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ABSTRACT 

 

Red Snapper (Lutjanus campechanus) is the most economically important fish in the Gulf 

of Mexico (GOM). The species is a prominent long-lived, reef-associated finfish and commonly 

inhabits natural banks and artificial reefs. However, reef habitat in the northwestern GOM is 

limited considering less than 3% of the continental shelf is composed of substrate with vertical 

relief greater than 1 m. Therefore, reef habitat when present, generally aggregates fishes and may 

serve as hotspots of abundance and diversity. The goal of this thesis was to evaluate previously 

unknown small-scale habitat driven effects on fish abundance and community structure on high 

relief areas in the northwestern GOM. 

Chapter 1 examined the relationship between fish density and geospatially identified 

relief anomalies (i.e., biotope and slope) at the South Texas Banks (STB). Densities were 

greatest at the crest in regions where 5° to 20° changes in vertical relief were observed. Fish 

community composition was similar across biotopes but varied depending on the magnitude of 

the nepheloid layer (i.e., layer of resuspended sediment). ROV surveys revealed high relative 

abundances of federally managed species (45.5%) like Red Snapper (10.8%) in highly turbid 

environments and highlighted previously unknown dynamics and importance of the STB.  

In Chapter 2, I evaluated the optimal reef site design of decommissioned oil and gas 

platforms in the northwestern GOM. Data indicated a linear relationship between fish 

abundances of nearly all federally managed species and quantity of platform structures within a 

reef site. Benefit-cost analysis suggested reef sites with the highest density of adjacent platform 

structures had the highest fish abundances and long-term benefit. 
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For Chapter 3, remotely operated vehicle (ROV) and hydroacoustic (echo sounder) 

surveys were run concurrently at artificial and natural reefs in the Texas region of the 

northwestern GOM to determine if species-specific density estimates depended on the survey 

method used. I also assessed the value of adding a rear-facing camera to an ROV to evaluate 

relative abundances of federally managed species. Data suggested that gear efficiency (i.e., 

survey method and camera placement) was specific to species and habitat of interest. Red 

Snapper density at both reef types was best evaluated using hydroacoustic surveys with species 

composition derived from paired forward and rear-facing cameras. I estimated the absolute 

abundance of Red Snapper with this method and found 1,058,051 (CV = 29%) Red Snapper at 

artificial reefs and 6,118,605 (CV = 38%) Red Snapper at natural banks within the region. 

Studies presented in this thesis assess the variation of fish density and community 

structure within a reef (i.e., natural bank relief anomalies and artificial reef site configuration). 

Collectively, findings indicate abundances of Red Snapper and other federally managed species 

can be enhanced through creation of artificial reef sites containing the maximum number 

platform structures and through protection of natural banks within the STB characterized by high 

amounts of crest area with 5° to 20° changes in vertical relief. I provide suggestions to habitat 

and fisheries managers about methods to optimize surveying Red Snapper as well as enhancing 

populations at reef habitats in the northwestern GOM. 
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INTRODUCTION 

Natural and Artificial Habitat in the Northwestern Gulf of Mexico 

 A small fraction of the seabed (less than 3%) in of the northwestern Gulf of Mexico 

(GOM) is composed of reef habitat with vertical relief greater than 1 m (Parker et al. 1983; J. C. 

Thompson-Grim, Harte Research Institute, unpublished data). When present, reef habitat 

provides hardbottom substrate for reef-building corals, sponges, and other reef-associated flora 

and fauna, and aggregates reef-associated fishes resulting in elevated abundance and diverse 

communities (Dennis and Bright 1988; Rooker et al. 1997; Schmahl et al. 2008; Hicks et al. 

2013; Clark et al. 2014; Ajemian et al. 2015a, 2015b; Streich et al. 2017a, 2017b; LGL 

Ecological Research Associates 2019). Reef habitat in the northwestern GOM is classified as 

either natural banks or artificial reefs, and much of these habitats are considered Essential Fish 

Habitat (Parker et al. 1983; Froeschke and Dale 2013; Nash 2013). These habitats are unique in 

their complexity, fish communities, and creation, but both serve to enhance populations of 

federally managed species in the northwestern GOM (Gallaway and Lewbel 1982; Rezak et al. 

1985; Gallaway et al. 2009; Froeschke and Dale 2013). 

Natural hardbottom habitat in the northwestern GOM is classified as either salt diapir 

banks or relict carbonate reefs (Rezak et al. 1985; Berryhill 1987; Holcombe et al. 2010). These 

banks are distinguished by their geological history, coral and fish communities, and geographic 

distribution (Bright and Rezak 1976; Rezak et al. 1985; Berryhill 1987; Holcombe et al. 2010). 

Reefs north of Matagorda Bay are high relief, salt diapir banks that support a highly diverse 

assemblage of reef-associated fishes (Rezak et al. 1985; Berryhill 1987; Dennis and Bright 1988; 

Schmahl et al. 2008). The Flower Garden Banks (FGB), the most well studied reef complex in 

the northwestern GOM, are the epitome of salt diapir banks as they support high diversity of 
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hermatypic corals, fishes, and other biotic fauna (Rooker et al. 1997; Schmahl et al. 2008; Clark 

et al. 2014). The South Texas Banks (STB) are the southern counterpart to the FBG and differ in 

formation (Rezak et al. 1985). These distinct reefs formed through geologic responses to sea-

level rise pulses after the Last Glacial Maximum (Khanna et al. 2017). The geological responses 

(i.e., backstepping and carbonate accretion) resulted in unique topographic complexity (e.g., 

terraces bounded by steep slopes) and more involved interactions with the nepheloid layer (i.e., 

layer of resuspended sediment which creates highly turbid environments) than the FGB (Shideler 

1981; Blanchon 2011; Khanna et al. 2017). The STB have lower coral and fish diversity than the 

FGB, and this has generally been attributed to the greater influence of the nepheloid layer 

(stemming from relatively limited vertical relief relative to salt diapir banks; Bright and Rezak 

1976; Rezak et al. 1985, 1990; Dennis and Bright 1988; Tunnell et al. 2009; Streich et al. 2017b; 

Murawski et al. 2018). 

Artificial reefs comprise the second type of reef habitat available in the northwestern 

GOM. These reefs provide enhanced vertical relief that can span from the seafloor into the water 

column (Broughton 2012). The role artificial reefs play in maximizing populations of federally 

managed species such as Red Snapper (Lutjanus campechanus) is evident (Gallaway et al. 2009; 

Ajemian et al. 2015a; Karnauskas et al. 2017; Streich et al. 2017c; Downey et al. 2018; LGL 

Ecological Research Associates 2019). Most artificial reefs can be classified as 1) oil and gas 

platforms (i.e., either standing or decommissioned), hereafter referred to as platforms, 2) 

prefabricated materials (e.g., concrete culverts, reef pyramids, etc.), or 3) reefed vessels 

(Broughton 2012). Generally, platforms provide the greatest vertical relief and are distributed 

across a wider depth range than the other reef types (TPWD 2020). Platforms are unique because 

they provide both economic services (i.e., extraction of oil and gas from the continental shelf 
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during operation) and ecosystem services (i.e., inadvertent creation of habitat in waters where 

natural habitat may be absent). The ecosystem services provided by platforms were federally 

recognized when the National Artificial Reef Plan under Title II of the National Fishing 

Enhancement Act of 1984 was passed (33 USC § 2101). The National Artificial Reef Plan 

encouraged oil and gas companies to donate obsolete platform structures to the adjacent state’s 

artificial reef program by offering benefits such as monetary savings (Bull and Love 2019; 

Kaiser et al. 2020). This federal action has helped to increase the volume of artificial structure in 

the northwestern GOM and enhance fish populations (Stanley and Wilson 2000; Broughton 

2012; Froeschke and Dale 2013; Streich et al. 2017b). The legislation requires the placement of 

decommissioned platforms be configured in a way that maximize fisheries enhancement for 

recreational and commercial fishing (33 USC § 2101). However, no study in the GOM has 

examined the relationship between decommissioned platform quantity in a permitted reef site 

(i.e., preselected locations where platforms can be reefed) and fish abundances. Current reefing 

practices select placement locations based on the lowest possible cost (Bohnsack and Sutherland 

1985; Wilson et al. 2002; J. B. Shipley, TPWD, personal communication). Therefore, there is an 

essential need to identify the optimal configuration of platforms within a reef site to meet the 

requirements imposed by the National Artificial Reef Plan (33 USC § 2101). 

 

Red Snapper (Lutjanus campechanus) Ecology and Management 

Red Snapper is the most economically important fish in the GOM (NMFS 2018). In fact, 

the Red Snapper fishery in the GOM is a multibillion-dollar industry, and in 2016 Red Snapper 

landings alone totaled nearly $26,450,000 Gulf-wide and $10,480,000 in Texas (NMFS 2018). 

Therefore, they represent an ideal sentinel species for studying reef-associated fish. Red Snapper 
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are a long-lived finfish that may account for a majority of the total fish abundance at natural and 

artificial habitats in the northwestern GOM (Stanley and Wilson 1997, 2000). Red Snapper use 

artificial habitat as younger individuals and move to natural or unconsolidated habitats as they 

age (Karnauskas et al. 2017; Streich et al. 2017b; Powers et al. 2018; Dance and Rooker 2019). It 

has been suggested that natural banks and unconsolidated habitats hold greater reproductive 

potential of Red Snapper than artificial reefs because of the disproportionate abundance of older 

individuals at these habitats (Mitchell et al. 2004; Porch et al. 2013; Streich et al. 2017c). 

However, this reproductive component is underrepresented in current stock assessments because 

of the fisheries-dependent methodologies used (i.e., fishing derived sampling method that does 

not retain information about habitat, recruitment, or other broad ecological information; 

Rotherham et al. 2007; Gregalis et al. 2012). Additionally, most commercial and recreational 

fishing effort occurs at artificial habitats (Schuett et al. 2016; Simard et al. 2016). Therefore, 

current stock assessments have been called into question (Gregalis et al. 2012). 

The GOM Red Snapper stock has been federally managed since 1988 when the stock was 

declared overfished, and the Reef Fish Fishery Management Plan was implemented and imposed 

a size limit (13 in total length; Goodyear 1988; Gallaway et al. 2009). The most recent stock 

assessment reported the stock was no longer overfished and will likely reach the rebuilding target 

by 2032 (Cass-Calay et al. 2015; SEDAR 2018). Due to the inherently biased nature of fisheries-

dependent methods used to derive these results, many have been critical about the true 

population size of Red Snapper and have campaigned for a stock assessment using fisheries-

independent methodologies to verify the validity of these results (Gregalis et al. 2012). Fisheries-

independent methodologies that best overcome limitations of the subregions (e.g., depth and 

nepheloid layer) should be identified and used. Additionally, using a survey method of this 
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nature would improve our understanding of the use natural and artificial habitats by Red 

Snapper, which is essential for the continued management of the species (Wilson et al. 2002; 

Naiman and Latterell 2005). 

 

Thesis Purpose and Objectives 

My thesis aimed to 1) evaluate within-reef variation of fish communities and abundances 

of federally managed species like Red Snapper at artificial and natural habitats in northwestern 

GOM; and, 2) use these findings to provide management recommendations that balance 

ecological and socio-economic needs within the northwestern GOM. Three primary objectives 

were accomplished in this study. My first objective was to evaluate two fisheries-independent 

methodologies for surveying Red Snapper and use these methodologies to produce an absolute 

abundance estimate for Red Snapper at reef habitat in the Texas region of the northwestern 

GOM. My second objective was to design an artificial reef site (i.e., configuration of 

decommissioned platform structures within a permitted area) which results in the greatest 

benefit-cost relationship between profit from species like Red Snapper and the average cost of 

reefing. My third objective was to evaluate community structure and the distribution of Red 

Snapper across relief anomalies of the STB. This thesis provides information on previously 

unknown small-scale interactions between reef fishes and artificial and natural habitats in the 

northwestern GOM, and results will benefit future fishery and habitat management. 
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CHAPTER 1: ASSESSING THE DISTRIBUTION OF FISHES ACROSS RELIEF 

ANOMALIES AT THE SOUTH TEXAS BANKS 

Abstract 

Natural banks in the northwestern Gulf of Mexico (GOM) are classified as either shelf-

edge, salt diapir banks which include the Flower Garden Banks (FGB) or relict coralgal banks 

which include the South Texas Banks (STB). The STB are relict coralgal reefs geologically 

shaped through backstepping, a response to rapid, punctuated sea level rise events until 

carbonate production was too deficient to continue. The process led to the ultimate drowning 

(i.e., submersion of the crest below the eutrophic zone) of the banks as well as their unique 

topographic complexity, which is characterized by biotopes (i.e., bathymetric regions) including 

the crest, edges, terraces, and base as well as slope (i.e., within-biotope vertical relief). 

Geospatial analysis was coupled with fisheries-independent data from remotely operated vehicle 

(ROV) and echo sounder surveys collected between July 2018 and October 2019 to assess the 

impact of topographic complexity and relief anomalies on fish community structure and density 

of federally managed species (e.g., Red Snapper (Lutjanus campechanus), Greater Amberjack 

(Seriola dumerili), Vermilion Snapper (Rhomboplites aurorubens), and Gray Snapper (Lutjanus 

griseus)). In this study, I used geospatial analysis to identify benthoscapes (defined by biotope 

and slope) from multibeam imagery at six selected STB. Results indicated fish community 

structure was statistically similar across biotopes but was different between high and low 

turbidity regimes. These data also suggested that nepheloid driven community structure may be 

beneficial to species that are adapted to highly turbid environments. Community composition 

analysis indicated nearly 45.5% of fishes observed at the STB were federally managed species 

which corroborated my suggestion that highly turbid environments may be beneficial to large-
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bodied, predatory species. I found significant differences in fish density that could be explained 

by biotope, slope, and the interaction between the topographic variables. These data show that 

mean fish density is greatest at the crest at when slope ranges from 5° to 20°. This study 

highlights the importance of understanding the relationship between fish assemblages and 

topographic complexity to better estimate and manage populations of reef fishes.  

 

Introduction 

Although relatively sparse, natural banks provide essential fish habitat in the mud, sand, 

and silt dominated western Gulf of Mexico (GOM; Parker et al. 1983; Froeschke and Dale 

2013). Naturally occurring hard bottom habitat in the region comprises less than 1,500 km2 

(2.5%) of the Texas continental shelf (J. C. Thompson-Grim, Harte Research Institute, 

unpublished data). Despite their relatively small contribution to total shelf area, natural banks in 

the northwestern GOM support high diversity and abundances of fishes, and they are ecological 

hotspots for federally managed reef fishes (Rezak et al. 1983, 1985, 1990; Schmahl et al. 2008; 

Gallaway et al. 2009; Tunnell et al. 2009; Hicks et al. 2013; Clark et al. 2014; Streich et al. 

2017a, 2017b). Red Snapper (Lutjanus campechanus) is one such species. The species is the 

most economically important finfish in the GOM and have a strong affinity for natural bank 

habitats, especially as older adults (Gallaway et al. 2009; Karnauskas et al. 2017; Streich et al. 

2017a; NMFS 2018). Understanding how Red Snapper use natural habitat is essential for the 

long-term management of the species (Wilson et al. 2002; Naiman and Latterell 2005). This 

importance is compounded the current rebuilding process the species is undergoing because Red 

Snapper were overfished from 1988 to 2016 (Goodyear 1988, 1993; Gallaway et al. 2009; Cass-

Calay et al. 2015; SEDAR 2018). Both Karnauskas et al. (2017) and Streich et al. (2017a) 
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reported that a majority of the currently known Red Snapper stock in the northwestern GOM is 

on natural banks, and on these banks, more larger and older Red Snapper are present (Gallaway 

et al. 2009). These studies hypothesized that Red Snapper may have greater reproductive 

potential at natural banks based on this abundance coupled with their size and age; thus, they 

would make a greater impact on the population size (Porch et al. 2013; Streich et al. 2017a; 

Patterson et al. 2019).  

Natural banks in the northwestern GOM are categorized into two primary groups based 

on their geology, geography, and fish and coral communities (Rezak et al. 1985; Berryhill 1987; 

Holcombe et al. 2010). The fundamental distinction between the two reef types depends on if the 

reef was developed on generally undisturbed strata, and they can be geographically distinguished 

by an imaginary line running seaward from Matagorda Bay (Bright and Rezak 1976; Rezak et al. 

1983, 1985, 1990; Berryhill 1987; Holcombe et al. 2010). The group of banks north of 

Matagorda Bay are shelf-edge, salt diapir banks with extensive vertical relief and host greater 

diversity of corals and fishes (Bright and Rezak 1976; Lindquist 1978; Rezak et al. 1983, 1985; 

Dennis and Bright 1988; Rooker et al. 1997; Schmahl et al. 2008; Holcombe et al. 2010). These 

banks include the Flower Garden Banks (FGB) and have been more substantially studied than 

their southern counterparts (Schmahl et al. 2008; Nash et al. 2013a). Banks south of Matagorda 

Bay, referred to as the South Texas Banks (STB), are relict coralgal reefs formed through 

responses to punctuated, rapid sea-level rise events after the Last Glacial Maximum (LGM; 

Rezak et al. 1985; Holcombe et al. 2010; Khanna et al. 2017). During the LGM, the STB were 

thriving coral communities within a bay bounded by the Rio Grande and Colorado lowstand 

shelf-edge deltas (Weight et al. 2011; Khanna et al. 2017). However, approximately 12,250-

11,1500 calibrated years before present (Cal BP), rapid, abrupt glacial melt water pluses resulted 
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in a vertical upward migration of the euphotic zone (Schlager 2005; Weight et al. 2011; Khanna 

et al. 2017). The STB responded to the punctuated sea-level rise events by shrinking carbonate 

production areas (i.e., the crest during the time) through backstepping to remain in the eutrophic 

zone, and this caused the formation of terraces (i.e., flat regions bounded by steep slopes; 

Schlager 2005). The STB continued the backstepping process and subsequent formation of 

terraces until the area of carbonate production (i.e., modern day crest) was too small to continue 

vertically accreting, which resulted in the ‘drowning’ (i.e., submersion of crest below the 

euphotic zone) and partial burial of the STB by the Holocene Texas Mud Blanket (Blanchon 

2011; Weight et al. 2011; Khanna et al. 2017).  

The modern-day STB are characterized by lower coral and fish diversity than their 

northern diapiric bank counterparts (Bright and Rezak 1976; Rezak et al. 1983, 1985, 1990; 

Dennis and Bright 1988; Streich et al. 2017b). This difference has commonly been attributed to 

the presence of a persistent nepheloid layer (i.e., layer of resuspended sediment which creates 

highly turbid environments; Bright and Rezak 1976; Griffin 1979; Shideler 1981; Rezak et al. 

1983, 1985, 1990; Dennis and Bright 1988; Tunnell et al. 2009; Streich et al. 2017b). 

Nevertheless, the STB are regarded as important fish habitat for economically important species 

such as Red Snapper and may act as an ecotone between the southern and northern banks within 

the GOM (Dennis and Bright 1988; Tunnell et al. 2009; Hicks et al. 2013; Nash 2013; Nash et al. 

2013b; Streich et al. 2017a, 2017b). Additionally, the formation of the STB introduces a unique 

topographic complexity which has yet to be explored in relation to fish distribution and 

abundance within a STB.  

Despite their importance as coral and fish habitat, very little work has been done at the 

STB, which likely stems from sampling difficulties presented by depth and nepheloid presence 
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(Bright 1977; Rezak et al. 1985; Dennis and Bright 1988; Tunnell et al. 2009; Nash et al. 2013a; 

Streich et al. 2017b). The few studies conducted at the STB described similarities in coral and 

fish community structure between banks, especially those that are closer together and those that 

have similar crest depths, vertical relief, and area (Bright and Rezak 1976; Hicks et al. 2013; 

Nash 2013; Nash et al. 2013b; Streich et al. 2017b). Previous studies have relied on the reef 

zonation scheme officially described in Rezak et al. (1985) to assess within-bank variation of 

community structure and abundance (Dennis and Bright 1988; Rezak et al. 1990). However, this 

scheme was created to delineate bank zones across the entire northwestern GOM (i.e., both 

drown coralgal and salt diapir banks; Dennis and Bright 1988; Rezak et al. 1990). Additionally, 

the scheme was created using visual surveys (e.g., submersible and SCUBA diver census) 

because present-day geostatistical and multibeam based methods were not available (Rezak et al. 

1985; Wilson et al. 2007). Therefore, the zonation scheme presented in Rezak et al. (1985) has 

two major drawbacks: 1) the zonation scheme was not specific to the STB and resulted in 

identification of a single zone (the Antipatharian Zone) which was homogenous from crest to 

base; 2) smaller-scale topographic complexities introduced from backstepping were not 

incorporated (Dennis and Bright 1988; Rezak et al. 1990). Additionally, with the advancement of 

geospatial technologies, a refined benthoscape classification scheme specific to the STB is 

necessary to understand the within-bank variation of fish community structure, and how these 

metrics are related to the unique benthoscapes of the STB (Zajac 1999; Zajac et al. 2003; 

Gratwicke and Speight 2005; Roberts et al. 2005; Wilson et al. 2007; Zawada and Brock 2009; 

Zawada 2011).  

Topographic complexity defined by biotope (i.e., bathymetric region formed through 

punctuated sea-level rise events) and slope (i.e., a commonly used index of habitat roughness 
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defined as the degree of elevation between a point and those adjacent to it) were examined in this 

study (Wilson et al. 2007; Zawada 2011). This paper presents an evaluation of relief anomalies 

on fish community structure and abundance at the STB using modern geostatistical methods 

coupled with acoustic and remotely operated vehicle (ROV) surveys. The goal of this study was 

to determine if fish community structure and abundances were similar across benthoscapes. My 

objectives were 1) characterize benthoscapes with geospatial analyses, and 2) compare fish 

community structure as well as total fish and species-specific abundances across benthoscapes. 

Results presented here will improve current assessment methods used to quantify the distribution 

and abundance of reef fishes on natural banks by incorporating benthoscape classification 

schemes when estimating abundances of species at the STB. 

 

Study Site 

This study was conducted at six of the STB in the northwestern GOM between July 2018 

and October 2019. The region is characterized by terrigenous silt and clay sediments and sparse 

naturally occurring hardbottom habitat (Parker et al. 1983; Rezak et al. 1983, 1985). The surface 

sediments on the STB are composed of fine- to mid-grained silts, mid-grained clays, coarse-

grained shelly mud, and very-coarse-grained carbonate rubble and rocks, which impact the slope 

within each benthoscape (Bright and Rezak 1976; Rezak et al. 1983, 1990; Roberts et al. 2005). 

The region is often characterized by a thick nepheloid layer of resuspended sediments, which 

increases turbidity and has been reported to alter community structure (Figure 1-1; Bright 1977; 

Griffin 1979; Shideler 1981; Rezak et al. 1983; Dennis and Bright 1988; Tunnell et al. 2009; 

Nash et al. 2013a; Streich et al. 2017b; Murawski et al. 2018). I surveyed Baker, South Baker, 

Aransas, North Hospital, Hospital, and Southern banks because these banks have similar crest 
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and base depth as well as fish community composition (Figure 1-1; Bright and Rezak 1976; 

Lindquist 1978; Tunnell et al. 2009; Hicks et al. 2013; Nash 2013; Nash et al. 2013a, 2013b). 

Crest depths for the six banks ranged from 57 m to 61 m (mean = 58 m) and relief (i.e., the 

vertical distance from the base to the crest) ranged from 9 m to 24 m (mean = 16 m). The number 

of biotopes ranged from 9 to 13 (mean = 11) and the number of terraces ranged from 4 to 6 

(mean = 5; Table 1-1). 

 
Figure 1-1. Map depicting the six South Texas Banks (STB; red squares) surveyed with remotely 

operated vehicle (ROV) and acoustic surveys in the northwestern Gulf of Mexico (GOM) 

between July 2018 and October 2019. The dashed black line represents the transition from the 

northern salt diapir banks to the STB. Gray lines represent bathymetric contours from 30 m to 

300 m. The inset map shows the relative area of the GOM where the surveys were conducted.
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Table 1-1. Descriptions of the six South Texas Banks (STB; listed from north to south) where remotely operated vehicle (ROV) and 

acoustic surveys were conducted within the northwestern Gulf of Mexico (GOM). The number of terraces, crest depth (i.e., the 

shallowest depth of the bank), and relief (i.e., vertical distance from base to crest) are provided for each bank. Within each biotope, the 

number of ROV visual surveys conducted and quantity of 5 m x 5 m grids acoustically surveyed are provided. Biotope specific 

visibility and temperature estimates are provided for sites were an ROV survey was completed. All environmental data is constrained 

to the deepest layer (i.e., 10 m region) of each site. Dashes indicate no data was available. 

Bank 

ROV 

Survey 

Date 

No. 

