoustically tagged between 2007 and 2012 as 

part of projects carried out by Delaware State University, University of Rhode Island, 

University of Massachusetts and the Massachusetts Division of Marine Fisheries 

(Kneebone et al. 2012); our study takes advantage of those ongoing tagging efforts. At 

the time of this study, there were 292 telemetered Sand Tigers in the western North 

Atlantic Ocean, from the projects mentioned above, serving as potential targets for 

detection by acoustic receivers. These Sand Tigers carried different models of 

transmitters (e.g. V16-6H, V16-4L, VEMCO) with varying nominal pulse rate 

depending on the intended study (Table B.1, tag details provided by: Atlantic 

Cooperative Telemetry [ACT] Network, Lori Brown pers comm, Kneebone et al. 

2012). All Sand Tigers were internally tagged unless otherwise noted. The 
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detectability of acoustic tags varies depending on the substrate and environmental 

conditions of the study area, as well as the size and power setting of each tag (How & 

de Lestang 2012). Of the 292 Sand Tigers tagged, only 62 carried lower power (power 

output measured in dB re 1 µPa @ 1 m) tags. 

To capture the arrival and departure times of Sand Tigers within the coastal 

ocean, VEMCO VR-2W acoustic receivers were moored approximately 3 m off the 

sea floor, in gate formations perpendicular to the coastline at 3 locations (2 gates off 

Northern Delmarva Peninsula and 1 gate off Southern Delmarva Peninsula). These 

receivers can detect acoustic tags within approximately 800 m, as demonstrated by 

preliminary range testing studies. The gates consisted of moored receivers placed at 

distances of 1, 2, 4, 6, 8, 10, 12, 14, and 16 km off Bethany Beach and Fenwick Island 

in Delaware, and Chincoteague Island in Maryland, USA (Fig. 2.1). Fenwick Gate is 

approximately 13 km south of Bethany Gate, while Chincoteague Gate is 

approximately 80 km south of Bethany Gate (Fig. 2.1). 

Detections of telemetered Sand Tigers on these gates were used to estimate the 

timing and number of individuals migrating south along the coast during the fall of 

2012. Detections were reduced to the number of individuals detected per receiver per 

day, or the number of detection events, so all individuals detected had equal weight. 

The percentage of detection events for each receiver within the gates was calculated 

by dividing the number of individual Sand Tiger detection events on a given receiver, 

by the total number of individual Sand Tiger detection events on all receivers during 

our study. For Sand Tigers that were detected by more than one of the gates, we 

calculated the mean time spent transiting gates, and the resulting approximate 
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transiting speeds to estimate the detectability and direction of travel of Sand Tigers 

within our study. 

 

Figure 2.1: Map of the autonomous underwater vehicle (AUV) track (gold line) 
along Delaware and Maryland coastlines from 5 to 23 October 2012. The 
AUV was deployed near the Bethany Gate, and generally traveled south 
(arrows indicate direction of travel), to the recovery location off of 
Chincoteague, Maryland. n= locations of the acoustic receivers (VR2W) 
in the gate formations.  = median time of detection event for each Sand 
Tiger Carcharias taurus (n = 23) detected by the AUV 
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2.2.2 Autonomous underwater vehicle 

We integrated VR2C acoustic receivers (VEMCO; frequency = 69 kHz) into 

buoyancy driven Slocum G2 Glider (Teledyne Webb Research). Acoustic receiver 

hydrophones extend out of both the dorsal and ventral hull to increase listening 

capabilities. The AUV travels in a ‘saw-tooth’ pattern, at approximately 0.2 m s−1 

through the water column (Schofield et al. 2007), reporting its location and scientific 

data at predetermined surface intervals (1−3 h depending on conditions). The low 

average speed of the AUV was half that of the average Sand Tiger transiting speed, 

and, thus unlikely to inhibit detection of migrating Sand Tigers. 

In this study, the AUV was programmed to transit the coastal ocean in a 

general north-to-south direction while making east-west movements to sample waters 

that ranged between 8 and 25 m depth. The AUV was equipped with an EcoTriplet 

FLBBCD-SLK optical sensor (WetLabs), which measures the concentration of 

colored dissolved organic matter (CDOM), chl a and optical backscatter, a CTD 

(Seabird) from which salinity, temperature and depth were derived, and an Optode 

3830 (Aandera) to measure dissolved oxygen. Environmental conditions are measured 

every few seconds, depending on the sensor. 

Additional environmental parameters were calculated post-mission using data 

collected by the AUV. We calculated distance to land using the rdist.earth function 

(Furrer et al. 2013) in the R statistical environment (R Core Team 2013), to find the 

straight-line distance between every AUV position and the closest point to the medium 

resolution shoreline provided by the National Oceanic and Atmospheric 

Administration (http://shoreline.noaa.gov/data/datasheets/ medres.html). Water depth 

at every AUV position was extracted from a high-resolution coastal relief map 

(ETOPO1) (Amante & Eakins 2009). In addition, water density, sound speed, and 
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integrated currents were calculated and tested for habitat selection, but these variables 

were not significant predictors of habitat selectivity and therefore not presented here.  

Range testing of the acoustic receivers integrated into the AUV was completed 

in the spring of 2013, in the coastal ocean near Bethany Beach. To test the 

performance of the receivers, we flew the AUV near 4 moored VEMCO V16-6x 

coded acoustic tags (nominal delay = 880−920 s). The distance from each test tag was 

calculated for every time step along the AUV track using the rdist.earth function in R. 

Cumulative time (s) spent within distance bins (0−250, 251−500, 501−750, 751−1000, 

1001−2000 m) from each test tag was calculated. The expected number of 

transmissions per hour was calculated by multiplying the cumulative time the AUV 

spent in each distance bin, by the expected average number of test tag transmissions 

per hour. Dividing the measured number of detections from both receivers on the 

AUV within each distance bin, by the expected number of detections within each bin, 

gave the proportion of test tag detected by the AUV at various distances away from 

the tags. 

The AUV detected 97 % of acoustic transmissions from test tags when it was 

within 250 m of a test tag. The percentage of tags detected decreased exponentially at 

distances greater than 250 m (Fig. B.1). Some assumed spatial scale of environmental 

homogeneity is needed for any study that matches environmental data sets. For this 

study, we assume that a detected shark was within 250 m of the AUV, based on our 

range testing data. Since the AUV was never deeper than 30 m, we are unable to 

determine the vertical position of any shark detected in the water column in relation to 

the AUV. To account for this, the environmental data were vertically collapsed and 

horizontally aggregated by computing the mean of the environmental data collected 
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within ± 250 m of each meter along the AUV track. These averaged data represent the 

measured available habitat reference for Sand Tigers detected by the acoustic receivers 

within the AUV. Correlations among binned environmental variables were estimated 

using the Pearson product-moment correlation coefficient in R (R Core Team 2013), 

to supplement data interpretation. 

Individual detections of Sand Tigers on the AUV ranged from 1 to 22 

detections over the course of 1 h. None of the sharks were re-detected after more than 

11 min. The median time of detection for each Sand Tiger detected was used to 

represent the detection event to evenly weight acoustic observations. Participants in 

the Atlantic Cooperative Telemetry (ACT) Network (www.theactnetwork.com) 

provided the metadata (e.g. sex, length, tagging location) for the Sand Tigers detected 

by the AUV. The receiver gate detection events were then visually compared to the 

detection events recorded by the AUV. Detections of Sand Tigers as a function of 

distance from shore were also compared between detection events on the acoustic 

gates and detection events on the AUV. 

2.2.3 Environmental selectivity analyses 

To test the null hypothesis that Sand Tigers do not exhibit habitat selectivity 

during their migration and are randomly distributed with respect to the habitat 

measured by the AUV, we used a 2-sample Kolmogorov-Smirnov (KS) test (Conover 

1971). This test compares the distribution of an environmental parameter in a habitat 

to the distribution of that parameter where an individual was detected (Johnson 1980, 

Kobayashi et al. 2008). In this study, habitat utilization was the frequency distribution 

of each environmental variable in the ± 250 m where a Sand Tiger was detected by the 
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AUV. Similarly, habitat availability was the frequency distribution of each 

environmental variable for the duration of the AUV mission. 

Similar to Kobayashi et al. (2008), the cumulative distribution function (CDF) 

for habitat utilization and availability were compared using a 2-sample KS test in R (R 

Core Team 2013). The KS test compares the distributions and estimates the maximum 

vertical difference (Dmax) between the 2 CDFs (Conover 1971). Directional 2-sided 

KS tests were performed to compare the central tendencies for habitat utilization and 

availability datasets (Hollander & Wolfe 1973). The combination of these tests shows 

how the utilized habitat is different to the available habitat. 

The vertical location of a detected shark in the water column was unknown, 

therefore we tested if surface or bottom (top 5 m and bottom 5 m) conditions alone 

were associated with different habitat utilization. Water depth and distance to land 

were not included in this test because they do not change vertically in the water 

column. Similarly, we tested for differential habitat selection between males and 

females. 

To reduce the potential for Type 1 error, we applied a randomization test with 

subsampling from the stratified AUV track, to ensure even sampling across the study 

domain. To do this, we partitioned the track into 4 quadrants (Fig. B.2), which were 

equally sampled with replacement for 6, 6, 6, and 5 points, mimicking the 23 detection 

events of Sand Tigers. We repeated this sampling 10,000 times, and performed a 2-

sided KS test for each of the bootstrapped samples comparing the distributions of the 

resampled environmental data points, with the remaining data points from the 

available habitat. A Dmax statistic from the actual Sand Tiger detection samples within 

the 95 % confidence interval of the randomly generated Dmax values, would indicate 
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that a Type I error was likely committed. This would indicate that we were wrongly 

rejecting the null hypothesis with respect to that specific environmental variable. 

All interpretation of our results was based on the assumption that the available 

habitat was equally accessible to all Sand Tigers in our study. We think the available 

habitat was equally accessible because it is possible for a Sand Tiger to travel the 

spatial extent of the entire AUV mission within a short amount of time, allowing Sand 

Tigers to leave undesirable habitats. We also assume that the conditions measured by 

the AUV were representative of available Sand Tiger habitat. We think this is a valid 

assumption because the AUV sampled multiple transects over a long duration, 

capturing the available conditions during the study. Another assumption is that 

potential differences in detectability of transmitters did not bias our results. Thermally 

stratified systems can create so-called sound shadows in the water column and 

potentially influence transmitter detectability; however, these conditions were not 

observed by the AUV when Sand Tigers were encountered in our study. While these 

assumptions are not atypical for habitat selections studies (Aarts et al. 2008), we feel it 

is important to acknowledge them prior to interpreting specific habitat associations. 

2.3 Results  

2.3.1 Acoustic receiver gates 

Between 5 and 23 October 2012, 184 acoustically tagged Sand Tigers were 

detected on at least one of the moored acoustic gates off of the Delmarva Peninsula. 

Sharks detected by >1 gate spent (mean ± 1 SD) 9.15 ± 6.22 h, (min. = 4.33 h, max. = 

26.12 h, n = 11) between Bethany and Fenwick Gates, 48.27 ± 28.20 h (min. = 2 0.6 h, 

max. = 118.37 h, n = 12) between Fenwick and Chincoteague Gates, and 55.75 ± 
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31.93 h (min. = 38.20 h, max. = 144.48 h, n = 10) between Bethany and Chincoteague 

Gates. The mean transiting speed of all Sand Tigers detected by >1 gate during the 

study was 1.41 ± 0.02 km h−1 (n = 33), which is about twice the speed of the AUV. All 

Sand Tigers detected at more than one of the acoustic receiver gates were detected on 

a northern gate, followed by a southern gate; no individuals returned north after 

heading south. This indicates that all Sand Tigers detected on multiple gates were 

moving south, representative of a migration pattern. 

2.3.2 AUV mission 

The AUV was deployed approximately 12 km off of the Delaware coast near 

the Bethany Gate on 5 October 2012, and retrieved 19 d later (23 October 2012), 

approximately 7 km off of Chincoteague, Virginia (Fig. 2.1). During that 19 d interval, 

the AUV traveled 337 km. The straight-line distance between deployment and 

recovery locations was 80 km. The AUV was directed to sample across isobaths in a 

general southerly direction, but was occasionally directed to return to areas of previous 

animal detections to see if the individuals remained in the area, or had moved on. 

During the mission, the AUV detected 23 Sand Tigers (Table 2.1). The dorsal 

receiver recorded more individual detections (n = 201), than the ventral receiver (n = 

59), but for the purposes of this study we combined data from both receivers and treat 

the AUV as a single receiver. All Sand Tigers detected by the AUV were detected by 

at least one of the moored receivers. The 23 detection events represent 12.5 % of the 

Sand Tigers detected within the vicinity of the gates during the mission, while the 

individual moored receivers in the gates during this study detected on average 10.1 % 

(range = 0.0−36.4 %) of the Sand Tigers. When compared to the individual moored 

receivers, the AUV ranked 10th out of 26 in detection events within the study area. 
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Table 2.1: Metadata for Sand Tigers Carcharias taurus detected by receivers on the 
autonomous underwater vehicle (AUV) between 5 and 23 October 2012. 
All Sand Tigers detected were tagged in Delaware Bay, with the 
exception of Shark 23, which was tagged in Plymouth Bay. All tags were 
high power tags, except Shark 23. Tags were internally planted, except 
for Sharks 1, 12, 17 and 18, which were tagged externally. Dates given as 
mo/d/yr 

Shark 
ID 

Tagging 
date 

AUV 
detection 

date 
Sex Fork length 

(cm) 
No. of 

Detections Tag type 

1 8/15/12 10/10/12 Female 181 7 V16-5H 
2 8/23/11 10/10/12 Female 217 6 V16-6H 
3 7/30/10 10/11/12 Female 130 14 V16-6H 
4 8/4/10 10/12/12 Female 132 2 V16-6H 
5 8/17/09 10/12/12 Female 187 4 V16-6H 
6 8/17/12 10/13/12 Female 170 2 V16-6H 
7 8/24/12 10/13/12 Female 187 2 VMT-1x 
8 9/7/12 10/15/12 Female 210 11 VMT-1x 
9 8/3/10 10/17/12 Female 130 11 V16-6H 
10 8/3/10 10/18/12 Female 180 2 V16-6H 
11 8/23/10 10/10/12 Male 183 1 V16-6H 
12 8/11/12 10/10/12 Male 187 18 V16-5H 
13 8/24/12 10/10/12 Male 198 4 VMT-1x 
14 7/16/12 10/11/12 Male 160 6 V16-6H 
15 7/27/11 10/11/12 Male 189 3 V16-6H 
16 7/22/10 10/11/12 Male 178 3 V16-6H 
17 8/15/12 10/11/12 Male 203 21 V16-5H 
18 8/10/12 10/12/12 Male 210 1 V16-5H 
19 5/10/11 10/13/12 Male 135 1 V16-6H 
20 8/30/12 10/13/12 Male 200 22 VMT-1x 
21 10/1/08 10/14/12 Male --- 21 V16-6H 
22 8/24/12 10/16/12 Male 202 3 VMT-1x 
23 7/15/11 10/18/12 Male 117 1 V16-4L 

Of the Sand Tigers detected by the AUV, 13 were male and 10 were female 

(Table 2.1). The mean (± 1 SD) fork length of Sand Tigers detected was 177 ± 30 cm 

at the time of capture (Table 2.1). Sharks 1 to 22 were originally tagged in the 

Delaware Bay, Delaware or the nearby coastal ocean between 2008 and 2012, while 
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Shark 23 was tagged in the Plymouth Bay, Massachusetts in 2011 and was the only 

shark detected with a low power tag (Table 2.1). 

