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Abstract:  
 

Anthropogenic impacts on coral reefs have stoked compounding pressures like 

bleaching, ocean acidification, and disease resulting in a significant global decline of coral reef 

cover that has weakened the resilience of adjacent coastlines to shoreline erosion. In lieu of 

natural defenses, coastal cities like Miami have installed artificial structures to serve as both 

breakwaters and refuges for coral recruitment as part of their reef mitigation initiative. 

However, the degree of manmade structures’ success in fulfilling these roles when compared to 

natural reefs is heavily debated. Photogrammetry data of three artificial and three natural reefs 

was collected off of the coast of Miami utilizing Structure-from-Motion methodologies to 

compare complexity metrics and coral coverage of each site. This approach utilizes complexity 

as a proxy to determine which type of habitat is more conducive to mitigating shoreline erosion 

and restoring coral populations. Sites were measured at geospatial scales of 1cm, 10cm, and 

1m cell classes. Results revealed no significant difference between habitat types for any metric 

of complexity at any scale. This was an interesting finding considering the highest coral 

coverage was noticeably low at 30% for a natural reef, yet the low ratio of coral cover was still 

comparable in complexity to artificial sites. However, when artificial reefs were compared 

individually against the mean of combined natural reefs, a barge site indicated significant 

difference in complexity for all metrics on a 1cm scale, but with variable results for the other 

two classes depending on the metric. Coral coverage on all artificial sites was negligible, 

suggesting that coral recruits may exhibit site preference for natural reefs as opposed to barges 

or cement structures.  
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Introduction:  
  

Coral reefs have experienced an estimated 27% global decline in coverage since the 

1950’s, with an additional 30% loss of coverage projected within the next few decades (Weier, 

2001). Increased carbon emissions, degradation of water quality, and invasive species have 

disrupted the balance of an otherwise resilient ecosystem, jeopardizing the integrity of the 

biological relationships that either directly or indirectly depend on reefs (Jones, 2004). As 

climate change exacerbates issues associated with coral decline, conservation approaches must 

evolve to become more reactive if strategies to augment reef resilience are to keep pace with a 

rapidly changing ocean (Lawler, 2009). In anticipation of shifting habitat regimes, it is important 

to emphasize how the accumulating threats to reefs will be detrimental to adjacent ecosystems 

and coastal communities if left unaddressed (Moberg and Folke, 1999).  

In addition to their inherent value as biological hotspots, coral reefs provide a wide 

range of ecosystem services, with an asset value ranging from $172 - $375 billion worldwide 

(Veron, 2009). Monetizing reefs incorporates summed revenue from tourism and fisheries but 

does not account for non-market economies like nutrient cycling and replenishing shorelines 

(Veron, 2009).  Coral reefs serve as breakwaters for high-velocity waves and storm surges by 

generating hydrodynamic drag along the benthos, with healthy reefs reducing wave action by 

an average of 97% (Ferrario, 2014). The calcium carbonate skeleton of corals also naturally 

replenishes shorelines as it degrades, providing a continuous, renewable source of sand (Chave, 

1972; Yamano, 2000). However, as the rate of reef degradation exceeds reef growth, shorelines 

are eventually drained of their sand repositories. Considering about 40% of the world’s 

population lives within 100km of a coastline, anticipating the effects of sea level rise and 

preventing the progression of shoreline erosion through conserving natural defenses like reefs 

is vital to safeguard coastal communities and ecosystems (Cohen, 1997; Wells and Ravilious, 

2006). 

Florida is currently the state with the highest number of residents at risk from sea level 

rise, which is predominantly due to its low elevation and physical geology of permeable 

limestone that is susceptible to seawater infiltration (William, 1999). One of its tourism hubs, 

Miami, is a coastal city of about half a million people with a growing population of 8% every 
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year, twice the pace of the U.S. average, and is predicted to experience one of the steepest 

losses in terms of financial assets of any coastal city in the world if shoreline erosion trends 

continue (Valle-Levinson, 2017; Viet Duc, 2013). Serving as a major port, business artery, and 

travel destination, Miami attracts 15 million visitors from all corners of the globe that 

contribute $2.4 billion to their thriving tourism sector each year (Zacarias, 2011). Although, with 

seas around Miami rising 1/3 of an inch annually, periodic flooding has increased in frequency 

coupled with accelerated beach erosion (Wdowinski, 2016). Decades of construction along 

Miami’s receding shoreline between city and ocean have necessitated elaborate engineering 

projects to fortify beaches with groynes, seawalls, and other bulkheads to protect the Miami’s 

iconic high rises along the coast (Finkl, 1981).  