Terraces 

Crest 

Depth (m) 
Relief (m) Biotope 

No. Acoustic 

Grids 

No. ROV 

Surveys 

Visibility 

(m) 

Temperature 

(°C) 

Baker 10/3/2018 4 57 12 Crest 905 1 8.0 24.8 

         Edge 5668 2 7.1 27.6 

         Terrace 2423 3 9.1 22.1 

         Base 1378 0 - - 

South Baker 6/13/2019 5 61 20 Crest 286 0 - - 

         Edge 3441 2 5.0 20.7 

         Terrace 1962 0 - - 

         Base 1352 0 - - 

Aransas 11/7/2018 5 58 13 Crest 519 1 3.0 21.5 

         Edge 6319 3 3.2 23.5 

         Terrace 3283 1 3.0 20.8 

         Base 423 0 - - 

North Hospital 11/6/2018 6 57 9 Crest 841 1 2.4 24.4 

         Edge 5162 1 5.0 24.8 

         Terrace 5222 1 5.0 22.0 

         Base 1166 1 2.0 21.5 

Hospital 10/26/2018 5 58 16 Crest 3331 0 - - 

         Edge 9124 3 4.8 26.8 

         Terrace 3571 0 - - 

         Base 1295 0 - - 

Southern 11/7/2018 6 61 24 Crest 1588 0 - - 

         Edge 4159 2 6.5 25.0 

         Terrace 4469 2 8.0 24.6 
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Methods 

Geospatial Analysis—Benthoscapes were identified in ArcMap (version 10.6.1; ESRI) 

with multibeam imagery presented in Nash (2013) and Khanna et al. (2017). All multibeam 

images had a resolution of 1 m x 1 m. Each bank was processed separately for all geospatial 

analyses. An extensive literature review of previously reported terrace depths from the STB to 

estimate the general depth range of each biotope (Lindquist 1978; Rezak et al. 1983, 1985; 

Belopolsky and Droxler 1999; Holcombe et al. 2010; Nash 2013; Nash et al. 2013b; Khanna et 

al. 2017). Biotope was categorized as crest (shallowest region of the bank created by the last 

backstepping event prior to drowning), edge (regions of high vertical relief that bound terraces 

and were created through carbonate accretion to cope with sea-level rise events), terrace (relict 

crests prior to backstepping events, bounded by steep slopes), or base (region where the bank 

features meet the seafloor that is dominated by the Texas Mud Blanket and nepheloid layer; 

Figure 1-2). I prepared all multibeam imagery by selecting raster grid cells on or within 500 m of 

the bank and identified all terraces in using a hypsometric curve analysis (Soares and Riffel 

2006; Nash 2013; Khanna et al. 2017). This analysis was completed by identifying the depth 

range of a bank by creating 1-m bathymetric contours and reclassifying the raster by 1-m depth 

interval within the identified depth range. The resulting reclassified raster (resolution = 1 m2) 

included an area estimate for each 1-m depth bin, and all areas were converted to cumulative 

percentages and plotted against the depth. Hypsometric plots were used to visually identify 

terraces and estimate depths of the edges and base. Biotopes were visually inspected with 3D 

imagery in ArcScene (version 10.6.1; ESRI).  
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Figure 1-2. Schematic of the components used to define benthoscape (i.e., biotope and slope) in 

this study. The light brown figure is a generic bank. Figure is broken into the biotope component 

(top left figure), slope component (top right figure), and the components combine to create the 

benthoscape (bottom figure). Biotope (i.e., the bathymetric region formed through punctuated 

sea-level rise events during the Last Glacial Maximum) was categorized as crest (the uppermost 

region of the bank), terrace (flat region bounded by steep slopes), edge (transition region 

between terraces with the greatest vertical relief), or base (region where the bank meets the 

seafloor and has the greatest interaction with the nepheloid layer). Slope (i.e., the degree of 

elevation between a point and those adjacent to it; upper right image) was classified as either low 

(green bar) characterized by 0°-5° changes in elevation caused by very small obstructions like 

small carbonate rocks or current driven changed in terrain features; 2) mid (gold bar) 

characterized by 5°-20° changes in elevation caused by carbonate rocks, gorgonian sea fans, 

black coral, and coralline algae; 3) high (red bar) characterized by 20°-35° changes in elevation 

possibly caused by 2 m carbonate rocks. Dashed lines in the slope diagram indicate the angle of 

elevation. Gray box at the bottom includes key of biotic and abiotic graphics.  
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Slope, measured in degrees elevation, was calculated for each raster cell. Slope was 

selected as the second component of benthoscape because this metric is widely used throughout 

literature and is advantageous for cross study comparisons, because the measurement has an 

upper bound (Kenny et al. 2003; Roberts et al. 2005; Lundblad et al. 2006; Wilson et al. 2007; 

Wedding and Friedlander 2008). Slope was the favored measurement to assess within biotope 

topographic complexity because one of the primary purposes of this study was to create a simple, 

easily comparable, benthoscape stratification for management purposes at the STB (Zawada 

2011). Slope was also used to verify biotope by ensuring the region with the greatest consistent 

slope bounded by flat regions (i.e., terraces) overlapped with the edge biotope (Figure 1-2).  

I created a 5 m x 5 m fishnet over each bank after raw benthoscape data had been applied. 

Each grid within the fishnet was assigned a unique identification number used to merge 

geospatial and acoustic results. The fishnet was used to investigate zonation patterns in 

benthoscape by calculating zonal statistics for depth and slope with the zonal toolset in 

ArcMap’s Spatial Analyst Extension (Wedding and Friedlander 2008; Zawada and Brock 2009). 

I calculated the average, maximum, minimum, standard deviation, and range of slope and depth 

within each 5m x 5m grid. Geospatial data was exported from ArcMap and imported into 

RStudio (version 3.6.2) for further analysis. The average depth of each grid was used to ascertain 

biotope and the average slope was used to categorize slope into a class. Slope breaks were 

selected based on the overall mean and frequency within all grids (n = 932,922). I categorized 

slope as low (0°-5° elevation), mid (5°-20° elevation), or high (20°-35° elevation; Figure 1-2). 

ROV Survey Methodology—ROV visual census surveys were completed with a Mission 

Specialist Defender ROV (VideoRay, LLC) between July 2018 and October 2019 (n = 24). The 

ROV was equipped with a compass, lasers, LED array, forward-facing multibeam sonar, 
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temperature sensors, a fixed forward-facing camera (160° horizontal viewing angle, and 91° 

vertical viewing angle), and dynamic positioning systems (Doppler velocity logger [DVL]) to 

estimate depth and altitude as well as allow for auto-depth holding and waypoint following 

capabilities. The ROV was piloted with an integrated control box, and visual data was 

transmitted in real-time to the surface and recorded. A rear-facing GoPro Hero7 Black (122.6° 

horizontal viewing angle, 94.4° vertical viewing angle; GoPro, Inc.), hereafter referred to as rear-

facing camera, was mounted externally to the rear of the ROV to increase area surveyed. Camera 

recordings were started at the same time and environmental data collected by the ROV were 

applied to fish observations from both cameras during video processing. Both cameras were set 

to an angle of 45° for all surveys. The LED array remained off during surveys to reduce potential 

fish attraction to the ROV (Bowmaker 1990). Longitude and latitude were collected with a 

global positioning system (GPS) at the location where the ROV was deployed, and coordinates 

were georeferenced with multibeam imagery to ensure the preselected biotope was surveyed 

(Streich et al. 2017b). Visibility was measured using paired sonar in conjunction with real-time 

video to estimate the distance the ROV could back away from a well-marked down weight until 

the object could no longer be visualized in the video. Visibility measurements were collected 

while on decent and at depth at natural banks. The ROV was flown at a constant speed (0.5 m/s) 

and maintained an altitude of 1.5 m off the seafloor. While at depth, the ROV was flown in a 

triangle-like pattern up to 80 m from the location where it was deployed. Videos were recorded 

and processed from the time of deployment until time of retrieval to ensure the entire water 

column had the chance to be surveyed (Ajemian et al. 2015).  

All ROV visual census data were processed in the lab by two independent readers using 

an open-source video software (VLCTM media player). Different readers were used for the 
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forward and rear-facing videos to prevent reader bias. During this process, the entire video was 

reviewed, fish were identified to the lowest possible taxon, enumerated, and recorded. 

Information on the local time of day, temperature, depth, altitude, visibility, and heading were 

also recorded, and each survey was saved as an individual file. Care was taken to prevent double 

counting of fish within a single visual census survey. If fish were clearly present, but visibility 

was too poor for the fish to be identified, the fishes were still enumerated and recorded as 

unidentified fish. If a large school was observed, the frame with the most fish was selected, and 

the school was identified and enumerated. Counts were jointly reviewed if readers differed by 

more than 5%. The average of the two readers’ counts were used for all analyses. Only fishes 

and within the bottom 10 m were used for all further analyses so I could assess the impact of 

benthoscape on fish communities. 

Fish Community Structure Analysis—All ROV surveys were assigned to a biotope by 

georeferencing the location of ROV deployment to the depth defined multibeam raster created in 

geostatistical analysis. Biotope was verified by ensuring the average depth of the ROV fell 

within the depth range of the assigned biotope. The average visibility, depth, temperature, and 

altitude for each ROV survey was calculated using data environmental data collected with the 

ROV. I used MaxN counts, the greatest number of individuals captured at any one time on the 

video, for each survey-camera position combination for this analysis (Ellis and DeMartini 1995). 

MaxN is a conservative metric and is commonly used as a measurement of relative abundance 

throughout visual census literature (Ellis and DeMartini 1995; Harvey et al. 2007; Grasty 2014; 

Ajemian et al. 2015; Campbell et al. 2015; Streich et al. 2017b; Reynolds et al. 2018; Wetz et al. 

2020). To prevent unidentifiable individuals from being present in the analysis at two separate 

taxonomic levels (e.g., fishes identified to species in one instance and fishes potentially of the 
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same species not identifiable in another instance), only fishes identified to the species level were 

included in these community structure analyses (Love et al. 2019). MaxN counts and the 

corresponding environmental data were used to analyze community structure in Primer v7 

(Clarke and Gorley 2015). Patterns of diversity were inspected with species richness (S), 

Shannon diversity (H’), Pielou’s Evenness (J’), and Simpson’s Index (D’) using the DIVERSE 

routine (Clarke and Warwick 2001). Potential differences in these indices between biotope were 

tested with a one-way analysis of variance (ANOVA). Significance was tested with an alpha 

value of 0.05 for this and all other similar hypothesis tests within this paper. 

MaxN counts were fourth-root transformed to down-weight the impact of dominant 

species on subsequent analyses, and the transformation was visually assessed with a shade plot 

(Clarke et al. 2014). The transformed MaxN counts were used for all further analyses. 

Transformed data were converted into a resemblance matrix using Bray-Curtis similarities. A 

type 1 similarity profile (SIMPROF) routine was run to detect presence of significant 

multivariate structure between surveys (Somerfield and Clarke 2013). Significant multivariate 

structure was visually examined with a non-metric multidimensional scaling (nMDS) plot 

(Clarke and Gorley 2015). The overall effects of biotope on community structure were tested 

using a two-way permutational multivariate analysis of variance (PERMANOVA) and type III 

sums of squares because data were unbalanced (Anderson et al. 2008). Fish community 

composition across biotopes (i.e., main fixed factor) was evaluated and bank was included as a 

random factor because this variable may explain some of the variation (Anderson and Walsh 

2013). Resulting similarity and dissimilarity between and within biotopes was examined with a 

similarity percentages (SIMPER) routine (Clarke 1993).  
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Hierarchical agglomerative clustering (via CLUSTER routine) with SIMPROF analysis 

was run to inspect where significant multivariate structure was coming from and identify clusters 

(Somerfield and Clarke 2013). SIMPROF results were used to verify if cluster groupings were 

appropriate to interpret (Somerfield and Clarke 2013). SIMPER was used to identify species 

which were driving dissimilarities between cluster groups (Clarke 1993). The impact of 

environmental variables on community composition were analyzed with a principal component 

analysis (PCA) between aggregated cluster groups (Clarke and Gorley 2015). Potentially 

significant environmental drivers influencing multivariate structure were tested with 

PERMANOVA with type I sums of squares to understand their effect on communities (Anderson 

et al. 2008). In this PERMANOVA, significance was tested for cluster groups (i.e., fixed factor), 

the continuous environmental measurement (i.e., covariate), and the interaction between the 

covariate and cluster (Anderson et al. 2008).  

Community Composition Analysis—A single community composition profile for the 

bottom 10 m layer of a bank was generated because data suggested community structure was 

significantly similar across biotopes. The community composition of the layer was applied to 

densities estimated with acoustic surveys, and only fishes capable of being captured by acoustic 

surveys were included in this analysis (see Appendix A for list excluded species; Simmonds and 

MacLennan 2005; Wilson et al. 2006). All non-excluded fishes were used to generate the species 

composition (n = 24). A regional approach to generate species composition was used, because 1) 

it overcame visibility limitations that may be influencing the visual surveys, and 2) no significant 

differences in community structure across banks or biotopes were detected, and 3) a more robust 

and precise species composition could be applied. MaxN was generated for all acoustically 

detectable species within each ROV survey. Summed MaxN values of each species for all the 
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surveys was divided by the total summed MaxN for all the species. This summing method 

allowed all visual surveys to have an equal chance of representation. A second species 

composition was generated using the same methodologies, and incorporated all fishes including 

those which would not be acoustically detected, were included.  

Hydroacoustic Surveys and Analysis— Mobile hydroacoustic surveys using a Simrad 

EK-80 (70-18CD split-beam transducer) were conducted between October 2018 and October 

2019 (n = 14). The EK-80 was mounted to a towed body and towed 40 m behind the boat for all 

hydroacoustic surveys or mounted to the vessel via a fixed pole arm and descended 

approximately 1.8 m below the surface for all surveys. Prior to beginning a survey, passive 

listening was recorded to obtain baseline values of background noise and ensure no other nearby 

transducer was actively pinging. All surveys were conducted using a continuous wave with 0.256 

µs pulse duration. Ping locations were recorded using an external global positioning system 

(GPS).  

Banks were acoustically surveyed with radial transects similar to Reynolds et al. (2018), 

but differed because I completed four 500 m transects that were 45° from the previous transect 

(Figure 1-3). All transects were completed at a speed of approximately 1.0-2.0 m/s. A 

hydroacoustic calibration survey was completed using a 70 kHz tungsten calibration sphere (38.1 

mm WC; -40.56 dB) at the beginning of each day of sampling. If sites surveyed during a 

sampling day had substantially different salinity and temperature measurements, a second 

calibration survey was completed.  
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Figure 1-3. Diagram of radial transect survey pattern characterized by four 500 m transects that 

overlapped at shared centroid and were offset by 45° used to acoustically survey fish abundance 

at natural banks. Dashed lines indicate turning regions between transects 

 

 Raw acoustic data were visualized and processed with Echoview 10.0 (Myriax Pty. Ltd., 

Hobart, Tasmania, Australia). Prior to analysis, data were cleaned by setting analysis thresholds 

and removing noise, dropout, or non-data regions (i.e., turning regions) to exclude unwanted 

noise and reverberation that may impact results (Simmonds and MacLennan 2005; Boswell et al. 

2007; Reynolds et al. 2018). Surface and bottom lines were manually drawn on the echogram to 

remove the top 5 m of the water column and everything below 0.5 m of the bottom to prevent 

hardbottom, structures, acoustic shadow, and bubbles from being included in analysis. If 

zooplankton layers and/or nepheloid layers were present after the analysis thresholds were set, a 

mask was manually drawn around the region(s) so the misleading regions would not be included 

in the analysis. Additional background noise was removed in Echoview following methods from 

De Robertis and Higginbottom (2007) prior to analysis. The calibration survey was applied to the 

echogram to compensate for temperature and salinity effects on the sound speed. Echo 

integration approaches were useful when echo counting was prevented, because individual fish 

Transect 1 

Transect 4 

Transect 3 

Transect 2 

5
0
0
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were too closely distributed (Boswell et al. 2007). A 10 m x 5 m (10 m depth and 5 m distance) 

grid was applied over the acoustic data. The 10-m depth bin was applied to distinguish benthic 

and pelagic fish as well as effectively apply species composition data collected with visual 

census surveys. Acoustic data was processed and resulted in volume backscattering strength (Sv) 

and target strength (TS; Simmonds and MacLennan 2005; Boswell et al. 2007). Sv is often used 

as a metric for fish biomass as it is the sum of discrete targets per unit volume of water sampled 

(Simmonds and MacLennan 2005; Boswell et al. 2007). Estimates of fish density were derived 

within each 10 m by 5 m grid by scaling Sv measurements by TS values, the hydroacoustic 

metric for fish length (Simmonds and MacLennan 2005). When single targets were within 7 m of 

a school, henceforth referred to as border targets, the Sawada index was applied (Sawada et al. 

2002). Target strengths of the border targets were used to estimate the number of fish in the 

school they bounded. Scaling was calculated in R Studio (R version 3.6.2) using the minimum 

distance between border targets and each school. The paired TS and Sv measurements were 

converted to linear estimates with the formulas: 

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 𝑇𝑆/10 

Sv 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝑆𝑣 𝑀𝑒𝑎𝑛/10 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑖𝑠ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑆𝑣 𝐿𝑖𝑛𝑒𝑎𝑟

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟
 

Volumetric densities were then multiplied by the mean thickness of the cell to yield estimates of 

fish school density of the cell. This same process was completed for single targets not used to 

scale schools. School estimates and single target estimates were summed within each 10 m depth 

layer to produce an areal density of each grid cell.  

Spatial autocorrelation and possible double counting of fishes were accounted for through 

ordinary point kriging described by Greene et al. (1998). Acoustic data were geospatially 
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referenced to a projected coordinate system prior to kriging. Spherical, exponential, Gaussian, 

and Matern semivariogram models were evaluated, and the based on the sill and range was 

selected. I kriged each layer independently over 2-dimensional, equally spaced 5 m x 5 m grids. 

The kriging process produced fish density estimates for each layer that were equally spaced 

every 5 m within the extent of the acoustic survey. Only the bottom layer (i.e., layer 0) was 

retained for this analysis. Aerial fish densities for each 5 m x 5 m kriged point were 

georeferenced and assigned a grid cell identification number based on the grid the point fell 

within. Fish density data was then merged with geospatial data by the shared grid cell 

identification number. Densities were scaled to species-specific abundances for species analysis 

by multiplying the overall fish density by the percent community composition.  

Benthoscape-Total Density Analysis—Spatially referenced 5 m x 5 m grids were 

classified by biotope, slope, and density values according to the measurement’s shared grid cell 

identification number (n = 67,887). I used a two-way ANOVA with type III sums of squares and 

orthogonal contrasts for unbalanced data to test the null hypotheses: 1) total density will be 

statistically similar across biotopes; 2) total density will be statistically similar across slope 

groups; and, 3) there will be no interaction between biotope and slope. If the main test indicated 

a significant interaction, post hoc testing was used to assess the effect of biotope separately for 

each slope group because the data was unbalanced (Quinn and Keough 2002). All post hoc tests 

used Tukey comparisons and Shaffer p-value adjustments. 

Benthoscape-Species-Specific Density Analysis—The same analysis was run for species-

specific densities for four selected species of economic importance. Red Snapper, Vermilion 

Snapper (Rhomboplites aurorubens), Gray Snapper (Lutjanus griseus), and Greater Amberjack 

(Seriola dumerili) were selected for further analysis because these species are federally managed 
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and recreationally and commercially important (NMFS 2018; LGL Ecological Research 

Associates 2019; NMFS 2019; NOAA 2019). If the main test indicated a significant interaction, 

post-hoc testing was used to assess the effect of biotope separately for each slope group because 

the data was unbalanced (Quinn and Keough 2002). All post hoc tests used Tukey comparisons 

and Shaffer p-value adjustments. 

Management Implication Analysis—I evaluated the relationship between the area of 

optimal benthoscape (i.e., mid slope on the crest) on a bank correlated with the mean total fish 

density observed at each bank. The percentage of optimal area surveyed, characterized as crest 

with mid slope, and the mean total fish density for each bank was calculated. I used linear 

regression analysis in RStudio to explain mean density of each bank by the percent of optimal 

benthoscape surveyed at each bank to assess if there was any correlation between the two 

variables.  

 

Results 

Geospatial Analysis 

 Geospatial analysis revealed crest depths for all six banks were between 57 m and 61 m 

deep (mean = 59 m), and bank relief ranged from 9 m-24 m (mean = 16 m; Table 1-1) Banks 

varied in the number of biotopes from 9-13 (mean = 11) and the number of terraces ranged from 

4-6 (mean = 5; Table 1-1; Figure 1-2). The area surveyed of each biotope varied by bank. Within 

each biotope, slope was identified for every 5 m x 5 m cell. The average slope for the low slope 

group was 2.31° (n = 13,902; sd = 0.56), for the mid slope group was 5.35° (n = 51,783; sd = 

2.45), and for the high slope group was 23.57° (n = 4,117; sd = 3.20).  
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Community Composition Analysis 

A non-stratified community composition profile was generated using data from all ROV 

surveys because community structure was statistically similar across a bank. All fish occurrences 

identified to at least the family level were included in this analysis to provide a more 

conservative species composition. The first community composition profile was used to derive 

species-specific abundances from acoustic surveys. My analysis indicated that of acoustically 

detectable species (Appendix A), Vermilion Snapper (49.98%), Red Snapper (14.01%), Blue 

Runner (Caranx crysos; 7.22%), Almaco Jack (5.02%), Gray Snapper (3.49%), and Greater 

Amberjack (3.10%) were the six most prominent species (Table 1-2). When combined by family, 

Lutjanids were by far the most prevalent family (72.73%) at the STB. Carangids were the second 

most prominent family (13.56%), followed by Epinephelidae (5.50%), Pomacanthidae (2.75%), 

Ephippidae (2.51%), Scombridae (1.57%), respectfully. All other families composed less than 

1% of the species composition (Table 1-2).  

 A second species composition was generated using all species regardless of acoustic 

detectably or taxon level for comparison purposes. The ten most frequent taxa were Vermilion 

Snapper (24.99%), Damselfish sp. (18.03%), Red Snapper (10.78%), Blue Runner (5.73%%), 

Sunshinefish (Chromis insolata; 4.66%), Almaco Jack (3.79%), Reef Butterflyfish (2.98%), 

Gray Snapper (2.72%), Greater Amberjack (2.72%), and Atlantic Creolefish (Paranthias 

furcifer; 2.46%; Appendix G). Nearly 45.5% of the taxa observed on visual surveys were 

federally managed species (i.e., Red Snapper, Vermilion Snapper, Gray Snapper, Greater 

Amberjack, Almaco Jack, Scamp (Mycteroperca phenax), Gray Triggerfish (Balistes capriscus), 

Black Grouper (Mycteroperca bonaci), Cobia, Gag (Mycteroperca microlepis), Yellowmouth 

Grouper (Mycteroperca interstitialis); Appendix G). The five most observed families were  
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Table 1-2. Record of the prominent, acoustically detectable fish species observed in the bottom-most 10 m of the six South Texas 

Banks (STB) surveyed. Percent of the species composition (i.e., limited to acoustic fish species; Acoustic %) is listed as well as the 

density (fish per m 2) for each biotope. 

 

Family Common Name Scientific Name Acoustic % 

Density 

Crest Edge Terrace Base 

Balistidae Gray Triggerfish Balistes capriscus 0.41 0.017 0.006 0.005 0.001 

Carangidae Almaco Jack Seriola rivoliana 5.02 0.210 0.074 0.065 0.010 

Carangidae Bar Jack Caranx ruber 0.49 0.020 0.007 0.006 0.001 

Carangidae Blue Runner Caranx crysos 7.22 0.302 0.107 0.094 0.015 

Carangidae Greater Amberjack Seriola dumerili 3.43 0.143 0.051 0.044 0.007 

Carangidae Rainbow Runner Elagatis bipinnulata 0.08 0.003 0.001 0.001 0.000 

Ephippidae Atlantic Spadefish Chaetodipterus faber 2.08 0.087 0.031 0.027 0.004 

Epinephelidae Atlantic Creolefish Paranthias furcifer 3.10 0.130 0.046 0.040 0.006 

Epinephelidae Black Grouper Mycteroperca bonaci 0.08 0.003 0.001 0.001 0.000 

Epinephelidae Gag Mycteroperca microlepis 0.08 0.003 0.001 0.001 0.000 

Epinephelidae Graysby Cephalopholis cruentatus 0.16 0.007 0.002 0.002 0.000 

Epinephelidae Rock Hind Epinephelus adscensionis 0.08 0.003 0.001 0.001 0.000 

Epinephelidae Scamp Mycteroperca phenax 1.14 0.048 0.017 0.015 0.002 

Epinephelidae Yellowmouth Grouper Mycteroperca interstitialis 0.33 0.014 0.005 0.004 0.001 

Lutjanidae Dog Snapper Lutjanus jocu 0.17 0.007 0.002 0.002 0.000 

Lutjanidae Gray Snapper Lutjanus griseus 3.49 0.146 0.052 0.045 0.007 

Lutjanidae Red Snapper Lutjanus campechanus 14.01 0.586 0.207 0.182 0.028 

Lutjanidae Vermilion Snapper Rhomboplites aurorubens 49.98 2.091 0.739 0.648 0.101 

Malacanthidae Sand Tilefish Malacanthus plumieri 0.08 0.003 0.001 0.001 0.000 

Pomacanthidae Blue Angelfish Holacanthus bermudensis 1.88 0.079 0.028 0.024 0.004 

Pomacanthidae French Angelfish Pomacanthus paru 0.90 0.038 0.013 0.012 0.002 

Pomacanthidae Gray Angelfish Pomacanthus arcuatus 0.08 0.003 0.001 0.001 0.000 

Pomacanthidae Queen Angelfish Holacanthus ciliaris 0.33 0.014 0.005 0.004 0.001 

Rachycentridae Cobia Rachycentron canadum 0.08 0.003 0.001 0.001 0.000 

Sphyraenidae Great Barracuda Sphyraena barracuda 0.33 0.014 0.005 0.004 0.001 
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Lutjanidae (46.42%), Carangidae (16.11%), Ephippidae (8.21%), Pomacentridae (6.62%), 

Epinepheline (4.81%; Appendix H). Lutjanids composed nearly 30% more of the species 

composition than any other family at the STB. 

 

Fish Community Structure Analysis 

 Visual census surveys collected with an ROV resulted in 21.1 hours of footage (mean = 

51.6 minutes per survey) Within the 24 ROV surveys, 43 species from 20 families of fishes were 

observed (Table 1-2). The mean survey visibility ranged from 1 m-10 m (mean = 5.15 m; Table 

1-1; Figure 1-4). The highest species richness (S) observed on a single survey was on a terrace at 

Baker bank (S = 20) and the lowest S was a tie (S = 1) between surveys at the terrace on 

Aransas, the edge on Hospital, and the edge on Aransas. The number of individuals observed 

was highest at a different edge surveyed at Hospital (n = 56) and least at the three sites which 

tied for lowest species richness. No significant differences in number of individuals (F = 0.466, 

df = 20, P = 0.709), species richness (S; F = 1.666, df = 20, P = 0.347), Shannon’s diversity (H’; 

F = 0.421, df = 20, P = 0.739), Pielou’s evenness (J’; F = 1.879, df = 20, P = 0.930), or 

Simpson’s index (D; F = 1.053, df = 20, P = 0.391) were detected among biotopes were 

identified through statistical testing (Appendix D).  

 SIMPROF testing indicated presence of significant multivariate structure (π = 6.082, P = 

0.001). Therefore, I examined the effect of bank and biotope on community structure via 

PERMANOVA. There were no significant differences in community structure among biotopes 

(F = 0.968, df = 3, P = 0.479) or banks (F = 1.860, df = 5, P = 0.051), and no significant 

interaction between the variables was detected (F = 1.340, df = 5, P = 0.163). Results of 

SIMPER in addition to visuals from the shade plot in indicate Red Snapper drove the similarities  
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Figure 1-4. Shade plot of fourth-root transformed MaxN counts for taxa observed in the bottom-most 10 m of remotely operated 

vehicle (ROV) survey and identified to the species level at the six South Texas Banks (STB). The gray scale shows the transformed 

MaxN counts of each species. Species are ordered by family. The dendrogram at the top displays hierarchical clustering of surveys 

which were verified with type 2 similarity profile testing (P < 0.001). Cluster groups are indicated by connected red dashed lines and 

bars above numbers (gray = A, dark blue = B, light blue = C). Each survey is identified with symbol representative of biotope (e.g., 

green square = crest) and value representative of the mean visibility. 
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among the biotopes (Figure 1-4). Red Snapper were observed on all but four (83.3%) of the ROV 

surveys. No multivariate structure driven by biotope was present (Figure 1-4). This finding, in 

conjunction with the significant results of the SIMPROF analysis, indicated other variables were 

significantly driving differences in community structure. 

