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ABSTRACT 

 

Population level responses of organisms to a variety of factors including environmental 

change and fishing pressure can be influenced by habitat use and availability. Changes in habitat 

use over the life span of individual fishes is critical information for managers to conserve 

populations for the future. Thus, the goal of this dissertation research was to explore movement 

and habitat use by economically important species with different life history strategies in the Gulf 

of Mexico (GOM) across a variety of habitat types and spatial scales. These species were chosen 

to examine differences and commonalities to make predictions about habitat use and movement 

patterns for management.  

In Chapter 2, I tracked Red Snapper, which are structure-dependent, using a VEMCO© 

Positioning System (VPS) around a nearshore reef comprised of three types of reefing materials. 

Habitat use patterns changed seasonally, but generally Red Snapper did not select one reefing 

material over another, suggesting fish were influenced more by the presence of structure than 

material type. Cost comparison of reefing material suggested reefing the most effective and least 

expensive material covering the largest area may be the best policy in designing future artificial 

reefs.  

 In Chapter 3, I opportunistically monitored Red Snapper movement at a nearshore artificial 

reef using a previously deployed VPS array to examine how a hurricane influenced habitat use. 

Red Snapper had a variety of responses with fish both remaining on and emigrating from site 

during the hurricane; however, differences in habitat use patterns were observed between pre- and 

post-hurricane. 
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 In Chapter 4, I tracked highly migratory Shortfin Mako sharks using satellite telemetry to 

determine their movement patterns in the northwestern GOM. Mako sharks exhibited impressive 

sex-specific movements over large spatial scales, demonstrating the need for more cooperative 

international management. They also used more of the northwestern GOM than reported in 

previous movement studies.  

 In Chapter 5, I expanded on a large shark tagging effort of >5,400 sharks as a massive 

citizen science effort to examine a variety of demographic parameters for shark population 

dynamics. My goal was to evaluate the accuracy of shark species identifications made by 

recreational anglers. These activities represent an enormous bout of effort and potentially valuable 

science regarding habitat use for incorporation into my broader studies. However, validation of 

citizen collected data was essential. The overall high accuracy in species identification in this study 

suggests involving recreational anglers as citizen scientists can contribute meaningful scientific 

data. Specifically, this study showed that these data are a viable option in monitoring nearshore 

habitats that are largely neglected in traditional surveys, which can potentially be incorporated into 

future stock assessments.  

 Understanding habitat use is a critical factor in the conservation of species, and more 

studies are needed to refine our understanding of these habitat types contribute to the conservation 

of economically important fishery stocks. The findings of this dissertation contribute to our 

knowledge of habitat use and seasonal movements of economically important species in the GOM, 

many of which are declining. 
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CHAPTER I: 

GENERAL INTRODUCTION 

The most general definition of habitat is “the physical and chemical environment in which 

a species lives” (Costello 2009). Marine species are often associated with a specific habitat 

classification based on physical oceanographic features, such as reef structures, sediment or 

vegetation composition (Greene et al. 1999).  However, exact habitat requirements are often 

lacking or incomplete for even extensively studied species (Gibson 1994). Additionally, many 

species may shift habitats seasonally or as individuals age (Stoner 2003). Therefore, understanding 

habitat availability is a critical factor in the conservation of species. Effective management of fish 

stocks requires understanding how species are using their environment during different stages of 

their life cycle and conservation of those habitats.  

 

Habitat in the Gulf of Mexico 

 The Gulf of Mexico (GOM) is the ninth largest waterbody in the world and connects to the 

Atlantic Ocean through the Straits of Florida and to the Caribbean Sea through the Yucatán 

Channel. This semi-enclosed waterbody supports a diverse ichthyofauna community by providing 

a variety of habitats from coastal (e.g., marsh, seagrasses, mangroves, river mouths, reefs) to 

pelagic (e.g., oil and gas platforms, wrecks, natural banks, continental shelf, slope, deep waters) 

(McEachran and Fechhelm 2005).  The continental shelf (depth: <200 m) comprises 22% of the 

GOM basin with the continental slope (200 – 3,000 m) comprising 20%, and the abyssal region 

(>3,000 m) comprising 58% (USEPA 1994). Along the continental shelf, Parker et al. (1983) 

estimated that only 22.8% consisted of hard structure while 48.8% and 24.8% consisted of sand or 

shell and mud, respectively. In the western GOM, which is dominated by clay, sand, or silt with 
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little substrate or vertical complexity (Parker et al. 1983, Jorgensen 2009), only 1.3% of the hard 

structure is located off the coast of Texas with <1% of that having vertical relief >1 m. This equates 

to <255 km2 of hard structure with relief >1 m off the Texas coast (Parker et al. 1983), meaning 

that habitat may be limited for many recreationally and commerical imporant species dependent 

on structure for some stage of their life cycle. An understanding of how marine fish use these 

discrete habitat types is key to informing their conservation and management. 

 Due to the lack of natural hardbottom, artificial reefs provide additional habitat for many 

species. Based on the popularity of artificial reefs by the fishing and scientific studies documenting 

their contribution to fisheries, both state and federal agencies have developed active artificial reef 

plans and programs (e.g., Rigs-to-Reefs, Ships-to-Reefs, etc.) with the primary focus of enhancing 

wild fish stocks and mitigating the degradation of natural habitats (Stone 1985, Baine 2001, Baine 

and Side 2003). A variety of materials have been used in the construction of these man-made reefs, 

including decommissioned oil and gas platforms, ships, concrete structures (e.g., pyramids and 

culverts), tanks, and discarded appliances (Baine 2001, Boswell et al. 2010, Broughton 2012, 

Ajemian et al. 2015, Jaxion-Harm and Szedlmayer 2015). However, each material has its 

drawbacks and benefits, including cost, durability, stability, and accessibility to materials 

(Broughton 2012). The increase and variety of available material has sparked discussions on the 

best design, material, and location for artificial reefs for management and fishing (e.g., Strelcheck 

et al. 2005, Broughton 2012, Sammarco et al. 2014, Harrison 2015, Jaxion-Harm and Szedlmayer 

2015, Schuett et al. 2016). For example, pyramids and smaller unpublished reefs have been 

reported to have higher numbers of small (10-25 cm) fish compared to larger reefs (Jaxion-Harm 

and Szedlmayer 2015), but more complex reefs have also been reported to hold higher abundances 

of juvenile fish (Lingo and Szedlmayer 2006). Previous studies have also reported various 
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residency times to many types of artificial reefs (Szedlmayer 1997, Peabody 2004, Szedlmayer 

and Schroepfer 2005, Topping et al. 2006, Williams-Grove and Szedlmayer 2016). While 

increased abundances of economically important species (e.g., Red Snapper [Lutjanus 

campechanus] and Amberjack [Seriola spp.], sharks, mackerels [Scombridae], etc.) have been 

observed around these structures both offshore and inshore (Stanley and Wilson 2000, Wilson et 

al. 2003, Hobday and Campbell 2009, Boswell et al. 2010, Scott et al. 2015), the nuances of fish 

movement around different types of artificial reefs are still largely unknown.  

  

Economically Important Fisheries in the Gulf of Mexico 

A diverse community of ichthyofauna lives in the GOM varying spatial and temporally 

based on fishing pressure, habitat accessibility, and geographic, hydrographic, and oceanographic 

conditions along with movement and life history strategies (McEachran and Fechhelm 2005). 

Biomass and fishing pressure are relatively high in the GOM compared to other parts of the United 

States, with >1,443 finfish species, >49 species of rays and skates, and >51 species of shark 

supporting approximately 25% of the commercial fish landings and 40% of the recreational fish 

landings in the United States (Chesney et al. 2000, National Marine Fisheries Service [NMFS] 

2009).  

One of the most economically important and structure-dependent fishery species is Red 

Snapper, which is a long-lived, demersal reef fish distributed over the continental shelf between 

North Carolina and the Yucatan Peninsula, including the GOM (Allen 1985, Hoese and Moore 

1998). This species has been documented to reach over 50 years of age and a maximum length of 

1 m and weights up to 22.8 kg (Hoese and Moore 1998, Wilson and Nieland 2001, Allman and 

Fitzhugh 2007). Spawning in the north GOM occurs between April and September with peak 
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spawning occurring June through August (Collins et al. 1996); however, Brulé et al. (2010) 

reported that peak spawning occurred in late fall over the Campeche Bank of Mexico, suggesting 

that there may be some latitudinal variation. Peak reproductive output is around 12-15 years of 

age, but individuals may reach sexual maturity by age 2, which is the about the age they enter the 

directed fishery (Goodyear 1995, Collins et al. 1996, Woods et al. 2003, Porch et al. 2007).  

Association of Red Snapper to structure (e.g., oil and gas platforms, artificial reefs, natural 

banks) has been well documented between the ages of 0-8 years (Nieland and Wilson 2003, 

Szedlmayer 2007). Until age 1, densities of these fish are highest between 18 and 55 m in the 

northern GOM (Gallaway et al. 1990), showing preference to low relief, relic shell habitat (Lingo 

and Szedlmayer 2006, Piko and Szedlmayer 2007). Red Snapper have been reported to 

demonstrate an ontogenetic shift as they grow from low-relief, unstructured habitat to higher relief 

habitat (~1 m) (Szedlmayer and Lee 2004, Wells 2007), and by age 2, Red Snapper recruit to a 

higher relief habitat, such as large natural reefs, offshore platforms, and large artificial reefs, where 

they demonstrate generally moderate to high site fidelity (Szedlymayer and Schroepfer 2005, 

Strelcheck et al. 2007, Topping and Szedlmayer 2011). While Red Snapper are thought to reside at 

these high relief habitats for much of their adult life, some studies have suggested that Red Snapper 

prefer lower-relief, unstructured habitat as they age (i.e., greater than age 10), suggesting a second 

shift from artificial and natural reefs to unstructured or low-relief structures (Nieland and Wilson 

2003, Gallaway et al. 2009, Powers et al. 2018). These ontogenetic shifts were similarly reported 

in Red Snapper diet studies (e.g., McCawley et al. 2006, Wells et al. 2008) suggesting that Red 

Snapper feed away from the reef and other suggesting their diets consist mainly of reef-associate 

prey (e.g., Szedlmayer and Lee 2004). However, generally Red Snapper are opportunistic feeders 

consuming fish, benthic crustaceans, cephalopods, and pelagic zooplankton. 
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The Red Snapper fishery began off the panhandle of Florida in the mid-19th century but 

showed signs of overfishing by the 1880s (Collins 1887, Camber 1955, Futch and Torpey 1966), 

and in the 1960s, landings had reached an all-time high at 14 million pounds. The implementation 

of the Magnuson-Stevens Fishery Conservation and Management Act (MSFCMA) in 1976 placed 

the responsibility of federal fishery management decisions with the Secretary of Commerce and 

the Gulf of Mexico Fishery Management Council (GMFMC) for the Gulf region, thereby 

beginning the federal management of Red Snapper (Hood et al. 2007). In 1981, drastic declines in 

landings of Red Snapper in both the commercial and recreational fisheries were cited in the Reef 

Fish Fishery Management Plan drafted by the GMFMC (GMFMC 1981), and in 1988, after the 

first stock assessment was conducted, the Red Snapper fishery was officially declared to be 

overfished and undergoing overfishing (Goodyear 1988). This began the long and controversial 

management of Red Snapper as described in Hood et al. (2007). Due to the restrictive management 

measures, the fishery has experienced an impressive recovery. The most recent stock assessment 

(SEDAR 2018) concluded that the fishery was recovering and no longer overfished or undergoing 

overfishing. Given the regional nuances of the fishery, the most recent change to management of 

this fishery has been a delegation from federal to state controlled management for the private 

recreational sector, excluding the federally permitted for-hire and commercial sectors.  This major 

management change is important because now the Gulf states can manage their respective 

territorial waters as well as the adjoining federal waters (GMFMC 2019). This shift in management 

regime along with the massive effort of artificial reefing in state waters makes it imperative to 

have a robust understanding on habitat use of artificial reef in both state and federal waters for key 

economically important species.  
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With the decline of the more desirable finfish fisheries around the mid-1970s, such as the 

Red Snapper fishery, shark fisheries exploitation began along the southeastern United States, as 

sharks were deemed an underutilized resource and subsidized fishing began in the commercial 

industry (Musick et al. 1993, McCandless et al. 2014). Concurrently, the release of the movie 

“Jaws” in 1975 sparked public excitement and directed recreational shark fishing dramatically 

increased (Musick et al. 1993, Cortés et al. 2006). However, the sharks’ life-history attributes and 

inability to sustain the industrialized fishing pressure made them very vulnerable to 

overexploitation (Musick et al. 2000, Stevens et al. 2000), and populations began to decline (Baum 

et al. 2003, Powers et al. 2013, Dulvy et al. 2014). Management of shark species can be 

complicated due to not only their life history characteristics but also their tendency to make large-

scale movements traversing multiple management boundaries (Speed et al. 2010). Moreover, their 

habitat needs are unknown. 

The Shortfin Mako shark (hereafter mako) is one such species that is known for making 

long-distance movements (Vaudo et al. 2017, Nasby-Lucas et al. 2019). This makes them ideal 

candidates for habitat use studies, as well as for comparative studies of habitat use patterns in 

relation to more site-fidelity such as reef fish. Makos are pelagic, fast-swimming, sharks found in 

tropical and temperate waters circumglobally (Stevens 2008, Mejuto et al. 2013), meaning that 

this species is susceptible to both pelagic and coastal fisheries. Makos belong to the family 

Lamnidae making them kin to the White shark (Carcharodon carcharias), Salmon shark (Lamna 

ditropis), and Porbeagle (Lamna nasus) (Compagno 1984). Lamnids are large, pelagic sharks that 

are endothermic, or can regulate their body temperature (Carey et al. 1985, Goldman 1997). This 

allows makos to inhabit temperatures ranging from 5.2 – 31.7 °C (Vaudo et al. 2016). Like many 

species, makos are sexual dimorphic with females reaching maximum sizes of 340 cm (fork length; 
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FL) and males reaching 260 cm (FL) (Barreto et al. 2016). However, the largest mako to be 

recorded was caught in the 1950s off Marmaris (southeast Aegean Sea, Turkey) by a commercial 

fisherman. Based on photographic evidence, total length (TL) was estimated at 585 cm (range: 

577−619 cm; Kabasakal and De Maddalena 2011). Females reach maturity much later than males 

with size at maturity (50%) reported as 275 cm FL (18 years of age) for females and 185 cm FL 

(8 years of age) for males. Longevity for females was predicted at 36 years of age while males 

were predicted at 29 years of age (Natanson et al. 2006). 

While little information is known about mating behaviors or locations of parturition 

grounds, evidence suggests that mating may occur in the late summer – early fall followed by a 15 

− 18-month gestation period. After parturition in late winter to mid-spring, an ~18-month rest 

period is estimated before the next batch of eggs are fertilized (Mollet et al. 2000, Campana et al. 

2005). However, exact timing of mating is not known in relation to the 3-year reproductive cycle, 

as mating could occur after parturition, which would require sperm storage, or after the resting 

period but before ovulation (Mollet et al. 2000). Pups are born in late winter at approximately 70 

cm TL in litters ranging from 4 – 25 pups with increasing female size (Mollet et al. 2000, Campana 

et al. 2005). This low fecundity and late age sexual maturation are characteristics of k-selected life 

history strategy that make makos susceptible to overexploitation.  

Makos are a valued catch in both recreational and commercial fisheries due to their 

acrobatics during landing, high-quality meat, and valuable fins (Clarke et al. 2006). In Hong Kong, 

makos are the fifth most common species in the fin trade market (Fields et al. 2017). While some 

directed fisheries exists, makos are often caught as bycatch in commercial longline fisheries due 

to their habitat overlap with target species (e.g., tunas, billfish; Queiroz et al. 2016) and are often 

harvested rather than released despite that 60-80% of longline-hooked makos are alive on haul 
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back (Campana 2016, Campana et al. 2016, Queiroz et al. 2016).  Recreational fisherman who 

target makos were surveyed to determine their perception regarding the mako fishery in Australia. 

The study determined that anglers were aware that the stocks would be slow to recover but 

disagreed that their personal fishing behavior impacted the stocks. Anglers did agree that if they 

thought fishing for makos was unsustainable, they would cease (French et al. 2019). While the 

impact of a single recreational angler may not have a significant impact, the collective impact all 

anglers may have on the population levels was not recognized (Coleman et al. 2004).   

Declines in mako population abundance have been detected in various parts of their range 

(Cortés et al. 2007, Mejuto et al. 2013, Barreto et al. 2016, Byrne et al. 2017, ICCAT [International 

Commission for the Conservation of Atlantic Tunas] 2017) to the point that this species is now 

listed as endangered globally on the International Union for Conservation of Nature (IUCN) Red 

List (Rigby et al. 2018). In 2017, Byrne et al. (2017) reported that 30% of their tagged makos in 

the North Atlantic were recaptured suggesting that makos were likely being overexploited, which 

was confirmed in 2017 by ICCAT, who declared the North Atlantic stock overfished and 

undergoing overfishing (ICAAT 2017). This led to the National Marine Fisheries Service (NMFS) 

passing Amendment 11 to the 2006 Consolidated Atlantic Highly Migratory Species Fishery 

Management Plan, which established recreational size limits of 180.34 cm FL (71 in) for males 

and 210.82 cm FL (83 in) for females and required commercial longline vessels to safely release 

any mako sharks that are alive at the time of haul back (NMFS 2019), which were consistent with 

recommendation put forth by ICCAT in 2017. Despite these regulations, recovery is projected to 

be slow with estimates only reaching a 52% chance of recovery by 2070 if total catches are reduced 

from 3,300 tons annually (which are grossly underestimated) to 500 tons (ICCAT 2017, ICCAT 



                                                
  
   

9 

 

2019). Thus, there is much need to better understand their migration and habitat use patterns for 

their conservation and management. 

Similarly, declining populations of sharks have been documented throughout the GOM in 

a variety of coastal species (Baum et al. 2003, Powers et al. 2013, Ajemian et al. 2016). However, 

much of this data has been determined through standardized fishery surveys which are limited in 

spatial and temporal scales, largely excluding the shallower nearshore waters (<20 m deep). 

Recently, there have been increases in nearshore studies (Reyier et al. 2008, Thorpe and Frierson 

2009, Drymon et al. 2010, Ajemain et al. 2016), but long-term data sets are still scarce.  

In Texas, land-based shark fishing has been a popular sport since the 1960s, often being 

referred to as the “poor man’s big game fishing” (Sand 1972). A study on recreational shark angler 

behavior and attitudes found that when compared to other recreational anglers (e.g., trout), shark 

anglers were less motivated by consumptive reasons, with the top reasons for fishing being the 

sport or challenge and social aspects (Graefe and Ditton 1976). This attitude likely contributed to 

the recent change to a more sustainable style of fishing—from a kill-dominated sport to a catch-

release dominated sport, including some tournaments (e.g. Texas Shark Rodeo). This shift 

provided a unique and highly productive opportunity for scientists to partner with recreational 

anglers as citizen scientists, providing large amounts of data about the seasonality, composition, 

and size of the shark community off Texas. For example, through this partnership, shark 

community assemblage and size structure differences were detected in nearshore waters off Texas, 

a habitat type that has been largely ignored in traditional surveys. Historically, larger sharks were 

caught with increased captures of Lemon Sharks (Negaprion brevirostris), Bull Shark 

(Carcharhinus leucas), and Tiger Sharks (Galeocerdo cuvier), but recent records suggest that size 

structure has shifted to smaller individuals and species composition is now dominated by Blacktip 
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Sharks (Carcharhinus limbatus) and Bull Shark (Ajemian et al. 2016). Since recreational fisheries 

can have a large effect on population dynamics, monitoring these fisheries and including anglers 

in the data collection process can provide long-term data sets that are needed for management that 

would otherwise be infeasible logistically or monetarily. 

