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Offshore coral reefs in the Gulf of Mexico (GOM) are unique model systems for examining the mechanisms structuring reef fish communities due to their substantial geographic isolation, and the presence of replicate experimental units of both low (mid-shelf) and high coral diversity (shelf-edge) reefs. Here, we examined the species assemblage structure of juvenile and adult fishes at two mid-shelf reefs (Sonnier and Stetson Bank) and two shelf-edge reefs (East and West Flower Garden Banks) in the northwestern GOM to evaluate the relative importance of habitat (i.e., coral diversity) vs. recruitment in structuring resident fish assemblages. Visual reef fish surveys (n = 400) were conducted at the four coral reefs during two seasons, spring-early summer and late summer-fall in 2009 and 2010. Two depth zones were surveyed at each reef, representing the reef crest (15–23 m depth) and upper slope (23–30 m depth) habitats. Seasonal variability in recruitment to both mid-shelf and shelf-edge reefs was observed, with higher mean juvenile density and diversity (H′) observed during the late season at all reefs in 2009 and all but Stetson in 2010, supporting an early fall recruitment peak. Likewise, considerable inter-annual variability in juvenile recruitment was observed, with significantly lower juvenile density and H′ observed at mid-shelf reefs in 2010 relative to 2009. Species diversity was strongly linked to coral diversity, with greater reef fish diversity consistently observed at shelf-edge relative to mid-shelf reefs. Observed differences in the composition of juvenile and adult assemblages at mid-shelf reefs suggest that reef fish communities at these reefs were more strongly influenced by post-settlement processes (e.g., juvenile mortality) than shelf-edge reefs, which may be a function of several limiting factors (e.g., predation, coral diversity, water quality). Results indicate that reef fish assemblages associated with mid-shelf and shelf-edge reefs in the northwestern GOM may have sufficient stabilizing mechanisms in place to facilitate recovery from anomalous recruitment events. The strong, reef type-specific differences in assemblage composition observed throughout the study indicate that mid-shelf and shelf-edge coral reefs may fill different functional roles for demersal fishes in the northwestern GOM.
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INTRODUCTION

An extensive body of community-level research conducted in numerous coral reef ecosystems reveals substantial variability in the species composition, spatial distribution, and temporal stability of resident fish assemblages (e.g., Sale, 2004; Mellin et al., 2016). As a result, it has been widely suggested that the primary mechanisms regulating reef fish community structure may vary considerably as a function of reef type, reef context, and geographic region (e.g., Beukers and Jones, 1998; Friedlander et al., 2003; Darling et al., 2017). A comprehensive understanding of local community dynamics is necessary for the development of effective and spatially explicit management strategies (Bohnsack and Ault, 1996; Sale, 2004). Thus, identifying processes responsible for maintaining community structure and biodiversity within reef-associated fish assemblages is critical as coral reef ecosystems worldwide are threatened by overfishing and habitat degradation (Newman et al., 2006; MacNeil et al., 2015).

Patterns of fish recruitment to coral reefs typically show a large degree of spatiotemporal variability (Doherty and Williams, 1988; Sale, 2004), and the relative importance of pre- and post-recruitment mechanisms in structuring reef fish communities has been widely debated in the literature (Armsworth, 2002; Smallhorn-West et al., 2017). Multiple small-scale studies on patch reefs have indicated that the community structure of adult fishes may be determined almost entirely by the initial species composition of juveniles recruiting from the plankton, with little evidence of post-settlement population regulation (reviewed in Doherty, 2002; Shima et al., 2018). Several larger-scale studies have also suggested that cross-shelf gradients in the species composition of reef-associated fish communities (e.g., Williams, 1983) appear to be structured primarily by offshore-inshore gradients in the delivery or survival of planktonic recruits, rather than subsequent movement or differential mortality of juvenile and adult fishes between offshore and inshore reef habitats (Roberts, 1991; see Wismer et al., 2009; Burgess et al., 2010). However, other long-term studies have found the distribution and abundance of adult reef fish populations to be largely independent of spatiotemporal fluctuations in recruitment and relatively consistent within a given reef type, suggesting that habitat characteristics and biotic interactions may ultimately determine the community structure and persistence of coral reef-associated fish assemblages in some systems (e.g., Robertson et al., 1988; Yeager et al., 2017).

Biotic interactions such as competition and predation are inherently density dependent (Carr et al., 2002; Hixon, 2015), and therefore the relative importance of post-recruitment processes in structuring a fish assemblage will be strongly influenced by the local quality, composition, and structural complexity of available habitat (e.g., Grober-Dunsmore et al., 2007, 2008). Newly settled reef fishes typically experience high predator-induced mortality during the first few weeks of life (Almany and Webster, 2006), and the availability of appropriately sized refuges within the reef structure can greatly influence the survival rates of new recruits as well as the species composition of individuals reaching maturity from a given cohort (Jones, 1988; Beukers and Jones, 1998; Syms and Jones, 2000). Refuge availability may be limiting even on a relatively large reef complex if the structured habitat varies greatly in quality, and numerous studies on coral reefs have found positive correlations between topographic complexity and the local density and diversity of resident fishes (Almany, 2004; Bejarano et al., 2015). Similar positive relationships between reef fish abundance and live coral cover have also been documented (Roberts and Ormond, 1987; Holbrook et al., 2008), and recent research has demonstrated that in certain coral reef systems, the diversity and species composition of corals within a given reef habitat may directly determine the diversity and community structure of the resident fish assemblage (Messmer et al., 2011).