Hierarchical agglomerative clustering with SIMPROF tests revealed significant 

differences among three clusters that was related to visibility (i.e., A, B, and C; P < 0.001; Figure 

1-4). Mean visibility of cluster A was 3.00 m, cluster B was 7.29 m, and cluster C was 2.54 m. 

The visibility in clusters A and C were similar which may indicate the clusters would be 

expected to be grouped together, but the clusters were separated because no Red Snapper were 

observed in cluster A. SIMPER analyses reported species observed in cluster C (i.e., lower 

visibility cluster) were Almaco Jack (Seriola rivoliana), Greater Amberjack, Blue Angelfish 

(Holacanthus bermudensis), Rock Beauty (Holacanthus tricolor), Spotfin Hogfish (Chaetodon 

ocellatus), Cobia (Rachycentron canadum), Red Snapper, Vermilion Snapper, and Reef 

Butterflyfish (Chaetodon sedentarius). Cobia was the only species within cluster C and was 

unique to only this cluster (Figure 1-4). 

A PCA analysis was used to identify the impact of environmental conditions on 

community composition (Figure 1-5). The mean parameter of each cluster was used for this 

analysis to understand the overall effect of the environmental conditions. The PCA analysis 

indicated that visibility had the strongest impact on community structure as shown by the vector 

length of nearly 2 in PC1 (Figure 1-5). Significant differences in community structure by cluster 

(F = 10.075, df = 2, P = < 0.001) and visibility (F = 3.2446, df = 1, P = 0.002) were reported with 

PERMANOVA, and no significant interaction between the variable and covariate were observed 

(F = 0.718, df = 1, P = 0.665). These results indicated fish community structure was statistically 
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similar across biotopes. Moreover, data suggested community structure will differ depending on 

the visibility.  

 
Figure 1-5. Environmental principal component analysis (PCA) plot that shows the magnitude of 

environmental parameters on significantly different hierarchical clustering groupings (i.e., A, B, 

and C; SIMPROF; P < 0.001). Parameters included visibility, temperature, depth, and altitude. 

Environmental data was averaged across clusters and each cluster is represented by a point (e.g., 

green square = cluster A). 

 

Fish Density by Benthoscape Analysis 

 The two-way, unbalanced ANOVA used to explain overall fish density by biotope and 

slope resulted in significant differences in biotope (F = 92.756; df = 3; P < 0.001), slope group (F 

= 27.610; df = 2; P < 0.001), and the interaction between the biotope and slope (F = 6.568; df = 

6; P < 0.001). Significant interaction combined with unbalanced data required testing the effect 

of biotope separately for each slope group since the variables cannot be discussed independently 

(Quinn and Keough 2002; Table 1-3; Figure 1-6). Post-hoc tests indicated significant differences 

in mean densities at all biotopes within low and mid slope groups (P < 0.001; Table 1-3; Figure 

1-6; Figure 1-2). Within these slope groups, the greatest fish density was observed at crest (low 

Temperature 

Depth 

Visibility 

Altitude 



36 
 

slope = 0.037 fish/m2; mid slope = 0.044 fish/m2) followed by edge (low slope = 0.013 fish/m2; 

mid slope = 0.016 fish/m2), terrace (low slope = 0.010 fish/m2; mid slope = 0.014 fish/m2), and 

base (low and mid slope = 0.002 fish/m2), respectfully. At high slopes, there were no significant 

difference in density between the crest (0.022 fish/m2), edge (0.011 fish/m2), and terrace (0.014 

fish/m2; P > 0.05), and these three biotopes were all significantly greater than the base (0.003 

fish/m2; P < 0.05). These results indicated fish densities were highest at crest biotopes with 

slopes between 5°-20° (Table 1-3; Figure 1-6). 

 

Table 1-3. Results of post-hoc testing to evaluate differences in mean fish density by biotope and 

slopes. The effect of biotope was tested separately for each slope group because there was a 

significant interaction between variables and the data was notably unbalanced. 

  Benthoscape Estimate Std. Error t P 

Low Slope         

  Edge - Crest -0.02467 0.00074 -33.127 < 0.001 

  Terrace - Crest -0.02714 0.00081 -33.546 < 0.001 

  Base - Crest -0.03549 0.00131 -27.081 < 0.001 

  Terrace - Edge -0.00246 0.00063 -3.895 < 0.001 

  Base - Edge -0.01081 0.00121 -8.942 < 0.001 

  Base - Terrace -0.00835 0.00125 -6.682 < 0.001 

Mid Slope         

  Edge - Crest -0.02829 0.00056 -50.527 < 0.001 

  Terrace - Crest -0.03034 0.00059 -51.535 < 0.001 

  Base - Crest -0.04198 0.00076 -55.003 < 0.001 

  Terrace - Edge -0.00205 0.00038 -5.438 < 0.001 

  Base - Edge -0.01369 0.00061 -22.266 < 0.001 

  Base - Terrace -0.01164 0.00064 -18.153 < 0.001 

High Slope         

  Edge - Crest -0.01120 0.00819 -1.368 0.172 

  Terrace - Crest -0.00871 0.00821 -1.060 0.289 

  Base - Crest -0.01964 0.00828 -2.371 0.036 

  Terrace - Edge 0.00249 0.00122 2.048 0.122 

  Base - Edge -0.00844 0.00162 -5.215 < 0.001 

  Base - Terrace -0.01093 0.00174 -6.267 < 0.001 
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Figure 1-6. Multi-faceted plot of mean fish density estimates (gray bars; number of individuals/m2) and the associated standard errors 

(error bars) by biotope (i.e., crest, edge, terrace, and base) for each slope group (i.e., low, mid, and high) from 5 m x 5 m grids 

acoustically surveyed between July 2017 and October 2019 at six South Texas Banks (STB) in the northwestern Gulf of Mexico. Plots 

are separated by slope group because there was a significant interaction between slope group and biotope when explaining fish density 

(F = 6.568; P < 0.001) and therefore the variables cannot be discussed independently. 
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Fish densities were scaled to species-specific densities and the same two-way ANOVA 

used for total fish densities was run for each of the selected federally managed species (i.e., Red 

Snapper, Vermilion Snapper, Gray Snapper, and Greater Amberjack). This analysis was run to 

determine whether abundance varied across relief anomalies investigated. The two-way ANOVA 

for each species revealed that all species were significantly different by biotope and slope group, 

and there was an interaction between the two variables (P < 0.05). Post hoc tests results indicated 

similar P and t-values to the overall fish two-way ANOVA but different standard errors and 

estimates because of the variable scaling of each species from the species composition (Table 

1-3; Figure 1-7).  

Red Snapper specific post-hoc tests indicated within the low and mid slope the greatest 

fish density was observed at crest (low slope = 0.532 individuals/m2; mid slope = 0.615 

individuals/m2) followed by edge (low slope = 0.178 individuals/m2; mid slope = 0.219 

individuals/m2), terrace (low slope = 0.143 individuals/m2; mid slope = 0.190 individuals/m2), 

and base (low slope = 0.026 individuals/m2; mid slope = 0.027 individuals/m2), respectfully 

(Figure 1-7). At high slopes, there were no significant difference in density between the crest 

(0.314 individuals/m2), edge (0.157 individuals/m2), and terrace (0.192 individuals/m2; P > 0.05), 

and these three biotopes were all significantly greater than the base (0.039 individuals/m2; P < 

0.05).  

Vermilion Snapper specific post-hoc tests indicated within the low and mid slope the 

greatest fish density was observed at crest (low slope = 1.867 individuals/m2; mid slope = 2.195 

individuals/m2) followed by edge (low slope = 0.634 individuals/m2; mid slope = 0.782 

individuals/m2), terrace (low slope = 0.511 individuals/m2; mid slope = 0.679 individuals/m2), 

and base (low slope = 0.093 individuals/m2; mid slope = 0.097 individuals/m2), respectfully. At 
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high slopes, there were no significant difference in density between the crest (0.210 

individuals/m2), edge (0.561 individuals/m2), and terrace (0.685 individuals/m2; P > 0.05), and 

these three biotopes were all significantly greater than the base (0.139 individuals/m2; P < 0.05).  

Greater Amberjack specific post-hoc tests indicated within the low and mid slope the 

greatest fish density was observed at crest (low slope = 0.128 individuals/m2; mid slope = 0.151 

individuals/m2) followed by edge (low slope = 0.043 individuals/m2; mid slope = 0.782 

individuals/m2), terrace (low slope = 0.511 individuals/m2; mid slope = 0.054 individuals/m2), 

and base (low slope = 0.035 individuals/m2; mid slope = 0.047 individuals/m2), respectfully. At 

high slopes, there were no significant difference in density between the crest (0.077 

individuals/m2), edge (0.038 individuals/m2), and terrace (0.047 individuals/m2; P > 0.05), and 

these three biotopes were all significantly greater than the base (0.009 individuals/m2; P < 0.05).  

Gray Snapper specific post-hoc tests indicated within the low and mid slope the greatest 

fish density was observed at crest (low slope = 0.130 individuals/m2; mid slope = 0.153 

individuals/m2) followed by edge (low slope = 0.044 individuals/m2; mid slope = 0.055 

individuals/m2), terrace (low slope = 0.036 individuals/m2; mid slope = 0.047 individuals/m2), 

and base (low and mid slope = 0.007 individuals/m2), respectfully. At high slopes, there were no 

significant difference in density between the crest (0.078 individuals/m2), edge (0.039 

individuals/m2), and terrace (0.048 individuals/m2; P > 0.05), and these three biotopes were all 

significantly greater than the base (0.009 individuals/m2; P < 0.05; Figure 1-7). 
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Figure 1-7. Multi-faceted plot of mean species-specific density estimates (number of individuals/m2) and the associated standard 

errors (error bars) by biotope (i.e., crest, edge, terrace, and base) for each slope group (i.e., low, mid, and high) from 5m x 5m grids 

acoustically surveyed between July 2017 and October 2019 at six South Texas Banks (STB) in the northwestern Gulf of Mexico. The 

top plot represents Vermilion Snapper (pink bars), followed by Red Snapper (maroon bars), Greater Amberjack (gold bars), and Gray 

Snapper (gray bars), respectfully. Plots are separated by slope group because there is a significant interaction between slope group and 

biotope when explaining fish density (P < 0.001) and therefore the variables cannot be discussed independently. The y-axis scale 

varies by species, but general trends and significant differences remain the same between species.
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Management Implication Analysis 

 I tested the effect of percent of area with the greatest fish density (i.e., mid slope within 

the crest region) on the mean density of each bank. This analysis was used to understand the 

effect of this ‘optimal’ aggregation area for management purposes. There was a significant, 

positive linear relationship between the percent of the bank surveyed that fell within my optimal 

area definition and fish density (R2 = 0.795; F = 15.495; P = 0.017; Figure 1-8). The percent of 

optimal area explained about 80% of the variation in the mean fish densities between the banks.  

 
Figure 1-8. Plot of average fish density on a bank (number of individuals/m2; black dots) as 

explained by the percent of area surveyed that was in the crest biotope with mid slope (i.e., 5°-

20° elevation). Each point represents one of the six South Texas Banks (STB) surveyed between 

July 2018 and October 2019. Red line represents the regression line of best fit between the data.  

 

Discussion 

Little is known about fish assemblages across the STB despite the banks providing 

important fish habitat and hotspots for diversity in the structure limited northwestern GOM 

(Parker et al. 1983; Tunnell et al. 2009; Nash et al. 2013a; Streich et al. 2017b). This study is the 
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first to address how fish community structure and density varies across relief anomalies (i.e., the 

slope and biotope) of the STB using improved geospatial methodologies paired with ROV and 

acoustic fisheries-independent sampling. Previous studies attempting to define biotic zones at the 

STB occurred between the 1970s and 1990s and relied heavily on visual assessment of the bank 

which resulted in zones being defined by coral communities (Rezak et al. 1985, 1990). However, 

due to the distinct formation of STB through punctuated sea level rise events as well as the 

nepheloid layer, geospatial methodologies to define benthoscapes were needed, because they can 

more accurately assess topographic complexities (Shideler 1981; Wilson et al. 2007; Zawada 

2011; Khanna et al. 2017). Pairing geospatial analysis with fisheries-independent sampling 

allowed to assessment of fish community structure and density across features of the geospatially 

defined benthoscapes. Through extensive analyses I found that fish community structure was 

generally similar across bank relief anomalies in the STB complex, and fish density was greatest 

at the crest where there was a 5°-20° change in elevation. Slopes greater than 5° are likely due to 

higher resolution raster quality which can identify smaller objects like boulders, carbonate rocks, 

biotic features (e.g., corals and coralline algae), and other possible obstructions like ship anchors 

(Roberts et al. 2005). Furthermore, these results suggest Red Snapper follow similar distribution 

patterns which should be considered by managers estimating absolute abundance of the species 

(NMFS 2018).  

Modern geospatial analyses using multibeam data resulted in more refined identification 

of relief anomalies and allowed me to more thoroughly assess the relationship between 

topographic complexity and fish communities and abundances (Wilson et al. 2007). Data 

indicated fish community structure was statistically similar among geospatially identified 

biotopes. My results agree with previous studies that relied on a zonation scheme officially 
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described in Rezak et al. (1985), and these studies resolved that only a single, homogenous 

Antipatharian Zone was present at the STB (Bright and Rezak 1976; Rezak et al. 1983, 1985, 

1990; Dennis and Bright 1988). Although our results are similar, these earlier studies are limited 

because they derived a zonation scheme that was intended to classify the biotic zones of all 

banks in the western GOM (e.g., including the FGB and other shelf-edge banks) based on coral 

communities (Rezak et al. 1985; Dennis and Bright 1988). This blanketed approach is not 

appropriate in many cases, since the natural banks in the northwestern GOM were formed 

through very different geological processes and vary in many important aspects including 

location, vertical relief, and nepheloid magnitude (Bright and Rezak 1976; Rezak et al. 1983, 

1985, 1990; Berryhill 1987; Dennis and Bright 1988; Holcombe et al. 2010; Khanna et al. 2017). 

The STB are low relief banks which causes them to have more interaction with the nepheloid 

layer, and this interaction has been cited as a reason for the suppressed fish diversity at the STB 

(Dennis and Bright 1988; Streich et al. 2017b; Murawski et al. 2018). Data indicated that 

although fish comminity compostion was similar across biotopes, community structure did 

significantly vary with visibility. Therefore it was necessary to further investigate the role of the 

nepheloid layer on fish community structure. 

 Data indicated multivariate fish community structure was driven by low visibility due to 

the presence of a highly dynamic nepheloid layer. In fact, the nepheloid layer ranged in thickness 

from 0 m to 14 m (mean = 5 m) during this study. Visual assessment from acoustic echograms 

noted the density of resuspended particulate varied by survey and was at a constant depth across 

a bank during a single survey. Previous fish community studies at the STB have commonly 

reported community structure is influenced by the nepheloid but have not reported on which 

species may be driving the differences (Rezak et al. 1985; Dennis and Bright 1988; Tunnell et al. 
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2009; Streich et al. 2017b; Murawski et al. 2018). Within the 24 ROV visual surveys, 43 species 

were observed. I observed 42 of these species in the higher visibility cluster (i.e., cluster B) and 

only nine species (Almaco Jack, Greater Amberjack, Blue Angelfish, Rock Beauty, Spotfin 

Hogfish, Cobia, Red Snapper, Vermilion Snapper, and Reef Butterflyfish) in the low visibility 

cluster (i.e., cluster C). Cobia was the only species unique to just cluster C. The visibility 

between these two groups differed by nearly 5 m. All species in cluster C were either large-

bodied, predatory species (e.g., Red Snapper, Greater Amberjack, and Cobia), had a posterior 

false eye spot (e.g., Reef Butterflyfish and Reef Butterflyfish), or had a mutualistic relationship 

with predators (Blue Angelfish). Large predatory fishes are more likely to survive in low 

visibility conditions because of their body size (Confer and Blades 1975). Streich et al. (2017b) 

reported Red Snapper moving in and out of the nepheloid layer during multiple ROV surveys at 

the STB which may be a predatory strategy in low visibility environments. I noticed the smaller, 

often brightly-colored fishes, which would be at greatest risk of predation from one of these 

larger-bodied predators, were still observed within the nepheloid dominated cluster. The 

distinction between these fishes and the other brightly-colored fishes observed only in cluster B 

was the presence of a posterior false eyespot on fishes in the visibility limited cluster. Posterior 

false eye spots may be an adaption strategy to the highly turbid environments because they can 

ward off predators and/or increase their chance of survival if captured which may (Karplus and 

Algom 1981; Kjernsmo and Merilaita 2013). Blue Angelfish are a cleaner species and have a 

mutualistic relationship with predators (Coleman et al. 2010). All of these strategies increase a 

fish’s chance of survival which is important in a highly turbid environment (Confer and Blades 

1975; Losey Jr. 1987; Grutter 1999; Kjernsmo and Merilaita 2013). Moreover, fishes within a 

low visibility environment may be able to capitalize on the lack of diversity since there will be 
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less competition for food and habitat resources (Cardinale et al. 2009). The influence of visibility 

may also impact a reader’s ability to view the species, but this explanation seems less likely 

especially since studies have concluded fishes at the STB have likely adapted to highly turbid 

environments (Bright and Rezak 1976; Bright 1977; Rezak et al. 1983; Dennis and Bright 1988). 

 Because community structure was similar across a bank, I generated a single, regional 

species composition to overcome visibility limitations presented by the nepheloid layer and 

reduce the chance of reader-biased results. My community composition analysis indicated that 

nearly 50% of fishes (limited to those with a swim bladder and could be acoustically detected) 

were Vermilion Snapper and nearly 14% were Red Snapper. Additionally, five of the top six 

most prominent species observed during my study were federally managed species (Vermilion 

Snapper, Red Snapper, Almaco Jack, Gray Snapper, and Greater Amberjack). The high relative 

abundances of these predatory fishes are likely related to their trophic level and body size within 

the nepheloid dominated STB. Moreover, the STB may be more advantageous to large-bodied 

species because they can be more effective predators at these banks than at the FGB or other, less 

turbid natural banks. My ROV visual data (including fishes removed for acoustic purposes) 

indicated that 46.4% of the fishes observed are lutjanids (i.e., Red Snapper, Vermilion Snapper, 

or Gray Snapper) and 16.1% were carangids (Appendix H). Clark et al. (2014), using data 

collected by SCUBA diver surveys from 2010-2012, reported lutjanids (6.3%) and carangids 

(8.4%) composed relatively little biomass at the FGB. This surprising difference is corroborated 

by Rooker et al. (1997)’s report that lutjanids, except for deep water Red Snapper, were rare or 

absent at the FGB. However, both studies relied on SCUBA divers and the results may be an 

artifact of a more limited survey depth (Dickens et al. 2011; Wetz et al. 2020). Nearly 46% of all 

fishes observed in our study (i.e., including species that would be removed for acoustic purposes) 
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at the STB were federally managed species. Therefore, I suspect the highly turbid, nepheloid 

influenced environments may be limiting to diversity, but are optimal for large bodied, predatory 

species. This is an important distinction for management purposes, because most federally 

managed reef species fit this description and may benefit from the highly turbid environments. 

For these reasons, the STB should be considered more thoroughly in the future as a major source 

of Red Snapper and other federally managed species.  

 Although fish community structure was similar across the biotopes of the STB, fish 

density varied with topographic complexity. Fish density was greatest at the crest in regions 

where the slope was between 5°-20° (i.e., mid slope). Similarly, results presented in Bright and 

Rezak (1976) found both fish and coral densities decrease with depth. The coral community on 

the crest is characterized by the greatest amount of coralline algae, black corals including 

Cirrhipathes, gorgonian sea fans Thesea, large thorny oysters (Spondylus americanus), and small 

carbonate rocks (Bright and Rezak 1976; Rezak et al. 1983; Rezak et al. 1985; Dennis and Bright 

1988; Tunnell et al. 2009). As depth increases, light availability decreases, and so does the 

abundance and diversity of corals (Bright and Rezak 1976; Rezak et al. 1983). Topographic 

complexity at the base is more influenced by carbonate rocks instead of corals (Bright and Rezak 

1976; Rezak et al. 1983). Light availability from higher relief and less interaction with the 

nepheloid layer amalgamate to increase corals (abundance and diversity) at the crest, and this is 

likely why fish densities peak within this biotope. The enhanced abundance and diversity of 

corals and other marine flora results in greater food resource availability for fishes. Moreover, 

the community composition of corals, coralline algae, and other biotic flora and fauna may 

influence patterns of fish distribution and abundance both within and among biotopes, and these 

biotic factors were not quantified within this study. Therefore, future studies should investigate 
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the effects of epibenthic primary production on fish abundance and diversity within the 

geospatially identified benthoscapes. Additionally, the topographic complexity of these features 

creates greater habitat availability, which provides refuge for smaller fishes to hide in to escape 

predators (Bright and Rezak 1976; Pascual 2015). Therefore, crest regions defined with mid 

slope will have the greatest aggregations of fishes.  

Terrace and edge biotopes are intermediate between the crest and the base, and within 

these biotopes, the second and third greatest fish densities were observed for all slopes. Density 

was greater on edge than terrace within the low and mid slopes which was likely due to greater 

vertical relief and places for fishes to hide (Bright and Rezak 1976; Pascual 2015). However, 

densities on the terrace were greater than edge at high slopes. This may be due to large carbonate 

rocks on the edge creating steep vertical relief that the environment was not hospitable for corals 

or fishes to seek refuge. The base region had significantly lower densities of fishes within each 

slope group. This was likely a result of the biotope having the greatest interaction with the 

nepheloid layer. The generally barren biotope is not ecologically profitable for fishes that are not 

adapted for highly turbid conditions, so these fishes likely migrate to benthoscapes with greater 

resource availability from enhanced epibenthic primary production and places to hide from 

predators within the same bank. All biotopes in the STB are generally dominated by mud and silt 

resulting in generally similar environment to open bottom habitats where Red Snapper have been 

reported to feed (Rezak et al. 1983, 1985; Gallaway et al. 2009). Therefore, moving to a more 

ecological profitable biotope may not a dramatic shift in regards to the ecology of Red Snapper. 

Fish density was lowest when the slope was 20°-35° which indicates that fishes do not prefer 

regions with large obstructions. This may be due to the high slope caused by large obstructions 
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being abiotic (i.e., up to 2 m carbonate rocks), whereas mid obstructions are likely biotic (i.e., 

corals and coralline algae) and enhance food resources (Bright and Rezak 1976). 

All species of fishes followed the same patterns between benthoscapes, just at different 

proportions. Current management practices aimed at estimating the absolute abundance of 

species over large areas generally assume the distribution of abundance is homogenous across 

relief anomaly features. However, my results indicated the assumptions required for this 

extrapolation are not met at the STB. Therefore, managers should not apply the same blanketed 

approach to assessing absolute abundance (e.g., multiplying the average density to the entire 

bank footprint) but rather stratify and extrapolate by benthoscape (Streich et al. 2017b). To 

provide a more refined absolute abundance estimate of a species (e.g., reduce the risk of 

overestimating a population because sampling only occurred at the crest with mid slope), all 

benthoscapes should be geospatially identified and stratified prior to sampling (Rivoirard et al. 

2008). These results suggest banks with the greatest percentage of area defined by crest with 

slope ranging from 5°-20° be given the highest priority when developing a marine protected area 

as proposed by Nash (2013). The management-driven analysis indicated the percentage of 

optimal fish aggregation area (i.e., crest biotope with mid slope) on a bank explained nearly 

79.5% of the variation in mean density between banks that were surveyed. Therefore, the STB 

that should be given priority as an MPA are Southern Bank (12.4%), Hospital Bank (11.6%), and 

Baker Bank (9.0%). These banks have the greatest absolute abundance of species like Red 

Snapper, Greater Amberjack, Gray Snapper, and Vermilion Snapper.  

Future work should be done to evaluate influence of the nepheloid layer on fish 

community structure and how it may be favoring nepheloid adapted species (i.e., those which are 

either large-bodied and predatory, have physical characteristics that enhance survival, or a 
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mutualistic relationship with predators). This could be tested by following the methods described 

in this study but adding a component that pairs paired sonar with the ROV. Although fishes will 

not be identified to species level, such a study will be able to discern if fishes are being missed 

by readers or if the community may be adapted to the highly turbid environment. Additionally, 

future studies should assess the impact of nepheloid on the abundance. Preliminary results from 

this study indicate that fish density does not significantly differ by nepheloid thicknesses, but 

more extensive work that focuses on measuring the nepheloid with methods that do not disturb 

the resuspended sediment should be done. These proposed studies will be important for future 

management of federally managed species and to better understand the STB. This study 

indicated the STB may support greater relative abundance of federally managed species. 

Additionally, this study was the first to investigate the interaction between relief anomalies and 

fish community structure and density at the STB using modern geospatial analysis. Slope and 

biotope features are important to consider because fish density varies in response to the unique 

topographic complexity at the STB. Data indicated densities were greatest at the crest in regions 

composed of biotic marine fauna which creates mid-range topographic complexity for fishes to 

hide as well as provides the greatest resources. Overall, results from this study should be 

considered by resource managers when estimating populations and identifying Marine Protected 

Areas and Essential Fish Habitat. 
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CHAPTER 2: IS LESS REALLY MORE? DESIGNING THE OPTIMAL CONFIGURATION 

OF DECOMMISSIONED OIL AND GAS PLATFORMS WITHIN A REEF SITE IN THE 

NORTHWESTERN GULF OF MEXICO 

 

Abstract 

Oil and gas platforms, hereafter referred to as platforms, are multifunctional in the Gulf 

of Mexico (GOM) because, while in production, they extract hydrocarbons as well as increase 

fish habitat in the northwestern GOM, where natural hardbottom habitat is limited. The National 

Artificial Reef Plan presents unique opportunities for obsolete platforms to be converted to 

artificial reefs by company donations to state managed Rigs-To-Reefs (RTR) programs. Platform 

reefing saves companies money and enhances fish populations by retaining the habitat and 

maximizing the amount of permanent reef habitat available. The objective of this paper was to 

determine the reef site configuration that results in the greatest benefit-cost ratio. I used acoustic 

surveys in conjunction with ROV visual census surveys collected between June and October 

2019 to estimate total abundance, species-specific abundances, and community structure metrics 

at 11 reef sites which contained a total of 50 structures. I evaluated the relationship between fish 

metrics and the of number of structures, structure volume, and ambient depth for each reef site (n 

= 11). Results indicated that number of structures within a reef site was the most substantial 

factor when considering enhancing fish abundances. Mean abundances of Red Snapper (Lutjanus 

campechanus), Vermilion Snapper (Rhomboplites aurorubens), Gray Snapper (Lutjanus 

griseus), and Greater Amberjack (Seriola dumerili) increased significantly as the number of 

structures within a reef site increased. I also assessed an individual structure’s contribution to 

abundance by evaluating the impact of structure type (i.e., toppled, cutoff, and deck), distance to 

nearest platform, relief, structure volume, and number of structures the platform is adjacent to (n 
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= 50), and I found no notable correlations between total abundance and these variables. A 

benefit-cost analysis revealed the benefit-cost ratio (BCR) was highest for the configuration with 

the greatest density of platform structures (i.e., nearly three times greater than the configuration 

with the second highest BCR). This study highlights the importance of considering platform 

configuration in a reef site prior to decommissioning and provides suggestions to artificial 

reefing managers for future deployment of obsolete platforms.  