 

Dissertation Purpose and Chapter Outline 

Population level responses of organisms to a variety of factors including environmental 

change and fishing pressure can be influenced by habitat use (Kerr et al. 2007). Fish are generally 

associated with distinct habitats needed for a particular stage of their life cycle or time of year, 

whether that be the open ocean or structured habitat (Roberts and Sargant 2002). For many species, 

changes in these habitat associations means fish participate in two types of movement: ontogenetic 

(movement due to changing developmental stage) or adult (regular movement by mature fish for 

feeding or breeding purposes; Harden Jones 1968). Because the biological benefit of the movement 

must outweigh the cost, movement behavior is therefore more common in species that may be 

relatively large, mature later in life at a larger size, and have a rapid growth rate (Roff 1988). 

Shortfin Makos have many of these life history characteristics while Red Snapper do not and 

exhibit movement patterns on an order of magnitude smaller. Changes in habitat use through the 

life span of fishes is critical information for managers to conserve populations for the future. 

The goal of this dissertation research was to explore the movement and habitat use by 

economically important species with different life history strategies in the Gulf of Mexico across 

a variety of habitat types and spatial scales. In Chapter 2, I examined the fine-scale movements of 

structure-dependent Red Snapper around a nearshore artificial reef to help managers determine the 

best reefing material for artificial reefs construction. In Chapter 3, I opportunistically monitored 
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Red Snapper movement during Hurricane Harvey around a nearshore artificial reef to better 

understand how hurricanes may influence fish behavior. In Chapter 4, I used satellite telemetry to 

examine large-scale movements of the highly migratory Shortfin Mako to determine seasonal 

patterns and residency off the Texas coast. An important step in potentially including citizen 

scientists collected datasets in management is the correct identification of species being surveyed. 

In Chapter 5, I was able to determine the accuracy of shark species identification by recreational 

anglers fishing from the shore, a habitat zone that is largely neglected in standardized surveys, and 

thus demonstrating the value of these citizen science initiatives to generate high value scientific 

data at relatively low cost. A summary of key finds and implications of each chapter along with 

future research needs completes this dissertation.  
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CHAPTER II:  

FINE-SCALE MOVEMENT AND HABITAT USE OF RED SNAPPER AROUND 

NEARSHORE ARTIFICIAL REEFS 

 

Abstract 

Artificial reefs are commonly used to provide structured habitat in areas with limited 

natural habitat to enhance the natural environment. Creating artificial reefs is expensive and 

materials are often limited; thus, discussions are on-going regarding the best material and design 

that would maximize reefing efficiency while best meeting the goal of the various reefing 

programs. Red Snapper were tracked using a VEMCO© Positioning System to determine fine-

scale movements and habitat use around a nearshore reef comprised of three types of reefing 

materials: concrete reef pyramids, concrete culverts, and a sunken ship. Red Snapper habitat use 

was significantly different by month and positively correlated with water temperature – the largest 

movements were seen in summer months and the smallest in winter months. Monthly mean depth 

values showed that Red Snapper resided deepest in the month of August and shallowest in April 

negatively correlating with water temperature. For all months combined, no significant differences 

in core area or home range were detected among structure types. During the summer months, 

differences were seen in core area use among structure types, but no differences were seen in home 

range, suggesting Red Snapper used similar sized areas on all three structure types for behaviors 

like foraging. A high reported recapture rate (77%: 10 of 13 fish) suggested that these nearshore 

reefs undergo heavy fishing pressure. Half of the recaptures were reported recaptured on a structure 

other than their tagging structure; however, tagged fish spent the greatest percentage of time on 

their tagging structure, suggesting little movement and no strong habitat selection patterns, with 
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Red Snapper influenced more by the presence of structure versus the material type. Thus, based 

on results from this study and cost comparisons of reefing material, reefing the least expensive 

material covering the largest area may be the best policy in designing future artificial reefs when 

considering Red Snapper habitat use.  

 

Introduction 

Artificial reefs have often been used as an enhancement tool to increase the amount of 

structured habitat that is generally sparse in the western Gulf of Mexico, especially off the Texas 

coast (Jorgensen 2009). These reefs are created from a variety of materials including oil and gas 

platforms, ships, concrete structures (e.g., pyramids and culverts), tanks, and discarded appliances 

(Baine 2001, Boswell et al. 2010, Broughton 2012, Ajemian et al. 2015, Jaxion-Harm and 

Szedlmayer 2015). Each material has its drawbacks and benefits. For example, concrete structures 

are cost effective, durable, stable, and often designed specifically for reefing that can be readily 

shaped into the desired size, complexity, or design. However, these structures can be heavy and 

require substantial construction and logistics prior to deployment (Broughton 2012). Ships used 

for reefing make unique diving experiences, and attract both pelagic and demersal fishes, but 

availability and preparation for reefing (e.g., removal of hazardous materials) can be costly 

(Broughton 2012). This increase and variety of available materials has sparked discussions on the 

best design, material, and location for artificial reefs for specific reefing goals, typically increasing 

fisheries habitat, production, and providing alternative management tools (e.g., Strelcheck et al. 

2005, Broughton 2012, Sammarco et al. 2014, Harrison 2015, Jaxion-Harm and Szedlmayer 2015, 

Schuett et al. 2016). 
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One of the most economically important and reef-dependent fishery species in the Gulf of 

Mexico is Red Snapper, Lutjanus campechanus, which was classified in 1988 as overfished and 

undergoing overfishing (Goodyear 1988). As a result, this species has been under intensive 

management, and Red Snapper became the focus of numerous and extensive scientific studies, 

especially regarding their use of artificial reefs throughout various stages of their life (Gallaway et 

al. 2009, Streich et al. 2017). The association of age-0 to age-8 years old Red Snapper with 

artificial reefs has been well-documented, suggesting that these structures may provide benefits 

such as increased prey accessibility and protection from predators (Bohnsack 1989, Szedlmayer 

1997, Ouzts and Szedlmayer 2003, Szedlmayer 2007, Galloway et al. 2009, Streich et al. 2017). 

However, site fidelity to artificial reefs is very uncertain based on the wide range reported in the 

literature. Red Snapper were reported to have extended residency at two reefs off South Texas 

(>200 days), with a higher long-term residency on the reef comprised of multiple materials (e.g., 

sunken tugboat and concrete culverts) (Garcia 2013). In multiple long-term studies (>1 year), Red 

Snapper tagged off Alabama have been reported to have long-term residency (>1,099 days) on 

steel cage artificial reefs (Szedlmayer 1997, Szedlmayer and Schroepfer 2005, Topping and 

Szedlmayer 2011a,b). However, Peabody (2004) reported that Red Snapper on oil and gas 

platforms in Louisiana initially demonstrated high site fidelity (~70 days) to their release location, 

but this decreased over time to lower site fidelity long-term (>200 days). These studies suggest 

that reef material may influence residency time and needs to be considered when designing 

artificial reefs especially if targeting fishery enhancement of specific species. While many of these 

studies were based on mark and recapture, the fate of the fish and their movement patterns between 

the point of tagging and recovery are unknown. With recently advance in tracking animals with 
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acoustic telemetry, we now have the ability to refine these studies to ask specific habitat use 

questions. 

Acoustic telemetry has been used to evaluate movements of Red Snapper previously, but 

the results of the studies vary greatly (Schroepfer and Szedlmayer 2006, Strelcheck et al. 2007, 

Topping and Szedlmayer 2011a,b, Piraino and Szedlmayer 2014, Williams-Grove and Szedlmayer 

2017, Froehlich et al. 2019). Previous long-term studies found no seasonal differences in habitat 

use (kernel density estimates), but that there were seasonal emigrations by some fish (Topping and 

Szedlmayer 2011b). However, other studies found monthly differences in habitat use by Red 

Snapper, which corresponded with water temperatures (Piraino and Szedlmayer 2014, Williams-

Grove and Szedlmayer 2017). Despite the extensive research on Red Snapper, most earlier studies 

have used two-dimensional location patterns to determine their fine-scale movement patterns. 

However, this ignores that the environment used by fish is three-dimensional (Simpfendorfer et al. 

2012). The VEMCO© Positioning System (VPS; Vemco Ltd, Novia Scotia) is an acoustic 

positioning system able to triangulate more accurate positions that include depth estimations and 

is used to track fine-scale movements of fish and other marine animals over long periods of time 

(Espinoza et al. 2011). Using this method, legal-sized Red Snapper were reported to differ in 

monthly area use and depth patterns (Piranio and Szedlmayer 2014, Williams-Grove and 

Szedlmayer 2017); however, these reefs consisted of a single reefed object of one type – a steel 

cage. Reefs comprised of a suite of material of varying heights, densities, and complexities may 

provide increased habitat (vertically and horizontally) and refuge from predators, ultimately 

increasing fish abundance on these reefs (Lingo and Szedlmayer 2006, Piko and Szedlmayer 

2007).  
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The purpose of the current study was to examine fine-scale movements and habitat 

selection of Red Snapper on a nearshore reef comprised of multiple reefing materials off the Texas 

coast. Specific objects were to: (1) determine the influence of reefing material on habitat use 

patterns by Red Snapper and (2) determine the best reefing material when considering cost and 

habitat selection to help management in designing efficient and cost-effective reefs. This 

information will help management in designing cost-effective artificial reefs to provide necessary 

habitat for Red Snapper.  

 

Methods 

Study Site 

The Corpus Christi Nearshore Reef (CCNR) is an artificial reef located in state waters ~23 

m deep and ~9 nm southeast from Port Aransas, Texas. This site was selected for study because 

of its unique design and reefing material used in constructing the artificial reef (Figure 2-1). In 

2013, 470 prefabricated reef pyramids (~3.0 m base x ~2.5 m tall) were deployed in the northwest 

corner of the permitted reef block, along with 203 concrete culverts of various sizes in the middle 

of the reef block. In 2014, the 47.2 m ship M/V Kinta S (Kinta) was sunk in the southeast corner 

of the reef block. A distinct space (~ 60 m between the pyramids and culverts and ~300 m between 

the culverts and Kinta) separates each reefing material, making this a unique design for studying 

fine-scale movements and habitat preference of Red Snapper on nearshore artificial reefs.  

Fine-Scale Tracking 

The VEMCO© Positioning System (VPS) (Vemco Ltd, Novia Scotia) was used to evaluate 

fine-scale movement and habitat selection of acoustically tagged Red Snapper at the CCNR using 

a dense array of acoustic receivers. The array consisted of 20 submersible hydrophone receivers  
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Figure 2-1. The Corpus Christi Nearshore Reef location off the Texas coast and the arrangement 

of the reefing material within the reef block. The black star symbolizes Port Aransas, Texas – the 

closest port to the reef location. White triangles represent the pyramids, white squares are culverts, 

and the ship symbol denotes the M/V Kinta S. Blue squares represent receivers within the VPS 

array that were retrieved, and black squares represent receivers that were not could not be retrieved 

at the conclusion of the study.
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(12 VR2Ws and 8 VR2ARs) placed approximately 150 m apart (Figure 2-1). Range tests were 

conducted in situ to determine the distance at which the receivers detected the acoustic tags using 

sentinel tags (VEMCO© V16-069k-2; transmission delays: 500 – 700 s) deployed with each 

receiver. A reference tag (VEMCO© V9-2x-069k-3; transmission delays: 500 – 700 s) was 

deployed near the center of each reefing material to confirm continuous data collection throughout 

the study. Continuous water temperature monitoring occurred using the VR2AR receivers, which 

are equipped with a temperature sensor. Receivers were surface deployed in September 2016 and 

retrieved by scuba divers during the spring of 2018. 

The number of fish tagged within the array was limited to 21 fish, which was determined 

as the maximum number of tags for the size of this system before acoustic transmission collisions 

start reducing array performance (http://vemco.com/collision-calculator/). Seven fish were tagged 

per reefing material type (i.e., concrete pyramids, concrete culverts, or Kinta). Red Snapper were 

surgically implanted with VEMCO© V9P acoustic transmitters (V9P-2x-069k-1; transmission 

delays: 155 – 215 s, battery life: 366 days) equipped with pressure sensors to help determine fine-

scale horizontal and vertical movements around the CCNR. A single 15-mm incision was made 

ventrally above the midline and a V9P transmitter placed in the peritoneal cavity. The incision was 

closed with two sutures using Ethicon Vicryl*Plus Antibacterial 2-0, metric 3 (Institutional Animal 

Care and Use Committee-Animal Use Protocol #10-14). Fish were externally tagged below the 

dorsal fin with a dart tag (Hallprint Pty. Ltd.©) for reporting recaptures by anglers. External tags 

had phone number, email address, unique identification number, and “REWARD” printed on the 

tag for reporting recaptures. Once tagged, each fish was held in an aerated tank prior to release to 

ensure recovery. Red Snapper were considered recovered when active opercula pumping and fin 

movement resumed with the appearance of normal behavior. To decrease the likelihood of 
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predation and any barotrauma effects, Red Snapper were released at the seafloor using a 

“SeaQualizer©” fish descender. The descender device was attached the jaw of the fish, which was 

returned to depth rapidly using a weighted line.  

Data Analysis 

The data analysis for the VEMCO© VPS array requires proprietary positioning software. 

Therefore, data downloaded from receivers were sent to VEMCO, Ltd for data processing, and 

triangulated positions were returned for in-house analysis. The array was used to categorize the 

fate of tagged fish as active (continuously swimming), emigrated (tracked for some time before 

leaving the array), and deceased (tag becomes stationary at a continuous depth or tag shows a 

predatory profile) (Curtis et al. 2015). Residence time was defined as the time period when 50% 

of the active tagged Red Snapper were still detected within the array (Williams-Grove and 

Szedlmayer 2017). Habitat use patterns (core areas and home ranges) were determined using 

kernel utilization distribution analysis (KUD) (Simpfendorfer et al. 2012), which estimates the 

probability of detecting a tagged fish in a particular area. Core area is defined as 50% KUD or fish 

absent from the area half the time, while home range is defined as 95% KUD or the probability of 

the tagged fish being absent in a particular area 5% of the time (Piraino and Szedlmayer 2014). 

Kernel utilization distribution calculations were used because they are robust to autocorrelation 

and outlying positions (Worton 1989, Seaman and Powell 1996, De Solla et al. 1999).  

 Statistical analyses were completed in R Version 3.5.0, and three-dimensional (3D) KUDs 

were calculated using the ks package using a plug-in bandwidth selector to estimate the smoothing 

factor matrix following Simpfendorfer et al. 2012 (Duong 2007, RCoreTeam 2014). Monthly 

effects on habitat use were tested with a 1-way, repeated measures analysis of variance 

(rmANOVA), with fish as the random factor and month as the repeated measure (Zar 2010), and 
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diel patterns were tested using a Chi-square test. Habitat preference was tested using a 1-way 

ANOVA, with fish as the random factor. Additionally, time spent in each habitat field was 

calculated using percent detections for each habitat structure type. Depth patterns were also tested 

using a rmANOVA, with fish as the random factor and month as the repeated measures. If 

significant differences were detected, those differences were parsed out with Tukey-Kramer 

multiple comparison tests. A Kruskal-Wallis rank sum test was used to test effects of diel periods 

on depth patterns. Comparison of core areas and home ranges to water temperature, habitat field 

area, and Red Snapper total length were evaluated using linear regression. All tests were conducted 

at the α = 0.05 significance level. 

 

Results 

 Red Snapper were tracked on the CCNR for 10 months (January – October 2017) with 

continuous data collection. To exclude any behavior altered by the tagging event, the first 11 days 

after tagging were omitted from analysis (Topping and Szedlmayer 2011b; 2013). Because 

Hurricane Harvey passed through the study area with the eye north of the CCNR on August 25, 

2017, Red Snapper fine-scale movements and habitat selection for this study were analyzed 

through August 24, 2017. Topping and Szedlmayer (2011a) found that Red Snapper emigrated 

from artificial reefs during or following major storm events.  

Tagged Red Snapper ranged from 221 – 370 mm total length (mean TL ± standard deviation: 297 

± 46 mm (Table 2-1). Of the 21 Red Snapper tagged, eight either had a mortality event (e.g., 

predation or delayed mortality) or emigrated immediately after release. These fish were omitted 

from further analysis. Based on depth plots, four of the eight fish were suspected to have been 

depredated immediately following release. The remaining 13 Red Snapper were tracked for 205 
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days (February 1 – August 24) with residence time calculated at 135 days. Only the active 13 Red 

Snapper were used to evaluate fine-scale movements and habitat preferences on reefing materials. 

 

Table 2-1. Movement pattern summary of Red Snapper on the CCNR VPS array. Release structure 

was the structure the fish was caught and released on after tagging. Days on the VPS site were 

calculated from date of release (January 20, 2017) until date of last triangulated position or 

harvested recapture. Recapture days at liberty were calculated from date of release until date of 

recapture. Recapture fate and structure were reported by the angler that recaptured the fish and 

structure was confirmed via coordinates submitted by anglers unless noted (a). Fate of each fish 

was determined on the last day of study (August 24, 2017) denoted by letters – H: harvested, E: 

emigration, M: mortality/predation, P: present on site. * denotes the two fish reported recaptured 

at the VPS months after last detection. 

 

Fish # Release 

Structure 

Days on 

VPS site 

Recapture 

days at liberty 

Recapture 

fate 

Recapture 

structure 

Fate  

Fish 1 Culvert - - - - E 

Fish 2 Culvert 212 212 H Unknowna M 

Fish 3 Culvert - - - - M 

Fish 4 Culvert 1 - - - M 

Fish 5 Culvert - - - - M 

Fish 6 Kinta - - - - M 

Fish 7 Kinta 203 13 R Kinta E 

Fish 8 Kinta 135 - - - E 

Fish 9 Kinta 217 282 H ST Platform P 

Fish 10 Kinta 282 - - - P 

Fish 11 Kinta 97 - - - E 

Fish 12 Kinta 217 - - - P 

Fish 13 Culvert 2 - - - M 

Fish 14  Culvert  177  
103 

138 

R 

R 

Culvert 

Culvert 
E  

Fish 15 Pyramid 54 54 R Pyramid M 

Fish 16* Pyramid 55 317 H Pyramid M 

Fish 17* Pyramid 66 205 H CCNR M 

Fish 18 Pyramid - - - - M 

Fish 19 Pyramid - - - - M 

Fish 20 Pyramid 64 33 R Culvert E 

Fish 21 Pyramid 68 54 R Kinta E 
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Recaptures 

Recaptured fish were at liberty for 13 – 317 days (mean = 146 days), with 43% of fish 

recaptured with verified recapture locations on structure other than their initial tagging structure, 

including a nearby standing oil and gas platform about 3 miles away. Of the active 13 tagged fish 

in the study, 10 were reported as recaptured (77%), with half of those recaptures reported by a 

single charter headboat. One Red Snapper was reported as recaptured twice in a one-month time-

period. Additionally, all Red Snapper were reported released except four, which were all reported 

to have shed the external Floy© tag; tagged Red Snapper initially measured less than the legal 

minimum recreational harvest size for Texas state waters (381 mm). One of the reported recapture 

Red Snapper was recaptured in the pyramid field of the CCNR in December 2017, but the fish was 

last detected in the VPS array in March 2017, suggesting a possible tag malfunction (Figure 2-2). 

A second fish was also reportedly recaptured at the study site, but the last detection was months 

before; however, recapture location could not be verified as coordinates could not be supplied with 

the recapture information.  

Fine-Scale Tracking 

 Twenty receivers were deployed in the VPS array, but only 12 receivers were recovered 

post-hurricane. Despite this loss, the array provided adequate coverage and acoustic overlap for 

position triangulation. Nearly 140,000 triangulated positions were used to analyze Red Snapper 

fine-scale 3-D movement patterns at the CCNR. Overall, 86.6% of sync tag transmissions were 

logged on three or more of the recovered receivers. Animal and sync tag detections steadily 

declined during the study. Reference tags showed a mean horizontal (latitude and longitude) 

accuracy of 2.5 m (SD: 2.4 m), and depth sensors in the acoustic release receivers showed a vertical 

precision of <1 m. Fates of each Red Snapper were determined by recapture reports, depth plots,  
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Figure 2-2. Tracking periods for transmitter-tagged Red Snapper on the CCNR VPS array after 11-day post-tracking recovery period. 

