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Abstract

:

Eastern oysters (Crassostrea virginica) are critical foundation species in estuarine waters, but due to a combination of natural and anthropogenic pressures, oyster abundance has declined. Restoring oyster reefs and monitoring restoration success often focuses on oyster metrics, but relatively infrequently, responses of higher trophic level species and the production of related ecosystem services are accounted for. To address this, we compare the response of a resident reef fish guild (gobies, blennies, toadfish) to standard metrics of oyster restoration success. Using lift nets and seines, natural and restored reefs were monitored over a two-year period within Mosquito Lagoon, Florida, USA. Standard metrics are indicative of restoration success; live oyster density and reef thickness increased in restored reefs after 12 and 24 months. Combined, live oyster density and reef thickness were the best predictors of annual resident reef fish abundance compared to water quality metrics. These results suggest that the benefits of restoring oyster reef habitat are conferred to broader components of the food web, with benefits accruing to reef resident fishes that are a key trophic linkage between lower trophic level foundation species and higher trophic level predators inhabiting coastal ecosystems.
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1. Introduction


Over the past century, anthropogenic activities have greatly impacted and degraded coastal systems, resulting in widespread habitat loss [1,2,3]. The pressures driving coastal habitat loss are myriad, often interconnected, and are both natural and anthropogenic in origin [4,5,6]. Due to these factors, some coastal systems and their foundation species are threatened, with many ecosystems greatly reduced from their historic distributions and abundances [7,8,9,10]. Therefore, as near-field and far-field pressures continue to increase sea level, sea surface temperatures, and alter regional weather patterns, it is becoming increasingly important to take more holistic approaches to the protection and conservation of coastal ecosystems [4,11,12,13,14].



Resource managers have previously addressed the loss of higher trophic level species by using top-down management strategies focusing on a single species, but many of these efforts had limited success [15]. In many fisheries, management approaches to increase abundance, such as stocking higher trophic level sport fishes, have been shown to only temporarily increase abundance and eventually produce negative cascading effects [16,17,18]. More recently, coastal managers have been transitioning towards more complete ecosystem-based management (EBM) strategies to reduce risk in coastal ecosystems [19,20,21,22]. Frequently, EBM uses bottom-up approaches to protect entire ecosystems with the goal of increasing sustainability [23]. Often, these approaches begin with protecting habitats, many of which are considered essential fish habitat (EFH). Essential fish habitat is any habitat utilized by a fish as foraging grounds, breeding grounds, or refugia and many policies have been implemented globally to help ensure their protection [24,25,26,27]. Essential fish habitat is often created by foundation species (a large or numerically abundant species that provides food and habitat), and frequently, these species are ecosystem engineers that modify habitats and physically alter the environment [28,29,30,31]. Due to their relatively high abundance, foundation species support a multitude of species that comprise lower levels of the food web. For example, oysters create biogenic habitat used by lower trophic level fishes and invertebrates [30,31,32].



Globally, oysters are crucial ecosystem engineers [24,33]. Within estuaries along the east coast of North and South America, eastern oysters (Crassostrea virginica) create complex 3-dimensional structures used for forage and refugia by numerous organisms [34,35]. However, over the past century, eastern oysters have seen an ~85% decrease in filtration capacity in US estuaries, a 64% decline in oyster extent, and an 88% decrease in oyster biomass due to factors such as overharvesting, degraded water quality, and physical disturbances such as boat wakes [36,37,38,39,40,41,42]. Due to their critical role, a loss of oyster reefs within an estuarine system can have effects throughout the broader food web [43,44,45,46,47]. To mitigate decreases in oyster abundance, there have been ongoing efforts to enhance and restore oyster reefs, often involving the physical placement of recruitment substrate, and, where needed, the introduction of additional larvae/spat/broodstock [33,48,49].



The benefits of oyster reef restoration are far-reaching and range from an increase in fish and shellfish abundance to the maintenance of biodiversity to the production of ecosystem services and sediment accretion along estuarine shorelines [38,50,51,52,53]. More specifically, oyster reef restoration has enhanced EFH in estuarine systems by improving water quality, increasing habitat available for foraging, and through the creation of complex habitats that can provide refugia from predators, increasing survivorship [24,33,54,55,56]. Historically, restoration success has been assessed by quantifying oyster abundance and oyster density; however, more recent studies have started to assess the benefits of habitat restoration accruing at higher trophic levels [33,35,48,57,58]. Higher trophic level predators, such as wading birds and sport fish, often use oyster reefs to forage for invertebrates and smaller fishes, but they tend to have relatively high rates of movement and continue to forage over large spatial scales, creating challenges when attempting to understand the role of reef restoration to these more mobile and transient species [59,60]. However, some taxa such as invertebrates and small demersal fishes (hereafter reef residents) are relatively sedentary and spend their entire life cycles on or near an individual oyster reef.



Many of these smaller demersal fishes are generalists in both environmental ranges and diet (Table 1). Reef residents generally occupy intermediate trophic levels within the broader reef food web, acting as predators of spat, copepods, amphipods, and polychaetes, but also serving as prey to higher trophic level predators [35,61]. These reef resident taxa are reliant on the 3-dimensional structure of oyster reefs, using interstitial spaces within the live oyster reef matrix as refugia from predators and for foraging and nesting habitat [35,53,54,55,62]. Many species of gobies, blennies, and toadfish are territorial, often showing high site fidelity, especially males during the breeding season [63]. Some blenny species have shown site fidelity across multiple breeding seasons, suggesting lifetime nesting site fidelity [63]. For example, in one of the most extensive mark-recapture studies on goby and blenny site fidelity, Harding et al. (2020) found that of the individuals recaptured, nearly all individuals (e.g., 94% of breeding males) were captured on the same oyster reefs where they were initially tagged. The findings of this study suggest the spatial scale of movement is less than 40 m for males [63]. This further indicates that many reef residents rely partially on larval dispersal for the movement of the species from site to site [64,65]. In Florida, this dispersal occurs for many of these species during the wet season (i.e., increased precipitation and temperature occur annually from May through October) (Table 1; [66,67]). The larval settlement of these fishes was found to occur downcurrent of reefs next to structured relief [34,64,68,69]. Similarly, vertical height and quality of interstitial spaces are important factors leading to the recruitment of oyster spat, potentially suggesting a correlation between reef residents and spat settlement [34]. Hence, reef residents that use oyster habitat for most of their life cycle may be valuable indicators for assessing restoration success or to assess if restored reefs are used similarly as live reefs by higher trophic level species [35]. The specific habitat features necessary to support these reef residents could have positive impacts on higher trophic level species that rely on them as prey. Thus, determining the oyster metrics that support reef residents (e.g., reef rugosity, oyster density) can be used to help guide and assess the goals of restoration projects [51,70].



To address this research need, here we examine the efficacy of using the local reef resident fish guild to provide a more holistic understanding of how reef restoration affects higher trophic level species [35,57]. More specifically, we explore knowledge gaps regarding how reef resident fish diversity and abundance responds to the restoration of oyster reefs within Mosquito Lagoon, Florida. These ecological data are compared with standard metrics of oyster habitat restoration to assess if habitat use, and the numerical response of reef resident fishes can be used as a higher trophic level indicator of oyster reef restoration success.




2. Materials and Methods


2.1. Study Site and Restoration


Mosquito Lagoon is the northernmost portion of the broader Indian River Lagoon (IRL), which spans approximately 250 km along Florida’s central east coast (Figure 1A) [71]. The IRL contains extremely high biological diversity in part because it spans a dynamic biogeographic transition zone between temperate and subtropical climates [71,72,73]. Fish communities in Mosquito Lagoon have been well documented since the 1990s, with 87 taxa captured in recent studies [74,75]. Mosquito Lagoon is a shallow microtidal system with wind-driven currents [37,76,77]. Boat wakes are a major source of intertidal oyster reef degradation in Mosquito Lagoon [37,77]. Increased water motion dislodges oysters and oyster clusters from the sediment and deposits them above the mean water line, resulting in the loss of reefs and warranting the need for habitat restoration [37,77].



During the course of this study, three patch oyster reefs were restored (historic footprints restored where cluster loss was identified and reefs were dead) in June 2017, and an additional four patch reefs were restored in June of 2018 in a before/after control/impact design. These seven reefs were paired with four positive (“live” patch reef) controls and four negative (“dead” patch reef) controls; control reefs were not altered in the study (Figure 1B–D). Live reefs were characterized by a low vertical profile that ensured the reef was intertidal, with high rugosity and extensive live oyster cover [78]. Dead reefs were characterized by a relatively high vertical profile above mean water line, as oyster clusters would only accumulate on top of a live reef after being disturbed by boat wakes [79]. For additional information on reef slope, area, and elevation, please see Appendix A. Restored reefs were created by raking down dead shell piles to the intertidal water level, such that they were similar in vertical profile to adjacent live reefs [79]. Vexar-extruded polyethelene mesh mats (mesh openings ~2.5 cm × 2.5 cm with 2 mm wide mesh squares) commonly used in the aquaculture industry had clean oyster shells attached to the mats with cable ties to provide settlement substrate for larval spat (hereafter referred to as oyster mat) [77]. Subsequently, these mats were placed onto the raked areas and secured in place with concrete irrigation (donut) weights.




2.2. Biotic and Abiotic Sampling


Oyster reefs were monitored as in Baggett et al. (2015) and Chambers et al. (2018). Briefly, control and restored oyster reefs were monitored quarterly; mean live oyster count (oyster of all sizes were included in count) and mean reef thickness were estimated to better characterize the structural differences among treatment types. All live oysters were counted in five haphazardly placed 0.25 m2 quadrats and mean values estimated for each reef (hereafter referred to as oyster density). Mean reef thickness was estimated by placing 10 0.25 m2 quadrats per reef and measuring 10 haphazardly selected heights above sediment within each quadrat in mm. Reef thickness is used to track fine-scale changes in vertical accretion of a reef until growth is capped by a local tidal range. Thickness also indicates higher structural complexity due to increased oyster growth [68,80,81]. The same sampling methodologies were used on all reef types.



The resident reef fish guild was sampled by placing six lift nets haphazardly along the long axis of an oyster reef (i.e., 3 nets just above MLW line and 3 nets just below MLW line to capture species using both the higher and lower portions of the reef) at fixed study sites. Lift nets were composed of 0.6 m × 0.6 m PVC quadrats with 1.5 mm 16 kg delta netting with 0.3175 cm mesh to form a bag and deployed directly on each reef and allowed to soak (remain on the reef) for approximately one week. Lift nets placed on the reef contained one oyster mat which, upon sampling, would be removed and shaken into a bucket to capture all organisms. Lift nets were deployed two weeks pre-restoration and post-restoration at 1 week, 2 weeks, 4 weeks, 8 weeks, 12 weeks, and every 3 months thereafter. To capture more mobile species, a 21.3 m long seine with 2 m × 2 m center bag with 0.3175 cm mesh was dragged along the length of each oyster reef (~30 m), sampling the water column and benthos immediately adjacent to the study reef (i.e., inshore side of seine was pulled within one meter of the reef edge). Seining was conducted one week pre-restoration and post-restoration at 1 day, 1 week, 2 weeks, 4 weeks, 6 weeks, 8 weeks, 12 weeks, and every 3 months thereafter for 2 years. All fish captured were enumerated and a subset were stored in 95% ethanol and returned to the laboratory to verify species identification in accordance with University of Central Florida Animal Care and Use Committee Protocol (IACUC Permit # 16-15W). Any individual collected from the genus Gobiosoma that was less than 20 mm in length could only be identified to genus accurately, and thus is referred to as Gobiosoma spp. in results. Associated environmental metrics were taken at the time of each fish sampling event. Temperature (C) and dissolved oxygen (DO; mg/L) were measured with a handheld YSI Pro DSS multiparameter probe at 50 cm water depth. Salinity (ppt) was quantified with a refractometer, and water clarity was estimated using a secchi disk (depth in m; as a proxy for turbidity). Secchi depth was taken prior to sample collection on reefs. All samples were collected around mid-tide to accommodate accessing sites via skiff.




2.3. Statistical Analyses


Mean abundance and species richness were quantified for each reef and sampling period. Catch per unit effort (CPUE) was calculated by gear type. A one-way analysis of variance (ANOVA) was used to test differences in abundance and richness among treatment types (live, dead, and restored) followed by a post hoc Tukey HSD test to identify differences (i.e., Tukey HSD p < 0.05). To determine if there were differences among treatment types for each environmental metric, one-way ANOVAs were also performed for salinity, DO, temperature, secchi depth, mean live oyster count (number m-2), and reef thickness (height of reef above sediment in mm). Normality of species abundance and richness were verified using Shapiro–Wilks tests, and homogeneity of variance was assessed using Levene’s Test. Non-metric multidimensional scaling (NMDS) cluster analyses were performed to test for differences in species assemblages among treatment types (live, dead, restored) and seasons. Permutational multivariate analysis of variance (PERMANOVA) was used to quantify differences in species assemblages among treatment types [82,83]. Finally, the strongest abiotic and oyster metric predictors of fish abundance and richness were identified using generalized linear models (GLM). Models containing more than one predictor variable were assessed for collinearity using variance inflation factor [84]. Salinity and temperature quadratic models were included to assess the relationships among these species and these water quality variables as these species have documented salinity and temperature ranges (Table 1). Models were assessed using Akaike Information Criterion model selection (AIC), and r2 values were used to assess the ability of models to capture data variance [83,85,86]. High water levels continually submerge these oyster reefs late in the wet season and throughout the early dry season, thereby constraining the sampling of reefs. This resulted in significantly more sampling in the wet season than the dry season (i.e., until high water levels began to subside). Due to variation in the dry season species abundance and richness data, only wet season data were modeled.





3. Results


3.1. Oyster Metrics


There were no environmental differences among treatment types (all ANOVA p values were >0.1). In the same region, seasonal differences are evident for all environmental metrics except Secchi depth (Table 2; [74]). Live reefs had higher mean live oyster density than dead reefs (Figure 2). Furthermore, mean reef thickness and oyster density at reefs restored in 2017 and 2018 increased consistently over time (Figure 2). After 12 months density of live oysters on restored reefs increased to 335.8 ± 5.6 oysters m-2, and after 24 months density had increased to 430.0 ± 11.3 oysters m-2. Similarly, reef thickness increased on restored reefs after 12 (64.67 ± 4.4 mm) and 24 months (71.5 ± 2.9 mm). Pooling data over time, live reefs had higher oyster density than both restored and dead reefs, and restored reefs had higher oyster density than dead reefs (ANOVA F2,324 = 99.97, p < 2−16; all Tukey HSD post hoc adj p values < 0.001). A similar result was observed for mean reef thickness; live reefs had greater oyster reef thickness than dead reefs and restored reefs, while dead reefs had lower reef thickness than restored reefs (ANOVA F2,328 = 203.1, p < 2−16; all Tukey HSD post hoc adj p values < 0.001). Restored reef metrics were variable; they resembled dead reefs and had relatively low counts pre-restoration but shifted to resemble live reefs with high oyster density in 12–14 months following restoration (Figure 2). However, as described above, restored reefs had oyster densities and reef thicknesses notably different than both live and dead reefs (even considering the temporal changes in thickness and abundance). Due to the growth at restored reefs resulting in changing oyster metrics over time, oyster density and reef thickness measurements were used as proxies for reef type in subsequent modeling.




3.2. Reef Resident Fish Guild


A total of 1033 individuals representing 8 species of reef resident fishes were collected from 15 oyster reefs between May 2017 and June 2019 (Table 3). Live reefs yielded the most reef residents (n = 667 individuals). Dead reefs yielded 200 individuals, and restored reefs yielded 166 individuals. Species richness and total abundance increased as reef thickness and complexity increased (Figure 3). Species compositions were similar among treatment types with seven of the eight taxa occurring at each of the reef types; however, Microgobius thalassinus (Green Goby; n = 2) was only captured at dead reefs. Gobiosoma spp. (n = 321) was the most abundant taxa captured (Table 3). Gobiosoma spp., Gobiosoma robustum (Code Goby), and Microgobius gulosus (Clown Goby) were the three most abundant taxa at dead reefs. Live reefs and restored reefs had the same three most abundant species: Gobiosoma bosc (Naked Goby), Code Goby, and Ctenogobius boleosoma (Darter Goby). The Clown Goby and Frillfin Goby both had considerably greater counts during the wet season (t-test p values < 0.01).



Catch per unit effort (CPUE) was greater with lift nets (n = 5.26/lift net sampling event) than seines (n = 1.47/seine sampling event). Generally, reef residents were found in greater abundance in lift nets than seines, with the exception of the Clown Goby, which was found almost entirely in seine catches. When examining the reef resident fish community, more fishes were captured at live reefs than at dead and restored reefs. Cluster analyses and PERMANOVA revealed no distinctions in species assemblage among treatment types, however, it did indicate slight differences in species assemblages by season (Figure 4). The wet and dry seasonality accounted for 13% of the variation in species assemblages. As preliminary results indicated species abundance and richness data were non-normal, subsequent GLMs were run using a negative binomial distribution with Nagelkerkes pseudo r2 values reported.



Oyster metrics better predicted reef resident abundance than water quality metrics alone or combined (Table 4). The combination of live oyster density and reef thickness was the best fitting model for predicting annual reef resident abundance (∆AIC = 0; p = 0.014). Reef resident abundance, when only including samples collected during the wet season, was best predicted by oyster reef metrics (∆AIC = 0; p = 0.06) and quadratic temperature (∆AIC = 2; p = 0.002; Table 4). These models were considerably better fitting than the null models (annual null model ∆AIC = 16.5; wet season null model ∆AIC = 7.1). Much of the variance in the data was explained by the best fitting oyster metric models annually (r2 = 0.43) and for the wet season (r2 = 0.31). Reef thickness alone was the next best fitting models for the annual (∆AIC = 11.1; p = 0.003; r2 = 0.17) and wet season reef resident abundances (∆AIC = 2.1; p = 0.02; r2 = 0.20; Table 4).



Multiple models predicting annual richness, including the null model, were tied for best fit (∆AICs ≤ 2) and outperformed the combined water quality metrics model (∆AIC = 6.1; Table 5). The combined annual oyster metrics model explained the most variation in the data compared to other models with a p value = 0.09 (r2 = 0.12). During the wet season, six models tied for best fit, including the null model (all ∆AICs ≤ 2). Combined oyster metrics explained the most variation (r2 = 0.17) in the data and tied for best fitting model with five other models (∆AIC = 0.6; Table 5).





4. Discussion


This study highlighted the strong relationship between reef resident fishes and oyster reef metrics (i.e., oyster density and reef thickness). Directly following restoration, reef metrics more closely resembled dead reefs. Over the two years of the study, restored reefs began to more closely resemble live reefs with respect to oyster density and oyster reef thickness (Figure 2). When assessing the abundance of the reef resident fish guild, more resident fishes were captured at live reefs than dead and restored reefs (Table 3). The temporal shift in the oyster reefs following restoration (essentially transitioning from a dead reef to a live reef), resulted in low correlations, and reef type being a poor predictor of fish community metrics. However, using oyster density and reef thickness as predictors of reef resident fish metrics gave insight into the response of the resident fish guild to habitat restoration. Reef resident abundance and species richness positively responded to an increase in oyster thickness and count (Figure 3). These results align with Tolley and Volety (2005) suggesting it is not necessarily the number of live oysters alone but the increasing habitat complexity over time that supports and attracts reef resident type fishes (gobies and blennies native to that region). These results suggest projects that create oyster settlement habitat and categorize changes in the faunal community using reef type alone, may miss important gradients of change at higher trophic levels and fail to provide evidence of restoration success throughout the food web.



Using oyster reef thickness and oyster density as a proxy for restoration success (as opposed to using reef type in isolation) in generalized linear models is warranted. Generalized linear models predicting reef resident abundances regardless of season identified the oyster reef model combining reef thickness and oyster density as the best fitting model (∆AIC = 0; Table 4). This model also explained a considerable amount of variation in the resident reef fish data annually (r2 = 0.43) and during the wet season (r2 = 0.31). The quadratic temperature model tied with oyster reef metrics during the wet season. This may be indicative of reef resident fishes inhabiting waters closer to their thermal maximum during the wet season which encompasses the warmer summer months. However, reef metrics were still playing a role in reef fish community abundance. Oyster reef thickness was the next best fitting model in both cases and explained more variation than oyster density. Estimates of oyster density indicate annual recruitment pulses occurred at all reef types but reef thickness increased linearly across restored reefs. This implies that for these species, reef complexity may be a stronger driver of total resident fish abundances than oyster counts alone. Furthermore, proximity to source populations on live reefs may be a strong driver of which restored reefs receive settlers via larval dispersal.



Predictors of species richness were more complicated and include oyster metrics and water quality variables at annual and seasonal temporal scales. This trend is potentially explained by the relatively low number of reef resident species in this study (n = 8), most of which have similar ecological niches (Table 1). Due to this, common diversity metrics such as richness may not be sufficiently fine scale to determine large shifts in habitat use. For instance, the Frillfin Goby and Florida Blenny were found in markedly higher abundances at the base of dead reefs compared to other reef types. These species are known to lay eggs on clean, disarticulated shells; however, these species only accounted for 3% of total individuals captured and most likely would not impact greatly the relationship between richness and oyster reef metrics [35,87,88].



The community assemblage of reef resident fishes was also similar among reef types, with seven of eight species occurring at all reef types; these species, however, varied greatly in their abundances across reef types (Table 3). These similarities and differences can potentially be attributed to life history strategies of the reef resident species. Most species in this study have similar recruitment periods (i.e., the wet season (May–October) in Florida [66,67]). When looking at individual species, certain species that feed on or brood nests directly on oyster shells, such as the Oyster Toadfish and Naked Gobies, mirrored the recruitment pulses in oyster abundance [89,90,91]. Although sampling efforts were greater in the wet season, when catches were standardized by catch per unit effort, CPUE did increase during the wet season and is most likely due to these recruitment pulses. The preferred reef type of reef residents may change based on season with some species preferring cleaned, disarticulated shell for egg laying and brooding [64,88]. Sampling reef residents over multiple wet seasons would more unequivocally elucidate how newly and previously restored reefs are supporting lower trophic level fishes. In order to provide a more complete understanding of how habitat restoration broadly, and oyster reef restoration in particular, benefits coastal food webs will require a concerted effort in future studies to sample and monitor restored reefs for longer than the two years following restoration that was possible in this study.



Quantifying the benefits of oyster reef restoration to more mobile higher trophic level sportfish is inherently complicated. However, smaller resident fishes with lower relative vagility are less likely to disperse among reefs or estuaries and thus may act as a higher trophic level indicator of restoration success at the local reef scale. Future studies exploring dispersal, spatial configuration of local reefs, and how proximity to live or more mature restored oyster reefs impacts the capacity of reefs to support new recruits of reef residents could provide strategic insight regarding the identification of candidate reefs to restored in the future. By identifying reefs with the greatest demographic connectivity to other reefs, restoration activities could be designed to maximize higher rates of settlement and post-settlement recruitment. In this manner, the network of restored reefs could function as a metapopulation [92,93], thus increasing the persistence and regional carrying capacity of lower trophic level species that in turn can support greater abundances of higher trophic level species within the reef network.



Coastal restoration efforts have been ongoing in many parts of the world, but these projects have experienced varying levels of success [94,95,96,97]. Specifically, the restoration of foundation species, large or numerically dominant species such as mangroves, corals, and seagrasses that create habitat or provide food for other species, is increasing, with generally positive results for the related ecosystem and ecosystem services being produced [6,31,98,99]. While many strategies to assess the efficacy of restoring foundation species exist, these often struggle to capture the indirect benefits of restoration of the habitat conferred to higher trophic level species reliant on their presence for prey and/or habitat. To evaluate the success of oyster reef restoration, multiple oyster metrics including density, rugosity, and oyster size class structure (following restoration) exist. However other potential metrics of restoration success such as nutrient cycling or support of other higher trophic level species such as invertebrates, fishes, and birds are quantified less frequently [58,100,101]. These factors, in combination with the logistical constraints related to post-restoration monitoring, result in few quantitative estimates of the benefit of habitat restoration for higher trophic level species such as fishes. Compared to more transient fishes, reef resident fishes greatly rely on oyster reefs to provide habitat for nesting and refugia, in addition to providing prey [48]. Furthermore, small resident fish species are often some of the first to inhabit an area that has been restored; in this study, reef resident fish were collected at six of the seven restored sites as early as one-week post-restoration (n = 21). Prior to restoration, only one fish was collected at these sites in pre-restoration sampling. Therefore, these species could act as relatively rapid indicators of restoration success for mid and lower trophic level fishes [35].




5. Conclusions


Oyster reef restoration has been used to mitigate impacts from direct harvest, overfishing, boat wakes, and degraded water quality that together have decreased oyster density by nearly 85% [36,37,39,40]. This study demonstrated how oyster reef restoration creates essential fish habitat for resident fish communities in a relatively short period of time (~12–24 months). The abundances of these species of fish are positively and closely related to oyster reef thickness and abundance (Figure 3; Table 4). Therefore, the abundance of reef resident fishes appears to be a practical indicator of restoration success as these species are an important link to higher trophic level fishes [61,63,91]. Adjusting locations of reefs and closely monitoring settlement/recruitment can provide a novel means of gauging the success of shellfish habitat restoration at higher trophic levels. Using the presence of oyster reef resident species, in addition to setting target levels of abundance observed at live oyster reefs, may be a useful metric for monitoring the function of restored reef habitat at higher trophic levels and provide insight beyond the level of the oyster reef itself. Furthermore, future studies are necessary to determine actual distances smaller demersal fishes disperse during larval stages to help quantify how close restored reefs must be to receive settlers from source populations and how settlement is influenced by patch reef size, shape, configuration, and hydrology. In addition, sizes and sexes of fishes should be assessed in future studies to further elucidate specific behavioral trends such as individuals that are present and breeding versus non-breeding individuals. While results here reaffirm the significance of the interactions between reef-associated species and structural complexity of the reef, they moreover suggest that additional time and monitoring are required to accurately assess if and when the reef resident fish assemblage at restored reefs resembles the fish assemblage at live reefs. If oyster reefs within Mosquito Lagoon continue to suffer degradation from recreational boat wakes [37,79], reductions in resident reef fish abundance could be indicative of a reduction in oyster habitat quality, with implications for other components of the food web. Future studies utilizing methods such as structural equation models to assess higher trophic level species such as sportfish and wading birds, with special foci on their diets and foraging behavior, should be considered to better understand oyster reef restoration impacts on the broader food web [102,103,104,105,106,107,108,109,110]. Incorporating biotic metrics describing lower trophic level fishes, here a guild of reef resident fishes, can elucidate unseen factors that may result in differences in reef restoration success. In this way, these species can act as indicators of restoration success, and provide insight that can help guide future restoration efforts.
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Table A1. Individual reef metrics for live, dead, and restored reefs 12 months following restoration (values for reefs restored in 2018 are from the following year compared to other reefs). Elevation measurements begin on reef flat.






Table A1. Individual reef metrics for live, dead, and restored reefs 12 months following restoration (values for reefs restored in 2018 are from the following year compared to other reefs). Elevation measurements begin on reef flat.





	Reef
	Mean Slope ± SE
	Area (m2)
	Mean Elevation (m) ± SE





	Live 1
	0.83 ± 0.18
	72.9
	0.04 ± 0.01



	Live 2
	0.44 ± 0.08
	1249
	0.07 ± 0.01



	Live 3
	0.723 ± 0.09
	4387
	0.11 ± 0.01



	Live 4
	0.333 ± 0.08
	460
	0.04 ± 0.008



	Dead 1
	12.79 ± 0.87
	142.2
	0.45 ± 0.02



	Dead 2
	18.93 ± 1.60
	586
	0.49 ± 0.13



	Dead 3
	9.95 ± 0.63
	26.3
	0.16 ± 0.01



	Dead 4
	8.91 ± 0.79
	792
	0.44 ± 0.001



	Restore 1
	0.73 ± 0.34
	109
	0.04 ± 0.02



	Restore 2
	1.30 ± 0.30
	77.7
	0.07 ± 0.01



	Restore 4
	0.41 ± 0.08
	30.6
	0.03 ± 0.01



	Restore 5
	2.54 ± 0.67
	43.8
	0.11 ± 0.02



	Restore 6
	0.73 ± 0.05
	91.2
	0.05 ± 0.004



	Restore 7
	0.69 ± 0.08
	81.6
	0.04 ± 0.004



	Restore 8
	1.27 ± 0.18
	70.9
	0.07 ± 0.01
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Table A2. Table 1 citation list. Author citation corresponds with literature cited [88,89,90,103,104,105,106,107,108,109,110].
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	Species
	Salinity
	Temperature
	DO min
	Spawning Period





	Bathygobius soporator
	(Darcy 1980)
	(Darcy 1980)
	(Rummer et al. 2009)
	(Darcy 1980)



	Chasmodes saburrae
	(Williams 1983)
	(Peters 1981)
	NA
	(Peters 1981)



	Ctenogobius boleosoma
	(Fritzsche 1978)
	(Darcy 1980)
	NA
	(Darcy 1980)



	Gobiosoma bosc
	(Fritzsche 1978)
	(Darcy 1980)
	(Saksena and Joseph 1972)
	(Darcy 1980)



	Gobiosoma robustum
	(Darcy 1980)
	(Darcy 1980)
	NA
	(Darcy 1980)



	Microgobius gulosus
	(Darcy 1980)
	(Darcy 1980)
	NA
	(Provancha and Hall 1991)



	Microgobius thalassinus
	(Schwartz 1971)
	(Schwartz 1971)
	NA
	(Fritzsche 1978)



	Opsanus tau
	(Monaco and Nelson 1990)
	(Mensinger and Tubbs 2006)
	(Breitburg 2002)
	(Gray and Winn 2010)
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Figure 1. (A) Map of study sites within Mosquito Lagoon, Florida. Dead reefs are indicated by black dots, live by green dots, and restored by light blue dots; (B) Dead reef consisting of disarticulated shell; (C) Live reef at low tide; (D) Actively restoring reef by deployment of oyster mats. Photo credits: Linda Walters. 
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Figure 2. Linear models and raw data (with 95% CI in grey) of oyster metrics for live, dead, reefs restored in 2017 and reefs restored in 2018: (A) mean reef thickness and (B) oyster density over time. 






Figure 2. Linear models and raw data (with 95% CI in grey) of oyster metrics for live, dead, reefs restored in 2017 and reefs restored in 2018: (A) mean reef thickness and (B) oyster density over time.



[image: Sustainability 13 13004 g002]







[image: Sustainability 13 13004 g003 550] 





Figure 3. Linear models with negative binomial distributions (with 95% CI in grey) between reef thickness and (A) reef resident fish abundance (slope = 0.016, p = 0.0026) and (B) species richness (slope = 0.0036, p = 0.023). Black dots represent individual sampling events. 
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Figure 4. Non-metric multidimensional scaling of species assemblage in wet and dry seasons. Blue triangles represent species assemblages during the wet season and red dots represent species assemblages during the dry season. 
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Table 1. Reported environmental ranges or lower limits and northern hemisphere spawning season of species. Corresponding citations are listed in Appendix A, Table A2.
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	Species
	Common Name
	Salinity (ppt)
	Temperature (°C)
	DO min. (mg/L)
	Spawning Period





	Bathygobius soporator
	Frillfin Goby
	0–38.8
	17.0–36.0
	0.27
	July–August



	Chasmodes saburrae
	Florida Blenny
	5.5–25.0
	21.4–27.7
	NA
	March–November



	Ctenogobius boleosoma
	Darter Goby
	0–34.0
	11.0–31.0
	NA
	May–October



	Gobiosoma bosc
	Naked Goby
	0–45.0
	11.0–32.5
	0.86
	April–September



	Gobiosoma robustum
	Code Goby
	0–37.6
	10.0–33.5
	NA
	May–September



	Microgobius gulosus
	Clown Goby
	0–36.6
	12.0–34.1
	NA
	March–November



	Microgobius thalassinus
	Green Goby
	0–30.0
	0.5–27.2
	NA
	June–October



	Opsanus tau
	Oyster Toadfish
	1.0–30.0
	5.0–31.5
	0.2
	May–September
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Table 2. Means and standard deviations of environmental metrics in the study region annually and wet season. Adjusted p values from Tukey HSD post hoc tests reported from comparison between wet and dry seasons [74].
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	Environmental Metric
	Annual Mean ± SD
	Wet Season Mean ± SD
	Seasonal Adj. p Value





	Salinity (ppt)
	33.91 ± 3.98
	33.33 ± 3.36
	0.003



	Temperature (°C)
	27.12 ± 4.76
	29.97 ± 1.58
	<0.001



	DO (mg/L)
	6.53 ± 1.34
	5.92 ± 1.35
	9 × 10−5



	Secchi (m)
	0.72 ± 0.24
	0.64 ± 0.16
	0.11
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Table 3. Number of individuals captured across all sampling events and reef types. Gobiosoma spp. is composed of G. bosc and G. robustum under 20 mm standard length. Note three sites were restored in 2017 and an additional four sites were restored in 2018, all seven of these reefs are pooled under Reef Type Restored.
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Reef Type

	




	
Species

	
Common Name

	
Live (n = 4)

	
Restored (n = 7)

	
Dead (n = 4)

	
Species Total






	
Bathygobius soporator

	
Frillfin Goby

	
5

	
1

	
13

	
19




	
Chasmodes saburrae

	
Florida Blenny

	
2

	
2

	
8

	
12




	
Ctenogobius boleosoma

	
Darter Goby

	
162

	
36

	
12

	
210




	
Gobiosoma bosc

	
Naked Goby

	
85

	
20

	
15

	
120




	
Gobiosoma robustum

	
Code Goby

	
125

	
17

	
41

	
183




	
Gobiosoma spp.

	

	
180

	
64

	
77

	
321




	
Microgobius gulosus

	
Clown Goby

	
98

	
14

	
27

	
139




	
Microgobius thalassinus

	
Green Goby

	
0

	
0

	
2

	
2




	
Opsanus tau

	
Oyster Toadfish

	
10

	
12

	
5

	
27




	

	
Total:

	
667

	
166

	
200

	
1033
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Table 4. Oyster and water quality metrics predicting reef resident fish abundance models with negative binomial distribution. All data available are included in the annual models. Only samples collected during the wet season are included in the wet season (May through October) models. Bolded values have ∆AIC ≤ 2.0 (i.e., represent winning models).
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Annual

	
Wet Season




	
Abundance Models

	
∆AIC

	
df

	
p Value

	
∆AIC

	
df

	
p Value






	
Reef Thickness

	
11.1

	
3

	
0.003 *

	
2.1

	
3

	
0.02 *




	
Oyster Density

	
17.0

	
3

	
2 × 10−16 *

	
9.4

	
3

	
2 × 10−16 *




	
Oyster Metrics (reef thick + oyster density)

	
0.0

	
4

	
0.014 *

	
0.0

	
4

	
0.06




	
Dissolved oxygen

	
13.0

	
3

	
1 × 10−8 *

	
6.8

	
3

	
3 × 10−5 *




	
Temperature

	
17.0

	
3

	
0.34

	
8.8

	
3

	
0.12




	
Quadratic Temperature

	
11.9

	
4

	
0.01 *

	
2.0

	
4

	
0.002 *




	
Salinity

	
18.6

	
3

	
0.04

	
9.3

	
3

	
0.49




	
Quadratic Salinity

	
17.4

	
4

	
0.13

	
11.7

	
4

	
0.96




	
Secchi

	
15.2

	
3

	
8 × 10−7 *

	
5.4

	
3

	
6 × 10−6 *




	
Water Quality Metrics

	
12.3

	
6

	
0.52

	
4.2

	
6

	
0.01 *




	
Null

	
16.5

	
2

	
2 × 10−16 *

	
7.1

	
2

	
0.06








* indicate models with p values less than 0.05.
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Table 5. Oyster and water quality metrics predicting reef resident fish species richness models with negative binomial distribution.
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Annual

	
Wet Season




	
Richness Models

	
∆AIC

	
df

	
p Value

	
∆AIC

	
df

	
p Value






	
Reef Thickness

	
1.2

	
3

	
0.02 *

	
0.0

	
3

	
0.29




	
Oyster Density

	
2.1

	
3

	
4 × 10−8 *

	
2.5

	
3

	
9 × 10−6 *




	
Oyster Metrics (reef thick + oyster density)

	
1.1

	
4

	
0.09

	
0.6

	
4

	
0.48




	
Dissolved oxygen

	
1.6

	
3

	
0.01 *

	
1.0

	
3

	
0.01 *




	
Temperature

	
1.9

	
3

	
0.04 *

	
1.3

	
3

	
0.14




	
Quadratic Temperature

	
2.3

	
4

	
0.32

	
2.4

	
4

	
0.29




	
Salinity

	
1.6

	
3

	
0.13

	
2.0

	
3

	
0.78




	
Quadratic Salinity

	
3.6

	
4

	
0.63

	
4.3

	
4

	
0.89




	
Secchi

	
2.2

	
3

	
0.82

	
2.5

	
3

	
0.25




	
All Water Quality Metrics Combined

	
6.1

	
6

	
0.837

	
7.4

	
6

	
0.67




	
Null

	
0.0

	
2

	
3 × 10−15 *

	
0.3

	
2

	
1 × 10−11 *








All data available is included in the annual models. Only samples collected during the wet season are included in the wet season (May–October) models. Bolded values have ∆AIC ≤ 2.0 (i.e., are winning models). Bolded values have ∆AIC 2.0 (i.e., represent winning models) * represent models with p values less than 0.05.
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