The aim of the current study was to characterize the community structure of fish assemblages associated with mid-shelf and shelf-edge coral reefs in the northwestern Gulf of Mexico (GOM). Offshore coral reefs in the GOM represent a unique model system for examining the mechanisms structuring reef fish communities because they show an unusual degree of geographic isolation, but also contain replicate experimental units of both low coral diversity (mid-shelf) and high coral diversity (shelf-edge) reef habitats. Additionally, these coral reefs represent much of the hard-bottom habitat available to demersal fishes in the northern GOM, and they may be critical to the maintenance of reef fish populations throughout this region (Dennis and Bright, 1988; Schmahl et al., 2008; Hickerson et al., 2012; Voss et al., 2014). Here, we examined the species composition of juvenile and adult fishes at two low diversity coral reefs (located on the mid shelf) and two high diversity coral reefs (located on the shelf edge) in the northwestern GOM to evaluate the relative importance of habitat (i.e., coral diversity, depth) vs. recruitment in structuring resident fish assemblages. We also compared large-scale settlement patterns between reef types in an attempt to characterize the functional roles of mid-shelf and shelf-edge reef habitats within this continental shelf system.



MATERIALS AND METHODS


Study Area

Four coral reefs were included in the study: two mid-shelf reefs [Sonnier Bank (SONN), Stetson Bank (STET)] and two shelf-edge reefs [East Flower Garden Bank (EFGB), West Flower Garden Bank (WFGB)]. Based on the species richness of scleractinian corals, both mid-shelf reefs were considered to be low coral diversity (<12 species), while both shelf-edge reefs were classified as high coral diversity (>20 species).

The two mid-shelf reefs (SONN, STET) are located approximately 110 km offshore, cresting at depths of 18–20 m (Figure 1). Both reefs consist of relatively bare siltstone-claystone outcroppings characterized in limited areas of the reef crest and upper slope by Millepora-Sponge benthic communities (Rezak et al., 1990). Apart from the encrusting hydrozoan Millepora spp., which represents approximately 30% of benthic coverage on the crests of SONN and STET, the majority of scleractinian corals species occur only in small numbers as isolated colonies (Schmahl et al., 2008; Hickerson et al., 2012). The establishment of more extensive hermatypic coral communities within this reef type is precluded by the high levels of turbidity and low winter temperatures (<16°C) associated with mid-shelf waters in the GOM (Rezak et al., 1990).
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FIGURE 1. Regional context of study reefs in the Gulf of Mexico (GOM). Arrows denote the directional flow of major basin-wide currents, and a rectangle delineates the study area (and location of map inset) along the northern continental shelf. Map inset illustrates the bathymetry of the study area in greater detail and shows the spatial arrangement of mid-shelf (Sonnier, SON; Stetson, STET) and shelf-edge (East Flower Garden Bank, EFGB; West Flower Garden Bank, WFGB) reef sites.


The two shelf-edge reefs (EFGB, WFGB) are complex carbonate reef caps located approximately 185 km offshore on the outer continental shelf, where oceanic water and a more stable temperature regime facilitate the development of extensive Diploria-Montastrea-Porites coral communities throughout the reef crest (≈ 20 m) and upper slope habitat zones (Rezak et al., 1990; Johnston et al., 2016). Both EFGB and WFGB are largely dominated by colonies of the hermatypic brain corals Montastrea franski and Montastrea faveolata and the star coral Diploria strigosa, although several other species (particularly Porites spp.) are also present in fairly extensive colonies (Schmahl et al., 2008). The benthic coral communities at shelf-edge reefs in the northwestern GOM are less diverse but similar in species composition to coral communities in the Caribbean (Schmahl et al., 2008), and coral coverage at both EFGB and WFGB is high (45–52%) (Johnston et al., 2016).

Three of the reefs represented in this study (EFGB, WFGB, and STET) are located within the boundaries of the Flower Garden Banks National Marine Sanctuary (FGBNMS), where federal regulations prohibit anchoring of vessels, commercial fishing, and spearfishing, although recreational hook-and-line angling is still permitted. Only SONN is located outside of the sanctuary boundaries, and thus this reef is vulnerable to habitat damage as a result of vessel anchorage and commercial fishing activities, as well as selective removal of large, upper-trophic level fishes by recreational spearfishers (Schmahl et al., 2008). Recent sanctuary expansion has been proposed which would result in the future inclusion of SONN in the FGBNMS.



Reef Fish Surveys

Fish surveys were conducted from May to October in 2009 and 2010. This sampling period was chosen to correspond with potential periods of high recruitment for juvenile reef fishes, based on documented peaks in larval abundance that occur from spring to early fall in the FGBNMS when water temperatures are the warmest (McGowan, 1985). The sampling period was divided into spring-early summer (May 15–July 15) and late summer-fall (August 1–October 1) sampling seasons, and all reefs in the study were surveyed at least once during each sampling season (Table 1). Two depth zones were surveyed at each reef, representing the reef crest (15–23 m depth) and upper slope (23–30 m depth) habitats.


TABLE 1. Summary of survey effort in 2009 and 2010, with the number of transects (n) conducted at East Flower Garden Bank (EFGB), West Flower Garden Bank (WFGB), Sonnier Bank (SONN), and Stetson Bank (STET) during each sampling period.