Fish present after last day of tracking (24 August 2017) were all active. The colored bars represent which structure the tagged Red 

Snapper was positioned on during the active tracking period. Letters denote fate of fish on VPS site – H: harvested, E: emigration, M: 

mortality/predation. * denotes the two fish reported recaptured at the VPS months after last detection.
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and tracks. Two fish were originally classified as emigrated but were reported recaptured on-site 

5+ months after the last triangulated position or detection event within the array. Red Snapper 

were detected throughout the study duration, but some fish emigrated and returned at least twice 

prior to the conclusion of the study. Red Snapper tagged at the CCNR would have to travel miles 

to reach the next closest known structure. Unfortunately, surrounding reef blocks did not have 

receivers deployed on them during the study period, meaning once tagged Red Snapper left the 

VPS array, locations were unknown unless a fish was recaptured and reported. At the conclusion 

of the study, three Red Snapper remained present on site, one had suffered a depredation event 

after recapture, and six Red Snapper had emigrated (Figure 2-2). Emigration from the site may be 

due to the size of Red Snapper as fish on this site have been previously reported to emigrate around 

age 2-3 years (Streich et al. 2017).  

 Red Snapper movement patterns were influenced by water temperatures. Habitat use varied 

significantly by month (core area: F1,6 = 6.1471, p < 0.0001; home range: F1,6 = 4.024, p = 0.003) 

and were positively correlated with mean monthly water temperature (Pearson’s correlation; core 

area: r = 0.939, p < 0.001; home range: r = 0.779, p <0.05; Figure 2-3). Fish used more of the reef 

in spring-summer months (April – July) with the largest mean KUDs in July (mean ± standard 

error [SE]: core area: 18,588 ± 6,459 m3; home range: 196,997 ± 46,084 m3), corresponding with 

warmer temperatures. The smallest mean core areas were in February (2,890 ± 555 m3) while the 

smallest home ranges were in March (43,769 ± 6,990 m3), when temperatures were cooler.  

Diel data was log transformed to fit normality assumptions. Red Snapper movement were 

also influenced by time of day. There were no significant differences for diel patterns for core area 

(F1,298 = 0.2299, p = 0.632), but differences were observed in home range (F1,298 = 59.73, p < 

0.0001). Red Snapper had larger volume movements during the day (6:00 – 20:00; mean ± SE: 
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Figure 2-3. Comparison of water temperature with mean monthly core areas (50% KUD) and home ranges (95% KUD) of Red Snapper 

around the CCNR. Dark grey bars: core area; light grey bars: home range; error bars: SE; black dotted line: temperature at depth as 

recorded by the receivers in the VPS array.
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105,164 ± 7,838 m3) than during night (21:00 – 5:00; mean: 63,789 ± 5,465 m3), possibly due to 

foraging activity (Figure 2-4).  

 

 
Figure 2-4. Diel movements by Red Snapper on the CCNR. Home range (95% KUD) was 

significantly different between diel periods, but core area (50% KUD) was not. Red Snapper had 

larger movements during the day (6:00-20:00) compared to night (21:00-5:00).  

 

 

Red Snapper used most of the water column from near the surface (1.5 m) to the seafloor 

(23 m), with a mean depth of 18.5 ± 0.641 m (SD). Mean depths were not significantly different 

between diel periods (Chi square = 3.47, p = 0.062, df = 1) or habitat type (F1,3 = 1.994, p = 0.134), 

despite vertical relief differences in reefing material. However, monthly changes were significantly 

different (F1,7 = 7.205, p < 0.0001) and correlated with water temperature (Pearson’s correlation; 

r = 0.764, p < 0.05). Mean depth (mean ± SE) was shallowest in April (17.5 ± 0.440 m) and deepest 

in August (19.4 ± 0.669 m) (Figure 2-5).  
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For both the duration of the study and summer months, individual fish spent the greatest 

percentage of time on their tagging habitat compared to time spent on all habitat types (Figure 2-

6). Fish tagged in the culverts moved more than other tagged fish and predominantly moved to the 

pyramids. When including all months of the study, no significant habitat preferences were detected 

in Red Snapper habitat use (core area: F2,18 = 1.3707, p = 0.2793; home range: F2,18 = 0.4249, 

p = 0.6602). However, when examining seasonally, Red Snapper used more of the reef in late 

spring/summer months (April-July), and differences in core area (F2,11.182 = 7.0727, p < 0.05) 

were detected between structure types. Habitat use around the sunken vessel Kinta was larger than 

habitat use around the pyramids or culverts (core area: p < 0.01 and p < 0.05, respectively); but 

habitat use around the pyramids and culverts were similar (p = 0.205).  Core area volumes were 

largest over the Kinta (14,576 ± 2,066 m3) with the smallest over the culverts (4,105 ± 1,570 m3). 

Additionally, home range was not significantly different among habitat types for the summer 

months (F2,14 = 0.893, p = 0.4315). Area covered by reefing material did not influence habitat 

use (core area: p = 0.2225; home range: p = 0.5788). 
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Figure 2-5.  Comparison of water temperature by month with daily depths of Red Snapper around CCNR. Fish were deeper in warmer 

months and shallower in the cooler. Solid line: daily depth; solid blue line: overall trend in depths across months; black dotted line: 

water temperature as recorded by the receivers in the VPS array. 
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Figure 2-6. Percent time spent on each habitat by Red Snapper classified by tagging structure for the entire study duration. Red Snapper 

spent most of their time on their tagging structure type. Fish tagged on the culverts moved to other reefing structures more than fish 

tagged on the pyramids or Kinta.
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Discussion 

 This study determined fine-scale movements of Red Snapper around an artificial reef 

comprised of multiple types of reefing material. Collectively, fish did not select one reefing 

material type over another, and Red Snapper had limited exchange among reefing material types, 

supporting fidelity to structure in general. Lack of difference in mean depths among habitat types 

indicates that differences in vertical relief of material type may have limited influence for smaller 

Red Snapper habitat use. These results, along with the cost analysis of each reef material, suggested 

that the best policy for management in designing future artificial reefs should include low-cost 

material over large areas. 

Recaptures 

The CCNR is an artificial reef located in Texas state waters, which are open 365 days a 

year for Red Snapper. As one of only 15 artificial reefing blocks in state waters 

(https://tpwd.texas.gov/gis/ris/artificialreefs/), this site is heavily fished for Red Snapper all year 

around by both state-permitted for-hire and private recreational anglers. For example, ~80% of the 

tagged fish were recaptured, with half of those recaptured by a single headboat. One of these 

recaptures was reported while conversing with the headboat captain over the vessel radio. This 

reporting event, along with the reported external tag shedding by other anglers, suggested that the 

recapture rate may be higher than reported. The heavy fishing pressure demonstrates the 

importance of these nearshore reefs for anglers and the need for designing artificial reefs that retain 

fish and provide necessary habitat to support healthy populations. 

Fine-Scale Tracking 

Overall, Red Snapper did not select one structure type over another, suggesting that fish 

demonstrated fidelity to structure regardless of construction material. However, when analyzing 



 
 

45 

 

warmer months separately, when fish had increased habitat use, differences in core area were 

detected. Fish used more area around the Kinta compared to the pyramids or culverts. Red Snapper 

also interchanged more between the pyramids and culverts, although more fish from the culverts 

traveled to the pyramids than pyramid fish traveled to the culverts. Likely proximity was a large 

influence as the Kinta is hundreds of meters away compared to the ~60 m space between the 

pyramids and culverts. Pyramids may also provide the necessary complexity for protection due to 

their enclosed nature with small openings for fish to hide within compared to the larger openings 

in the culverts, which provide less security. However, pyramids deployed at the CCNR have six 

similar size openings on each side, but no difference in Red Snapper size (TL) was found among 

structure types at the CCNR (Streich, unpublished data). Previous research has reported that more 

complex reefs (1 m3) had higher abundances of juvenile Red Snapper purportedly due to the 

reduced predation success on these more complex reefs, which included increased availability of 

prey refuges in structure (holes similar to the body size of prey species) (Hixon and Beets 1993, 

Lingo and Szedlmayer 2006, Piko and Szedlmayer 2007). Jaxion-Harm and Szedlmayer (2015) 

found more small Red Snapper (100-250 mm TL) on smaller reefs (e.g., pyramids and unpublished 

reefs) than on bigger artificial reefs (e.g., tanks, ships, oil platforms), and that pyramids had a 

higher percentage of larger Red Snapper than unpublished small reefs. This difference was 

attributed to the pyramids having prey refuges, or one large opening (~30 cm) on each of its sides.  

This study showed that size of the reef does matter for habitat use. Larger mean 3-D core area and 

home range volumes found in the current study likely corresponded to the increased area of the 

artificial reef site, which comprised of 674 structures of various sizes in a 1 km2 reef block. 

Williams-Grove and Szedlmayer (2017) reported smaller KUDS on reefs in Alabama which 

consisted of a single steel cage (2.5 m x 2.4 m x 1.3 m). Similar to this study, Froehlich et al. 
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(2019) reported that on a 0.8 km2 reef comprised of a variety of material, core areas and home 

ranges were up to four times larger than other studies (Szedlmayer and Schroepfer 2005, Topping 

and Szedlmayer, 2011a, Piraino and Szedlmayer 2014, Williams-Grove and Szedlmayer 2016). 

However, depth was not included in their KUD analysis.  

 Red Snapper habitat use was also explained by water temperature and found to be 

significantly different by month, with fish staying deeper and using more of the reefing block in 

the warmer months compared to cooler months. Red Snapper used more of the reefing block in 

June and July when water temperatures were warmer and used less during February and March 

when water temperatures were cooler. However, only core area was found to have a significant 

difference, suggesting that fish may be minimizing area used with cooling water temperatures. 

Additionally, fish were deepest in August, when the highest water temperatures were observed and 

a compressed nepheloid layer is present. Red Snapper are often observed moving in and out of the 

nepheloid layer (Ajemian et al. 2015), and the CCNR is characterized by a thick nepheloid layer 

that changes depth throughout the year, decreasing in August to near the thermocline, usually 

around 15 m deep (Stunz, unpublished data). Smaller Red Snapper are likely using this nepheloid 

layer to hide from predators, possibly explaining the deeper depths in August. Additionally, a 

thermocline is present in August, which could also explain deeper depths if Red Snapper are 

staying in cooler water below the thermocline, which is on average 3 °C cooler than the above 

water temperature. Red Snapper were shallowest in April, which potentially could be explained 

by the beginning of spawning season. However, fish in the current study were small and nearing 

size at maturity (Wilson and Nieland 2001).  
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Reefing Material  

For the purpose of this cost analysis, only the benefits and disadvantages of the reefing 

materials related to Red Snapper habitat selection were considered. The estimated total cost to reef 

674 structures at the CCNR was around $1.5 million (Shively 2014, TPWD, personal 

communication), with the reef comprised of three types of material – prefabricated concrete 

pyramids, concrete culverts, and a sunken Liberty ship. The total cost for deployment of 470 

prefabricated pyramids was about $734,000. Each pyramid cost an estimated $1,600 from 

construction to reefing and can be constructed in large orders and to desired specifications (Shively 

2014). Conversely, concrete culverts are usually donated free of charge to the TPWD Artificial 

Reef Program for the purpose of constructing artificial reefs but, unfortunately, are not readily 

obtainable as they are provided when the culverts are constructed incorrectly resulting in a 

malformed structure, meaning that culverts are of various sizes and not uniform as with the 

pyramids. Total cost of deployment for these culverts was $248,878, resulting in an estimated 

$1,250 per culvert to reef. As culverts are of various sizes, this cost-per-unit is an estimate ignoring 

size and assuming the cost to reef each unit is the same regardless of size. The largest solo structure 

in the CCNR is the 47.2 m Liberty ship M/V Kinta S, which was also the most expensive structure 

per unit to reef. Total costs to prepare and deploy the Kinta was about $496,700, of which about 

$6,700 went to consulting services (Shively, personal communication). Ships cannot be reefed 

without first being cleaned of any harmful materials and chemicals before deployment, meaning a 

cleaning and storage area is needed during this time (Broughton 2012).  

For the CCNR, reefing material did not equally comprise the artificial reef complex. The 

pyramid field covered the largest area (~129,440 m2) and had the least cost-per-square-meter 

reefed, around $6/m2, but the culverts, which covered less than 30% of the area (~35,870 m2) of 
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the pyramid field, had a cost-per-square-meter (~$7/m2) similar to that of the pyramids. The most 

expensive material to reef, the Kinta, covered the least amount of area (~7,500 m2) resulting in an 

estimated cost of $67/m2. For the total cost to prepare and reef the Kinta, over 315 pyramids can 

be constructed and deployed or 405 culverts, with both materials covering a larger area (17.3 and 

4.8 times, respectively) than a solo ship, meaning reefing pyramids and culverts result in a larger 

area covered by structure for less cost. However, culverts are not as readily available and cannot 

be made to order like pyramids, suggesting that availability and storage can become the limiting 

factor. This would suggest that the readily available pyramids might be a better option for reefing 

material cost-wise when considering only Red Snapper habitat selection.  

 

 Conclusion 

While seasonal differences in habitat use were detected in this study, no difference was 

detected among habitat types, suggesting that Red Snapper did not select one structure over 

another. Fish did have larger movements around the reef during warmer months and smaller 

movements in cooler water temperatures. Results from this study have important implications for 

reef science and management. The cost and availability of reefing materials are often the limiting 

factors; thus, the results from this study indicate that reefing the most effective and least expensive 

material covering the largest area may be the best policy in designing future artificial reefs when 

considering Red Snapper habitat use. This would allow managers to create the most expansive reef 

or use materials in other areas to maximize habitat. Future research should explore in detail density 

of materials used in designing artificial reefs and the economic value of different artificial reef 

types.   

 



 
 

49 

 

References 

Ajemian, M.J., Wetz, J.J., Shipley-Lozano, B., and Stunz, G.W. 2015. Rapid assessment of fish 

communities on submerged oil and gas platform reefs using remotely operated vehicles. 

Fisheries Research. 167: 143–155. DOI:10.1016/j.fishres.2015.02.011 0165-7836. 

Baine, M. 2001. Artificial reefs: a review of their design, application, management and 

performance. Ocean and Coastal Management. 44: 241–259. DOI:10.1016/S0964-

5691(01)00048-5. 

Bohnsack, J.A. 1989. Are high densities of fishes at artificial reefs the result of habitat limitation 

or behavioral preference? Bulletin of Marine Science. 44: 631-645. 

Boswell, K.M., Wells, R.J.D., Cowan, Jr., J.H., and Wilson, C.A. 2010. Biomass, density, and size 

distributions of fishes associated with a large-scale artificial reef complex in the Gulf of 

Mexico. Bulletin of Marine Science. 86(4): 789–889. DOI:10.5343/bms.2010.1026. 

Broughton, K. 2012. Office of National Marine Sanctuaries Science Review of Artificial Reefs. 

Marine Sanctuaries Conservation Series ONMS-12-05. U.S. Department of Commerce, 

National Oceanic and Atmospheric Administration, Office of National Marine Sanctuaries, 

Silver Spring, Maryland.  

Curtis, J.M., Johnson, M.W., Diamond, S.L., and Stunz, G.W. 2015. Quantifying delayed mortality 

from barotrauma impairment in discarded Red Snapper using acoustic telemetry. Marine 

and Coastal Fisheries: Dynamics, Management, and Ecosystem Science. 7: 434−449. 

DOI:10.1080/19425120.2015.1074968. 

De Solla, S.R., Bonduriansky, R., and Brooks, R.J. 1999. Eliminating autocorrelation reduces 

biological relevance of home range estimates. Journal of Animal Ecology. 68: 221−234. 

DOI:10.1046/j.1365-2656.1999.00279.x.  



 
 

50 

 

Duong, T. 2007. ks: Kernel density estimation and kernel discriminant analysis for multivariate 

data in R. Journal of Statistical Software. 21(7): 1–16. 

Espinoza, M., Farrugia, T.J., and Lowe, C.G. 2011. Habitat use, movement and site fidelity of the 

Gray Smoothhound shark (Mustelus californicus Gill 1863) in a newly restored southern 

California estuary. Journal of Experimental Marine Biology and Ecology. 401: 63–74. 

Froehlich, C.Y.M., Garcia, A., and Kline, R.J. 2019. Daily movements patterns of Red Snapper 

(Lutjanus campechanus) on a large artificial reef. Fisheries Research. 209: 49–57. 

DOI:10.1016/j.fishres.2018.09.006. 

Gallaway, B.J., Szedlmayer, S.T., and Gazey, W.J. 2009. A life history review for Red Snapper in 

the Gulf of Mexico with an evaluation of the importance of offshore petroleum platforms 

and other artificial reefs. Reviews in Fisheries Science. 17(1): 48–67. 

DOI:10.1080/10641260802160717. 

Garcia, A. 2013. A comparison of site fidelity and habitat use of Red Snapper (Lutjanus 

campechanus) to evaluate the performance of two artificial reefs in south Texas utilizing 

acoustic telemetry. MS Thesis. The University of Texas at Brownsville. 

Goodyear, C.P. 1988. Recent trends in the Red Snapper fishery of the Gulf of Mexico. National 

Marine Fisheries Service, Southeast Fisheries Center CRD 87/88-16, Miami, Florida. 

Harrison, S. 2015. Artificial reef types affect Red Snapper sizes, and catch-and-release practices 

inhibit refuge-seeking behavior in fish. Fisheries. 40(6): 246–247. 

DOI:10.1080/03632415.2015.1041201. 

Hixon, M.A., and Beets, J.P. 1993. Predation, prey refuges, and the structure of coral-reef 

assemblages. Ecological Monographs. 63(1): 77–101. 



 
 

51 

 

Jaxion-Harm, J., and Szedlmayer, S.T. 2015. Depth and artificial reef type effects on size and 

distribution of Red Snapper in the northern Gulf of Mexico. North American Journal of 

Fisheries Management. 35(1): 86–96. DOI:10.1080/02755947.2014.982332. 

Jorgensen, D. 2009. An oasis in a watery desert? Discourses on an industrial ecosystem in the Gulf 

of Mexico Rigs-to-Reefs program. History and Technology. 25(4): 343–364. 

DOI:10.1080/07341510903313030. 

Lingo, M.E., and Szedlmayer. S.T. 2006. The influence of habitat complexity on reef fish 

communities in the northeastern Gulf of Mexico. Environmental Biology of Fishes. 76(1): 

71–80. DOI:10.1007/s10641-006-9009-4. 

Ouzts, A.C., and Szedlmayer, S.T. 2003. Diel feeding patterns of Red Snapper on artificial reefs 

in the north-central Gulf of Mexico. Transactions of the American Fisheries Society. 21(6): 

1186–1193. DOI:10.1577/T02-085. 

Peabody, M. B. 2004. The fidelity of Red Snapper (Lutjanus campechanus) to petroleum platforms 

and artificial reefs in the northern Gulf of Mexico. MS Thesis. Louisiana State University. 

Piko, A.A., and Szedlmayer, S.T. 2007. Effects of habitat complexity and predator exclusion on 

the abundance of juvenile Red Snapper. Journal of Fish Biology. 70: 758–769. 

DOI:10.1111/j.1095-8649.2007.01336.x. 

Piraino, M.N., and Szedlmayer, S.T. 2014. Fine-scale movements and home ranges of Red Snapper 

around artificial reefs in the northern Gulf of Mexico. Transactions of the American 

Fisheries Society. 143: 988–998. DOI:10.1080/00028487.2014.901249. 

