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Habitat suitability index (HSI) models are increasingly used to guide ecological restoration. Successful restoration is a byproduct of several factors, including physical and biological processes, as well as permitting and logistical considerations. Rarely are factors from all of these categories included in HSI models, despite their combined relevance to common restoration goals such as population persistence. We developed a Geographic Information System (GIS)-based HSI for restoring persistent high-relief subtidal oyster (Crassostrea virginica) reefs protected from harvest (i.e., sanctuaries) in Pamlico Sound, North Carolina, USA. Expert stakeholder input identified 17 factors to include in the HSI. Factors primarily represented physical (e.g., salinity) and biological (e.g., larval dispersal) processes relevant to oyster restoration, but also included several relevant permitting (e.g., presence of seagrasses) and logistical (e.g., distance to restoration material stockpile sites) considerations. We validated the model with multiple years of oyster density data from existing sanctuaries, and compared HSI output with distributions of oyster reefs from the late 1800's. Of the 17 factors included in the model, stakeholders identified four factors—salinity, larval export from existing oyster sanctuaries, larval import to existing sanctuaries, and dissolved oxygen—most critical to oyster sanctuary site selection. The HSI model provided a quantitative scale over which a vast water body (~6,000 km2) was narrowed down by 95% to a much smaller suite of optimal (top 1% HSI) and suitable (top 5% HSI) locations for oyster restoration. Optimal and suitable restoration locations were clustered in northeast and southwest Pamlico Sound. Oyster density in existing sanctuaries, normalized for time since reef restoration, was a positive exponential function of HSI, providing validation for the model. Only a small portion (10–20%) of historical reef locations overlapped with current, model-predicted optimal and suitable restoration habitat. We contend that stronger linkages between larval connectivity, landscape ecology, stakeholder engagement and spatial planning within HSI models can provide a more holistic, unified approach to restoration.
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INTRODUCTION

Ecological restoration is a global endeavor with the potential to stem declines in populations, biodiversity, and ecosystem services (Aronson and Alexander, 2013; Wortley et al., 2013; Perring et al., 2015). A critical first step in the restoration process is the identification of optimal sites for restoration within the broader land- or seascape of interest (Bell et al., 1997; Weinstein, 2007). Habitat suitability models tailored to restoration applications are commonly used to inform the site selection process (U. S. Fish and Wildlife Service, 1981; Brooks, 1997; Roloff and Kernohan, 1999). Sites are selected to maximize a spatially-explicit habitat suitability index (HSI) generated from the integration of several relevant factors including physical and biological processes, as well as permitting and logistical considerations. Rarely are factors from all four categories included in HSI models despite their combined relevance to common restoration goals such as ecological functionality and population persistence (Roloff and Kernohan, 1999). Population persistence is a critically important restoration goal for bivalves such as oysters, which, unlike other biogenic habitats (e.g., seagrass, mangroves, salt marsh), are commercially and recreationally harvested (Coen and Luckenbach, 2000). In marine systems, (meta)populations persist when the interplay between (sub)population demographics and connectivity, typically the exchange of larvae among (sub)populations, ensures each adult is replaced by at least one larval recruit that survives to reproduce (Hastings and Botsford, 2006). Larval dispersal and connectivity are often considered the primary drivers of (meta)population persistence in marine systems (Hastings and Botsford, 2006; Lipcius et al., 2008). Here, we develop and validate a Geographic Information System (GIS)-based HSI using a combination of 17 physical, biological, permitting, and logistical factors, including larval dispersal to provide spatially-explicit guidance for restoration of subtidal eastern oyster (Crassostrea virginica) reefs with the goal of promoting population persistence.

Oyster reefs are one of the most imperiled marine habitats on earth (Beck et al., 2011). Native oyster populations globally are estimated at 10–15% of their historic levels due to a combination of overfishing, habitat destruction, and disease. Concomitant with population declines has been a loss in key ecosystem services that oysters and oyster reefs provide such as water filtration, shoreline stabilization and essential fish habitat (Coen and Luckenbach, 2000; Beck et al., 2011; Grabowski et al., 2012). The global loss of native oyster populations has prompted extensive efforts to restore these economically- and ecologically-important bivalves. Oyster restoration techniques vary, but are generally designed to provide habitat (e.g., thin layer of shell or three-dimensional artificial reefs) where habitat is limiting, or subsidies of juvenile oysters (e.g., hatchery-based stock enhancement) where recruitment is limiting (Coen and Luckenbach, 2000; Laing et al., 2006; Quan et al., 2009; Theuerkauf et al., 2015). Recent efforts to restore eastern oysters (the focal species of this work; hereafter referred to as oysters) along the U.S. Atlantic and Gulf coasts have focused on constructing three-dimensional artificial reefs to provide hard substrate for oyster settlement (Powers et al., 2009; Schulte et al., 2009; Puckett and Eggleston, 2012; La Peyre et al., 2014).