Miami has historically funded artificial bulkhead proposals since the early twentieth 

century and continues similar endeavors today despite their lack of long-term viability and 

constant maintenance demands (Miami-Dade Master Plan, 2015; Narayan, 2016). Jetties and 

navigation channels have disturbed the normal rates of drifting sand, thereby choking natural 

renourishment of beaches further downstream. Groynes have catalyzed similar issues by 

accruing sand in their immediate area but intensifying erosion throughout other coastal areas 

(Titus, 2008). Furthermore, bulkhead installments are expensive, with the average repairs 

costing up to $400 per foot and replacement up to $1,000 (Army Corps of Engineers, 2016).  As 

the issue of sea level rise continues to overwhelm Miami’s bulkheads, local government has 

organized new projects to adapt its urban foundations like raising roads and installing pumps to 

deter residential flooding. Miami-Dade has spent over $100 million to date on flooding 

prevention, and recently initiated a $500 million project in 2016 to continue similar 

modification efforts (Flechas, 2017). 

Often supplementing breakwater construction, beach renourishment is another 

common erosion mitigation approach (Finkl, 2005). Miami has spent an average of $6 million 

annually since the 1930’s renourishing its shorelines with sand from the Atlantic; an energy-

intensive practice that has depleted its natural sand supply and severely disrupted micro 

ecosystems (Sylvia and Will, 1988). Adding foreign sand to dilapidated beaches is not only 

costly, but environmentally detrimental, as sand quality is essential to marine animals like 
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turtles and birds, which have been inhibited from nesting or foraging when renourished sand is 

too compact (Steinitz and Salmon, 1998). Conversely, sand that is too fine erodes rapidly, and 

does not provide the stability needed for an effective storm buffer (Zahng, 2002). With 

requirements for the appropriate sand type strictly limited, Miami’s finite sources for beach 

renourishment have been overexploited (Dzieza, 2016).   

Sand extraction methods have also caused increased turbidity and sedimentation of 

adjacent reefs, consequently exaggerating reef degradation to an already-compromised 

ecosystem (Jordan, 2009). Pits dug for sand collection are devoid of life and often do not 

recover, thus reducing viable habitat for marine animals and disturbing their nearshore 

populations (Jordan, 2009). Surveys estimate that 210,000 m3 of Miami’s sand is eroded by 

rising tides and storms each year, despite rehabilitation efforts, indicating that the current 

approaches of Miami’s policy have not been effective in reducing shoreline erosion (U.S. Army 

Corps of Engineers, 2016). Shoreline destruction from seasonal hurricanes also intensifies the 

rate of beach erosion, which is predicted to escalate as climate change bolsters more severe 

storm events (Miami-Dade Climate Change Action Plan, 2013). Hurricanes can alter shoreline 

topography and unravel beach renourishment projects in a matter of hours, wasting millions of 

dollars and further weakening the natural defenses that were previously degraded by 

development (Zahng, 2002). Overall, the anticipation of sea level rise has not been effectively 

addressed in municipal policy considering the assets at stake. After decades of dredging for 

sand to maintain its coastline, the city has resorted to negotiating with other counties to 

purchase sand from neighboring jurisdictions as a final effort to save their beaches (Broadt, 

2016). With viable sand in scarce supply for most counties, Miami’s appeal to purchase sand 

was rejected, which compelled Miami-Dade to petition the state of Florida to import sand from 

the Bahamas (Dzieza, 2016).  

Investment in natural defenses has gained traction in recent years as artificial mitigation 

approaches prove to be expensive and provide only short-term solutions for erosion that often 

become long-term problems (Sutton-Grier, 2015). A growing body of evidence advocates for 

natural mitigation approaches like the living shorelines model and mangrove restoration to 

serve as storm buffers and vehicles of sand accruement, but the implementation of coral 
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restoration as a risk-reduction strategy remains relatively unexplored (Ferrario, 2014). The 

wave attenuation capacity of coral reefs is significant, which stems from reefs’ ability to form 

large networks that span vast swaths of ocean, hence it is critical to monitor reef resources with 

precision if their health and effectiveness is to be accurately assessed (Lowe, 2005).  