RCoreTeam. 2014. R: a language and environment for statistical computing R foundation for 

statistical computing. Vienna, Austria (http://www.R-project.org/). 

http://www.r-project.org/


 
 

52 

 

Sammarco, P.W., Lirette, A., Tung, Y., Boland, G.S., Genazzio, M., and Sinclair, J. 2014. Coral 

communities on artificial reefs in the Gulf of Mexico: standing vs toppled oil platforms. 

ICES Journal of Marine Science. 71(2): 417–426. DOI:10.1093/icesjms/fst140. 

Schroepfer, R.L., and Szedlmayer.  S.T. 2006. Estimates of residence and site fidelity for Red 

Snapper Lutjanus campechanus on artificial reefs in the northeastern Gulf of Mexico. 

Bulletin of Marine Science. 78(1): 93–101. 

Schuett, M.A., Ding, C., Kyle, G., and Shively, J.D. 2016. Examining the behavior, management 

preferences, and sociodemographics of artificial reef users in the Gulf of Mexico offshore 

from Texas. North American Journal of Fisheries Management. 36(2): 321–328. 

DOI:10.1080/02755947.2015.1123204. 

Seaman, D.E., and Powell, R.A. 1996. An evaluation of the accuracy of kernel density estimators 

for home range analysis. Ecology. 77: 2075−2085. DOI:10.2307/2265701. 

Shively, J.D. 2014. Performance report – final as required by State Wildlife Grants Program, 

Texas. USFWS Federal Assistance Grant T-61-R-1. Artificial Reefs Nearshore Reefing 

Project. Texas. 

Simpfendorfer, C.A., Olsen, E.M., Heupel, M.R., and Moland, E. 2012. Three-dimensional kernel 

utilization distributions improve estimates of space use in aquatic animals. Canadian 

Journal of Fisheries and Aquatic Sciences. 69: 565–572. DOI:10.1139/F2011-179. 

Streich, M.K., Ajemian, M.J., Wetz, J.J., Shively, J.D., Shipley, J.B., and Stunz, G.W. 2017.  

Effects of a new artificial reef complex on Red Snapper and the associated fish community: 

an evaluation using a before-after control-impact approach. Marine and Coastal Fisheries. 

9(1): 404-418. DOI:10.1080/19425120.2017.1347116. 



 
 

53 

 

Strelcheck, A.J., Cowan, J.H., and Shah, A. 2005. Influence of reef location on artificial reef fish 

assemblages in the North Central Gulf of Mexico. Bulletin of Marine Science. 77(3): 425–

440. 

Strelcheck, A.J., Cowan, J.H., and Patterson, W. 2007. Site fidelity, movement, and growth of Red 

Snapper: implications for artificial reef management. American Fisheries Society 

Symposium. 60: 147. 

Szedlmayer, S.T. 1997. Ultrasonic telemetry of Red Snapper, Lutjanus campechanus, at artificial 

reef sites in the northeast Gulf of Mexico. Copeia. 1997(4): 846–850. 

Szedlmayer, S.T. 2007. An evaluation of the benefits of artificial habitats for Red Snapper, 

Lutjanus campechanus, in the northeast Gulf of Mexico. Proceedings of the Gulf and 

Caribbean Fisheries Institute. 59: 1–13. 

Szedlmayer, S.T., and Schroepfer, R.L. 2005. Long-term residence of Red Snapper on artificial 

reefs in the northeastern Gulf of Mexico. Transactions of the American Fisheries Society. 

134: 315–325. 

Topping, D.T., and Szedlmayer, S.T. 2011a. Home range and movement patterns of Red Snapper 

Lutjanus campechanus on artificial reefs. Fisheries Research. 112(1): 77–84. 

DOI:10.1016/j.fishres.2011.08.013. 

Topping, D.T., and Szedlmayer, S.T. 2011b. Site fidelity, residence time and movements of Red 

Snapper Lutjanus campechanus estimated with long-term acoustic monitoring. Marine 

Ecology Progress Series. 437: 183–200. DOI: 0.3354/meps09293. 

Topping, D.T., and Szedlmayer, S.T. 2013. Use of ultrasonic telemetry to estimate natural and 

fishing mortality of Red Snapper. Transactions of the American Fisheries Society. 142(4): 

1090-1100. DOI: 10.1080/00028487.2013.790844. 



 
 

54 

 

Williams-Grove, L.J., and Szedlmayer, S.T. 2016. Acoustic positioning and movement patterns of 

Red Snapper, Lutjanus campechanus, around artificial reefs in the northern Gulf of 

Mexico. Marine Ecology Progress Series. 553: 233–251. DOI:10.3354/meps11778. 

Williams-Grove, L.J., and Szedlmayer, S.T. 2017. Depth preferences and three-dimensional 

movements of Red Snapper, Lutjanus campechanus, on an artificial reef in the northern 

Gulf of Mexico. Fisheries Research. 190: 61–70. DOI:10.1016/j.fishres.2017.01.003. 

Wilson, C.A., and Nieland, D.L. 2001. Age and growth of Red Snapper, Lutjanus campechanus, 

from the northern Gulf of Mexico off Louisiana. Fishery Bulletin. 99: 653−664. 

Worton, B.J.1989. Kernel methods for estimating the utilization distribution in home-range 

studies. Ecology. 70: 164−169. DOI:10.2307/1938423. 

Zar, J. 2010. Biostatistical analysis. Prentice Hall Inc, Upper Saddle River, NJ.  

  



 
 

55 

 

CHAPTER III:  

FLEE TOWN OR HUNKER DOWN: RED SNAPPER MOVEMEMENTS DURING 

HURRICANE ACTIVITY 

 

Abstract 

Hurricanes are thought to cause wide distributional changes to fish populations, but studies 

documenting these meteorological disturbances on fish movement are rare. The objective of this 

study was to opportunistically examine how a hurricane influenced habitat use and residency of 

Red Snapper (Lutjanus campechanus) around a nearshore artificial reef complex using a VEMCO© 

Positioning System. Red Snapper had a variety of responses with some fish emigrating and some 

remaining on-site during Hurricane Harvey – a category 4 storm passing near the study site. 

Individuals that emigrated did not return to the reef post-hurricane. For fish that remained at the 

reef, presence-absence patterns were correlated with wind speed, air temperature, and water 

temperature. Red Snapper were shallower hours before the eye of the hurricane passed near the 

study site when water temperatures were increasing. Fish were shallower and space use decreased 

after the storm compared to before, which was influenced by water temperature and wind speed. 

While the array efficiency decreased after the storm, receivers within the array provided adequate 

coverage of the site to triangulate fish positions throughout the study. Hurricanes affect the 

movement and residency of marine species and can be an important driver in the displacement of 

populations and degradation of habitats.  

 

Introduction 

 Hurricanes can be destructive both on land and in the ocean and can cause prolonged 

alterations in habitat, such as relocating structures and increasing turbidity for extended periods of 
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time (Bell and Hall 1994). Few studies have reported on detailed fish movement during hurricanes. 

This is principally due to the storm’s unpredictability, destructive nature, and the inability to 

collect these types of data during these disturbances (Greening et al. 2006). Until recently, the few 

studies that have reported on distribution patterns of Red Snapper potentially influenced by a 

hurricane have been based on a priori measurements with passive dart tags (Watterson et al. 1998, 

Patterson et al. 2001, Addis et al. 2013). However, technology has changed rapidly, particularly in 

the realm of electronic tagging, now affording scientists the ability to collect more fine-scale 

measurements.  

With advances in acoustic telemetry, continuous observations of various fish species’ 

movement and distribution patterns in their natural environment have been made possible (Heupel 

et al. 2003). However, exploring fish movement and response to extreme meteorological 

disturbances, such as hurricanes, is often opportunistic. Previously deployed tracking equipment 

(e.g., receivers and transmitter tagged fish) must be near to or in the hurricane’s unpredictable path 

and remain there without being relocated or destroyed. The few studies that have acoustically 

monitored fish movement during hurricanes have had varied results, with some fish emigrating 

before or during the hurricane (Heupel et al. 2003, Topping and Szedlmayer 2011, Udyawer et al. 

2013, Strickland et al. 2019) and some fish remaining on site (Peabody 2004, Szedlmayer and 

Schroepfer 2005 Topping and Szedlmayer 2011, Udyawer et al. 2013). These studies relied on 

detections (e.g., presence-absence data) to infer movement, but this method did not allow for 

detailed movements around a reef to be analyzed. Currently technology allows us to create very 

sophisticated fine-scale movements arrays using acoustic technology.  

The development of the VEMCO© Positioning System (VPS; VEMCO© Ltd, Novia 

Scotia), an acoustic positioning system able to triangulate more fine-scale accurate positions, has 
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allowed for more high-resolution tracking of fish and other marine animals (Espinoza et al. 2011). 

This system has been used to determine habitat selection and movement patterns in a variety of 

species including Red Snapper (Piranio and Szedlmayer 2014, Williams-Grove and Szedlmayer 

2017), Spotted Seatrout (Cynoscion nebulosus; Moulton et al. 2017, TinHan et al. 2018), and Red 

Drum (Sciaenops ocellatus; Moulton et al. 2017), but no study to date has reported on Red Snapper 

movements during a hurricane using these fine-scale tracking capabilities. Thus, I had the unique 

opportunity to examine fine-scale habitat use for Red Snapper before, during, and after a major 

hurricane passed near the array. 

It is important to understand how these major disturbances, such as hurricanes, affect fish 

movement and habitat use. These disturbances have been reported to alter spawning behavior, 

recruitment patterns (Locascio et al. 2005), trophic structure (Fabricius et al. 2008), as well as 

degrade habitat and water conditions which can cause mortality (Paerl et al. 2001, Gardner et al. 

2005). Thus, the objective of this study was to (1) explore fine-scale movements of Red Snapper 

during a hurricane at a nearshore artificial reef complex and (2) determine how habitat use and 

residency of Red Snapper was influenced during hurricane activity.  

 

Methods 

Study Site 

The Corpus Christi Nearshore Reef (CCNR) is an artificial reef complex located in state 

waters about 23 m deep and is comprised of multiple reefing materials, including 470 prefabricated 

reef pyramids, 203 concrete culverts, and the 47.2 m M/V Kinta S (Kinta) (Figure 3-1). In 2016, a 

VEMCO© Positioning System (VPS) (VEMCO©, Ltd, Novia Scotia) comprising 20 submersible 

hydrophone receivers (12 VR2Ws and 8 VR2ARs) was deployed on the site to determine the fine-
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scale movements and habitat preferences of Red Snapper (Chapter II). Each receiver was placed 

approximately 150 m apart with a sentinel tag (VEMCO© V16-069k-2; transmission delays: 500 

– 700 s) to determine the distance at which the receivers detected acoustic tags as part of the in 

situ range test. Near the center of each reef material (i.e., pyramids, culverts, and ship), a reference 

tag (VEMCO© V9-069k-2; transmission delays: 500 – 700 s) was deployed to verify that 

continuous data collection occurred throughout the study period. The VR2AR receivers were 

equipped with sensors to continuously monitor water temperature and the tilt of the receiver. The 

VPS array was deployed from September 2016 until the spring of 2018, when it was retrieved by 

scuba divers.   
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Figure 3-1. A) Hurricane Harvey (black line denotes the path of Harvey and colored circles indicate 

storm type; (https://www.nhc.noaa.gov/data/tcr/). Harvey passed 32 km northeast of the Corpus 

Christi Nearshore Reef (CCNR) (purple square on large map) and made landfall near Port Aransas, 

Texas (black star). Red Snapper movement and habitat use during Hurricane Harvey was tracked 

around the CCNR (inset: pyramids (grey triangles), culverts (grey squares), and the M/V Kinta S 

(ship)) using a VPS array. Black squares represent receiver locations within the array that could 

not be recovered, and blue squares represent receivers that were recovered and included in the 

analysis. B) Satellite imagery of Harvey making landfall north of CCNR near Port Aransas, Texas, 

obtained from https://www.ospo.noaa.gov/Organization/History/imagery/Harvey/index.html. 

Black star was added to indicate approximate location of Port Aransas, Texas. 

 

 

For detailed array deployment and operation methodology see Chapter II. Briefly, 

VEMCO© V9P acoustic transmitters (V9P-2x-069k-1; transmission delays: 155 – 215 s, battery 

life: 366 days) equipped with pressure sensors were surgically implanted in the peritoneal cavity 

of 21 Red Snapper (Chapter II; TL: 221 – 370 mm; Institutional Animal Care and Use Committee-

Animal Use Protocol #10-14), and an external dart tag (Hallprint Pty. Ltd.©) placed below the 

dorsal fin. The external tag had phone number, email address, unique identification number, and 

https://www.nhc.noaa.gov/data/tcr/
https://www.ospo.noaa.gov/Organization/History/imagery/Harvey/index.html
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“REWARD” printed on the tag in case of recapture. Tagged fish were held in an aerated tank prior 

to release until recovered (i.e., active opercula pumping and fin movement). Red Snapper were 

descended to depth to minimize depredation at the surface using “SeaQualizers©” on the same 

reefing material from which they were captured.  

Data Analysis 

The data collected using the VEMCO© VPS array requires proprietary position software; 

therefore, data downloaded from receivers was sent to VEMCO, Ltd., for processing and 

triangulated positions returned for habitat use analysis. Fate of tagged fish was classified as active 

(continuously swimming), emigrated (tracked for some time before leaving the array), and 

deceased (tag becomes stationary at a continuous depth or tag shows a predatory profile) by using 

depth profiles of the fish from transmitter pressure sensors (Curtis et al. 2015), or using 

triangulated positions calculated from the acoustic array (Williams-Grove and Szedlmayer 2017). 

Kernel utilization distribution analysis (KUD) was used to determine habitat use patterns (core 

areas and home ranges) during the hurricane (Simpfendorfer et al. 2012), because they are robust 

to autocorrelation and outlying positions (Worton 1989, Seaman and Powell 1996, De Solla et al. 

1999). The probability of fish being absent from the area half the time was defined as 50% KUD 

(core area) while the probability of the tagged fish being absent in a particular area 5% of the time 

was defined as 95% KUD (home range) (Piraino and Szedlmayer 2014).  

Statistical analyses were completed in R Version 3.5.0, using the ks package to calculate 

three-dimensional (3D) KUDs, which account for vertical movement in addition to horizontal 

movement (Duong 2007, Simpfendorfer et al. 2012, RCoreTeam 2014). Habitat use and depth 

patterns from triangulated positions and presence-absence patterns from detections were compared 

to environmental data obtained from the National Data Buoy Center (https://www.ndbc.noaa.gov/) 

https://www.ndbc.noaa.gov/
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using Pearson’s correlation tests. Data for Hurricane Harvey was obtained from the National 

Hurricane Center’s Tropical Cyclone Reports, which contain post-analysis tracks with 6-hourly 

positions and intensity classifications (https://www.nhc.noaa.gov/data/tcr/). Daily habitat use and 

depth of Red Snapper in relation to the hurricane’s position was analyzed using Welch’s Two-

Sample t-tests. Depth use during the week of the hurricane was analyzed using a 1-way ANOVA. 

If significant differences were detected, pairwise differences were detected using Tukey-Kramer 

multiple comparison tests. All tests were conducted at the α = 0.05 significance level. 

Spatial variation in array efficiency was assessed by calculating the proportion of 

successful detections at each station from neighboring sentinel tags and interpolated across the 

VPS array in ArcMap (version 10.5, ESRI, Redlands, CA) to identify potential low detection zones 

(TinHan et al. 2018). Receivers and associated sentential tags that shifted during the study were 

removed from further spatial detection efficiency analysis on the date of movement as triangulated 

by the VPS array. Additionally, detection efficiency was calculated from the day after completion 

of array deployment until the day before the start of array retrieval.  

 

Results 

These data were opportunistically collected from an acoustic array that was deployed 

during Hurricane Harvey (Harvey) entering the Gulf of Mexico. On August 22, 2017, fragments 

of Tropical Storm Harvey crossed the Yucatan Peninsula and began building (Figure 3-1). On 

August 24th, Harvey had intensified to a Category 4 Hurricane before making landfall in Port 

Aransas, Texas on August 25th at 22:00 (CST). Harvey made landfall with sustained winds 

estimated at 59.1 m/s and minimum central pressure at 937 mb, where it then stalled before moving 

back offshore on August 27th (Blake and Zelinsky 2018).  The eye of Harvey passed approximately 

https://www.nhc.noaa.gov/data/tcr/
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32 km northeast of the CCNR and the VPS array on August 25th around 19:00 with environmental 

conditions strong enough to shift the bow of the 47.2 m Kinta about 26 m south (Figure 3-2). 

Around 12:00 (noon) on August 25th, Buoy 42020 (26.968, -96.693), the closest weather station 

to the CCNR that measured marine environmental variables (e.g., wave height, sea surface 

temperature, wave period), broke loose from moorings and went adrift. Therefore, environmental 

variables (e.g., wind speed, air temperature, barometric pressure) were obtained from Station 

ANPT2 (27.837, -97.039), which is located inside the Port Aransas Jetties about 24 km northwest 

of the CCNR. No significant differences in environmental variable data was detected between 

Station ANPT2 and Buoy 42020 before it went adrift (Welch t-test: t = -0.6428, p = 0.5227).  

 

 

Figure 3-2. During Hurricane Harvey, the bow of the 47.2 m Liberty ship M/V Kinta S was shifted 

approximately 26 m to the south. Georeferenced side-scans from before (A) and after (B) Harvey 

were overlaid to measure the shift.   
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However, Station ANPT2 was not equipped to measure marine environmental variables, so wind 

speed was used as a proxy for wave height (Pearson’s correlation: r = 0.9478, p < 0.0001; Young 

et al. 2011). Because Harvey reached Station ANPT2 three hours after passing the CCNR, time 

was adjusted backwards 3 hours to reflect when the hurricane passed near the array for analyses. 

Using this adjusted time, the maximum wind speed and gust were recorded at 49.6 m/s and 59.3 

m/s, respectively, as Harvey passed near the array.  

Of the 20 deployed receivers comprising the VPS array, twelve were retrieved in the spring 

of 2018. Three of the eight irretrievable receivers ceased reporting during the hurricane on August 

25th morning between 01:30 and 08:25, 13+ hours before the eye passed the CCNR. These 

receivers were in the southwest portion of the array (Figure 3-3). Two irretrievable receivers from 

the northern outside corners of the array were relocated during the hurricane and were still detected 

in the spring of 2018 by recovered receivers. Of these two receivers, one was not physically located 

by scuba divers, while the other was found inverted into the mud substrate too deep to be 

recovered. Of the 12 recovered receivers, two moved within the array the day of the hurricane, one 

of which had also previously moved four days before Harvey (August 21st).  Another receiver, 

which had been deployed in the center of the array near the culverts, went adrift at the end of 

November 2017, 91 days after Harvey. It washed ashore on Padre Island National Seashore, Texas, 

and was returned by an angler, who noted that the float and metal pole used to attach the receiver 

to the anchor were still attached to the receiver, and that the pole may have sheared near the 

concrete base, which likely remained in place at the CCNR. Of the 11 receivers recovered by 

divers, most were found tilted at ~45° angle, which was confirmed by the four VR2ARs, which 

recorded tilt (Figure 3-4). 
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Figure 3-3. VPS array efficiency was calculated before (A), during (B), and after (C) Hurricane Harvey with the sentinel tags associated 

with nearest neighboring receivers that were recovered (blue squares). Black squares represent receivers that were not recovered and 

were omitted from the array efficiency analysis. Grey symbols denote reefing material type: triangles = pyramids, squares = culverts, 

and ship = Kinta.  
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Figure 3-4. Tilt angle for each receiver was recorded by the VR2AR receivers (n =4). Red dotted line represents date of Hurricane 

Harvey passing near the CCNR, during which all the receivers were leaned at a ~45°. VR2AR-545917 (blue) broke free at the end of 

November 2017, resulting in the tilt angle returning closer to 0° (upright), before washing ashore. Data from time adrift was omitted as 

the receiver was no longer present at the CCNR.  
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Using sentinel tag detections, the overall array had a mean detection efficiency of 0.6867 

(range: 0.5149 – 0.7930) before Harvey (September 9, 2016 – August 14, 2017), which decreased 

to 0.5476 (0.1933 – 0.8812) after Harvey (September 10, 2017 – April 23, 2018) due to loss or 

movement of receivers (Figure 3-3). During the 10 months transmitter-tagged fish were present in 

the VPS array, the mean number of receivers used to triangulate positions decreased from 3.79 

receivers (range: 3 – 6 receivers) before the storm (January 20 – August 14) to 3.01 receivers 

(range: 3 – 5 receivers) after the storm (September 10 – October 29). 

