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most important considerations when selecting data used in the modeling process is that the data 

are ecologically relevant to the species of interest (Elith and Leathwick 2009).  The expert 

opinion provided in these stakeholder workshops guided the effort to select such data used to 

predict A. cervicornis distributions. The results of these discussions dictated the data layers 

created and further discussed in this document.  

 Restoration efforts were a core focus during the stakeholder engagements. Given the 

choice of focusing the restoration modeling efforts on all stony coral species combined, or to 

limit the focus to a few target species, it was recommended that focus should be concentrated on 

A. cervicornis. Currently, a majority of restoration efforts within the Florida Reef Tract (FRT) 

have targeted A. cervicornis and A. palmata (Johnson et al. 2011; Young et al. 2012).  While the 

following data layers were developed with A. cervicornis modeling in mind, they are all 

appropriate and applicable to other shallow water stony coral species on the Florida Reef Tract.  

3.3.2 Study Area 

 The combination of a broad, shallow continental shelf and warm waters of the Gulf 

Stream uniquely suit Florida’s benthic habitat for the support of coral reef ecosystems (Jaap and 

Hallock 1990; Andrews et al. 2005). The study area included the Florida Reef Tract, from Martin 

County through the Dry Tortugas, with the exception of Biscayne Bay due to limited in situ 

observations in Biscayne Bay ( 

Figure 3.5). For each data layer described below, a boundary layer was used to clip the data to the 

appropriate geospatial extent.  

3.3.3 Spatial Resolution and Data Formatting 
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2012). For this study, the Florida Reef Tract was divided into seven regions: Upper East Coast, 

Lower East Coast, Upper Keys, Middle Keys, Lower Keys, Marquesas and Tortugas (Figure 

3.6). 

The large latitudinal gradient of the reefs along the east coast of Florida designates the 

need for two regions in this area. Additionally, previous studies by Walker (2012) and Walker 

and Gilliam (2013) identified spatial barriers that coincided with distinct habitat differences. 

Based upon these findings, the boundary between the upper and lower east coast regions was 

positioned at Lake Worth inlet, and the boundary between the lower east coast and the upper 

Keys was positioned at Government Cut (B. Walker personal communication). All regional 

boundaries were created in polygon format and then converted to 1 km2 raster format. 

3.4.2 Reef Type 

 Several types of coral reef habitats are found along the Florida Reef Tract. Until recently, 

many different groups, agencies and institutions mapped the habitats of the reef tract, each using 

a unique classification system. To remedy this, the Florida Fish and Wildlife Conservation 

commission introduced the Unified Florida Reef Tract Map (UFRTM). The UFRTM integrates 

existing benthic habitat maps to provide a consistent classification of the Florida Reef Tract from 

Martin County to the Dry Tortugas (Baumstark 2013).  According to the UFRTM, there are five 

main types of coral reef habitats: Aggregate Reef, Patch Reef, Pavement, Reef Rubble and 

Ridge.  

The UFRTM was used to create a raster representation of the dominant reef types at 1 

km2 resolution. In order to only represent reef types, all coral reef and hardbottom polygons were 

selected out of the UFRTM. A 1 km2 grid was overlaid on the extracted polygons, and the 
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ArcGIS geostatistical analyst, with 1,000 simulations. The final model resulted in a Root Mean 

Square prediction error of 11.83 feet (3.6 m). The final EBK model was exported to a 1 km2 grid 

and depth values were converted to meters (Figure 3.7).  

3.4.5 Slope 

 Benthic geomorphology has been found to have an influence on coral species 

distributions (Goldberg 1973; Franklin et al. 2013). Given the scale of the study and the 

relatively simple geomorphology of the Florida Reef Tract at that scale, the only measure of 

benthic geomorphology considered was slope. Slope was derived from the previously described 

depth layer using the slope tool in ArcGIS spatial analyst (Figure 3.8). This tool calculates the 

steepest angle, measured in degrees, of a plane defined for a depth grid cell and its eight 

neighbors.  There is no directionality associated with the slope, it is only a representation of the 

coarse relief of the area.  

During the previously mentioned stakeholder workshops, it was noted that this layer may 

not be particularly useful at the 1 km2 scale. However, it was included in model development, 

and later dropped if a model test identified it as a non-constructive predictor. 

3.4.6 Sea Bottom Temperature 

 The distributions of many marine species are strongly controlled by sea temperature, and 

mortality of nursery corals has often been attributed to temperature disturbance (Quinn and Kojis 

2006; Schopmeyer et al. 2012). Sea-surface temperature (SST) is the most common indicator of 

temperature used in the marine environment. Generally, SST is an appropriate indicator of 

thermal stress experienced by coral. However, coastal waters in the Florida Keys have been 

shown to exhibit inverted thermocline events over the summer (Porter et al. 1999). These events 
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are driven largely by the discharge of hypersaline water from Florida Bay and contribute to 

elevated bottom temperatures experienced along portions of the Florida Reef Tract. Historically, 

water in Florida Bay has been hyposaline, allowing it to safely pass over the reefs of the Florida 

Keys (McIvor et al. 1994; Pitts 1994; Porter et al. 1999). In the 1950’s, synonymous with the 

construction of a series of levees and canals in the Everglades by the Army Corps of Engineers 

(Light and Dindeen 1994), researchers began recording hypersaline conditions year round 

(McIvor et al. 1994).  McIvor et al. (1994) suggests that the disruption of freshwater flow from 

the Everglades, combined with lower than average rainfall, has contributed to the hypersaline 

conditions in Florida Bay. In the summer, the hypersaline waters of Florida Bay rise in 

temperature. This hot, hypersaline water then moves from the shallow areas of Florida Bay and 

enters the Florida Keys reef tract. Due to its increased density, this warm water sinks and creates 

a stable inverted thermocline (Porter et al. 1999).  

Traditional coral bleaching models using only SST may overestimate or underestimate 

bleaching risk in systems where sea bottom temperature (SBT, the temperature that corals 

experience) differs considerably from SST. Cold-water-induced stress and mortality are also 

important factors in coral reef communities (Glynn and Stewart 1973; Glynn 1976; Coles and 

Fadlallah 1991; Hoegh-Guldberg et al. 2005). The Florida Keys have experienced periodic cold-

water events that have been found to have pronounced effects on coral mortality and benthic 

cover (Colella et al. 2012).  

The use of modeled environmental parameters in SDMs has been increasing and 

including such parameters contributes to more ecologically meaningful SDMs (Guisan and 

Zimmermann 2000).  Given the sparse spatial coverage of in situ bottom temperature data 

throughout the Florida Reef Tract, a model of bottom temperature was required. A Generalized 
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Additive Model (GAM) was created to predict SBT from satellite-derived SST, using in situ 

SBT observations collected from areas throughout the reef tract. The satellite and in situ 

observations were collected from 2008 to 2011. The resulting GAM was used to generate 1 km2 

raster coverages of daily SBT conditions. These daily SBT coverages were averaged by week 

and the number of weeks above 30˚ C and below 20˚ C per 1 km2 grid cell were tabulated. The 

resulting raster coverages depict areas of warm and cold thermal stress, as predicted from SBT 

(Figure 3.9). Full details on the creation of the GAM can be found in McEachron et al. (in 

review). Low temperature stress is much more difficult to predict, given the episodic and wide-

spread nature of such events. Patterns of low-stress are much less distinct, with low temperature 

events impacting the full reef tract relatively evenly. Discerning any spatial patterns of low 

temperature stress is therefore problematic.  

3.4.7 Light Availability 

 Zooxanthellate corals are symbiotic organisms that obtain a majority of their energy and 

carbon requirements from photosynthesizing zooxanthellae present in their tissues (Muscatine et 

al. 1981). It is well understood that hermatypic corals exist in areas where suitable substrate is 

present, but also where there is sufficient light available to maintain photosynthesis (Wells 

1957). The lower bathymetric limits for individual species are determined by their 

photosynthetic efficiency at reduced levels of irradiance. For many species, photosynthesis 

becomes limiting where light availability approaches 10% of surface light levels (Done 1983). 

Previous studies have found that under reduced light levels, corals often produce fragile 

skeletons, increasing the threat of fragmentation when subject to high energy waves breaking 

across the reef (Cook et al. 1997; Yentsch et al. 2002). Yentsch et al. (2002) concluded that some 

Florida coral populations are squeezed between two bathymetric limitations: they are unable to 
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grow at deeper depths due to light limitations but are also unable to grow in shallower regions 

due to high wave energy, which limits colonization. This is very likely the case for A. cervicornis 

populations on Florida reefs. Therefore, light availability combined with depth becomes one of 

the most vital predictors of coral reef cover status and trends along the Florida Reef Tract.  