Traditional reef survey techniques are highly antiquated as they are dependent on the 

inevitable biases of human surveyors. Popular reef monitoring surveys are systematized as 

randomly laid quadrats throughout a predetermined transect of reef. Coral cover is estimated 

within each quadrat to then interpolate for the whole assemblage (Weinberg, 1981). In 

addition, rugosity measurements are calculated by deploying a chain to capture the 3D 

contours of reef structure that are absent in 2D coral coverage estimates (Wilson, 2007). 

Rugosity measurements can also be applied to entire assemblages by assigning arbitrary 

roughness scores on a 0 to 5 scale (Wilson, 2007). However, the accuracy of such 

approximations depends heavily on the rigor of the training and experience of the surveyor, 

exposing the surveys to subjectivity (Leujak and Ormond, 2007).  

Over the past decade, Miami has experienced significant loss of coral reef cover to 

macroalgal growth of over 50% in some areas of the Florida Reef Tract, prompting habitat 

regime shifts that replace the hard structure of scleractinian corals with soft algae (Lirman and 

Biber, 2000). The combined impacts of weakened coral resilience from ocean warming and 

increased nutrient loads at local offshore sites give macroalgae a competitive advantage to 

smother entire assemblages (McCook, 1999). In response to the stark decline of reefs off of 

their coast, Miami-Dade county has attempted to offset their anthropogenic impacts by 

installing artificial reefs as a substitute for natural reefs to perform the same services of wave 

attenuation and coral recruitment (Artificial Reef Program, Miami-Dade County).  

Miami-Dade County has financed the largest artificial reef program in the country 

(Miami-Dade Government Website, Ecosystem Protection). Since the 1980’s the county has 

sunk over 50 large vessels and thousands of tons of concrete, totaling almost $30 million in 

state funds, to maintain their shorelines and fulfill their reef mitigation obligation requirement 

(Miami-Dade County, 2014; Florida Fish and Wildlife Conservation Commission). In this case, 

reef mitigation is an obligatory offset initiative where local government must provide 
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alternative coral habitat as compensation for the destruction of a natural reef from 

development or dredging. Although, the degree of success with artificial structures fulfilling the 

biological and physical functions of corals remains ambiguous (Bohnsack and Sutherland, 1985). 

Until recently, the options for quantifying the success of artificial structures were not 

sufficiently specialized to capture the nuances of structural complexity in an underwater 

environment (Kocak and Caimi, 2005). Modern advancements in photogrammetry technologies 

allow for robust analyses that can map small-scale areas with unprecedented precision and 

provide new insights into metrics of benthic complexity that were before difficult to isolate 

(Westoby, 2012). These new approaches can be applied to questions of artificial structure’s 

integrity as alternative options for their natural counterparts, as well as streamline the coral 

reef survey processes by remedying the biases of human error (Leon, 2015).  

Structure-from-Motion (SfM) is a sophisticated 3D survey technique that models areas 

and objects to millimeters of precision (Burns, 2015). Conventional remote sensing techniques 

such as light detection and ranging (LIDAR) and satellite imagery are either costly or not 

conducive to small-scale studies requiring high-resolution data (Kocak and Caimi, 2005). SfM, 

however, is an accessible, accurate methodology that can be applied to coral reefs in 

quantifying a range of habitat characteristics (Burns, 2015). The reliability of SfM’s accuracy has 

been substantiated in several studies, with some research indicating a comparable illustration 

of topography to more costly techniques like LIDAR (Harwin and Lucier, 2012). This feature of 

SfM is fundamental to detecting the progression of coral colony coverage, complexity, and, 

over time, growth or degradation (Burns, 2015). Through the intersection of technology and 

environment, concepts of complexity and habitat structure can now be explicitly defined and 

quantified. With the innovative utility SfM, we can answer the questions as to the efficiency of 

artificial reefs as breakwaters and coral reef habitat compared to natural reefs. By modeling 

both habitats with fixed parameters, we lay the groundwork for investigating the performance 

of each habitat type with precise, standardized metrics (Burns, 2015).  