Of the 21 Red Snapper tagged as part of the original study, four were present at the study 

site (TL: 273 – 329 mm) before or through Hurricane Harvey. One Red Snapper was recaptured 

and harvested on August 20th and was omitted from further analysis. One fish remained on site 

until October 29, 2017 (65 days after Harvey) then emigrated off site to an unknown location. Two 

Red Snapper remained on site until around 10:00 on August 25th when they both emigrated from 

the array within 10 minutes of one another. One emigrated from the pyramids and the other from 

the Kinta (Figure 3-5). The Red Snapper that emigrated from the Kinta was recaptured 65 days 

after Harvey at a neighboring standing oil and gas platform about 5 km southwest of the CCNR 

and was the only fish in the study to be reported recaptured at a site other than the CCNR, the 

initial tagging site. Neither of these fish returned to the array after Harvey. Absence of fish at the 

CCNR were positively correlated with air temperature (r = 0.14085, p < 0.0001) but negatively 

correlated with water temperature (Pearson’s correlation: r = -0.3213, p < 0.0001) and wind speed 

(r = -0.0554, p < 0.001). Barometric pressure (r = 0.0051, p = 0.7458) did not significantly 

influence absence of fish. Fish were more likely to be absent during lower air temperatures and 

higher water temperatures and wind speeds.
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Figure 3-5. Tracking periods for transmitter-tagged Red Snapper present immediately before, during, or after Hurricane Harvey passed 

near the VPS array and the Corpus Christi Nearshore Reef. The colored bars represent which structure the tagged Red Snapper was 

positioned on during the active tracking period. Fish 9 emigrated from the study site but was later recaptured on a nearby standing oil 

and gas platform. Vertical bar represents the date Harvey passed the CCNR on August 25, 2017. Letters denote fate of fish on VPS site 

– H: harvested, E: emigrated. No fish were being detected when receivers were recovered. 
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Fish positions from 10 days before Harvey made landfall (August 15, 2017) through 

October (the last position triangulated and detection: October 29, 2017) were used in habitat use 

analysis, unless otherwise noted. Daily habitat use ranged widely with core area ranging from 0.65 

m3 to 30,467 m3 and home range ranging from 1.14 m3 to 152,438 m3. The largest habitat use (core 

area: 30,467 m3; home range: 152,438 m3; n = 41 positions) was on August 23rd by Fish 10, which 

was two days before Harvey made landfall. The smallest habitat use (core area: 0.65 m3; home 

range: 1.14 m3; n = 5 positions) was on October 7th by Fish 10, 44 days after landfall. Before the 

study period, Fish 10’s mean daily core area and home range were 1,045 m3 (SE: ± 129) and 4,310 

m3 (SE: ± 448), respectively. Daily habitat use was negatively correlated with wind speed (core 

area: r = -0.2524991, p < 0.05; home range: r = -0.2436998, p < 0.05) and water temperature (core 

area: r = -0.2972, p < 0.05; home range: r = -0.3665, p < 0.01) , which was recorded by the VPS 

array receivers (Figure 3-6). Depth was significantly different by day (F9,130 = 30.26, p < 0.0001) 

with the shallowest depths the day of Harvey (mean ± standard deviation: 14.42 ± 3.20 m), when 

temperatures were increasing. However, fish returned to depth (~20 m) many hours before Harvey 

passed the array. Daily depth was also negatively correlated with water temperature (r = -0.5555; 

p < 0.0001; Figure 3-7).  

A single fish (Fish 10) remained onsite during and after the hurricane; therefore before-

after behavior analysis was performed separately using only the triangulated positions of this fish. 

While informative, results should be interpreted with caution due to the restricted sample size. 

Habitat use was significantly different before (February 1, 2017 – August 14, 2017) and after 

Harvey (September 10, 2017 – October 29, 2017; core area: t = -4.4278, p < 0.0001; home range: 

t = 76.252, p < 0.0001) with decreased space use after the hurricane, and positively correlated with 

water temperature (core area: r = 0.1604, p < 0.0001; home range: r = 0.1657, p < 0.0001). Depth 
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pattern was negatively correlated with wind speed (r = -0.2150, p < 0.0001) and water temperature 

at receiver depth (r = -0.3258, p < 0.0001) but positively correlated with sea surface temperature 

(r = 0.1330, p < 0.01). Mean depth before (18.5 ± 0.641 m [SD]) and after (14.4 ± 4.22 m) the 

hurricane was significantly different (t = 6.2072, p < 0.0001), with shallower depths after Harvey. 
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Figure 3-6. Daily habitat use of Red Snapper (bottom panel) was negatively correlated with (top panel) maximum daily wind speed 

(m/s; blue line) obtained from a weather station ~24 km northwest of the CCNR and mean daily water temperature (°C; black line) 

recorded by receivers deployed on site. The vertical red line denoted the date that Hurricane Harvey passed near the CCNR. 
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Figure 3-7. Daily depth patterns (bottom panel) for individual Red Snapper were negatively correlated with water temperature recorded 

by receivers deployed on site (top panel). The vertical red line denoted the date that Hurricane Harvey passed near the CCNR.  
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Discussion 

The purpose of this study was to examine Red Snapper habitat use during a category 4 

hurricane using a VPS array that was deployed months before the storm, which provided baseline 

data for pre- and post-hurricane habitat use comparisons. This unique opportunity to collect Red 

Snapper habitat use data during a hurricane relied on equipment being previously deployed in the 

path of the hurricane, remaining intact onsite, and being retrievable afterwards. The results of this 

study demonstrate that hurricanes can have significant effects on behavior and habitat use of Red 

Snapper. Results of this study showed that habitat use decreased, and fish frequented shallower 

depths after the storm compared to before, which correlated with water temperature and wind 

speed.  

Storms not only have impacts on fish distribution, but performance of the array causing 

equipment and thus array performance loss. The receiver array provided adequate coverage of the 

reefing site to provide some insight into Red Snapper movement during a hurricane. However, the 

array efficiency was negatively influenced by Harvey through the relocation and reangling of 

receivers, decreasing coverage in various areas around the array. The most notable decrease in 

array efficiency was in the center of array near the culverts, especially following the loss of a 

receiver in November. The array efficiency represented the minimum coverage of the study site, 

because fish may be positioned by any receivers in the VPS array and not just the neighboring 

receivers that were used to determine spatial variation in efficiency.  

Red Snapper habitat use was influenced by rapidly changing environmental conditions. 

While individual responses to the hurricane varied, the timing of the responses was synchronized. 

About 12+ hours before Harvey passed by the CCNR, Red Snapper were shallower in the water 

column compared to previous time periods, which coincided with rapidly increasing water 
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temperatures. As temperatures reached their maximum and Harvey neared the site, fish emigrated 

from the site or returned deeper in the water column and closer to structure, possibly to hide from 

storm wave action. Habitat use was also influenced by wind speed (a proxy for wave height), with 

Red Snapper using less area during times of higher wind speeds, suggesting that fish may have 

been avoiding increased wave action resulting from the increased storm winds. Increased wave 

action would have resulted in increased wave orbital velocity, which could be noticeable in 

advance of the storm arriving and the resulting drop in barometric pressure (Bacheler et al. 2019). 

However, presence-absence patterns, habitat use, and depth were not influenced by barometric 

pressure in this study but were influenced by water temperature. Presence-absence patterns were 

also influenced by air temperature and wind speed (used as a proxy for wave height). While wave 

action could not be directly measured here, wind speed, which was used as a proxy for wave height, 

influenced Red Snapper movement more so than barometric pressure, suggesting that the fish were 

potentially responding to other environmental cues, such as wave orbital velocity. Bacheler et al. 

(2019) reported that the emigration of demersal reef fish like Gray Triggerfish immediately before 

two hurricanes was correlated more with wave orbital action than barometric pressure or water 

temperature, and that the change in barometric pressure may have less influence at depth than the 

dynamic pressure range of the increased water movement caused by large surface waves.  

Intense wave and storm activity from hurricanes have the potential to drastically change 

habitat. The Kinta, which was the largest structure on the CCNR, shifted 26 m during Harvey, 

suggesting that while size of the structure may decrease the chance of habitat destruction 

(Szedlmayer and Schroepfer 2005), habitats can still be significantly altered. Results of this study 

and Topping and Szedlymayer (2011) reported various responses in fidelity (i.e., emigration and 

residence) of Red Snapper to major disturbances on larger reefing structures. However, 
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Szedlmayer and Schroepfer (2005) reported continuous residence during all of the disturbances 

(i.e., cold fronts, four tropical storms [Helene, Barry, Hanna, and Bill], and two hurricanes [Isidore 

and Lili]) that passed near their study site in Alabama between 2000 – 2004, which contrasted the 

findings of large movements reported by Watterson et al. (1998) and Patterson et al. (2001). 

Differences in artificial reef structure size may explain the differences in findings among these 

studies. Larger and more permanent structures (e.g., army tanks, ships) were hypothesized to be 

more stable than smaller structures (e.g., plastic drums, newspaper vending machines, washing 

machines) previously studied, which may have been destroyed during major disturbances 

(Szedlmayer and Schroepfer 2005). The CCNR is a large artificial reef complex comprised of 

multiple structures covering more area than the army tanks studied by Szedlmayer and Schroepfer 

(2005) and Topping and Szedlmayer (2011), suggesting that while permanence and size may have 

played a role in residency during these disturbances, environmental factors may play a larger role.  

Baseline data collected at this site pre-Harvey (Chapter II) allowed for a pre-and post-

Harvey comparison of habitat use and depth patterns. Habitat use and depth of Fish 10 was 

different before and after Harvey, suggesting the storm influenced Red Snapper behavior with 

decreased habitat use and shallower depths after Harvey. Little movement occurred among reef 

material types days before the hurricane with the fish consistently detected in the pyramids. After 

the hurricane, the fish was detected in the culverts for ~2 days before returning to the pyramids, 

where it was consistently detected until the end of October when this fish emigrated. Before 

Harvey, Red Snapper acoustically monitored on this site were found to generally frequent deeper 

depths, likely due to the compressed nepheloid layer and thermocline (Chapter II). Storm induced 

mixing can cause destratification and temperature homogenization throughout the water column 

(Secor et al. 2019), which likely disrupted the usually compressed nepheloid layer and thermocline 
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that is common in August at the CCNR (Ajemian et al. 2015). If the nepheloid layer extended 

higher into the water column, this may allow for Red Snapper, who are frequently observed 

moving into and out of this layer (Ajemian et al. 2015), to frequent shallower depths maintaining 

potential protection from predators. Furthermore, the temperature homogenization may have 

minimized or eliminated the thermocline, which fish commonly remained below in the warmer 

months (Chapter II), possibly contributing to the shallower depth use observed during this study 

in the time leading up to the hurricane.  

 

Conclusion 

Little is known about habitat use or depth patterns by Red Snapper during major 

meteorological disturbances, and this study allowed me to examine these patterns under a category 

4 hurricane. Responses to Harvey varied with some individuals remaining at the reef while others 

emigrated. Despite the response behavior, timing was synchronized and influenced by water 

temperature and wind speed (proxy for wave height). For fish resident during Harvey, habitat use 

comparison of pre-and post-hurricane showed restricted habitat use and shallower depths post-

hurricane. Major meteorological disturbances, like hurricanes, may be a major driver in the 

movement of usually resident, structure-dependent fish, such as Red Snapper. Hurricane induced 

destruction or alteration of habitat may alter or restrict habitat use behavior of fish. While usually 

these studies are opportunistic, additional research is needed to understand the broader impacts of 

these larger-scale movements that may affect the population and management of marine fishes.   
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CHAPTER IV:  

MOVEMENT PATTERNS OF A HIGHLY MIGATORY FISH SPECIES: SHORTFIN MAKO 

SHARKS HABITAT USE IN THE WESTERN NORTH ATLANTIC OCEAN 

 

Abstract 

Highly mobile apex predators like the Shortfin Mako (Isurus oxyrinchus) serve an important role 

in the marine ecosystem, and despite their declining populations and vulnerability to 

overexploitation, this species is frequently harvested in commercial and recreational fisheries. In 

2017, the North Atlantic stock was deemed overfished and to be undergoing overfishing. Effective 

management of this species requires detailed information on their movements and habitat use, 

which is especially lacking in the Gulf of Mexico. In this study, eight makos were tracked for 

durations of 5 – 839 days (mean = 290 days) with three mature individuals tracked for >1 year. 

Makos used more of the northwestern Gulf of Mexico than reported in previous movement studies, 

suggesting a possible sub-structure may exist here. While one mature female remained in the Gulf 

of Mexico predominantly on the continental shelf, mature males demonstrated seasonal 

movements ~2,500 km from the tagging location off the Texas coast to the Caribbean Sea and 

northeastern U.S. coast. During these long-distance movements, makos traversed at least 12 

jurisdictional boundaries, which also expose individuals to varying levels of fishing pressure and 

harvest regulations. Movement ecology of this species, especially for mature individuals in the 

western North Atlantic, has been largely unknown until recently. These data here should be 

incorporated into stock assessments for better management of this species, especially with the 

current assessment classifying this species as overfished and undergoing overfishing globally and 

the bleak outlook for recovery.  
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Introduction 

Highly migratory species often fill the role of apex predator in marine ecosystems, but their 

populations are declining globally which can have cascading effects on lower trophic levels (Block 

et al. 2011, Dulvy et al. 2014). These highly mobile species provide a unique management problem 

as they can cross many jurisdictional boundaries exposing them to varying degrees of protection 

(Rooker et al. 2019). Given their high capacity for movement over very large spatial scales, 

identifying their particular habitat requirements can be very challenging. Highly migratory species, 

including oceanic sharks, are often caught in commercial and recreational fisheries (Block et al. 

2011, Francis et al. 2019) and are vulnerable to overexploitation due to their life history 

characteristics, which include long lifespans, late maturity, and long reproductive cycles (Pratt and 

Casey 1983, Cortés et al. 2010, Mollet et al. 2000). Conservation and rebuilding of these declining 

species require species-specific knowledge on movements and habitats needed to complete their 

life cycles (Secor 2015).  

One such species is the Shortfin Mako (Isurus oxyrinchus; hereafter makos), which are 

pelagic, fast-swimming, sharks found in tropical and temperate waters circumglobally.  Makos are 

valued catches in both commercial and recreational fisheries (Campana et al. 2005), and while 

some directed fisheries exist, makos are often caught as bycatch in commercially important 

fisheries due to their overlapping habitat with these species (e.g., billfish, tuna; Queiroz et al. 

2016). With their high-quality meat and valuable fins (Clarke et al. 2006), makos are often 

harvested rather than released (ICCAT 2013) despite data suggesting that 60 – 80% of longline-

hooked makos are alive on haul back (Campana 2016, Campana et al. 2016, Queiroz et al. 2016). 

In the Pacific Ocean, makos comprised 20 – 40% by weight of the total annual bycatch species 

reported by the Spanish longline fleets targeting swordfish (Xiphias gladius; Abascal et al. 2011). 
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In the Atlantic Ocean, Byrne et al. (2017) reported that 30% of their tagged makos were recaptured 

suggesting that makos were likely being overexploited, and in 2017, the International Commission 

for the Conservation of Atlantic Tunas (ICCAT) confirmed that the North Atlantic stock was 

overfished and undergoing overfishing (ICAAT 2017). Annual landings exceed 3,300 tons, but are 

largely underestimated (ICCAT 2017, Campana 2016), and would need to be reduced to 500 tons 

for a 52% chance of rebuilding by 2070 (ICCAT 2019). This bleak projection prompted the ICCAT 

Shark Species Group to recommended adopting a non-retention policy for the North Atlantic mako 

stock (ICCAT 2019). In 2018, the Shortfin Mako was listed as endangered globally on the 

International Union for Conservation of Nature (IUCN) Red List due to their declining populations 

(Rigby et al. 2018). Recovery will be a slow process even if prohibiting harvest can be agreed 

upon and enforced; however, harvest of oceanic sharks, including makos, remains largely 

unregulated (Queiroz et al. 2016).  

Management of makos is hindered by sparse biological information, including those on 

movement and habitat ecology (Sippel et al. 2015, Braccini et al. 2016), which until recently in 

the western North Atlantic (WNA; e.g., Vaudo et al. 2017, Santos et al. 2018), had been primarily 

informed by fisheries landings and conventional tag-recapture studies (Casey and Kohler 1992, 

Kohler et al. 2002, ICCAT 2017). While providing good information, these fisheries-dependent 

studies have limitations including low recovery rates, sampling efforts biased by the 

spatiotemporal distribution of fishing effort, and lack of movement information between capture 

and recapture events (Vaudo et al. 2017). Casey and Kohler (1992) hypothesized that mako 

movements were largely influenced by sea surface temperature which explained why they moved 

upward along the northeast coast of the United States and Canadian Grand Banks in the summer 

and early fall months before moving to the Sargasso Sea for the winter where more favorable 
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thermal conditions were present. Vaudo et al. (2017) found that while makos travelled through the 

Sargasso Sea, they did not reside there for any length of time. Additionally, their thermal range 

has been reported to vary more widely than previously thought with individuals inhabiting 

temperatures ranging from 5.2 – 31.7 °C, but mainly frequenting temperatures between 22 °C and 

27 °C (Vaudo et al. 2016).  

 More recently, satellite tracking of makos in the WNA has begun to provide fisheries-

independent observations, but these studies have been limited to short tracking periods or smaller 

size classes (Vaudo et al. 2017, Santos et al. 2018). Additionally, these studies have not included 

makos that frequent the U.S. Gulf of Mexico (GOM), yet they do occur in the region (Baughman 

and Springer 1950, Ajemian et al. 2016). Stock structure is largely unknown in the GOM and the 

lack of locations detected in this region suggest possible metapopulations or segregation. The 

purpose of this study was to determine movement patterns of Shortfin Mako sharks in the 

northwest Atlantic Ocean. Specifically, the goal was to determine seasonal movement and habitat 

patterns and residency off the Texas coast.  

 

Methods 

Study Site and Tagging Procedure 

 Shark handling and tagging was conducted in accordance with approved guidelines of 

Texas A&M University – Corpus Christi (Institutional Animal Care and Use Committee-Animal 

Use Protocol #08-18). Makos were captured via hook and line and tagged off Texas about >40 

nautical miles out of Port Aransas or from shore along the Padre Island National Seashore, where 

sharks were landed in the surf with their gills remaining submerged in water. Sharks captured 

offshore were either secured alongside the vessel or brought onboard via a cradle with a saltwater 
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hose placed in the mouth to irrigate the gills.  During the tagging procedure, individuals sexed, 

lengths measured (fork length (FL); cm), and externally tagged. Each individual was tagged with 

a smart position or temperature tag (SPOT5 or SPOT6; Wildlife Computers, Redmond, WA, USA) 

for satellite tracking and a conventional dart tag (Floy©, Seattle, WA, USA), which included a 

phone number, email address, unique identification number, and “REWARD” for reporting 

recaptures. For SPOT tag attachment, four small holes were drilled into the distal portion of the 

leading edge of the dorsal fin, and stainless-steel hardware was used to secure the tag (Figure 4-

1). Prior to deployment, SPOT tags were coated in anti-fouling paint to prevent excessive 

biofouling that can inhibit communication with satellites. SPOT tags were programmed with a 

maximum of 70 transmissions per day and had an estimated battery life of 2+ years. The Argos 

system assigned locations to one of six accuracy classes, each with an associated error estimate. 