The success of oyster restoration is mixed. Relatively high, yet variable oyster densities have been reported on artificial reefs designated as no-harvest oyster sanctuaries in Chesapeake Bay and Pamlico Sound, USA (Powers et al., 2009; Schulte et al., 2009; Puckett and Eggleston, 2012). In oyster sanctuaries in Pamlico Sound, oyster densities generally peaked 2–4 years post-restoration at 200–1,000 oysters m−2 followed by a gradual decline over the next 10+ years to 100–600 oysters m−2 (Figure 1). The notable exception occurred at two (of 10) sanctuaries where oyster densities completely collapsed within seven years of restoration (closed circles in Figure 1). Over these decadal time scales, Powers et al. (2009) reported a 36% failure rate of restored artificial oyster reefs in estuaries of North Carolina, USA. A recent analysis across multiple states in the Gulf of Mexico indicated that 25% of restored artificial reefs failed to harbor any oysters several years post-construction (La Peyre et al., 2014). The failure of restored artificial oyster reefs is often linked to byproducts of inadequate site selection, such as burial by sedimentation, poor water quality (e.g., low dissolved oxygen), recruitment failure, and high post-settlement mortality from predation, bioeroders, and disease (Powers et al., 2009; Carnegie and Burreson, 2011; Dunn et al., 2014).
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FIGURE 1. Mean oyster density as a function of age of restored reefs in 10 oyster sanctuaries sampled by the North Carolina Division of Marine Fisheries from 2007 to 2014 (NC DMF, unpublished data). The filled area provides general maximum and minimum density trends across reef ages and open circles are actual observations. Closed circle lines represent two instances where oyster densities in sanctuaries collapsed. See Figure 2 (closed squares) for sanctuary locations in Pamlico Sound, NC USA.



Site selection for oyster restoration is often based, in part, on locations where oysters were historically abundant (e.g., maps created in the later 1,800 s). Substantial changes to estuarine ecosystems over time may preclude the usefulness of historical records for present-day site selection (Jackson et al., 2001). More recently, HSI models have been developed to inform the oyster restoration site selection process (Soniat and Brody, 1988; Mann and Evans, 2004; Barnes et al., 2007; Starke et al., 2011; Beseres Pollack et al., 2012; Linhoss et al., 2016; Theuerkauf and Lipcius, 2016). These models have included many factors relevant to oyster biology and subsidence of artificial reefs, such as salinity and sediment type. However, these models have generally not included larval dispersal relevant to recruitment dynamics and population persistence (but see ElsaBer et al., 2013), permitting factors relevant to restoration permit acquisition, or logistical factors relevant to material deployment and public access. Furthermore, validation is often absent from HSI models for oyster restoration and where present, is generally based on a single year of data (e.g., density or production Soniat and Brody, 1988; Cho et al., 2012; Theuerkauf and Lipcius, 2016), which may not reflect long-term population persistence.

In this study, we developed and validated a HSI model for restoration of eastern oyster reefs and applied the model to guide restoration efforts in Pamlico Sound, North Carolina, USA. Specifically, we: (1) convened stakeholder meetings to identify model inputs and their relative importance to oyster restoration, (2) used a GIS-based modeling approach to integrate 17 physical, biological, permitting, and logistical factors to identify optimal locations for habitat restoration that maximize persistence of oyster populations on restored reefs, (3) assessed HSI sensitivity to several factors, and (4) validated the model output with existing oyster restoration sites using oyster density normalized by the age of restored reefs. We further compared output of the HSI with a comprehensive map of historic oyster reef distribution derived from Lt. Francis E. Winslow's 1886–1887 survey of subtidal oyster reefs in Pamlico Sound (Winslow, 1889, hereafter referred to as the Winslow survey).

MATERIALS AND METHODS

Study Species

The general biphasic life history of the eastern oyster (C. virginica) with sessile adults and a dispersive pelagic larval stage is similar to that of many marine benthic invertebrates, making them an ideal model species for developing and refining restoration strategies. Along the east and gulf coasts of the USA, the native oyster is an ecologically- and economically-important species at historic population lows (Beck et al., 2011). Eastern oysters are protandrous hermaphrodites that spawn gametes into the water column where eggs are fertilized and subsequently develop during their 10–30 day pelagic larval duration (Kennedy et al., 1996 and references therein). Competent larvae seek a solid surface for settlement. Newly settled oyster (spat) remain as permanently attached epibenthic organisms.

Study System

The Croatan-Albemarle-Pamlico-Estuarine System (CAPES) is the largest lagoonal system and second largest estuarine system in the U.S., covering an area of ~6,600 km2 (Epperly and Ross, 1986; Luettich et al., 2002). Pamlico Sound, the largest component of the CAPES (~120 × 40 km), is shallow with a mean depth of ~4.5 m and well-mixed water body that is separated from the Atlantic Ocean by the “Outer Banks” barrier island chain (Figure 2). The high primary productivity, relatively stable salinities and low tidal amplitude characteristic of Pamlico Sound provide ideal nursery habitat for many estuarine-dependent finfish and shellfish populations (Epperly and Ross, 1986; Paerl et al., 2001; Eggleston et al., 2010).
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FIGURE 2. Map of study system including Pamlico Sound, Croatan Sound, and Neuse and Pamlico Rivers. The locations of existing oyster sanctuaries are depicted by black squares including the 10 sanctuaries used for model validation (closed squares), as well as recently constructed sanctuaries (open squares). The locations of cultch-planting oyster reefs and natural oyster reefs are depicted by red and blue squares, respectively. Sanctuaries and reefs not to scale.



Subtidal oyster reefs, a once prevalent benthic habitat in Pamlico Sound, are believed to cover ~1–10% of their historical footprint (Beck et al., 2011). Attempts to restore oyster populations have generally involved three distinct strategies: (1) stock enhancement, the hatchery-production and subsequent “planting” of juveniles in the wild, (2) cultch-planting, the deployment of a thin veneer of oyster shell to replace shell (i.e., settlement substrate) removed through commercial oyster harvest to promote colonization by larval oysters, and (3) no-harvest sanctuaries, the designation of areas protected from harvest within which, large high-relief artificial reefs are constructed to provide settlement substrate (Coen and Luckenbach, 2000; Laing et al., 2006; Paynter et al., 2010; Peters et al., 2017). This study focuses on identifying optimal locations for no-harvest sanctuaries in a manner that is complementary to the existing sanctuaries in Pamlico Sound, with the goal of designing a sanctuary network that functions as a self-persistent metapopulation capable of providing larval subsides to commercially harvested oyster reefs (Puckett and Eggleston, 2016).

Previous research within the existing oyster sanctuaries in Pamlico Sound has highlighted the spatial variability in oyster density and demographic rates among sanctuaries (Mroch et al., 2012; Figure 1; Powers et al., 2009; Puckett and Eggleston, 2012). At 2 of the 10 sanctuaries with multiple (5+) years of density data, oyster populations have declined precipitously after initial population booms (Figure 1). Population collapses and the wide range of observed densities in sanctuaries suggest that identification of suitable restoration locations that are likely to promote population persistence is essential. Oyster larval dispersal simulations have suggested that local retention of larvae within sanctuaries and larval connectivity among sanctuaries is highly variable, and generally minimal (Puckett et al., 2014). Consequently, some sanctuaries functioned as population sources, others as population sinks, and the sanctuary network was likely incapable of functioning as a self-persistent metapopulation (Haase et al., 2012; Puckett et al., 2014; Puckett and Eggleston, 2016). Larval exchange between: (1) no-harvest sanctuaries, (2) restored and harvested cultch-planting reefs, and (3) non-restored and harvested “natural” reefs is likely an important recruitment subsidy for sanctuaries (S. J. Theuerkauf, unpubl. data). Hence, larval dispersal from all reef-types within the overall oyster metapopulation should be considered in the development of a HSI model.

Model Development

We engaged a 12-person stakeholder group to co-develop the HSI model. The stakeholder group consisted of state and federal resource managers (North Carolina Division of Marine Fisheries, Army Corps of Engineers), restoration practitioners (North Carolina Coastal Federation and The Nature Conservancy), and academics (North Carolina State University, University of North Carolina at Chapel Hill, and University of North Carolina at Wilmington). We convened six stakeholder meetings to: (1) identify factors relevant to oyster restoration, (2) assess and quantify the relative importance of these factors to long-term oyster restoration success (i.e., population persistence), and (3) iteratively refine #1 and #2 upon reviewing draft versions of the model. Ultimately, the stakeholder group identified 17 factors that were included in the model. These factors represented biological, physical, permitting, and logistical considerations relevant to oyster populations and habitat restoration.

Using ArcMap 10.3 (ESRI, 2016), we assembled a layer for each of the 17 factors (Table 1). Each layer was projected onto the grid of Pamlico Sound consisting of 5,987 1 km × 1 km (1 km2) cells covering the waters of Pamlico Sound. The grid matched the spatial extent of the hydrodynamic and particle tracking modeling grid used to simulate oyster larval dispersal (see below; Puckett et al., 2014). Each grid cell contained a “value” for each layer. Based on stakeholder input, we divided layers into “threshold” and “exclusion” categories. Threshold layers were scored based on thresholds values and weightings. For example, salinity was a threshold layer whereby the optimal long-term average salinity threshold was 10–15 (assigned a threshold value of 1), the suitable salinity threshold was from 5–10 or 15–25 (assigned a threshold value of 0.5), and the unsuitable salinity threshold was <5 or >25 (assigned a threshold value of 0). The relative importance of each threshold layer to siting oyster sanctuaries was quantified by assigning a weight to each layer (higher weight = more important). Exclusion layers were scored on a binary, 0 or 1, scale and used to exclude unsuitable sites. For example, bathymetry was an exclusion layer because a grid cell was either of sufficient depth to provide safe navigational clearance over artificial oyster reefs (assigned exclusion value of 1), or the cell was excluded (assigned exclusion value of 0) because the reefs could pose a potential navigational hazard, and permits to conduct the restoration would not be approved.


Table 1. List of 17 GIS layers used in determining suitability of sites in Pamlico Sound for placement of oyster sanctuaries.
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Threshold values and weights, as well as exclusion layer cutoffs were determined through literature reviews, stakeholder input, and regulatory statutes. Stakeholders were asked to assign thresholds for certain layers (e.g., distance to material stockpile sites; Table 1), as well as weights for all threshold layers. Stakeholders anonymously and independently weighed each threshold layer based on their perceived importance of that layer for oyster restoration and their confidence in the accuracy of the data underlying each layer. The average of these weights was used to assign threshold layer weights such that the weight of all threshold layers summed to 100%. We also ran model simulations where all layers were weighted equally (see Model Sensitivity below). Information used to define exclusion criteria was based on rules and regulations pertaining to restoration permitting, which were identified with the assistance of the stakeholder group. The integration of stakeholder input on layer thresholds, weights, and criteria was evaluated by North Carolina State University's Institutional Review Board Office, which concluded that “… this was not human research” because “… the information that was collected was not about the participants nor did it manipulate their environment.”

Model Calculation

Using the GIS-raster calculator, the suitability of each cell (Sj) for siting oyster sanctuaries was calculated in a two-step process as:
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where Cj is the cumulative value of cell j calculated as the product of the threshold value L of cell j in threshold layer x and the weight W of layer x summed across all 10 threshold layers, and Ej is the binary (0 or 1) score for cell j based on the product of all 7 binary exclusion layers. On a scale of 0 to 1, cell suitability scores for oyster sanctuaries were ranked from highest (most suitable) to lowest (least suitable).

Model Sensitivity

To determine the sensitivity of the model to individual layers, we: (1) sequentially removed the four threshold layers with the highest weight (i.e., salinity-23%, sanctuary larval export-20%, sanctuary larval import-15%, and dissolved oxygen-11%), (2) re-weighted the remaining layers proportionally based on the weight of the removed layer, (3) re-ran the model, and (4) calculated the percent change in suitability of each cell (Sj) with removal of each layer. To determine the sensitivity of the model to our weightings, we ran the model with equal weightings for each of the 10 threshold layers. We visually compared output from the full, stakeholder-weighted model with the null, equally-weighted model to qualitatively determine how weighting threshold layers impacted model output.

Model Validation

We conducted an ad-hoc model validation by comparing predicted HSI with a multi-year, empirically-based biological measure of persistence of restored oyster reefs within 10 sanctuaries distributed throughout Pamlico Sound (closed squares in Figure 2). For validation purposes, HSI for each sanctuary was calculated using only the 10 threshold layers (Table 1) because the exclusion layers were generally more relevant to regulations than biological measures of persistence. Oyster density, normalized by reef age was used for model validation. To calculate normalized density, average oyster density at each sanctuary from 2007–2014, was multiplied by the mean age of artificial reefs surveyed within each sanctuary. Density data and reef age data were obtained from NCDMF. We normalized oyster density by reef age to account for general observed patterns of rapid increases in oyster density soon after artificial reef creation, followed by declines in oyster density (and even complete collapse at certain reefs) over time as restored reefs age (Figure 1). Higher values of normalized density are indicative of high oyster densities that have persisted over time. The value of such an index is that oyster density and date of restoration are parameters that are routinely collected for restoration projects, therefore, the index can be easily calculated from available data.

To determine the form of the relationship between HSI and normalized oyster density, we used a global curve fitting program (Systat, 2007) to fit linear, exponential, quadratic and sigmoid functions to the relationships based on functions selected in previous HSI studies (Soniat and Brody, 1988; Reiley et al., 2014; Theuerkauf and Lipcius, 2016). Akaike Information Criterion (second-order bias correction estimator, AICc) was used to verify the best fitting model of the four possible functions.

RESULTS

Model Development

The stakeholder group identified seven exclusion layers and 10 threshold layers that were included in the final HSI model. A complete list of all layers, layer classifications, and layer details can be found in Table 1 and Appendices 1, 2 (Supplementary Materials). The threshold layers included in the model underwent significant modifications throughout stakeholder meetings. Only four of the threshold layers initially identified by stakeholders—sanctuary larval export, salinity, material stockpile sites, and public boat ramps—were included in the final model. These four layers were two of the highest and two of the lowest weighted threshold layers in the model. Average layer weightings of the 10 layers included in the final model ranged from 23 ± 3% (SE) for salinity to 3 ± 1% (SE) for boat ramps (Table 1). Four of the ten threshold layers—salinity, sanctuary larval export, sanctuary larval import, and dissolved oxygen—had a combined weighting of 69% and were the primary drivers of modeled suitability.

Model Output

Threshold Layers

Optimal salinities of 10–15 (Kennedy et al., 1996) were generally located in the southwestern and northern portions of Pamlico Sound proximal to riverine input and far from oceanic inlets (Figure 3A). The greatest export of larvae from the existing sanctuaries (Figure 3B) generally overlapped with locations of optimal salinity, as well as locations of cultch-planting and natural reefs (Figure 2), indicating that the sanctuaries may be functioning as originally intended—a broodstock providing a larval subsidy for commercially harvested oyster reefs. The natal locations of larvae immigrating into the existing sanctuaries were generally associated with locations of sanctuaries, cultch-planting sites, and natural reefs, suggesting that oyster reefs in Pamlico Sound, both restored and natural, function as a connected metapopulation (Appendix 1A in Supplementary Materials). The highest dissolved oxygen concentrations were generally located proximal to oceanic inlets and far from nutrient rich riverine input (i.e., opposite of optimal salinity; Appendix 1B in Supplementary Materials).
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FIGURE 3. Example threshold and exclusion layers used to compute habitat suitability for oyster sanctuary restoration. (A) Salinity threshold layer. (B) Sanctuary larval export threshold layer. (C) Bathymetry exclusion layer. (D) Substrate exclusion layer. Suitability scores of zero (red) are unsuitable and one (green) are optimal for each layer. For additional layer details, see Table 1 and Appendices 1, 2 in Supplementary Materials.



Integration of the 10 threshold layers yielded oyster sanctuary HSI values ranging from 0.04 to 0.69. Optimal habitat for oyster sanctuaries, defined as the top 1% of HSI values (range = 0.54–0.69) covered 60 km2 (1%) of Pamlico Sound and was predominately located in the southwestern (mouth of Neuse and Pamlico Rivers and bays) and northwestern portions of Pamlico Sound (Figure 4A) where salinity was optimal (Figure 3A) and sanctuary larval export was highest (Figure 3B). An additional 539 km2 (8.9%) was suitable for oyster sanctuaries, defined as the top 10% of HSI values (range = 0.43–0.53). The majority of Pamlico Sound (90.1%; 5,388 km2) was only marginally suitable, defined as the lower 90% of HSI values (range = 0.04–0.42).
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FIGURE 4. Habitat suitability from (A) aggregated threshold layers, (B) aggregated exclusion layers, and (C) aggregated exclusion and threshold layers combined. In panels (A,C) suitability is represented by a continuous habitat suitability index (HSI). Suitability in panel (B) is binary. Suitability increases from low (red) to high (green) HSI. Existing oyster sanctuaries used for model validation depicted by black squares (not to scale). Location of historic oyster reefs depicted by black crosshatch.



Exclusion Layers

Unsuitable cells were concentrated near shore due to depth limitations (Figure 3C) and presence of submerged aquatic vegetation (Appendix 2A in Supplementary Materials), and in central Pamlico Sound and Rivers due to unsuitable substrate (e.g., soft silt and sandy silt; Figure 2D). Based on the seven exclusion layers, 56% (3,357 km2) of Pamlico Sound and adjacent tributaries were unsuitable for siting oyster sanctuaries (Figure 4B).

Threshold + Exclusion Layers

By combining the aggregated exclusion and threshold layers, 53% (32 km2) and 50% (294 km2) of optimal and suitable habitat, respectively was reclassified as unsuitable (Figure 4A vs. Figure 4C). Only a small portion (18%) of historical reefs coincided with optimal and suitable habitat as identified by threshold layers (Figure 4A), and an even smaller portion of historic reefs (8%) coincided with optimal and suitable habitat when exclusion layers were included (Figure 4C).

Model Sensitivity

The full, stakeholder-weighted model was generally most sensitive to layers in order of their weightings. The percent change in HSI averaged among all grid cells was 32.9 ± 0.2% SE with the removal of the salinity layer (weighted at 23%) and 22.4% ± 0.2% SE with removal of the oyster larval export layer (weighted at 20%; Figure 5). The null, equally-weighted model was most sensitive to removal of the dissolved oxygen layer, followed by salinity, sanctuary larval import, and sanctuary larval export (Figure 5). The null, equally-weighted model was less selective than the full model. The null model was characterized by a unimodal distribution of HSI values and limited clustering of optimal restoration locations, whereas the full model had a bimodal distribution of HSI values and greater clustering of optimal locations.
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FIGURE 5. Model sensitivity analysis where: (1) the four layers with the highest weights (full, stakeholder-weighted model; “Full Model”) were individually removed, (2) the remaining layers were proportionally re-weighted based on the weight of the removed layer, and (3) the percent change in model output was calculated on a cell-by-cell basis for removal of each layer. The same process was followed in the null, equally-weighted model (“Null Model”). Error bars represent standard error of the mean.



Model Validation

HSI values at 10 existing sanctuaries (closed squares in Figure 2) ranged from 0.26 to 0.66. Mean oyster density within sanctuaries ranged from 156 ± 65 to 809 ± 158 m−2 on restored reefs ranging in age from 1.8 ± 0.6 to 11.9 ± 1.3 years. The index of normalized density, the product of mean oyster density and age of artificial reefs within each sanctuary, ranged from 529 to 6,186. Normalized density increased exponentially as a function of HSI [F(1, 8) = 9.8; p = 0.01; Figure 6].
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FIGURE 6. Model validation. Relationship between habitat suitability index (HSI) at 10 existing oyster sanctuaries and normalized density. Normalized density is the product of mean 5-year oyster density and age of artificial reefs within each sanctuary.



DISCUSSION

Habitat suitability indices offer objective, spatially-explicit, and quantitative guidance for ecological restoration by integrating multiple factors relevant to restoration success (Roloff and Kernohan, 1999). In this study, we developed and validated a GIS-based HSI for restoration of subtidal oyster reefs. The HSI model included 17 factors spanning biological, physical, permitting, and logistical considerations relevant to successful oyster restoration, which we defined as restoration of persistent oyster populations. This modeling approach provided a quantitative scale over which a vast water body (~6,000 km2) was narrowed down by 95% to a much smaller suite of optimal and suitable locations for oyster restoration. No location was optimal across all factors (i.e., HSI < 1) suggesting that there are risks and tradeoffs that must be considered when restoring oysters anywhere within the system (for tradeoffs see Theuerkauf et al., in review). The most suitable restoration locations tended to be clustered regionally, which we interpreted as restoration “hot spots” that should be focal areas for future oyster sanctuary restoration efforts in Pamlico Sound. While the model developed herein was specific to restoration of high-relief subtidal oyster reefs protected from harvest (i.e., sanctuaries) in Pamlico Sound, the framework and approach are broadly applicable to other estuarine systems and benthic organisms. Our key contributions included: (1) incorporation of expert stakeholder knowledge and feedback throughout model development, (2) integration of novel biological (e.g., larval dispersal) and logistical (e.g., proximity to restoration material stockpiles) factors rarely included in HSI models applied in marine systems, (3) quantitative sensitivity analysis of the full, stakeholder-weighted and null, equally-weighted versions of the model, (4) independent validation of the HSI using multi-year oyster density data from existing oyster sanctuaries, and (5) qualitative comparison of HSI output with a comprehensive map of historic oyster reef distributions from the late 1800's (Winslow, 1889).

Effective selection and integration of factors relevant to marine spatial planning, such as site selection for large-scale restoration (i.e., artificial reefs), can benefit greatly from engagement with diverse stakeholders (Gopnik et al., 2012). The stakeholder-driven, co-development process we used greatly improved the model. For instance, we may not have divided layers into threshold and exclusion categories without stakeholder input. Yet, this layer bifurcation turned out to be critical in meeting the preferences of different potential user groups. Resource managers were most interested in identifying optimal sites from a biological and logistical perspective (i.e., suitability based only on threshold layers; Figure 4A), followed by their own rigorous ground-truthing of potential suitable sites to identify any issues related to exclusion layers (e.g., SAV surveys, bathymetry, sediment type). In this case, we were able to “toggle off” the exclusion layers. In contrast, the restoration practitioners preferred a combination of both layer categories so that biological and logistical considerations were included along with potential permitting conflicts (Figure 4C). The stakeholder engagement process and incorporation of different stakeholder needs was critical for getting “buy-in” to the modeling approach and adoption of the tool for use. The model is currently being used to inform oyster sanctuary restoration plans by the North Carolina Division of Marine Fisheries and North Carolina Coastal Federation. Additionally, the model is publicly accessible on The Nature Conservancy's “Coastal Resilience North Carolina Restoration Explorer” web-based mapping platform (TNC, 2017).

Oyster habitat suitability models are generally developed with a focus on physical factors such as salinity, substrate type, and water depth (Theuerkauf and Lipcius, 2016 and references therein). We included these core factors within our model with substrate type and water depth being binary exclusion layers, and salinity being the highest weighted threshold layer in the model due to its importance in several oyster biological processes (Kennedy et al., 1996). We also included several novel biological (e.g., larval dispersal) and logistical (e.g., proximity to restoration material stockpiles, distance to boat ramps) factors not previously considered in oyster HSI models. Larval dispersal, connectivity, and recruitment are fundamental to marine (meta)population dynamics (Kritzer and Sale, 2004; Cowen et al., 2007) and, therefore are important to consider for restoring marine (meta)populations (Kim et al., 2013). Larval dispersal was included in two ways within our HSI to identify: (1) locations where larval settlement (and presumably recruitment) exported from sanctuaries, cultch-planting reefs, and natural oyster reefs was greatest and (2) locations where larval import to these different reef types was greatest. Information on larval export from existing reefs is important for restoring reefs where they are likely to receive a recruitment subsidy. Consistent recruitment at restored reefs is critical for population persistence at the restored site. Information on larval import to existing reefs is important for restoring reefs where they are likely to subsidize existing reefs, which is an important function of oyster sanctuaries where subsidizing commercially harvested cultch-planted sites and natural reefs is a primary goal. Information on larval import may also assist in siting restoration efforts to benefit reefs that may be recruitment limited. Siting restored reefs in locations that maximize both larval import and export is critical for promoting metapopulation persistence (Hastings and Botsford, 2006).

Ecological restoration is expensive and often relies on public support through taxpayer funding (Holl and Howarth, 2000). Accordingly, restoration practices should consider factors that reduce costs and accommodate, to the extent practical, human needs (Weinstein, 2007). In marine systems, restoration projects often require large vessels equipped with heavy machinery to deploy materials such as limestone marl and concrete for artificial reef construction. Minimizing the distance between material stockpile sites and restoration locations can provide significant cost-savings in fuel, vessel time, and personnel time. Accounting for human needs such as public access to restoration sites (e.g., hook and line fishing on restored oyster reefs), is also prudent for developing public support for restoration (Holl and Howarth, 2000). We used distance from public boat ramps as a simple proxy for the potential for the public to access sites (Ramos et al., 2006). Both “logistical” layers were weighted relatively low by the stakeholder group. Low weights were due partly to stakeholder's preference to prioritize more biologically-relevant layers, but also due to the paucity of data supporting thresholds established for layers such as distance from boat ramps. Nevertheless, the model framework provides the flexibility to change layer weights should restoration priorities shift or better data become available. Future HSI models should consider integration of factors such as human population density, mean income, willingness to pay, and surveillance costs to more fully capture important socioeconomic considerations of restoration.

Sensitivity analyses are a useful way to identify factors that disproportionately influence model output. In the full, stakeholder-weighted model, sensitivity was generally a function of layer weight whereby model output was most sensitive to layers with the highest weight. Model output in the null, equally-weighted model was most sensitive to layers characterized by: (1) threshold values that were highly variable spatially (i.e., patchy) across the model system and (2) a small proportion of cells with threshold values = 0 (i.e., unsuitable). For instance, the null model was more sensitive to the dissolved oxygen layer than the salinity layer due to greater spatial variability and patchiness in threshold values over the model domain in the dissolved oxygen layer (Appendix 1B in Supplementary Materials vs. Figure 3A). In contrast, the model was more sensitive to the salinity layer then either sanctuary larval import or export layer despite greater spatial variability of threshold values in the dispersal layers relative to the salinity layer (Figure 3B vs. Figure 3A). In both sanctuary larval dispersal layers, the threshold values for a majority of the cells were 0 (i.e., indicative of no larval import or export from a given cell) and removing those layers from the model would have less impact on model output than removing the salinity layer where threshold values of very few cells = 0. Thus, acquisition of accurate spatial information for factors that are: (1) important in determining suitability (i.e., heavily weighted), (2) likely to be highly variable in space, and (3) likely to have minimal amounts of unsuitable area for the species of interest should be prioritized when developing future HSI models.

Validating HSI model predictions with appropriate data is critical for assessing model performance (Roloff and Kernohan, 1999). In this study, we used oyster density normalized by reef age for model validation. The utility of an index of normalized density is several-fold: (1) ease of calculation based on values that are often known (i.e., age of restoration) and values that are often collected post-monitoring (i.e., density Powers et al., 2009; Baggett et al., 2015), (2) ability to account for observed peaks and declines in density over time (e.g., Figure 1), and (3) relevance to common density-based restoration targets that can be set over a time period (i.e., 100 oyster m−2 over a 20 year period = normalized density of 2000). Normalized density was a statistically-significant exponential function of HSI, providing validity of the HSI as a robust predictor of suitable habitat for oyster sanctuary restoration in Pamlico Sound. Positive relationships between indices of abundance and HSI have been identified previously in validation studies, but the relationships have generally been linear or sigmoidal (Cho et al., 2012; Reiley et al., 2014; Theuerkauf and Lipcius, 2016). The exponential relationship between HSI and normalized density can be used, through inverse calculations, to determine HSI values needed to reach restoration targets (i.e., target normalized density of 2,000 generally occurs at HSI values > 0.45). Moreover, the exponential relationship suggests that proper siting of restoration is critical since relatively small changes in habitat suitability may yield substantial increases in oyster density over time.

Historic surveys of oyster reefs beginning in the late 1800's have provided useful baselines of reef location and extent (Zu Ermgassen et al., 2012). These historic baselines have often been used to guide restoration targets and site selection (Lipcius et al., 2015), although we speculate this approach may be misguided where changes in estuarine systems have altered the distribution of suitable habitat (Jackson et al., 2001). Based on the Winslow (1889) survey, only a small percentage (<20%) of historic oyster reef distribution was located in present-day suitable habitat predicted by the HSI model (based only on threshold layers; Figure 4A). If we consider both threshold and exclusion layers, the distribution of an even smaller portion of historic reefs (<10%) overlapped with present-day predictions of suitable habitat (Figure 4C). Mismatches between the distribution of historic subtidal oyster reefs and predictions of suitable habitat for oyster sanctuary restoration as identified by the HSI could be due to: (1) changes in salinity patterns from opening and closing of inlets (Mallinson et al., 2008), (2) increases in hypoxia and anoxia affecting the tributaries and sub-estuaries of Pamlico Sound (Paerl et al., 1998; Buzzelli et al., 2002; Bell and Eggleston, 2005), (3) changes in sedimentation and geomorphology (e.g., shifting of shoals Roelofs and Bumpus, 1953; Paerl et al., 2001), (4) reductions in the historical abundance of oysters in Pamlico Sound and the associated decrease in the number and spatial coverage of dispersing larvae, and (5) discrepancies in the scope of the HSI model (i.e., siting oyster sanctuaries) and the historic data being used for comparison (natural subtidal oyster reefs). For these reasons, including historic locations of oyster reefs as a factor in an HSI model may be problematic. Still, comparing the location of predicted suitable locations from an HSI with locations that were presumably suitable habitat historically can be informative. Areas of overlap between predicted suitable habitat and historic suitable habitat may be indicative of long-term stability in an area and, therefore, ideal areas for restoration. Moreover, locations of historic reefs could serve as a “tiebreaker” between multiple locations with similar HSI values.

The modeling approach used in this study was extensive and required highly specialized skills in a number of technical disciplines, but several important caveats are worth noting. We were unable to include factors that captured ecological processes and rates, such as food availability (e.g., plankton for oysters, but see Theuerkauf et al., in review), prevalence of disease, or post-settlement demographics (e.g., growth and survival). The larval dispersal factors did not include spatial variability in fecundity, despite evidence that fecundity can vary widely over space in the model system (Mroch et al., 2012). As such, the larval import and export layers depicted “potential” rather than “realized” dispersal, which can have important implications on connectivity (Watson et al., 2010). We assumed that a higher concentration of larvae was more suitable for the larval dispersal factors, yet we know very little about biologically optimal levels of larval settlement in this system with some evidence of density dependence (Puckett and Eggleston, 2012). Certain factors such as dissolved oxygen and substrate were interpolated from point data for projection onto the model grid yielding uncertainty in the precision of interpolated values across the model domain, although these factors were interpolated using 500+ points and 10+ years of data (Appendices 1, 2 in Supplementary Materials). Factors were depicted as static layers. Static layers do not automatically update as reefs are added to (e.g., restoration) or removed from (e.g., failed restoration or commercial harvest) the system. Static layers also preclude integrating the impacts of a changing climate (e.g., sea level rise and new inlet formation on salinity regime) on long-term restoration planning. Lastly, we validated the model with data on oyster density, but recognize that density does not necessarily reflect population persistence. Data on size structure, as well as demographic rates such as fecundity, growth, and survival would also be useful data to include in model validation.

As ecological restoration and the availability of spatial datasets for relevant environmental factors continue to proliferate, HSI models will play an increasingly important role in the restoration planning and implementation process. We developed a HSI to guide restoration efforts in areas that were most likely to maximize the goal of restoring persistent oyster populations. The HSI model framework and validation developed in this study can be adapted to other systems, as well as previously developed HSIs to enhance the efficacy of oyster restoration. Models can build on and complement this approach by developing a HSI to maximize important ecosystem services oyster provide such as water filtration (Theuerkauf et al., in review) and fish production. Locations that meet multiple restoration goals simultaneously, such as maximizing population persistence and ecosystem service provision may be justified as restoration priorities. We contend, as have others (e.g., Olds et al., 2016), that stronger linkages between larval connectivity, landscape ecology, stakeholder engagement and spatial planning within HSI models can improve restoration efforts in marine systems by replacing the pervasive piecemeal, ad-hoc approach to restoration with a more holistic, unified approach.
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Layer Description

PHYSICAL

Salinity (psu)  Summer sound-wide salinity
during average freshwater input
from 1987 0 2008

Dissolved  Fall sound-wide minimum

Oxygen dissolved oxygen concentrations
from 1996 10 2014

Substrate  Substrate types in Pamiico
‘Sound. Substrates types
included: sand, muddy sand,
sandy mud, mud, and soft mud

BIOLOGICAL

Sanctuary  Settlement location of oyster

Larval Export  larvae spawned from existing
sanctuaries

Sanctuary  Natal location of oyster lanvae

Larval Import  setting within existing
sanctuaries

Culteh- Natal location of oyster larvae

planting Site  settling within cultch-planting

Larval Import  sites—locations where oyster
shellis deployed to replace shell
removed through commercial
oyster harvest. Cultch-planting
sites established from 2010 to
2014 were used

Natural Reef  Natal location of oyster lanvae.

Larval Import  setling within natural subtidel
reefs

Culteh- Settlement location of oyster

planting Site  larvae spawned from

Larval Export  cultch-planting sites
Cultch-planting sites established
from 2010-2014 were used

Natural Reef  Settlerent location of oyster

Larval Export  larvae spawned from natural
subtidal oyster reefs

PERMITTING AND LOGISTICAL

Material Location of material stockpile

Stockplle sites accessed by vessels for

Sites (km)  loading material e.g., reef balls)
used for restoration

Public Boat  Location of boat ramps where

Ramps (nm)  recreational fishermen can
launch boats.

Bathymetry  Depth (m) in Pamiico Sound

sav Location of SAV in Pamiico
Sound

Shelfish Location of private shellfsh

Leases leases in Pamiico Sound

Nursery Areas Location of primary and special
‘secondary nursery areas in
Pamico Sound, which serve as
critical habitat for juvenie fishes

Miltary Zones  Location of miltary exclusion
zones used for practice missions

Navigational  Location of major navigational

Channels  channels including the

Intracoastal Waterway and Ferry
routes

Type

Threshold

Threshold

Exclusion

Threshold

Threshold

Threshold

Threshold

Threshold

Threshold

Threshold

Threshold

Exclusion

Exclusion

Exclusion

Exclusion

Exclusion

Exclusion

Threshold and exclusion values

Optimal (1): 10-15

Suitable (0.5): 6-10; 15-25.
Unsuitable (0): <6; >25
Thresholds based on values
reported in Kennedy et al. (1996)
Continuous (0-1)

Minimum dissolved oxygen values
linearly transformed on a 0 (owest)
to 1 (highes) scale

Excluded cells with soft substrate
(9., soft mud and mud), which is
necessary to prevent subsidence of
heavy material used for reef
restoration

Continuous (0-1)
Log-transformed abundance of
larval settlers in a cell, standardized
on a0 (lowest abundance) to 1
(highest abundance) scale
Continuous (0-1)
Log-transformed abundance of
farvae spawned in a cell,
standardized on a0 (owest
abundance) to 1 (highest
abundance) scale

Continuous (0-1)
Log-transformed abundance of
larvae spawned in a cell,
standardized on a0 (owest
abundance) to 1 (highest
abundance) scale

Continuous (0-1)
Log-transformed abundance of
larvae spawned in a cell,
standardized on a 0 (owest
abundance) to 1 (highest
‘abundance) scale.

Continuous (0-1)
Log-transformed abundance of
larval settlers standardized on a 0
(owest abundance) to 1 (highest
abundance) scale

Continuous (0-1)
Log-transformed abundance of
larval settlers standardized on a O
(lowest abundance) to 1 (highest
abundance) scale

Optimal (1): <5km

Suitable (0.5): 5-10km

Unsuitable (0): >10km

Thresholds based on vessel range
(trips per day), fuel costs, and
vessel load capabilties.

‘Thresholds based on stakeholder
input

Optimal (1): <10km

Unsuitable (0): >10km

Thresholds based on average travel
distance reported for inshore
recreational vessels by Ramos et al.
(2006)

Excluded if depth of entire km?
cell was < 2m, which is required for
navigational clearance

Excludedf a cell contained SAV
because reef restoration is not
permitted in the presence of SAV
Excluded if a cell contained leased
area to prevent user conflicts
Excludedf a cell contained primary
or special secondary nursery areas
because reef restoration is not
permitted in the presence of nursery
areas

Excluded if a cell contained miitary
protected area because habitat
enhancement is not permitted in
military zones due to the possi
of unexploded ordnance
Excluded if a cell contained the
Intracoastal Waterway or Ferry
routes to prevent navigational
hazards to large vessels

Weight and rationale

28%
Important to oyster biological
processes (e.g., growth and
‘survival)

1%
Important to oyster biological
processes (e.9., survival)

20%

Goal for existing sanctuaries to
export larvae to future
sanctuaries to create sanctuary
network

15%

Goal for existing sanctuaries to
import lanvae from future
sanctuaries to create sanctuary
network

7%
Goal for existing sanctuaries to
export larvae to commercially
harvested cultch-planting sites.
Promotes larval exchange
‘among strategies within the
oyster restoration portfolio

7%
Goal for existing sanctuaries to
export larvae to commercially
harvested natural reefs

5%
Enables selection of sites that
promotes larval exchange
among strategies within the
oyster restoration portfolio

5%

Enables selection of sites that
promotes larval exchange among
natural and restored oyster reefs

4%

Enables selection of sites based
on econormic and logistical
constraints associated with
transporting large amounts of
hard substrate needed for
restoration

3%
Enables selection of sites based
on accessbilty to recreational
(in)fishing

Source

NG DMF Trawd Survey Program;
(Durham, 2009)

NG DMF Trawd Survey Program;
This Study

NG DMF Estuarine Benthic
Habitat Mapping and Traw!
Survey Programs

(Puckett and Eggleston, 2016);
NG DMF Oyster Sanctuary
Program; This Study

NG DMF Oyster Sanctuary
Program; This Study

NC DMF Habitat Enhancement
Prograrm; This Study

NC DMF Estuarine Benthic
Habitat Mapping Program; This
Study

NC DMF Habitat Enhancement
Program; This Study

NC DMF Estuarine Benthic
Habitat Mapping Program; This.
Study

NG DMF Oyster Sanctuary
Program

NCWRC

NOAA Estuarine Bathymetry

NC DMF Estuarine Benthic
Habitat Mapping Program

NG DMF Estuarine Benthic
Habitat Mapping Program
NG DMF

NCDEQ

UsGs

Threshold ayers were assigned thresholds (e.g., optimal [score = 1}, suitable [0.5], and unsuitable [0)) and subsequently weighted based on the layer's relative importance. A stakeholder
panel was used to assign thresholds and weights. Exclusion layers were binary (sitable [score = 1] o unsuitable [0). Layer abbreviations are as follows: Submerged Aquatic Vegetation
(SAY). Source abbreviations are as follows: National Oceanic and Atmospheric Adminisration (NOAA), North Carolina Divsion of Marine Fisheries (NC DMF), North Carolina Department
of Environmental Quality (DEQ), United States Geological Survey (USGS), North Carolina Wildlife Resource Commission (WRC).





OPS/images/math_1.gif
.
Ci= Y (L - W)
P






OPS/images/fmars-05-00076-g001.gif





OPS/images/fmars-05-00076-g002.gif
TV T6OW

=

360N

U A X/ &Y

/ 7 it






OPS/images/cover.jpg
, frontiers
in Marine Science

Integrating Larval Dispersal,
Permitting, and Logistical Factors
Within a Validated Habitat Suitability
Index for Oyster Restoration









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Marine Science