This study draws its basis from the physical and ecological theory that the complexity of 

a system is positively correlated with both wave attenuation and facilitating biodiversity 

(Tunnicliffe, 1982; Pianka, 1988; Kostylev, 2005). By applying SfM to calculate and compare the 
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complexity of artificial reefs and natural reefs, we can begin to develop inferences as to which 

habitat should be recommended to managers for the best breakwater design. This analysis also 

seeks to quantify the reef recruitment of artificial reefs and natural reefs to construct a clearer 

lens into the effectiveness of artificial reefs as surrogates for natural reefs in the reef mitigation 

process. Using complexity as a proxy for wave attenuation and expected coral reef recruitment, 

this study will compare the metrics generated by SfM models to indicate which type of habitat 

best serves to fill these vital roles of protecting local shorelines and providing effective reef 

habitat for coral settlement.  
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Methods:  
 

Data Collection  
 
 Three natural and three artificial reefs were chosen off the coast of Miami as 

representative groups for each habitat type. The artificial sites were Belcher Barge (25.696°N, -

80.088°W), Belzona Barge (25.7011°N, -80.08917°W) and the Neptune Memorial Reef 

(25.69478°N, -80.0957°W), with the natural sites being locally known as Pretty Reef 

(25.90361°N, -80.32472°W) and two locations on RJ’s Ledge (RJ I: 25.77306°N, -80.32889°W, RJ 

II: 25. 83306°N, -80.34833°W) all occurring on the Florida Reef Tract. Belcher Barge was sunk in 

1985 while Belzona was sunk in 1991 and construction for Neptune began in 1995 (Miami-Dade 

County Artificial Reef Program). Data was collected from December 15-17, 2017 using SCUBA 

with dives occurring twice a day over the data collection period. Depths averaged between 10-

20 meters for both habitats, and water visibility between 10-15 meters.  

Photogrammetry data was captured on a DSLR Cannon T6i with a 18-55 mm lens and 

Ikelite underwater housing kit accompanied by an 8” modular dome port (Ikelite Underwater 

Systems, Indianapolis, Indiana, USA). Transect tape was deployed to form 10x5m grids that 

served as sub-samples for the study area, totaling 50m2 of reef from each site. Transect 

locations were chosen based on capturing the most representative section of the natural 

structure, with artificial location samples selected to incorporate as much of the structure as 

possible within a 50m2 grid limitation. Polyvinyl ground control points (GCPs) with known x, y, 

and z axis lengths were arranged at two corners of the grid and incorporated into the analysis 

to provide the modeling software with spatial reference. GCPs were not accompanied by 

geospatial coordinates, as Agisoft PhotoScan (Agisoft, LLC, St. Petersburg, Russia), does not 

require georeferenced points to build accurate geometry (Snavely, 2008). Additional scale 

markers were added to the sample area to reaffirm spatial accuracy. Photos were taken with 

80% overlap while swimming 3m above the survey site in a boustrophodonic pattern, requiring 

about 15 minutes of data collection time for each trial. Camera settings were calibrated to an 

automatic shutter speed and ISO with an adjustable aperture of f7/f8, which was 

predetermined according to environmental conditions of light penetration and visibility.   
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3D Model Construction  

Photogrammetry data was uploaded to Agisoft where photos were aligned and 

optimized using Brown’s Distortion Model (Burns, 2015). Camera lens distortion was integrated 

from the photo metadata into the software algorithm, in addition to distortion from the dome 

kit as the software remedies error from both lenses simultaneously thereby not requiring pre-

calibration like other SfM methods (Snavely, 2008). The modeling protocol required three major 

steps of 1) photo alignment 2) dense cloud generation 3) mesh/texture construction. Each 

model had an input of between 150-200 photos, with blurred photos disregarded to decrease 

error. A sparse point cloud was generated from the photo alignment using “key points”, or like 

points that were identified in the overlap between 2 or more photos, which are determined by 

the software with a minimum of 95% certainty (Agisoft, LLC, St. Petersburg, Russia). After 

adjusting software parameters, a dense point cloud is constructed followed by the generation 

of a continuous surface, or mesh, to fill in space for the point cloud that was absent of data. 