In decreasing order, the accuracy location classes (with estimated error) were: 3 (<250 m), 2 (250 

– 500 m), 1 (500 – 1500 m), 0 (>1500 m), with unbounded accuracy for location classes A, and B 

(Argos 2016). Shark tracks were filtered using a speed filter removing travel speeds of >4.5 m/s, 

and the first 11-days of the tracks were omitted to allow for dispersal from the tagging location 

and potential delayed mortality (Vaudo et al. 2017).  

Data Analysis 

 Statistical analyses were completed in R version 3.5.0 (RCoreTeam 2014) to determine 

seasonal movement ecology of Shortfin Mako sharks. Seasons were defined as follows: winter: 

December – February, spring: March – May, summer: June – August, and fall: September – 

November. Seasonal kernel utilization distributions (KUD) were calculated with the adehabitatHR 

package (Calenge 2015), with home range calculated at 95% KUD and core area calculated at 50% 
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KUD (Simpfendorfer et al. 2012). Mean distance travelled per month was calculated for each 

individual and correlated with individual FL using a Spearman rank correlation (Lea et al. 2015).  

 

 
Figure 4-1. Smart Positioning or Temperature satellite tags (Wildlife Computers, Inc.) were 

secured using four bolts to the dorsal fin of Shortfin Mako sharks.  

 

To characterize movement behaviors, individual sharks with at least 50 location estimates 

had a first-difference correlated random walk switching (DCRWS) model from the bsam package 

run, which allows for estimation of discrete behavioral modes at regular intervals during irregular 

time-series data, like satellite telemetry data (Jonsen et al. 2007). The resulting continuous random 

walk index estimates, which ranged from 1 (transiting behavior) to 2 (area-restricted behavior), 

were used to classify discrete behavioral modes with values >1.75 classified as area-restricted 
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behavior and values <1.25 classified as transiting behavior (Jonsen et al. 2007). Values between 

1.25 and 1.75 were unclassified behavior. Duration of transiting behavior was then calculated, and 

the start date for each excursion was estimated.  

 Since tags were not equipped with depth sensors and positions were only estimated when 

individuals surfaced, ambient depth, or depth of ocean floor over which the shark was positioned, 

was extracted using the marmap package for analysis (Pante and Simon-Bouhet 2013). Seasonal 

ambient depth, mean monthly distance traveled, and sea surface temperature, which was obtained 

using the Marine Geospatial Ecology Toolbox in ArcMap (version 10.5, ESRI, Redlands, CA), 

were compared to sex and season using a 2-way analysis of variance (ANOVA) with individual as 

the random factor. If differences were detected, then Welch’s t-test was used to parse out those 

differences. All tests were conducted at the α = 0.05 significance level. 

 

Results 

 From 2016 – 2019, nine Shortfin Mako sharks were tagged with SPOT tags off the coast 

of Texas (Table 4-1). Eight of the makos were tagged >40 nautical miles offshore from Port 

Aransas, and one was tagged from shore along the Padre Island National Seashore, Texas. Based 

on size, the five males (FL: 167 – 218 cm) were mature or nearing maturity, and all four females 

(282 – 361 cm) were mature (50% size-at-maturity: males: 185 cm, females: 275 cm; Natanson et 

al. 2006), with two having bite marks anterior to the dorsal fin (Figure 4-2). One of the females 

was recaptured three hours after being released post-tagging in the same location; this individual 

was subsequently released again. At the conclusion of this study (July 2019), three (two males and 

one female) makos were still reporting. 
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Table 4-1. Tagging information for Shortfin Makos tagged in the northwestern Gulf of Mexico, 

including tracking duration, size at tagging, total Argos detections, and status of SPOT tag at the 

conclusion of the study. * denoted the female that was recaptured, but due to a short track duration 

was excluded from further analysis. 

Shark Sex 

Fork 

Length 

(cm) 

Deployment 

Date 

Days at 

Liberty 

Total Argos 

Locations 

Still 

Reporting? 

1* F 290 26-Mar-2016 11 27 No 

2 F 361 19-Mar-2018 25 61 No 

3 M 168 25-Feb-2016 62 98 No 

4 M 167 28-Feb-2019 141 300 Yes 

5 M 210 8-Apr-2016 707 705 No 

6 F 353 21-Mar-2017 850 968 Yes 

7 M 196 13-Mar-2018 493 740 Yes 

8 F 282 19-Mar-2018 16 28 No 

9 M 218 18-Mar-2018 113 99 No 

 

 

To allow for dispersion from the tagging site, the first 11-days of the tracks were omitted from 

movement analyses (Vaudo et al. 2017), which excluded the only female tagged from shore. For 

the remaining eight sharks, tracking duration varied widely from 5 to 839 days (mean = 290 days), 

with five makos tracked for >100 days. Seasonal population level KUD analysis demonstrated 

year-round space use in the GOM, but a second area of use appeared in the summer and fall months 

in the WNA (Figure 4-3). Two mature males that were tracked for multiple years exited the GOM 

during the warmer months and returned to the northwestern GOM in the cooler months (Figure 4-

4). Shark 5 travelled to the Caribbean Sea in two consecutive summers and returned to the Texas 

coast in late fall each year. Shark 7 travelled through the Straits of Florida and up the Atlantic coast 

to the northeast U.S. in two consecutive summers, returning the first year during winter. As of the 

conclusion of data collection for this study (July 2019), Shark 7 was still reporting off the northeast 

U.S., consistent with the previous year’s movement.  
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Figure 4-2. Female Shortfin Makos had bite marks on their bodies, suggesting potential mating behavior in the Gulf of Mexico. A) Shark 

6 was tagged offshore in 2017. B) Shark 1 was tagged in 2016 from Padre Island National Seashore and was recaptured and released 

three hours later in the same location.  
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Figure 4-3. Seasonal population-level kernel utilization distributions (KUD) calculated from satellite tracked Shortfin Makos tagged off 

the Texas coast showed space use changed with the seasons. Black lines represent home range (95% KUD) and shaded areas are core 

area (50% KUD).  A) KUDs calculated for winter showed core areas in the northwestern Gulf of Mexico (GOM), but area off the eastern 

United States coast was used as well. B) KUDs for spring showed that makos remained in the GOM extensively along the continental 

shelf and slope. C) KUDs calculated for summer showed more area off the shelf was used in the GOM as well as in the Caribbean Sea 

and off the northeast coast of the United States. D) KUDs for fall showed two core areas were used in the North Atlantic, including in 

the northwestern GOM and off the northeastern United States coast. 
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Figure 4-4. Daily locations for 8 Shortfin Makos tagged in the northwestern Gulf of Mexico with 

exclusive economic zones for each country. Green dots represent resident behavior based on the 

first-difference correlated random walk switching model, while red dots represent transiting 

behavior. Yellow dots represent unclassified behavior.  
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For both of these males (Sharks 5 & 7), these long excursions were characterized by 

directionally persistent movements with a residency period before returning to the GOM. 

Excursion durations varied with Shark 5 (227 days) spending more time in the western GOM than 

Shark 7 (100 days), who returned to the northwestern GOM about 3 months after Shark 5; however, 

transient time to (Shark 5: 32 – 40 days; Shark 7: 36 days) and from (Shark 5: 40 – 58 days; Shark 

7: 60 days) their respective destinations was comparable (Figure 4-5). Both Shark 5 and Shark 7 

each traveled about 2500 km to their respective destinations (Figure 4-6). Conversely, Shark 9, an 

immature male, did not exit the western GOM, but rather moved into the southwestern GOM near 

the Mexican shoreline before moving into deeper water and returning northward toward the 

continental shelf off the Texas coast. Similarly, Shark 6, a female, also remained in the GOM, but 

after 827 days of transiting between the Flower Gardens National Marine Sanctuary (FGNMS) 

and north central GOM near the Mississippi River Delta, she moved off the continental shelf into 

deeper water for the first-time (early summer) where she remained for 30 days before returning to 

the continental shelf near the FGNMS.  

 Makos traversed a geographical area of 12.8° – 40.6° N latitude and 70.8° – 97.7° W 

longitude, which included the Atlantic Ocean, GOM, Caribbean Sea, and the management 

jurisdictions for at least 12 nations and international waters. Tagged makos frequented sea surface 

temperatures ranging from 10.2° – 30.1° C (Figure 4-7), but no significant differences were 

detected by sex (F1,6 = 0.1991, p = 0.6774) or season (F1,2989 = 2.1002, p = 0.0981). Despite the 

long-distance excursions by two males, mean monthly travel distance was not significantly 

different by sex (F1,3 = 0.0.2721, p = 0.6380; mean ± standard deviation [SD]: male: 1,720 ± 1,043 

km/month, females: 1,901 ± 888 km/month). However, for ambient depth, the interaction between 

sex and season was significant (F3,2985 = 6.1647, p < 0.001). Differences between sex was 
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significant for each season. Males were deeper in all seasons except spring when females 

frequented deeper ambient depths (Table 4-2; Figure 4-8). Deeper ambient depths aligned with 

transient excursions (Figure 4-9). Number of tagged makos were limited so additional makos 

should be tagged to increase certainty of movement patterns and determine additional area use. 

 

Table 4-2. Ambient depth was compared between by sex for each season using Welch’s Two-

Sample t-test. Males were in waters with deeper depths during the winter, summer, and fall 

seasons. Minimum and maximum ambient depths are represented by the numbers in parenthesis. 

 

Season  

Male Ambient 

Depth (m) 

Female Ambient 

Depth (m) t-value 

Degrees of 

Freedom p-value 

Winter -419 

(-5,189, -27) 

-103 

(-1,009, -22) 

5.9001 347.96 < 0.0001 

Spring -265 

(-3,567, -19) 

-696 

(-3,819, -18) 

-8.228 566.22 < 0.0001 

Summer -1,916 

(-4,682, -31) 

-845 

(-3,770, -57) 

10.34 300.6 < 0.0001 

Fall  -514 

(-4, 579, -1) 

-181 

(-1,552, -65)  

5.9471 414.74 < 0.0001 
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Figure 4-5. Movement behavior of Shortfin Makos tracked >100 days over the study period. Sharks demonstrated transiting behavior 

(TB; black) and resident behavior (colors) based on the first-difference correlated random walk switching model. Blue represents periods 

within the Gulf of Mexico (GOM), green represents periods within the Atlantic Ocean (AO), and light blue represents periods within 

the Caribbean Sea (CS). Shark 6 was the only female tracked >100 days. Shark 4 was the only immature male tracked >100 days. 
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Figure 4-6. Distance (km) of daily locations from the tagging location plotted by days at liberty 

since the tagging date for 8 Shortfin Makos tagged in the northwestern Gulf of Mexico. Females 

are represented in pink and males in green. 
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Figure 4-7. Daily latitude estimates and associated sea surface temperature (from satellite remote-sensing data) for three Shortfin Makos 

tracked for multiple years in the western North Atlantic Ocean. Vertical lines represent the start of each season: summer (June – August), 

fall (September – November), winter (December – February), and spring (March – May). 
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Figure 4-8. Seasonal ambient water depth by sex. Males frequented a wider range of ambient depths except during the spring, which 

was the only season when both sexes were located in the Gulf of Mexico during the entire season. 
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Figure 4-9. Time series of estimated behavioral state for Shortfin Makos tracked for multiple years compared to ambient depth use, or 

depth of ocean floor over which the shark was positioned.  Vertical lines represent the start of each season: summer (June – August), 

fall (September – November), winter (December – February), and spring (March – May). A) Shark 6 spent the all her time in the Gulf 

of Mexico with transiting behavior matching movements to and from the Mississippi River Delta and the Flower Gardens National 

Marine Sanctuary.  Until June – July 2019, Shark 6 remained predominantly on the continental shelf or slope. B) Shark 5 made two 

consecutive excursions to the Caribbean Sea over largely open ocean and deeper water. C) Shark 7 made an excursion to the northeast 

United States during the first year of tracking and was on his second excursion at the conclusion of this study. This male travelled over 

deeper water exiting the Gulf of Mexico before predominately following the continental shelf up the eastern coast.   
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Discussion 

During the study period, Shortfin Makos demonstrated varied movement patterns which 

included both coastal and oceanic habitats. Most makos tagged in this study were likely mature 

with the females in this study some of the largest females reported in satellite telemetry studies to 

date (e.g., Loefer et al. 2005, Abascal et al. 2011, Musyl et al. 2011, Rogers et al. 2015, Campana 

et al. 2016, Byrne et al. 2017, Vaudo et al. 2017, Francis et al. 2019, Nasby-Lucas 2019).  Habitat 

use and movement patterns varied with both season and sex. Females demonstrated high fidelity 

to the GOM along the continental shelf for most of the year, while males made large-scale 

movements that crossed multiple management jurisdictions, demonstrating the need for 

cooperative international management to conserve declining WNA stock. 

Multi-year tracks from three individuals showed fidelity to the GOM varying by season 

and sex. While the mature female remained in the GOM year-round, the mature males 

demonstrated seasonal transient excursions with individuals exiting the GOM beginning in the late 

summer-early fall and returning in late fall-early winter each year. The destination of these 

excursions and residency time at each destination varied individually. During spring, both sexes 

were present in the northwestern GOM and home range was limited to the GOM. During the other 

seasons, home range included additional area outside the GOM.  Home range calculated for mature 

makos overlapped with the home range reported for juvenile makos for both the GOM and WNA 

in each season, except for spring, when home range overlapped only in the GOM. This overlap in 

home range predominately occurred during transiting behavior by mature individuals in this study. 

Core area (e.g., more resident behavior) overlapped only during summer and fall months in the 

WNA but never in the GOM. Temperature has been suggested to be a physiologically constraint 

on movements within the GOM (Vaudo et al. 2017); however, no difference in sea surface 
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temperatures were detected between sex or seasons in this study, despite movements to more 

southern and northern areas. This suggests that the minimal overlap may be due to other reasons, 

such as size segregation constituting spatial substructure (Sippel et al. 2015, Nasby-Lucas et al. 

2019). While genetic analyses do not support the presence of genetically distinct stocks for makos 

(Heist et al. 1996, Schrey and Heist 2003), these analyses should be used with caution when 

proposing a single stock management approach, as a large number of migrants per-generation are 

required to replenish overfished stocks and can be difficult to demonstrate using genetic studies 

alone (Waples 1998, Schrey and Heist 2003). The failure to accurately identify and manage stocks 

could result in overfishing and depletion of less productive stocks (Ricker 1981, Smith et al. 1991), 

but for migratory species such as makos, the identification of these management stocks is hindered 

by large data gaps regarding movement ecology and habitat use, especially in the GOM.  

Makos have been shown to use a variety of habitats during their long-distance excursions, 

including open-ocean and more shallow waters along the continental shelf. This pattern was 

demonstrated in the current study with individuals occurring in shallower ambient depths (i.e., 

continental shelf) during periods of residency and deeper depths (i.e., open ocean) during transient 

periods. While most individuals in this study were mature, previous studies on juveniles have also 

reported this pattern (Rogers et al. 2015, Vaudo et al. 2017, Byrne et al. 2019). Juveniles tagged 

off the Yucatan Peninsula demonstrated high residency to the eastern edge of the Campeche Bank 

(Vaudo et al. 2017, Byrne et al. 2019), and juveniles tagged off the coast of Australia exhibited 

high site fidelity to the mid-outer continental shelf near the Great Australian Bight (Roger et al. 

2015). This habitat is likely attractive due to the abundance and variety of prey available compared 

to open-ocean habitats (Byrne et al. 2019). Nevertheless, makos often occur as bycatch in pelagic 

longline fisheries in open-ocean waters (Campana et al. 2005). Extensive seasonal offshore 



 
 

104 

 

movements and pelagic bycatch occurrences suggests that mako movements may be linked to 

foraging behavior following a selected food source (Nasby-Lucas et al. 2019). Diet and stable 

isotope studies suggested that makos prey on a variety of inshore and offshore fish species like 

Bluefish (Pomatomus saltatrix), tuna (Thunnus spp.), and Swordfish, as well as cephalopods  and 

some sharks (e.g., Blue shark, Prionace glauca; Stillwell and Kohler 1982, Compagno 2001, 

Estrada et al. 2003, Campana et al. 2005, Wood et al. 2009).  While exact drivers for long-distance 

movements are still unclear, similar offshore patterns for other apex species, like White Sharks 

(Carcharodon Carcharias), Blue Sharks, Salmon Sharks (Lamna ditropis; Holts et al. 1998) have 

been reported, as well as for their prey items (Block et al. 2005, Hoolihan et al. 2014, Rooker et 

al. 2019). However, that does not explain the sex-specific differences in movement patterns for 

mature sharks tagged in this study, which is likely driven by reproduction.  

  Location of mating grounds are not yet known for makos, but two of the four females in 

this study had fresh bite marks present at time of tagging, suggesting the GOM may be a potential 

mating ground. Male makos in this study were transiting during late summer-early fall months, 

when mating is thought to occur (Mollet et al. 2000). This suggests that some males may leave the 

GOM for reproductive purposes or that mating may occur at a different time in the GOM, 

supporting the possibility of multiple male reproductive stocks (Schrey and Heist 2003). Sex-

biased dispersal has been previously reported in makos in the Pacific Ocean (Mucientes et al. 

2009), with males making large movements while females were philopatric (Schrey and Heist 

2003). Differences in movement patterns may be also a result of sexual segregation (Mucinetes et 

al. 2009). Females may be avoiding highly aggressive mating behaviors which often result in 

serious bite wounds that could result in decreased fitness of females (Stevens 1974, Magurran and 

Seghers 1994). Sexual segregation has been reported in the White Shark, a species also in the 
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family Lamnidae, that has seasonal site fidelity to potential breeding and pupping grounds (Bonfil 

et al. 2005, Jorgensen et al. 2010, Anderson et al. 2011, Domeier et al. 2013). 

Although little is known about exact pupping grounds, Casey and Kohler (1992) observed 

young-of-the-year offshore in the Gulf of Mexico and hypothesized that makos in the WNA are 

born far offshore, likely to protect the pups from predation. One female mature mako in this study 

was tracked >2.5 years during which time she remained on the continental shelf and slope for >2 

years until early summer when she moved further offshore for 30 days before returning to the 

continental shelf. Although pregnancy cannot be confirmed, this change in behavior is consistent 

with the hypothesis put forth by Casey and Kohler (1992). Sample size was not large enough in 

this study to determine differences in habitat utilization while both sexes were present in the GOM.  

  Management of highly migratory shark species, like makos, is complicated because these 

species cross multiple management jurisdictions and long-term movement data remains limited. 

Makos in this study passed through at least 12 management jurisdictions subjecting them to 

varying levels of fishing pressure and regulations. This means that they may be protected or 

managed in some jurisdictions and not in others, highlighting the need for coordinated 

management. For example, Byrne et al. (2017) reported that 12 of 40 (30%) satellite-tagged makos 

tracked in the WNA were harvested by vessels from five countries, including the United States, 

Canada, Mexico, Spain, and Cuba. Just within the GOM, makos were subject to regulations 

enforced by the United States, Mexico, Cuba, and the High Seas. While the United States and 

Mexico are members of ICCAT, Cuba ceased participation in 1991 (Kraus et al. 2011). 

International management, though complicated and complex, is needed to conserve the declining 

WNA stock.  
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Conclusion 

Results from this study demonstrate that Shortfin Mako sharks mako can undertake large-

scale movements. Although, sex-separation may be occurring as females showed high fidelity to 

the GOM, which may be serving as potential mating and parturition grounds. Females in this study 

were some of the largest reported in satellite telemetry studies, providing data on a size class and 

breeding stock that has largely been unavailable until now. With their declining population and 

predicted slow recovery, proper management of this species is critical. Large-scale movements 

across multiple jurisdictional boundaries observed in this study emphasize the need for 

international cooperative management to conserve this species. Movement ecology data of this 

species has been limited, but recent studies including this one should be incorporated into stock 

assessments for better management of this species. Future research should focus on movement 

patterns of a wider range of age classes and increase sample size of mature females to determine 

mating and parturition grounds.  
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CHAPTER V:  

UTILITY OF CITIZEN SCIENCE: A CASE STUDY IN LAND-BASED SHARK FISHING 

 

Abstract 

Involving citizen scientists in research has become increasingly popular in natural resource 

management and allows for an increased research effort at low cost, distribution of scientific 

information to relevant audiences, and meaningful public engagement. Scientists engaging fishing 

tournament participants as citizen scientists represent ideal scenarios for testing citizen science 

initiatives. For example, the Texas Shark Rodeo has begun shifting to conservation-oriented catch-

and-release practices, which provides a unique opportunity to collect data on a large-scale for 

extended periods of time, particularly through tagging large numbers of sharks for very little cost 

compared to a directed scientific study. However, critics are somewhat skeptical due to the 

potential for lack of rigor in data collection and validation. A major management concern for shark 

fisheries is the ability of anglers to identify species, as identification is particularly problematic. 

Thus, given the opportunistic design of my dissertation, I had the unique opportunity test some of 

the assumptions and value of citizen-collected data by cross-verifying species identification, and 

through use of technology, such as digital cameras, identifications could be verified. Specifically, 

the purpose of this study was to evaluate the accuracy of shark species identifications made by 

anglers fishing in the Texas Shark Rodeo using photographs that were submitted as a requirement 

for tournament participation. Using a confusion matrix, we determined that anglers correctly 

identified 97.2% of all shark catches submitted during the Texas Shark Rodeo from 2014-2018; 

however, smaller sharks and certain species, including Blacknose and Spinner sharks, were more 

difficult to identify than others. Most commonly confused with Blacktip sharks, Spinner sharks 
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were most commonly identified incorrectly (76.1% true positive rate [TPR]) followed by 

Blacknose (86.8% TPR), Finetooth (88.0% TPR), and Atlantic Sharpnose sharks (93.8% TPR). 

This study demonstrated that citizen scientists have the ability to identify sharks with relatively 

low error. This is important for science and management, as these long-term datasets with 

relatively wide geographic scope could potentially be incorporated into future assessments of 

sharks in the Gulf of Mexico. 

 

Introduction 

While not a new concept, the use of citizen scientists, or volunteers to aid in the collection 

of data as part of scientific inquiry, has become increasingly popular in ecology and natural 

resource management including incorporation of even more diverse participants. Historically, 

citizen scientists have been a privileged few, including names such as Benjamin Franklin and 

Charles Darwin, working either alone or with other amateurs (Silvertown 2009). Today, the 

availability of technology and encouragement from the scientists and granting agencies seeing 

value in stakeholder engagement and outreach has helped increase dissemination of information 

to and ultimately more meaningful involvement by citizen scientists in a wide range of fields. 

Citizen scientists’ interest in scientific investigations stem from a variety of factors, but may 

include a study’s geographic location (e.g., favorite fishing or hunting area), particular focal 

species or group (e.g., birds, fish), or general topic (e.g., climate change). This has allowed for 

beneficial relationships to form between the scientific community and the public, allowing 

researchers additional personnel to collect samples and promoting more public engagement at a 

higher level typically through hands-on learning experiences (Delaney et al. 2007).   
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Resource managers have worked with citizen scientists on a diverse array of research topics 

including ornithology, reef ecology, community composition, and water quality monitoring among 

others (Darwall and Dulvy 1996, Ohrel et al. 2000, Bray and Schramm 2001, Fore et al. 2001, 

Ajemian et al. 2016, Wetz et al. 2017). One of the most iconic and longest on-going examples of 

citizen science is the Christmas Bird Count run by the National Audubon Society in the United 

States every year since 1900, which involves thousands of amateur birders who help to perform 

surveys that would be impossible for just a few scientists to efficiently complete (Butcher and 

Niven 2007). These participants are a large workforce that have already contributed significant 

scientific knowledge regarding range expansions and distribution patterns of North American birds 

(Foster-Smith and Evans 2003). Within the field of fisheries, managers have recently begun using 

mobile apps to gather fisheries-dependent data from recreational anglers (Stunz et al. 2014, 

Venturelli et al. 2016). Engaging recreational anglers has provided data from remote locations that 

might have otherwise been logistically or financially inaccessible (Williams et al. 2015). Thus, 

there are clear opportunities to advance science and improve the spatial and temporal scope of 

studies by involving citizen scientists. 

Despite these gains in research capacity, there are some challenges with citizen science, 

including standardizing the collection method and maintaining scientific rigor and validity of the 

data (Foster-Smith and Evans 2003, Newman et al. 2003, Delaney et al. 2007, Silvertown 2009, 

Williams et al 2015). These challenges contribute to the scientific community’s uncertainty about 

the reliability of data collected by citizen scientists (Darwall and Dulvy 1996, Saunders 2002). 

Foster-Smith and Evans (2003) explored the reliability of volunteer-collected data by comparing 

it to data collected by professionally trained scientists. Volunteers assisted scientists in mapping 

the distribution and abundance of common coastal species along the shores of Isle of Cumbrae, 
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Scotland. The study found that volunteers were capable of learning to identify species, record their 

occurrence, and take size measurements. While some errors by volunteers were detected during 

the study, similar errors were also detected from the trained scientists, including recording errors 

and some species misidentification, but that accuracy improved with practice. Misidentification 

errors can have serious impacts on ecological monitoring studies and conservation actions, 

including culling of endangered species (Hunt 2015), unobserved declines in fish stocks 

(Beerkircher et al. 2009), and wasted resources through drafting of inappropriate management 

plans for species with false sightings (Solow et al. 2012).  Thus, these studies showed there is real 

potential for citizens to add valuable and credible data to the scientific knowledge base. 

I had the opportunity to explore and validate the value of scientific data for shark fisheries 

along the Texas Coast.  The Texas Shark Rodeo (TSR) is an annual 9-month long land-based shark 

fishing tournament that advocates for catch-photo-release with an “emphasis on tagging and 

collecting data for the conservation of sharks” (texassharkrodeo.com; Figure 5-1). There is no 

entry fee for the tournament with winners receiving trophies and recognition but no monetary 

incentive. Anglers participating in TSR tag and submit a photograph of their catch for it to be 

counted. This allowed for validation at several levels: the angler, tournament official, and scientist.  

Interestingly, the tagging component also allowed for a second verification by anglers if a shark 

was recaptured. At the end of the tournament, the participant or team with the most points wins, 

depending on the division (e.g., top three teams, top three anglers, top three junior anglers, and 

largest of each species). Participants earn points based on the length of sharks landed with the 

potential to earn bonus points for collecting scientific data, landing an “uncommon” species, or 

recapturing a previously tagged shark. While species misidentification is a valid concern in many 

citizen science efforts (Culverhouse et al. 2003, Gibbon et al. 2015, Austen et al. 2016), access to 
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inexpensive cameras and equipment, many of which are integrated into smartphones, afford 

scientists the unique ability to verify observations made by citizen scientists (Azzurro et al. 2013). 

The purpose of this study was to evaluate the accuracy of shark species identifications using 

submitted photographs to determine the validity of this citizen science-generated data for use in 

scientific investigation.   

 

 

Figure 5-1. Map of Texas coastline showing hotspots of land-based shark catches during the Texas 

Shark Rodeo, 2014-2018. 
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Methods 

Anglers participating in TSR were permitted to target sharks from shore (e.g., beach, jetty, 

channel), excluding piers or vessels of any type. As per tournament rules, landed sharks were 

identified, measured, photographed, tagged with a conventional dart tag (if length was ≥32 in [81.3 

cm]; tournament rule), and released. Date of capture, location, stretched total length (STL; 

measured from the tip of the snout to the tip of the stretched upper caudal lobe), sex, species, and 

tag number, along with photographs were then submitted via online form. These data were 

available for all sharks captured during TSR between 2014 (first year of the tournament) and 

August 2018.  

To confirm the species identification submitted by anglers, each photograph was viewed 

during the data entry and quality control process by tournament officials and then by expert 

scientists (first reader). If the angler species identification was not confirmed by the first reader, 

the photograph was sent to the second reader for a blind identification. If identifications differed 

between the two readers, then a third reader made a blind identification of the photograph. If 

identifications still differed, then the photograph was jointly examined by the second and third 

readers, and if a consensus could not be reached, the shark was classified as unknown. Percent 

agreement was calculated between the anglers and the final reader identification excluding those 

classified as unknown.  

Statistical analyses were completed in R Version 3.5.0 (RCoreTeam 2014) to determine 

accuracy of shark species identification and reader comparison analyses. Confusion matrices using 

the caret package (Kuhn 2008, Williams et al. 2019) were used to determine the overall accuracy 

of angler identification of shark species for the entire dataset and by size binned into 25-cm 

increments. Prediction and classification error were also determined for the entire dataset and by 
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size. For the purpose of this study, species identifications made by anglers were considered 

predictions and were compared to the species identifications made by the scientists, which were 

considered the validated or actual species. Therefore, prediction errors (also known as false 

negatives or misidentifications) occurred when the angler identified the shark as a species other 

than the species identified by skilled scientists (e.g., the angler identified the shark as a Spinner 

Shark [Carcharhinus brevipinna], but it was actually a Blacktip Shark [Carcharhinus limbatus]). 

Conversely, classification errors (also known as false positives or misclassifications) occurred 

when the angler identified the shark as one species when it was in fact another species (e.g., the 

angler identified the shark as a Blacktip Shark, but it was actually a Spinner Shark; Figure 5-2).  

Using a one-sided exact binomial test, the overall accuracy rate was compared to the no-

information rate (NIR), the largest proportion of the observed classes. If the overall accuracy was 

significantly greater than the NIR, angler species identifications were significantly better than 

identifications based on chance (Kuhn 2008). McNemar’s test was used to assess the symmetry of 

the species identification agreement table (i.e., angler vs. scientist identifications). A significant 

test was expected if certain species were consistently misidentified. This analysis was followed up 

with one-sided exact binomial tests to determine if the probability of anglers correctly identifying 

certain shark species was lower than the overall accuracy rate. All tests were conducted at the α = 

0.05 significance level.  
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Figure 5-2. Example confusion matrix for binary classification of Blacktip Sharks. An example 

for each correct (true positive; true negative) and incorrect (false negative; false positive) outcome 

is given within each cell. 

 

Results 

 Participants of TSR submitted 5,419 unique sharks with corresponding data and 

photographs from 2014 through August 2018. Of those submissions, only one submission did not 

include a photograph of a shark, leaving 5,418 unique sharks in the data set. Blacktip Sharks were 

the most frequently captured species followed by Bull Sharks (Carcharhinus leucas) then Sandbar 

Sharks (Carcharhinus plumbeus; Table 5-1). The largest shark captured was a Tiger Shark 

(Galeocerdo cuvier) at 427 cm STL, and the smallest was a Sandbar Shark measuring 33 cm STL. 

At least one shark was reported in each size bin covered by that species size range.
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Table 5-1. List of shark species caught during the Texas Shark Rodeo (TSR) from 2014 to August 2018 in order from most frequently 

captured to least frequently captured, including minimum, maximum and average stretch total length (STL; cm) for each species. 

Recaptures were also reported for sharks tagged and recaptured by participants in TSR (recaptures during TSR) and sharks tagged during 

TSR but recaptured by a non-participant of TSR (recaptures outside of TSR). An asterisk (*) denotes an uncommon species designation 

under TSR rules.  

Species 

Number 

Caught 

Percent 

Total 

Min STL 

(cm) 

Max STL 

(cm) 

Average 

STL (cm) 

Recaptures 

during TSR 

Recaptures 

outside TSR 

Blacktip 2526 46.6 43 200 143 18 22 

Bull 1581 29.2 74 284 173 12 6 

Sandbar 354 6.5 18 267 133 15 6 

Atlantic Sharpnose 224 4.1 33 135 83 
  

Spinner* 163 3.0 60 231 103 1 2 

Bonnethead 144 2.7 46 117 70 
 

1 

Finetooth* 117 2.2 48 152 109 
  

Blacknose* 68 1.3 46 133 105 
 

1 

Scalloped Hammerhead* 68 1.3 43 262 167 
  

Great Hammerhead* 50 0.9 188 396 283 
 

2 

Tiger* 50 0.9 122 427 252 
 

1 

Lemon* 41 0.8 130 295 236 4 1 

Unknown 28 0.5 43 99 68 
  

Dusky* 2 <0.1 290 293 291 
  

Shortfin Mako* 2 <0.1 320 330 325 
  

Total 5418 100 18 427 147 50 42 
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 A total of 92 recaptures were reported during the study period for a 1.7% recapture rate; 

however, eight of the recaptured sharks were originally tagged outside of TSR (e.g., four were 

tagged as part of the NOAA Fisheries Service’s Apex Predator Program). Of the 92 recaptures, 42 

were reported as by tournament anglers (i.e., sharks tagged and recaptured by participants in TSR), 

and 42 recaptures were reported outside of TSR (i.e., sharks tagged during the tournament but 

recaptured by a non-participant of TSR). Of the 42 recaptures reported as part of TSR, seven sharks 

were harvested or died prior to release, and two were reported dead after washing up on the beach 

shortly after the initial tagging event. Of the 42 recaptures reported outside of TSR, seven sharks 

were reported washed up on the beach after the initial tagging event. Not including death during 

the fight or landing process, 9.8% (n = 9) of recaptures were reported as washed up or dead upon 

recapture. Two sharks were recaptured multiple times—a Sandbar Shark and a Great Hammerhead 

shark (Sphyrna mokarran). The Sandbar Shark was tagged in April 2016 and recaptured the first 

time in March 2017 and again in November 2017. The Great Hammerhead shark was tagged in 

May 2016 and recaptured twice in June 2016. Several sharks exhibited unique movements 

including a Blacktip that traveled 533 miles to Veracruz, Mexico, in 42 days, and a Sandbar Shark 

that was at liberty 1,048 days between the tagging and recapture events but was recaptured ~14 

miles from the tagging location.  

During visual confirmation of angler species identification, two readers classified 28 

entries (0.5% of all shark photographs) as unknown. The unknown classification was assigned to 

shark photographs that could not be identified because distinguishing characteristics were not 

visible (Figure 5-3). Readers were able to assign a species identification to the remaining 5,390 

photographs. After the final reading, the readers and anglers agreed on 97.9% of the identifications. 

Overall, 125 sharks were misidentified by anglers (Table 5-2), which corresponded to a 97.2% 
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(95% CI: 96.7, 97.6) overall accuracy in angler identification of sharks that were positively 

identified by the readers. The no information rate (NIR) was calculated at 46.6%, which was 

significantly different from the overall accuracy rate (p < 0.001), suggesting that anglers could not 

just guess the species identification and be correct the majority of the time.  

 

 
Figure 5-3. Shark photographs submitted by participants in the Texas Shark Rodeo where 

distinguishing characteristic were visible (A) and photographs that were classified as unknown (B-

D). A) Confirmed Sandbar Shark (Carcharhinus plumbeus) with visible characteristics. B) Angler 

identified shark as Bull Shark (Carcharhinus leacus), but identification could not be confirmed 

because shark was underwater. C) Angler identified shark as Blacktip Shark (Carcharhinus 

limbatus), but identification could not be confirmed because ruler covered most of the shark’s 

body. D) Angler identified shark as a Sandbar Shark, but species could not be identified because 

of photo scale, blurriness, and shark’s head covered by angler’s hand.
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Table 5-2. Shark identification agreement table comparing angler species identifications (rows) to the those made by scientists (columns; 

considered the actual identification) for sharks captured, photographed, and released during the Texas Shark Rodeo between 2014-2018.  
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Atlantic Sharpnose 210 1 4 0 0 0 5 0 0 0 0 0 4 0 3 17 

Blacknose 0 59 2 0 0 0 0 0 0 0 0 0 0 0 0 2 

Blacktip 8 2 2489 0 1 0 6 0 0 0 2 0 31 0 14 64 

Bonnethead 0 0 0 143 0 0 0 0 0 0 0 0 0 0 0 0 

Bull 0 0 4 0 1579 0 0 0 0 0 5 0 0 0 1 10 

Dusky 0 0 0 0 0 2 1 0 0 0 0 0 3 0 0 4 

Finetooth 0 6 3 0 1 0 103 0 0 0 0 0 0 0 1 11 

Great Hammerhead 0 0 0 1 0 0 0 49 0 0 0 1 0 0 0 2 

Lemon 0 0 0 0 0 0 0 0 41 0 0 0 0 0 0 0 

Shortfin Mako 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 

Sandbar 3 0 9 0 0 0 1 0 0 0 347 0 0 0 5 18 

Scalloped Hammerhead 0 0 0 0 0 0 0 1 0 0 0 67 0 0 0 1 

Spinner 3 0 15 0 0 0 1 0 0 0 0 0 124 0 4 23 

Tiger 0 0 0 0 0 0 0 0 0 0 0 0 0 50 0 0 

Unknown 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 

Misidentified 14 9 37 1 2 0 14 1 0 0 7 1 39 0 28 153 
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Higher error rates were observed for certain species that are more difficult to distinguish. 

For example, the species identification agreement table failed to pass McNemar’s test of symmetry 

(χ2 = 8.01, df = 1, p = 0.005), suggesting certain species were consistently misidentified by anglers. 

Exact binomial tests indicated the identification accuracy for four species was significantly less 

than the overall accuracy rate (p < 0.001). Spinner Shark identification accuracy was the lowest 

(76.1% true positive rate [TPR]) followed by Blacknose Shark (Carcharhinus acronotus; 86.8% 

TPR), Finetooth Shark (Carcharhinus isodon; 88.0% TPR), and Atlantic Sharpnose Shark 

(Rhizoprionodon terraenovae; 93.8% TPR) (Table 5-3). Tiger Sharks, Lemon Sharks (Negaprion 

brevirostris), and Shortfin Mako sharks (Isurus oxyrinchus) were the only species with no 

misidentifications or misclassifications (100% TPR). The Dusky Shark (Carcharhinus obscurus) 

was also never misidentified (100% TPR) but was misclassified four times as either a Spinner or 

Finetooth Shark. Some angler-identified species were never misclassified, but were misidentified, 

such as the Bonnethead shark (Sphyrna tiburo) which was misidentified once (as a Great 

Hammerhead shark) in the 144 encounters (99.3% TPR). The most commonly confused sharks by 

anglers were Blacktip and Spinner Sharks with 31 of the 39 misidentified Spinner Sharks initially 

identified as Blacktip Sharks. Fifteen of the 37 misidentified Blacktip Sharks were initially 

identified as Spinner Sharks. Excluding shark identifications that could not be confirmed (i.e., 

unknown), Blacktip Sharks were misclassified the most with 50 submissions, followed by Spinner 

Sharks with 19 misclassifications, and Atlantic Sharpnose Sharks with 14 misclassifications (Table 

5-2).  

 Overall accuracy of angler identifications for sharks that were eligible for tagging per 

tournament rules (81.3 cm STL) increased to 98.4% (95% CI: 98.0, 98.8). Finetooth (85.7% TPR) 

and Blacknose sharks (85.7% TPR) were identified with lowest accuracy, followed by Spinner 
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Sharks with an 88.8% TPR (Table 5-3). Blacktip and Spinner sharks of these larger size classes 

remained the most confused species with 13 Blacktip Sharks initially identified as Spinner Sharks 

and 9 Spinner Sharks initially identified as Blacktip Sharks. However, larger Blacktip Sharks were 

identified correctly in 98.5% of all encounters. In addition to Tiger, Lemon, and Shortfin Mako 

sharks, Dusky Sharks were also identified with high accuracy and had no misclassifications at 

taggable size, but these species comprise a small portion of captured individuals. The number of 

misidentified sharks decreased from 125 when considering all sharks entered in TSR to 72 when 

considering only those ‘eligible’ for tagging. Similarly, sharks with unknown identification 

decreased from 28 to 2 individuals.  

 Species identification generally became more accurate as size increased as anglers were 

100% accurate for sharks measuring 225 cm STL and larger. However, the data showed Finetooth 

Sharks were more difficult to identify as they grew larger, commonly being misidentified as 

Blacktip or Atlantic Sharpnose sharks. Blacktip Sharks were the most commonly captured species 

in the 50-175 cm size range and were identified correctly (i.e., TPR) >95% of the time (Table 5-

4). Generally, for all species, smaller sharks were the hardest for anglers to identify, with 

Blacknose Sharks between 75-100 cm having the lowest TPR at 50.0%, followed by Spinner 

Sharks between 50-75 cm and 100-125 cm at 62.3% TPR and 80.0% TPR, respectively; this was 

consistent with Spinner Sharks being the most difficult to identify overall.  
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Table 5-3. Species sensitivity (true positive rate [TPR]) and specificity (true negative rate [TNR]) 

for all sharks identified by anglers participating in TSR, 2014-2018. Sensitivity (TPR) is also 

reported for sharks of taggable size in the tournament (81.3 cm STL). 

Species 

Sensitivity 

(True Positive Rate) 

Specificity 

(True Negative Rate) 

Sensitivity 

(Taggable size) 

Dusky 1.0000 0.9993 1.0000 

Lemon 1.0000 1.0000 1.0000 

Shortfin Mako 1.0000 1.0000 1.0000 

Tiger 1.0000 1.0000 1.0000 

Bull 0.9987 0.9974 0.9987 

Bonnethead 0.9931 1.0000 0.9706 

Blacktip 0.9854 0.9779 0.9872 

Scalloped Hammerhead 0.9853 0.9998 0.9792 

Sandbar 0.9802 0.9965 0.9855 

Great Hammerhead 0.9800 0.9996 0.9800 

Atlantic Sharpnose 0.9375 0.9967 0.9640 

Finetooth 0.8803 0.9979 0.8571 

Blacknose 0.8677 0.9996 0.8571 

Spinner 0.7607 0.9956 0.8875 

Unknown 0.0000 0.9998 0.0000 
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Table 5-4. Angler sensitivity (i.e., true positive rate [TPR]) by size class for sharks captured during TSR from 2014-2018. An asterisk 

(*) denotes that a single shark was reported in that size class for that species while blank cells mean no sharks were reported for that 

size class for that species. Size class was binned into 25-cm increments (e.g., 25 = 0 – 25 cm). Sample size for each size class by species 

is represented by the numbers in parenthesis.  
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25           1.00     

           (1)     

50 0.83 1.00 1.00 1.00   1.00     1.00 0.00  0.00 

 (29) (3) (2) (4)   (1)     (1) (0)  (0) 

75 0.91 0.89 0.95 1.00 1.00 0.00 0.93    0.97 1.00 0.62  0.00 

 (46) (9) (142) (102) (1) (0) (27)    (130) (18) (60)  (0) 

100 0.95 0.50 1.00 0.96 1.00  1.00    0.98 1.00 0.80  0.00 

 (101) (2) (182) (25) (17)  (18)    (45) (1) (61)  (0) 

125 1.00 0.86 0.97 1.00 1.00  0.88 0.00   1.00  0.71   

 (46) (49) (177) (13) (43)  (16) (1)   (5)  (7)   

150 1.00 1.00 0.99  1.00  0.81  1.00  1.00 1.00 1.00   

 (2) (5) (777)  (259)  (54)  (2)  (7) (1) (1)   

175   0.99  1.00  1.00 1.00 1.00  1.00 1.00 0.80   

   (990)  (578)  (1) (4) (3)  (28) (1) (5)   

200   0.98  1.00   0.75 1.00  1.00 0.93 1.00 1.00  

   (255)  (425)   (4) (1)  (47) (15) (8) (1)  
255   1.00  1.00   1.00 1.00  0.99 1.00 0.95 1.00  
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   (1)  (156)   (8) (4)  (81) (17) (19) (1)  
250     1.00   1.00 1.00  1.00 1.00 1.00 1.00  

     (76)   (12) (15)  (9) (12) (1) (9)  
275     1.00   1.00 1.00  0.00 1.00  1.00  

     (23)   (9) (10)  (1) (2)  (12)  
300     1.00 1.00  1.00 1.00     1.00  

     (3) (2)  (2) (6)     (12)  
325        1.00  1.00    1.00  

        (4)  (1)    (7)  
350        1.00  1.00    1.00  

        (2)  (1)    (4)  
375        1.00      1.00  

        (1)      (3)  
400        1.00      1.00  

        (1)      (1)  
425        1.00        

        (1)        

450        1.00        

        (1)        
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Discussion 

Land-based shark fishing is a popular recreational activity in Texas with the trend favoring 

more conservation-oriented practices using catch-and-release methods (Graefe and Ditton 1976, 

Aldrich 2009, Ajemian et al. 2016). Tournaments that follow these conservation-oriented 

practices, like TSR, are dramatically gaining in popularity and participation, and they are also 

important in providing an alternative to kill-tournaments that can impact stocks, and often face 

public criticism (Gallagher et al. 2017). The switch to no-kill tournaments and increase in 

popularity of catch-and-release has provided a unique opportunity to collect data on a large-scale 

for extended periods of time with minimal costs compared to traditional scientific surveys of this 

size. The partnership with TSR has allowed for the documentation of >5,400 sharks by >380 

anglers along the entire Texas coast during a ~4-year period – tagging and data collection of a 

magnitude that would be impossible under traditional scientific study constraints both logistically 

and financially. Previous studies using species composition and biological measurements collected 

during TSR assumed that participants were relatively skilled and adept at shark identification by 

previous studies (Jose 2014, Ajemian et al. 2016), and these studies relied on the species 

identifications being accurate. Given the 97.2% overall accuracy of shark identifications made by 

anglers in TSR, our study confirms that this group of citizen scientists can provide reliable data 

for studies of shark populations off the Texas coast.  

While the overall accuracy of shark species identifications was high, some species were 

more difficult for anglers to recognize. For example, Spinner Sharks were commonly confused 

with Blacktip Sharks. Discerning between these two species has also been an issue with scientists 

in the past (Branstetter 1982). The key characteristic commonly used to distinguish between these 

two species in field guides and by anglers is the lack of pigmentation on the anal fin of Blacktip 
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Sharks that is usually present on Spinner Sharks greater than 80 cm STL (Branstetter 1982). 

Smaller Spinner Sharks (<75 cm STL) were the most misidentified category in this study, likely 

due to these sub-adult sharks lacking pigmentation on the anal fin, making them visually very 

similar to Blacktip Sharks. Overall, Spinner Sharks were poorly identified in most size classes 

examined, with anglers tending to classify Spinner Sharks as Blacktip Sharks rather than the 

reverse. Given that Spinner Sharks were classified as an uncommon species by TSR and therefore, 

earned more points in the tournament than Blacktip Sharks, it seems most likely that anglers were 

simply misidentifying them and not intentionally misidentifying them to earn more tournament 

points.  Furthermore, Spinner Sharks were also misidentified as Dusky, Atlantic Sharpnose sharks, 

and one was submitted as unknown. Thus, for species like the Spinner Shark which are more 

difficult to identify, it is critical to continue validation of submissions and increase educational 

opportunities and materials to better prepare anglers when they do encounter these species. 

 Contrary to similar species such as Blacktip and Spinner sharks, many sharks have 

extremely distinguishing characteristics making them easier to identify, especially off the Texas 

coast. For example, Tiger Sharks have very distinctive markings (i.e., ‘stripes’) making them 

unique from most species commonly captured in the Gulf of Mexico (Lesueur 1822, Parsons 

2006). The Shortfin Mako is also distinct with its deep blue coloring and dark eye, and while it 

may be confused with the Longfin Mako (Isurus paucus), the Longfin Mako is rare off Texas, 

making this misidentification unlikely. While their hammer-shaped heads make the group iconic, 

some anglers have confused Bonnethead, Great Hammerhead, and Scalloped Hammerhead sharks 

(Sphyrna lewini). Adult Bonnethead sharks are smaller than adult Scalloped or Great Hammerhead 

sharks but may be confused with juveniles even though Bonnetheads have a more rounded, shovel-

shaped head (Parsons 2006). Great Hammerhead and Scalloped Hammerhead sharks have a more 
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nuanced distinction between the two species. The Great Hammerhead has a straighter leading edge 

of the hammer and has a taller dorsal fin than the Scalloped Hammerhead but could be easily 

confused if not commonly observed (Parsons 2006). While all these species are distinct and more 

readily identifiable, they comprised only a small portion of the data set (5.8%).  

Despite smaller size classes being more difficult to identify for all species, angler 

identification accuracy was higher than the no information rate (i.e., the largest proportion of the 

observed classes), suggesting that angler identifications were better than identifications made by 

chance alone. Anglers were unlikely to misidentify sharks in the largest size classes (>275 cm 

STL), which included less frequently captured species such as Dusky, Great Hammerhead, Lemon, 

Shortfin Mako, and Tiger sharks. As per tournament rules, sharks above 81.3 cm could be tagged, 

earning the TSR participant additional points. This rule eliminated most of the smaller sharks that 

were misidentified, especially Spinner Sharks, which increased to 88.8% TPR when excluding 

these smaller individuals. Overall identification accuracy of tagged individuals greater than 81.3 

cm also increased to 98.4%. These findings clearly indicate size is a factor influencing accurate 

species identifications and with more training and the development of a field guide for shark pups 

and early juveniles, anglers may be able to further improve their identification skills. 

Recaptures are an important component of any tagging study, as they can provide insight 

into fish movements, growth rates, catch and survival rates, and site fidelity (Pine et al. 2003, 

Guindon et al. 2015); however, recapture data rely on the angler or beach goer to report the fish to 

the proper tagging institution. Of the 92 shark recaptures reported during this study, eight were 

originally tagged outside of TSR, but were reported during the tournament via the online form. In 

the tournament, anglers received bonus points for recaptured sharks even if the tag was not 

distributed by the tournament (texassharkrodeo.com), giving incentive to report any recapture. 
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Additionally, our research program offered rewards for reported recaptures which was advertised 

on the tags to increase the chance of reporting, especially by TSR non-participants. While some 

recaptured sharks had tags that contained institutional information (e.g., NOAA Apex Predators 

Program), other tags did not have such information, or the reporter did not examine the tag close 

enough to determine the tagging source. While pictures of the recaptured tag were requested, many 

reporters left the tag in the shark upon release without taking detailed pictures of the tag. As a 

result, we have recapture reports that cannot be verified due to an inability to determine the initial 

tagging source. This source of non-reporting prevents the acquisition of valuable data but can be 

addressed by tournament managers to minimize these occurrences in future tournaments. These 

along with other more sophisticated electronic tags show the need for a centralized tagging 

database, where “orphaned” tag can be paired with owners. 

Finally, some recaptures were reported when a shark washed up on the beach dead, which 

comprised a relatively small percentage of all recaptures (9.8%). While the exact discard mortality 

is not known in this fishery and needs further study, survivability is thought to be high. In fact, 

two sharks (a Great Hammerhead and a Sandbar Shark) have been recaptured at least multiple 

times during the study period, suggesting that some species of sharks may be more resilient than 

others (Morgan & Burgess 2007, Gallagher et al. 2014, Marshall et al. 2015), and/or some anglers 

were efficient and careful when handling and releasing sharks. Regardless, estimates of discard 

mortality in this increasingly popular land-based fishery are severely needed for stock assessments. 

While these estimates remain unavailable, outreach and engagement to provide anglers with the 

best handling and release practices are essential to increase survival and maintain a sustainable 

fishery. 

 



 
 

137 

 

Conclusions 

 Citizen scientists have contributed valuable knowledge and data to wildlife and fisheries 

managers for decades. This study demonstrated that citizen scientists have the ability to tag, collect 

biological data, and identify sharks with little error, and that with the use of technology, such as 

digital cameras found in smartphones, identifications can be verified. As participants of larger 

tournaments, like TSR, anglers collect substantial amounts of data throughout most of the year, 

allowing scientists and managers access to data on a geographic and temporal scale that could not 

be easily obtained themselves. For anglers, this contribution can be done with little impact to the 

fishery as these anglers sampled fish caught during recreational fishing trips (Guindon et al. 2015). 

This is important for managers as these long-term datasets could potentially be incorporated into 

future assessments of sharks in the Gulf of Mexico. Future research should combine genetic 

barcoding to confirm species identification of unknown individuals and explore the possibility of 

cryptic or hybrid species misidentification, as well as determining the discard mortality in this 

fishery. 
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CHAPTER VI: SUMMARY 

 Understanding habitat availability is a critical factor in the conservation of species. 

Effective management of fish stocks requires understanding how species are using their 

environment during different stages of their life cycle and conserve those habitats. The overall goal 

of this dissertation was to explore fish movement and habitat use by species that are economically 

important to the Gulf of Mexico (GOM) but exhibit very different habitat use attributes (e.g., 

resident versus highly migratory species). A key habitat in the western GOM is artificial reefs. The 

western GOM has a limited amount of natural hardbottom, but the installations of artificial reefs 

have been demonstrated to increase fish populations in these areas (Streich et al. 2017). Relatively 

little is known about the wide variety of fish species from reef fish that are very site attached to 

highly migratory species such as Shortfin Mako sharks that use these areas. Advances in 

technology have allowed for scientists to explore both large- and fine-scale fish movement around 

these various habitats (Priede and French 1991, Witt et al. 2010, Espinoza et al. 2011). My research 

compared and contrasted habitat use of fish species with very different life history attributes (e.g., 

migratory vs resident). The findings of this dissertation contribute to our knowledge of habitat use 

and seasonal movements of commercially and recreationally important species in the GOM.  

 Representative species with different life histories including high migratory species 

(sharks) as well as more structure-oriented species (Red Snapper, Lutjanus campechanus) were 

studied to determine habitat use and movement behavior in the GOM. Sharks demonstrate life 

history characteristics suitable for the biological costs of long-distance movement, such as late 

maturity at a larger size and relatively fast growth rates (Roff 1988). The long-distance movements 

of sharks are usually on an order of magnitude larger seasonally than Red Snapper, which may 

remain on a structure for multiple years (e.g., Topping et al. 2011, Vaudo et al. 2017). In Chapter 
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2, I tracked sublegal Red Snapper using a VEMCO© Positioning System (VPS) to determine fine-

scale movements and habitat preference around a nearshore reef comprised of three types of 

reefing materials: concrete reef pyramids, concrete culverts, and a sunken ship. This study is one 

of the first to explore fine-scale movements of Red Snapper around an artificial reef comprised on 

multiple reefing materials. An unexpectedly high recapture rate for tagged fish suggested that this 

artificial reef receives heavy fishing pressure, especially from headboats. Half of the recaptures 

were reported recaptured on a structure other than their tagging structure; however, tagged fish 

spent the greatest percentage of time on their tagging structure. While seasonal differences in 

habitat use were detected, no difference was detected among habitat types, suggesting that Red 

Snapper did not select one structure type over another. Fish did have larger movements around the 

reef during warmer months and smaller movements in cooler water temperatures. Results from 

this study have important implications for reef science and management. The cost and availability 

of reefing materials are often the limiting factors; thus, the results from this study indicate that 

reefing the most effective and least expensive material covering the largest area may be the best 

policy in designing future artificial reefs when considering Red Snapper habitat use. This would 

allow managers to create the most expansive reef or use materials in other areas to maximize 

habitat. Future research should explore in detail density of materials used in designing artificial 

reefs and the economic value of different artificial reef types.   

 In Chapter 3, I examined Red Snapper movement at a nearshore artificial reef using a VPS 

array to determine how major disturbances, such as hurricanes, influenced habitat use and 

residency. While the array efficiency decreased after the storm, receivers within the array provided 

adequate coverage of the site to triangulate fish positions throughout the study. Data collected in 

Chapter II provided baseline data for pre-and post-Hurricane Harvey habitat use comparisons. Red 
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Snapper had a variety of responses with some fish emigrating and others remaining on site during 

the storm. Results of this study showed that habitat use decreased, and fish frequented shallower 

depths after the storm compared to before, which correlated with water temperature and wind 

speed. Absence patterns were correlated with wind speed, air temperature, and water temperature. 

Red Snapper were shallower hours before the eye of the hurricane passed near the study site when 

water temperatures were increasing. Unfortunately, studies like these are rare, opportunistic and 

often have small sample sizes. More research is needed to determine the exact details of Red 

Snapper movement during major meteorological disturbances. 

 In Chapter 4, the goal was to examine movement patterns and habitat use of a highly 

migratory species with a different life history strategy than Red Snapper. I tracked Shortfin Makos 

(Isurus oxyrinchus) to determine movement patterns of Shortfin Mako sharks in the northwestern 

Gulf of Mexico. In 2017, the North Atlantic stock was deemed overfished and to be undergoing 

overfishing. Effective management of this species requires detailed information on their 

movements and habitat use, which is especially lacking in the Gulf of Mexico. Despite their 

declining populations and vulnerability to overexploitation, this species is frequently harvested in 

commercial and recreational fisheries. Makos used more of the northwestern Gulf of Mexico than 

reported in previous movement studies. While one mature female remained in the Gulf of Mexico 

predominantly on the continental shelf, mature males demonstrated seasonal movements ~2,500 

km from the tagging location off the Texas coast to the Caribbean Sea and northeastern U.S. coast. 

During these long-distance movements, makos traversed at least 12 jurisdictional boundaries, 

which also expose individuals to varying levels of fishing pressure and harvest regulations. 

Movement ecology of this species, especially for mature individuals in the western North Atlantic, 

has been limited until recently and should be incorporated into stock assessments for better 
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management of this species, especially with the current assessment classifying this species as 

overfished and undergoing overfishing globally and the bleak outlook for recovery. This study not 

only focused on a metapopulation that has largely been ignored in other studies but included the 

some of the largest females to be tracked via satellite, providing valuable movement and habitat 

use data on a size class not yet studied. Future research should focus on movement patterns of a 

wider range of age classes and increase sample size of mature females to determine mating and 

parturition grounds.  

 In Chapter 5, I evaluated the accuracy of shark species identifications made by anglers 

fishing in the Texas Shark Rodeo using photographs that were submitted as a requirement for 

tournament participation. This has provided a unique opportunity to collect data on a large scale 

for extended periods of time with minimal costs compared to traditional scientific surveys. 

However, data verification has been a concern when involving citizen scientists in data collection. 

I determined that while anglers have the ability identify sharks with relatively low error, some size 

classes and species were more difficult to correctly identify than others. While long-term data sets 

like this one are still relatively scarce, the inclusion of volunteer citizen scientists in more studies 

is increasing. The overall high accuracy in species identification in this study, along with the use 

of technology to confirm identifications, allows for these long-term datasets with relatively wide 

geographic scopes to potentially be incorporated into future assessments of sharks in the Gulf of 

Mexico. The results of this study demonstrated that long-term datasets involving recreational 

anglers as citizen scientists may be a viable option for monitoring habitats that are largely 

neglected in traditional surveys. Future research should focus on post-release mortality of this 

fishery, especially since the attitude of anglers has shifted toward conservation and catch-and-

release.  
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 Collectively, my research provides details about habitat use to better inform future 

conservation management decisions, especially as management is moving to a more ecosystem-

based approach (Pikitch et al. 2004). Habitat-specific studies are needed to refine our 

understanding of how these habitat types contribute to the conservation of economically important 

fishery stocks in the GOM. This management style requires specific information on habitat and 

population dynamics of critical species (Kinney and Simpfendorfer 2009). For many of the species 

studied in this dissertation, populations have been declining (e.g., Shortfin Mako; NMFS 2019) or 

have just recently been documented to be recovering (e.g. Red Snapper; SEDAR 2018). This 

additional habitat use information will help the effectiveness of management of the species during 

recovery and rebuilding of these ecologically and economically important fish stocks.  
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