 

Introduction 

Oil and gas platforms in the Gulf of Mexico (GOM), primarily along the Texas-Louisiana 

continental shelf (OCS), comprise the largest artificial reefing complex in the world (Dauterive 

2000). The primary purpose of these platforms is to extract oil and gas from the deposit rich OCS 

of the northwestern GOM, and they also serve as important fish habitat in the northwestern GOM 

where natural hard-bottom is relatively scarce (Owen 1975; Gallaway et al. 2009; Broughton 

2012; Froeschke and Dale 2013; Claisse et al. 2014; LGL Ecological Research Associates 2019). 

Nearly 80 km2 of artificial structure is currently deployed on the continental shelf in the Texas 

region of the northwestern GOM, and although this area is minimal, the structured habitat 

provides high vertical relief supporting abundant marine life (Bull and Kendall 1994; Stanley 

and Wilson 2000; Froeschke and Dale 2013). This additional structure is important for enhancing 

available habitat for reef-associated fishes like Red Snapper (Lutjanus campechanus; Gallaway 

2009; Ajemian et al. 2015a; Streich et al. 2017a). 

The United States federal government formally recognized the importance of platforms 

for fisheries enhancement in the 1980s when National Artificial Reef Plan under Title II of the 

National Fishing Enhancement Act of 1984 was passed. This act implemented federal support for 
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the recycling of obsolete platforms as fish habitat by providing financial motivation for oil and 

gas companies to donate their platforms to the adjacent state’s Rigs-to-Reefs (RTR) program (33 

USC § 2101; Bull and Love 2019; Kaiser et al. 2020). If a platform meets requirements listed in 

the National Artificial Reef Plan (i.e., does not inhibit OCS resource extraction and development, 

meets Army Corps of Engineers permitting process, and the adjacent state accepts responsibility 

for the structure; 30 CFR §§ 250.1703, 250.1730), then it can be accepted into the RTR program 

for recycling. When inducted to the RTR program, the one-year abandonment period (i.e., 

timeframe companies are allotted to completely remove all structures and permanently plug and 

abandon wells after OCS lease termination) is waved to allow for the conversion of the platform 

into an artificial reef structure (30 CFR §§ 250.1703, 250.1730; Schroeder and Love 2004; 

Kaiser 2006; Bull and Love 2019).  

Many companies with obsolete platforms that meet the National Artificial Reef Plan 

requirements choose to reef their platforms because the potential realized savings can be up to 

several million dollars (IFC Incorperated 2015). The potential realized savings serve as an 

incentive for companies to accept financial responsibility for the decommissioning process as 

well as donate half of their realized savings back to the RTR program (Kaiser et al. 2020). The 

exact amount of savings depends on factors such as tow distance (i.e., distance between OSC 

lease where platform was productive and reef site where platform will be reefed) and method of 

removal (Kaiser 2006; IFC Incorperated 2015; Kaiser and Liu 2015; Bull and Love 2019; Kaiser 

et al. 2020). Removal method is classified as complete removal (the structure is removed from 

OSC and towed to shore), toppled-in-place (the structure is pulled over and laid on its side on the 

seafloor), hereafter referred to as toppled, or partially removed (the top portion of the platform is 

removed and laid next to the base which retains its vertical profile), hereafter referred to as cutoff 
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(Dauterive 2000; Kaiser 2006; Bull and Love 2019; Kaiser et al. 2020). Small-scale differences 

in fish community structure between removal method (e.g., topped, cutoff, and standing 

platforms) have been reported, and no study has evaluated the relationship between the number 

of reefed structures within a reef site and fish abundances or community structure (Wilson et al. 

2006; Ajemian et al. 2015a; Reynolds et al. 2018). 

The rate of decommissioning platforms reached its peak in the GOM between 2010-2014, 

and during this period nearly 300 platforms were decommissioned, 50 of which were reefed in 

the TXGOM (Kaiser et al. 2020). Currently, the Texas Parks and Wildlife Department Artificial 

Reef Program (TPWD-ARP), Texas’ state managed RTR program, maintains 235 reefed 

platform structures within 91 permitted reef sites (Shipley-Lozano 2018). The location a 

platform is reefed is variable and generally guided by reducing the cost rather than exploiting the 

benefit-cost relationship of reefing (Bohnsack and Sutherland 1985; Wilson et al. 2002; Shipley-

Lozano 2018). Therefore, the number of structures within a reef site is variable and ranges from 

a single structure up to 12 structures (Shipley-Lozano 2018). However, the relationship between 

fish abundance and reef site configuration (i.e., number of platforms and their arrangement 

within a reef site) has yet to be evaluated. Understanding this relationship is essential for 

following standards set in National Artificial Reef Plan which requires decommissioned 

structures to be arranged in a way that enhances fisheries resources (33 USC § 2101; NOAA 

2007).  

Red Snapper is a long-lived finfish and the most economically important species in the 

GOM (NMFS 2018). Red Snapper was declared overfished from 1984-2016, and although no 

longer overfished, the stock is still undergoing a rebuilding plan (Goodyear 1988, 1993; 

Gallaway et al. 2009; Cass-Calay et al. 2015; SEDAR 2018). Understanding how Red Snapper 
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use habitats like platforms is important for continued management of the species (Wilson et al. 

2002; Naiman and Latterell 2005). Red Snapper are a prevalent species at reefed and standing 

platforms, and several studies have reported the species may constitute a majority of the total fish 

abundance on a platform (Gallaway 1981; Stanley and Wilson 1997, 2000; Wilson and Nieland 

2001; Wilson et al. 2002, 2003, 2006; Ajemian et al. 2015a; Streich et al. 2017b; LGL 

Ecological Research Associates 2019). LGL Ecological Research Associates (2019) reported that 

nearly 5% of the GOM Red Snapper stock reside on standing platforms in the northwestern 

GOM, and Karnauskas et al. (2017) estimated artificial structures held less than 14% of the 

GOM stock. Therefore, despite the very small area these reefs make up, they do provide habitat 

for a significant portion of the GOM stock (Streich et al. 2017a). 

The purpose of this study was to the determine platform configuration within a reef site 

that results in the greatest ratio of fisheries benefit to reefing cost. Objectives of this chapter were 

fourfold: 1) compare fish community structure at reef sites with variable platforms; 2) evaluate 

the relationship between total fish abundances and overall reef site parameters (i.e., quantity of 

structures, structure volume, and depth); 3) evaluate the relationship between individual 

structures and abundances; and 4) assess the relationship between cost of reefing and fisheries 

benefit based on proposed configurations. Results of this study are pursuant to the National 

Artificial Reef Plan and will guide managers in optimizing reef sites so that platforms generate 

the greatest fisheries benefit at the lowest possible cost (NOAA 2007). 

 

Study Site 

This study was conducted at reef sites maintained by TWPD-ARP along the northwestern 

GOM and included 50 platform structures within 11 reef sites (Figure 2-1) Reef sites were 



62 
 

selected based on the number of structures they contained, which ranged from 1 to 12 structures 

(Table 2-1; mean = 5). The distance between an individual structure and the nearest platform for 

all structures ranged from 4 m to 5,889 m (mean = 235 m). The distance between an individual 

structure and the nearest platform within reef sites with more than one structure ranged from 4 m 

to 81 m (mean = 35 m). Ambient bottom depth of all surveyed reef sites ranged from 36 m to 

126 m (mean = 60 m) and structure vertical relief ranged from 10 m to 104 m (mean = 28 m). 

The smallest structure volume included in this study was 8,109 m3 and the largest was 509,124 

m3 (mean = 45,223 m3). The total structure volume for an entire reef site was the smallest at MU-

870 (11,228 m3) greatest at HI-A-389 (509,124 m3; mean = 205,557 m3; Table 2-1). Structure 

types included toppled (n = 34), cutoff (n = 15), and deck (n = 1). All analyses were tested with 

and without HI-A-389 because this site is deeper and has greater relief than other structures, but 

there were no differences in trends between analyses with and without HI-A-389. Therefore, HI-

A-389 was included in the analysis and subsequent results of this study.  

Table 2-1. List of 11 reef sites with information on average ambient conditions of the structures 

they contain. Number of structures indicated the quantity of reefed platforms within each reef 

site. Structure type(s) is the nature and of structures. The average bottom depth (maximum depth 

of the reef site), structure depth (shallowest depth of structure), relief (vertical distance between 

the shallowest part of the structure and the bottom depth), distance to neighbor (distance to the 

nearest platform), footprint, and volume are recorded.  

Reef Site 
No. 

Structures 

Structure 

Type(s) 

Bottom 

Depth 

(m) 

Structure 

Depth 

(m) 

Relief 

(m) 

Dist. to 

neighbor 

(m) 

Footprint 

(m2) 

Volume 

(m3) 

HI-A-389 1 Cutoff 126 21 105 1,403 4,864 509,124 

MI-712 1 Deck 40 27 13 2,836 910 11,441 

MU-870 1 Toppled 45 28 17 5,889 666 11,228 

HI-A-385D 2 Cutoff 110 52 58 46 1,158 77,667 

MI-681 2 Cutoff 38 20 19 20 1,278 24,728 

HI-A-341 4 Toppled 63 41 22 18 3,054 65,772 

BA-A-132 6 Toppled 57 38 19 27 2,345 45,670 

MU-A-85 6 Cutoff, Toppled 79 37 42 30 1,823 63,955 

MI-703 7 Cutoff, Toppled 36 19 17 40 1,422 25,059 

MU-828 8 Toppled 49 31 17 31 1,139 19,790 

MI-A-7 12 Cutoff, Toppled 58 38 21 47 1,091 22,498 
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Figure 2-1. Map of artificial reef sites included in this study. Red points correspond to reef sites which contain platform structures. 

The inset map shows the general area the GOM where this study was conducted. Gray lines represent depth contours every 30 m from 

30 m to 300 m. 
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Methods 

ROV Visual Census Surveys—ROV visual census surveys were completed with a 

Mission Specialist Defender ROV (VideoRay, LLC) from June to October 2019 at one structure 

within each reef site when conditions allowed (n = 10). Only one structure per reef site was 

sampled, and surveys at some sites were limited by visibility or current such that the ROV could 

not reach bottom depths. When this occurred, additional ROV surveys conducted at platforms of 

similar depth, region, and relief as the sites were performed (Table 3-1). These additional ROV 

surveys were only used for community composition analysis purposes (n = 16). The ROV was 

equipped with a compass, lasers, LED array, forward-facing multibeam sonar, temperature 

sensors, a fixed forward-facing camera (160° horizontal viewing angle, and 91° vertical viewing 

angle), and dynamic positioning systems (Doppler velocity logger [DVL]) to estimate depth and 

altitude as well as allow for auto-depth holding and waypoint following capabilities. The ROV 

was piloted with an integrated control box, and visual data was transmitted in real-time to the 

surface and recorded. A rear-facing GoPro Hero7 Black (122.6° horizontal viewing angle, 94.4° 

vertical viewing angle; GoPro, Inc.), hereafter referred to as rear-facing camera, was mounted 

externally to the rear of the ROV to increase area surveyed. Camera recordings were started at 

the same time and environmental data collected by the ROV were applied to fish observations 

from both cameras during video processing. Both cameras were set to an angle and 0° for all 

surveys. The LED array remained off during surveys to reduce potential fish attraction to the 

ROV (Bowmaker 1990). Longitude and latitude were collected with a global positioning system 

(GPS) at the location where the ROV was deployed. Visibility was measured using paired sonar 

in conjunction with real-time video to estimate the distance the ROV could back away from a 

well-marked platform leg until the object could no longer be visualized in the video. Visibility 



65 
 

measurements were collected every 20 m change in depth. Videos were recorded and processed 

from the time of deployment until time of retrieval to ensure the entire water column had the 

chance to be surveyed (Ajemian et al. 2015b).  

The ROV descended to the top of the structure and completed a five-minute surface rove 

following protocol described by Ajemian et al. (2015b). After completion, a continuous roving 

survey was completed by descending at a constant speed on the down-current side of the 

structure (e.g., along a rig leg) to reduce the risk of entanglement until ambient depth or point 

where visibility was too poor to continue (i.e., visibility was approximately ≤ 1 m) was reached 

(Ajemian et al. 2015b; Streich et al. 2017b; Wetz et al. 2020). The ROV then ascended and 

surveyed crossbeams. The ROV flew in a strafing direction on crossbeams and used auto-

heading capabilities to maintain a constant heading. When the ROV reached the top of the 

structure, it was flown to the surface and the visual survey was completed. The ROV was flown 

about 1-3 m from the selected jacket leg or crossbeam throughout surveys.  

All ROV visual census data were processed by two independent readers using an open-

source video software (VLCTM media player). Different readers were used for the forward and 

rear-facing videos to prevent reader bias. During this process, the entire video was reviewed, fish 

were identified to the lowest possible taxon, enumerated, and recorded. Information on the local 

time of day, temperature, depth, altitude, visibility, and heading were also recorded, and each 

survey was saved as an individual file. Care was taken to prevent double counting of fish within 

a single visual census survey. If fish were clearly present, but visibility was too poor for the fish 

to be identified, the fishes were still enumerated and recorded as unidentified fish. If a large 

school was observed, the frame with the most fish was selected, and the school was identified 
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and enumerated. Counts were jointly reviewed if readers differed by more than 5%. The average 

of the two readers’ counts were used for all analyses. 

Community Structure Analysis—I began this analysis by only selecting visual surveys 

from the reef sites listed in Table 2-1 (n = 10). One reef site, MI-703, was not surveyed. I 

generated a MaxN for each species within each visual survey for this analysis. MaxN is a 

conservative metric that is commonly used as a measurement of relative abundance throughout 

visual census literature (Ellis and DeMartini 1995; Harvey et al. 2007; Grasty 2014; Ajemian et 

al. 2015b; Campbell et al. 2015; Streich et al. 2017b; Reynolds et al. 2018; Wetz et al. 2020). To 

prevent unidentifiable individuals being present in the analysis as two separate taxa levels (e.g., 

fishes identified to species in one instance and fishes potentially of the same species not 

identifiable in another), only fishes identified to the species level were included in this analysis 

(Love et al. 2019). Diversity metrics including species richness (S), Shannon diversity (H’), and 

Pielou’s Evenness (J’) were calculated with the DIVERSE routine in Primer v7 (Primer v7; 

Clarke and Warwick 2001). Tests for significant differences in species richness and evenness 

among the reef sites with variable numbers of platform structures were completed using analysis 

of variance statistical tests (ANOVA; α = 0.05). MaxN counts were log10 transformed to prevent 

abundant species from dominating subsequent assemblage comparisons, and the transformation 

was visually assessed with a shade plot (Clarke et al. 2014). I converted the transformed MaxN 

counts to a resemblance matrix using Bray-Curtis similarities. Non-multidimensional scaling 

(nMDS) was conducted to visually assess similarities in community structure between reef sites 

with different numbers of structures (Clarke and Gorley 2015). A hierarchical agglomerative 

clustering via CLUSTER analysis was used to identify similarity groupings and a type 1 

similarity profile (SIMPROF) was used to examine the reliability of the nMDS and CLUSTER 
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groupings (Clarke and Gorley 2015). Similarity groupings between and within the sites was 

tested with a one-way analysis of similarities (ANOSIM) to determine if similarities within the 

sites were smaller or equal to the similarities between the sites (Clarke 1993; Anderson and 

Walsh 2013).  

Species Composition Analysis—Species composition profiles were generated for every 

10-m depth layer, so total abundance estimated with hydroacoustic surveys could be scaled to 

species-specific abundances within each layer (Stanley and Wilson 1997, 2000; Reynolds et al. 

2018; LGL Ecological Research Associates 2019). I elected to bin species composition by layer, 

because this approach allowed for species-specific changes by depth (Rooker et al. 1997; Stanley 

and Wilson 1997; Simonsen 2013; Ajemian et al. 2015a; LGL Ecological Research Associates 

2019). Species that would not be visible on hydroacoustic surveys due to size, morphology, or 

behavior (e.g., damselfishes, sharks, etc.) were filtered from visual census survey data prior to 

analysis (Appendix A; Simmonds and MacLennan 2005; Wilson et al. 2006). Non-excluded fish 

occurrences on both forward and rear-facing cameras from all ROV surveys were used to 

generate species composition profiles. I used a regional approach to generate species 

composition profiles by layer, because the approach 1) overcame depth, visibility, or current 

constraints; 2) allowed for a more robust dataset to draw species composition profiles from.  

The proportional depth, or percent distance from the bottom, of each fish occurrence was 

calculated as the difference between actual depth of the fish occurrence and the site depth where 

the ROV surveyed: 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑒𝑝𝑡ℎ (%) =  
𝑆𝑖𝑡𝑒 𝐷𝑒𝑝𝑡ℎ − 𝐹𝑖𝑠ℎ 𝐷𝑒𝑝𝑡ℎ

𝑆𝑖𝑡𝑒 𝐷𝑒𝑝𝑡ℎ
 × 100 

The quantity of 10-m layers for each hydroacoustic survey was calculated by rounding the 

maximum hydroacoustic survey depth down to the nearest ten (e.g., 71.2 m rounded to 70 m), 
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and dividing this value by ten. A cutoff layer (i.e., uppermost layer < 10 m) was generated to 

ensure proper scaling of the water column. The cutoff layer was calculated by subtracting the 

maximum hydroacoustic depth by the rounded value (e.g., 71.2 m – 70 m = 1.2 m). The 

proportional size of the cutoff layer was calculated following the equation: 

𝐶𝑢𝑡𝑜𝑓𝑓 𝐿𝑎𝑦𝑒𝑟 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑖𝑧𝑒 (%) =  
𝐶𝑢𝑡𝑜𝑓𝑓 𝐿𝑎𝑦𝑒𝑟 𝑆𝑖𝑧𝑒 (𝑚) × 100

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑠𝑢𝑟𝑣𝑒𝑦 𝑑𝑒𝑝𝑡ℎ
 

The proportional size of the remaining section of the water column (i.e., the region of the water 

column where full 10-m layers spanned) was calculated by subtracting the cutoff layer’s 

proportional size from 100. The proportional size of each full layer was calculated by dividing 

the non-cutoff region by the number of full layers calculated in the first step.  

For every hydroacoustic survey, all fish occurrences within the same habitat-depth 

stratum were assigned to the hydroacoustic layer their proportional depth fell within (see 

Appendix B for full example). After allocation of fish occurrences to hydroacoustic survey 

layers, species MaxN counts were generated for each video survey within every layer to allow 

visual surveys to have equal weight. Within a hydroacoustic layer, MaxN counts were summed 

by visual survey and species and divided by the overall sum of the layer. The relative abundance 

percentages generated were applied to hydroacoustic surveys for species-specific scaling of total 

abundance (Reynolds et al. 2018). 

Two to three additional readers reviewed unidentified fish recorded in ROV visual census 

surveys to prevent unidentified fish from skewing species-specific abundance estimates since 

many unidentified fish could not be identified due to visibility limitations. If the unidentified fish 

could not be identified any further but readers clearly saw a fish (i.e., image was blurry and too 

far away from camera systems to further identify), then the fish occurrence remained as 

unidentified fish, but was only applied to the site where the visual observation was made. If the 
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fish was unidentifiable because it could not be distinguished between two possible species that 

shared similar body shape and behavior (e.g., Atlantic Creolefish (Paranthias furcifer) or 

Vermilion Snapper), then the unidentified fish count was apportioned to each of the possible 

species based on their observed percentages in the site-depth layer combination. This 

methodology was also followed if the unidentified fish could be identified to the family level or 

the lowest possible taxon level. 

Hydroacoustic Surveys and Analysis—Mobile hydroacoustic surveys using a Simrad EK-

80 split-beam (70-18CD transducer) echo sounder were completed immediately before or after 

ROV surveys at selected reef sites (n = 11; Table 2-1). The entire reef site was surveyed, and 

each structure was individually processed (n = 50). The echo sounder was mounted to the vessel 

via a fixed pole arm and descended approximately 1.8 m below the surface for all surveys. Prior 

to beginning a survey, passive listening was recorded to obtain baseline values of background 

noise and ensure no other nearby transducer was actively pinging. All surveys were conducted 

using a continuous wave with 0.256 µs pulse duration. Ping locations were recorded using an 

external global positioning system (GPS).  

Parallel transects were used to acoustically survey reef sites to ensure coverage of all 

structures within a reef site (Aglen 1989). All transects were completed at a speed of 

approximately 1.0-2.1 m/s. A hydroacoustic calibration survey was completed using a 70 kHz 

tungsten calibration sphere (38.1 mm WC; -40.56 dB) at the beginning of each day of sampling. 

If sites surveyed during a sampling day had substantially different salinity and temperature 

measurements, a second calibration survey was completed. When multiple structures were 

sampled in a reef site, they were surveyed together, and separated and treated as individual units 

in Echoview. However, if structures were less than 35 m apart from their nearest neighbor, they 
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were recorded and analyzed as a structure complex because they could not be differentiated 

(Stanley and Wilson 1997, 2000; Boswell et al. 2010; Rosemond et al. 2018). 

 
Figure 2-2. Acoustic survey pattern used to ensure coverage over all structures during sampling. 

Black lines represent transect lines, six inner polygons represent platforms, and large light gray 

polygon represents the boundaries of the reef site. 

 

 Raw acoustic data were visualized and processed with Echoview 10.0 (Myriax Pty. Ltd., 

Hobart, Tasmania, Australia). Prior to analysis, data were cleaned by setting analysis thresholds 

and removing noise, dropout, or non-data regions (i.e., turning regions) to exclude unwanted 

noise and reverberation that may impact results (Simmonds and MacLennan 2005; Boswell et al. 

2007; Reynolds et al. 2018). Surface and bottom lines were manually drawn on the echogram to 

remove the top 5 m of the water column and everything below 0.5 m of the bottom to prevent 

hardbottom, structures, acoustic shadow, and bubbles from being included in analysis. If 

zooplankton layers and/or nepheloid layers were present after the analysis thresholds were set, a 

mask was manually drawn around the region(s) so the misleading regions would not be included 

in the analysis. Additional background noise was removed in Echoview following methods from 
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De Robertis and Higginbottom (2007) prior to analysis. The calibration survey was applied to the 

echogram to compensate for temperature and salinity effects on the sound speed. Structures 

within a reef site were treated as individual units and separated on the echogram. Structures less 

than 35 m apart were recorded and analyzed as a structure complex, because they were too close 

together to be separated into single structures (Stanley and Wilson 1997, 2000; Rosemond et al. 

2018). Echo integration approaches were useful when echo counting was prevented, because 

individual fish were too closely distributed (Boswell et al. 2007). A 10 m x 5 m (10 m depth and 

5 m distance) grid was applied over the acoustic data. The 10-m depth bin was applied to 

distinguish benthic and pelagic fish as well as effectively apply species composition data 

collected with visual census surveys. Acoustic data was processed and resulted in volume 

backscattering strength (Sv) and target strength (TS; Simmonds and MacLennan 2005; Boswell 

et al. 2007). Sv is often used as a metric for fish biomass as it is the sum of discrete targets per 

unit volume of water sampled (Simmonds and MacLennan 2005; Boswell et al. 2007). Estimates 

of fish density were derived within each 10 m by 5 m grid by scaling Sv measurements by TS 

values, the hydroacoustic metric for fish length (Simmonds and MacLennan 2005). When single 

targets were within 7 m of a school, henceforth referred to as border targets, the Sawada index 

was applied (Sawada et al. 2002). Target strengths of the border targets were used to estimate the 

number of fish in the school they bounded. Scaling was calculated in R Studio (R version 3.6.2) 

using the minimum distance between border targets and each school. The paired TS and Sv 

measurements were converted to linear estimates with the formulas: 

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 𝑇𝑆/10 

Sv 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝑆𝑣 𝑀𝑒𝑎𝑛/10 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑖𝑠ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑆𝑣 𝐿𝑖𝑛𝑒𝑎𝑟

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟
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Volumetric densities were then multiplied by the mean thickness of the cell to yield estimates of 

fish school density of the cell. This same process was completed for single targets not used to 

scale schools. School estimates and single target estimates were summed within each 10 m depth 

layer to produce an areal density of each grid cell.  

Spatial autocorrelation and possible double counting of fishes were accounted for through 

ordinary point kriging described by Greene et al. (1998). Spherical, exponential, Gaussian, and 

Matern semivariogram models were evaluated, and the model of best fit based on the sill and 

range was selected. Each layer was kriged independently over 2-dimentional, equally spaced 5 m 

x 5 m grids. The kriging process produced fish density estimates for each 10-m layer that were 

equally spaced every 5 m within the range the hydroacoustic survey was conducted. Densities 

were averaged by layer and converted to abundances by multiplying by the area surveyed. Total 

fish abundances were scaled to species by multiplying the overall fish abundance by the percent 

community composition for each species within the corresponding visual layer. After scaling for 

each layer, all layers within a site were summed by species to produce overall site abundances as 

well as the overall total fish abundance. Species-specific abundances and total abundance were 

converted to density per structure for artificial reefs.  

Reef Site and Structure Analyses—The relationship between the number of structures 

within a reef site and total abundance was evaluated. First, I tested the effect of the number of 

structures within a reef site on the total abundance and species-specific abundances. To complete 

this analysis, I summed the total and species-specific abundances for each reef site and used a 

linear regression model to test the relationship between the variables in RStudio (version 3.6.2). 

An alpha level of 0.05 was used for this and all other hypothesis tests. I also tested the effect of 

summed structure volume on both total fish abundance and species-specific abundances. The 
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total volume of each structure was calculated by multiplying the structure footprint by the relief 

(Table 2-1). The relationship between the summed structure volume on the summed abundances 

was tested using linear regression. Lastly, I tested the effect of average reef site depth on total 

abundance. All assumptions were checked and met using diagnostic plots in RStudio. Separate 

linear regressions were used because I thought the impact of structure volume should be 

examined, but when both variables were included in a multiple regression model both variables 

resulted in insignificant results since they are confounding. Separate linear regressions allowed 

me to test the impact of number of structures independently of structure volume. 

To determine contribution each individual structure had to the total reef site abundance, I 

calculated the distance to nearest platform structure in ArcMap using the near feature via the 

proximity toolset within ArcGISTM Analyst Extension. I accounted for structure complexes by 

dividing the total abundance by the number of structures within the reef site so each structure 

would be represented. I tested for significant differences in mean abundance as explained by the 

number of structures within the reef site using an analysis of variance (ANOVA). Reef sites were 

grouped into number of structure categories as low (1-2 structures/reef site), mid (3-7 

structures/reef site), and high (8-12 structures/reef site). I used Tukey contrasts to test for overall 

differences and Westfall adjustments for post hoc testing. The effect of an individual structure 

volume as well as structure relief on total abundance was also tested using linear regression 

analyses for each variable. I used an ANOVA with Tukey contrasts (α = 0.05) and post hoc 

testing with Shaffer adjustments to evaluate differences in mean abundance by structure type 

(i.e., toppled, cutoff, deck) because data were considerably unbalanced. 

 Benefit-Cost Analysis—I used a benefit-cost analysis to evaluate the relationship between 

the reefing cost (RC) of an individual platform and the commercial benefit over a 25-year period 
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from harvesting four economically important species. The four species selected for this analysis 

were to Red Snapper, Gray Snapper (Lutjanus griseus), Vermilion Snapper (Rhomboplites 

aurorubens), Greater Amberjack (Seriola dumerili) because all species are commercially 

important and federally managed (NMFS 2018, 2019; LGL Ecological Research Associates 

2019; NOAA 2019). To begin this analysis, I estimated the average cost to reef a platform using 

values in the literature. It should be noted that the RC values used in this analysis are rough 

estimates because the cost of reefing is unique to each structure and depends on factors such as 

the depth, tow distance, tonnage, number of piles, and removal method (Kaiser et al. 2020). I 

used the formula derived from Kaiser et al. (2020) to estimate the RC for a single platform: 

𝑅𝐶 =  𝐶𝑜𝑠𝑡 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 − (2 × 𝐷𝑜𝑛𝑎𝑡𝑖𝑜𝑛) 

I estimated the average cost of total removal (TR) of a single platform (without conductors) 

between 15 m and 146 m was about $5,439,500 based on historical values provided by IFC 

Incorperated (2015). Kaiser et al. (2020) reported that the average monetary donation to the 

TPWD Artificial Reef Program between 2005 and 2017 was $216,000. Using this information, I 

calculated the average reefing cost (RC) to be about $5,007,500 per single platform.  

Within this analysis, I ran two reefing scenarios to compare the cost and benefits of seven 

similar structure configurations for a total of 14 possible reef site configurations. The first 

scenario was reefing variable numbers of platforms within a single reef site (Figure 2-3A), and 

the second scenario was reefing a single platform in one reef site, many times (Figure 2-3B). I 

calculated the RC for each possible structure configuration by multiplying the estimated RC for a 

single platform by the number of structures. I incorporated estimated cost for an archeological 

survey required prior to permitting a reef site by adding the product of $30,000 and the number 

of reef sties to the RC for each configuration (J. B. Shipley, TPWD, personal communication).  
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Figure 2-3. Example of how four structures (platform graphic) could be arranged within a reef 

site (gray boxes) under the two scenarios examined in the benefit-cost analysis. Scenario 1 (A; 

outlined in blue) places all structures within a single reef site and scenario 2 (B; outlined in 

orange) places each structure in a different reef site. 

 

The benefit of reefing was estimated for each reef site configuration using the average 

species abundances within a reef site for 1, 2, 4, 6, 7, 8, 12 platforms for the four selected 

species. The abundances were converted to biomass by multiplying by the average weight of the 

species (Red Snapper = 7 lb, Greater Amberjack = 28 lb, Vermilion Snapper = 3 lb, Gray 

Snapper = 8 lb; NMFS 2018, 2019; Hollensead et al. 2019; LGL Ecological Research Associates 

2019). I multiplied the biomass and the ex-vessel price, or the price received by a commercial 

fishing vessel for harvest, for each species (Red Snapper = $5.10/lb, Greater Amberjack = 

$1.65/lb, Vermilion Snapper = $3.04/lb, Gray Snapper = $3.63/lb) to calculate the benefit 

(NMFS 2018, 2019; Froeschke and Hood 2019; Hollensead et al. 2019). For each configuration, 

Scenario 1:  

Multiple structures in a 

single reef site 

Ex. 4 platform structures 

in 1 reef site 

Scenario 2:  

1 platform structure in a reef site many times 

Ex. 1 platform structure in 1 reef site 4x  

A) B) 
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I summed the benefit generated of all four species and divided this number by the RC to 

calculate the benefit-cost ratio (BCR; Graham et al. 2016).  

 

Results 

Community Structure Analysis 

Within the 10 reef sites visually surveyed, 48 species representing 19 families were 

observed. The greatest species richness was observed at MU-A-85 with 25 species, and the 

lowest species richness was observed at MI-681 with 13 species (mean = 18.4). The highest 

MaxN was observed at MI-A-7 with 54 individuals from 22 species, and the lowest MaxN was at 

HI-A-385D with 15 individuals from 13 species (mean = 31.3). Blue Angelfish (Holacanthus 

bermudensis) and Red Snapper were the only two species seen at all 10 surveyed reef sites. 

There were no significant differences in number of species (F = 2.75, df = 6, P = 0.22) or MaxN 

individuals (F = 3.05, df = 6, P = 0.19). Shannon diversity (H’) was greatest at MU-A-85 (H’ = 

3.17) and lowest at HI-A-341 (H’ = 1.83), and did not vary significantly with the number of 

structures within a reef site (F = 1.74, df = 6, P = 0.348). Pielou’s Evenness (J’) was greatest at 

HI-A-385D (J’ = 0.98) and lowest at HI-A-341 (J’ = 0.67), and there were no significant 

differences explained by the number of structures within a reef site (F = 1.36, df = 9, P = 0.43). 

No significant multivariate community structure was detected or visualized with nMDS (π = 

1.72, P = 0.08; Appendix J). The only sites with similarities of 60% were: 1) MU-870 and MI-

681 (i.e., both low structure grouping) and 2) MU-A-85 and BA-A-132 (i.e., both mid structure 

grouping). Both pairs with similarities fell within similar depth zones. I found no significant 

differences in community structure when testing for significant differences between structure 

groupings, (ANOSIM; R = -0.041, p = 0.58; Appendix I).  
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Total Abundance by Reef Site 

I examined the relationship between the total abundance within a reef site (n = 11) using 

both structure volume and number of structures within a reef site. MI-A-7 had the greatest total 

abundance (total abundance = 83,805 fish) and HI-A-389 had the smallest total abundance (total 

abundance = 224 fish; mean abundance = 21,154 fish). I found that total abundance had a 

positive and significant linear relationship with the number of structures within a reef site (R2 = 

0.37, P = 0.045; Figure 2-4A). However, the total structure volume within a reef site does not 

have a significant relationship with total abundance (R2 = 0.009, P = 0.79; Figure 2-4B). I 

examined the effect of ambient depth of a reef site on total abundance and found no significant 

relationship between the two variables (R2 = 0.15, P = 0.24). MI-A-7 had the greatest abundance 

and an ambient depth of 60 m, and this reef site also had the most structures.  

 
Figure 2-4. Scatter plots of the relationships between total abundance in a reef site and the total 

number of structures within the reef site (A) and the total structure volume within the reef site 

(B). Red line in A represents significant linear relationship between total reef site abundance and 

the number of structures.  
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Figure 2-5. Linear regression plots modeling the relationship between summed species abundances within a reef site (points) and the 

number of platforms. Line of best fit is plotted for significant relationships between total abundance and number of structures.
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Total Abundance Among Individual Structures 

Because total and almost all species-specific abundances increased linearly with the 

number of structures within a reef site, I examined the contribution each structure made to the 

total abundance (Figure 2-4A; Figure 2-5). Mean total abundance differed significantly by 

structure category (F = 3.66, df = 2, P = 0.03; Figure 2-6A). Post hoc testing revealed significant 

differences between low and mid structure groupings (estimate = -7466, t = -2.70, P = 0.025; 

Figure 2-6A). No significant differences were observed between low and high or mid and high 

structure groupings (Figure 2-6A). No significant relationship was detected between structure 

volume and abundance, which is similar to the results seen at the overall reef site level (R2 = 

0.028, P = 0.2; Figure 2-6B).  

 
Figure 2-6. Multi-faceted plot showing the relationship between the mean abundance of each 

structure group (i.e., low, mid, and high) and the number of structures within the site (A) and the 

volume of the individual structure (B). Gray shaded bars represent mean abundance, error bars 

represent standard error, and n indicates sample size.  
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 There were significant differences in mean abundances of fish between structure types (F 

= 4.96, df = 47, P = 0.01; Figure 2-7). Post hoc analyses with Shaffer corrections revealed 

significant differences between toppled and deck structures (estimate = -1664, t = -2.62; P = 

0.036), but no significant differences between toppled and cutoff or cutoff and deck structures 

(Figure 2-7). However, only a single deck structure was surveyed (only one deck structure 

available). Distance between a structure and the nearest platform did not have a significant 

relationship with abundance (R2 = 0.0025, P = 0.74). Surprisingly, relief also did not have a 

significant relationship with abundance (R2 = 0.051, P = 0.11). 

 
Figure 2-7. Plot of the mean fish abundance recorded for an individual structure by structure 

type. Structure types included cutoff (n = 15), toppled (n = 34), and deck (n = 1). Blue bars 

represent mean abundance per structure and error bars represent standard error. Brackets with 

asterisks represent significant differences. 
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Benefit-Cost Analysis 

The RC compared to the commercial benefit for four economically important species was 

evaluated over a 25-year period for two scenarios: 1) multiple structures within a single reef site, 

and 2) single structures within multiple reef sites (Figure 2-3). Within the first scenario (i.e., 

multiple structures in a single reef site), the 12-structure reef site configuration had the highest 

BCR (BCR = 0.298), followed by one (BCR = 0.096), two (BCR = 0.088), four (BCR = 0.079), 

eight (BCR = 0.059), seven (BCR = 0.058), and six (BCR = 0.049) structure configurations, 

respectfully (Figure 2-3A; Table 2-2; Figure 2-8). Within the second scenario (i.e., a single 

structure in a reef site, many times), the BCR remained constant because data indicated a single 

structure has a fixed amount of benefit if not aggregated with other structures (BCR = 0.096; 

Figure 2-3B). There was some variation in benefit between number of structures because the 

values used in this analysis were actual values rather than modeled values (Table 2-2; Figure 

2-5).  

When comparing all configurations from both scenarios, the 12-structure configuration 

within a single reef site had the highest BCR (BCR = 0.298; Table 2-2; Figure 2-8). The second 

highest BCR resulted from a single structure in a reef site (BCR = 0.096). The BCR for the 12-

structure configuration within a reef site was more than three times higher than that of the second 

highest BCR (Table 2-2; Figure 2-8). The RC for the second scenario was greater than the first 

for all configurations when more than one structure was considered. This is because an 

additional $30,000 fee was appended to the RC for every additional permitted reef site (J. B. 

Shipley, TPWD, personal communication). This one-time fee for each reef site is required for the 

archeological survey which must be completed at a reef site prior to the area being permitted 

platform decommissioning. For example, when comparing the 12-structure configurations of 
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Table 2-2. Results of cost benefit analysis between the reefing cost (RC) and predicted commercial benefit from the four selected 

species (Red Snapper, Greater Amberjack, Vermilion Snapper, and Gray Snapper) over a 25-year period using 14 possible reef site 

configurations. Structures/Reef Site indicates the number of structures (numerator) within a reef site (denominator). The top section of 

the table includes results from the scenario in which multiple structures were reefed in a single reef site. The bottom section of the 

table includes results from the second scenario where single structures were placed in many reef sites. Biomass indicates the average 

weight of each species within each reef configuration. The benefit of reefing is the dollar value of the species over a 25-year period as 

a result of the reefing configuration. The benefit-cost ratio (BCR) is the quotient of the summed benefit of the four species by the cost 

of reefing for each configuration. 

Structures/

Reef Site 

Cost of 

reefing 

(USD) 

Biomass (lb/structure)   Benefit of Reefing ($/structure) 

BCR Red 

Snapper 

Greater 

Amberjack 

Vermilion 

Snapper 

Gray 

Snapper 
  

Red 

Snapper 

Greater 

Amberjack 

Vermilion 

Snapper 

Gray 

Snapper 

Single Reef Site with Multiple Structures 

1/1 5,037,491 1,144 781 1,299 3,256   145,880 32,220 98,686 209,191 0.096 

2/1 10,044,982 1,548 1,173 1,344 8,287   197,386 48,368 102,118 532,435 0.088 

4/1 20,059,964 2,752 9,168 7,526 3,460   350,918 378,166 572,012 222,310 0.076 

6/1 30,074,947 3,087 10,310 5,122 4,346   393,553 425,280 389,249 279,220 0.049 

7/1 35,082,438 4,740 981 5,976 14,304   604,296 40,482 454,164 919,034 0.058 

8/1 40,089,929 5,942 14,277 9,089 5,391   757,585 588,940 690,754 346,374 0.059 

12/1 60,119,893 44,251 89,718 83,945 34,186   5,642,001 3,700,869 6,379,850 2,196,427 0.298 

Multiple Reef Sites with Single Structure 

1/1 5,037,491 1,144 781 1,299 3,256   145,880 32,220 98,686 209,191 0.096 

1/2 10,074,982 2,288 1,562 2,597 6,512   291,760 64,440 197,373 418,382 0.096 

1/4 20,149,964 4,577 3,124 5,194 13,024   583,521 128,880 394,746 836,763 0.096 

1/6 30,224,947 6,865 4,687 7,791 19,535   875,281 193,320 592,118 1,255,145 0.096 

1/7 35,262,438 8,009 5,468 9,090 22,791   1,021,161 225,540 690,805 1,464,335 0.096 

1/8 40,299,929 9,153 6,249 10,388 26,047   1,167,041 257,760 789,491 1,673,526 0.096 

1/12 60,449,893 13,730 9,373 15,582 39,071   1,750,562 386,640 1,184,237 2,510,289 0.096 
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scenario one and two, the RC will be $330,000 less for the 12-structure within a single reef site 

configuration. Additionally, the overall benefit for this configuration will be more than 

$12,000,000 greater than the alternative presented in scenario two (Table 2-2; Figure 2-8). 

Therefore, reef sites with more structures will result in the greatest BCR.  

 
Figure 2-8. Relationship between the cost (in millions of USD) of reefing and the benefit (in 

millions of USD) from commercial fishing. Species included in the benefit response are Red 

Snapper, Greater Amberjack, Vermilion Snapper, and Gray Snapper. Point size corresponds to 

the number of structures present in the reef site. Quadrants represent the cost to benefit 

relationship. Navy points and line of best fit represent the BCR when multiple structures are 

placed within a single reef site and the orange points and line represent in many single structures 

were reefed in multiple reef sites.  
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Discussion 

The study presented here is the first to examine the effect of reefed platform variables 

(i.e., number of platform structures and structure volume) on fish abundances in the northwestern 

GOM. The optimal configuration of platforms within a reef site was evaluated in two ways: 1) 

evaluating summed abundances (i.e., total abundance and species-specific abundance) for overall 

reef sites (reef site considerations); and, 2) evaluating abundances for individual structures 

within the reef sites (structure considerations). Results of reef site considerations indicated 

number of structures had the greatest impact on abundances within a reef site. Results of 

structure considerations indicated that many factors can be considered (e.g., structure type, 

distance from nearest platform structure, relief, and ambient depth) but none are as important for 

enhancing abundance as reef site considerations. These results were used in conjunction with a 

benefit-cost analysis to identify the reef site configuration that resulted in the greatest long-term 

benefit. Results indicated that reef sites with more discrete platform structures had the greatest 

fish abundances and commercial benefit. These results provide essential information for artificial 

reefing managers so they can best follow requirements set in the National Fishing Enhancement 

Act of 1984 (33 USC § 2101) and the National Artificial Reef Plan’s which stipulate that 

platforms be configured in a way that enhances fisheries for commercial and recreational 

purposes (Bull and Love 2019; Kaiser et al. 2020).  

The first consideration when designing a reef site is the impact on fish abundances for an 

entire reef site when all structures are aggregated. Data indicated total abundance had a 

significant linear relationship with the number of structures in a reef site, and for every additional 

discrete platform added, the total abundance within a reef site will increase by about 4,500 fish. 

Surprisingly, total structure volume within a reef site did not have a significant correlation with 



85 
 

total abundance. In fact, total structure volume explained less than one percent of the variation in 

fish abundance. This result suggests that fishes prefer reef sites with many discrete structures 

rather than reef sites with a one or few large, high relief structure(s). One explanation for this is 

that reef sites with many adjacent structures may have greater resource, niche, and habitat 

availability (Bull and Kendall 1994). Moreover, the presence of discrete structures enhances the 

amount of surface area available within regions of the water column, and this is optimal for 

fishes that prefer certain depths (e.g., Red Snapper were found in the greatest relative 

abundances in the bottom half of a platform structure; Rilov and Benayahu 1998; Ajemian et al. 

2015b). Additionally, there may be an exchange of biomass between structures resulting in 

higher colonization rates, increased niche availability, and optimization of resources (Bull and 

Kendall 1994). Therefore, the presence of many, discrete structures is more influential on fish 

abundance than a single, large structure which prevents biomass exchange because of the 

absence of nearby platforms. Results demonstrated no correlations between fish abundance and 

ambient depth of a reef site. I observed the maximum total abundance at approximately 60 m 

ambient depth (MI-A-7). A similar result was reported in Ajemian et al. (2015a) which stated the 

preferred depth for reefing platforms was 60 m, and this study surveyed many of the same 

platform structures as I did. It should be noted that this is a confounding result because the reef 

sites with the most structures fall within this depth (Appendix K).  

The results presented in my study may differ from previous literature on artificial reef 

design because I assessed the platform structures which are characterized by substantially greater 

vertical relief and provide habitat to a wider range of species than smaller artificial reefs (Streich 

et al. 2017b, 2017c; Plumlee et al. 2020). Previous artificial reefing studies have focused on 

small, prefabricated artificial reef design, and these studies observed different responses in fish 
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abundance to parameters examined in this study (Jordan et al. 2005; Strelcheck et al. 2005; 

Rosemond et al. 2018; Komyakova et al. 2019). Strelcheck et al. (2005) found total fish and Red 

Snapper abundance decreased as number of prefabricated structures increased. Froehlich and 

Kline (2015) completed a study at small prefabricated artificial reefs on the inner continental 

shelf in the northwestern GOM and observed the greatest fish abundances at mid structure 

densities, but no significant difference in Red Snapper between structure density categories. The 

results presented by Froehlich and Kline (2015) are similar to my results but likely differ because 

of the size, depth, and vertical relief differences between concrete structures and 

decommissioned platforms. Other studies focused on small, prefabricated artificial reef design 

have stressed the importance of proximity to other structures and have reported that structures 

closer together have the greatest abundances (Jordan et al. 2005; Rosemond et al. 2018; 

Komyakova et al. 2019). However, I did not observe significant relationships between 

abundance and distance to nearest platform structure for reef sites with more than one structure. 

This indicates that there could be equal sharing between platforms within a reef site regardless of 

distance.  

Species-specific abundances increased significantly with number of structures for 73% of 

species included in the analysis and for 81% of the federally managed species (Figure 2-5). Red 

Snapper had a highly significant relationship with the number of structures in a reef site. Species 

that did not exhibit a significant relationship between abundance and quantity of platform 

structures are potentially influenced by behavioral or depth effects. For example, Great 

Barracuda (Sphyraena barracuda) are a territorial species, and their populations might be 

negatively impacted by an increase in the number of structures because they have a species-

specific decline in niche availability (Paterson 1998). Sheepshead (Archosargus 
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probatocephalus) and Atlantic Spadefish (Chaetodipterus faber) are commonly observed species 

at shallow artificial reefs, so the insignificant relationship for these species could be a result of 

few structures located in shallower waters in this study (Streich et al. 2017b, 2017c). However, 

future studies would have to investigate the impact of depth on species specific abundances. 

Additionally, when examining the effect of number of structures on community structure, I 

found no differences due to depth or number of structures. In fact, fish community composition 

from all reef sites were within 40% similarity of each other. 

Differences in mean fish abundance per structure were observed between structure types 

(i.e., deck, toppled, and cutoff). Results indicated the deck structure had a significantly greater 

mean abundance than toppled platforms. However, this result should be interpreted with caution, 

because only one deck was surveyed during this study (i.e., MI-712), and this is the only deck 

reefed (by accident) in the northwestern GOM (Kaiser et al. 2020). My results are consistent 

with Ajemian et al. (2015a)’s suggestion that deck structures be considered for future reefing 

because they provide a large, solid surface area for fishes to aggregate. Unfortunately, the U.S. 

Bureau of Safety and Environmental Enforcement’s policies on platform decommissioning has 

ultimately prohibited future reefing of decks due to concerns on the inefficiency of completely 

cleaning deck surfaces of hydrocarbons (U.S. Minerals Management Service 2009; Kaiser et al. 

2020). My results in conjunction with those presented in Ajemian et al. (2015a) encourage future 

reefing of decks because MI-712 has shown to be an effective fish habitat. Additional deck 

structures would allow for assessment of cofounding variables and more robust comparisons 

with toppled and cutoff structures to guide future management. Additionally, no significant 

differences in total abundance were observed between cutoff (i.e., typically more vertical relief) 

and toppled (i.e., typically less vertical relief) structures which is initially surprising without 
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considering that relief did not significantly affect abundance in this study. Based on these results, 

I suggest artificial reef managers select a reefing option that is the most economically efficient. 

The benefit-cost analysis provided guidance for managers seeking to balance 

socioeconomic and environmental impacts. I suggest managers consider reefing as many 

platform structures as possible within a single reef site (at least up to 12) to generate the greatest 

BCR between RC and commercial benefit. This study included up to 12 structures in a reef site 

because this is the maximum structure density currently present in the northwestern GOM, so 

future studies should assess if the same linear relationship is observed when a reef site has 

greater than 12 platforms. The BCR of the reef site with the highest structure density was nearly 

triple the BCR of the second most efficient configuration. Reef sites with the greatest structure 

density are more favorable because they result in the highest fish abundances at reduced costs. 

Moreover, if artificial reef managers were presented with a situation in which they had 12 

structures to reef, decommissioning all the structures in a single reef site would result in nearly 

$12,000,000 greater profit than if the structures were decommissioned in 12 separate reef sites. 

However, if the cost to tow a platform to a reef site with a high structure density is too high and 

would prevent a company from reefing the platform, then the platform should be reefed in place 

(i.e., configuration with the second highest BCR; Kaiser et al. 2020). Artificial reef managers 

should consider these relationships for future decommissioning projects and while permitting 

reef sites. Moreover, reef sites should be permitted near areas with high densities of standing 

platforms that will be reefed. This would reduce the tow distance and result in the greatest long-

term benefit.  

The benefit presented in the benefit-cost analysis are underestimated because they are 

limited to the commercial value (i.e., ex-vessel prices) of the four economically important 
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species selected. Moreover, the benefit does not incorporate the monetary profits of each 

configuration from recreational diving and fishing because a method does not exist for assigning 

this value. This is because these activities involve both market and non-market values which 

cannot be parsed by structure configuration (Pendleton 2004). However, recreational fishing and 

diving activities should be considered when selecting a reef site for platform reefing because 

these activities increase revenue (Roberts et al. 1985; Gordon and Ditton 1986; Ditton et al. 

2002; Pendleton 2004; Leeworthy et al. 2006; Schuett et al. 2016). In fact, recreational fishing 

and diving account for nearly 89% of the reported trips in the northwestern GOM (Schuett et al. 

2016). Roberts et al. (1985) reported that recreational divers pay $339.04 annually to dive at 

platforms in the GOM and Ditton et al. (2002) reported that platforms are one of the most 

preferred materials to dive at in the northwestern GOM. Therefore, the greatest recreational 

benefit that can be generated from reef sites is within 15 m to 80 m because this depth range 

includes most recreational diving limits (up to ~40 m), high abundance of many sought after 

sportfish, and most reef-associated commercial species (Gordon and Ditton 1986; Dauterive 

2000; Stanley and Wilson 2000; Ditton et al. 2002; Leeworthy et al. 2006; Wilson et al. 2006; 

Ajemian et al. 2015a; Keithly and Roberts 2017). My results indicated depth did not significantly 

influence fish abundances between 36 m to 126 m, so artificial reefing managers have the 

flexibility to select and permit reef sites for platform decommissioning based on monetary 

benefit which will likely be highest between 15 m to 80 m (Appendix K).  

This study evaluated relationships between reef site configuration and fish abundances, 

community structure, and the resulting commercial benefits. The results provide essential 

information which will be useful to artificial reefing managers as platforms are being removed at 

a rapid rate (Dauterive 2000; Kaiser et al. 2020). I suggest the 126 standing platforms remaining 
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in the Texas region of the northwestern GOM be decommissioned in reef sites with the greatest 

structure density because enhancing the quantity of discrete platform structures results in the 

greatest long-term benefit. Reefing of platforms can be a multimillion dollar expense, but the 

long-term benefits of reefing (e.g., fisheries enhancement, realized savings, commercial fishing, 

and ecosystem services) are evident (Stanley and Wilson 2000; Wilson et al. 2003, 2006; Claisse 

et al. 2014; Ajemian et al. 2015a, 2015b; Karnauskas et al. 2017; Streich et al. 2017a, 2017b; 

Reynolds et al. 2018; LGL Ecological Research Associates 2019). Therefore, reefing obsolete 

platforms following my recommendations will result in the greatest BCR, follow federal statutes 

imposed by the National Artificial Reef Plan, and balance socioeconomic and environmental 

benefits. 
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CHAPTER 3: A COMPARISON OF FISHERIES-INDEPENDENT SAMPLING METHODS 

TO BEST ESTIMATE THE ABSOLUTE ABUNDANCE OF RED SNAPPER AT 

NORTHWESTERN GULF OF MEXICO REEF HABITATS 

 

Abstract 

Red Snapper (Lutjanus campechanus) is the most economically important finfish in the 

Gulf of Mexico (GOM). Stock assessments for the species are often under high scrutiny because 

of lack of robust, fisheries-independent abundance data, incongruence with the widely held 

perception that certain habitats (e.g., artificial reefs) hold high abundances, and the general 

opinion that the overall stock size exceeds what stock assessment models suggest. Best possible 

management practices can be achieved through estimating absolute abundance of Red Snapper 

with fisheries-independent survey methods to calibrate stock assessment models and build 

confidence in our understanding of Red Snapper population dynamics. Hydroacoustic surveys 

with paired visual species composition and remotely operated vehicle (ROV) visual transect 

surveys were conducted between 2018-2019 in the Texas region of the northwestern GOM 

(TXGOM). Gear efficiency and ability to overcome sampling limitations in the northwestern 

GOM were compared between sampling methods. Paired forward and rear-facing camera 

systems were deployed on the ROV to assess differences in detection ability related to camera 

placement. Data indicated increased field of view from the additional rear-facing camera system 

resulted in significantly different MaxN counts of Red Snapper at natural banks. Comparison of 

density-based methodologies indicated gear efficiency is dependent on the ecology of the species 

and nature of the habitat surveyed. Red Snapper abundance was best estimated using 

hydroacoustic methods with paired forward and rear-facing cameras at both natural banks and 

artificial reefs. Hydroacoustic density estimates of Red Snapper were extrapolated to a stock of 
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7,176,656 at reef habitats in the TXGOM (artificial reefs = 1,058,051; natural banks = 

6,118,605). This study highlights the importance of fisheries-independent data collection that is 

optimized for the species and habitat of interest. These results can be used by fisheries managers 

to improve upon current stock assessment methods and guide future fisheries-independent 

sampling. 

 

Introduction 

 Red Snapper (Lutjanus campechanus) is a long-lived reef-associated fish and the most 

economically important finfish in the northwestern Gulf of Mexico (GOM; Gallaway et al. 2009; 

Streich et al. 2017a, 2017b, 2017c; NMFS 2018). The species is prominent at artificial and 

natural reefs in the northwestern GOM, and several studies found Red Snapper compose most of 

the total fish abundance at these reef habitats (Stanley and Wilson 1997, 2000; Gledhill 2001). 

Moreover, ontogenetic habitat shifts have been suggested for Red Snapper, with juveniles and 

young adults moving from artificial reef habitats to natural banks or unconsolidated habitats (i.e., 

mud, sand, silt dominated habitat with relief less than 1 m) as they age (Gallaway et al. 2009; 

Karnauskas et al. 2017; Streich et al. 2017c). Multiple studies have reported larger Red Snapper 

in greater abundances at natural banks (Gallaway et al. 2009; Glenn et al. 2017; Karnauskas et al. 

2017; Streich et al. 2017b, 2017c; Powers et al. 2018). Streich et al. (2017c) reported Red 

Snapper per-unit-area was greater at artificial reefs and resolved that absolute abundance was 

less on this habitat type compared to natural banks simply due to smaller habitat area 

(Karnauskas et al. 2017). Thus, it is important to understand the abundance patterns of this 

species at both artificial and natural habitats for the continued management of the species 

(Wilson et al. 2002; Naiman and Latterell 2005). 
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The Red Snapper fishery in the GOM is a multibillion-dollar industry that sources 

revenue from both commercial and recreational fishing sectors (NMFS 2018). In addition to 

being a historically sought-after sportfish, Red Snapper are a common bycatch of the shrimp 

fishery (Gallaway et al. 2009). High bycatch mortality coupled with considerable targeted fishing 

pressure resulted in the species being declared overfished in 1988 and a federally mandated 

rebuilding plan was instated (Goodyear 1988; Gallaway et al. 2009; SEDAR 2018). Most recent 

stock assessment concluded the stock is no longer overfished, and questions about the absolute 

abundance of the species still exist (Gallaway et al. 2009; Gregalis et al. 2012; SEDAR 2018; 

LGL Ecological Research Associates 2019). 

 The current Red Snapper stock assessment model produced by NOAA estimates the 

absolute abundance of age 2+ Red Snapper to be 36,738,000, with 13,095,000 and 23,643,000 in 

the eastern and western GOM, respectively (SEDAR 2018; LGL Ecological Research Associates 

2019). However, these stock assessments estimate are highly caveated and surrounded by 

scientific uncertainty because they are primarily derived from fisheries-dependent data collection 

which depends on harvest from commercial and recreational fishing (Rotherham et al. 2007; 

Gregalis et al. 2012; SEDAR 2018). Fisheries-dependent data is often biased for population 

assessments because of the targeted nature and lack of information on habitat, recruitment, and 

broader ecological information (Rotherham et al. 2007; Gregalis et al. 2012). However, fisheries-

dependent monitoring is more affordable and requires less time and effort than fisheries-

independent methods. Thus, fisheries-dependent sampling is the primary survey method for 

Gulf-wide assessments. A small portion of the most recent stock assessment included fisheries-

independent data, but the results between the two data sources were conflicting which enhanced 
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the uncertainty and need for more robust abundance data to estimate absolute abundance 

(Gregalis et al. 2012; SEDAR 2018). 

In this study, I estimate the absolute abundance of Red Snapper on artificial reefs and 

natural banks in the TXGOM. These habitats vary in relief (e.g., unconsolidated habitat versus 

standing platform), persistence of the nepheloid layer (i.e., layer of resuspended sediment that 

reduces visibility), and depth (Bright and Rezak 1976; Bright 1977; Griffin 1979; Shideler 1981; 

Rezak et al. 1983; Dennis and Bright 1988; Schmahl et al. 2008; Broughton 2012; Streich et al. 

2017b; Streich et al. 2017c). Therefore, the specific fisheries-independent survey method used to 

estimate absolute abundance of federally managed species should be specific to the nature of the 

habitat as well as minimize depth, visibility, and other environmental limitations (Xu et al. 2015; 

Campbell et al. 2018). Many fisheries-independent methodologies have been used to survey 

fishes, but all have their advantages and disadvantages. Longline and hook-and-line surveys are 

commonly used to study Red Snapper in the TXGOM, but these methods are limited by gear 

selectivity and favoring piscivorous foraging species (Wells et al. 2008; Streich et al. 2017c; 

Plumlee et al. 2020). Roving diver surveys are a common visual census method that employs a 

diver’s ability to observe and identify fishes while transiting over a set duration of time or space. 

However, roving diver surveys can be biased by a diver’s experience and ability to identify a 

species, fishes reactions to divers, and depth and time limitations (Williams et al. 2006; Patterson 

et al. 2008, 2014; Dickens et al. 2011). Surveys with remotely operated vehicles (ROV) and 

other towed camera systems have been generally successful alternatives to roving diver surveys, 

because they are not depth- or time-limited, and video data can be recorded and viewed at a later 

date (Pacunski et al. 2008). However, this visual census methodology is not without bias, and 

several studies have documented that ROVs and towed camera systems can result in fish 
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attraction or avoidance, which biases community structure results (Stoner et al. 2008; Grasty 

2014; Wetz et al. 2020). Additionally, data collected by ROVs are limited by visibility (Ajemian 

et al. 2015a, 2015b; Streich et al. 2017b, 2017c; Wetz et al. 2020). However, ROV surveys are 

the optimal visual census method to date in the GOM for the purposes of my study (Wetz et al. 

2020). Hydroacoustic surveys are a common alternative to visual census because they can 

estimate total fish density or biomass in highly turbid environments (Thorne 1983; Stanley and 

Wilson 1997, 2000; Reynolds et al. 2018; LGL Ecological Research Associates 2019). However, 

work still needs to be done to assign hydroacoustic output at the species level (Horne 2000). 

Therefore, hydroacoustic results must be paired with visual census data to scale total abundance 

to the species level (Thorne 1983; Stanley and Wilson 1997, 2000; Reynolds et al. 2018; LGL 

Ecological Research Associates 2019).  

This study compares gear efficiency of fisheries-independent sampling methods best 

suited to overcome environmental limitations of the northwestern GOM (i.e., ROV and 

hydroacoustic surveys) and their ability to estimate densities of federally managed reef-

associated fishes. This study also evaluates the value of increasing the field of view through the 

addition of a rear-facing camera on an ROV to document species composition. The absolute 

abundance of Red Snapper is estimated at natural and artificial reefs using the method that best 

captures the environment sampled and ecology of the species.  

 

Study Site 

This study occurred within the TXGOM between 10-160 m depth. The TXGOM is 

composed of less than 3% structured (i.e., artificial reef and natural bank) habitat (Parker et al. 

1983; Gallaway et al. 2009; Froeschke and Dale 2013). There is a total of 12,841 individual 
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artificial structures (e.g., prefabricated pyramids, oil and gas structures, vessels, etc.) in the 

TXGOM which range in material, size, relief, depth, and ecosystem services (Table 3-1; J. C. 

Thompson-Grim, Harte Research Institute, unpublished data). Natural banks were classified as 

salt diapir banks (e.g., Flower Garden Banks (FGB)) or coralgal banks built on relict carbonate 

shelves (i.e., South Texas Banks (STB); Table 3-1; Bright and Rezak 1976; Lindquist 1978; 

Rezak et al. 1983, 1985; Khanna et al. 2017).  

I accounted for the large depth range and spatial variability in the TXGOM by stratifying 

by region and depth zone (Figure 3-1). Region was classified as north (i.e., habitat between the 

Texas-Louisiana border to Matagorda Bay), central (i.e., habitat between Matagorda Bay to the 

Upper Laguna Madre), or south (i.e., habitat between the Upper Laguna Madre to the Texas-

Mexico border). Depth zone was classified as shallow (10-40 m), mid (40-100 m), or deep (100-

160 m; Figure 3-1). 

Survey locations were randomly selected from a list of Texas Parks and Wildlife 

Department (TPWD) artificial reef sites and known natural banks in the sampling region. I 

surveyed 55 artificial reef structures within 18 reef sites (i.e., permitted location where artificial 

reefs can be deployed) and 15 natural banks August 2018 to November 2019 (Figure 3-1; Table 

3-1). At artificial reefs, 20 ROV surveys (n = 20 visual transect surveys, n = 14 paired forward 

and rear-facing camera surveys) and 50 hydroacoustic surveys were completed. At natural banks, 

29 ROV surveys (n = 29 visual transect surveys; n = 26 paired forward and rear-facing camera 

surveys) and 28 hydroacoustic surveys were completed (Table 3-1; Figure 3-1). 
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Figure 3-1. Map showing where in the Texas Gulf of Mexico (TXGOM) artificial (teal outline) and natural reefs (yellow outline) were 

surveyed with hydroacoustic surveys (navy rectangles) and remotely operated vehicle (ROV) surveys; red stars) and between August 

2018 and November 2019. Black contour lines running parallel to land represent depth strata classified as shallow (10-40 m), mid (40-

100 m), and deep (100-160 m). Black lines perpendicular to shore identify regions classified as north (between Louisiana-Texas 

border and Matagorda Bay), central (between Matagorda Bay and Upper Laguna Madre), and south (between Upper Laguna Madre 

and Texas-Mexico border). Inset map (bottom right) shows relative location of sampling area in relation to the rest of the GOM. 
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Table 3-1. List of artificial and natural reefs surveyed between August 2018 and November 2019 

with information on depth zone, region, and structure type (e.g., artificial reefs = toppled or 

cutoff; natural banks = South Texas Banks (STB) or Flower Garden Banks (FGB). Number 

visual transect and hydroacoustic surveys conducted at each site is listed as well as information 

on which camera positions(s) were deployed during remotely operated vehicle (ROV) surveys 

(i.e., NA = no ROV survey; B = both forward and rear-facing cameras; F = only forward-facing 

cameras). Structures within 35 m of their nearest neighbor were grouped into a structure complex 

and reported as one unit (e.g., 2 cutoff platforms within MU-A-85). 

Reef 
Structure 

Type 

No. Surveys 
Cameras 

Deployed 

Depth 

Zone 
Region Visual 

Transect 

Hydro-

acoustic 

Artificial Reef 

HI-A-341 2 toppled  1 1 B Mid North 

HI-A-341 2 toppled  0 1 NA Mid North 

HI-A-474A 1 standing  1 1 B Mid North 

HI-A-385D 1 cutoff  1 1 B Deep North 

HI-A-385D 1 cutoff  0 1 NA Deep North 

HI-A-389 1 cutoff  1 1 FF Deep North 

HI-A-573 1 standing  1 1 B Deep North 

HI-A-589A 1 standing  0 1 NA Deep North 

HI-A-596 1 standing  1 1 B Deep North 

MI-703 3 cutoff  0 1 NA Shallow Central 

MI-703 1 cutoff  0 1 NA Shallow Central 

MI-703 2 toppled  0 1 NA Shallow Central 

MI-703 1 toppled  0 1 NA Shallow Central 

MI-712 1 deck 1 1 B Shallow Central 

MU-775 1 vessel 1 1 FF Shallow Central 

MU-775 5 pyramids 1 1 FF Shallow Central 

MU-775 2 pyramids 0 1 NA Shallow Central 

MU-775 2 pyramids 0 1 NA Shallow Central 

MU-775 1 pyramids 0 1 NA Shallow Central 

BA-A-132 1 toppled  0 1 NA Mid Central 

BA-A-132 2 toppled  0 1 NA Mid Central 

BA-A-132 4 toppled 1 1 B Mid Central 

MI-681 2 cutoff  1 1 B Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 2 toppled  0 1 NA Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 1 toppled  1 1 B Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 2 toppled  0 1 NA Mid Central 

MU-870 1 toppled  1 1 B Mid Central 

PS-1105 Railroad ties 1 1 FF Shallow South 

PS-1105 1 vessel 1 1 FF Shallow South 
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Table 3-1 (continued ).      

Reef 
Structure 

Type 

No. Surveys 
Cameras 

Deployed 

Depth 

Zone 
Region Visual 

Transect 

Hydro-

acoustic 

MU-A-103 2 cutoff  2 1 B Deep Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 2 toppled  0 1 NA Mid Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 1 cutoff 0 1 NA Mid Central 

MI-A-7 1 cutoff 1 1 B Mid Central 

MI-A-7 1 cutoff 0 1 NA Mid Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 1 toppled  0 1 NA Mid Central 

MI-A-7 2 toppled  0 1 NA Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 2 toppled  0 1 NA Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 1 toppled  1 1 B Mid Central 

MU-828 1 toppled  0 1 NA Mid Central 

MU-828 2 toppled  0 1 NA Mid Central 

MU-A-85 1 standing  1 1 FF Mid Central 

MU-A-85 2 cutoff  1 1 B Mid Central 

MU-A-85 1 cutoff  0 1 NA Mid Central 

MU-A-85 2 cutoff  0 1 NA Mid Central 

MU-A-85 1 toppled  0 1 NA Mid Central 

Natural Bank 

7.5 Fathom STB 1 1 FF Shallow South 

9 Fathom STB 1 1 FF Shallow South 

Seabree STB 1 1 FF Shallow South 

Hospital STB 3 3 B Mid Central 

South Baker STB 2 1 B Mid Central 

Dream STB 2 4 B Mid South 

East FGB FGB 1 1 B Deep North 

West FGB FGB 1 2 B Deep North 

Applebaum  FGB 1 2 B Deep North 

Stetson  FGB 1 1 B Deep North 

Coffee Lump FGB 1 2 B Deep North 

Aransas STB 5 2 B Mid Central 

North Hospital STB 2 2 B Mid Central 

Baker STB 3 3 B Mid Central 

Southern STB 4 2 B Mid Central 
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Methods 

ROV Survey Methodology—ROV visual census methods were used for two purposes: 1) 

surveying community composition (i.e., data used to scale hydroacoustic total fish densities to 

species-specific densities); and, 2) estimating fish densities using visual transects. Data were 

collected for both purposes simultaneously. Moreover, community composition data used all 

fishes observed on entire ROV survey but visual transect survey data was restrained to just fishes 

observed on transects. The general methods presented in this subsection were used to collect all 

visual census data, and distinctions between how the data were applied for each type of analysis 

are noted in subsequent subsections.  

ROV visual census surveys were completed with a Mission Specialist Defender ROV 

(VideoRay, LLC) from August 2018 to November 2019 (n = 50). The ROV was equipped with a 

compass, lasers, LED array, forward-facing multibeam sonar, temperature sensors, a fixed 

forward-facing camera (160° horizontal viewing angle, and 91° vertical viewing angle), and 

dynamic positioning systems (Doppler velocity logger [DVL]) to estimate depth and altitude as 

well as allow for auto-depth holding and waypoint following capabilities. The ROV was piloted 

with an integrated control box, and visual data was transmitted in real-time to the surface and 

recorded. A rear-facing GoPro Hero7 Black (122.6° horizontal viewing angle, 94.4° vertical 

viewing angle; GoPro, Inc.), hereafter referred to as rear-facing camera, was mounted externally 

to the rear of the ROV to increase area surveyed. Camera recordings were started at the same 

time and environmental data collected by the ROV were applied to fish observations from both 

cameras during video processing. Both cameras were set to an angle of 45° for natural bank 

surveys and 0° for all artificial reef surveys. The LED array remained off during surveys to 

reduce potential fish attraction to the ROV (Bowmaker 1990). Longitude and latitude were 
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collected with a global positioning system (GPS) at the location where the ROV was deployed, 

and coordinates were georeferenced with multibeam imagery to ensure the preselected region 

was surveyed (Streich et al. 2017b). Visibility was measured using paired sonar in conjunction 

with real-time video to estimate the distance the ROV could back away from a well-marked 

down weight or platform leg until the object could no longer be visualized in the video. Visibility 

measurements were collected every 20 m change in depth at artificial reefs and while on decent 

and at depth at natural banks. Videos were recorded and processed from the time of deployment 

until time of retrieval to ensure the entire water column had the chance to be surveyed (Ajemian 

et al. 2015b). All fishes recorded, including those on visual transect surveys, were used for 

community composition analysis, and only fishes on transects were used for visual transect 

survey analysis.  

At natural banks, the ROV was flown at a constant speed (0.5 m/s) and maintained an 

altitude of 1.5 m off the seafloor. While at depth, visual transect surveys were completed (n = 

29). Transect start and end points for at least three 40-m transects were selected on the Mission 

Defender integrated control box using the waypoint selection and waypoint following 

capabilities built into the ROV with GreenSea software (GreenSea Systems, Inc.). Transects 

were laid in a triangle-like pattern where the starting coordinates of a transect were spaced 10-15 

m from the end of the previous transect to prevent sampling the same area. Transect length, start 

and end times, speed, altitude, and visibility were recorded for each transect.  

At artificial reefs, the ROV descended to the top of the structure and completed a five-

minute surface rove following protocol described by Ajemian et al. (2015b). After the surface 

rove was finished, visual transects surveys (n = 19) using two types of transects (vertical and 

horizontal) were completed. The ROV was flown approximately 1-3 m from the selected jacket 
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leg or crossbeam throughout all transects. A vertical transect was completed first by descending 

at a constant speed on the down-current side of the structure (along a rig leg) to reduce the risk of 

entanglement. Auto-heading capabilities were employed to maintain a constant coordinate 

heading towards the selected platform leg. The vertical transect was finished when either the 

maximum ambient depth was reached or when visibility was too poor to continue (i.e., ≤ 1 m) 

(Ajemian et al. 2015b; Streich et al. 2017b; Wetz et al. 2020). Upon completion of the vertical 

transect, the ROV ascended and horizontal transects were completed at crossbeams (i.e., single 

crossbeam was only surveyed once). The ROV was flown in a strafing direction and used auto-

heading capabilities to maintain a constant heading facing the crossbeam during these transects. 

Three horizontal transects were typically completed if conditions allowed. The ROV was flown 

to the surface after completion of last horizontal transect and the survey was ended. 

All ROV visual census data was processed by two independent readers using an open-

source video software (VLCTM media player). Different readers were used for the forward and 

rear-facing videos to prevent reader bias. During this process, the entire video was reviewed, fish 

were identified to the lowest possible taxon, enumerated, and recorded. Information on the local 

time of day, temperature, depth, altitude, visibility, and heading were also recorded, and each 

survey was saved as an individual file. Care was taken to prevent double counting of fish within 

a single visual census survey. If fish were clearly present, but visibility was too poor for the fish 

to be identified, the fishes were still enumerated and recorded as unidentified fish. If a large 

school was observed, the frame with the most fish was selected, and the school was identified 

and enumerated. A note was made if a fish was observed during a transect with additional 

information about the transect (i.e., transect type, transect number, local time, speed, duration, 

altitude, visibility, and transect length). Counts were jointly reviewed if readers differed by more 
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than 5% (Ajemian et al. 2015b; Streich et al. 2017b; Wetz et al. 2020). The average of the two 

readers’ counts were used for all analyses. 

 Camera Position Analysis—Forward and rear-facing cameras were simultaneously 

deployed on the ROV at 12 natural banks and 13 artificial reef sites. Only these surveys (i.e., 

those with true paired data) were used for this analysis. I used MaxN counts, the greatest number 

of individuals observed at any one time on the video, for each survey-camera position 

combination for this analysis (Ellis and DeMartini 1995). MaxN is a conservative metric and is 

commonly used as a measurement of relative abundance throughout visual census literature 

(Ellis and DeMartini 1995; Harvey et al. 2007; Grasty 2014; Ajemian et al. 2015b; Campbell et 

al. 2015; Streich et al. 2017b; Reynolds et al. 2018; Wetz et al. 2020). MaxN was the optimal 

direct count metric because it can be used to compare relative abundances of species and overall 

diversity between forward and rear-facing cameras without losing information due to scale, 

timing, or conversion to density.  

I was interested in quantifying differences in MaxN counts of federally managed species 

between forward and rear-facing cameras within a single ROV visual census survey. Red 

Snapper, Gray Snapper (Lutjanus griseus), Vermilion Snapper (Rhomboplites aurorubens), 

Greater Amberjack (Seriola dumerili), Almaco Jack (Seriola rivoliana), Yellowmouth Grouper 

(Mycteroperca interstitialis), and Scamp (Mycteroperca phenax) were selected as study species 

for this analysis because the results could impact management practices. I initially planned on 

including Gray Triggerfish (Balistes capriscus) in this analysis, but because the species was 

observed so infrequently (i.e., < 8%), they were excluded from all subsequent analyses. I tested 

the null hypothesis of no significant differences between MaxN counts on forward and rear-

facing camera using two tailed, paired t-tests. Natural and artificial habitats were treated 
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independently, because I was not interested in comparing differences between habitats, and 

because literature has commonly reported differences in fish communities and abundances 

between them (Rooker et al. 1997; Brickhill et al. 2005; Wilson et al. 2006; Patterson et al. 2014; 

Ajemian et al. 2015b; Karnauskas et al. 2017; Streich et al. 2017b). I used an alpha value of 0.05 

for this test and all other subsequent analyses.  

ROV Visual Transect Density Analysis—ROV visual census data was filtered to fishes 

observed on transects. Transect length and distance from jacket leg or cross beam was verified 

with paired sonar video reviewed by two independent readers. If transect lengths or distances 

between the ROV and the structure could not be confirmed with sonar, the transects were 

omitted from the analysis. Only fishes observed on the forward-facing camera were used to 

calculate fish densities to reduce the risk of double counting fish, and because the use of a 

forward-facing camera for visual transect surveys is most common throughout visual census 

literature (Patterson et al. 2008; Ajemian et al. 2015a, 2015b; Streich et al. 2017b; Wetz et al. 

2020). 

The FOV was calculated for each transect using the viewing angles of the ROV camera 

(θVertical = 1.589 rad, θHorizontal = 2.374 rad) and altitude. The FOV was calculated for natural 

transects using the equation: 

𝐹𝑂𝑉𝑁𝑎𝑡𝑢𝑟𝑎𝑙  =  (𝑡𝑎𝑛 (
𝜃𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

2
) × 𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒)  × 2 

The FOV for artificial visual transects was calculated similarly but used average distance 

from the rig leg for vertical transects and average distance from the crossbeam for horizontal 

transect instead of visibility. The equation to calculate FOV for artificial reef vertical transects 

was: 
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𝐹𝑂𝑉𝐴𝑟𝑡𝑖𝑓𝑖𝑐𝑖𝑎𝑙  =  |(𝑡𝑎𝑛 (
𝜃𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

2
) × 𝐴𝑣𝑔. 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑙𝑒𝑔 𝑜𝑟 𝑐𝑟𝑜𝑠𝑠𝑏𝑒𝑎𝑚)| × 2 

 Nepheloid-influenced surveys were corrected for by replacing the theoretical area that 

could be seen (i.e., 
𝐹𝑂𝑉

2
) with actual visibility measurements. Moreover, if the average visibility 

on a transect was less than half of the FOV, then the FOV value was replaced by two times the 

visibility to correct for nepheloid-influenced surveys. The MaxCount, or sum of all counts for a 

species on a transect, was used to calculate species densities. MaxCount is a commonly used 

metric when estimating densities during ROV based visual transects (Patterson et al. 2008; Dahl 

and Patterson 2014; Ajemian et al. 2015b; Baker et al. 2019). Species densities were calculated 

by dividing the MaxCount by the product of the FOV and transect length. Transect densities 

within the same site were averaged and converted to density per 100 m2 for natural banks and 

fish per structure for artificial reefs. 

 Species Composition Analysis— Species composition profiles were generated for every 

10-m depth layer, so total abundance estimated with hydroacoustic surveys could be scaled to 

species-specific abundances within each layer (Stanley and Wilson 1997, 2000; Reynolds et al. 

2018; LGL Ecological Research Associates 2019). I elected to bin species composition by layer 

because this approach allowed for species-specific changes by depth (Bright and Rezak 1976; 

Bright 1977; Rezak et al. 1990; Rooker et al. 1997; Stanley and Wilson 1997; Simonsen 2013; 

Ajemian et al. 2015a; LGL Ecological Research Associates 2019). Species that would not be 

visible on hydroacoustic surveys due to size, morphology, or behavior (e.g., damselfishes, 

sharks, etc.) were filtered from visual census survey data prior to analysis (Appendix A; 

Simmonds and MacLennan 2005; Wilson et al. 2006). Non-excluded fish occurrences on both 

forward and rear-facing cameras from all ROV surveys were used to generate species 

composition profiles for the depth (i.e., shallow, mid, deep) and habitat (i.e., artificial and 
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natural) strata (Table 3-1). I used a regional approach to generate species composition profiles by 

layer, because the approach 1) overcame depth, visibility, or current constraints; 2) allowed for a 

more robust dataset to draw species composition profiles from. Post-stratification by region was 

collapsed because no significant differences were detected in MaxN counts. The shallow depth 

strata was split into shallow I (10-20 m) and shallow II (20-40 m) for species composition 

purposes because fish communities differ between these strata as a result of depth and structure 

type (i.e., smaller prefabricated artificial reefs in shallower regions; Bohnsack and Sutherland 

1985; Streich et al. 2017a, 2017b; Rosemond et al. 2018; Plumlee et al. 2020). 