Markers were manually defined on the model to designate the x, y, and z axes of the GCPs 

along with their respective lengths and optimized to interpolate those measurements for the 

rest of the model. After optimization, the same protocol as mentioned above was conducted 

again to recalibrate a new model with spatial reference, which was only accepted if the model 

produced an error rate of <.01m, indicating millimeters of accuracy. Once optimized to a 

satisfactory error rate, the resulting product was exported as both a planar orthophoto and 

Digital Elevation Model (DEM) to begin the analysis (Figures 1-2).  
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Figure 1. Orthophotos (left) and digital elevation models (right) of artificial reef sites. 
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Figure 2. Orthophotos (left) and digital elevation models (right) of natural reef sites. 
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Analysis  

Orthophotos and DEMs were digitized and clipped to produce a 50m2 transect of each site that 

was accurate within .05m2. The entire 50m2 transect was then analyzed for each metric, which 

included both live and dead coral as both states of reef contribute to assemblage complexity. 

Each metric analysis yielded a single average for the entire grid (Figures 5-19). To compare the 

variation in complexity outputs based on spatial resolution, all DEMs were exported to different 

cell size scales of 1cm, 10cm, and 1m to address this discrepancy. Metrics of complexity are 

defined below according to NOAA’s Benthic Terrain Modeler tool (NOAA, Office for Coastal 

Management): 

Slope: described as “the rate of maximum change in z-value from each cell of a surface 

raster in degree units”. This analysis calculated the overall average of both horizontal and 

vertical directions of a center grid cell and its 8 neighbors (Figure 3).  

Terrain Ruggedness: calculated as a composite of both slope and aspect as a single 

number. Terrain Ruggedness utilizes the variation in 3D orientation calculated within a pre-

determined neighborhood of 3 cells (Figure 4).   

Curvature: calculated as the “slope of the slope” or the derivative of the slope. The 

curvature tool also calculates the profile and plan curvature, which is the curvature of the 

surface in the direction of slope and the curvature of the surface perpendicular to the slope 

direction, respectively. 

3D Surface Complexity: calculated by taking the 3D surface area of the entire transect 

and dividing it by the 2D area.  

Percent Coral Coverage: determined as the percent coral cover from digitizing 

recognizable coral colonies into a single raster layer and summing the total area to then divide 

it by the total transect area for each site.   
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Figure 3. Slope analysis results for artificial and natural reefs at 1cm cell size. 
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Figure 4. Terrain ruggedness analysis results for artificial and natural structures at 1cm cell size. 
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Results:  

 We compared mean values for each metric (slope, terrain ruggedness, curvature, 

surface complexity, and coral cover) across habitat types. A two-tailed t-test was conducted to 

detect significant differences in complexity. When analyzing each group in its entirety, there 

were no significant differences among any of the metrics at any spatial scale when using a 

confidence alpha value of below 0.05 to indicate significance. However, when artificial sites 

were compared individually against the averages of all the natural reefs combined, certain 

metrics proved significant on different spatial scales.  

 

Slope 

 When the artificial sites were compared individually against the total slope average of 

the natural sites for the 1cm cell size, Belzona, Belcher, and Neptune revealed significant 

differences in the slope metric (t= 4.3, p = 0.009, t = 4.3, p = 0.03, t = 4.3, p = 0.003, 

respectively), with Belcher having significantly more slope and Neptune and Belzona 

significantly less (Figure 5). However, when moving up to 10cm size class, no artificial site 

exhibited a significant statistic, with Belcher showing the closest significance (t = 4.3, p = 0.06, 

Figure 6). The 1m pixel size class revealed Belcher (t = 4.3, p = 0.03) and Neptune (t = 4.3, p = 

0.03) had significantly higher slope values than natural reefs (Figure 3). This analysis indicates 

that, depending on spatial scale, natural reefs maintain higher slope than 2/3 of the structures 

at 1cm cell size but this trend becomes inverted when moving up to 1m size class, 

demonstrating that the slope metric depends heavily on the resolution of the analysis.  

 



18 
 

 
Figure 5. Slope averages for artificial (red) and natural (blue) reef transects analyzed with cell 

sizes of 1cm. 

 
Figure 6. Slope averages for artificial (red) and natural (blue) reef transects analyzed with cell 

sizes of 10cm. 
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Figure 7. Slope averages for artificial (red) and natural (blue) reef transects analyzed with cell 

sizes of 1m. 
 

Terrain Ruggedness 

For 1 cm class, Belzona (t = 4.3, 0.002) Belcher (t = 4.3, p = .002) and Neptune (t = 4.3, p 

= 0.006) were all significantly different from the natural reefs, with Belzona and Belcher having 

significantly more terrain ruggedness and Neptune significantly less (Figure 8). At 10cm, only 

Belcher had significantly more ruggedness (t = 4.3, p = 0.048), but at 1m, both Belcher and 

Neptune were significant, with Neptune exhibiting more significance than Belcher (t = 4.3, p = 

0.01, t = 4.3, 0.003, respectively, Figures 9 & 10). Both Neptune and Belcher demonstrated 

more ruggedness at 1m scale than natural reefs. It is interesting how, like slope, the averages of 

terrain ruggedness for the sites drastically changed depending on the spatial scale. Neptune, for 

instance, was significantly less rugged than natural reefs at 1cm, but its values were drastically 

inflated for 1m, making it more rugged than Belcher (Figures 8 & 10, respectively).  
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Figure 8. Terrain ruggedness averages for artificial (red) and natural (blue) reef transects 

analyzed with cell sizes of 1cm. 
 
 

 
Figure 9. Terrain ruggedness averages for artificial (red) and natural (blue) reef transects 

analyzed with cell sizes of 10cm.  
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Figure 10. Terrain ruggedness averages for artificial (red) and natural (blue) reef transects 

analyzed cell sizes of 1m.  
 

 3D Surface Complexity  

 Belcher barge was the only consistently significant site for all cell sizes for 3D surface 

complexity with a higher surface complexity average than natural reefs (1cm: t = 4.3, p = 

0.0018, 10cm: t = 4.3, p = 0.0096, 1m: t = 4.3, p = 0.0001, Figures 11-13). Belzona was also 

significantly higher than natural reefs at 1cm (t = 4.3, p = 0.02) but Neptune did not evidence 

significance (t = 4.3, p = 0.89), with neither being significant at 10cm (Figures 11 & 12). 

However, both Neptune and Belzona’s 3D surface complexity was significant for the 1 m scale 

(t= 4.3, p = 0.001, t = 4.3, p = 0.02, respectively) with Neptune maintaining higher 3D surface 

complexity than natural reefs and Belzona being lower (Figure 13). The scaling-down of 3D 

surface complexity averages based on analysis resolution is particularly prominent for this 

metric (Figures 11-13). However, there are still instances of shifting significance where values 

are not equivalently scaled down based on cell size, like Neptune’s values between 1cm and 1m 

cell sizes, while Belcher’s values were more homogenous in how they decreased in magnitude 

but were still significant.   
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Figure 11. 3D surface complexity averages for artificial (red) and natural (blue) reef transects 

analyzed cell sizes of 1cm. 

 
Figure 12. 3D surface complexity averages for artificial (red) and natural (blue) reef transects 

analyzed cell sizes of 10cm. 
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Figure 13. 3D surface complexity averages for artificial (red) and natural (blue) reef transects 

analyzed cell sizes of 1m. 
 

Curvature 

 Belcher was the only artificial site to have significant values for curvature on a 

1cm cell size analysis (t= 4.3, p = 0.008) with more curvature than natural reef averages (Figure 

14). For 10cm, Belcher and Neptune were significant (t = 4.3, p = 0.006, t = 4.3, p = 0.006, 

respectively) with Belzona showing close significance (t = 4.3, p = 0.052, Figure 15). No artificial 

structures differed significantly with curvature at the 1m cell size scale, with the closest 

significant value being from Neptune (t = 4.3, p = 0.076, Figure 16).  It is interesting how 

Belcher’s curvature values were significant for 1cm and 10cm scales but dropped noticeably for 

1m scale (14-16). Neptune’s values were highly inflated for the 10cm analysis compared to the 

1cm and 1m analyses, with natural reef values remaining low on all three resolutions.   
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Figure 14. Curvature averages for artificial (red) and natural (blue) reef transects analyzed cell 

sizes of 1cm. 
 

 
Figure 15. Curvature averages for artificial (red) and natural (blue) reef transects analyzed cell 

sizes of 10cm. 
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Figure 16. Curvature averages for artificial (red) and natural (blue) reef transects analyzed cell 

sizes of 1m. 
 

Planform/Profile Curvature 
 
Belcher was the only structure to show significant values for 1cm scale planform 

curvature (t = 4.3 p = 0.02) and profile curvature (t= 4.3, p = 0.02) with no other artificial site 

being significant (Figure 17). Neptune was the only significant site for planform at 10cm (t = 4.3, 

0.036, Figure 18). For profile curvature at the 10cm resolution, Belcher was almost significant (t 

= 4.3, p = 0.059) with Neptune not being significant (t = 4.3, p 0.14, Figure 18). Finally, at a 1m 

cell size, Belcher was significant for planform (p = 4.3, t = 0.014) along with Neptune (t = 4.3, p = 

0.005) but, for profile, Belcher’s values fell below significance (t = 4.3 p = 0.061) with Neptune 

also not being significant (t= 4.3, p = 0.11, Figure 15). The planform/profile values for all sites 

were reduced drastically as the spatial scale increased in size, decreasing from thousands of 

units to tens of units (Figures 17-19). Thus, planform/profile curvature is the metric that is most 

volatile when changing spatial resolution, with a different artificial site exhibiting significance 

for 1cm and 10cm scales and both being significant at 1m (Figures 17-19).   
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Figure 17. Planform/Profile curvature averages for 1cm cell size analysis. 

 

 
Figure 18. Planform/Profile curvature averages for 10cm cell size analysis. 
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Figure 19. Planform/Profile curvature averages for 1m cell size analysis. A change in y axis scale 

was required to observe differences in curvature trends.  
 

Percent Coral Coverage 
  

Coral coverage for artificial sites was noticeably low, with the highest coverage 

occurring on Belzona at 4.2% (Table 1). Natural reef cover was magnitudes higher, with RJ’s 

Ledge II having a summed coverage of 29.7% (Table 1). A t-test revealed a significant difference 

in coral reef cover between artificial and natural reef sites (t = 2.78, p = 0.009), indicating that 

natural reefs have significantly more cover than artificial sites (Figure 16).  

  

Site Total Coral Area (m2) Coral cover (%) 

Neptune 0.261 0.52 

Belzona 2.118 4.20 
Belcher Barge 1.007 2.01 

Pretty Reef 7.75 15.5 

RJ Ledge I 14.39 28.7 
RJ Ledge II 1.007 29.7 

         Table 1. Percent coral coverage of artificial and natural research sites. 
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Figure 20. Percent coral cover for all sites 

   
Regression Analysis  
 
A regression analysis was conducted to test the relationship between the strengths of 

complexity metrics at all spatial scales and coral cover trends. There was no significant 

relationship between a metric at any spatial scale and coral cover, with the closest metric being 

3D surface complexity at 1cm (Table 2, Figure 21), but slope for both 10cm (Table 3, Figure 22) 

and 1m class sizes (Table 4, Figure 23). This lack of correlative relationship suggests that there is 

no predictive capacity for percent of coral coverage based on a specific complexity metric 

average for these sites.     

 

Metric R2 P value 

Slope 0.22 0.35 
Curvature 0.21 0.35 

Terrain Ruggedness 0.09 0.56 
3D Surface Complexity 0.27 0.29 

Table 2. Regression analysis results at 1cm with coral cover for each metric 
 

Metric R2 P value 

Slope 0.30 0.26 
Curvature 0.0007 0.96 

Terrain Ruggedness 0.28 0.28 

3D Surface Complexity 0.26 0.30 
Table 3. Regression analysis results at 10cm with coral cover for each metric 
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Metric R2 P value 
Slope 0.41 0.17 

Curvature 0.02 0.79 

Terrain Ruggedness 0.40 0.18 

3D Surface Complexity 0.29 0.27 

Table 4. Regression analysis results at 1m with coral cover for each metric 
 

 
Figure 21. Regression analysis for 3D complexity and percent coral reef coverage at 1cm cell 

size 
 
 

 
Figure 22. Regression analysis for slope and percent coral reef coverage at 10cm cell size 
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Figure 23. Regression analysis for slope and percent coral reef coverage at 1m cell size 
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Discussion:  
 
 Measuring complexity values between the two groups of artificial and natural habitat 

types did not yield significant results for any metric for the three spatial resolutions. When 

compared on individual levels, Belcher was the only artificial site that maintained significantly 

higher complexity for all metrics on a 1cm cell size. On a 10cm scale, Belcher had significant 

values reported for terrain ruggedness, 3D surface complexity, and curvature when compared 

to natural reefs but did not show significance for slope, planform, or profile curvature. For the 

1m cell resolution, Belcher exhibited significant values for all metrics except curvature and 

profile curvature. In this regard, Belcher was the only artificial site that demonstrated only 

higher complexity values at every resolution when a metric yielded a significant statistic.  

For a 1cm cell size resolution, Neptune demonstrated that it had a significantly less 

average for slope and terrain ruggedness than natural reefs, with no significant statistics for 

other metrics. Thus, when evaluated at a 1cm scale, Neptune is either less or equivalently 

complex as natural reefs. Conversely, Neptune exhibited significance with averages higher than 

natural reefs on a 1m resolution for slope and terrain ruggedness, but also for 3D complexity, 

curvature, and planform curvature. Neptune also had significant normal curvature and 

planform curvature on a 10cm scale. 

Belzona was the artificial site with the fewest significant values, with its significance 

being limited to terrain ruggedness at 1cm and 3D complexity at 10cm where it exhibited higher 

values than natural reefs, but significantly lower complexity than natural reefs at 10cm for 

slope and 1m for 3D complexity.  

Evaluating the habitats at different spatial resolutions serves to inform managers of best 

approaches in terms of referring to which spatial scales will most effectively support habitat 

rehabilitation and wave attenuation. To that end, it is important to address how larger spatial 

scales may neglect the nuances of fine-resolution complexity, specifically when it comes to 

coral reefs. For instance, much of a coral reef’s complexity is attributed to subtle branching and 

lobular growth patterns that are largely absent on a manmade reef (Tunnicliffe, 1982). Thus, 

complexity values for natural reef metrics can be drastically reduced for measurements like 

terrain ruggedness, possibly promoting misrepresentation (Figures 8-10). Complexity values 
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were reduced for both artificial and natural reefs for most averages with some comparative 

values being inflated like Neptune’s relative values of slope and terrain ruggedness that were 

significantly less than natural reefs on a 1cm scale but more at the 1m scale (Figures 5-10). This 

variability will be important for future studies to consider which spatial scale is appropriate for 

analyzing complexity as a proxy for effective breakwater performance.  

Although Belcher Barge evidenced significant complexity metrics on several fronts, its 

utility for coral recruitment was still negligible with a total coverage just above 2% (Table 1). 

This result indicates that, despite the added complexity of an artificial structure, coral recruits 

may exhibit habitat preference when comparing natural and artificial sites. In determining what 

factors deter recruitment, characteristics like structure material, location, and age are possible 

sources of settlement prevention, which were unique for each artificial structure. Previous 

studies suggest that coral recruits may prefer to settle in locations where live coral has 

previously colonized in response to chemical cues that cannot be produced from an artificial 

site (Tebben, 2015). The success of an artificial reef may also depend heavily on its proximity to 

natural reefs that can perhaps increase the likelihood of coral recruitment, which is a 

hypothesis that should be further explored.   

In investigating the ecological and physical explanations behind why this clutch of 

artificial reefs were unsuccessful at restoring coral reef habitat as per their purpose in a reef 

mitigation strategy framework, it would be informative to include more successful artificial 

reefs to draw firmer correlations as to why recruits will settle on some artificial reefs and not 

others. Future studies should also include more artificial sites because synthetic sites are much 

more variable than natural reef sites in terms of material composition and structure. Of course, 

we would expect that a natural coral reef would experience higher coral cover than an artificial 

reef, as a natural reef’s longevity largely outcompetes the age of the artificial sites. