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ABSTRACT OF THE THESIS
A COMPARATIVE STUDY OF CONCURRENT ACOUSTIC AND DIVER SURVEY DATA AND FISH COMMUNITY DESCRIPTIONS OF A HIGH LATITUDE CORAL REEF, FLORIDA, USA 
by
Adam Zenone
Florida International University, 2015
Miami, Florida
Kevin Boswell, Major Professor
Fisheries independent data on relatively unstudied nekton communities were used to explore the efficacy of new tools to be applied in the investigation of shallow coastal coral reef habitats. These data obtained through concurrent diver visual and acoustic surveys provided descriptions of spatial community distribution patterns across seasonal temporal scales in a previously undocumented region. Fish density estimates by both diver and acoustic methodologies showed a general agreement in ability to detect distributional patterns across reef tracts, though magnitude of density estimates were different. Fish communities in southeastern Florida showed significant trends in spatial distribution and seasonal abundance, with higher estimates of biomass obtained in the dry season. Further, community composition shifted across reef tracts and seasons as a function of the movements of several key reef species.
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CHAPTER 1 – INTRODUCTION

1.1 Coral reefs worldwide and in southeastern Florida

Coral reefs are known for their high species diversity, with reef systems being second only to rainforests in terms of species per unit area (Moberg and Folk, 1999). It is estimated that while coral reefs only cover 0.1-0.5% of the ocean floor, they are home to almost a third of worldwide marine fish species (Copper, 1994; Spalding and Grenfell, 1997). This high diversity is the result of high productivity in otherwise nutrient poor geographical locations, life history, and intermediate disturbances to reef systems (Smith and Kinsey, 1976; Sale, 1977). Maturing corals create their own substrate, and the resulting benthic structural complexity has become requisite habitat for the survival of the larvae and young of important fish species (Crossland et al., 1990; Nalgerken et al., 2000; Adams et al., 2006).
Not only ecologically important, studies describing the economic importance of coral reefs estimate that reef ecosystems provide billions of dollars to local economies worldwide every year (Cesar et al., 2003). In the state of Florida alone, it is estimated that the industry based on coral reefs in Broward, Miami-Dade, Monroe, and Palm Beach counties contribute $6.3 billion in income every year (FL DEP, 2012). These economic contributions are largely derived from recreational and commercial fisheries industries, along with ecotourism in the form of diving and snorkeling. Increasing human utilization of coastal habitats often brings associated anthropogenic pressures including unsustainable fishing, sedimentation, and the introduction of pollutants including limiting nutrients (Jackson et al., 2001; Lapointe et al., 2004; Ault et al., 2005; Fong and Paul, 2005). 
These pressures have led to worldwide coral declines, particularly in the Caribbean region, which in some areas has been reduced to 10% or less of historic coral cover (Gardner et al., 2003). South Florida, USA, is home to the third largest barrier reef in the world that consist in the north of a series of Holocene relict ridge reefs classified as a function of distance to shore. With increasing distance these reefs are classified as ridge complex, inner, middle, and outer linear reef (Banks et al., 2007). A substantial portion of these reefs run parallel to the coastline of Miami-Dade County, whose population of 2.6 million people participated in over 18 million recreational fishing trips in 2013 (FWC, 2013). As anthropogenic influences on reef tracts increase, studies in the region have investigated pressures responsible for the decline of coral health, abundance, and species distributions (Moyer et al., 2003; Banks et al., 2008; Lirmen et al., 2011). 
Despite the knowledge that decreased coral coverage results in a concomitant decrease in fish community health, few peer-reviewed studies concern the fish assemblages utilizing these reefs as habitat (Jones et al., 2004; Cheal et al., 2008). Primarily ignored in the literature, descriptions of northern Miami-Dade County fish communities by fisheries independent studies are limited to assessments of artificial reef health (Jordan, 2005; Thanner et al., 2006; Walker et al., 2009; Ault and Franklin, 2011; Gregg, 2013). 
1.2 Review of reef survey methodology
Our understanding of reef community dynamics and biomass distributions is primarily obtained through diver-based visual surveys. Such surveys provide detailed insight into variation in species compositions, length distributions, and abiotic/biotic reef characteristics, but are subject to inherent biases that limit our ability to infer conclusions reef health (Samoilys and Carlos, 2000; Harvey et al., 2002; Carr et al., 2013; Irigoyen et al., 2013). It is known that atypical behavior exhibited in the presence of divers can result in over or underestimation of fish densities, and bias conclusions of community dynamics (Watson et al., 1995; Dickens et al., 2011). Examinations of data collected in the presence and absence of divers note a decrease in fish biomass with divers present, and recommend complementary methods to account for declines in local biomass as a result of diver presence (Stanley and Wilson, 1995; Schmidt and Gassner, 2006).
Acoustic methods, though traditionally applied to deep, species poor habitats offer a rapid and non-invasive method to collect spatially explicit high-resolution biological data (Simmonds and MacLennan, 2005). Preventing widespread use in shallow environments such as a coral reef ecosystem, are limitations including an potentially noisy environment characterized by high levels of reverberation and an acoustic “dead zone, in which an echosounder may not be able to distinguish an individual target from complex benthic structure (Fabi and Sala, 2002; Simmonds and MacLennan, 2006). Despite challenges in applications, several studies have shown promise in utilizing acoustic methods to increase areal coverage of surveys on a coral reef (Taylor et al., 2006; Colin, 2012). These studies do not attempt to make the results of acoustic and diver surveys directly comparable, but rather, compare the results of the surveys on independent scales. This suggests that combined survey methods with an emphasis on using diver surveys as an acoustic ground truth could ease the logistical constraints of using divers to describe large areas of reef (Guillard and Verges, 2007). 
1.3 Conclusion
	Despite economic and ecological importance, our ability to survey coral reefs still requires improvement.  Here I present the opportunity to address a unique methodological issue, while beginning to provide information on important reef communities in northern Miami-Dade County. I hypothesized that by creating a comparable metric of fish density between disparate survey methods, I would be able to examine our ability to complementarily combine non-invasive survey methods.  I further hypothesized that reef communities would change as a function of season, as well as with proximity to regions of mixing with anthropogenically influenced waters. Finally, I planned to use the results of diver surveys to examine patterns in fish species distributions across individual reef tracts in the county, and across season.
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CHAPTER 2 - A COMPARATIVE STUDY OF CONCURRENT ACOUSTIC AND DIVER
SURVEY DATA IN A SHALLOW WATER CORAL REEF ECOSYSTEM 