[image: Table 1]Visual fish counts were conducted with SCUBA on line transects 5-m in length and 2-m in width. All fish within a given transect area were identified to the lowest possible taxa and assigned an age class based on body size and coloration, either juvenile (for juveniles and young-of-the year) or adult (for sub-adult and adult individuals). Fish were enumerated in order of encounter to minimize diver bias or double counting, and transect locations were designated using a stratified random sampling design, with divers assigned randomly generated compass headings and numbers of fin-kick cycles within each depth zone prior to every dive (approximately 2–3 transects were conducted per dive). Sampling surveys took place at multiple mooring locations at each reef in order to facilitate representative sampling across the reef crest.

In 2009, measurements of rugosity (defined here as the ratio between substrate contour and straight-line distance) were taken along each transect to serve as an indicator of habitat complexity. Rugosity was measured by draping a weighted chain along the contour of the reef and measuring the length of chain needed to cover a 1-m linear distance. Three measurements of rugosity were taken at regular intervals along each transect, and the rugosity estimate was reported as the mean value of these three measurements. In 2010, vessel limitations resulting from the Deepwater Horizon oil spill limited our sampling effort and rugosity measurements were not conducted during this survey year.



Data Analysis

Density was calculated for each transect as the total number of fishes (all species combined) encountered per square meter. The assumptions of normality and homogeneity of variance were tested and values were ln-transformed before analysis to correct for heteroscedasticity of variance among transects. Diversity was also calculated for each transect using the Shannon diversity index (H′):
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where pi is the proportion of the total number of individuals encountered on the transect represented by species i. Seasonal, within-reef, and among-reef trends in fish density and diversity for each year of the study were analyzed using multivariate analysis of variance (MANOVA), with season, depth zone, and reef as the main effects. Post hoc differences in mean density and diversity were examined using Tukey’s honestly significant difference (HSD) method (α = 0.05). Because juvenile recruitment patterns are often influenced by different mechanisms than those structuring mature reef fish assemblages (Sale, 1991), juvenile and adult age classes were analyzed separately. The effects of rugosity on overall fish density and diversity were analyzed using linear regression.

Comparisons of assemblage structure among reefs for each year, sampling period, and age class were conducted in PRIMER v5 (Clarke and Warwick, 2001) using non-metric multidimensional scaling (MDS) models of ln-transformed density data. Data ordination was based on a Bray–Curtis similarity matrix and stress coefficients (residual modeling error) of 0.2 were treated as critical values to evaluate goodness-of-fit for each MDS model in two dimensions (Clarke and Warwick, 2001). Pairwise analysis of similarity (ANOSIM) permutation procedures were used to analyze the degree of overlap and test for differences in juvenile and adult assemblage structure among reefs for each sampling season and year of the study (999 permutations, α = 0.05). Pairwise ANOSIM procedures were also performed on untransformed juvenile and adult presence absence data within each reef in order to compare the species present in the mature fish assemblage with the species composition of newly settled recruits.



RESULTS


Assemblage Composition

In total, 11,234 fishes representing 70 species from 24 families were observed in 2009, and 7,027 fishes representing 64 species from 23 families were observed in 2010 (Supplementary Table S1). Overall species richness (all transects pooled) was fairly similar among reefs during both survey years, ranging from 40 to 43 species observed at each reef in 2009 (43–72 transects surveyed per reef in 2009) and 34–39 species observed at each reef in 2010 (30–47 transects surveyed per reef in 2010). Pomacentrids and labrids were the dominant families at both mid-shelf and shelf-edge reefs in 2009, together accounting for 88–92% of the total fish assemblage at each reef (Figures 2A,B). In 2010, these two families remained numerically dominant (75–85%) at both shelf-edge reefs (EFGB, WFGB); however, at the mid-shelf reefs (SONN, STET), blenniids (primarily the seaweed blenny Parablennius marmoreus) also made up a significant proportion of the fish assemblage, representing 21% of all fish observed at SONN and 12% at STET. Relative abundances of pomacentrids and labrids were fairly equal at the two shelf-edge reefs in 2009, while pomacentrids (65–69%) were notably more abundant than labrids at the two mid-shelf reefs. In 2010, pomacentrids were more abundant (46–63%) than labrids at all four reefs.
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FIGURE 2. Percent composition of the six numerically dominant reef fish families present at each reef for 2009 (A) and 2010 (B). Both juveniles and adults were included in the analysis, and figures represent the pooled values from all transects conducted within each reef during a given year.