The proportional depth, or percent distance from the bottom, of each fish occurrence was 

calculated as the difference between actual depth of the fish occurrence and the ROV site depth: 

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝐷𝑒𝑝𝑡ℎ (%) =  
𝑆𝑖𝑡𝑒 𝐷𝑒𝑝𝑡ℎ − 𝐹𝑖𝑠ℎ 𝐷𝑒𝑝𝑡ℎ

𝑆𝑖𝑡𝑒 𝐷𝑒𝑝𝑡ℎ
 × 100 

The quantity of 10-m layers for each hydroacoustic survey was calculated by rounding the 

maximum hydroacoustic survey depth down to the nearest ten (e.g., 71.2 m rounded to 70 m), 

and dividing this value by ten. A cutoff layer (i.e., uppermost layer < 10 m) was generated to 

ensure proper scaling of the water column. The cutoff layer was calculated by subtracting the 

maximum hydroacoustic depth by the rounded value (e.g., 71.2 m – 70 m = 1.2 m). The 

proportional size of the cutoff layer was calculated following the equation: 

𝐶𝑢𝑡𝑜𝑓𝑓 𝐿𝑎𝑦𝑒𝑟 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑆𝑖𝑧𝑒 (%) =  
𝐶𝑢𝑡𝑜𝑓𝑓 𝐿𝑎𝑦𝑒𝑟 𝑆𝑖𝑧𝑒 (𝑚) × 100

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑠𝑢𝑟𝑣𝑒𝑦 𝑑𝑒𝑝𝑡ℎ
 

The proportional size of the remaining section of the water column (i.e., the region of the water 

column where full 10-m layers spanned) was calculated by subtracting the cutoff layer’s 

proportional size from 100. The proportional size of each full layer was calculated by dividing 

the non-cutoff region by the number of full layers calculated in the first step (Appendix B).  
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For every hydroacoustic survey, all fish occurrences within the same habitat-depth 

stratum were assigned to the hydroacoustic layer their proportional depth fell within (see 

Appendix B for full example). After allocation of fish occurrences to hydroacoustic surveys, 

species MaxN counts were generated for each video survey within every hydroacoustic layer and 

summed by species to allow visual surveys to have equal weight. The percentage of each species 

within every hydroacoustic layer was calculated by dividing the summed MaxN count by the 

overall sum of the layer. The relative abundance percentages were applied to hydroacoustic 

surveys for species-specific scaling of total abundance (Reynolds et al. 2018). 

If no fish occurrences were present in a generated visual layer but fishes were present in 

the layer on a hydroacoustic survey, the empty layer was filled by extending the bounds of the 

layer by half of the proportional thickness. Fishes within the extended layer boundaries were 

incorporated and used to generate species composition profiles for the empty layer. If still no 

fishes were present using the extended bounds, the hydroacoustic density was classified as 

unidentified fish. Two to three additional readers reviewed unidentified fish recorded in ROV 

visual census surveys to prevent unidentified fish from skewing species-specific abundance 

estimates since many unidentified fish could not be identified due to visibility limitations. If the 

unidentified fish could not be identified any further but readers clearly saw a fish (i.e., image was 

blurry and too far away from camera systems to further identify), then the fish remained as 

unidentified, but was only applied to the site where the visual observation was made. If the fish 

was unidentifiable because it could not be distinguished between two possible species that shared 

similar body shape and behavior (e.g., Atlantic Creolefish (Paranthias furcifer) or Vermilion 

Snapper), then the unidentified fish count was apportioned to each of the possible species based 

on their observed percentages in the site-depth layer combination. This methodology was also 
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followed if the unidentified fish could be identified to the family level or the lowest possible 

taxon level. 

Hydroacoustic Surveys and Analysis—Mobile hydroacoustic surveys using a Simrad EK-

80 split-beam (70-18CD transducer) echo sounder was completed immediately before or after the 

ROV visual census surveys when conditions were favorable at both natural banks (n = 28) and 

artificial reefs (n = 50). The echo sounder was mounted to a towed body and towed 40 m behind 

the boat for all hydroacoustic surveys or mounted to the vessel via a fixed pole arm and 

descended approximately 1.8 m below the surface for all surveys. Prior to beginning a survey, 

passive listening was recorded to obtain baseline values of background noise and ensure no other 

nearby transducer was actively pinging. Active pinging was recorded during the entire survey. 

All surveys were conducted using a continuous wave with 0.256 µs pulse duration. Ping 

locations were recorded using an external global positioning system (GPS).  

Hydroacoustic surveys at natural banks and standing platforms were completed in a radial 

pattern similar to Reynolds et al. (2018), but the survey pattern differed because I completed four 

500 m transects that were 45° from the previous transect (Figure 3-2A). Since many of the 

artificial reef sites selected for the project contained multiple structures, parallel transects were 

used at these sites to ensure coverage of all structures within a reef site (Figure 3-2B; Aglen 

1989). All transects were completed at a speed of 1.03-2.06 m/s. A hydroacoustic calibration 

survey was completed using a 70 kHz tungsten calibration sphere (38.1 mm WC; -40.56 dB) at 

the beginning of each day of sampling. If sites surveyed during a sampling day had substantially 

different salinity and temperature measurements, a second calibration survey was completed.  
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Figure 3-2. Illustration of hydroacoustic transect designs broken into radial transects (A) and 

parallel transects (B). Natural bank and standing platform were surveyed with radial transect 

survey patterns characterized by four 500 m transects that overlapped at shared centroid and 

were offset by 45° (A). Artificial reefs (e.g., decommissioned platforms and prefabricated 

materials) were surveyed with parallel transects which covered all areas within a 30 m convex 

hull of the structures and transects were equally spaced using the beam diameter distance of the 

echosounder (B). 

 

 Raw acoustic data were visualized and processed with Echoview 10.0 (Myriax Pty. Ltd., 

Hobart, Tasmania, Australia). Prior to analysis, data were cleaned by setting analysis thresholds 

and removing noise, dropout, or non-data regions (i.e., turning regions) to exclude unwanted 

noise and reverberation that may impact results (Simmonds and MacLennan 2005; Boswell et al. 

2007; Reynolds et al. 2018). Surface and bottom lines were manually drawn on the echogram to 

remove the top 5 m of the water column and everything below 0.5 m of the bottom to prevent 

hardbottom, structures, acoustic shadow, and bubbles from being included in analysis. If 

zooplankton layers and/or nepheloid layers were present after the analysis thresholds were set, a 

mask was manually drawn around the region(s) so the misleading regions would not be included 

in the analysis. Additional background noise was removed in Echoview following methods from 

De Robertis and Higginbottom (2007) prior to analysis. The calibration survey was applied to the 

echogram to compensate for temperature and salinity effects on the sound speed. Structures 

within a reef site were treated as individual units and separated on the echogram. Structures less 



116 
 

than 35 m apart were recorded and analyzed as a structure complex, because they were too close 

together to be separated into single structures (Stanley and Wilson 1997, 2000; Rosemond et al. 

2018). Echo integration approaches were useful when echo counting was prevented, because 

individual fish were too closely distributed (Boswell et al. 2007). A 10 m x 5 m (10 m depth and 

5 m distance) grid was applied over the acoustic data. The 10-m depth bin was applied to 

distinguish benthic and pelagic fish as well as effectively apply species composition data 

collected with visual census surveys. Acoustic data was processed and resulted in volume 

backscattering strength (Sv) and target strength (TS; Simmonds and MacLennan 2005; Boswell 

et al. 2007). Sv is often used as a metric for fish biomass as it is the sum of discrete targets per 

unit volume of water sampled (Simmonds and MacLennan 2005; Boswell et al. 2007). Estimates 

of fish density were derived within each 10 m x 5 m grid by scaling Sv measurements by TS 

values, the hydroacoustic metric for fish length (Simmonds and MacLennan 2005). When single 

targets were within 7 m of a school, henceforth referred to as border targets, the Sawada index 

was applied (Sawada et al. 2002). Target strengths of the border targets were used to estimate the 

number of fish in the school they bounded. Scaling was calculated in R Studio (R version 3.6.2) 

using the minimum distance between border targets and each school. The paired TS and Sv 

measurements were converted to linear estimates with the formulas: 

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝐶𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑒𝑑 𝑇𝑆/10 

Sv 𝐿𝑖𝑛𝑒𝑎𝑟 =  10𝑆𝑣 𝑀𝑒𝑎𝑛/10 

𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑖𝑠ℎ 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑆𝑣 𝐿𝑖𝑛𝑒𝑎𝑟

𝑇𝑆 𝐿𝑖𝑛𝑒𝑎𝑟
 

Volumetric densities were then multiplied by the mean thickness of the cell to yield estimates of 

fish school density of the cell. This same process was completed for single targets not used to 
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scale schools. School estimates and single target estimates were summed within each 10 m depth 

layer to produce an areal density of each grid cell.  

Spatial autocorrelation and possible double counting of fishes were accounted for through 

ordinary point kriging described by Greene et al. (1998). Spherical, exponential, Gaussian, and 

Matern semivariogram models were evaluated, and the model of best fit based on the sill and 

range was selected. Each layer was kriged independently over 2-dimentional, equally spaced 5 m 

x 5 m grids. The kriging process produced fish density estimates for each 10-m layer that were 

equally spaced every 5 m within the range the hydroacoustic survey was conducted. Densities 

were averaged by layer and converted to abundances by multiplying by the area surveyed. Total 

fish abundances were scaled to species by multiplying the overall fish abundance by the percent 

community composition for each species within the corresponding visual layer. After scaling for 

each layer, all layers within a site were summed by species to produce overall site abundances as 

well as the overall total fish abundance. Species-specific abundances and total abundance were 

converted to density per 100 m2 for natural banks and fish per structure for artificial reefs.  

Comparison of Visual Transect and Hydroacoustic Surveys—Densities (i.e., fish/100 m2 

for natural banks and fish/structure for artificial reefs) for the same seven federally managed 

species used for the forward and rear-facing camera comparison (i.e., Red Snapper, Vermilion 

Snapper, Gray Snapper, Greater Amberjack, Vermilion Snapper, Scamp, and Yellowmouth 

Grouper) were used in a comparison between hydroacoustic and visual transect densities. I used 

48 visual transect surveys (n = 19 artificial, n = 29 natural) and 75 hydroacoustic surveys (n = 48 

artificial, n = 27 natural) to compare the efficiency of the survey methods at natural and artificial 

reefs. Habitat types were analyzed separately, because there are known differences between 

artificial and natural banks which could present additional bias to this analysis by diluting the 
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effects of survey method (Rooker et al. 1997; Brickhill et al. 2005; Patterson et al. 2014; 

Ajemian et al. 2015b; Karnauskas et al. 2017; Streich et al. 2017b). I used two-tailed, paired t-

tests to evaluate the null hypothesis that there were no significant differences in mean density of 

a species between the two survey methods (α = 0.05).  

 Red Snapper Absolute Abundance Estimates—To estimate the absolute abundance of Red 

Snapper at natural and artificial reefs in the TXGOM hydroacoustic surveys were used coupled 

with species composition generated from paired front and rear camera video. These methods 

were selected, because the they were best suited for the environment and species selected for the 

analysis. Red Snapper were selected for this final analysis for three primary reasons: 1) Red 

Snapper are the most economically important finfish in the GOM; and, 2) the fisheries-

independent data evaluated in earlier sections of this paper provided robust abundance data 

needed to build confidence in general understanding and management of Red Snapper population 

dynamics throughout the TXGOM (Goodyear 1988, 1993; Rotherham et al. 2007; Gallaway et 

al. 2009; Gregalis et al. 2012; Cass-Calay et al. 2015; NMFS 2018; SEDAR 2018; LGL 

Ecological Research Associates 2019).  

 Artificial reefs were post-stratified by size as either small (e.g., reef pyramids; n = 4) and 

large (e.g., platforms and vessels; n = 45) to account for differences in relief and structure type 

and natural banks were not stratified (Table 3-1; Streich et al. 2017a, 2017b; Plumlee et al. 

2020). The mean Red Snapper density was calculated for each habitat-stratum using all available 

surveys. The number of artificial structures to extrapolate across was identified in ArcGIS 

through compilation of various source data and post-processing to ensure all structures were 1) 

only represented once, and 2) still present or some feature of the structure still remains at the 

location (MMS 2005; BOEM 2012, 2020; Horner 2013; TXGLO 2018; TPWD 2020; BOEM 
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and NOAA 2020; RGV Reef 2020; J. Froeschke, NMFS, unpublished data; K. Rose, NOAA, 

unpublished data; Center for Sportfish Science and Conservation, unpublished data). A similar 

process was completed to identify the total area of natural banks within the TXGOM (Shirley 

2012; Horner 2013; NMFS 2019a). Absolute abundance was estimated by multiplying the mean 

density by the total area (1,570 km2) for natural banks or by the number of structures (small = 

11,069; large = 1772) within the TXGOM. Red Snapper absolute abundance was converted to 

biomass by multiplying the abundance by a conservative average weight (7 lb) of the species 

(NMFS 2019b). 

 

Results 

Camera Position Analysis 

At sites where the ROV was deployed with paired forward and rear-facing cameras (n = 

12 natural; n = 13 artificial), a total of 54 species representing 24 families were recorded at 

natural banks, and 51 species representing 21 families were recorded at artificial reefs. At natural 

banks, the forward-facing camera recorded 38 species (9 unique) from 20 families, and the rear-

facing camera recorded 43 species (16 unique) from 20 families. At artificial reefs, the forward-

facing camera recorded 45 species (8 unique) from 22 families, and the rear-facing camera 

recorded 43 species (8 unique) from 16 families.  

At artificial reefs, mean MaxN counts of Scamp (t = -5.729, df = 4, P = 0.005) and 

Vermilion Snapper (t = -23.889, df = 8, P = 0.030) were significantly higher on the forward-

facing camera (Table 3-2; Figure 3-3). At natural banks, mean MaxN counts of Red Snapper was 

the only species that had significantly higher on the rear-facing camera (t = 11.727, df = 10, P = 

0.048). No other differences were observed at either habitat type (Table 3-2; Figure 3-3). 
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Figure 3-3. Bar plot comparing average MaxN counts (shaded bars) of seven federally managed 

species recorded with remotely operated vehicle (ROV) forward-facing (FF) and rear-facing 

(RF) cameras at artificial (left; n = 13) and natural (right; n = 12) reefs. Error bars represent 

standard error and values indicate the number of surveys the species was recorded on. 
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Table 3-2. Results of two-sided paired t-test comparing mean MaxN counts of seven federally managed species recorded on forward 

and rear-facing cameras at artificial (top) and natural (bottom) reefs. Bolded rows correspond to species with significantly different 

MaxN counts between cameras. 

Family Common Name Scientific Name Estimate t P df 
Lower 

95% CI 

Upper 

95% CI 

Artificial Reefs 

Carangidae Greater Amberjack Seriola dumerili -5.389 -1.816 0.107 8 -12.231 1.453 

Almaco Jack Seriola rivoliana -1.150 -2.061 0.069 9 -2.412 0.112 

Epinephelidae Yellowmouth Grouper Mycteroperca interstitialis -1.333 -4.000 0.057 2 -2.768 0.101 

Scamp Mycteroperca phenax -1.900 -5.729 0.005 4 -2.821 -0.979 

Lutjanidae Red Snapper Lutjanus campechanus 3.591 0.454 0.660 10 -14.045 21.227 

Gray Snapper Lutjanus griseus -10.286 -0.941 0.383 6 -37.018 16.447 

Vermilion Snapper Rhomboplites aurorubens -23.889 -2.628 0.030 8 -44.854 -2.923 

Natural Banks 

Carangidae Greater Amberjack Seriola dumerili 1.000 1.061 0.320 8 -1.174 3.174 

Almaco Jack Seriola rivoliana 0.500 0.661 0.529 7 -1.287 2.287 

Epinephelidae Yellowmouth Grouper Mycteroperca interstitialis -0.250 -0.522 0.638 3 -1.773 1.273 

Scamp Mycteroperca phenax 0.000 0.000 1.000 3 -2.905 2.905 

Lutjanidae Red Snapper Lutjanus campechanus 11.727 2.248 0.048 10 0.102 23.353 

Gray Snapper Lutjanus griseus -11.667 -1.627 0.245 2 -42.527 19.194 

Vermilion Snapper Rhomboplites aurorubens 49.188 1.725 0.128 7 -18.251 116.626 
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Species Composition Analysis 

For visualization purposes, overall species composition was averaged for all layers (Table 

3-3; see Appendix C full profiles for representative sites). At both reef types, Almaco Jack 

(artificial = 3.3%; natural = 3.1%) and Vermilion Snapper (artificial = 32.3%; natural = 32.6%) 

occurred in highest relative abundance in the mid depth strata. Scamp and Yellowmouth Grouper 

were observed in the greatest proportion at mid and deep strata and composed < 2% of the 

species composition for all strata. Gray Snapper were observed in the highest relative abundance 

in the shallow strata (artificial = 10.5%; natural = 4.1%) and the lowest relative abundance in the 

deep strata (both habitats = 0%). The proportion of Greater Amberjack increased with depth at 

artificial reefs (shallow = 2.4%; deep = 3.6%), and the opposite was observed for the species at 

natural reefs (shallow = 10.6%; deep = 0.4 %). At artificial reefs, Red Snapper was observed in 

the greatest relative abundance in the deep strata (33.7%) and in equal relative abundances in the 

shallow and mid strata (7.7%). At natural banks, Red Snapper predominant in all depth strata and  

the highest relative abundance was in the mid strata (31.4%) followed by shallow (24.1%) and 

deep (19.1%), respectfully (Table 3-3).  
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Table 3-3. Mean contribution to the overall species composition (in percentages) of the seven federally managed species by depth 

region. Standard error for each habitat-depth stratum is also included. 

Family Common Name Scientific Name 
Shallow Mid Deep 

% SE % SE % SE 

Artificial Reefs 

Carangidae Greater Amberjack Seriola rivoliana 2.40 0.65 5.11 0.44 19.58 3.60 

Almaco Jack Seriola dumerili 0.57 0.00 3.27 0.40 2.64 0.39 

Epinephelidae Yellowmouth Grouper Mycteroperca phenax 0.08 0.03 0.27 0.04 0.33 0.05 

Scamp Mycteroperca interstitialis 0.00 0.00 0.78 0.10 0.56 0.13 

Lutjanidae Red Snapper Lutjanus griseus 7.66 1.29 7.66 0.64 33.72 5.75 

Gray Snapper Lutjanus campechanus 10.45 1.62 5.94 0.45 0.00 0.00 

Vermilion Snapper Rhomboplites aurorubens 11.77 4.41 32.31 2.89 2.91 0.48 

Natural Banks 

Carangidae Greater Amberjack Seriola rivoliana 10.56 1.37 3.63 0.33 3.15 0.44 

Almaco Jack Seriola dumerili 0.00 0.00 3.13 0.28 2.64 0.85 

Epinephelidae Yellowmouth Grouper Mycteroperca phenax 0.00 0.00 0.23 0.02 0.24 0.03 

Scamp Mycteroperca interstitialis 0.00 0.00 0.74 0.07 1.46 0.20 

Lutjanidae Red Snapper Lutjanus griseus 24.05 3.12 31.40 3.63 18.98 6.29 

Gray Snapper Lutjanus campechanus 4.01 0.52 1.99 0.20 0.00 0.00 

Vermilion Snapper Rhomboplites aurorubens 0.00 0.00 32.63 2.91 23.17 2.64 
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Comparison of Visual Transect and Hydroacoustic Surveys 

Mean densities of the seven federally managed species were compared using visual 

transect and hydroacoustic survey methods to evaluate differences between these methods. 

Members of family Carangidae (i.e., Almaco Jack and Greater Amberjack) generally had greater 

density estimates on artificial reefs using hydroacoustic surveys and greater density estimates on 

natural banks using visual transect surveys (Figure 3-4). For example, at artificial reefs, mean 

density of Greater Amberjack was 242 fish/structure with hydroacoustic surveys and 99 

fish/structure with visual transects (Figure 3-4A). At natural reefs, mean density of Greater 

Amberjack was 0.001 fish/m2 with hydroacoustic surveys and 0.007 fish/m2 with visual transects 

(Figure 3-4B). Results indicated that at natural banks, Greater Amberjack densities were 

significantly greater when measured with visual transect surveys (t = -4.551, df = 4.406, p = 

0.008; Table 3-4). Members of family Epinephelidae generally had greater densities reported 

with visual transects for both artificial and natural habitats (Figure 3-4). For example, at artificial 

reefs Scamp had a mean density of 24 fish/structure with hydroacoustic surveys and 40 

fish/structure with visual transect surveys (Figure 3-4A). At natural banks, Scamp had a mean 

density of < 0.001 fish/m2 with hydroacoustic surveys and 0.004 fish/m2 with visual transects 

(Figure 3-4B). However, no significant differences were observed between survey methods at 

either habitat type (Table 3-4).  

Members of family Lutjanidae had variation within the family as Red Snapper and Gray 

Snapper had generally greater densities with hydroacoustic surveys at artificial reefs and greater 

densities using visual transect surveys at natural banks (Figure 3-4). For example, at artificial 

reefs Vermilion Snapper had a mean density of 986 fish/structure with hydroacoustics and 3,964 

fish/structure with visual transect surveys (Figure 3-4A). At natural banks, Vermilion Snapper  
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Figure 3-4. Bar plot comparing densities of seven federally managed species on hydroacoustic 

(blue bars) and visual transect (red bars) surveys at artificial (A) and natural (B) reefs. Species 

are grouped by family. Error bars represent the standard error. Units are reported as fish/structure 

for artificial reefs and fish/100 m2 for natural banks. 
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Table 3-4. Results from t-tests analyzing differences in mean densities of seven federally managed species between ROV visual 

transect and hydroacoustic methods at artificial reefs (top table) and natural banks (bottom table). Bolded rows represent significance. 

Family Common Name Scientific Name Estimate t P df 
Lower 

95% CI 

Upper 

95% CI 

Artificial Reefs 

Carangidae Almaco Jack Seriola rivoliana 260.160 1.183 0.243 43.224 -183.265 703.585 

Greater Amberjack Seriola dumerili 142.814 1.685 0.097 57.015 -26.861 312.488 

Epinephelidae Scamp Mycteroperca phenax -15.577 -1.203 0.268 6.920 -46.255 15.101 

Yellowmouth Grouper Mycteroperca interstitialis -31.797 -1.894 0.152 3.089 -84.374 20.780 

Lutjanidae Gray Snapper Lutjanus griseus 84.880 0.722 0.490 8.610 -183.082 352.842 

Red Snapper Lutjanus campechanus 333.014 2.283 0.026 57.876 40.974 625.054 

Vermilion Snapper Rhomboplites aurorubens -2977.864 -0.863 0.421 6.085 -11395.519 5439.792 

Natural Banks 

Carangidae Almaco Jack Seriola rivoliana -0.007 -2.338 0.144 2.010 -0.019 0.006 

Greater Amberjack Seriola dumerili -0.006 -4.551 0.008 4.406 -0.009 -0.002 

Epinephelidae Scamp Mycteroperca phenax -0.005 -2.693 0.115 2.002 -0.013 0.003 

Yellowmouth Grouper Mycteroperca interstitialis -0.003 -7.414 0.085 1.002 -0.009 0.002 

Lutjanidae Gray Snapper Lutjanus griseus -0.050 -6.671 0.022 2.001 -0.082 -0.018 

Red Snapper Lutjanus campechanus -0.009 -1.558 0.146 11.515 -0.022 0.004 

Vermilion Snapper Rhomboplites aurorubens -0.118 -1.377 0.302 2.002 -0.485 0.250 
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had a mean density of 0.005 fish/m2 with hydroacoustic surveys and 0.123 fish/m2 with visual 

transect surveys (Figure 3-4A). No significant differences were observed between survey method 

at either habitat type for Vermilion Snapper, but the tends for the species differ from those 

exhibited by Red Snapper and Gray Snapper (Figure 3-4; Table 3-4). Red Snapper exhibited 

significant differences in survey method at artificial reefs (t = 2.283, df = 57.876, p = 0.026) 

where they had a mean density of 452 fish/structure with hydroacoustic surveys and 119 

fish/structure with visual transect surveys (Figure 3-4A). No significant differences were 

observed in mean Red Snapper density between the survey methods at natural banks. However, 

significant differences in mean density were observed between the survey methods at natural 

banks for Gray Snapper (t = 2.283, df = 57.876, p = 0.026) with a mean density of < 0.001 

fish/m2 with hydroacoustic surveys and 0.050 fish/m2 with visual transect surveys (Figure 3-4B; 

Table 3-4). 

 

Red Snapper Absolute Abundance Estimates 

A total of 78 hydroacoustic surveys were used to complete this analysis (n = 28 natural; n 

= 50 artificial). At artificial reefs, densities were 37.4 Red Snapper per small structure and 524.4 

Red Snapper per large structure. At natural banks, the mean density was 0.39 Red Snapper per 

100 m2. Within the TXGOM the absolute abundance of Red Snapper over all artificial reefs was 

1,058,051 (CV = 29%) and over natural banks was 6,118,605 (CV = 38%). When converted to 

biomass, data indicated 7,406,357 lb over artificial reefs and 42,830,235 lb over natural banks. In 

total, approximately 50,236,592 lb of Red Snapper reside over reef habitats in the TXGOM.  
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Discussion 

This study compared gear efficiency of fisheries-independent sampling methodologies 

and evaluated which method was best suited to estimate the absolute abundance of Red Snapper 

at reef habitats in the northwestern GOM. This was done through three primary objectives: 1) 

assess the value of adding a rear-facing camera to an ROV; 2) compare the efficiency of 

hydroacoustic surveys with paired species composition and ROV visual transect surveys; and 3) 

apply results of objectives one and two to estimate the absolute abundance of Red Snapper at 

reef habitats. Data indicated that performance of forward and rear-facing cameras as well as the 

efficiency of hydroacoustic and visual transect surveys were specific to species and habitat. Red 

Snapper densities were best approximated using hydroacoustic surveys with paired forward and 

rear-facing cameras. These methods were applied, and the absolute abundance of Red Snapper 

was estimated to be 1,503,948 (CV = 29%) at artificial reefs and 6,118,605 (CV = 38%) at 

natural banks.  

The use of paired forward and rear-facing cameras on an ROV is especially important for 

assessing Red Snapper relative abundance at natural banks because average MaxN counts were 

significantly greater on the rear-facing camera at this habitat. Red Snapper observed on the rear-

facing camera frequently followed behind the ROV at natural banks, especially while the ROV 

was actively flown. In fact, snapper species have been shown to follow towed camera systems 

over continuous habitat (Grasty 2014). Surprisingly, no significant differences in average MaxN 

counts of Greater Amberjack were detected between the between the cameras despite previously 

exhibiting attraction to camera systems (Grasty 2014). This may be a result of Greater 

Amberjack being positively attracted to all sides of the ROV. At artificial reefs, Red Snapper did 

not exhibit a significant affinity to either camera position which could be a result of the species 
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not following the ROV, because individuals would have to modify their buoyancy to actively 

follow the ROV due to the vertical track of the surveys. The nature of the habitat included in the 

FOV could be another potential reason for the insignificant results, because, at artificial habitats, 

the reef was only captured in the FOV of the forward-facing camera (i.e., rear-facing camera 

FOV included open water), whereas at natural reefs the FOV of both cameras included reef 

habitat. Moreover, based on the ecology of the reef-associated species included in this analysis 

and the camera-specific FOVs at artificial reefs, individuals are less likely to swim away from 

the structure to be recorded on the rear-facing camera. This may explain why Scamp and 

Vermilion Snapper showed strong affinity for the forward-facing camera at artificial reefs. Based 

off these results, I suggest future studies use camera positions best suited for the habitat type and 

species of interest. At artificial reefs, rear-facing cameras are not essential for accurately 

assessing species composition, and the benefit of this camera is outweighed by the effort 

required to process the additional video. At natural banks, the addition of a rear-facing camera is 

needed especially when studying Red Snapper. The additional camera will account for fishes 

actively following the ROV and increase the accuracy of the survey by doubling the area 

surveyed (Campbell et al. 2015, 2018). Therefore, I used a combination of forward and rear-

facing cameras at both habitat types to generate species composition profiles that scaled 

hydroacoustic total abundance to species-specific abundances. The additional camera at artificial 

reefs was not necessary but did increase the robustness of the visual census data. 

Due to limitations of hydroacoustic surveys, species identification must be determined 

using visual census methods because fishes cannot be directly identified with hydroacoustic 

processing (Stanley and Wilson 1997, 2000; Simonsen 2013; Reynolds et al. 2018; LGL 

Ecological Research Associates 2019). Historically, species composition has been generated with 
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proportional counts using data from the entire water column (Bortone and Kimmel 1991; Ellis 

and DeMartini 1995; Simonsen 2013; Wartenberg and Booth 2014; Campbell et al. 2015; Streich 

et al. 2017b; Reynolds et al. 2018; Wetz et al. 2020). In these methods, overall relative 

abundance estimates are generated without binning depth (Ajemian et al. 2015a; Campbell et al. 

2015). However, because fish communities and abundances vary with depth, I generated species 

composition profiles for every 10-m depth layer which improved the resolution of my species 

composition (Rooker et al. 1997; Ajemian et al. 2015b; LGL Ecological Research Associates 

2019). Unfortunately, species composition is dependent on the relative abundance of other 

species present. For example, Red Snapper only accounted for approximately 8% of the overall 

species composition in the mid-artificial strata, which can be attributed to 82 other species also 

making some contribution within the same strata. Moreover, Vermilion Snapper within the same 

depth-habitat strata accounted for approximately 32% of the species composition, and the 

substantially greater proportion is an artifact of schooling and vertically distributed nature of the 

species (i.e., less compressed than Red Snapper; Allman 2007; Ajemian et al. 2015a; Wetz et al. 

2020).  

Schooling species that spanned more than one depth layer (e.g., carangids and lutjanids) 

had higher mean densities using hydroacoustic surveys than solitary species (e.g., groupers). For 

example, Red Snapper had significantly higher mean densities using hydroacoustic surveys than 

visual transect surveys at artificial reefs. Solitary species generally had higher mean densities 

using visual transect surveys at this habitat. At natural banks, where most fishes are seen within 

10 m of the bottom, visual transect surveys generally had greater mean densities. Data indicated 

visual transect surveys had significantly higher densities for Greater Amberjack and Gray 

Snapper at this habitat. The differences between sampling methods and habitat types can be 
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attributed to the influence of species composition on hydroacoustic survey results. Because 

hydroacoustic surveys require bounded species composition estimates (i.e., 0%-100%), the 

nature of the habitat and ecology of the species should be carefully considered prior to selecting 

a sampling method. For example, the contribution an individual species makes to the overall 

species composition will be compressed at a natural bank because most of the total fish biomass 

is within 10 m of the bottom (Nash et al. 2013). However, at artificial reefs, fishes are distributed 

vertically throughout the structure and thus the scaling is less pronounced (Rooker et al. 1997; 

Ajemian et al. 2015b). Additionally, hydroacoustic surveys produced total abundance estimates 

that were independent of the nepheloid layer (Stanley and Wilson 1997). The ability for a 

sampling method to overcome constraints imposed by highly turbid environments is essential in 

the northwestern GOM where there is a persistent nepheloid layer that commonly limits visual 

census studies (Shideler 1981; Bright and Rezak 1976; Stanley and Wilson 1997; Tunnell et al. 

2009; Ajemian et al. 2015a, 2015b; Streich et al. 2017b; Wetz et al. 2020). The species 

composition data used to scale total abundance to the species level was impacted by the 

nepheloid, and I was able to overcome this problem by applying my regional species 

composition approach which resulted in a more robust visual census dataset. Another advantage 

of the hydroacoustic approach was that a larger area could be surveyed than with visual transects 

within a similar amount of time. Thus, the hydroacoustic approach produced total abundance 

estimates that are more representative of the reef studied.  

Visual transect surveys were the more appropriate method of estimating the density when 

surveying 1) habitats where most or all individuals were within a single depth layer (i.e., natural 

banks); and, 2) solitary species or those found in relatively small abundances compared to other 

species within the same layer-strata combination. In these situations, visual transect surveys were 
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favored, but the survey method can produce biased results because of nepheloid-imposed 

visibility limitations and species-specific reactions to the ROV (Stoner et al. 2008; Grasty 2014). 

Therefore, when selecting fisheries-independent methodologies, the bias that may be imposed by 

environmental conditions or species (e.g., gear attraction or avoidance) should be carefully 

considered. The most efficient method for surveying Red Snapper at both reef types was 

hydroacoustic surveys with species composition derived from paired forward and rear-facing 

cameras.  

Absolute abundance of Red Snapper at reef habitats in the TXGOM was estimated with 

hydroacoustic survey densities. Data indicated 1,058,051 (CV = 29%) Red Snapper at artificial 

reefs and 6,118,605 (CV = 38%) Red Snapper at natural banks. In total, 50,236,592 lb of Red 

Snapper biomass was over reef habitats. The recent stock assessment for the western GOM 

reported 23,643,000 Red Snapper (approximately 165,501,000 lb) at all habitats combined (i.e., 

artificial, natural, and unconsolidated) in both Texas and Louisiana (SEDAR 2018; LGL 

Ecological Research Associates 2019). The absolute abundance estimated at reef habitats 

presented in this paper is 16,466,344 Red Snapper less than the current stock assessment 

estimates for the entire western GOM (SEDAR 2018). A 16 million fish difference is substantial, 

but the estimate presented here is restricted to natural and artificial habitat in Texas, and yet my 

estimate makes up 30% of the NOAA stock assessment. Moreover, my estimate did not include 

the unconsolidated habitat (i.e., > 97% of the TXGOM continental shelf) where many small 

unknown features provide habitat for Red Snapper (Mitchell et al. 2004). This is further evidence 

for the need for continued fisheries-independent data collection to assess total abundance of 

federally managed species (Rotherham et al. 2007; Gregalis et al. 2012). Fisheries-independent 

sampling is optimal because it provides insight about broader ecological information and habitat 
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specific ecology that is lost in normal fisheries-dependent sampling methods (Rotherham et al. 

2007; Streich et al. 2017c). Additionally, selecting a fisheries-independent sampling method that 

accounts for potential biases related to the species and environment of interest is important for 

more accurate abundance estimates and long-term fisheries management (Campbell et al. 2018). 

Studies aimed at estimating absolute abundances of federally managed species should use 

fisheries-independent techniques optimized for the species and habitat of interest. These data 

suggest the addition of a rear-facing camera on an ROV is essential for accurately assessing 

relative abundance of Red Snapper at natural banks, and this was important for accurate scaling 

of hydroacoustic total abundance to species-specific abundances. At both habitat types, 

hydroacoustic methods (i.e., hydroacoustics surveys with paired forward and rear-facing 

cameras) were most efficient when studying larger schooling species, distributed throughout 

several depth layers, and ROV visual transect surveys were most efficient when surveying 

species found in relatively low abundances. Future studies can improve upon these results by 

including metrics to calibrate for species-specific gear avoidance and attraction as well as scaling 

estimates for visibility. Data suggested hydroacoustic surveys with species composition derived 

from paired forward and rear-facing cameras was the most efficient method of estimating Red 

Snapper density when comparing the two fisheries-independent methods, and thus was used to 

estimate absolute abundance of Red Snapper at reef habitats in Texas. Data suggested nearly 

50,000,000 lb of Red Snapper biomass was over reef habitats. The results presented here stress 

the importance of using fisheries-independent methodologies that are best suited for the species 

and habitat of interest and should be considered by fisheries managers for future stock 

assessments. 
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SUMMARY 

 This thesis provides new information on how fishes, including Red Snapper (Lutjanus 

campechanus), interact with habitat complexity at natural and artificial reefs within the 

northwestern Gulf of Mexico (GOM). Numerous studies have been conducted with the same 

intentions, but these studies focused on large scale differences in fish community structure and 

density within a single habitat type (e.g., comparison of the Flower Garden Banks (FGB) and the 

South Texas Banks (STB)) or compared fish communities between habitat types (Rezak et al. 

1985; Rooker et al. 1997; Streich et al. 2017; LGL Ecological Research Associates 2019). The 

studies presented in this thesis are unique and will benefit future management because they 

examined small-scale differences in fish community structure and density within a reef (e.g., an 

artificial reef site or natural bank relief anomalies). Accurate evaluation of species absolute 

abundance depends on factors including: 1) extrapolation assumptions being met (i.e., 

statistically similar fish communities and densities across a stratum); and, 2) unbiased survey 

methods to document a population (Rotherham et al. 2007; Pope et al. 2010). The results 

presented in this thesis provide information on meeting these requirements and benefit habitat 

and fisheries managers by suggesting methods to enhance habitat and populations of federally 

managed species like Red Snapper.  

 In Chapter 1, I assessed the distribution of fish community structure and density across 

geostatistically identified benthoscapes (i.e., biotope and slope) of the South Texas Banks (STB) 

with remotely operated vehicle (ROV) and hydroacoustic (echo sounder) surveys. Results 

showed that fish community structure was statistically similar across biotopes and varied 

depending on the magnitude of the nepheloid layer. In fact, the nepheloid layer may be creating a 

predator-advantageous environment which enhanced the relative abundances of federally 
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managed, predatory species (e.g., Red Snapper, Greater Amberjack (Seriola dumerili) and Gray 

Snapper (Lutjanus griseus) Vermilion Snapper ((Rhomboplites aurorubens)). My overall 

community composition data (i.e., including all fishes regardless of acoustic detectability) 

indicated that nearly 45.5% of individuals observed were federally managed species and 46.4% 

of the individuals were Lutjanid species. Results indicated fish densities were highest at the crest 

where there were 5° to 20° changes in vertical relief because the benthoscape was likely 

composed of the most corals and coralline algae. The smallest densities were at the base region 

where there is the least epibenthic primary production from greater light limitation (Rezak et al. 

1985). These results showed the importance of stratifying by relief anomalies when estimating 

fish absolute abundances at the STB. They also provided a previously unconsidered explanation 

for the lower diversity reported at the STB (Streich et al. 2017; Murawski et al. 2018).  

 In Chapter 2, I identified the optimal configuration of decommissioned oil and gas 

platforms within a reef site which produced the greatest benefit-cost ratio between the 

commercial benefit from Red Snapper, Vermilion Snapper, Greater Amberjack, and Gray 

Snapper and the cost of reefing. This study indicated the quantity of structures within a reef site 

had the greatest influence on fish abundances. A benefit-cost analysis that compared the benefit 

from commercial fishing to the cost of reefing under various reef site configurations indicated 

reef sites with the highest densities of discrete, adjacent platform structures had the greatest long-

term benefit. These results show the importance of creating reef sites with the maximum quantity 

of platform structures to enhance fish populations and economic value.  

In Chapter 3, I assessed the value of adding a rear-facing camera to an ROV to quantity 

fish relative abundances at natural and artificial reefs in the Texas region of the GOM. I also 

compared gear efficiency between hydroacoustic surveys with paired species composition and 
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ROV visual transects surveys to identify the fisheries-independent sampling method that best 

overcame the limitations of the northwestern GOM (e.g., depth and nepheloid) at both reef types 

(Shideler 1981). Results indicated adding a rear-facing camera to an ROV will only significantly 

alter results when studying Red Snapper at natural banks. Moreover, although the additional 

camera increases robustness of the data and results in more reliable abundance estimates, the 

effort to process the additional video outweighs the benefit for all other species examined 

(Campbell et al. 2018). Comparison of the gear efficiency between hydroacoustic and ROV 

visual transect surveys indicated the most efficient method was related to the habitat and species 

of interest. Schooling species distributed throughout the water column (e.g., Red Snapper) were 

best surveyed using hydroacoustic surveys with paired species composition derived from 

forward and rear-facing cameras. The absolute abundance of Red Snapper at reef habitats was 

estimated with these hydroacoustic methods, and data indicated 1,058,051 (CV = 29%) Red 

Snapper over artificial reefs and 6,118,605 (CV = 38%) Red Snapper over natural banks in in the 

Texas region of the GOM.  

 This thesis identified previously unknown relationships between habitat complexity and 

fish communities, especially for federally managed species like Red Snapper, in the northwestern 

GOM. The results presented here should be used to obtain more refined population estimates by: 

1) geospatially identifying and stratifying STB by relief anomalies (e.g., benthoscapes) prior to 

extrapolating absolute abundance; 2) evaluating the relationship between quantity of platforms 

within a reef site and fish abundances; and 3) using fisheries-independent survey methods best 

designed for the habitat and species of interest. Future research should be done to investigate the 

role of the nepheloid layer and how this layer may be influencing results presented in this thesis. 
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APPENDIX A. 

Appendix A. List of species excluded in species composition analysis due to the of behavior, 

physiology, or size of the species causing it to not be detected by hydroacoustics. 

 

Family Common Name Scientific Name 

Acanthuridae Blue Tang Acanthurus coeruleus 

Doctorfish Acanthurus chirurgus 

Ocean Surgeon Acanthurus tractus 

Blenniidae Crested Blenny Hypleurochilus geminatus 

Feather Blenny Hypsoblennius hentz 

Molly Miller Scartella cristata 

Redlip Blenny Ophioblennius macclurei 

Striped Blenny Chasmodes bosquianus 

Carcharhinidae Atlantic Sharpnose Shark Rhizoprionodon terraenovae 

Blacknose Shark Carcharhinus acronotus 

Blacktip Shark Carcharhinus limbatus 

Bull Shark Carcharhinus leucas 

Dusky Shark Carcharhinus obscurus 

Finetooth Shark Carcharhinus isodon 

Lemon Shark Negaprion brevirostris 

Night Shark Carcharhinus signatus 

Nurse Shark Ginglymostoma cirratum 

Sand Tiger Shark Carcharias taurus 

Sandbar Shark Carcharhinus plumbeus 

Silky Shark Carcharhinus falciformis 

Smalltail Shark Carcharhinus porosus 

Spinner Shark Carcharhinus brevipinna 

Tiger Shark Galeocerdo cuvier 

Chaetodontidae Bank Butterflyfish Prognathodes aya 

Reef Butterflyfish Chaetodon sedentarius 

Spotfin Butterflyfish Chaetodon ocellatus 

Cynoglossidae Offshore Tonguefish Symphurus civitatium 

Dasyatidae Atlantic Stingray Dasyatis sabina 

Southern Stingray Dasyatis americana 

Gobiidae Clown Goby Microgobius gulosus 

Code Goby Gobiosoma robustum 

Green Goby Microgobius thalassinus 

Naked Goby Gobiosoma bosc 

Sharptail Goby Gobionellus oceanicus 

Holocentridae Deepwater Squirrelfish Sargocentron bullisi 

Longspine Squirrelfish Holocentrus rufus 

Squirrelfish Holocentrus adscensionis 
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Appendix A (continued). 

Family Common Name Scientific Name 

Labridae Bluehead Thalassoma bifasciatum 

Creole Wrasse Clepticus parrae 

Spanish Hogfish Bodianus rufus 

Spotfin Hogfish Bodianus pulchellus 

Lamnidae Longfin Mako Isurus paucus 

Shortfin Mako Isurus oxyrinchus 

Myliobatidae Devil Ray Mobula sp. 

Spotted Eagle Ray Aetobatus narinari 

Pomacanthidae Cherubfish Centropyge argi 

Rock Beauty Holacanthus tricolor 

Bicolor Damselfish Stegastes partitus 

Blue Chromis Chromis cyanea 

Brown Chromis Chromis multilineata 

Cocoa Damselfish Stegastes variabilis 

Dusky Damselfish Stegastes adustus 

Purple Reeffish Chromis scotti 

Sergeant Major Abudefduf saxatilis 

Sunshinefish Chromis insolata 

Threespot Damselfish Stegastes planifrons 

Yellowtail Damselfish Microspathodon chrysurus 

Yellowtail Reeffish Chromis enchrysura 

Priacanthidae Bigeye Priacanthus arenatus 

Glasseye Snapper Priacanthus cruentatus 

Short Bigeye Pristigenys alta 

Sciaenidae Jacknife Fish Equetus lanceolatus 

Scorpaenidae Red Lionfish Pterois volitans 

Serranidae Blackear Bass Serranus atrobranchus 

Candy Bass Liopropoma carmabi 

Peppermint Bass Liopropoma rubre 

Rock Sea Bass Centropristis philadelphica 

Roughtongue Bass Pronotogrammus martinicensis 

Tattler Serranus phoebe 

Whitespotted Soapfish Rypticus maculatus 

Wrasse Bass Liopropoma eukrines 

Sphyrnidae Great Hammerhead Sphyrna mokarran 

Scalloped Hammerhead Sphyrna lewini 

Smooth Hammerhead Sphyrna zygaena 
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APPENDIX B. 

Appendix B-1. Example of hydroacoustic layers with their actual and proportional depths reported for a site where hydroacoustic 

survey was completed and the maximum depth was 72.1 m. Layer numbering starts at the deepest hydroacoustic depth (layer 0) and 

increases by 10 m increments. Proportional layer size corresponds to the percentage of the water column the layer makes up and the 

cumulative percent is the sum of the water column between the hydroacoustic maximum depth and the top of the layer in question.  

Layer 
Actual Depths 

Spanned (m) 

Actual Bin Size 

(m) 

Proportional Layer 

Size 

Cumulative 

Percent 
Percent Distance from Bottom 

0 71.2-61.2 10 14.114 14.114 0-14.114 

1 61.2-51.2 10 14.114 28.228 14.114-28.228 

2 51.2-41.2 10 14.114 42.342 28.228-42.342 

3 41.2-31.2 10 14.114 56.456 42.342-56.456 

4 31.2-21.2 10 14.114 70.57 56.456-70.57 

5 21.2-11.2 10 14.114 84.684 70.57-84.684 

6 11.2-1.2 10 14.114 98.798 84.684-98.798 

7 1.2-0 1.2 1.2 100 98.798-100 
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Appendix B-2. Schematic of how regional species composition was generated in three steps. The 

first step (top figure) was to select all fishes from all video surveys at varying depths within the 

same habitat-depth strata. Fish count data from three example videos (video 1 = red text, video 2 

= blue text, video 3 = green text) are and the number above the fish is the count and the number 

below the fish is the depth of the fish occurrence. The second step was to standardize the depths 

(i.e., convert actual depth to proportional depth) which is shown in the middle figure. The third 

step was to assign all fish occurrences to hydroacoustics sites based on layer and fish 

proportional depths (bottom figures). Transparent fishes indicate those not used in species 

composition profiles because a greater count from the same video survey was available.  



153 

 

APPENDIX C. 

 
Appendix C-1. Species composition generated for a two-layer artificial-nearshore site. PS-1105 Shrimper is used as an example. Bars 

represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 1 represents the 

shallowest bin. Exact species composition varies by survey because species composition was generated by depth, but the profile is a 

general representation of the species composition within the respective habitat-depth strata.
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Appendix C-2. Species composition generated for a four-layer artificial-shallow site. MI-712 Structure 2 is used as an example. Bars 

represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 4 represents the 

shallowest bin. Exact species composition varies by survey because species composition was generated by depth, but the profile is a 

general representation of the species composition within the respective habitat-depth strata.
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Appendix C-3. Species composition generated for an eight-layer artificial-mid site. MU-A-85 Structures 4 and 5 is used as an 

example. Bars represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 7 

represents the shallowest bin.  
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Appendix C-4. Species composition generated for a 12-layer artificial-deep site. MU-A-103 (Falcon) is used as an example. Bars 

represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 11 represents the 

shallowest bin. 
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Appendix C-5. Species composition generated for a two-layer natural-shallow site. 7.5 Fathom is used as an example. Bars represent 

percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 2 represents the shallowest 

bin. Notice that all the species seen were in the deepest depth bin. 
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Appendix C-6. Species composition generated for an eight-layer natural-mid site. South Baker (subsite 2) is used as an example. Bars 

represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 8 represents the 

shallowest bin.  
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Appendix C-7. Species composition generated for a ten-layer natural-deep site. West Flower Garden Bank (subsite 2) is used as an 

example. Bars represent percentages of each species to the species composition in each layer. Depth bin 0 is the deepest bin and bin 9 

represents the shallowest bin.  
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APPENDIX D. 

 
Appendix D. Multi-faceted plot of diversity indices generated from MaxN counts by each 

species between biotope from ROV surveys. Points represent the mean and bars represent 

standard error. Only a single ROV survey was conducted at the base so no standard error could 

be calculated. No significant differences between biotopes were detected with a one-way 

ANOVA. All plots have different y-axis scales.  
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APPENDIX E. 

 
Appendix E. Non-metric multidimensional scaling (nMDS) plot generated from a Bray-Curtis similarity using fourth root transformed 

MaxN counts of species recorded during ROV surveys. Each point represents a single ROV survey and the symbology of each point 

represents the biotope where the ROV survey was conducted. Lines indicate the percent similarity between surveys which was 

calculated in a CLUSTER analysis. No significant difference in community structure was detected using PERMANOVA (P = 0.48). 

However, there is significant evidence of multivariate structure as shown by the three distinct groups (SIMPROF; π = 6.082; P = 

0.001) which is not driven by biotope. 
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APPENDIX F. 

 
Appendix F. Plot representing the percentage each species (gray vertical bars; only including species that could be detected by 

hydroacoustic surveys) within the bottom 10m of the South Texas Banks (STB). Species composition was generated with MaxN 

counts for each species from 24 remotely operated vehicle (ROV) surveys at the six selected STB (i.e., Baker, South Baker, Aransas, 

Hospital, North Hospital, and Southern Banks) included in Chapter 3 of this thesis.  
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APPENDIX G. 

 
Appendix G. Bar plot identifying the relative abundances of 11 federally managed reef fish at the 

South Texas Banks (STB) which were derived from MaxN counts obtained from 24 ROV 

surveyed collected between July 2018 and October 2019. MaxN counts and relative proportions 

presented were derived using all species observed in ROV footage (i.e., not limited to 

hydroacoustically observable species). Bars represent the percent each species contributes to the 

total species composition and numbers above bars represent the percentages.  
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APPENDIX H. 

 
Appendix H. Bar plot identifying the relative abundances of families observed at the South Texas Banks (STB) which were derived 

from MaxN counts obtained from 24 ROV surveyed collected between July 2018 and October 2019. MaxN counts and relative 

proportions presented were derived using all species observed in ROV footage (i.e., not limited to hydroacoustically observable 

species). Bars represent the percent each species contributes to the total species composition and numbers above bars represent the 

percentages. 
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APPENDIX I. 

 

Appendix I. Shade plot of log10 transformed MaxN counts of all taxa identified to the species level during visual census at ten selected 

reef sites (gray scale). Dendrogram on the top of the reef sites shows the hierarchical clustering of the reef sites. Symbols represent the 

structure grouping (low = 1-2 structures, mid = 3-7 structures, high = 8-12 structures in a reef site).  
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APPENDIX J. 

 
Appendix J. Non-metric multidimensional scaling (nMSD) ordination using log10 transformed 

MaxN counts of all taxa identified to the species and Bray-Curtis similarity matrix from visual 

census surveys from selected artificial reefs. Grouping symbols represent the structure grouping 

(low = 1-2 structures, mid = 3-7 structures, high = 8-12 structures in a reef site). All sites were 

within 40% similarity (dark blue dashed line), and only MU-870 and MI-681 as well as MU-A-

85 and BI-A-132 were within 60% similarity. No sites were greater than 60% similar. Results 

show no distinct patterns of similarity driven by number of structures within a reef site.  
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APPENDIX K. 

 
Appendix K. Map of the 126 standing platforms (triangles) remaining in the Texas region of the Gulf of Mexico (GOM) as of October 

2020 (BOEM 2020). Gray shaded region represents depths between 15 m and 80 m. Circles indicate existing reef sites and the color 

correlates to the number of structures within each reef site (i.e., blue = 0-2 structures, yellow = 3-7 structures; orange = 8-11 

structures, and red = 12 structures; circa August 2020). Gray lines represent 30 m contours between 30-180 m.
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APPENDIX L. 

 
Appendix L. Map of the estimated distribution of total fish (A and C) and Red Snapper (B and 

D) absolute abundance across artificial reefs (A and B) and natural banks (C and D) in the Texas 

region of the Gulf of Mexico (GOM) are modeled (density scales differ by map, but overall blue 

= low, yellow = medium, red = high). At artificial reefs, weight was given to structures within 

500 m of their nearest neighbor based on estimates of a zone of influence. Spatial scale for all 

maps is the same.  