Abstract
Data on coral reef fish communities collected by diver-based surveys are subject to inherent biases which have the potential to limit holistic, spatially expansive investigations of reef communities. Though studies show worldwide declines in coral health and density, it is possible that evidence of decline on limited spatial scales may be masking reef-wide patterns. It is clear that new methods are necessary to investigate reef communities on wider spatial scales than in some studies previously reporting habitat declines. In this paper we compare and contrast fish density estimates as derived by traditional diver surveys and concurrent acoustic surveys. Fish densities derived from both diver and acoustic surveys display congruent patterns across independent parallel reef tracts. In further agreement, estimates of fish lengths directly observed by divers and estimated acoustically suggest that a seasonal increase in size exists across the surveyed reefs. The efficacy of diver-based surveys was shown to decline with increasing visibility, while acoustic survey results remained insensitive to changes in visibility. Consistent results between survey methods suggest that studies may utilize combined methods to investigate fish density distributions on large spatial scales not typically examined.
2.1 Introduction
Coral reefs contain disproportionally high levels of species diversity, and it is estimated that while coral reefs cover merely 0.1-0.5% of the ocean floor, they are home to almost a third of worldwide marine fish species (Copper, 1994; Spalding and Grenfell, 1997). Increasingly common anthropogenic pressures including eutrophication, sediment loading, and rising global temperatures have led to severe declines in coral reef health that are concomitant with declines in fish density (Knowlton, 2001; Hughes et al., 2003; Walther et al., 2007; Hoegh-Guldberg, 2007). It has been suggested that the alarming patterns and declines in fish and coral densities are valid only across areas explicitly surveyed by divers, and that minimal spatial resolution of current methodologies may limit our ability to extrapolate these results to larger spatial scales (Andrefouet and Riegl, 2004). Given the economic and ecological value of coral reefs and the increasing emphasis being placed on scientifically informed resource management, it is critical to complement current methods and explore new methodological approaches in an effort to minimize current biases and limitations.
Our understanding of reef community dynamics and biomass distributions is primarily obtained through diver-based visual surveys. Such surveys provide detailed insight into estimated community length distributions, species compositions, and abiotic/biotic reef characteristics (Carr et al., 2013). However, due to highly variable water clarity, limited bottom time, and logistical difficulties in surveying large areas of reef, current methods may result in exaggerated evidence of reef health decline (Samoilys and Carlos, 2000; Harvey et al., 2002; Irigoyen et al., 2013). Further, atypical behavior exhibited in the presence of divers conducting a survey can result in over or underestimation of fish densities (Watson et al., 1995; Dickens et al., 2011). In fact, examinations of data collected in the presence and absence of divers note a decrease in fish biomass with divers present, and state the need for complementary methods to account for declines in local biomass as a result of diver presence (Stanley and Wilson, 1995; Schmidt and Gassner, 2006).
Acoustics offer a rapid and non-invasive method to collect spatially explicit high-resolution biological data across large areas. However, acoustic methods have traditionally been applied to deep, species poor habitats due to several logistical and technical considerations (Simmonds and MacLennan, 2005). One such consideration is the acoustic “dead zone, in which an echosounder may not be able to distinguish an individual target from complex benthic structure (Fabi and Sala, 2002; Simmonds and MacLennan, 2006). Further, using acoustic data to partition single targets to a relevant taxonomic level is primarily achieved through knowledge of unique scattering properties coupled with target behavior, followed by direct collections for ground-truthing (Emmrich et al., 2010). Effective in environments with few species, these methods of identification can be confounded by the abundance and diversity of coral reefs (Green et al., 1996; Mumby et al., 1997). Despite difficulties, Taylor et al (2006) were successful in their attempts to utilize acoustic estimates to elucidate the numbers of spawning Nassau grouper by conducting a series of concurrent ground-truthing diver surveys. Similar studies without accompanying diver surveys have led to potentially “suspect” conclusions in estimates of population sizes (Ehrhardt and Deleveaux, 2007; Colin, 2011). Moreover, these studies do not attempt to make the results of acoustic and diver surveys directly comparable, but rather, compare the results of the surveys on independent scales. To explore comparisons on similar scales, it may be useful to further examine one of the primary outputs of acoustic data, sa, or the amount of echo energy scattered back to a transducer over a sampled area and depth. sa can be quickly and easily converted into an estimate of fish density (fish m-2) that may be comparable to the results of a diver survey (MacLennan et al., 2002). Combined survey methods with an emphasis on using diver surveys as an acoustic ground truth could ease the logistical constraints of using divers to describe large areas of reef, while offering to acoustic results the same confidence afforded to traditional surveys (Guillard and Verges, 2007). 
In this paper, we compare the results of a series of concurrent observations utilizing both traditional diver-based and acoustic survey methods in a coastal coral reef ecosystem. Specifically, our objective was to create a comparable metric of fish density from each method to examine effects of reef characters such as live coral cover and depth. Density differences as a function of reef tract and proximity to sources of estuarine mixing were also investigated. We then determine if fish densities derived from either method exhibit similar distributional patterns. Evidence of similar patterns between density estimates from both survey methods could allow for confidence in expanding the spatial coverage of a minimal number of diver surveys by utilizing acoustic methods.
2.2 Methods and Materials
Study site
The study area ranges from approximately 6 km south of Pt. Everglades in Ft. Lauderdale (26.03312°, -80.072672°) at the very southern portion of Broward county, to 3 km north of Government Cut, near South Miami Beach (25.779022°, -80.062706°) (Figure 1). A series of Holocene relict reefs in this region are typically classified as a function of distance to shore. Heading towards open ocean, reef types include ridge complex, inner, middle, and outer linear reef (Sathe et al., 2008) For the purposes of this study only the three reef tracts classified as “linear” (Figure 1) were surveyed, as structural similarities allowed for the most direct observations of community changes.
We developed a random stratified sampling design with each of three strata (North, Haulover Inlet, and South) being divided into 6 substrata. In each substrata, three evenly spaced transect lines running perpendicular to linear reef tracts were created (Figure 1). During each sampling event, a single transect line was randomly selected within each sub-strata, yielding six total transects surveyed per strata, per survey day. Survey days were selected based on wave heights below 1 meter to allow for highest quality acoustic data. To complement acoustic surveys, during each day, two of the six acoustic transects were randomly selected and were subject to diver-based surveys. To control for temporal variation, all diver-based surveys and acoustic transects were conducted on the same day, with at least 30 minutes between each method to normalize fish behavior. Surveys ran from August of 2013 through March, 2014 with each strata surveyed twice per month, for a total of 42 acoustic transects complemented by divers.
Reef Visual Census
Divers were deployed in teams of two onto transect sites located in the center of each linear reef tract. Diver teams carried a dive flag equipped with a handheld Garmin GPS unit to provide diver position for post-processing. Data collection was based on a modified reef visual census in which divers recorded fish species, estimated length, abundance, and characteristics of interest (e.g. Live coral cover, depth, visibility, etc) (Smith et al., 2011). To minimize diver collection bias, all divers participated in quizzes on reef fish identification and length estimation prior to any survey action following (SEFCRI, 2012). Measures of abundance at each site were converted to a standard density metric (fish m-2) before analysis. To make diver surveys more comparable to their acoustic counterparts, small and cryptic benthic species that would not be easily detected by acoustic methods and were not of primary management concerns (i.e. Yellowhead wrasses, Bluehead wrasses, Damselfish sp., etc.) were eliminated in post-processing.
Acoustic Surveys
Acoustic data were collected using a calibrated SIMRAD EK60 multi-frequency echosounder system operating a 38 and 120 kHz split-beam transducer interfaced to a laptop computer running current ER60 software (SIMRAD, v2.0). Vessel position was recorded using a WASS-enabled USB Garmin GPS unit that was corrected for positional offsets from the face of the transducer. Transducers were mounted to the survey vessel by an articulated mounting pole allowing for easy deployment into a downward facing position, and were calibrated by the standard sphere method prior to surveys (Foote et al., 1987). The survey vessel was driven at an average speed of 2 m s-1 east to west across all three linear reefs on a randomly selected sub-strata transect.
Acoustic data were manually inspected and post-processed in Echoview 6.1 (Sonar Data Pty., Ltd.). An analysis threshold was applied to the volume backscattering (Sv) data in addition to a bottom detection algorithm to remove extraneous acoustic backscatter (eg. benthic habitat, air bubbles, and organic waste). Additional manual inspections removed any remaining undesired data and the echograms were binned into 2.5m horizontal by 2.5m depth analysis cells. Visibility as determined by divers was used as a “ceiling”, establishing the analysis cells over a reef to eliminate upper water column information not available to diver surveys (Figure 2). Finally, schooling events on these reefs were detected very rarely in both survey methods, and were excluded as outliers in the analysis. Acoustic fish density estimates were calculated by using the backscattering cross-section (σbs) and average target strength (TS) values [TS = 10log10σbs] of single targets detected on a reef site (Eq.1). The area backscattering coefficient, sa [sa = ], was then used to calculate fish densities (fish m-2) over a reef as described in MacLennan et al., 2002 (Eq.2). 
σbs = 10^(TS/10)					(Eq. 1)
Fish m-2 = sa / σbs				(Eq. 2)
Finally, fish lengths as estimated by acoustics were derived by using the average TS values of single targets identified in processed echograms following (Love, 1977).
Density Analysis
Fish density derived from both acoustic and diver-based methods were converted to their root form to normalize residuals and meet the assumptions of a Generalized Linear Model (GLM). A GLM using type III sums of squares was then used to test significance of the effects of measured variables including depth, reef tract, strata, visibility, and live coral cover on fish densities. The most parsimonious model was obtained through a stepwise removal of variables not found to be significant in explaining variance. All variables in the lowest AIC model shown to be significant in explaining variance were then analyzed individually for significance using an analysis of variance (ANOVA). Pairwise comparisons were performed with Tukey’s post hoc tests, estimates are reported as mean and standard error (mean ± s.e). Analyses were performed in the statistical programming environment R 3.1.1 (R Development Core Team, 2014). As residuals of length estimates from both survey type did not approximate a normal distribution under any transformation, A Mann-Whitney rank sum test was used to examine differences between length estimations by both divers and acoustics in SigmaPlot version 12.5 (Systat Software, Inc). Finally, a linear regression on diver and acoustic density estimates was conducted to investigate possible correlations between density estimates.
2.3 Results
Two unique models were created, one each for diver densities and acoustic densities, and both show evidence of similar fish density patterns. Both methods agree that linear reef tract was a significant predictor of fish density (Diver: P = 0.038, n = 38; Acoustic P = 0.0193, n = 38; Table 1). Mean fish density across reef tracts increased with distance from shore in both acoustic and diver surveys. Acoustically derived fish densities increased by an order of magnitude between the first and second reef tract, with a smaller increase of 0.005 fish m-2 between the second and third reef tract (Figure 3).  Acoustic estimates of density were quite small in comparison to their diver derived counterparts, although diver densities illustrate a similar pattern of density increasing with distance from shore.  Diver estimates show a two-fold increase between the first and second reef tract, and a three-fold increase in density from the first to the third reef tract (Figure 3).
Visibility in the water significantly explained variance in the model within diver surveys, where increasing visibility led to decreased diver density estimates (n = 38, r2 = 0.1424, P = 0.0203), while acoustic estimates remained unaffected (n=38, r2 = 0.0055, P = 0.520) (Figure 4). The remainder of factors thought to have potential in predicting densities did not have any effect on acoustic or diver density estimates (Table 1). 
Although not a significant predictor of fish density, average depth of each reef tract was found to be different. The first reef tract was shallowest (10.07 ± 1.50 m), followed by similar depths of the second (15.28 ± 2.11 m) and third reef tract (16.39 ± 1.29 m). Fish length estimations as derived by acoustic TS varied significantly between the wet and dry season with an average length of 19.8 (± 1.7), and 24.8 (± 1.3) cm respectively (Figure 5, P < 0.001, n = 242). Diver estimates of length showed a similar significant trend, with average length of acoustically detectable fishes ranging from 11.3 cm (± 0.3) in the wet season, to 14.8 cm (±0.3) in the dry season (Figure 5, P < 0.001, n = 1322). A significant positive correlation between density estimates from both methods was found across all strata and reef tracts (Figure 6, P < 0.001, R2 = 0.336).
2.4 Discussion
Discussion
Although studies seeking to improve the ability to investigate coral reef habitats are common, we believe this is the first account of direct comparisons of coincident diver and acoustic surveys on reef ecosystems with the goal of deriving a comparable metric of fish density (Fowler, 1987; Lowry et al., 2012; Mallet and Pelletier, 2014). It is therefore encouraging to note that a significant positive correlation was identified between the density estimates of both methodologies, suggesting agreement of survey results between both acoustic and diver surveys. Congruent length estimations further support methodological agreement between survey approaches, detecting a significant increase in fish length between the wet and dry season. Each approach similarly gives evidence for increasing biomass on coastal reefs with increasing distance from shore, despite differences in magnitude. Notably, our results indicate that diver surveys were greatly influenced by visibility, while acoustic results remained insensitive to water clarity fluctuations.  
It has been previously documented that increased water clarity enhances fish avoidance and attraction behavior, influencing the sizes and species of fish likely to be encountered on a survey (Bozec et al., 2011). In particular, larger fish are less likely to approach divers on high visibility days, precluding precise estimations of community biomass and preventing accurate representation of species abundance in a site (Bernard et al., 2013). Given that lengths as estimated by acoustic surveys detected larger fish on average than diver-based surveys, it seems possible that complementary acoustic surveys may ameliorate this bias. 
Density estimates obtained by both divers and acoustics show similar distributional patterns, however, differences in magnitude and lower overall estimations of density by acoustics were noted. A possible explanation for these differences may be found as an artifact of our survey design, rather than a limitation of acoustic technology. Diver reef visual censuses were stationary on a reef for fifteen minutes, while the acoustic survey vessel made a single pass over a reef that may have only lasted between one and three minutes. Differences in survey effort such as this have been shown to affect abundance estimates of fish observed by a diver, and attempts to mimic a diver-based survey using an ROV have shown similar results can be attained by using equal effort between methodologies (Girolamo and Mazzoldi, 2001; Parry et al., 2002; Patterson et al., 2008). Though not always the case, disparate collection methods with similar spatial coverage (eg. acoustics and trawling) show a general agreement in estimates of biomass (Leujak and Ormond, 2007; Emmich et al., 2012; Yule et al., 2013). A methodological adjustment in the future to transect based diver surveys may standardize effort on each reef to further enhance comparability between results of each survey.
Both methods identified that the third reef tract contains significantly higher fish densities, indicating that the third reef is an important habitat for fish biomass in the region. This higher density on the third reef may be attributed to the increased structural complexity on this reef tract in comparison to the first two linear reefs. Although the third reef tract is the narrowest of the linear reefs, a steep rise on the inshore and offshore edge presents the opportunity for complex microhabitat that may be nonexistent on the flatter inner reefs. These increases in structural complexity have elsewhere been shown to have positive effects on fish densities and overall biomass in comparison to reefs with less rugosity (Beukers and Jones, 1998; Almany, Jones and Syms, 1998; Graham and Nash, 2013). The third reef tract is also deeper than the first reef and though similar in depth to the second reef, was more structurally complex. Depth did not have a significant effect on density estimates, however, it may still act as a depth refuge for fish communities (Tyler et al., 2009).
In our efforts to enhance the comparability of acoustic surveys, we omitted both upper water column data that would not be visible to divers, as well as the rare occurrences of schooling events. By making such accommodations we have obtained comparable results between diver-based and acoustic data that show similar patterns in fish density distributions. It is recommended that in the future, schooling events are not eliminated from data. These schools are a natural reef occurrence and their contributions to fish density on a reef should not be discounted in the interest of directly comparable data, especially in regions where schools are more prevalent than our study area.
The acoustic dead zone near benthic structure presents difficulties in examining benthic microstructure, and in the interest of a comparable density estimate benthic species not of immediate commercial interest were eliminated from our diver data. By eliminating benthic species from our comparisons we preclude the majority of coral associated reef fishes that may benefit from increased coverage (Bell and Galzin, 1984; Wilson et al., 2010). Thus it is unsurprising that our data from both divers and acoustic surveys show no significant correlation between coral cover and fish density. Even without benthic species removal, we believe that the comparatively sparse distributions of live coral in southeastern Florida have a reduced effect on fish densities (Gilliam, 2012). It is possible that on these reefs structural complexity is more important than coral density, as increasing complexity often means that fish utilize reef microhabitats (e.g. Channels, crevices, etc) (Connell and Jones, 1991; Hixon and Beets, 1993; Gratwicke and Speight, 2005). Future studies that may be interested in more closely exploring benthic species and their relationship to coral cover should retain them in analysis of diver collected data to supplement acoustic results.
Strata in this study were demarcated as a function of distance to Haulover Inlet, one of several south Florida inlets which link the intra-coastal canal and Biscayne Bay to the ocean. These inlets allow a mixing of anthropogenically polluted waters with the near-shore habitat, and studies in the region correlate the increasing frequency of macroalgal blooms directly to these sources of limiting nutrients (Lapointe et al., 2004; Barile, 2004; Lapointe et al., 2005).  Declines in live coral cover typically associated with algal blooms should cause a concurrent decline in fish density, however, evidence of increased primary productivity may lead to an increase in fish biomass endemic to enriched sites (Pandolfi et al., 2003; Jones et al., 2004; Bruno and Selig, 2007). Although there was evidence of increased fish density near Haulover Inlet, it was not significant in our data in either survey method. It is possible that proximity to Government Cut in the south, and Port Everglades in the north may be homogenizing the effects of anthropogenic runoff on the reefs. Further study is warranted to examine the exact effects of this estuarine mixing on near-shore reefs.
In this paper we examined the distribution and densities of reef fish communities as surveyed by disparate methodologies. Future studies utilizing this combination of survey methods should further attempt to harmonize methods, while not sacrificing useable information. We recommend substituting our cylindrical reef visual census with a diver transect survey method, as it more closely aligns with data collected by acoustic surveys. We would further recommend an increase in reef coverage by the acoustic survey vessel as a single transect perpendicular across a reef may result in erroneous estimates of density. Results of both survey method show congruent patterns in fish density, save for previously known visual biases of the diver survey. Our attempts to compare among survey type by converting the results of acoustic surveys into a relative density metric appear to have shown promise in increasing the spatial coverage of important reef surveys. It is our hope that future combined survey methodologies will, by lowering requisite diver efforts necessary to survey a region, ameliorate logistical constraints inherent in surveys attempting to describe reef communities, and that increased spatial coverage will provide a more synoptic view of reef health.
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Figure 1. Range of survey strata in southeastern Florida. Individual strata contained 18 transects, 6 of which were randomly chosen on a given survey day. Benthic reef maps courtesy of SEFCRI (2011).
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Figure 2. Representative 38 kHz echogram of acoustic analysis showing many single targets across the third reef tract crest.
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Figure 3. Fish density derived from both diver and acoustic surveys across all reef tracts.
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Figure 4. Linear regression of fish density estimates described by acoustic and diver surveys.
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Figure 5. Comparison of fish length estimations between diver and acoustic surveys. Lengths between survey methods are different, however each shows an increase in average fish size between seasons.
















	
	Diver Density Estimates
	
	Acoustic Density Estimates

	Source
	t
	P
	
	t
	P

	Reef tract
	2.228
	0.0338
	
	2.478
	0.0193

	Strata
	1.471
	0.1521
	
	1.399
	0.1724

	Live Coral (%)
	0.760
	0.4535
	
	-0.450
	0.6561

	Depth (m)
	-1.824
	0.0785
	
	-1.656
	0.1084

	Visibility (m)
	-2.455
	0.023
	
	-0.651
	0.5200

	Reef tract * Strata
	-1.281
	0.2104
	
	-1.435
	0.1620




Table 1. Results of generalized linear models using reef characteristics to predict estimates of density by both acoustic and diver methodologies. Significance was set at α = 0.05 for all tests.
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Figure 6.) Linear regression of diver density estimates and acoustic density estimates show a significant positive correlation.



CHAPTER 3 - COMPOSITION, ABUNDANCE, AND DISTRIBUTIONS OF FISH 
COMMUNITIES ASSOCIATED WITH A HIGH LATITUDE CORAL
REEF, FLORIDA, USA

Abstract

Hosting fish communities typically associated with a Caribbean coral reef, a series of Holocene relict ridge reefs in northern Miami-Dade County, Florida, USA, lie proximal to one of the most highly urbanized coastlines in the world. Despite both economic and ecological importance of these fish communities, scientific investigations to describe these fish assemblages are lacking. This is of particular importance given the increasing anthropogenic pressures being imposed on the coastal landscape and nearby reef ecosystem. To address this paucity of information, a combination of hydroacoustic and diver-based census methods were used to elucidate temporal and spatial patterns in fish composition, abundance, and distributions. Acoustic surveys found seasonal differences in estimates of nektonic biomass, with an increase associated with the local dry season.  Examining patterns from diver-based surveys offer potential explanation for distributional differences found across reef sites, suggesting shallower reefs may function as a nursery for species that display an ontogenetic shift.  Abundance data indicate a conspicuous depletion of apex predators in the region in comparison to more pristine reefs worldwide, further evidence of the high levels of local fisheries exploitation. Fish densities across the study area were generally low and displayed local variation, however in comparison to densities measured in other tropical reef ecosystems, South Florida reefs were the lowest. We consider potential management implications for the region, and provide baseline data for future comparisons to the communities under increasing anthropogenic pressures.
3.1 Introduction

South Florida, USA, is home to the third largest barrier reef in the world, consisting in the north of a series of Holocene relict ridge reefs with distinct habitat-type characteristics along a gradient of increasing distance to shore (Figure 7).  With increasing distance these reefs are classified as ridge complex, inner, middle, and outer linear reef (Banks et al., 2008). A substantial portion of these reefs run parallel to the coastline of Miami-Dade County, whose population of 2.6 million people participated in over 18 million recreational fishing trips in 2013 (FWC, 2013; US Census Bureau, 2013). This urbanization has led to the degradation of local reef tracts through a combination of anthropogenic pressures including increased nutrient loading, sedimentation, and fishing pressures that have contributed towards the depletion of important commercial fish species below sustainable levels (Lapointe et al., 2004; Ault et al., 2005, Paul et al., 2005; FL DEP, 2012;). 
As anthropogenic influences on reef tracts increase, studies in the region have investigated pressures responsible for the decline of coral health, abundance, and species distributions (Moyer et al., 2003; Paul et al., 2005; Lirmen et al., 2011). Notable contributors to compromised reef health are anthropogenically sourced nutrients that lead to algal blooms in the region (Barile, 2004; Lapointe et al., 2005). These algal blooms peak in the summer months, or wet season, due to a combination of upwelling events, increased temperatures, and considerably higher rainfall contributing to regional and concentrated runoff (Jaap and Adams, 1984; Lirmen and Biber, 2005). Typically reef herbivores are able to compensate for algal growth, however, either through pre-existing community composition or removal by fisheries activity, localized grazer abundance is not adequate to prevent the smothering of corals by algal blooms (Carpenter and Edmunds, 2006). A Caribbean-wide die-off and the subsequent lack of recovery of a primary reef herbivore, the urchin Diadema antillarum, has further exacerbated increasing benthic algal coverage in the region (Lessios, 1988; Levitan, 1988; Chiappone et al., 2002). 
Despite the knowledge that decreased coral coverage results in a concomitant decrease in fish community health, few peer-reviewed studies concern the fish assemblages utilizing these reefs as habitat (Jones et al., 2004; Cheal et al., 2008). Primarily ignored in the literature, descriptions of northern Miami-Dade County fish communities by fisheries independent studies are limited to assessments of artificial reef health (Jordan, 2005; Walker et al., 2009; Ault and Franklin, 2011; Gregg, 2013). Given the economic and ecological significance of the reef tracts in northern Miami-Dade County, it is critical to describe local reef communities both spatially and temporally to assess the health of important fish assemblages.
	In this paper we present the results of one of the first fisheries-independent surveys of northern Miami-Dade County primarily interested in describing reef fish communities. We examine biomass distributions across the county with hydroacoustic surveys, and then provide community level context through concurrent diver surveys to consider explanations for shifts in biomass. Our surveys provide data from which we may examine future effects of increasing urbanization on reef fish communities. Further, our results will serve as a first step in filling the apparent dearth of fish assemblage information in the region.
3.2 Methods and Materials
Study Site
Our study area ranges from approximately 6 km south of Pt. Everglades in Ft. Lauderdale (26.03312°, -80.072672°) at the very southern portion of Broward county, to 3 km north of Government Cut, near South Miami Beach (25.779022°, -80.062706°). For the purposes of this study only the three reef tracts classified as “linear” (Figure 7) were surveyed, as structural similarities allowed for the most direct observations of community changes.
A random stratified sampling design was applied with each of three strata (North, Haulover Inlet, and South) being divided into 6 substrata. In each substrata, three evenly spaced transect lines running perpendicular to linear reef tracts were created (Figure 7). During each sampling event, a single transect line was randomly selected within each sub-strata, yielding six total transects surveyed per strata, per survey day. Survey days were selected based on wave heights below 1 m to ensure data were of high quality. To complement hydroacoustic surveys, two of the six acoustic transects were randomly selected and complemented with diver-based surveys. To control for temporal variation, all diver-based surveys and acoustic transects were conducted on the same day, with at least 30 minutes between each method to normalize fish behavior. Surveys ran from August of 2013 through March, 2014 with each strata surveyed twice per month, for a total of 174 acoustic transects with 42 complemented by divers.
Acoustic Surveys
Acoustic data were collected using a calibrated Simrad EK60 multi-frequency echosounder system operating 38 and 120 kHz split-beam transducers interfaced to a laptop computer running ER60 software (SIMRAD, v2.0). The survey vessel was driven along each transect at an average speed of 2 m s-1, with position recorded by a WASS-enabled USB Garmin GPS corrected for positional offsets from the face of the transducer. Transducers were mounted to the survey vessel by an articulated mounting pole allowing for easy deployment into a downward facing position and were calibrated by the standard sphere method prior to surveys (Foote et al., 1987). Echoview 6.1 (Sonar Data Pty., Ltd.) was the primary program used in the post-processing of acoustic data. An analysis threshold was applied to the volume backscattering strength (SV, in dB) echogram in conjunction with a bottom detection algorithm to remove extraneous backscatter (ie. benthic habitat, air bubbles, and dissolved organic matter). Echograms were then manually examined for remaining undesired data and binned into a 2.5m horizontal by 2.5m depth grid, and volume backscatter was derived for each 2.5m x 2.5m cell following standard echo integration techniques (Simmonds and MacLennan, 2005. Estimates of the volume backscattering coefficient (sv), which is proportional to fish biomass, were converted from the decibel domain to arithmetic form [SV = 10*log10(sv)] and used for all statistical analyses. Target strength, a measure of fish size, was converted to length (L; cm) following the general model proposed by Love (1977), where A and B are the slope and intercept of a length and target strength regression: 
TS=  A * log10 (L) + B				(Eq. 1)
As residuals of the sv estimates did not approximate a normal distribution with standard parametric analysis under any transformation, non-parametric methods of analysis were adopted and applied in SigmaPlot (Version 12.5, Systat Software, Inc). A Kruskal-Wallis one-way ANOVA on ranks was used to test for differences in sv and fish length among strata, reef tract, and season. Post-hoc analysis used Dunn’s Method of multiple pairwise comparisons at an alpha level of 0.05. A Mann-Whitney rank sum test was then used to examine differences in sv between both the wet and dry season.
Diver Surveys and Community Distributions
Divers were deployed in teams of two at sites located in the center of each linear reef tract with a GPS laden dive flag to verify survey location. A modified reef visual census was applied to record fish species, estimated length, abundance, and reef characteristics of interest (Smith et al., 2011). To minimize diver collection bias, all divers were subject to quizzes on reef fish identification and length estimation prior to any survey action following SEFCRI (2012). Estimates of total fish length (cm) recorded by divers were used to derive biomass according to species-specific length-weight coefficients (Eq. 1) (Gandara et al., 2003; Gonzalez-Mendes et al., 2004; Bouchon-Navaro et al., 2006; Ladd, 2011). As in similar studies, species lacking specific length-weight coefficients were estimated with the most closely related and sized fish following the standard allometric relationships (Ackerman and Bellwood, 2000). 
Weight (g) = log(a) + b * log(L)			(Eq. 2)	
To examine community characteristics and species distributions across the county, fish abundance data recorded by divers were square root transformed and examined through a Bray-Curtis dissimilarity matrix. A Bray-Curtis dissimilarity value is bound between 0 and 1, with higher values indicating increasingly disparate species compositions between given sites (Bray and Curtis, 1957). Using this matrix, a principle-components ordination (PCO) (Primer 6 and Permanova+ V. 1.0.2) was created. Unlike another common method for elucidating community patterns, e.g., multidimensional scaling, a PCO graph clusters data points based upon quantitative dissimilarity values rather than ranks of dissimilarity. This preserves covariance among factors and is a good alternative to data that may not conform well to multidimensional scaling techniques (Anderson and Willis, 2003). Factors important in explaining these trends were analyzed for significance using a permutational MANOVA (PERMANOVA) with type 3 partial sums of squares. A PERMANOVA uses permutation methods to test the simultaneous response of several variables to multiple factors within an ANOVA design on the basis of a distance measure (Anderson, 2005).  A two way crossed Bray-Curtis similarity percentage routine (SIMPER) was then used to determine unique species important in explaining variance between reef communities in season and strata. Using the biomass calculated by length-weight coefficients, community composition expressed as percent biomass was analyzed by family and species among strata, season, and reef tract. Finally, a meta-analysis of literature reporting areal density on coral reefs was conducted to compare densities of reef fishes in northern Miami-Dade County with reefs in other locations spanning a spectrum of anthropogenic pressures.
3.3 Results
Acoustic Surveys
We found a significant increase in acoustic estimates of biomass (sv) in the dry season as compared to the wet (Figure 8, P = 0.001, N = 500, DF = 1). Across both seasons strata did not have significantly varying estimates of sv (P > 0.05). Significant differences in sv were also found between linear reef tracts, which show similar values between the second and third reef tract and an increase in biomass on the first reef tract (Figure 9, P < 0.001, N = 501).  Post-hoc analyses show the first reef tract has significantly higher estimates of sv than the second and third reef tract (Dunns: P < 0.05). Reef tract biomass estimates were then tested across season, revealing a significant difference between each reef tract sv estimates in both the wet and dry season (Wet P < 0.001, N = 279, DF = 2; Dry P < 0.001, N = 224, DF = 2). Notably, the first reef tract had a higher sv in the dry season than the same reef tract in the wet season (Figure 10, Mann-Whitney Rank Sum P < 0.001, n = 168). 
Fish length estimated from target strength (TS) varied significantly between the wet and dry season with an average length of 19.775 (± 1.689), and 24.804 (± 1.282) cm respectively, but was not found to be variable across reef tracts (Figure 8, P < 0.001, n = 242). 
Diver Surveys and Community Distributions
A total of 42 linear reef sites were surveyed concurrently with acoustic survey methods (see Chapter 2). During these surveys, 2837 individuals from 78 species across 23 families were identified. The top three dominant reef families were primarily herbivorous, with the family Pomacanthidae (Angelfishes) contributing 25.5% to overall reef biomass (Table 2). Across season, family contributions changed little, with the Labrid fishes resulting in the only notable change in family composition (Table 3.). Biomass contributions across strata show a continued dominance by Pomacanthidae in the North and South, though interestingly absent in the Haulover Inlet strata.  The Haulover Inlet strata was dominated by the predatory bar jack, Caranx ruber, and was accompanied by the highest abundance of predatory fish in the top 10 biomass contributors among strata (Table 4).
Results of the PCO on species abundance indicate a clear and significant grouping of sites found between strata and a weaker but significant correlation between sites found in different seasons (P = 0.032, P = 0.014, PERMANOVA) (Figure 12). SIMPER analysis indicated an average dissimilarity of 81.55 between seasons, and 77.50 between all strata. Over half of the dissimilarity between seasons can be accounted for by abundance changes in only 8 species (Table 5). The top three contributors to these differences show variability in seasonal detections across linear reef tracts. Notably, Haemulon flavolineatum show a major increase in abundance on the third reef between wet and dry season (Wet Season: 7.7%, Dry Season: 94.4%) while Acanthurus bahianus shows an opposite trend in abundance (Wet Season: 68.9%, Dry Season: 33.3%) (Figure 12). A significant linear relationship was found between latitude and species richness, indicating that species richness increases with decreasing latitude (Figure 13) (R2 = 0.1907, P < 0.05). 
3.4 Discussion
The acoustic surveys in this study provide what we believe is a synoptic region-wide, fisheries-independent survey of reef fish biomass in northern Miami-Dade County. As in other reef systems, we observed a significant increase in biomass between the dry and wet seasons across all reef types and strata, particularly in the first reef tract (Mellin et al., 2007). Based on the community analyses, the primary drivers in this difference are attributable to Haemulon flavolineatum, Acanthurus bahianus, and Balistes capriscus. Although these species are not the biggest contributors to overall biomass, examination of species abundance across reef tracts between seasons show considerable differences between reef tract utilization, primarily showing a shift between the first and third reef tracts.
The possibility exists that this change across reef tracts is the result of an ontogenetic shift by structuring species. Supporting this supposition are the acoustic length estimates of single fish targets that show an increase in average fish size between seasons. Further, primary drivers in community differences, principally by H. flavolineatum and A. bahianus, along with several species of local commercial importance, are among species that have been documented to utilize disparate reef habitats in specific life stages (Nalgerken and van der Velde, 2004; Appeldoorn et al., 2009). Though preferentially using mangrove and seagrass habitat as a nursery, H. flavolineatum have been known to inhabit shallow reefs in the absence of suitable mangrove or seagrass habitat (Nalgerken et al., 2000; Adams and Ebersole, 2002). Here, as elsewhere, we will use abundance patterns of H. flavolineatum as a representative of fishes known to undergo ontogenetic shifts (Huijbers et al., 2008; Nalgerken et al., 2008). Indeed, surveys in nearby Broward County have shown that juvenile grunts comprise the majority of biomass on the inner reef tracts, with over 85% of fish detections on those reefs being a juvenile stage (Baron et al., 2004). Our data corroborate this, as H. flavolineatum comprises the second highest contributor of biomass in the North strata, on reefs closer to Broward County. These contributions to biomass by the Haemulids decline toward the south, potentially as a result of increased species richness. Proximity of both the Haulover Inlet and South strata to seagrass beds in Biscayne Bay may also result in the preferential settlement of juveniles off shallow-reef habitat.
Given widespread coastal urbanization, historic removal of mangrove habitat on the shoreline in northern Miami-Dade, anticipated sea level rise, and absence of ecologically significant seagrass beds north of Biscayne National Park, the first reef tract may be an increasingly important habitat for fish communities in the region (Doyle et al., 2003; SEFCRI, 2011). As stated by Adams et al., 2006, “knowledge of habitat specific nursery function would…allow managers to better predict multi-species population trends and implement adaptive management practices for species or groups of… management interest”. Data presented here suggest that plans seeking to manage reefs in northern Miami-Dade County should not neglect the importance of the first reef tract as a potential nursery habitat.
Separate analysis of commercial and recreational catches in Miami-Dade County show many predatory fish of commercial importance have been removed well below sustainable levels (Ault and Franklin, 2011). In stark contrast to biomass contributions on a comparatively healthy reef in the Gulf of Mexico (Flower Gardens), abundance data show communities in northern Miami-Dade County are dominated primarily by non-predatory fishes, which comprise 61.52% of community biomass by family. Further, 7 of the top 10 contributors to biomass in the Flower Gardens are considered apex predators, compared to only 3 of the top 10 in northern Miami-Dade County. It appears that predator declines may be directly associated with increased anthropogenic pressure in Miami-Dade County, as is the case elsewhere in the Caribbean (Stallings, 2009). 
Though not typically a primary driver to regime shifts, the removal of predators from a coral reef in conjunction with other pressures can elicit a shift from a coral dominated benthos to a macroalgal one (McClanahan, 1995; Dahlgren and Eggleston, 2000; McClanahan et al., 2002; Dulvy et al., 2004; Eriksson et al., 2009). A decrease in predators would typically result in an ecological release of prey species such as herbivorous fishes or echinoderms, however this effect is likely to be minimal on reefs in northern Miami-Dade County with comparatively low fish densities (McClanahan and Muthiga, 1988). Further, the primary herbivorous echinoderm, Diadema antillarum, has never recovered from a Caribbean-wide die-off. Those few individuals that remain have little structuring effect on algal growth and are unlikely to ameliorate algal blooms (Hughes, 1994). Despite a high percentage of biomass comprised of reef herbivores, it appears that overfishing and previously documented nutrient increases may leave reef systems in northern Miami-Dade County vulnerable to a regime shift resulting in severe declines of reef habitat function (Barile, 2004; Lapointe et al., 2004; Lapointe et al., 2005; Pandolfi et al., 2005).
Fish communities in northern Miami-Dade County display declined reef health in comparison to geographically similar reefs, and are significantly variable across both temporal and spatial scales. We believe the first reef tract may potentially serve as a critical nursery habitat to those species whose life histories contain an ontogenetic shift, particularly those of commercial interest such as H. flavolineatum. Community analyses indicate that fish assemblages in the North strata are structured similarly to reefs surveyed in Broward County, whereas South strata communities may be distinctly different from the other studied strata. The surveys described here detected potentially the lowest average densities (fish m-2) of reef fish on a global scale from available literature (Figure 14). While alarming, this cannot be explained merely by the high latitude of these habitats, as reefs geographically proximal to Miami-Dade County (Broward County and the Florida Keys) exhibit far higher densities and richness of reef species. One potential explanation is the increased local anthropogenic pressures which may already have resulted in significant declines in overall reef community health. 
Given that these communities are described only sparsely in the literature, this information can serve as a starting point for exploring future changes in fish community distributions. Further, our results appear to show promise in utilizing diver surveys to provide community level context of fish communities that can potentially be extrapolated to wide-scale results of acoustic surveys. Here, we were able to observe region-wide changes in fish densities as recorded by acoustic surveys that were potentially explained by shifting species compositions of reef communities as observed by divers. Further work is necessary to assess the validity of data collected by disparate survey methods, but conclusions drawn from complementary methods are encouraging. Finally, it is our hope that these data will prove useful to those seeking improved management policies that may begin to ameliorate pressures from the highly urbanized coastline of Miami-Dade County.
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Figure 7.) Region of Northern Miami-Dade County surveyed during the study. In the right hand panel, the three contiguous reef tracts run parallel to shore, north to south.
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Figure 8.) Differences between the wet and dry season in acoustically estimated biomass (top), fish length as approximated by acoustic TS (bottom). Bars represent standard error.
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Figure 9.) Acoustic estimates of biomass, SV, across reef tracts. Bars represent standard error.
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Figure 10.) Acoustic estimates of biomass, sv in both the dry (gray bars) and wet season (black bars).  Differences between reef tract within each season were significant, however only the first reef showed significantly higher biomass estimates between season on the same reef tract. Bars represent standard error.


	Family
	% biomass

	Pomacanthidae
	25.5

	Acanthuridae
	18.9

	Labridae
	13.1

	Haemulidae
	12.6

	Carangidae
	9.4

	Other
	19.0



















Table 2.)  Percent biomass contributions between families observed in diver-based surveys.  Biomass was estimated using standard length-weight relationships, and a total of 23 families were recorded.









	Wet Season
	Dry Season

	Family
	% Biomass
	Family
	% Biomass

	Pomacanthidae
	22.2
	Pomacanthidae
	33.5

	Acanthuridae
	19.7
	Acanthuridae
	21.2

	Carangidae
	17.1
	Labridae
	13.6

	Haemulidae
	13.6
	Haemulidae
	13.6

	Scaridae
	12.5
	Scaridae
	6.2

	Other
	14.9
	Other
	11.9


Table 3.) Family contributions to biomass compared between seasons.  Highlighted is the only noticeable difference being the replacement of the Carangids (Jacks) with the family Labridae (wrasses) in the dry season.








	North
	Haulover Inlet
	South

	Species
	% Biomass
	Species
	% Biomass
	Species
	% Biomass

	Pomacanthus Paru
	15.3
	Caranx ruber
	24.7
	Pomacanthus paru
	15.5

	Haemulon flavolineatum
	12.8
	Holocanthus ciliaris
	11.4
	Lachnolaimus maximus
	10.1

	Acanthurus bahianus
	10.7
	Pomacanthus arcuatus
	10.4
	Acanthurus chirurgus
	9.6

	Sparisoma viride
	7.3
	Acanthurus coeruleus
	8.4
	Acanthurus bahianus
	7.7

	Canthidermis sufflamen
	7.2
	Lachnolaimus maximus
	5.1
	Holocanthus ciliaris
	7.1

	Holocanthus ciliaris
	7.1
	Anisotremus virginicus
	5.1
	Acanthurus coeruleus
	6.9

	Acanthurus chirurgus
	4.5
	Sparisoma viride
	4.1
	Haemulon plumierii
	6.9

	Mycoterperca bonaci
	3.5
	Haemulon melanurum
	3.6
	Bodianus rufus
	4.6

	Acanthurus coeruleus
	3.1
	Haemulon carbonarium
	2.7
	Halichoeres garnoti
	3.8

	Clepticus parrae
	2.5
	Acanthurus chirurgus
	2.5
	Selene vomer
	2.8

	Other
	25.7
	Other
	22.0
	Other
	25.1



Table 4.) Percent biomass contributions between strata, with those species considered apex predators highlighted in gray.
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Figure 11.) Principle Components Ordination on the results of a Bray-Curtis Similarity matrix based on species abundances by survey site.  A significant clumping of South strata (3) sites apart from other strata is evidenced, as well as a less clear but significant distinction between seasonal composition.






	Species
	Group Wet Avg. Abundance
	Group Dry Avg. Abundance
	Contrib. %
	Cum. %

	Haemulon flavolineatum
	0.56
	0.78
	8.62
	8.62

	Acanthurus bahianus
	0.78
	1.75
	7.97
	16.6

	Acanthurus coeruleus
	1.60
	1.13
	6.52
	23.1

	Canthidermis sufflamens
	0.19
	0.76
	6.31
	29.4

	Sparisoma aurofrenatum
	0.15
	1.41
	6.09
	35.5

	Chromis viridis
	1.30
	0.12
	5.80
	41.3

	Sparisoma viride
	1.09
	0.00
	5.04
	46.4

	Pomacanthus paru
	0.51
	0.75
	4.56
	50.9






Table 5.) Results of a two way crossed Bray-Curtis similarity percentage routine (SIMPER) showing the major contributors to differences between strata and season.  These top 8 species contribute to over 50% of the differences in community composition at a site.
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Figure 12.)  Percent biomass contributions to reef tract of the top three SIMPER analysis species: H. flavolineatum (A), A. bahianus (B), and B. capriscus (C).  
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Figure 13.) Species richness across latitudes encompassed in the survey area show an increase in species richness with a decrease in latitude (R2 = 0.1907, P < 0.05).



	North Miami-Dade
	Flower Gardens

	Species
	% Biomass
	Species
	% Biomass

	Pomacanthus paru
	11.4
	Paranthias furcifer
	28.4

	Caranx ruber
	9.27
	Kyphosus spectator
	12.2

	Holocanthus ciliaris
	8.51
	Clepticus parrae
	11.2

	Acanthurus coeruleus
	6.45
	Caranx latus
	5.73

	Acanthrus bahianus
	6.36
	Sphyraena barracuda
	5.71

	Acanthurus chirurgus
	6.10
	Mycteroperca bonaci
	4.55

	Lachnolaimus maximus
	6.05
	Lutjanus griseus
	3.32

	Pomacanthus arcuatus
	4.38
	Lutjanus jocu
	2.89

	Haemulon flavolineatum
	4.18
	Mycteroperca interstitialis
	2.20

	Sparisoma viride
	3.34
	Mycteroperca tigris
	2.08

	Others
	34.0
	Others
	21.8











Table 6.) Comparison of percent biomass contributions by species in northern Miami-Dade County and a remote reef on the Flower Gardens, TX.  Highlighted in gray are species considered to be apex predators.
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Figure 14.)  Average fish densities recorded during diver-based surveys around the world.  Plotted data include Orpheus Island, Great Barrier Reef (Ackerman and Bellwood, 2000), the Flower Gardens, Texas (NOAA, 2014), the Florida Keys (Burkepile et al., unpublished data), the northwest Hawaiian Islands (NWHI, Parrish et al., 2004), Broward County (Ettinger et al., 2001), and northern Miami in the wet and dry seasons.  Bars represent standard error.





CHAPTER 4 – CONCLUSIONS, IMPLICATIONS, AND FUTURE DIRECTIONS

Conclusions, Implications, and Future Directions

	
In this thesis, I hypothesized that by creating a comparable metric of fish density between disparate survey methodologies, I would be able to better examine the dynamics of reef-associated fishes in shallow-coastal reef ecosystems.  To this end, my results indicate that disparate methods of estimating fish density and biomass on a coral reef do indeed show similar distributional patterns as a function of reef tract (i.e., distance from shore) and of season. Although differences in magnitude were present between methods, fish density increased similarly in both acoustic and diver approaches, and I was able to detect variation as a function of distance to shore. It is possible that this increase is a result of the higher structural complexity of the third reef tract in comparison to the first and second tracts. Although the most narrow tract, a steep incline on the inshore and offshore edges of the third reef create the opportunity for complex microhabitat that may not exist on the first two tracts. Although not significant in explaining variance among reef density estimates, it is also possible that the increased depth on the third reef line is acting as a refuge for fish communities (Tyler et al., 2009). I was also able to detect the previously documented detrimental effect of water clarity on the ability of a diver to estimate fish densities on a reef, while the acoustics remained seemingly insensitive to water clarity in further support of the needed development of acoustics as a survey tool., (Bozec et al., 2011; Bernard et al., 2013).
I further hypothesized that reef fish communities would change as a function of season, and both methods were able to detect an increase in fish densities between the wet and dry seasons.  A concurrent increase in fish size between the wet and dry season detected by both methods further corroborated this agreement in methods. Differences between seasons were not limited to densities, but were also observable in the variation of communities documented by divers. I was able to discern the top two contributors to these differences in community composition; both H. flavolineatum and A. bahianus are species known to undergo ontogenetic shifts, and differences in composition and density may be explained by the movements of these species across reef habitats over time (Nagelkerken et al., 2008). Northern sites showed higher concentrations of these species, however their contributions to community composition decreased towards the south.  A potential explanation for this identified decrease is the proximity of the southern sites to seagrass beds in lower Biscayne Bay, as these species show preferential selection of seagrass habitat as juveniles (Huijbers et al., 2008).
	While I hypothesized that proximity to regions of mixing with anthropogenically influenced waters would influence fish densities, we were not able to detect a preference or increase in fish densities in this region.  In fact, both fish density and species richness was shown to increase as latitude decreased, which is in agreement with similar studies from Broward County. 
Diver data obtained for this thesis gave an insight into previously undescribed fish communities in northern Miami-Dade County. Overall, reefs in Miami-Dade County exhibit declined reef health in comparison to geographically similar reefs, and reefs worldwide. Analysis indicates that the first reef tract may serve as a critical nursery habitat to important commercial species such as H. flavolineatum, especially in absence of extensive mangroves in the vicinity (Nagelkerken et al., 2002; Mumby et al., 2004). When compared to a comparatively healthy reef in the Gulf of Mexico (Flower Gardens), abundance data show communities in northern Miami-Dade County are dominated primarily by non-predatory fishes. Further, 7 of the top 10 contributors to biomass in the Flower Gardens are considered apex predators, compared to only 3 of the top 10 in northern Miami-Dade County. Predator declines may be associated with increasing anthropogenic pressure in Miami-Dade County, as is the case elsewhere in the Caribbean (Stallings, 2009). Predator removal in conjunction with other pressures can influence a shift from a coral dominated benthos to a macroalgal one (Dahlgren and Eggleston, 2000; McClanahan et al., 2002; Dulvy et al., 2004; Eriksson et al., 2009). This is of particular concern in a region where anthropogenic sources of nutrients have previously been tied to algal blooms and increased primary productivity on the reef (Lapointe et al., 2005). Finally, it is worth noting that density estimates from surveys in Miami-Dade County were the lowest of a literature values reported on undisturbed reefs worldwide.
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