Spatiotemporal Trends in Abundance and Diversity

Mean densities of juvenile reef fishes (all species pooled) varied significantly by reef, season, and depth zone for both years of the study (ANOVAs, P < 0.01; Figures 3A–D). In 2009, mean juvenile fish density was significantly higher at STET than at the other mid-shelf reef (SONN) or either of the shelf-edge reefs (EFGB, WFGB) (Tukey HSD, P < 0.05). Mean density was also significantly higher during the late season surveys and in the shallow depth zone. There was a significant interaction between reef and depth zone (ANOVA, P < 0.001); juvenile fish densities were relatively similar between shallow and deep habitats at EFGB and WFGB, but were significantly higher on the shallow reef crest at both mid-shelf reefs (SONN and STET). Mean densities of juvenile fishes were generally lower in 2010 than 2009 (Figures 3C,D), although significant differences were again detected among study sites (ANOVA, P < 0.001). Patterns of seasonality and depth distribution in 2010 were similar to those observed in 2009, with significantly higher densities during the late sampling season and in the shallow depth zone. The one notable exception was STET, showing an opposite trend with lower densities of juveniles during the late sampling season and no apparent difference in juvenile densities between depth zones. The lowest mean densities of juvenile fishes were observed at the two shelf-edge reefs (EFGB, WFGB) for both years of the study.
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FIGURE 3. Mean densities of juvenile reef fish (all species pooled) observed at each reef for 2009 (A,B) and 2010 (C,D). Results were compared across seasons (A,C) and depth zones (B,D) for each year of the study, and error bars represent one standard error of the mean. Significant differences among study sites (if applicable) are denoted by uppercase letters in panel (A) for 2009 and (C) for 2010.


Mean densities of adult fishes showed less consistent patterns with respect to reef, season, and depth but all three factors were found to be significant (ANOVAs, P < 0.01; Figures 4A–D). In 2009, mean densities of adult fishes were significantly higher at the mid-shelf reef SONN than at the other three reefs (Tukey HSD, P < 0.05). There were also significant differences between seasons and depth zones, with higher densities of adults recorded in the shallow depth zone and the late sampling season. Again, these differences were apparent only at the two mid-shelf reefs. In 2010, densities of adult reef fishes were highly variable within all reefs surveyed, largely due to an increased presence of schooling planktivorous fishes on transects, and there were no significant differences among study sites, sampling seasons, or depth zones.
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FIGURE 4. Mean densities of adult reef fish (all species pooled) observed at each reef for 2009 (A,B) and 2010 (C,D). Results were compared across seasons (A,C) and depth zones (B,D) for each year of the study, and error bars represent one standard error of the mean. Significant differences among study sites are denoted by uppercase letters in panel (A) for 2009. No significant differences among study sites were detected in 2010.


Shannon diversity (H′) for juvenile fishes differed markedly between the two survey years (Figures 5A–D). This was particularly evident at the mid-shelf reefs (SONN, STET) where certain tropical species observed as juveniles in 2009 were either absent (e.g., blue chromis Chromis cyanea, ocean surgeon Acanthurus bahianus, queen angelfish Holacanthus ciliaris) or present at markedly lower densities (e.g., bluehead wrasse, dusky damselfish Stegastes adustus, French angelfish Pomacanthus paru). A notable shift was also observed in juvenile species composition toward sub-tropical/temperate recruits, in particular, the cocoa damselfish (Stegastes variabilis), which represented a combined 29% of the juvenile fishes enumerated at the mid-shelf reefs in 2009 but accounted for nearly 60% of all juveniles observed in 2010 (and over 74% at SONN). In 2009, no significant difference in mean H′ was detected for juvenile fishes among study reefs, although mean H′ was significantly higher during the late sampling season (ANOVA, P < 0.001) and in the shallow depth zone (ANOVA, P < 0.01). In 2010, mean H′ differed among reefs (ANOVA, P < 0.001), and diversity of juvenile fishes was significantly lower at SONN than at the other three reefs surveyed (Tukey’s HSD, P < 0.05). However, no significant seasonal or depth-related effects on mean H′ were detected in 2010. For adult fishes, H′ remained fairly consistent between years (Figures 6A–D). Significant differences in H′ were found among reefs in both 2009 and 2010, and H′ of adult fishes at the two shelf-edge reefs (EFGB, WFGB) was significantly higher than at the two mid-shelf reefs (SONN, STET) for both years of the study (Tukey’s HSD, P < 0.05). In 2009, H′ was also significantly higher in the shallow depth zone at SONN and STET (ANOVA, P < 0.01), but was relatively similar between depth zones at EFGB and WFGB. For adult fishes, H′ was also statistically similar between depth zones on both mid-shelf and shelf-edge reefs in 2010.
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FIGURE 5. Mean Shannon–Wiener diversity estimates (H′) for juvenile reef fish observed at each reef in 2009 (A,B) and 2010 (C,D). Results were compared across seasons (A,C) and depth zones (B,D) for each year of the study, and error bars represent one standard error of the mean. Significant differences among study sites are denoted by uppercase letters in panel (C) for 2010. No significant differences among study sites were detected in 2009.
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FIGURE 6. Mean Shannon–Wiener diversity estimates (H′) for adult reef fish observed at each reef in 2009 (A,B) and 2010 (C,D). Results were compared across seasons (A,C) and depth zones (B,D) for each year of the study, and error bars represent one standard error of the mean. Significant differences among study sites are denoted by uppercase letters in panel (A) for 2009 and (C) for 2010.




Microhabitat Selection

The effects of habitat complexity (i.e., rugosity) on overall reef fish density and H′ were examined during the first year of surveys (2009) and the influence of rugosity on fish distribution differed between mid-shelf and shelf-edge reefs (Figures 7A,B). At the mid-shelf reefs (SONN, STET), there was a positive relationship between rugosity and fish distribution; linear regressions of rugosity against density and diversity (H′) were both significant (P < 0.001). No significant relationships between rugosity and reef fish density or diversity were detected within the shelf-edge reefs (P = 0.524, 0.361).
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FIGURE 7. Relationship between habitat rugosity and the density (A) and diversity (B) of reef fishes (both age classes pooled) observed at mid-shelf and shelf-edge reefs during the 2009 study year. Trend lines represent the linear regression of transect density and diversity (H′) against transect rugosity within each bank type (mid-shelf vs. shelf edge). Relationships were statistically significant for both density (r2 = 0.23) and diversity (r2 = 0.10) at mid-shelf reefs, while neither relationship was significant at shelf-edge reefs.




Comparison of Assemblage Structure Among Reefs

Density data for juvenile and adult reef fishes were analyzed separately both by survey year and by sampling season within each year using non-metric MDS ordination (Figure 8). Stress coefficients for all MDS models were below the experimental cutoff of 0.20 with the exception of the two juvenile models from 2009, which showed slightly higher values (0.22 for both sampling seasons). In general, MDS models with stress coefficients ranging from 0.20 to 0.30 are considered marginal for interpretation, particularly for ordinations based on a small to moderate sample size (<50 data points) (Clarke and Warwick, 2001). However, because both MDS models in 2009 were based on relatively large samples (124 and 127 transects, respectively), the juvenile models from this year were considered acceptable for analysis.
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FIGURE 8. Non-metric multidimensional scaling (MDS) ordinations of juvenile (A–D) and adult (E–H) species density data for all four study reefs for 2009 (A,B,E,F) and 2010 (C,D,G,H). Early and late sampling seasons were analyzed separately within each study year for both age classes. Symbol legends are shown in panels (A) and (B). Replicates from low diversity (mid-shelf) study sites (SON and STET) are represented by open symbols (▽, ∘, respectively) and high diversity (shelf edge) study sites (EFGB and WFGB) are represented by filled symbols (▼, ∙, respectively).


Overall, MDS plots of both juvenile and adult data revealed remarkably consistent distinctions in species composition between the mid-shelf reefs (SONN, STET) and the shelf-edge reefs (EFGB, WFGB), but considerable overlap between the two sites within a given reef type (Figure 8). Pairwise ANOSIM permutation procedures were used to test the significance of these apparent groupings, and results from these pairwise tests were largely in agreement with the spatial ordinations observed in our MDS models. For both juvenile and adult fishes over the two years of surveys, all pairwise comparisons between different (i.e., mid-shelf vs. shelf-edge) reef types revealed significant differences in the community structure of fishes associated with each reef type (ANOSIM, P < 0.001). In contrast, few significant differences in community structure were found in pairwise comparisons within a given reef type (e.g., between two mid-shelf reefs), particularly for adult fishes.

In 2009, no significant differences in juvenile community composition were detected between the two shelf-edge reefs (EFGB, WFGB) for either sampling season (ANOSIM, P > 0.05). Community composition of juvenile fishes at the two mid-shelf reefs (SONN, STET) differed significantly during the early sampling season (ANOSIM, R = 0.242, P < 0.001) but was similar during the late sampling season (P > 0.05). Juvenile assemblages at both mid-shelf reefs during the early season were numerically dominated by three species; bluehead wrasse Thalassoma bifasciatum, cocoa damselfish, and purple reef fish Chromis scotti, and differences in the relative abundances of these species at SONN and STET were responsible for structuring the majority (61%) of the dissimilarity in juvenile assemblage structure within the mid-shelf reef type during early season surveys (SIMPER). No significant within-reef type differences were found for adult fishes in 2009; pairwise comparisons of adult assemblage structure showed similar species compositions between the two mid-shelf reefs (SONN, STET) and between the two shelf-edge reefs (EFGB, WFGB) during both early and late sampling seasons (ANOSIM, P > 0.05). In 2010, findings closely resembled those from 2009, with one notable difference. While both age classes at the two shelf-edge reefs (EFGB, WFGB) were again similar in species composition for each sampling season (ANOSIM, P > 0.05), significant differences in assemblage structure between the two mid-shelf reefs (SONN, STET) were observed for both juveniles and adults during the early sampling season in 2010 (ANOSIM, RJuv = 0.170, P < 0.001; RAdult = 0.212, P < 0.01). The majority (53%) of early season dissimilarity in adult assemblage structure between SONN and STET was attributed to differences in the relative abundance of the seaweed blenny P. marmoreus (SIMPER). The effects of this event were short-lived and by the late 2010 sampling season, seaweed blenny densities had returned to 2009 levels and adult assemblages within the low-diversity reef type (i.e., SONN, STET) were once again similar (P > 0.05).



Juvenile and Adult Species Presence Within Each Reef

For both survey years, 85–100% of fish species observed as juveniles at the two shelf-edge reefs (EFGB, WFGB) were also represented in the adult assemblages (Figures 9A,B). In 2009, just three species at EFGB and two at WFGB were present only as juveniles, and in 2010, there were no such species at EFGB and only one at WFGB. However, at the two mid-shelf reefs, the number of species observed only as juveniles was markedly higher (9 species at SONN and 12 at STET in 2009; 14 species at SONN and 7 at STET in 2010) (Figure 9). During each year of surveys, 27–61% of all juvenile fish species recruiting to each mid-shelf reef were never observed as adults, and pairwise comparisons between age classes at both mid-shelf reefs (SONN, STET) revealed significant differences in species presence between the adult fish assemblage and juvenile recruits (ANOSIM, P > 0.05). Examples of taxa observed at mid-shelf reefs as juveniles but not adults included cherubfish Centropyge argi, painted wrasse Halichoeres caudalis, sailfin blenny Emblemaria pandionis, yellowtail damselfish Microspathodon chrysurus, and Sparisoma spp. In contrast, only 0–13% of juvenile fish species recruiting to shelf-edge reefs over each survey year were never observed as adults, and pairwise within-reef comparisons revealed similar juvenile and adult species presence at both EFGB and WFGB (ANOSIM, P < 0.05).
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FIGURE 9. Percentage of reef fish species present only as juveniles (black), only as adults (dark gray), and as both adults and juveniles (light gray) within the two low diversity (mid-shelf) reef sites (SONN, STET) and the two high diversity (shelf edge) reef sites (EFGB, WFGB) for 2009 (A) and 2010 (B). The raw species counts (n) within each category at each reef type are also given.




DISCUSSION

Recruitment to both mid-shelf and shelf-edge reefs showed a strong seasonal component, with higher juvenile density and assemblage diversity (H′) observed during the late (August 1–October 1) season at all reefs in 2009 and all but STET in 2010, supporting the early fall recruitment peak previously suggested for coral reef fishes in the northwestern GOM (Rooker et al., 1997). The period of increased juvenile density observed in our study corresponds with a period of elevated mean sea surface temperature and annual peak eddy activity in the region (Limer et al., in review), and similar increases in recruitment have been widely observed in other coral reef systems during the summer months when oceanographic conditions are optimal for larval growth and survival (e.g., Doherty and Williams, 1988; Adjeroud et al., 1998; Chittaro and Sale, 2003). Seasonality in recruitment is generally most pronounced on high-latitude reefs occupying tropical-temperate transition zones (Doherty, 1991; Beck, 2015; Komyakova and Swearer, 2019), which is the case for both the mid-shelf and shelf-edge reefs in our study. However, the most pronounced late-season increases in juvenile density for both survey years occurred at the two mid-shelf reefs (SONN, STET), where oceanographic conditions are influenced by seasonal coastal processes [e.g., freshwater input from the Mississippi-Atchafalaya River System (MARS) is higher during late spring/early summer] and water temperatures are cooler during the winter months, potentially restricting the time frame of successful recruitment (see Rezak et al., 1990).

Vertical zonation of coral and reef fish community structure is well documented (Edmunds and Leichter, 2016; MacDonald et al., 2016). Still, depth-related differences in reef fish density and diversity were primarily observed at the mid-shelf (low coral diversity) reefs, with greater juvenile and adult densities observed at shallow depths near the reef crest. Perhaps this is not surprising due to the fact that hermatypic corals are primarily restricted to the shallower portions of the reef crest at both SONN and STET, with deeper areas characterized by less complex bedrock outcroppings and benthic algae. In contrast, coral coverage was high and more ubiquitous across both depth zones at the two shelf edge reefs (EFGB, WFGB), which may explain the relative similarity in reef fish density and diversity across the two depth zones sampled at these reefs. Still, our surveys were limited to the upper 30 m of the water column and it is likely that shifts in reef fish community structure may have been more evident at mesophotic depths (>30 m).

Juvenile density on both reef types displayed considerable inter-annual variability, with significantly reduced density and H′ observed in 2010. Previous studies on coral reef fishes have documented declines in the density and condition of newly settled recruits in response to cooler water temperatures (e.g., Sponaugle et al., 2006), and it is possible that poor recruitment in 2010 may have been influenced by the exceptionally cold preceding winter, which caused regional sea surface temperatures to remain 2–4°C below 2009 values until mid-May (Texas Automated Buoy System; TABS, Buoy V). Although reef fish assemblages in the northern GOM are composed of both tropical and sub-tropical/temperate taxa, decreased recruitment in 2010 appeared to be driven primarily by poor representation of tropical recruits, which may be particularly sensitive to sub-optimal thermal conditions (Sponaugle et al., 2006). The greatest inter-annual differences in recruitment occurred at the two mid-shelf reefs (SONN, STET) where winter water temperatures are lowest, and at each of these reefs in 2010, several tropical species observed as juveniles in 2009 were either absent or present at markedly lower densities. This was accompanied by a notable shift in juvenile species composition toward sub-tropical/temperate recruits, in particular, the cocoa damselfish, which dominated juvenile assemblages at mid-shelf reefs in 2010 relative to 2009 (60% of all juveniles observed in 2010). Considering that congeneric juveniles (Stegastes spp.) have been shown to aggressively inhibit recruitment of other tropical reef fish species (Risk, 1998), the exceptional success of cocoa damselfish at SONN in 2010 may have contributed to the seemingly anomalous increase in juvenile density, but significantly lower juvenile diversity, observed at this reef. Nevertheless, natural variability in recruitment is common in reef fishes (Sponaugle, 2015) and observed inter-annual differences may simply be a function of inherent stochasticity in the remote production and planktonic delivery of larval recruits. Indeed, oceanographic conditions in 2009 were likely more favorable for larval subsidy from Campeche Bank and Yucatan Shelf reefs to reach the northern GoM as the Loop Current pushed further northward, with eddies produced from this mesoscale feature crossing over the study reefs with greater frequency in 2009 relative to 2010 (Limer et al., in review). It is also important to note that the Deepwater Horizon oil spill occurred in the northern GOM in May of 2010, potentially explaining the decrease in juvenile densities observed in that year. However, given the lack of geographical overlap between the study reefs and the oil spill footprint, it is likely that the impact of the spill on fish density and community structure at the study sites was minimal (Johnston et al., 2013). Invasive Indo-Pacific lionfish (Pterois sp.) were also first observed at Sonnier Bank in fall of 2010; however, individuals were not documented at the other reefs until 2011 (Johnston et al., 2013). While potential negative effects of lionfish on reef fish community structure are well documented, it is unclear to what extent lionfish may have affected juvenile community structure and/or densities at our study reefs in 2010.

The assemblage structure of adult reef fishes in our study appeared to be fairly resilient to short-term fluctuations in recruitment, remaining consistent within and distinct between the two reef types. H′ of adult fishes was consistently highest at the two shelf-edge reefs (EFGB, WFGB) over both years of surveys, and MDS ordination revealed distinct differences in species composition between mid-shelf and shelf-edge reefs, but little to no separation within either reef type. Similar inshore-offshore gradients in diversity and species composition have been widely reported for reef fishes inhabiting tropical-temperate transition zones (e.g., Cheal et al., 2012), and cross-shelf gradients in diversity are often accompanied (or driven) by clear shifts from sub-tropical/temperate reef fish communities inshore (i.e., SONN, STET) to primarily tropical, coral reef-associated assemblages near the shelf edge (i.e., EFGB, WFGB), where the effects of winter cold fronts and terrigenous influences (e.g., sedimentation, nutrient enrichment) are buffered by deeper water and exposure to warm oceanographic currents (Dennis and Bright, 1988; Malcolm et al., 2010). These conditions also promote coral growth, and similar patterns of diversity between corals and fishes (higher fish diversity associated with higher coral diversity) consistent with those observed in the current study have been noted in multiple geographic regions (Bellwood and Hughes, 2001; Connolly, 2005; Burgess et al., 2010). Still, it has been widely debated whether cross-shelf gradients in reef fish community structure are established post-settlement as a direct result of changes in the benthic coral community (e.g., Adjeroud et al., 1998) or whether they are simply produced by cross-shelf gradients in recruitment (James et al., 2002; Burgess et al., 2010).

Similar to studies conducted in other regions (reviewed Burgess et al., 2010), natural correlations between reef type and distance offshore prevent us from definitively separating the effects of shelf position and coral diversity; however, the current study is also unique from many previous efforts (see James et al., 2002) in that our life stage-specific data allowed for the direct comparison of juvenile settlement patterns with mature fish assemblages at reefs occupying different shelf positions. Distinct differences in the composition of juveniles observed between the mid-shelf reefs (SONN, STET) and the shelf-edge reefs (EFGB, WFGB) indicates that an inshore-offshore recruitment gradient may exist for reef-dependent fishes in the northern GOM, likely established by decreased larval delivery or survivorship closer to the coast (see Roberts, 1991), where pelagic conditions are often strongly influenced by cold, low-salinity, nutrient-rich input from MARS (Rezak et al., 1990; reviewed in D’Sa and Dimarco, 2009). It is also possible that regional patterns of fish diversity are influenced by increased exposure of the shelf-edge reefs (EFGB, WFGB) to tropical larvae originating from the southern GOM or Caribbean Sea (Rezak et al., 1990; Schmahl et al., 2008; Kitchens et al., 2017). However, the notable distinction between juvenile and adult assemblages observed within both mid-shelf reefs (SONN, STET) also suggests that the species composition of mature fish communities associated with this reef type may not directly resemble the initial species composition of settlers. Therefore, while the supply of larval recruits to reefs in the northern GOM is likely influenced to some extent by shelf position, recruitment limitation may not be the primary determinant of adult community structure throughout this system, and initial patterns of settlement may be modified to a considerable extent by intrinsic characteristics of the reefs.

Habitat characteristics have been widely implicated in determining the local abundance and diversity of coral reef fishes in other regions (e.g., Grober-Dunsmore et al., 2008; Bejarano et al., 2015), and the relative influence of habitat-mediated interactions on juvenile survivorship and distribution is generally strongest when densities of recruits are at or near carrying capacity (see Beukers and Jones, 1998; Almany, 2003). Several studies have reported that while pre-settlement processes (i.e., larval supply and dispersal) appear to be the primary determinants of community structure on reef types characterized by high rugosity and extensive coral coverage (e.g., EFGB, WFGB), post-settlement processes (e.g., competition, predation) may be more critical on reef types where habitat complexity is low and refuge spaces are limited (e.g., SONN, STET) (Benfield et al., 2008). Predation is the primary agent of post-settlement mortality for reef fishes (Almany and Webster, 2006; Hixon, 2015), and at both SONN and STET, the large proportion (20–36%) of species observed as juveniles but not adults indicates that mortality rates of new recruits to these mid-shelf reefs may be substantial. Intense local predation on coral reefs can significantly reduce assemblage diversity by eliminating rarer species of recruits from persisting into the adult assemblage (e.g., Heinlein et al., 2010), and this may explain the consistently lower diversity of adult fishes observed at the two mid-shelf reefs (SONN, STET), as well as the strong associations between fish distribution and habitat rugosity (i.e., prey refuges). It is also possible that suboptimal physicochemical conditions (e.g., temperature, salinity) on mid-shelf reefs during cooler months contribute to greater overwinter mortality and vulnerability to predation for tropical species. In contrast, little evidence of post-settlement regulation was detected on the shelf-edge reefs (EFGB, WFGB), where the low densities and even spatial distribution (i.e., weak habitat associations) observed for juvenile fishes indicate levels of recruitment well below saturation. Adult reef fish assemblages at both EFGB and WFGB showed strong resemblance to the species composition of juvenile assemblage and well over 90% of all species recruiting to each reef over the course of the study appeared to successfully persist as mature populations, suggesting that community structure on these reefs is determined largely at time of settlement.

Both shelf-edge reefs in the current study (EFGB, WFGB) appeared to maintain stable resident fish assemblages that were more consistent and predictable in community structure than those observed at the mid-shelf reefs (SONN, STET). One possible explanation for this incongruity is a high rate of self-recruitment at EFGB and WFGB due to the extreme biogeographic isolation and regional oceanographic conditions along the outer continental shelf (Cowen et al., 2006; Schmahl et al., 2008; Hickerson et al., 2012). The closest coral reef-associated fish assemblages upstream from EFGB and WFGB occur on the offshore reefs of Campeche Bank (approximately 700 km to the south; Figure 1). Under ideal oceanographic conditions, predicted transport time (Lugo-Fernández, 2006) from this region would be expected to exceed the reported planktonic larval duration (PLD) for many of the dominant species in our surveys of the EFGB and WFGB (Victor, 1986; Wellington and Victor, 1989), and considering that ecologically relevant scales of connectivity for reef fish populations in the region are typically on the order of 10 to 100 km (Cowen et al., 2006), the contribution of larvae derived from the Caribbean is likely to be minimal. Nevertheless, the degree to which larval contribution from the southern GoM or Caribbean Sea affects juvenile recruitment (density and assemblage structure) at northern GOM reefs is likely temporally variable and dependent on the position of the Loop Current and associated eddies (see Kitchens et al., 2017; Limer et al., in review). This may explain the greater density and diversity of juvenile recruits observed in 2009 compared to 2010 across all reefs, as the Loop Current penetrated farther northward in 2009 (Rooker et al., 2013; Limer et al., in review).

The only other potential source of larval contribution to EFGB and WFGB is the extensive network of petroleum platforms spanning the northern GOM, but because the major currents approaching the edge of the continental shelf are oceanic in origin, the majority of these platforms are hydrologically downstream from EFGB and WFGB (Lugo-Fernández et al., 2001). Furthermore, surveys conducted on both mid-shelf and shelf-edge platforms have indicated that the diversity of reef fishes recruiting to these structures is markedly depleted relative to natural reefs in the region (Sonnier et al., 1976; Rooker et al., 1997; Voss et al., 2014), and therefore, it is likely that petroleum platforms generally act as a sink rather than a source of tropical recruits (see Lugo-Fernández et al., 2001). Given the low likelihood of EFGB or WFGB receiving significant subsidies of larval recruits from remote source locations, fish communities at these two shelf-edge reefs must be largely replenished through local production, which is possible given that oceanographic conditions in this region are generally favorable for larval retention (Lugo-Fernández et al., 2001).

If resident fish assemblages at our two shelf-edge coral reefs (EFGB, WFGB) are primarily self-replenishing, it is likely that larval subsidies originating from these reefs may also be largely responsible for the replenishment and regional persistence of many tropical species across the continental shelf (Dennis and Bright, 1988; see Malcolm et al., 2010). However, the magnitude and inshore extent of larval export from the EFGB and WFGB can be expected to vary from year to year as a function of regional oceanographic conditions in the GOM (Lugo-Fernández et al., 2001), and this may have contributed to observed interannual variability in the composition of newly recruited juveniles at our two mid-shelf reefs (SONN, STET). By chance, our surveys appeared to occur over one “good” recruitment year (2009) with favorable oceanographic conditions and one “poor” recruitment year (2010) where lower sea surface temperatures and increased freshwater inflow likely had a negative impact on the delivery and survivorship of pelagic larvae closer to the coast. Both mid-shelf reefs in 2010 showed decreased juvenile diversity and a marked shift in recruitment composition toward species commonly observed on platforms and nearshore reefs (e.g., cocoa damselfish, seaweed blennies) (Rooker et al., 1997; Dance et al., 2011), suggesting that in years or seasons when conditions are unfavorable, tropical recruits originating from shelf-edge coral reefs may be poorly represented across the continental shelf, and our mid-shelf reefs (SONN, STET) may receive a greater proportion of sub-tropical/temperate recruits from other mid-shelf reefs or production platforms. Such spatiotemporal variability in both the magnitude and source of recruitment is typical of coral-reef associated fishes and fluctuations in recruitment of tropical reef fishes have been widely attributed to stochastic oceanographic and climatic conditions in other regions (e.g., Victor, 1986; Doherty and Williams, 1988; Fontes et al., 2016; Shulzitski et al., 2016). However, results from the current study also suggest that the reef fish assemblages associated with mid-shelf and shelf-edge reefs in the northwestern GOM may have sufficient stabilizing mechanisms in place to facilitate recovery from anomalous recruitment events. The strong, reef type-specific differences in community composition observed throughout the study indicate that mid-shelf and shelf-edge coral reefs may fill different functional roles for demersal fishes in the northwestern GOM.
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