MODIS/Aqua satellite-derived values of the diffuse attenuation coefficient (Kd) were 

obtained from University of South Florida’s Optical Oceanography Laboratory. The Optical 

Oceanography Laboratory used improved algorithms to obtain Kd values over the optically 

shallow water of the Florida Keys (Barnes et al. 2013; Barnes et al. 2014). Two yearly 

climatological coverages were provided, Kd(380) and Kd(488) for the MODIS data period of 

2002 - 2015. These wavelengths were used as a proxy of two important measurements of light: 

UV light (λ = 380 nm) and photosynthetically available radiation (PAR, λ = 488 nm) reaching 

the benthos. While PAR refers to a large spectral band (400 – 700 nm), 488 nm serves as a proxy 

for PAR reaching the benthos. Studies by Kratzer et al. (2003), Pierson et al. (2008), and Zhao et 

al.  (2013) have found a direct relationship between Kd(PAR) and either Kd(490) or euphotic 

zone depth [directly proportional to Kd(490)], therefore justifying the use of Kd(488) to 

approximate PAR reaching the benthos in this study, as done in a study by Barnes et al.  (2015). 

  The previously described depth layer was converted to points, and the Extract Values to 

Points tool in ArcGIS Spatial Analyst was used to append the Kd values coincident with the 

depth points. As the improved algorithm was designed for optically shallow waters (limited to 5 

– 30 m), Kd values for depths less than 5 m were not available. Much of the study area, especially 

along the east coast of Florida, was located in depths less than 5 m, leaving large gaps in the light 

availability data coverage. To remedy these coverage issues, a nearest neighbor resampling 

approach was used to fill in missing data values. The nearest neighbor resampling approach was 
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deemed appropriate, as Kd values do not vary significantly inshore to offshore within the current 

study area (B. Barnes, personal communication). Additionally, zooxanthellate coral living in 

depths less than 5 m are not limited by light reaching the benthos. Nearest neighbor resampling 

was conducted for any depth point of the study area where MODIS-derived Kd values were not 

available, a total of 188/5,629 points were resampled for the Kd(488) layer and 197/5,637 points 

were resampled for the Kd(380) layer. 

Once all depth points were assigned Kd values, the Beer-Lambert Law (Equation 1) was 

used to calculate percent light availability at depth (Gordon 1989):  

𝐸𝑑(𝑧) = 𝐸𝑑(0)𝑒−𝐾𝑑(𝑧) (1) 

Where 𝑧 is depth (m), Kd is the diffuse attenuation coefficient for downwelling irradiance 

and Ed(0) is the downwelling irradiance at the surface (Kirk 1994). A value of 100 was used for 

Ed(0)to obtain percent total light available at depth. 

3.4.8 Multicollinearity analysis 

 An important step in model development is checking data layers for multicollinearity. 

Multicollinearity occurs when high correlation exists between several predictors (Guisan and 

Zimmermann 2000; Guisan and Thuiller 2005). Multicollinearity is of greatest concern when 

using linear or generalized linear models for the SDM approach, and of little concern when using 

classification trees. However, diagnosing multicollinearity early in the study analysis assists with 

decisions to remove variables during the model fitting process. 

 A stratified random sample of 10% of all variables by region was taken across the entire 

study area. Stratifying the random sample by region ensured equal distribution across the entire 
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Tract. To ensure data quality, all previously mentioned processing steps should be followed for 

any new data layers considered.  

3.6 Figures 

 
Figure 3.5 Extent of study boundary. All survey and field data were clipped to this extent. 
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Figure 3.18: Coverage of final point file with all predictors assigned. 
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4 Model Comparison 

4.1 Introduction 

Spatial patterns of species distributions are of basic interest to ecologists, and 

understanding the environmental factors that influence these patterns is important for 

management of species facing threats such as climate change, habitat destruction and 

anthropogenic stress (Robinson et al. 2011). Species Distribution Models (SDMs) are tools that 

relate field observations to environmental predictor variables using either statistical or theoretical 

relationships (Guisan and Zimmermann 2000). Species distribution models are especially helpful 

when field survey data are sparse and information across the entire landscape is desired. The 

modeled relationship created by the SDM can be used to predict across unsampled space, where 

in situ data are unavailable.  

The use of SDMs has been growing in recent years, with applications in fields from 

conservation biology to climate change research (Guisan and Zimmermann 2000). Species 

distribution modeling has been widely used in terrestrial studies for decades, but applications of 

the SDM approach to marine species and environments are rare by comparison (Robinson et al. 

2011). Even rarer is species distribution modeling applied to shallow-water stony coral species, 

with very limited studies just starting to explore the possibility of using this technique for 

predictive mapping (Franklin et al. 2013). The majority of marine SDM research has focused on 

deep-water coral (Bryan and Metaxas 2007; Davies et al. 2008; Tittensor et al. 2009; Woodby et 

al. 2009; Howell et al. 2011), fish (Leathwick et al. 2008; Valavanis et al. 2008; Maxwell et al. 
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consisted of 59 unique restoration sites in all regions of the Florida Reef Tract except for the 

lower east coast and the Marquesas regions.  

 The outplant locations were compared to the model predictions and the number of 

restoration sites within each predicted category was recorded (Table 5.4). Six of the restoration 

sites fell outside of the extent of the model, leaving a total of 53 points within the study extent. A 

majority of current restoration sites (51%) occurred within Category 1 – Never Present. It is 

important to note that the Category 1 Prediction of the model does not necessarily represent 

unsuitable habitat for A. cervicornis. Rather, these are locations that are predicted to have never 

had A. cervicornis present within the years used to train the model, 1996 – 2013.  

Table 5.4: Number of restoration sites within each predicted category 

Category 
Restoration 

Sites 
% 

1 – Never Present 27 50 

2 – Transient Presence 13 25 

3 – Continuously Present 13 25 

 

The values of the most important environmental parameters were analyzed at each 

restoration location, by the model category in which the observation coincided (Figure 5.7 – 5.9). 

These figures provide an idea of the conditions of the restoration locations in terms of the 

important environmental parameters. As shown in Figures 5.7 and 5.8, the majority of restoration 

sites located in Category 1 of the model were still located in areas of high light availability. 

Figure 5.9 illustrates that the restoration locations observed in Category 1 were also located in 

shallower depths, and falling within the range of depths predicted to Category 3. All restoration 

locations, no matter the category, were observed between 3.5 – 19 m depth.  
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Figure 5.7: Percent of solar radiation at 380 nm reaching the seafloor at the restoration locations compared to the 

ranges observed in the cells predicted by the model. The box represents the average for all pixels in that category, 

and the error bars denote the maximum and minimum observed values.  

 
Figure 5.8: Percent of solar radiation at 488 nm reaching the seafloor at the restoration locations compared to the 

ranges observed in the cells predicted by the model. The box represents the average for all pixels in that category, 

and the error bars denote the maximum and minimum observed values.  
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Figure 5.9: Depth at the restoration locations compared to the ranges observed in the cells predicted by the model. 

The box represents the average for all pixels in that category, and the error bars denote the maximum and minimum 

observed values. 

 

5.3.7 Spatial Analysis of Restoration Sites 

To visualize the locations of restoration sites in comparison to the model predictions, as well 

as the most important environmental parameters, the restoration locations were mapped 

alongside the model predictions and values for those parameters. The example area shown in 

Figures 5.10–5.12 illustrate that, while many restoration locations are located in areas predicted 

by the model as Category 1, many are on the edge of that category predictions, and still within 

areas with similar light availability and depth as areas observed in Categories 2 and 3.  
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Figure 5.10: Acropora cervicornis trend prediction on the east coast of Florida by a boosted classification tree at a 1 

km scale. Current restoration locations, as well as observed light availability at 380 nm at depth, are displayed. 

Current restoration locations within cells predicted to Category 1 are still located within areas of similar light 

availability at depth as the areas predicted as Category 2 and 3.  
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Figure 5.11: Acropora cervicornis trend prediction on the east coast of Florida by a boosted classification tree at a 1 

km scale. Current restoration locations, as well as observed light availability at 488 nm at depth, are displayed. 

Current restoration locations within cells predicted to Category 1 are still located within areas of similar light 

availability at depth as the areas predicted as Category 2 and 3. 
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Figure 5.12: Acropora cervicornis trend prediction on the east coast of Florida by a boosted classification tree at a 1 

km scale. Current restoration locations, as well as modeled depth, are displayed. Current restoration locations within 

cells predicted to Category 1 are located within areas of similar depth as the areas predicted as Category 2 and 3. 
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5.4 Discussion 

This study is the first attempt at spatially prioritizing restoration activities in the Florida 

Keys. In the past, restoration activities were guided by local knowledge and intuition. The 

development of this product allows for an ecologically guided approach at spatial prioritization 

of restoration. When using the results of this study, the goals of a restoration project must first be 

identified. If the primary goal is to restore A. cervicornis, then this product can be used in its 

current form to guide the placement of coral outplants. If the goals of the restoration project are 

more geared toward full reef ecosystem restoration, then the results of this study should be 

combined with other products to address the objective of the restoration project. Regardless of 

the goal, the results of this study provide the invaluable first step at spatially prioritizing 

restoration efforts throughout the FRT.  

The results of this study provide flexibility for application based on unique restoration 

goals. For example, if the purpose of a restoration project is to place outplants in regions where 

success is most likely, in an attempt to enhance existing relatively healthy reefs, then the project 

could focus on regions predicted to be Category 3 (continuously present). Restoration efforts 

could just as easily focus on areas predicted to Category 1 (Never Present) in this study. 

Category 1 areas do not necessarily represent unsuitable habitat, rather they represent areas 

predicted to not have had A. cervicornis present between the years 1996 – 2013. These could be 

areas that lost A. cervicornis populations prior to 1996 and have yet to recover, reefs that are 

dominated by other species, or where A. cervicornis has never successfully established. 

Restoration approaches such as this are considered to be more dramatic and utilize the “assisted 

colonization” approach, by moving target species to sites where they do not currently exist or 

have not existed in recent history (Hoegh-Guldberg et al. 2008).  
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If the restoration project is more experimental in nature, the results of this modeling 

effort can provide testable hypotheses on potential success of location for restoration efforts. One 

question, which could be addressed using this model, is whether sites predicted to be Category 1 

can be suitable for restoration efforts. This would require separation of the Category 1 sites into 

multiple sub-categories, ranging from clearly not suitable sites to potentially suitable sites. 

Further refining the Category 1 sites would require additional information from other coral reef 

ecosystem models, such as ones that model coral cover or species richness. Alternatively, 

environmental attributes such as light availability and depth could be used to determine which 

Category 1 sites are most similar to the Category 3 sites.  

The primary goal of this study was to create a regional product for coral restoration 

activities in Florida. The precise placement of coral outplants should be determined in the field, 

using expert opinion and local knowledge. This product is not a substitute for coral reef 

ecosystem knowledge during the restoration process, and the best practices for local placement 

should still be followed (Johnson et al. 2011; Schopmeyer et al. 2012). Recommendations in 

terms of spacing, specific substrate available, and small scale zoning on the reef should be 

considered when placing outplants in the regionally identified areas. Small spatial scale 

interactions must be considered when using this tool as local interactions could determine the 

difference between success and failure of restored colonies. Interactions such as competition 

between transplants themselves, or competition with algal species, are of primary concern (Yap 

2003). Spatial statistical models such as these do not inform the user about these biological 

interactions that influence the distribution of stony coral species. However, no previous studies 

have attempted to predict A. cervicornis trends for restoration purposes, thus this study fulfills 

that need with room for continued improvement.  
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As with all modeled representations of ecosystems, these models are not able to represent 

the full complexity of the system, and the results should be viewed with a cautionary lens. To 

quote the late George Box, “All models are wrong, some are useful” (Box and Draper 1987). 

Every aspect of the enormously complex coral reef ecosystem is impossible to consider in the 

model, but simplifying the ecosystem in such a model allows for the simplification of reality, 

moving one step closer to explaining the system as a whole.  

 There are a wide variety of statistical models, which could be applied to the coral reef 

environment. The use of boosted classification trees was identified as the most appropriate tool 

in this particular study. The advantages of using boosted classification trees far outweighed the 

downfalls, but with any study, there are still disadvantages that must be considered. The nature 

of the boosted classification trees result in the loss of the simple interpretability of single 

classification trees. Instead of being able to pull ecological information out of one tree, a series 

of trees must be examined. Variable importance plots must be relied on more heavily, with 

information about the environmental data layers as a whole, rather than the optimal levels of that 

environmental condition. 

 The analysis of the environmental data layers presented in this study provides one 

method to gather ecological information from a boosted classification tree model. The final 

model identified depth as the most important parameter, which is logical given the well-known 

depth limits of A. cervicornis (e.g.,  Huston 1985 a, b, and references therein). Analysis of cells 

predicted to be Category 3 indicate that the depth ranges of A. cervicornis in Florida is 4.6–18.3 

m. This information is reinforced by the depth of the current restoration activities, which were 

found to take place within very similar depth ranges. Previous studies have suggested that A. 

cervicornis can exist in depths up to 30 m in areas of consistently very clear waters (Fenner 



149 

 

1988). My results suggest that the depth limit of A. cervicornis is <20 m in Florida waters, 

consistent with estimates of Yentsch et al. (2002).  

 In addition to depth, light availability is another important environmental parameter, 

which must be considered. This study found that areas predicted to be Category 3 (Continuously 

Present) exhibited on average more light reaching the seafloor than in areas predicted to the other 

two categories. In addition to these higher levels, the areas predicted to be Category 3 also had 

less variability in light availability. Reduced variability, therefore more stability in light 

availability, has previously been found to be advantageous to coral growth and survival (Fisher 

et al. 2007; Ayoub et al. 2008; Ayoub et al. 2012).  

 One environmental parameter not analyzed in detail in this study, but very important to 

reef-coral growth and survival, is temperature. The sea-bottom temperature (SBT) product used 

in this study provided less of an opportunity to examine yearly averages and variability at 

locations, and instead served as a proxy for thermal stress. Previous research has identified 

variability in sea surface temperature (SST), rather than average values, as strong indicators of 

coral reef species composition and abundance (Vega-Rodriguez et al. 2015). Future modeling 

efforts would benefit from utilizing environmental parameters focusing on SST or SBT 

variability at locations, rather than climatological averages. Additionally, given the unique 

thermodynamic regimes experienced along portions of the Florida Reef Tract, future modeling 

efforts should continue to use SBT temperature rather than SST products when possible, to best 

represent the temperature anomalies experienced at depth.  

The model presented may be improved in multiple ways. First, improving the spatial 

resolution of the predictor variables will improve the usefulness and applicability of the results. 
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The current model was restricted by the resolution of the coarsest environmental data layer used. 

Improved resolution of environmental layers such as light availability and temperature will 

greatly improve the applicability of the model to restoration efforts. There are several options to 

address the spatial resolution concerns of the model in its current state. One possibility is to clip 

the results of this study to smaller spatial scales, for example, by using benthic habitat maps and 

clipping the prediction to only available reef and hardbottom polygons.  

In addition to improving the accuracy of the models in this study, the validation of the 

models would be greatly improved with an independent data set, as well as additional repeat 

coral monitoring data. The limited amount of training and validation data available to this study 

prevented the use of a purely independent data set, and validation was restricted to a relatively 

small data set. Validating with a previously collected data set, or by using the results from this 

study to design a restoration project, would assess the accuracy of the developed model. 

Comparing the model predictions to a database of restoration efforts, which document success 

and failure in the field, is the ultimate validation for this study and would increase the confidence 

of using the model to plan future restoration work.  

This model was developed specifically for the Florida Reef Tract, and the environmental 

parameters used to model the A. cervicornis response were also specific. However, the statistical 

methods used in this study are transferable to other reef environments, such as the other U.S. 

jurisdictions where Acropora spp. are listed as threatened: Puerto Rico and the U.S. Virgin 

Islands. Once appropriate environmental predictor variables are identified for a geographic area, 

non-parametric classification trees are appropriate to use for response data, as done in this study. 

The results of this research confirm the applicability of the species distribution modeling 

approach to stony coral species trends, with applications in restoration science, conservation 
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science, and management. This work also confirms that SDM research is not restricted to simply 

presence/absence models, and that more ecological information can be predicted using these 

techniques.  

The possibilities for future research in this field are extensive. First and foremost, this 

study focused on a single species. This approach has unique benefits as it allows for the 

exploration of their realized niche (Austin and Smith 1989). However, there is also value in 

modeling at the community level. A community modeling approach would be able to identify 

healthy reefs, rather than locations where single species are present. The models developed in 

this study for a single species generally require more sophisticated and refined statistical fitting 

than models that attempt to predict community structure (Zimmermann and Kienast 1999). 

Therefore, a natural extension of this study would be to attempt to model the community, with 

less refinement of the statistical model required. A previous study by Zimmerman and Kineast 

(1999) proposed that a model of a single species is more ‘biological’ in nature and therefore 

more realistic at predicting large-scale patterns compared to community-based models. The latter 

must also consider competition that occurs in addition to environmental requirements that result 

in a specific community response. Modeling the community structure could, therefore, result in 

more refined products, at higher resolution.  

In conclusion, this tool is the first of its kind to provide spatial information regarding the 

placement of restoration projects along the Florida Reef Tract. When implementing any 

restoration effort, it is important to consider the ultimate goal, restoring the health of Florida’s 

coral reef ecosystem. Unfortunately, there is still debate regarding resilience trajectories of 

Caribbean coral reefs. Are we attempting to restore something that is doomed, or is there still 

hope (Mumby et al. 2013; Bozec and Mumby 2015)? The results of this research provide yet 



152 

 

another step towards determining whether these important ecosystems have the capability to 

bounce back.  
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6 Summary and Conclusions 

Elkhorn and Staghorn corals (Acropora palmata, A. cervicornis) were listed as threatened 

species under the Endangered Species Act in 2006 (National Marine Fisheries Service 2006). In 

2008 both species were listed as critically endangered on the International Union for 

Conservation of Nature (IUCN) Red List of Threatened Species. The decline of these species is 

unprecedented given the vital role they historically played as major builders of western Atlantic 

and Caribbean coral reefs. The primary goal of this study was to build upon previously created 

critical habitat maps for A. palmata and A. cervicornis to show areas where these species 

currently exist, as well as areas that would be suitable for their (re)establishment through 

restoration using a database of reported in situ observations and existing mapped data. In 

previous work, potential habitat maps were produced based on benthic substrata throughout the 

Florida Reef Tract. The first objective of this study was to update these maps using more 

recently updated benthic habitat maps, as well as to expand the study area to include Puerto Rico 

and the U.S. Virgin Islands (Wirt et al. 2015).  

Habitat parameters conducive to coral reef growth include not only benthic substrate and 

depth. Parameters such as light availability, geomorphology, and temperature play key roles in 

determining suitable habitat for many corals, including Acropora spp. As such, to best represent 

habitat suitable for restoration efforts of A. cervicornis, the second objective of this study was to 

include these additional parameters when creating species distribution models for the purpose of 

identifying suitable restoration sites. The results of this research may be used to (1) inform 
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restoration site selection(2) inform the current NOAA Acropora spp. critical habitat map, and (3) 

provide a basis for future coral critical habitat maps. These objectives are presented in a series of 

four chapters in this dissertation; each chapter describes a subset of the research necessary to 

fulfill the overall objectives. Chapter 1 provided the background and literature review related to 

Acropora spp. history and environmental requirements.  

6.1 Research Overview 

Chapter 2 examined whether the methods developed in my Master’s Thesis (Wirt 2011) for 

the Florida Reef Tract were applicable to the U.S. Virgin Islands and Puerto Rico. This work was 

published by Wirt et al. (2015) in Global Ecology and Conservation. The results of the study 

indicate that potential habitat for A. palmata is currently well defined throughout the study 

region, but that potential habitat for A. cervicornis is more variable and has a wider range than 

that for A. palmata. The results of this study prompted the further examination of A. cervicornis 

habitat suitability using other environmental parameters, in the subsequent chapters of this 

dissertation.  

Chapter 3 is primarily a methods paper that describes the compilation and processing steps 

used to amass relevant coral reef ecosystem data to use for multiple spatial modeling and 

mapping purposes. The data layers described represent the best currently available environmental 

data to use for A.  cervicornis species distribution models. The results of Chapter 3 provide a 

model for compilation of spatial data available for the creation of coral reef species distribution 

models in Florida. Improvements can be made in terms of spatial resolution, however the data 

represented are appropriate for the creation of a regional model.  
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Chapter 4 compared and evaluated two statistical models, random forest and boosted 

classification trees, for their performance at predicting A. cervicornis trend data along the Florida 

Reef Tract. The models were used with repeat A. cervicornis monitoring data, to predict the 

regional stability of these populations. The results of this chapter show that species distribution 

modeling techniques are useful tools in marine ecosystems. The boosted classification trees 

outperformed the random forest models at classifying the A. cervicornis response data. The two 

boosted classification tree algorithms performed similarly, but the AdaBoost.M1 algorithm 

slightly out-performed the SAMME algorithm. Maps, such as the ones produced in Chapter 4, 

provide valuable baseline data, especially for unsurveyed regions (Pittman et al. 2009). The 

model results are valuable tools for managers and restoration program designers that allow them 

to analyze environments on a landscape-scale (Remillard and Welch 1993; Kelly et al. 2001).  

Chapter 5 used predictive modeling to understand the environmental controls responsible for 

A. cervicornis presence trends (continuously present, transient presence, never present) and to 

predict areas that are likely to exhibit these trends. To predict trend distribution, a boosted 

classification tree model was used with A. cervicornis repeat-monitoring data and nine 

environmental data layers. Depth, light availability, slope, sea bottom temperature and region 

were identified as the most important predictor layers. Depth and light availability were further 

analyzed by comparing the means and ranges for each predicted category. Cells predicted as 

Categories 2 (Transient Presence) and 3 (Continuously Present) were shallower on average and 

had smaller depth ranges than the cells predicted to be Category 1 (Never Present). This analysis 

provides an indication of the depth ranges appropriate for A. cervicornis habitat in South Florida 

today. Similar analysis for light availability was performed, revealing that cells predicted as 

Category 3 had less variability in light reaching the seafloor for both wavelengths assessed (380 
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nm and 488 nm) than cells predicted to be either of the other two categories. These findings 

further supported results from previous studies that found stability in light availability to be 

advantageous to coral growth and survival (Fisher et al. 2007; Ayoub et al. 2008; Ayoub et al. 

2012). The reduced variability of the light reaching the benthos in areas predicted as Category 3 

likely contributes to the stable presence of the species in these areas. The model output was used 

to construct maps of predicted population trends of A. cervicornis along the Florida Reef Tract. 

The results of the model were compared to a database of restoration efforts currently taking place 

in South Florida. While many restoration locations are located in areas predicted by the model as 

Category 1 (Never Present), many are on the edge of the cells, and still within areas with similar 

light availability and depth as cells predicted as Categories 2 and 3. This research is the first of 

its kind to attempt to spatially prioritize restoration activities along the Florida Reef Tract. The 

development of this product allows for an ecologically-guided approach at spatial prioritization 

of restoration.  

A major conclusion of this research is that environmental parameters, when combined 

with proper models, can be used to predict presence/absence trends of A. cervicornis 

observations along the Florida Reef Tract. Species Distribution Modeling is a useful tool for 

marine ecologists to use when monitoring data are sparse. The results of this research confirm 

the applicability of the species distribution modeling approach to stony coral species trends, with 

applications in restoration science, conservation science, and management. This work also 

confirms the fact that SDM research is not restricted to simply presence/absence models, and that 

more ecological information can be predicted using these techniques. There are countless 

varieties of SDMs available to ecologists, and there is no single method that will work in all 

situations. The conclusions of this research confirm that when modeling the coral reef 
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environment, multiple approaches should be taken and a variety of models should be tested 

before identifying the best model. Continued usage of statistical models, such as those explored 

in this research, will be vital for the future of coral reef conservation.  

6.2 Future Research and Recommendations  

The opportunity for future research in this field is extensive. This dissertation represents 

only the beginning of the potential to use species distribution modeling for prioritization of 

restoration locations. As the use of species distribution models in the marine ecosystem 

continues to demonstrate applicability, improvements can be made in all areas related to model 

development. First and foremost, improvements in spatial resolution of the models can be made. 

The results of this research provide regional recommendations for restoration projects, rather 

than recommendations for specific reefs. Within each 1 km2 cell assessed by the model, 

restoration practitioners must still use expert opinion to determine precise placement of coral 

outplant sites. Recommendations in terms of spacing, specific substrate available, and small 

scale zoning on the reef must be considered when placing outplantings in the regionally 

identified areas. Continuous improvement of environmental data layers resulting from improved 

spatial resolution of satellite data may eventually allow for finer-scale prediction of suitable 

restoration sites.  

In addition to improving the spatial resolution of the models presented in this study, 

additional models that predict species richness and coral cover will be extremely useful to 

combine with the results of this research. Combining predicted species richness and coral cover 

data with the A. cervicornis trend predicted in this study will help to identify reefs that have lost 

A. cervicornis, but may support restoration efforts due to the presence of other species and/or 
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substantial coral cover. The ultimate goal of research in this field is to create a customizable and 

interactive tool to that can be adjusted to support the unique goals of individual restoration 

projects.   

Future research in this field should also explore the idea of modeling the reefs along the 

southeast coast of Florida separately from the Florida Keys and the Dry Tortugas. The models 

presented in this dissertation could be improved in this area. Reefs along the east coast exist in a 

much narrower shelf than the reefs of the Keys and the Dry Tortugas. The environmental data 

layers used may not be of appropriate resolution to distinguish the fine-scale differences in the 

habitats along the narrow reef tract of this region. Higher spatial resolution data should 

substantially improve model performance along the southeast coast. The reefs of the east coast of 

Florida experience different hydrodynamics and ultimately ecological drivers than reefs further 

to the south along the Florida Reef Tract. The ecological differences of these regions must be 

further explored to best represent what may be two very different systems in terms of coral reef 

condition and survival.   
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