Comparing the detection events on the receiver gates and on the AUV reveals 

that peak Sand Tiger activity at the gates coincided with the timing of the AUV 

mission in the coastal ocean (Fig. 2.2a). There was a peak in detection events at the 2 

northern gates (Bethany and Fenwick) approximately 1 wk before a peak in detection 

events at the southernmost gate (Chincoteague), more than 60 km away; the majority 

of AUV detections of individuals occurred between these 2 events (Fig. 2.2a). The 

number of Sand Tiger detection events on the AUV decreases similarly as the number 

of Sand Tiger detection events on all gates decreases (Fig. 2.2a). The bulk of the 

telemetered Sand Tigers transited the study area within an approximately 2 wk period, 

with individual Sand Tigers transiting the area in 2 d, on average. Peak detection 

events on the gate receivers occurred on receivers located 1 and 2 km from shore, with 

the majority of detection events occurring less than 8 km from shore. Accounting for 

the fact that the AUV spent less time in areas 1 to 2 km from the shore (due to shallow 

waters), detection events were similar to the peak AUV detection events at 6 km (Fig. 

2.2b).  
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Figure 2.2:  Sand Tiger Carcharias taurus detection events by acoustic receivers at 
the Bethany, Fenwick, and Chincoteague gates (22 August − 6 November 
2012), and deployed on the autonomous underwater vehicle (AUV) 
(5−23 October 2012). a) Density of Sand Tiger detection events over 
time and, b) density of Sand Tiger detection events in relation to distance 
to land (km). Dates given as mm/dd/yy 

2.3.3 Environmental Conditions 

During the first 2 d of the AUV mission, the water column was vertically 

stratified; surface waters were warmer, more oxygenated, with lower salinity and 

higher chl a concentrations (Fig. 2.3). Vertical mixing occurred on 7 October 2012, 

resulting in a more homogenous water column (Fig. 2.3). After 9 October, water 

temperature cooled approximately 1 °C, while salinity increased by approximately 1 

psu (Fig. 2.3a,b). Highest colored dissolved organic matter (CDOM) concentrations 

were generally near the bottom, indicating that decaying, organic-rich sediments was 

the major source of CDOM to the water column during this study (Fig. 2.3c, Coble et 

al. 2004). Chl a measurements reflected conditions typical of Mid-Atlantic coastal 

waters, ranging from 0.70 to 19.11 µg l−1 (Fig. 2.3d). Once the water column was 
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mixed, the oxygen saturation in the water column varied little during the mission (Fig. 

2.3e). The AUV sampled environmental conditions ranging from 2 to 20 km off the 

coast (Fig. 2.3f), over a range of water depths from 9 to 25 m (Fig. 2.1). 

 

Figure 2.3:  Environmental conditions: a) temperature (°C), b) salinity (psu), c) 
colored dissolved organic matter, CDOM (ppb), d) chl a (µg l−1), and e) 
dissolved oxygen (% saturation), relative to water depth (m), measured 
by autonomous underwater vehicle (AUV) sensors during the mission. f) 
Distance to land (km). White and grey dashed vertical lines = median 
time point of detection for each of the 23 Sand Tigers, Carcharias 
taurus. In panels a−e, black = areas where no data were collected. Dates 
given as mm/dd/yy 
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Using only the top 5 m and the bottom 5 m AUV data in our analyses provided 

similar results to using all of the AUV data (see Tables B.2 & B.3). In addition there 

was no significant difference in habitat selection between the males and females. 

CDOM and distance to land were strongly negatively correlated (r2 = −0.74, p 

< 0.001, df = 316,585), whereby CDOM increased as the distance to land decreased 

(see Fig. B3). Chl a was strongly positively correlated with oxygen (r2 = 0.77, p < 

0.001, df = 316,585), and temperature was negatively correlated with salinity (r2 = 

−0.66, p < 0.001, df = 316,586). Salinity was weakly negatively correlated with 

CDOM (r2 = −0.40, p < 0.001, df = 316 585). Notably, water depth was only weakly 

positively correlated with distance to land (r2 = 0.47, p < 0.001, df = 316,432) (Fig. 

B3). 

2.3.4 Habitat associations 

Salinity, CDOM and distance to land were significantly correlated with Sand 

Tiger detections (Fig. 2.4a – c; Table 2.2). Sand Tigers selected waters that were lower 

in salinity, higher in CDOM and closer to shore compared to the available distribution 

of those variables on the AUV. The largest Dmax comprised mean salinity of 31.8 psu, 

CDOM measured at 8.5 ppb and was 8.7 km distance to land (Table 2.2). 

Conversely, at the scale of our study, Sand Tigers were not selecting for water 

depth, temperature, chl a concentrations, or oxygen saturation (Fig. 2.4d, Table 2.2, 

Fig. B.4). Our examination of the data generated through the randomization test with 

subsampling suggested that there was a low probability of committing a Type 1 error 

when rejecting our null hypothesis with respect to salinity, CDOM and distance to 

land (Table 2.2). 
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Table 2.2: Summary of the 2-sample Kolmogorov-Smirnov (KS) tests comparing 
the cumulative frequency distributions (CDF) of utilized and available 
habitat for detected Sand Tiger sharks Carcharias taurus. Included are 
the results of the randomization test with resampling, testing for spurious 
KS test results. Dmax = largest vertical distance between points on the 
CDFs of utilized and available environmental variables. The value of the 
environmental variable associated with each Dmax is presented. 
Randomization resampled significance values < 0.05 indicate a Type 1 
error was likely not committed. Bold indicates significance at p < 0.05. 
CDOM: colored dissolved organic matter 

Environmental 
variable 

Two-sided KS test CDF of x lies 
above that of y 

CDF of x lies 
below that of y 

Randomization 
resampling test 

Value 
at Dmax Dmax Signif. Dmax Signif. Dmax Signif. Signif. 

Temperature (°C) 18.91 0.21 0.379 0.21 0.191 0.10 0.702 0.389 
Chlorophyll (µg L–1) 3.00 0.11 0.979 0.11 0.639 0.09 0.720 0.054 
Salinity (psu) 31.81 0.31 0.050 0.31 0.025 0.07 0.843 0.017 
Oxygen (% saturation) 83.77 0.17 0.632 0.11 0.609 0.17 0.328 0.255 
CDOM (ppb) 8.53 0.32 0.038 0.04 0.931 0.32 0.019 0.018 
Distance to land (km) 8.74 0.40 0.005 0.40 0.002 0.06 0.865 0.002 
Water depth (m) 14.86 0.31 0.051 0.05 0.918 0.31 0.025 0.242 

 

2.4 Discussion 

Many studies in the ocean have described the macroscale habitats of large 

marine predators (Kobayashi et al. 2008, Weng et al. 2008, Block et al. 2011). In 

contrast, our study focused on mesoscale habitat selection in dynamic neritic waters 

and demonstrates the utility of using AUVs equipped with environmental sensors to 

measure habitat associations of coastal marine species. In our study, Sand Tigers 

appeared to select for environmental variables that may be useful for navigation or 

feeding during their annual fall migration. 

2.4.1 Habitat selection 

Sand Tigers detected by the AUV were close to shore and significantly 

associated with lower salinity and higher CDOM waters. In contrast, temperature, chl 
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a concentration, oxygen saturation and water depth were not shown to be important 

habitat predictors on the scale of our investigation. Sand Tigers are making large 

movements south along the East Coast during the fall to overwintering grounds off 

North Carolina and as far south as Florida (Kneebone et al. 2014); therefore, we 

interpret evidence of mesoscale habitat selection as possibly assisting in navigation or 

feeding activity during a time when the shark is transiting to their overwintering 

grounds. 

 

Figure 2.4: Utilized and available density distributions of environmental variables a) 
salinity (psu) and b) colored dissolved organic matter, CDOM (ppb), 
measured by sensors in the autonomous underwater vehicle (AUV); c) 
distance to land (km) and d) water depth (m), calculated from high-
resolution coastline and bathymetry maps. Solid black line = available 
habitat, dashed gray line = habitat utilized by Sand Tigers, Carcharias 
taurus. Utilized habitats are the environmental variables matched to each 
Sand Tiger detection event, while available habitats are all data measured 
by AUV 
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Sand Tigers were detected significantly closer to shore, but not in significantly 

shallower waters (Table 2.2). This may be a cue related to the proximity (<10 km) of 

crashing waves oriented parallel to the coastline. The sound from waves crashing on 

shore is likely within the detectable range of sharks (40− 800 Hz, Myrberg 2001), up 

to 9 km away from the shoreline (Wilson et al. 1985). Therefore, the sound of crashing 

waves could aid in navigation (Montgomery & Walker 2001), and be a possible 

explanation for the selection of near-shore waters. In addition, the presence of the 

physical coastline and shoals in the near- shore waters may serve as landmarks in a 

cognitive map used by Sand Tigers while migrating. This near-shore selectivity of 

Sand Tigers was observed both on the receiver gates and the AUV despite the shallow 

depth limitations of the AUV (Fig. 2.2b). 

Lower salinity waters were also significantly related to the shark habitat 

utilization. Data measured by the AUV reveals that salinity was changing over space 

and time, and there was not one specific geographic area that had persistently low 

salinity. However, the change in salinity over the time frame of our study does not 

exceed the range Sand Tigers experience during a typical summer season within the 

Delaware Bay (e.g. 22.8−30.3 ppt, Merson & Pratt 2001); therefore any potential 

selectivity of lower salinity habitats is not likely due to physiological constraints. Low 

salinity near the coast is often associated with the Delaware Bay freshwater plume, 

known to exit the bay and flow south along the coast (Sanders & Garvine 1996, 

Geiger et al. 2013). While river plumes are ephemeral due to their connection with 

weather and wind events, Sand Tigers exiting the bay may use this freshwater plume 

as an additional navigational aid. This association with the lower salinity waters of the 

Delaware Bay plume has also been observed with Atlantic Sturgeon Acipenser 
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oxyrinchus oxyrinchus during their fall migration along the Delmarva Peninsula 

(Oliver et al. 2013). 

CDOM in the ocean is a complex mix of organic matter (e.g. proteins, amino 

acids) from decaying plant and animal material and grazing activity (Coble et al. 

2004). In some systems, CDOM is associated with freshwater plumes (Opsahl & 

Benner 1997, Oliver et al. 2004), however, in our study CDOM was weakly correlated 

with salinity and was strongly correlated with distance to land. During this study, the 

highest concentrations of CDOM were at the bottom, indicating that decaying organic-

rich sediments was the source of CDOM (Fig. 2.3). This makes it difficult to interpret 

the relative importance of distance to land and CDOM concentrations for Sand Tiger 

habitat, since near-shore processes can mix CDOM from sediments into the water 

column. Possibly, Sand Tigers, whilst transiting an area, are choosing to do so in areas 

of high organic matter decomposition. The olfactory system in sharks is highly 

developed (Tester 1963), and Sand Tigers have one of the largest olfactory bulb to 

brain mass ratio of elasmobranchs (Jacobs 2012), suggesting that they have the 

cognitive ability to use odorants as navigational or feeding cues to map mesoscale 

habitats (Yopak et al. 2014). 

The non-selectivity of temperature, chl a, oxygen saturation and water depth is 

equally noteworthy. On larger scales, the biogeography of Sand Tigers suggests that 

these variables may be important (Castro 2011). However, within the scope of our 

study and our relatively small sample size, we did not find evidence that these 

parameters played a role in mediating Sand Tiger distribution and habitat use. Also 

noteworthy was the weak correlation between water depth and distance to land; the 

numerous shoals that exist in our study domain most likely confound the relationship 



 
 
 
 

79 

between these 2 variables. Water depth approaches significance at the α  = 0.05 level 

(p = 0.051) in our selectivity analysis, however, our boot strapping analysis suggests 

that it is only by chance that this was a nearly significant relationship (Table 2.2). It is 

possible that by broadening the spatio-temporal scope of our AUV mission, we would 

discover habitat selectivity for temperature, chl a, oxygen saturation and water depth; 

however, this would shift the focus of the study from mesoscale to macroscale habitat 

use. 

2.4.2 AUVs as effective telemetry assets 

Autonomous underwater vehicles equipped with telemetry devices are a 

maturing technology, and their ability to perform multiple sampling tasks with high 

spatial and temporal frequency complement existing telemetry sampling strategies 

(Grothues et al. 2008). This study is among the first to show that an AUV, integrated 

with acoustic receiver technology, can be used to detect in situ marine organism 

habitat selection (see Grothues et al. 2008, Clark et al. 2013, Oliver et al. 2013). The 

AUV mission occurred during the peak migration of Sand Tigers in the Delmarva 

coastal ocean. Throughout the 19 d AUV mission, 12.5 % of the Sand Tigers 

swimming between the Bethany Gate and the Chincoteague Gate were detected by the 

AUV, which is closely comparable to the average detection efficiency of a single 

receiver in the moored acoustic arrays. While a well-designed receiver array can detect 

up to 100 % of the animals in the system (Clements et al. 2005), it is not surprising 

that detecting a moving target with a mobile receiver would experience decreased 

detection efficiencies. Our results indicate that even though the AUV is moving, and 

the conditions change throughout the mission, the AUV integrated receivers 

performed at least as well as an individual receiver within the gates. This suggests that 
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AUVs are effective and complementary telemetry assets (Eiler et al. 2013). In 

addition, the complementary information about in situ environmental conditions and 

the capability of detecting telemetered animals outside of the bounds of a moored 

acoustic array provide significant value to existing telemetry arrays. 

2.4.3 Conclusion 

This study captured a snapshot of the environmental conditions and habitat 

selectivity during the southward near-shore migration of Sand Tigers off the Mid-

Atlantic coast in the fall. We have demonstrated a novel method for studying 

mesoscale habitat selectivity of a large, highly mobile species in a complex coastal 

ocean. Habitat parameters sensed by predators on small scales are often difficult to 

measure, and studies tend to focus on macroscale habitat selection. Our study serves as 

a stepping-stone towards understanding mesoscale habitat selection by a top predator 

during their seasonal migration in a complex coastal system. Sand Tiger detection 

events on the receiver gates allowed us to determine that individual sharks were 

migrating south during our study, which is supported by the findings of Kneebone et 

al. (2014). We also observed evidence of habitat selection based on distance to shore, 

salinity and CDOM. Therefore, we considered those variables relevant to the 

migration pattern we observed. Our results suggest that Sand Tigers sense and respond 

to prominent dynamic features in the coastal ocean including salinity and CDOM, and 

that their movements may be highly correlated with such oceanographic features. 

Variance in Sand Tiger movement around the mean southward migration may be 

explained by changes in salinity or CDOM, and may provide a way to improve our 

biogeographic understanding of Sand Tigers in the coastal ocean. However, we 
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acknowledge that there may be many factors affecting their distribution that we did 

not measure in this study. 

By detecting oceanographic conditions that are associated with organism 

locations, inferences can be made about the habitat selectivity of the organisms. This 

is important information for managers because little is known about Sand Tiger 

behavior or what habitats they are using as they migrate along the East Coast of the 

USA. Globally, the Sand Tiger population is declining, and information regarding 

habitat selectivity in this study region may be applicable in other regions around the 

world. Expanding upon the methods presented here, we can begin to not only identify 

essential habitats for vulnerable species like Sand Tigers, but also the environmental 

characteristics of those habitats. We can then use this information to foster the 

conservation and recovery of Sand Tigers. Identifying predictive habitat parameters 

will assist managers in identifying potential human interactions with Sand Tigers that 

may be affecting their population (i.e. commercial and recreational fishing areas that 

are concentrated along the coast, increasing the probability of Sand Tiger bycatch). 

We think the pairing of acoustic telemetry and in situ measurements of the 

environment allows researchers and managers to gain an improved understanding of 

what habitats are important for species of interest, and will be critical in the future 

research of habitat selection and behavior of imperiled marine animals.  
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IMPLANTATION AND RECOVERY OF LONG-TERM ARCHIVAL 

TRANSCEIVERS IN A MIGRATORY SHARK WITH HIGH SITE FIDELITY 

We developed a long-term tagging method that can be used to understand 

species assemblages and social groupings associated with large marine fishes such as 

the Sand Tiger shark Carcharias taurus. We deployed internally implanted archival 

VEMCO Mobile Transceivers (VMTs; VEMCO Ltd. Nova Scotia, Canada) in 20 

adult Sand Tigers, of which two tags were successfully recovered (10%). The 

recovered VMTs recorded 29,646 and 44,210 detections of telemetered animals 

respectively. To our knowledge, this is the first study to demonstrate a method for 

long-term (~ 1 year) archival acoustic transceiver tag implantation, retention, and 

recovery in a highly migratory marine fish. Results show low presumed mortality (n = 

1, 5%), high VMT retention, and that non-lethal recovery after almost a year at liberty 

can be achieved for archival acoustic transceivers. This method can be applied to 

study the social interactions and behavioral ecology of large marine fishes. 

3.1 Introduction 

Acoustic telemetry is commonly used to study the movements, migrations, 

habitat associations, and more recently survival of marine fishes (Sibert and Nielson 

2001, Heupel and Simpfendorfer 2002, Cooke et al. 2011, Kneebone et al. 2012). 

Measuring social structure and networks of aquatic species is problematic because 

Chapter 3 
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behavioral observations can be difficult to obtain in the ocean. Therefore, the inter- 

and intraspecific groups that are formed by marine species are generally poorly 

understood (Holland et al. 2009). Researchers have attempted to observe these social 

groups using photo identification (Lusseau 2003, Mourier et al. 2012), visual 

observations (Jacoby et al. 2010), mark and recapture (Croft et al. 2005), and standard 

acoustic telemetry (active tracking: Klimley and Nelson 1984, passive tracking: 

McKibben and Nelson 1986). 

An alternative method of observing social structure in marine animals is to use 

archival tags that record detections of nearby telemetered animals. The miniaturization 

of acoustic receivers makes it possible for researchers to use marine animals as bio-

loggers or mobile telemetry assets (Holland et al. 2009, Guttridge et al. 2010). 

However, most archival telemetry receivers must be recovered to retrieve the acoustic 

detection information. Pinnipeds have proven to be useful mobile telemetry assets 

because they often travel far distances, are relatively social, and reliably return to haul-

out areas allowing researchers to easily locate and retrieve archival tags (Lidgard et al. 

2012, Hayes et al. 2013, Lidgard et al. 2014). Archival acoustic telemetry transceivers 

allow researchers to directly observe interactions between pinnipeds and other species 

on long time scales and over large geographic ranges. Similarly, internal archival 

proximity sensors were successfully deployed and recovered from Lemon sharks 

Negaprion brevirostris at liberty for two weeks, however these sharks were selected 

due to their high degree of natal homing behavior in shallow water and ease of tag 

recovery (Guttridge et al. 2010). External archival acoustic transceivers have also 

successfully been deployed on Tiger Sharks Galeocerdo cuvier, where they were 

recaptured after 20–132 days at liberty (Holland et al. 2009). However, external tag 
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shedding in fish can be problematic, especially for large transmitters coupled with 

long deployments (Wilson et al. 2005, Dicken et al. 2006, Kneebone et al. 2014). Bio-

fouling on external tags can also increase shedding rates or tag failure, as well cause 

reoccurring damage to the tagged animal and cause animosity between stakeholders 

(anglers, tourists, etc.) and scientist (Hammerschlag et al. 2014). 

Here, we present a method for internal attachment and recovery of archival 

acoustic transceivers in the coelomic cavity of a coastal shark, the Sand Tiger 

Carcharias taurus. Sand Tigers are a highly migratory shark found in coastal oceans 

worldwide, including along the Eastern Coast of the USA, and are globally listed as 

“Vulnerable” on the IUCN Red List (Pollard 2009) with two sub-populations deemed 

critically endangered (Pollard et al. 2003, Chiaramonte et al. 2007). This species 

commonly forms large aggregations (Compagno 1984), making it a good candidate for 

understanding social structures using data recovered from internally implanted VMTs. 

We deployed internally implanted VMTs in 20 adult Sand Tigers, of which two tags 

were successfully recovered (10%) after almost one year at liberty. The surgically 

recovered VMTs recorded 29,646 and 44,210 detections of telemetered animals 

respectively. Both sharks resumed active movements after VMT recovery. 

3.2 Methods 

3.2.1 Ethics Statement 

All Sand Tigers were caught, handled, and released with the permission of the 

Delaware Department of Natural Resources and Environmental Control (DNREC; 

2012-021F), and with approval from the University of Delaware IACUC (1259-2014-

0). 
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3.2.2 Transceiver Preparation 

We used archival VEMCO Mobile Transceivers (VMTs; VEMCO LTD. Nova 

Scotia, Canada), measuring 35 by 180mm and weighing 280g in air and 122g in 

seawater. The VMT has a depth rating of 1000m and transmits coded acoustic signals 

at 69kHz (161dB). All VMTs were programmed to transmit on average every 90s 

(range 60–120s) with a 100% receiver duty cycle (receiver always on). This 

transmission and receiver configuration allowed for approximately one year estimated 

battery life. Before implantation, VMTs were coated with Platinum Silicone Elastomer 

(Factor II, Inc., Lakeside, AZ) to reduce the chance of rejection (Kynard and Kieffer 

1997). 

3.2.3 Shark Capture 

Sand Tigers were captured between 5 July and 24 September 2012 using 

bottom longline techniques adapted from McCandless et al. (2007). Mainlines were 

approximately 305m of 0.64 cm braided nylon, with barbless Mustad 12/0 circle 

hooks placed approximately every 12-13m. Each hook was baited with half of an 

Atlantic Menhaden Brevoortia tyrannus. Elapsed time from deployment until removal 

(combined soak and processing time) averaged 3.02 ± 0.94hr. Sex, fork length (FL), 

total length (TL) and general condition were recorded for every Sand Tiger captured. 

All Sand Tigers were tagged with a National Marine Fisheries Service (NMFS) ‘M-

type’ shark tag at the base of their first dorsal fin. 

A subset of 20 adult Sand Tigers (male TL > 190cm, female TL > 220cm; 

Goldman et al. 2006) were implanted with VMTs (Table 3.1). Upon capture, each 

shark was secured alongside the boat, and placed into tonic immobility by orienting 

the shark ventral side up (Watsky and Gruber 1990), with the support of a canvas strap 
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(~10cm wide), or a canvas sling. All sharks remained immersed with water flowing 

over the gills. Oxytetracycline (OTC Bio-Mycin, 10mg/kg of bodyweight) was 

injected with a sterilized syringe subcutaneously in the area under the dorsal fin, for 

protection against infection and to mark the vertebrae for aging at a later date. 

Bodyweight was estimated from FL according to conversion equations provided by 

Goldman et al. (2006). 

3.2.4 Surgical Procedure: Tag Implantation 

Elastomer coated VMTs were bathed in 91% isopropyl alcohol for sterilization 

just prior to implantation. In preparation for internal attachment, approximately 2m of 

sterilized 18kg test nylon monofilament was threaded through a Martin Uterine ½ 

circle reverse cutting needle (size 6) and secured through the factory drilled holes at 

the base of the VMT using four surgical knots (Fig. 3.1). 
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Figure 3.1: Tag attachment setup. Non-absorbable 18kg nylon monofilament was 
threaded through the Martin Uterine ½ circle reverse cutting needle (size 
6), and attached to the VEMCO Mobile Transceivers (VMTs) by 
threading the monofilament through a factory-drilled hole on the VMTs. 
The ends were tied using four surgical knots. 

Using a sterile carbon-steel scalpel blade (size 11), an ~5cm incision was made 

just distal to the ventral midline, anterior of the pelvic fins (Fig. 3.2a). The incision 

was made through the epidermis, dermis and muscle. Forceps were used to pull the 

body wall away from the viscera in order to protect the organs while making a small 

cut through the peritoneum, which was enlarged with a pair of blunt scissors. The 

VMT was then inserted into the coelomic cavity, leaving the attached monofilament 
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and needle outside of the incision. Using a needle driver (16.5cm Olsen Hegar), the 

monofilament was looped twice through the serous membrane of the peritoneal cavity, 

on the midline side of the incision (Fig. 3.2b). The needle was cut off of the 

monofilament, and the tag was secured to the body wall by hand tying four surgical 

knots with each pair of loose ends. The two sets of loose ends were tied separately to 

provide better assurance that the VMT would remain anchored to the body wall if one 

knot failed (Fig. 3.2c). The tails of the monofilament were trimmed and tucked into 

the coelomic cavity. 

With the understanding that telemetered Sand Tigers exhibit high levels of 

inter-annual site fidelity to Delaware Bay, and that the recapture of tagged individuals 

was going to depend on acoustically detecting them beyond the life of the VMT, we 

implanted each VMT shark with VEMCO V16-4H acoustic transmitters programmed 

to become active just prior to the expiration of the VMT. These smaller transmitters 

were set with an average transmission interval of 90s from October to June, and an 

average transmission interval of 60s from July to September to assist in active tracking 

of the sharks for approximately four years after tagging. These transmitters were also 

coated in Platinum Silicone Elastomer, and were placed into the coelomic cavity but 

not secured to the body wall. 
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Figure 3.2: VEMCO Mobile Transceiver (VMT) insertion procedure. a) Location of 
the ~5cm incision made just off the midline on the ventral side of the 
animal. The incision went through the body wall and into the peritoneal 
cavity. Adapted from Ripley (1946). b) Martin Uterine ½ circle reverse 
cutting needle (size 6) inserted through the serosal surface of the 
peritoneal cavity, but not protruding through the skin. The non-
absorbable nylon monofilament was twice looped through this tissue. c) 
Example of the surgical knots that were tied to secure the 4 loose ends of 
nylon monofilament looped through the serosal surface of the peritoneal 
cavity. Four surgical knots were tied with the two pairs of loose ends and 
ends were trimmed. 
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The incision was closed using a Ford interlocking continuous suture pattern 

(Harms 2005), which reduces the number of knots used, and facilitates appropriate 

wound closure. Suture material was an absorbable polydioxanone monofilament with 

a swaged reverse cutting ½ circle needle (ETHICON PDS* II CP-1, size 1). 

Throughout the procedure, care was taken to hold the shark high enough out of the 

water to prevent water contamination of the incision site while still maintaining 

adequate water flow across the gills. Following the procedure, all sharks were returned 

to ventral recumbency and allowed to recover from tonic immobility before release. 

All sharks were seemingly stable and actively swam away without complication. 

3.2.5 Tag Monitoring 

The Delaware Bay and surrounding coastal waters contained an extensive 

array of VEMCO VR-2W passive acoustic receivers maintained by Delaware State 

University that allowed us to monitor the annual emigration and immigration of 

telemetered Sand Tigers. If a tagged shark returned to the bay within two years after 

the initial surgery, the shark was considered a survivor of the surgical procedure. For 

Sand Tigers that did not return to the Delaware Bay, we queried the detection records 

from arrays in other coastal systems with the cooperation of the Atlantic Cooperative 

Telemetry (ACT) Network, to assess survival outside of the core-monitoring region. 

3.2.6 Manual Tracking and Recapture 

The year following tag deployment, active relocation attempts for Sand Tigers 

carrying VMTs were conducted in the Delaware Bay using a manual tracking acoustic 

receiver (VEMCO VR100) and both directional (VH110) and omnidirectional 

(VH165) hydrophones. Once the tag code from a shark carrying a VMT was identified 
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from the omnidirectional hydrophone, the directional hydrophone was used to orient 

the vessel as close as possible to the shark. When we were within an area of 

approximately +/- 100m and had established a direction of travel of the shark, a baited 

bottom longline identical to the one previously described was deployed ahead of the 

shark’s anticipated travel location. 

3.2.7 Surgical procedure: Tag removal 

Once a shark carrying a VMT, positively identified by the manually tracking 

acoustic receiver and dart-tag number, was recaptured, the VMT was removed. This 

procedure was similar to the tag insertion procedure; sharks were supported in dorsal 

recumbency in a tonic state while immersed using a canvas strap. The location of the 

internally secured VMT was identified from the scar resulting from the original VMT 

implantation incision. An approximately 8 cm incision was made alongside that scar 

taking care not to cut the monofilament that secured the VMT to the body wall. When 

the VMT was located, the monofilament holding it to the body wall was cut and the 

VMT was removed. Excess monofilament was removed to promote healing. The 

incision was then closed using an absorbable suture (the same type used in tag 

implantation procedure) via a modified Ford interlocking or interrupted suture pattern. 

Before release, both FL and TL were recorded and the old dart tag was removed and 

replaced with a new one. The V16-4H tag was left in the shark to enable tracking and 

monitoring survival in subsequent years. Sharks were again given a dose of OTC (10 

mg/kg of bodyweight) to help prevent infection. 
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Table 3.1: Tagging and recapture information for adult Sand Tigers Carcharias 
taurus implanted with VEMCO Mobile Transceivers (VMTs). 

 

3.3 Results 

3.3.1 Telemetered Sharks 

Between 5 July and 24 September 2012, we set 77 long lines, with 1848 hooks 

capturing a total of 267 Sand Tigers. We surgically implanted VMTs into 13 adult 

female and 7 adult male Sand Tigers. Females had an average TL of 256cm (222-

272cm), while males were slightly smaller with an average TL of 238cm (230-251cm) 

(Table 3.1). The average tag mass burden was <0.004% body weight for all sharks 

Shark ID Original 
Capture 

Date 

Fork Length 
(Total 

Length) cm 

Sex Recapture 
Date 

Days at 
Liberty 

Shark 1 19-Aug-12 206 (243) male ------ ------ 
Shark 2 20-Aug-12 211 (252) female ------ ------ 
Shark 3 20-Aug-12 225 (261) female ------ ------ 
Shark 4 21-Aug-12 225 (263) female ------ ------ 
Shark 5 21-Aug-12 226 (267) female ------ ------ 
Shark 6 21-Aug-12 233 (----) female ------ ------ 
Shark 7 21-Aug-12 226 (272) female ------ ------ 
Shark 8 23-Aug-12 219 (260) female ------ ------ 
Shark 9 23-Aug-12 224 (260) female ------ ------ 
Shark 10 24-Aug-12 208 (251) male ------ ------ 
Shark 11 24-Aug-12 194 (235) male 26-Jul-13 336 
Shark 12 24-Aug-12 187 (222) female ------ ------ 
Shark 13 24-Aug-12 202 (242) male ------ ------ 
Shark 14 24-Aug-12 198 (233) male 11-Aug-13 352 
Shark 15 30-Aug-12 200 (234) male ------ ------ 
Shark 16 30-Aug-12 230 (269) female ------ ------ 
Shark 17 07-Sep-12 217 (263) female ------ ------ 
Shark 18 07-Sep-12 192 (230) female ------ ------ 
Shark 19 07-Sep-12 210 (255) female ------ ------ 
Shark 20 07-Sep-12 193 (230) male ------ ------ 
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which is much lower than the generally accepted “2%”rule (Winter 1983), suggesting 

minimal impact on the Sand Tigers behavior and health. 

Of the 20 individuals implanted with VMTs, we detected 19 of the VMTs or 

V16-4H transmitters on moored passive acoustic receivers within two years after 

implantation (Fig. 3.3). The only individual never detected after tag implantation was 

the first male (Shark 1) to receive a VMT, and was presumed to have suffered 

mortality. The following summer (2013), acoustic detections from the passive receiver 

array in the Delaware Bay, indicated that 10 of the 19 presumed alive sharks had 

returned. However, an additional 6 Sand Tigers carrying VMTs were detected by 

acoustic receivers that were part of the Atlantic Cooperative Telemetry (ACT) 

Network (outside of the Delaware Bay) at some point throughout the following year. 

In 2014, 15 of the 19 presumed alive sharks were detected in the Delaware Bay or on 

other receivers within the ACT Network (Fig. 3.3). No shark, other than Shark 1, went 

more than one year without being detected by receivers in the Delaware Bay or by 

receivers that were part of the ACT Network (Fig. 3.3). 

3.3.2 Recapture Events 

We successfully recaptured two Sand Tigers (Shark 11, 26 July 2013 and 

Shark 14, 11 August 2013) implanted with VMTs after 336 and 352 days at liberty 

respectively, through the deployment of 68 longline sets and 1632 hooks. Both 

individuals retained their VMTs, with fully healed incision sites showing no evidence 

of infection (Fig. 3.4). The VMT was still internally tethered to the body wall in Shark 

11, with no evidence of scar tissue encapsulation on either the transceiver or suture 

material used for attachment to the body wall. To remove the transceiver, we 

attempted to clamp onto the knots attaching the monofilament to the VMT, however 
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when the monofilament was compressed, it parted and we had to recover the VMT by 

hand. In Shark 14, the monofilament was no longer intact. However, the VMT was 

easily located and retrieved, with no tissue encapsulation. 

 

Figure 3.3: Presence and absence of telemetered sharks. Detections of 20 adult Sand 
Tigers Carcharias taurus outfitted with VEMCO Mobile Transceivers 
(VMTs) on VEMCO VR-2W moored acoustic receivers located in the 
Delaware Bay, Delaware USA, the surrounding coastal ocean, and 
outside receiver arrays along the East Coast United States part of the 
Atlantic Cooperative Telemetry Network (ACT). All sharks were 
detected one or two years after surgery except Shark 1. 
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The detection record from the VMT in Shark 11 was downloaded using a VMT 

Optical Reader (VEMCO Ltd.). The VMT in Shark 14 was recovered after the battery 

had expired, but the data were recovered by VEMCO Ltd. from the non-volatile flash 

memory. The data recovered from the VMTs included the detection date and time, and 

the tag code detected. The VMT in Shark 11 recorded 29,646 raw detections of 

animals carrying compatible VEMCO acoustic transmitters, while the VMT in Shark 

14 recorded 44,210 raw detections. Both Shark 11 and Shark 14 were detected on 

receivers within the Delaware Bay for 25–44 days respectively after the tag recovery 

and showed a return to active movement within the bay suggesting that both 

individuals survived the recapture and recovery process. 

3.4 Discussion 

We consider a 10% VMT recovery rate a success. Through our efforts, we 

have shown it is possible to recapture telemetered individuals, and easily recover 

internally tethered tags. In addition, it does not appear that the behavior of the Sand 

Tigers was affected by the presence of the internally attached VMT. All but one 

telemetered shark were documented emigrating from the Delaware Bay by October as 

expected, with the vast majority returning in subsequent years. 

The sharks that did not return after one year (Sharks 2, 16 and 19) were 

females (except Shark 1, possible mortality or tag rejection), and there has been 

anecdotal evidence that females do not return to the bay with the same regularity as 

males. Sexual segregation in migration patterns has been shown using satellite tags on 

Sand Tigers tagged in the Delaware Bay (Teter et al. 2014), which supports the 

observation of females not returning the first year. In addition, studies have suggested 

a biennial reproductive cycle for female Sand Tigers in the NW (Branstetter and 
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Musick 1994) and SW (Lucifora et al. 2002) Atlantic Oceans, which may be related to 

the irregularity of the females returning to the Delaware Bay. All females that did not 

return the first year after implantation did return the second year, confirming their 

survival. 

 

Figure 3.4: The healed scar from initial tag implantation. The surgical scar was just 
off the midline of Shark 14 when it was recaptured and the implanted 
VEMCO Mobile Transceiver (VMT) was recovered. The shark had been 
at liberty for 352 days after initial tagging. The shark was tagged and 
recaptured in the Delaware Bay, Delaware USA. 
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We did not observe transmitter encapsulation or rejection in either of the two 

sharks we recaptured. The lack of encapsulation observed in the sharks recovered 

suggests that the Platinum Silicone Elastomer used in our study may have reduced 

internal irritation in Sand Tigers, however no control was used for comparison. 

Reducing tissue encapsulation around the tag is important for ensuring that the tag can 

be recovered from an animal with minimal damage, thus increasing the likelihood of 

survival of the animal. In addition, the retention of the larger transceivers, compared to 

traditional acoustic transmitters, suggests that the elastomer coating may have reduced 

tag rejection, although further study is needed to definitively attribute the coating to 

tag retention. 

The monofilament used to anchor the VMT tags to the body wall in our study 

did not perform as well as intended. After a year at liberty, the monofilament in Shark 

11 broke as soon as it was handled, and in Shark 14 the monofilament broke either 

while the shark was at liberty or was cut while the surgeon made the second incision. 

It is difficult to determine if heavier nylon monofilament would have maintained 

flexibility better than the 18 kg monofilament used in our study. In future studies, 

researchers may consider using non-absorbable monofilament made of other material 

(polypropylene, polyamide, etc.). While braided suture material can be easier to 

handle and can decrease time of surgery, it is also more irritating to tissue and silk 

sutures are less likely to stay intact and therefore not recommended for this application 

(Cooke et al. 2003). 

Our preliminary results, from detections on moored acoustic receivers, 

indicates a possible mortality rate of 5% for Sand Tigers implanted with a VMT, 

although the cause of the absence of Shark 1 was not confirmed. While few telemetry 
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studies involving sharks report a mortality rate, some studies have shown post-release 

survival rates of 90–100% (Holland et al. 1999, Gurshin and Szedlmayer 2004). A 

study by Cooke et al. (2003) found that post-surgery mortality in juvenile Largemouth 

Bass Micropterussalmoides was much higher for individuals tagged by a novice 

surgeon because of the longer surgery times, larger incisions, and misplacement of 

sutures. While the surgeon in our study had experience implanting transmitters in 

numerous sharks, this study utilized a new method of implantation, and a learning 

curve was associated with the implantation procedure, especially for Shark 1. In 

addition, the Mid-Atlantic region has seen an increase in recreational anglers targeting 

Sand Tigers (Fox et al. 2015), which are considered a Species of Concern by the 

National Marine Fisheries Service requiring anglers to immediately release all 

incidentally landed individuals. Mortality from recreational angling for Sand Tigers 

has been documented in different systems worldwide (Dicken et al. 2006, Lucifora et 

al. 2009, Kneebone et al. 2013, Kilfoil 2014). A recently completed study examining 

the influence of post-release survival of recreationally landed Sand Tigers near the 

Delaware Bay estimated a 6% mortality rate (Kilfoil 2014). As such, we cannot 

discount the possibility that Shark 1 was recaptured in the coastal ocean shortly after 

the implantation surgery and suffered mortality thereafter. Finally, it is possible the 

shark rejected both acoustic tags (VMT and V16-4H) or permanently emigrated from 

the system. 

The high site fidelity of the Sand Tigers captured in the Delaware Bay was 

critical to the success of this project. Studies using archival tags to study species 

interactions and associations among individuals in a marine species have previously 

relied on the animals to haul-out (Lidgard et al. 2012, Hayes et al. 2013, Lidgard et al. 
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2014), to be confined in a pen (Meyer et al. 2007), or to be relatively fixed to a small 

area like a nursery habitat (Guttridge et al. 2010). Here we show that it is possible to 

safely recover internal tags, independent of fisheries, from a highly mobile species that 

exhibits homing behavior. Several species of interest also exhibit site fidelity and 

could be candidates for future studies using this tagging technique. For example, 

White Sharks Carcharodon carcharias have been observed making predictable 

migrations between hot spots in the Pacific Ocean (Domeier and Nasby-Lucas 2007, 

Jorgensen et al. 2010). In addition, Bonnethead Sharks Spyrna tiburo have been 

documented with perhaps the highest recorded degree of site fidelity of any migratory 

shark (Driggers et al. 2014), however a smaller transceiver may be necessary for this 

species. Finally, elasmobranch species that are tied to specific habitat types and may 

not make large-scale movements but also exhibit interesting social structure such as 

Nurse Sharks Ginglymostoma cirratum (Pratt and Carrier 2001, Whitney et al. 2010) 

and Lemon Sharks (Guttridge et al. 2010) may be appropriate for this type of research, 

and tag recovery may be less challenging. The method presented in this paper could be 

a useful approach for researchers studying social behavior in a variety of large marine 

fishes. The continued development of smaller tags and additional acoustic transceiver 

technological advances may open up additional opportunities for other species of 

interest. Advances such as these are key to understanding the social interactions and 

behavioral ecology of these species. 
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SOCIAL NETWORK ANALYSIS REVEALS POTENTIAL FISSION-FUSION 

BEHAVIOR IN A SHARK 

Complex social networks and behaviors are difficult to observe for free-living 

marine species, especially those that move great distances. Using implanted acoustic 

transceivers to study the inter- and intraspecific interactions of Sand Tiger sharks 

Carcharias taurus, we observed group behavior that has historically been associated 

with higher order mammals. We found evidence strongly suggestive of fission-fusion 

behavior, or changes in group size and composition of Sand Tigers, related to five 

behavioral modes (summering, south migration, community bottleneck, dispersal, 

north migration). Our study shows sexually dimorphic behavior during migration, in 

addition to presenting evidence of a potential solitary phase for these typically 

gregarious sharks. Sand Tigers spent up to 95 consecutive and 335 cumulative hours 

together, with the strongest relationships occurring between males. Species that 

exhibit fission-fusion group dynamics pose a particularly challenging issue for 

conservation and management because changes in group size and composition affect 

population estimates and amplify anthropogenic impacts. 

4.1 Introduction 

While many sharks are solitary predators, some are known to live in groups 

and are suspected of engaging in complex social behaviors (Jacoby et al. 2012), others 

Chapter 4 
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simply aggregate due to similar habitat, food, or mating requirements. Evidence of 

complex social behaviors in sharks and other elasmobranchs is sparse, however we are 

beginning to understand the importance of studying shark aggregations. Many studies 

have considered the costs and benefits of group living in terrestrial and aquatic 

systems, but understanding how and why animals form groups remains a challenge 

(Couzin 2006). It is widely accepted that when costs of fusion (e.g., intraspecific 

competition for food and mates, exposure to diseases) outweigh the benefits (e.g., 

defense from predators, information sharing, mating opportunities), large groups 

fission and form smaller sub-groups to maximize fitness in different environmental 

and intraspecific group settings. Studies have observed fission-fusion behavior in 

response to changes in prey availability (Chapman et al. 1995, Pearson 2009, Parra et 

al. 2011), risk of predation (Fortin et al. 2009, Kelley et al. 2011), and territorial 

competition (Wallace 2008), but this behavior has been primarily documented in 

mammals, including humans (Aureli et al. 2008), non-human primates (Chapman et al. 

1995, van Schaik 1999, Wallace 2008), bats (Kerth et al. 2006, Kerth et al. 2011), and 

cetaceans (Pearson 2009, Parra et al. 2011), in addition to reptile (While et al. 2009, 

Leu et al. 2010) and fish species (Croft et al. 2004), but not in elasmobranchs. Here we 

present an innovative analysis of the intra- and interspecific group dynamics observed 

for the Sand Tiger shark Carcharias taurus during its annual migration. 

Sand Tigers have high brain to body mass ratios when compared to other 

Chondrichthyes (Northcutt 1977), and therefore may have the ability to maintain 

complex social structures and social behaviors (Connor et al. 1998, Jacoby et al. 2010) 

such as coordinated group feeding behaviors (Coles 1915) similar to those observed in 

marine mammals (Würsig 1986). In addition, Sand Tigers are a vulnerable species due 
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their inherently low fecundity (producing 1–2 pups every other year) and historic 

overfishing (Pollard and Smith 2009). Here we provide strong evidence for fission-

fusion dynamics in an elasmobranch and explain those dynamics in relation to Sand 

Tigers’ annual migration along the East Coast of the USA. Understanding changes in 

the composition and size of Sand Tiger groups may be useful for effective 

conservation and management strategies because these behavioral dynamics allow 

perturbations to disproportionately affect different life history stages. 

 

Figure 4.1: Map of acoustic detection locations and Pop-up Satellite Arcival Tag 
pop-up locations associated with sand tigers Carcharias taurus ST1 and 
ST2 from September 2012 to July 2013 along the East Coast, USA. 
Locations represent primary, secondary and tertiary locations (see 
Methods for details). Potential sand tiger habitat represents waters <200 
m (Compagno 2001). Map was created using QGIS version 2.8.3 
(www.qgis.org), and includes bathymetry data from Amante and Eakins 
(2009). 
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4.2 Results and Discussion 

Two VEMCO Mobile Transceivers (VMTs) implanted in Sand Tigers, 

hereafter referred to as ST1 and ST2, were successfully recovered after approximately 

one year (336 and 352 days respectively) at liberty (see Methods and Haulsee et al. 

2016 for details). VMTs are unique in that they are able to transmit coded acoustic 

pings unique to the animal carrying the tag, as well as receive and archive coded 

acoustic pings from compatible transmitters nearby. Therefore, VMTs are capable of 

recording thousands of detections from telemetered animals in the ocean. ST1 and ST2 

were implanted with the VMTs on the 24 August 2012, and were recaptured within 16 

days of each other in 2013 (26 July and 11 August respectively) and 9 km apart in the 

Delaware Bay. These Sand Tigers were also tagged with Pop-up Satellite Archival 

Tags (PSATs) to potentially add a spatial context to detection events, however little 

useable spatial information was recovered from the PSATs deployed (see Methods for 

details). Both individuals were considered mature males (194 and 198 cm fork lengths, 

respectively) at time of tagging, based on published size at maturity data for this 

species (Goldman et al. 2006). Documented locations of ST1 and ST2 from moored 

acoustic receivers and the pop-up locations of the PSATs (Fig. 4.1) revealed the 

typical coastal migration patterns for this species (Kneebone et al. 2014, Teter et al. 

2015). Range testing studies of VMTs mounted on animals and underwater vehicles 

show a detection range of ~400 m (Baker et al. 2014), but that range may be reduced 

in a VMT implanted in an animal. This suggests that detection events represent an 

encounter of two tagged animals within a few hundred meters of each other. ST1 

recorded 29,646 detection events from seven species of fish carrying compatible 

VEMCO acoustic transmitters (69 kHz coded); ST2 recorded 44,210 detection events 

from five fish species (Table 4.1). ST1 and ST2 detected 52.3% and 61.5% 
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respectively of telemetered Sand Tigers in the region (Table 4.1). Rarefaction curves 

for the detection records of ST1 and ST2 suggest that the tagged Sand Tiger 

population was well sampled (Fig. C.1). An intra- and interspecific Bray-Curtis 

similarity analysis revealed monthly changes in the group composition encountered by 

ST1 and ST2 throughout their annual migration (Fig. C.2), and will be discussed in 

detail below. In addition, we used Shannon’s Index to quantify the diversity 

(individual richness and evenness) of Sand Tigers encountered throughout each month 

(Fig. C.3). From these community changes, five general behavioral modes were 

inferred to assist in interpretation of the fission-fusion dynamics: summering, south 

migration, community bottleneck, dispersal, and north migration. 

Table 4.1: Detection record summary from archival VEMCO Mobile Transceivers 
implanted in ST1 and ST2. Active Tags are acoustic transmitters 
deployed by researchers associated with the Atlantic Cooperative 
Telemetry (ACT) Network that were potentially active during this study 
(24 Aug 2012 to 27 Jul 2013). 

 

Common Name Scientific Name Detected 
by ST1 

Detected 
by ST2 

Active Tags 
(ACT) 

Atlantic Sturgeon Acipenser oxyrhynchus 
oxyrhynchus 

120 57 1142 

Bull Shark Carcharhinus leucas 1 0 31 
Lemon Shark Negaprion brevirostris 2 0 173 
Sand Tiger Carcharias taurus 170 200 325 
Sandbar Shark Carcharhinus plumbeus 2 0 23 
Spiny Dogfish Squalus acanthias 1 2 132 
Striped Bass Morone saxatilis 0 1 513 
White Shark Carcharodon carcharias 2 2 29 



 
 
 
 

115 

4.2.1 Summering.  

For the month of September, ST1 and ST2 were summering in Delaware Bay 

and the surrounding coastal waters (Fig. 4.1). During this time they were associated 

with other individual Sand Tigers and with Atlantic sturgeon Acipenser oxyrhynchus 

oxyrhynchus (Fig. 4.2a). During this time, fusion in the inter- and intraspecific 

communities is suggested by the high degree of overlap in the network graphs (Figs. 

4.2a and 4.3a). The diversity (individual richness and evenness) of Sand Tigers 

encountered by both individuals was relatively high throughout the month (Fig. C.3). 

The strong network overlap between ST1 and ST2, and their high encounter rate with 

many different individual Sand Tigers (Fig.4.4a,b), suggests that Delaware Bay 

provides abundant resources during summer foraging. Sand Tigers commonly feed on 

Atlantic menhaden Brevoortia tyrannus (Gelsleichter et al. 1999), which are found in 

high abundance in Delaware Bay and the Mid-Atlantic Bight (“Atlantic menhaden 

stock assessment report for public peer review” 1999). Reduced competition for food 

has been shown to support larger group sizes and fusion behavior in primates 

(Symington 1988, Snaith and Chapman 2007, Aureli et al. 2008), as well as herding 

animals (Fortin et al. 2009). 

4.2.2 South Migration.  

As ST1 and ST2 left the Delaware coastal ocean on their southern migration in 

October and November (Fig. 4.1), we observed fission of the Sand Tiger group. The 

Sand Tigers encountered shifted from well a mixed group in terms of size and sex, to a 

group of almost exclusively males of a similar size range (~175–200 cm) (Figs. 4.3b,c 

and 4.4a,b), which was significantly different than the tagged population of Sand 

Tigers (Table C.1). ST1 and ST2 also encountered fewer Atlantic sturgeon, however,  
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Figure 4.2: Heterospecific network graphs showing individuals encountered by sand 
tigers Carcharias taurus ST1 and ST2 from September 2012 to July 
2013. Points connected only to ST1 (■) were only encountered by ST1 
during each month. Points connected only to ST2 (▲) were only 
encountered by ST2 during each month. Points in the center were 
encountered by both ST1 and ST2 at some point during the month. Black 
lines connecting ST1 and ST2 represent co-encounters between ST1 and 
ST2. 
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encounters with telemetered white sharks Carcharodon carcharias and spiny dogfish 

Squalus acanthias were documented (Fig. 4.2b,c). 

Sexual segregation in Sand Tigers during the fall migration along the east coast 

of the United States has been documented (Teter et al. 2015), with the majority of 

mature females moving offshore to shelf waters, and males migrating south along the 

coast. The shift from a mixture of males and females to almost exclusively males 

around ST1 and ST2 during their southern migration supports these findings (Figs. 

4.3b,c and 4.4a,b). Sexual segregation is common in elasmobranch species 

(Wearmouth and Sims 2008, Mucientes et al. 2009, Jacoby et al. 2010), and appears to 

be occurring with Sand Tigers as well (Bansemer and Bennett 2011, Teter et al. 2015). 

For some mammals (elephants: Chiyo et al. 2011, dolphins: Lusseau et al. 2003, 

moose: Miquelle et al.1992, kangaroos: MacFarlane and Coulson 2009), males form 

loose-knit groups to share mating, foraging or navigational knowledge, maintain 

access to sparring partners, or defend against predators and interspecific competition 

(Chiyo et al. 2011). It is possible that male Sand Tigers are displaying similar male-

group behavior during times of migration (Bansemer and Bennett 2011, Otway and 

Ellis 2011, Teter et al. 2015). Male grouping in sharks may also be due to avoidance 

of males by females, to reduce mating injury and pressure (Wearmouth and Sims 

2008). The highest Sand Tiger group similarity throughout their entire migration was 

from November - February (Fig. C.2a,b), indicating that ST1 and ST2 were re-

encountering individual Sand Tigers from one month to the next. Further work is 

needed to quantify the fine-scale association patterns within these loose-knit Sand 

Tiger aggregations to fully explain this behavior. 
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Figure 4.3: Network graphs of sand tigers Carcharias taurus encountered by ST1 
and ST2 from September 2012 to July 2013. Points connected only to 
ST1 (■) were only encountered by ST1 during each month. Points 
connected only to ST2 (▲) were only encountered by ST2 during each 
month. Points in the center were encountered by both ST1 and ST2 at 
some point during the month. Black lines connecting ST1 and ST2 
represent co-encounters between ST1 and ST2. 
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4.2.3 Community Bottleneck.  

The group of Sand Tigers associated with ST1 and ST2 again fuses in March 

and December respectively (Fig. 4.3d-g). This fusion event likely occurs around the 

Carolinas based on the location records of ST1 and ST2 (Fig. 4.1), and anecdotal 

evidence from researchers whose telemetered fishes (sandbar sharks Carcharhinus 

plumbeus, spiny dogfish) were detected during this time (Fig. 4.2d–g). ST1 and ST2 

mainly encountered similar Sand Tigers during this community bottleneck phase (up 

to 80% similar detections in December; Fig. C.5), but Atlantic sturgeon, white sharks 

and spiny dogfish were also detected (Fig. 4.2d–g). ST1 and ST2 encountered each 

other occasionally in October-January, but peak co-encounters occurred during the 

middle of this community bottleneck stage in February (Fig. C.4). The community 

bottleneck (Dec - Mar) appears related to the sudden increase in overall detections of 

conspecifics, and notably the reappearance of females (Figs. 4.3d-g and 4.4a,b). By 

January the sex ratio of the Sand Tiger population encountered by ST2 was not 

significantly different than the tagged population (Fig. 4.4b, Table C.1). In March, the 

size and sex ratio of Sand Tigers encountered by ST1 reflected that of the tagged 

population (Fig. 4.4a, Table 4.1). 

The community bottleneck event is likely a reflection of habitat constriction, as 

well as attraction of animals to physical structure in this region, similar to fish 

aggregating at seamounts (Holland and Grubbs 2007) or around prey resources (de la 

Parra Venegas et al. 2011). Sand Tiger sharks seem to prefer water less than 200 m in 

depth (Compagno 2001), therefore we suggest that the community bottleneck 

observed may be driven by the narrowing of the continental shelf near Cape Hatteras, 

North Carolina (Fig. 4.1). In addition, Sand Tigers and other species detected may 

have been attracted to the multitude of shipwrecks and artificial reefs in the 
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“Graveyard of the Atlantic” between Cape Hatteras, NC, and Cape Lookout, NC (Fig. 

4.1; Whitfield et al. 2011). Aggregations of Sand Tigers on these wrecks attract a 

sizeable dive tourism industry in this area. These shipwrecks may serve as fixed 

locations to assist in migration, or points where Sand Tigers and other predators 

aggregate to take advantage of a food resource (prey fish are also attracted to the 

structure of the wrecks; Whitfield et al. 2011), or possibly to look for mates (suggested 

by reoccurrence of the large females in the detection records). 

4.2.4 Dispersal.  

As early as March, the network graph for ST2 reveals a second group fission 

event, which is also reflected in the network graphs of ST1 by April (Fig. 4.3g,h). 

There are very few Sand Tiger encounters for both ST1 and ST2 in April and May, 

suggesting the group of Sand Tigers that had fused around the bottleneck at Cape 

Hatteras had dispersed (Figs. 4.3h,i and 4.4a,b). While ST1 and ST2 were 

encountering fewer Sand Tigers, they did encounter multiple heterospecifcs (Fig. 

4.2g–i). ST1 encountered a variety of elasmobranchs (bull shark Carcharhinus leucas, 

lemon shark Negaprion brevirostris, sandbar shark, white shark), in addition to Sand 

Tigers and Atlantic sturgeon (Fig. 4.2g–i). This is supported by the community 

similarity analysis, which showed interspecific encounters during this dispersal phase 

to be markedly dissimilar to those found during the rest of the year (Fig. C.2c,d). 

There are no documented location records for ST2 south of Cape Hatteras, and 

between March and May, ST2 went for several weeks without detecting any other 

telemetered Sand Tiger, showing a complete dissolution of the Sand Tiger 

aggregations previously recorded. This may suggest that the benefits of group living 

no longer outweighed the potential benefits of group-dispersal, and the male Sand 
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Tigers in our study entered a solitary phase, thus reducing intraspecific competition for 

resources (food, mates, habitat, etc.). Fission of groups is a common adaptation to 

reduce competition for resources and has been observed in primates (Chapman et al. 

1995) and cetaceans (Pearson 2009, Parra et al. 2011). However, the time scale of 

dispersal is often observed daily in contrast to the monthly scale dispersal event 

observed. It is possible that ST1 and ST2 shifted from aggregations of telemetered 

Sand Tigers, to aggregations of Sand Tigers not carrying transmitters, thus accounting 

for the absence of detections. However, given ST1 and ST2’s proximity to other 

telemetered Sand Tigers throughout the rest of the year, this is unlikely, and it is still 

apparent that ST1 and ST2 moved away from the Sand Tigers it was previously 

encountering. 

4.2.5 North Migration.  

 The northern migration of ST1 and ST2 appeared to occur faster than the 

southern migration, with both Sand Tigers traveling from the Carolinas to the Mid-

Atlantic coastal ocean and Delaware Bay between May and June (Fig. 4.1). During 

their northern migration and especially once they reached the Maryland and Delaware 

coastal ocean, fusion of Sand Tigers again occurred (Fig. 4.3i,j), as evidenced by 

increased diversity in the sex and size of encountered Sand Tigers (Fig. 4.4a,b). 

However, the interspecific network graphs suggest that ST1 and ST2 chose different 

migratory routes, given that ST1 encountered many Atlantic sturgeon, while ST2 

encountered more conspecifics (Fig. 4.2i,j). ST1 did not re-encounter ST2 until they 

had both returned to their Delaware Bay summering grounds in mid-July (Fig. 4.3K), 

after four months of separation, where the population of Sand Tigers encountered by 
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ST1 and ST2 again became representative of the tagged population in terms of size 

distribution and sex ratio (Figs 4.3j,k and 4.4, Table C.1). 

4.2.6 Sand Tiger Association.  

 While it is difficult to understand to what degree ST1 and ST2 were 

associating with the telemetered Sand Tigers they encountered, and whether or not it 

was external or internal forcings driving the group dynamics, we believe that the 

length of time that some Sand Tigers spent together is notable. ST1 and ST2 

encountered other Sand Tigers for an average of 33 (range 2–294 hr) and 44 

cumulative hours (range 2–335 hr) throughout the study. The top 10% of Sand Tigers 

encountered by ST1 and ST2 were encountered for 93–294 (n = 17) and 117–335 (n = 

20) cumulative hours, and were almost all male Sand Tigers (ST1: 16 males, 1 female; 

ST2: 18 males, 2 females). Even more noteworthy is the length of consecutive hours 

that some Sand Tigers remained within the detection range of ST1 and ST2 (Fig. 

4.4c,d). While the average length of consecutive hours ST1 and ST2 spent with other 

Sand Tigers was only 4 hr, consecutive hour events ranged from 2–50 hr for ST1 and 

2–95 hr for ST2 (Fig. 4.4c,d). The top 1% of consecutive hour events ranged from 20–

50 hr (n = 13) and 21–95 hr (n = 20) for ST1 and ST2 respectively, and were 

predominantly between males (ST1: 10 males, 2 females; ST2: 12 males, 4 female) 

(Fig. 4.4c,d). Interestingly, the top 1% consecutive hour detection events occurred in 

either September-October while ST1 and ST2 were migrating south, or during the 

community bottleneck in January and March, which is where ST1 and ST2 spent long 

periods of time with a few large females (FL: 185–246 cm). This suggests that some 

associations within the population are not random events, and some behavioral choice 

may be occurring. It is also important to note that code collision, or changes in the 
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detection range of the internally implanted VMTs may inhibit detections, which may 

cause close associations between Sand Tigers to be underrepresented. We also note 

that with a potential detection range of around 400 m, some of our detections may not 

be due to direct social interactions. 

4.2.7 Conclusions 

Vulnerable species that exhibit fission-fusion group dynamics pose a 

particularly challenging issue for conservation and management because changes in 

group size and composition can affect population estimates and amplify anthropogenic 

impacts. For example, when group size and composition (in terms of individual size 

class and sex) changes throughout time and space, population monitoring efforts may 

sample populations disproportionate of their true distributions, or anthropogenic 

perturbations may disproportionately effect one segment of a population (e.g. mature 

females only). Using only two acoustic transceivers, we were able to monitor inter- 

and intraspecific associations between hundreds of individuals in the ocean throughout 

a year. We also have provided strong evidence for fission-fusion behaviors, a complex 

group dynamic, in a free-living shark species. These behaviors are typically associated 

with higher order mammalian species, suggesting that further research is needed to 

explore the behavioral patterns in this, and other species of sharks that tend to form 

groups. 
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Figure 4.4: Frequency of male and female sand tigers Carcharias taurus encountered 
by (A) ST1 and (B) ST2 between September 2012 and July 2013. Size 
classes for sand tigers encountered are fork lengths rounded to the nearest 
25 cm bin between 75–225+ cm. Size and sex distribution of tagged 
population (TP) represents the size class and sex at time of tagging of all 
sand tigers in the Atlantic Cooperative Telemetry (ACT) Network 
potentially carrying acoustic tags during this study. Symbols represent 
significant differences between the M:F ratio (●), and the ratio of sand 
tigers in each size class (+) of encountered sand tigers and sand tigers 
carrying tags in the ACT Network. All sand tigers were detected for at 
least two consecutive hours. The mean (black points) and range (grey 
vertical bars) consecutive hours detected throughout the year for 
individual sand tigers detected by (C) ST1 and (D) ST2 are displayed. 
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4.3 Methods 

4.3.1 Tag implantation and recovery.  

During August and September of 2012, we implanted 20 VEMCO Mobile 

Transceivers (VMTs, VEMCO Ltd. Nova Scotia, Canada) into sexually mature Sand 

Tigers Carcharias taurus caught on long-lines in the Delaware Bay, Delaware 

USA22. Of the 20 Sand Tigers implanted with VMTs, two male Sand Tigers were 

successfully recaptured and their implanted VMTs recovered in July and August of 

2013, after approximately one year at liberty (336 and 352 days, respectively; Haulsee 

et al. 2015). The detection record from the VMT in ST1 was downloaded using a 

VMT Optical Reader (VEMCO Ltd.). The VMT in ST2 was recovered after the 

battery had expired, but the data were recovered by VEMCO Ltd. from the non-

volatile flash memory. All Sand Tigers were caught, handled, and released in 

accordance with guidelines provided by the Delaware Department of Natural 

Resources and Environmental Control (DNREC; 2012-021F), the Massachusetts 

Division of Marine Fisheries. All fishing and tagging protocols were approved by the 

University of Delaware IACUC (1259-2014-0), and the University of Massachusetts 

Dartmouth IACUC (10-01). 

The data recovered from the VMTs included the detection date, time, and the 

unique tag code detected. Using the database of VEMCO transmitters deployed in the 

Atlantic Ocean maintained by the Atlantic Cooperative Telemetry (ACT) Network, we 

matched the tag code to the tag owners and species carrying the detected tag. Tag 

owners were contacted and asked for permission to use detections of their telemetered 

fish in this analysis. In return, the time of detection of the detected fish were provided 

to the respective tag owner. Detections from researchers that did not wish to 
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participate were removed from the dataset (4 detections of 1 transmitter from 1 tag 

owner), but these detections did not represent novel species or a large portion of the 

detection record. In addition, detections of tags that could not be identified were 

removed from the dataset (1988 detections from 13 tags). One tag owner informed us 

that the Sand Tiger carrying an acoustic tag encountered by ST1 and ST2 was part of a 

surf-fishing mortality study and was likely dead. Detections of this tag code were 

removed because we could not discern whether the tag was still attached to the Sand 

Tiger, or had been shed when the Sand Tiger suffered mortality. To add additional 

context to the detections of conspecifics, metadata (sex, fork length, total length) 

collected from each Sand Tiger at the time of tagging were matched to the detection 

record of all detected Sand Tigers. Using these data, we were able to examine how 

changes in the sizes and sex of Sand Tigers encountered by ST1 and ST2 drove the 

changes in the similarity and diversity analyses (see below). 

4.3.2 Geographic location of detection events.  

We attempted to use Pop-up Satellite Archival Tags (PSATs, Sea-tag MOD, 

Desert Star Llc, California, USA) to estimate the locations of the Sand Tigers carrying 

VMTs throughout their year at liberty. However, due to malfunction, shedding, or 

other limitations, we were unable to reconstruct the seasonal paths for any of the 

tagged animals using the PSAT data. We were, however, able to use the pop-up 

locations of the PSATS on ST1 and ST2, as well as the pop-up locations from other 

sharks detected by the VMTs in ST1 and ST2 within seven days of the pop-up event, 

to get a few estimates of where these sharks were located. To augment our position 

estimates of these sharks, we used the moored acoustic receiver arrays maintained by 

members of the ACT Network to provide location records for ST1 and ST2 between 
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the time of tagging and their recapture. In addition, most researchers whose tags were 

detected by ST1 or ST2 provided acoustic detections of their telemetered fish that 

occurred within seven days (before or after) of the detection event on the VMTs in 

ST1 and ST2. 

For each detection event (a detection of a tagged fish by the VMTs in ST1 or 

ST2), we attempted to match a location to the event using the acoustic detections on 

moored receivers, the VMTs and the PSAT pop-up locations. Locations could be 

primary locations (location records of ST1 and ST2 on the day of the detection event), 

secondary (locations records of ST1 and ST2 within seven days of the detection 

event), or tertiary (location records of the telemetered fish detected by ST1 and ST2 

within seven days of the detection event). However, we were unable to determine the 

location, or approximate location for every detection event using these methods. 

4.3.3 Community structure, behavior, and social network analyses.  

Leveraging the efforts of researchers in the ACT Network, we computed 

diversity indices and performed social network analyses to describe temporal changes 

in the inter- and intraspecific community associated with ST1 and ST2. Interspecific 

detection totals were normalized using the total number of active tags available in the 

ACT Network during our study, which accounts for species with differing levels of 

tagging effort. The Bray-Curtis measure of community dissimilarity was calculated 

using the normalized abundance of unique species detected each month, as well as the 

abundance of unique Sand Tigers detected each month, with the vegdist (vegan; 

Oksanen et al. 2015) function in R (R Core Team 2015). This measure was converted 

to community similarity for easier interpretation by subtracting the Bray-Curtis 

dissimilarity indices from one. 



 
 
 
 

128 

Using only the detections of conspecifics over time, we computed the species 

accumulation rarefaction curve using the specaccum (vegan; Oksanen et al. 2015) 

function in R. In this case, the curve depicts the mean accumulation of unique Sand 

Tigers encountered and its confidence intervals. The average species accumulation 

curves begin to plateau after 11 months, indicating by the end of our study new Sand 

Tigers were not being detected frequently. This suggests comparisons of diversity 

indices and community structure changes within the Sand Tiger population 

encountered by ST1 and ST2 over time were appropriate, as the population was likely 

well sampled. 

We calculated Shannon’s diversity index (H) of unique Sand Tigers detected 

by ST1 and ST2 each month using the diversity (vegan; Oksanen et al. 2015) function 

in R. The Shannon’s index takes into account richness, which, in this case, includes 

unique Sand Tigers encountered by ST1 and ST2 throughout each month, as well as 

the evenness of the number of days in each month that unique Sand Tigers were 

encountered. To add context to the changes in Sand Tiger diversity encountered by 

ST1 and ST2 among months, we plotted the number of Sand Tigers detected each 

month classified by sex and size. We then used a chi-square goodness-of-fit test 

(chisq.test{stats}; R Core Team 2015) in R to test for significant differences in the sex 

ratio, and the distribution of Sand Tigers in 25 cm size bins from 75–225+ cm bins, 

between the available tagged population of Sand Tigers and the observed distributions 

encountered by ST1 and ST2 each month. Monte Carlo simulation was used to 

calculate the p-value when comparing size distributions because some expected 

frequencies were too small (<5), resulting in low power in the chi-square 

approximation. 
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To explore in more detail at what level the Sand Tigers encountered by ST1 

and ST2 may have been associating, we queried the detection record for cumulative 

hours when each individual Sand Tiger was detected by ST1 and ST2. This allowed us 

to identify individual Sand Tigers that were detected more often than the rest of the 

Sand Tigers encountered by ST1 and ST2. In addition, the lengths of consecutive 

hours that ST1 and ST2 were associated with individual Sand Tigers was calculated 

using the rle function in R. 

For context, the proportion of telemetered Sand Tigers that were encountered 

by both ST1 and ST2 out of all of the Sand Tigers encountered by ST1 and ST2 

during that month was plotted, along with the number of co-encounters between ST1 

and ST2 per month. Finally, social network graphs were plotted displaying the 

individual Sand Tigers colored by sex, and the individuals of each species detected 

each month ST1 and ST2 carried VMTs using the igraph (Csardi and Nepusz 2006) 

package in R. 
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CONCLUDING REMARKS 

One of the fundamental principles in ecology the biogeography of animals, and 

this is the central theme of this dissertation. For an imperiled coastal shark species 

under direct threat from anthropogenic effects, these questions are especially critical. 

The Sand Tiger shark is a model organism for developing new techniques to 

understand the spatial ecology of a marine animal because as I have shown, Sand 

Tigers perform predictable, large-scale annual migrations, exhibit sexual segregation 

that has direct implications for conservation and management efforts, and form dense 

aggregations related to their life-history stage and possibly in response to social cues. 

The complexity of the Sand Tiger sharks behavior and life history necessitates 

innovative study designs to uncover when and where they occur in our oceans, and 

through this dissertation, methods for understanding the complex biogeography of 

coastal marine animals were developed that can be rapidly applied to other species of 

interest.  

5.1 Spatial ecology and Migration in Sand Tigers 

On our planet, examples of migratory behavior can be found in all branches of 

the animal kingdom. Despite body form, ecological niches, and life history strategies, 

this behavior is acknowledged as a crucial part of many animals life as they balance 

external and internal drivers of movement (Dingle and Drake 2007, Nathan et al. 

Chapter 5 
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2008). Just as zebras make picturesque migrations across the savannahs of Africa 

(Brooks and Harris 2008), sharks and other marine animals are making large-scale 

migrations along our coastlines and across oceans every year. In the Northwestern 

Atlantic, a migration that spans nearly the entire eastern coast of the United States has 

been documented for all life stages of Sand Tigers (Carlson et al. 2009, Kneebone et 

al. 2014, Teter et al. 2015, Haulsee et al. 2016). In Chapter 1, I developed models 

using remotely sensed sea surface conditions, day length and bathymetry to predict the 

timing and location of these migratory behaviors in the Mid-Atlantic coastal ocean for 

Sand Tigers. It appears that 18 °C is an important threshold temperature, especially for 

adult Sand Tigers, and the seasonal change in water temperature in the coastal ocean 

was a major external driver of the large scale patterns in Sand Tiger movements and 

distribution. Juvenile Sand Tigers appear to use cooler waters (<18 °C) at certain times 

of the year, especially during their spring migration north, which may indicate that 

when balancing external and internal motivations for movement, an internal driver is 

causing them to sacrifice warmer water for some other benefit (Bowler and Benton 

2005, Nathan et al. 2008). It is likely that juvenile Sand Tigers migrate earlier and 

further north [Chapter 1; (Kneebone et al. 2014)] to evade competition with adult Sand 

Tigers and other shark species. It is also possible juveniles are taking advantage of 

other environmental resources not accessible, or not beneficial to larger mature Sand 

Tigers, who need to direct energy into reproduction in addition to growth (Bowler and 

Benton 2005).  

Much of our oceans are seemingly featureless expanses of sandy bottom. On 

land, humans and many animals use physical features or landmarks to navigate our 

world (Mouritsen 2001). For example, it has been shown that pigeons form maps and 



 
 
 
 

137 

use familiar landmarks to navigate familiar routes (Mouritsen 2001), however how do 

Sand Tiger sharks migrating in a seemingly featureless expanse of ocean return 

faithfully to the same habitats year after year? I explored the question of habitat 

selectivity and navigation during the Sand Tiger’s fall migration in Chapter 2 of this 

dissertation. In this study, I found that Sand Tigers were choosing habitats lower in 

salinity close the shoreline, and higher in CDOM than other ocean habitat available. I 

suggest in Chapter 2 that these environmental variables are related to navigation in 

Sand Tigers. For a fish, sharks have large brain to body size ratios and this ratio is 

comparable to that in many vertebrate species (Northcutt 1978, Bres 1993). In addition 

sharks, but especially Sand Tigers, have large olfactory bulb to brain mass ratios, 

suggesting that they have both the cognitive and olfactory capabilities to process 

complex auditory (from crashing waves near shore) and olfactory chemical cues 

(lower salinity, higher CDOM water) in order to navigate in the ocean.  

The relationship between Sand Tigers and higher CDOM waters found in 

Chapter 2, complement the use of absorption in the near infrared (869 nm) as an 

environmental predictor variable for Sand Tiger occurrence in Chapter 1. CDOM and 

absorption in the near infrared are not correlates, but both likely relate to coastal ocean 

turbidity (Wang and Shi 2005, Nezlin et al. 2008). Why Sand Tigers choose to occupy 

turbid waters is an unanswered question. Sharks have well developed visual systems 

(Bres 1993), but have been hypothesized that sharks may use turbid waters to their 

advantage when hunting (Ebert 1991). For an opportunistic shark described as slow 

moving and the only shark known to gulp air to increase their buoyancy (Compagno 

2001), using turbid waters as camouflage while they wait for prey to come within 

range is likely.  
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In Chapter 1, the dynamic species distribution models created predicted size 

and segregation in the Sand Tiger population that has been observed in not only the 

Northwestern Atlantic Sand Tiger population (Teter et al. 2015), but also in their 

Eastern Australian (Bansemer and Bennett 2011) population as well. This, coupled 

with evidence that Sand Tigers form dense aggregations throughout a year, motivated 

my investigation into the grouping behavior of Sand Tigers. Sand Tigers have high 

brain to body mass ratios when compared to other Chondrichthyes (Northcutt 1977), 

and therefore may have the ability to maintain complex social structures and social 

behaviors (Connor et al. 1998, Jacoby et al. 2010). The novel tagging technique 

developed in Chapter 3 allowed me to make direct observations of free-swimming 

individual Sand Tiger shark associations throughout an entire year. In Chapter 4, I 

discuss evidence for fission-fusion behavior, or the change in size and composition of 

groups formed by Sand Tigers, a behavior typically observed in terrestrial species. 

During their fall migration, the mature male Sand Tigers in my study seemed to join a 

group composed of mature male Sand Tigers, in contrast to the group of mixed life 

stages and sexes observed while they were summering in the Delaware Bay. As 

discussed above, an animals choice of where and when to move depends on external 

factors such as the environmental cues discussed in Chapters 1 and 2, but also internal 

cues such as social cues within group-living species (Nathan et al. 2008). Animals that 

form groups have been found to make better navigational decisions following the 

“many wrongs principle”, as the group can share navigational knowledge, or group 

cohesion can reduce individuals from straying too far in the wrong direction (Simons 

2004, Codling and Bode 2014). While this theory holds true for leaderless groups 

(Codling and Bode 2014), a study of grey reef sharks used social network analysis to 
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identify group leaders that predicted the timing and directionality of group movement 

(Jacoby et al. 2016). This begs the question if Sand Tiger migration is driven by 

external environmental cues, internal social cues, or some combination of the two? 

5.2 Future Directions 

“The Wilderness holds answers to more questions than we have yet 
learned to ask.”  
― Nancy Wynne Newhall 

In the past decade, targeted studies have investigated and described many 

previously unknown characteristics of Sand Tiger biology and spatial ecology along 

the East Coast of the USA. However, we are far from completely understanding this 

complex coastal shark species and many questions still remain. 

In Chapter 1, I built a spatial and temporally explicit predictive model that 

accurately predicted Sand Tiger occurrence ~80-90% of the time. Bulk migrations and 

distributions are likely related to the environmental variables included in our models 

(depth, temperature, day length, turbidity), but fine scale habitat choices in a predator 

on smaller space and time scales may be closely tied to prey distributions. The 

distributions of prey fish are highly dynamic and patchy, and therefore difficult to 

predict. A study of habitat selection in bottlenose dolphins found that including prey 

distribution as a predictor variable did not perform better than predicting dolphin 

occurrence from environmental explanatory variables alone, suggesting the 

environmental variables that relate to dolphin occurrence also relate to prey 

occurrence (Torres et al. 2008).  It would be interesting to test if these findings reflect 

Sand Tiger distribution in the Delaware Bay as well. Do Sand Tigers follow prey 

distributions in the Delaware Bay, or is their predatory behavior more opportunistic in 

nature, with Sand Tigers choosing optimal habitats that balance energetic costs with 
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increased chances of prey fish coming to them? Our results in Chapter 1 suggest the 

latter is true. Sand Tiger presence in the Bay was predicted primarily by temperature 

and water depth. Once the sea surface temperature reached at least 18 °C, the 

variability in Sand Tiger distribution was heavily influenced by the depth of the bay, 

with Sand Tigers choosing the deepest channels and the shallowest waters. In the deep 

channels, Sand Tigers likely take refuge in the cooler bottom temperatures and likely 

take advantage of the strong tidal currents that would allow the Sand Tigers to drift 

with the currents in search of prey, or swim up-current following olfactory cues that 

would lead them to patches of prey. In the shallowest waters, prey patches are 

condensed and Sand Tigers may use this to their advantage to compress baitfish into 

tight schools for easier hunting.  The species distribution models created in Chapter 1 

predict daily Sand Tiger occurrence, therefore a next step to investigate the foraging 

behavior and fine-scale habitat selection of Sand Tigers in the Delaware Bay would be 

to include environmental variables measured on finer time and space scales such as 

tides, sun angle or time of day, and possibly modeled prey distribution models, if such 

models could be created, in addition to bathymetry, sea surface temperature and day 

length. Relationships with these finer scale environmental variables likely differ 

among the life history stages of Sand Tigers, and may improve the level of detail in 

the ecological overlap models created in Chapter 1. 

In Chapters 1 and 4, we observed sexual segregation in the fall migratory 

corridor in the Mid-Atlantic coastal ocean in line with previous observations of this 

behavior (Teter et al. 2015). It appears clear that mature females are extending their 

migratory routes further offshore, into deeper waters than the rest of the Sand Tiger 

population, but this has only been observed by a few pop-off satellite archival tags 
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(Teter et al. 2015), is predicted by our models in Chapter 1 and inferred in Chapter 4. 

Extending acoustic detection capabilities further offshore would help confirm the 

existence of an offshore migratory corridor for mature females. Deploying moored 

acoustic receivers further offshore is logistically difficult, and costly to maintain, so a 

solution to this would be to use mobile telemetry platforms to target offshore waters in 

the fall. These could either be autonomous underwater gliders, like the one used in 

Chapter 2, or wave gliders, which have been used to carry acoustic receivers into areas 

of interest offshore. Identifying areas offshore occupied by mature females is critical 

for protecting this valuable segment of the Sand Tiger population by identifying 

potential threats to their populations in these areas (offshore energy exploration, 

interactions with commercial fisheries, etc.).  

In addition to the need to better identify the segregation of mature females 

offshore, mature females are performing an interesting behavior switch likely related 

to their biennial reproductive cycle that needs further investigation. In Chapter 3, we 

observed 3 of the mature females in our study skip returning to the Delaware Bay after 

a year at liberty, only to return two years after their release. It is speculated that the 

mature females that are found in the Delaware Bay are not pregnant, and are in an 

“off” year, whereas pregnant females do not make the full migration north in the 

spring, and remain off of North Carolina, or further south. To my knowledge, direct 

evidence of this behavioral switch has not yet been published or quantified, and is only 

known through anecdotal evidence. To better understand this aspect of their 

reproductive cycle, a field ultrasound could be used to determine if mature female 

Sand Tigers show any signs of pregnancy while they are in the Delaware Bay during 

the summer months, in contrast with the likely very pregnant mature female sharks off 
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of North Carolina in the summer months. In addition, it may be possible to quantify 

any patterns in mature female occurrence in the Delaware Bay using the 

approximately eight-year record of acoustic detections of Sand Tigers in the Delaware 

Bay. For example how consistently do mature females take an “off” year in the 

Delaware Bay, and how does this inform what we know about their reproductive 

potential?  

As identified in Chapter 4, there are times of the year where we have few 

location records for Sand Tigers tagged in the Delaware Bay. From early winter to late 

spring, Sand Tiger acoustic detections are rare, which limits our ability to interpret 

habitat selection and use by Sand Tigers in the South Atlantic Bight. This is important 

because it is during these months that Sand Tigers are likely mating and then 

subsequently pupping. Juvenile Sand Tigers tagged at the northern extent of the Sand 

Tigers range in the Northwest Atlantic appear to migrate through the Mid-Atlantic 

Bight, to the southern extent of their range off of Florida and back to New England on 

an annual basis (Kneebone et al. 2014), and the same philopatric behavior is observed 

for Sand Tigers tagged in the Mid-Atlantic region. But there is anecdotal evidence that 

Sand Tigers are present in the South Atlantic Bight, or at least off of North Carolina 

all year round. Are the sharks that don’t migrate into the Mid-Atlantic region and 

further north only the pregnant mature females, or are their other segments of the Sand 

Tiger population that are residents at the southern extent of their range? If these sharks 

are resident, are they genetically dissimilar from the migratory population?  I believe a 

tagging program similar to those in New England and the Delaware Bay is necessary 

in the South Atlantic Bight in order to begin to answer these questions. But where are 

Sand Tigers occurring in the South Atlantic Bight? In Chapter 4 I recorded the 
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dissolution of Sand Tiger aggregations during this time of the year and obtained very 

few location records for Sand Tigers during this time. Where are the Sand Tigers 

going and what is driving them to separate?  To begin to answer these questions, 

increased acoustic receiver coverage of the South Atlantic Bight is necessary, either by 

deploying more acoustic receivers along the coast and even further offshore, or by 

using a mobile telemetry asset to search for Sand Tigers in the early winter to late 

spring in the South Atlantic Bight.  

Finally, the Sand Tigers studied in this dissertation are part of the 

Northwestern Atlantic sub-population, and experience different habitat conditions than 

those in the South African or Eastern Australian sub-populations. It is therefore likely 

that the environmental conditions predictive of those populations differ. An interesting 

test of the evolutionary history of Sand Tigers would be to identify similarities in 

environmental variables predictive of Sand Tiger occurrence, and social behavior that 

still exist between these geographically isolated populations. 

5.3 Conclusion 

 In this dissertation I have provided new insights into the spatial and behavioral 

ecology of the Sand Tiger shark, an important coastal top-predator experiencing 

population declines worldwide. The methods discussed provide a framework for 

studying these aspects of other Sand Tiger subpopulations worldwide, in addition to 

any other coastal species where similar location records and grouping behavior 

information is available. The results provided could be used to inform dynamic 

conservation efforts for Sand Tigers in the Mid-Atlantic, and identify potential threats 

to their population recovery based on where and when they occur, as well as the size 

and composition of the aggregations they form. 
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“The oceans are the planet’s last great living wilderness, man’s only 
remaining frontier on Earth, and perhaps his last chance to prove 
himself a rational species.” – John L. Culliney  
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CHAPTER 1 SUPPLEMENTAL MATERIALS 

Tables 

Table A.1: Sea surface environmental variables from NASA’s MODIS-aqua satellite 
that were matched to Sand Tiger Carcharias taurus presence/absence 
records and considered as potential predictors of Sand Tiger habitat. 

Variable Units Description 
chl_oc3 mg m-3 Chlorophyll Concentration, OC3 Algorithm 
a_412_qaa m-1 Total absorption at 412 nm, QAA algorithm 
a_443_qaa m-1 Total absorption at 443 nm, QAA algorithm 
a_469_qaa m-1 Total absorption at 469 nm, QAA algorithm 
a_488_qaa m-1 Total absorption at 488 nm, QAA algorithm 
a_531_qaa m-1 Total absorption at 531 nm, QAA algorithm 
a_547_qaa m-1 Total absorption at 547 nm, QAA algorithm 
a_555_qaa m-1 Total absorption at 555 nm, QAA algorithm 
a_645_qaa m-1 Total absorption at 645 nm, QAA algorithm 
a_667_qaa m-1 Total absorption at 667 nm, QAA algorithm 
a_678_qaa m-1 Total absorption at 678 nm, QAA algorithm 
a_748_qaa m-1 Total absorption at 748 nm, QAA algorithm 
a_869_qaa m-1 Total absorption at 869 nm, QAA algorithm 
bb_547_qaa m-1 Total backscattering at 547 nm, QAA algorithm 

aph_443_qaa m-1 
Absorption due to phytoplankton at 443 nm, QAA 
algorithm 

adg_412_qaa m-1 
Absorption due to gelbstoff and detrital material at 412 nm, 
QAA algorithm 

c_547_qaa m-1 Beam attenuation at 547 nm, QAA algorithm 
rrs_412 sr-1 Remote sensing reflectance at 412 nm 
rrs_443 sr-1 Remote sensing reflectance at 443 nm 
rrs_469 sr-1 Remote sensing reflectance at 469 nm 
rrs_488 sr-1 Remote sensing reflectance at 488 nm 
rrs_531 sr-1 Remote sensing reflectance at 531 nm 
rrs_547 sr-1 Remote sensing reflectance at 547 nm 
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rrs_555 sr-1 Remote sensing reflectance at 555 nm 
rrs_645 sr-1 Remote sensing reflectance at 645 nm 
rrs_667 sr-1 Remote sensing reflectance at 667 nm 
rrs_678 sr-1 Remote sensing reflectance at 678 nm 
rrs_748 sr-1 Remote sensing reflectance at 748 nm 
rrs_859 sr-1 Remote sensing reflectance at 859 nm 
pic mg m-3 Calcite Concentration, Balch and Gordon 

poc mg m-3 
Particulate Organic Carbon, D. Stramski, 2007 (443/555 
version) 

sst C Sea Surface Temperature 
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Table A.2: All generalized additive mixed models run for predicting Sand Tiger 
Carcharias taurus occurrence in the Coastal Ocean study region. Top 
models selected are in bold. 

Model Formulation AIC Δ AIC r^2 
Juveniles     
s(Depth) + s(Day Length) + s(log10(a869)) 1924 493 0.27 
s(Depth) + s(log10(a869)) 1922 491 0.04 
s(Depth) + s(log10(a869)) + t2(Depth x log10(a869)) 1919 487 0.05 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x SST) 1570 1389 0.24 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x 
log10(a869)) 1569 138 0.25 
s(Depth) + s(SST) + s(log10(a869)) 1569 137 0.24 
s(Depth) + s(SST) + s(log10(a869)) + t2(SST x 
log10(a869)) 1562 130 0.25 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Day Length 
x log10(a869)) 1537 105 0.29 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
Day Length) 1536 104 -0.01 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
log10(a869)) 1532 100 0.28 
s(Depth) + s(log10(a869)) + t2(SST x Day Length) 1432 0 0.39 
Mature Males    
s(Depth) + s(log10(a869)) + t2(Depth x log10(a869)) 1831 485 0.01 
s(Depth) + s(log10(a869)) 1774 429 0.06 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
Day Length) 1523 178 0.24 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
log10(a869)) 1523 178 0.24 
s(Depth) + s(Day Length) + s(log10(a869)) 1521 176 0.24 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Day Length 
x log10(a869)) 1507 162 0.22 
s(Depth) + s(SST) + s(log10(a869)) 1468 123 0.29 
s(Depth) + s(SST) + s(log10(a869)) + t2(SST x 
log10(a869)) 1410 64 0.26 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x SST) 1409 64 0.29 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x 
log10(a869)) 1409 64 0.29 
s(Depth) + s(log10(a869)) + t2(SST x Day Length) 1345 0 0.36 
Mature Females    
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
log10(a869)) 544 52 -0.01 
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s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
Day Length) 544 52 0.16 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Day Length 
x log10(a869)) 544 52 0 
s(Depth) + s(log10(a869)) + t2(Depth x log10(a869)) 542 50 -0.01 
s(Depth) + s(Day Length) + s(log10(a869)) 542 50 -0.01 
s(Depth) + s(log10(a869)) 540 48 -0.01 
s(Depth) + s(log10(a869)) + t2(SST x Day Length) 492 0 0.21 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x SST) 486 -6 0.21 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x 
log10(a869)) 486 -6 0.21 
s(Depth) + s(SST) + s(log10(a869)) + t2(SST x 
log10(a869)) 485 -7 0.21 
s(Depth) + s(SST) + s(log10(a869)) 484 -8 0.21 
All     
s(Depth) + s(log10(a869)) 4242 1135 0.04 
s(Depth) + s(log10(a869)) + t2(Depth x log10(a869)) 4227 1120 0.04 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
Day Length) 3551 443 0.22 
s(Depth) + s(Day Length) + s(log10(a869)) 3549 441 0.22 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Day Length 
x log10(a869)) 3535 427 0.25 
s(Depth) + s(Day Length) + s(log10(a869)) + t2(Depth x 
log10(a869)) 3478 371 0.24 
s(Depth) + s(SST) + s(log10(a869)) 3463 355 0.24 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x 
log10(a869)) 3451 343 0.25 
s(Depth) + s(SST) + s(log10(a869)) + t2(Depth x SST) 3448 340 0.25 
s(Depth) + s(SST) + s(log10(a869)) + t2(SST x 
log10(a869)) 3420 313 0.26 
s(Depth) + s(SST) + s(log10(a869)) + t2(SST x 
log10(a869)) 

3420 312.6 0.26 

s(Depth) + s(log10(a869)) + t2(SST x Day Length) 3108 0 0.34 
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Table A.3: All generalized additive mixed models run for predicting Sand Tiger 
Carcharias taurus occurrence in the Delaware Bay study region. Top 
models selected are in bold. 

Model Formulation AIC Δ AIC r^2 
Juveniles     
s(Depth) + s(Day Length) 15552 2091 0.34 
s(Depth) + s(Day Length) + t2(Depth x Day Length) 15273 1811 0.36 
s(Depth) + s(SST) 13916 455 0.43 
s(Depth) + s(SST) + s(Day Length) 13760 298 0.44 
s(Depth ) + s(SST) + s(Day Length) + t2(SST x Daylength) 13677 216 0.45 
s(Depth) + t2(SST x Day Length) 13657 196 0.45 
s(Depth) + s(SST) + t2(Depth x SST) 13645 183 0.45 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x Day Length) 13534 72 0.46 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x SST) 13462 0 0.47 
Mature Males    
s(Depth) + s(Day Length) 11596 1760 0.35 
s(Depth) + s(Day Length) + t2(Depth x Day Length) 11285 1449 0.38 
s(Depth) + s(SST) 10161 325 0.47 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x SST) 10068 232 0.48 
s(Depth) + s(SST) + s(Day Length) 10066 230 0.48 
s(Depth ) + s(SST) + s(Day Length) + t2(SST x Daylength) 9989 153 0.49 
s(Depth) + s(SST) + t2(Depth x SST) 9988 152 0.49 
s(Depth) + t2(SST x Day Length) 9984 148 0.49 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x Day 
Length) 9836 0 0.5 
Mature Females    
s(Depth) + s(Day Length) 2733 198 0.29 
s(Depth) + s(Day Length) + t2(Depth x Day Length) 2719 183 0.3 
s(Depth) + s(SST) + s(Day Length) 2550 15 0.36 
s(Depth) + s(SST) 2548 13 0.36 
s(Depth) + s(SST) + t2(Depth x SST) 2547 11 0.37 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x SST) 2545 10 0.38 
s(Depth) + t2(SST x Day Length) 2535 0 0.39 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x Day Length) 2532 -3 0.38 
s(Depth ) + s(SST) + s(Day Length) + t2(SST x Daylength) 2528 -7 0.39 
All     
s(Depth) + s(Day Length) 29692 4084 0.34 
s(Depth) + s(Day Length) + t2(Depth x Day Length) 29082 3473 0.36 
s(Depth) + s(SST) 26424 815 0.44 
s(Depth) + s(SST) + s(Day Length) 26136 527 0.45 
s(Depth) + s(SST) + t2(Depth x SST) 25946 338 0.46 
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s(Depth) + t2(SST x Day Length) 25858 250 0.46 
s(Depth ) + s(SST) + s(Day Length) + t2(SST x Daylength) 25850 242 0.46 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x SST) 25695 86 0.47 
s(Depth) + s(SST) + s(Day Length) + t2(Depth x Day 
Length) 25609 0 0.47 
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Figures 

 

Figure A.1: Summer and winter composite images of a-b) sea surface temperature 
(°C) and c-d) ocean color absorption at 869nm (m -1) in the Mid-Atlantic 
region of the East Coast, USA, measured by the MODIS aqua satellite. 

a) b) 

c) d) 
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Figure A.2: Generalized additive mixed model predictions for juvenile Sand Tiger 
shark Carcharias taurus prevalence in the Coastal Ocean study region in 
the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST and a869 from the MODIS aqua satellite record, day 
length, and depth as a predictor inputs. Note 1 month earlier arrival. 

c)			

a)			 b)			

d)			
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Figure A.3: Generalized additive mixed model predictions for mature male Sand 
Tiger shark Carcharias taurus prevalence in the Coastal Ocean study 
region in the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST and a869 from the MODIS aqua satellite record, day 
length, and depth as a predictor inputs. 

c)			

a)			 b)			

d)			
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Figure A.4: Generalized additive mixed model predictions for mature female Sand 
Tiger shark Carcharias taurus prevalence in the Coastal Ocean study 
region in the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST and a869 from the MODIS aqua satellite record, day 
length, and depth as a predictor inputs. *Note 1 month later departure 

c)			

a)			 b)			

d)			
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Figure A.5: Generalized additive mixed model predictions for juvenile Sand Tiger 
shark Carcharias taurus prevalence in the Delaware Bay study region in 
the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST from the MODIS aqua satellite record, day length, 
and depth as a predictor inputs. 

c)			

a)			 b)			

d)			
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Figure A.6: Generalized additive mixed model predictions for mature male Sand 
Tiger shark Carcharias taurus prevalence in the Delaware Bay study 
region in the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST from the MODIS aqua satellite record, day length, 
and depth as a predictor inputs. 

c)			

a)			 b)			

d)			
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Figure A.7: Generalized additive mixed model predictions for mature female Sand 
Tiger shark Carcharias taurus prevalence in the Delaware Bay study 
region in the a) winter, b) spring, c) summer, and d) fall using an 8 day 
climatology of SST from the MODIS aqua satellite record, day length, 
and depth as a predictor inputs. 

c)			

a)			 b)			

d)			
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CHAPTER 2 SUPPLEMENTAL MATERIALS 

Tables 

Table B.1: Model type, no. of sharks tagged, and nominal pulse rates (s) of VEMCO 
transmitters used in the 2007–2012 sand tiger shark Carcharias taurus 
tagging projects carried out by Delaware State University, University of 
Rhode Island, University of Massachusetts and the Massachusetts 
Division of Marine Fisheries. 

Transmitter model No. of sharks Nominal delay (s) 
V16-6H 185 50–130 or 70–150 
V16-4L 54 30–90 or 45–135 
V16-5H (external) 25 40–80 
VMT-1x 20 70–150 
V16T-4L 8 45–135 
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Table B.2: Results of the Kolmogorov-Smirnov (KS) Test of similar distributions 
comparing the environmental conditions in the top 5 m of the water 
column where a shark was detected against the conditions in the top 5 m 
of the water column measured by autonomous underwater vehicle (AUV) 
during the entire mission. 

 
Two-sided KS Test the CDF of x lies 

above that of y 
the CDF of x lies 
below that of y 

Environmental Variable 
Value 
at Dmax Dmax Signif. Dmax Signif. Dmax Signif. 

Temperature (°C) 18.99 0.16 0.667 0.16 0.348 0.13 0.514 
Chlorophyll (µg L-1) 3.03 0.20 0.392 0.20 0.198 0.08 0.749 
Salinity (psu) 31.81 0.34 0.015 0.34 0.007 0.11 0.628 
Oxygen (% Saturation) 86.18 0.16 0.641 0.16 0.332 0.08 0.754 
CDOM (ppb) 7.80 0.31 0.039 0.06 0.847 0.31 0.019 

In a KS test, the Dmax values are the largest vertical distance between points on the 
CDFs of utilized and available environmental variables. The value of the 
environmental variable associated with each Dmax is presented. Randomization 
resampled significance values <0.05 indicate a Type 1 error was likely not committed.  
Bold indicates significance at p < 0.05 
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Table B.3: Results of the Kolmogorov-Smirnov (KS) Test of similar distributions 
comparing the environmental conditions in the bottom 5 m of the water 
column where a shark was detected against the conditions in the bottom 5 
m of the water column measured by autonomous underwater vehicle 
(AUV) during the entire mission. 

 
Two-sided KS Test the CDF of x lies 

above that of y 
the CDF of x lies 
below that of y 

Environmental Variable 
Value 
at Dmax Dmax Signif. Dmax Signif. Dmax Signif. 

Temperature (°C) 18.18 0.15 0.700 0.10 0.678 0.15 0.360 
Chlorophyll (µg L-1) 3.07 0.20 0.360 0.20 0.181 0.19 0.222 
Salinity (psu) 32.05 0.39 0.003 0.39 0.002 0.01 0.994 
Oxygen (% Saturation) 85.47 0.24 0.179 0.24 0.090 0.09 0.718 
CDOM (ppb) 8.95 0.31 0.034 0.03 0.958 0.31 0.017 

In a KS test, the Dmax values are the largest vertical distance between points on the 
CDFs of utilized and available environmental variables. The value of the 
environmental variable associated with each Dmax is presented. Randomization 
resampled significance values <0.05 indicate a Type 1 error was likely not committed.  
Bold indicates significance at p < 0.05 
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Figures 

 

Figure B.1: Barplot of percent of test tag transmissions detected by two VEMCO 
VR2C acoustic receivers integrated into a Slocum Glider autonomous 
underwater vehicle (AUV), at various distance bins away from tags. 
Dashed line is at 50% test tags detected. The receivers in the AUV are 
97% effective at 250 m or less from tag, but the percentage of tag 
transmissions detected decreases rapidly at distance further than 250 m.
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Figure B.2: Map of the Slocum Glider autonomous underwater vehicle (AUV) track 
(gold line) along Delaware and Maryland, USA coastline between 5–23 
October 2012. The four resampling quadrats are represented by the black 
boxes.
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Figure B.3: Correllelogram displaying the Pearson’s correlation r2 value between 
environmental predictors measured by autonomous underwater vehicle 
(AUV) during mission. Warm colors represent positive relationships, 
while cool colors represent negative relationships. The narrower the 
ellipse, the stronger the correlation. All relationships are statistically 
significant at the p < 0.001 level, unless denoted by an (*), representing a 
non-significant relationship.
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Figure B.4: Density distributions of environmental variables [temperature (°C), 
chlorophyll a (µg L-1), and oxygen saturation (%)] measured by sensors 
in the autonomous underwater vehicle (AUV).  Available habitat (solid 
black line) is compared to habitat utilized (dashed gray line) by sand tiger 
shark. Utilized habitat are the environmental variables matched to each 
sand tiger shark detection point, while available habitat is all data 
measured by AUV during study.
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Figure B.5: Map of autonomous underwater vehicle (AUV) track between 5-23 
October 2012 with AUV locations colored by surface salinity values 
measured by AUV. Apparent is the general increase in salinity 
throughout the mission. 
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CHAPTER 4 SUPPLEMENTAL MATERIALS 

Tables

Appendix C 
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Table C.1: Chi-squared test results comparing the sex and size ratios of sand tigers Carcharias taurus encountered by ST1 
and ST2, throughout the study (“Overall”) and for each month, to the expected sex and size ratios from the 
tagged population of sand tigers in the Atlantic Cooperative Telemetry Network. Significant differences (p < 
0.05) are highlighted in bold. 

ST1 ST2 
M:F Size F Size M M:F Size F Size M 
X2 p X2 p X2 p X2 p X2 p X2 p 

Overall 3.46 0.063 12.34 0.055 20.33 0.001 0.43 0.514 16.11 0.013 17.67 0.004 
Sept. 1.35 0.245 4.14 0.661 15.39 0.010 0.02 0.875 14.15 0.027 18.27 0.004 
Oct. 6.42 0.011 4.61 0.652 92.68 <0.001 0.30 0.585 8.10 0.227 10.91 0.053 
Nov. 24.40 <0.001 5.57 0.416 56.92 <0.001 7.64 0.006 13.38 0.036 48.04 <0.001 
Dec. 20.07 <0.001 5.74 0.451 168.77 <0.001 17.61 <0.001 7.00 0.301 176.11 <0.001 
Jan. 19.06 <0.001 12.65 0.046 169.78 <0.001 3.16 0.075 12.05 0.060 17.31 0.005 
Feb. 8.44 0.004 13.66 0.033 6.68 0.236 19.65 <0.001 13.27 0.070 140.87 <0.001 
Mar. 0.40 0.527 6.02 0.419 9.36 0.094 1.87 0.503 NA NA 5.74 0.255 
Apr. 3.24 0.072 13.27 0.069 53.15 <0.001 NA NA NA NA NA NA 
May 0.81 0.369 3.79 0.696 51.92 <0.001 0.29 0.589 17.15 0.008 41.12 <0.001 
June 3.77 0.052 6.92 0.317 82.16 <0.001 3.46 0.063 4.11 0.672 14.35 0.015 
July 1.52 0.218 8.26 0.190 32.52 <0.001 2.49 0.115 22.33 0.001 64.13 <0.001 
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Figures 

Figure C.1: Accumulation of individual sand tigers Carcharias taurus detected by 
VEMCO Mobile Transceivers implanted in A) ST1 and B) ST2 per 
month. The mean accumulation curve (blue and green solid line) 
represents the best model for accumulation of new species as new sites 
(months) are sampled, and is surrounded by the 95% confidence 
intervals.  
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Figure C.2: Bray-Curtis Similarity Index for A-B) intraspecific and C-D) 
interspecific encounters by sand tigers (Carcharias taurus) ST1 and ST2. 
Warmer colors represent high community similarity between months, and 
cooler colors represent low community similarity between months.
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Figure C.3: Shannon’s diversity index (H) displaying the diversity of individual sand 
tigers Carcharias taurus encountered by ST1 and ST2 each month.
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Figure C.4: Proportion of sand tigers Carcharias taurus encountered by either ST1 or 
ST2 that were encountered by both ST1 and ST2 each month (black line) 
and the number of days in each month that ST1 and ST2 encountered 
each other (grey line). 
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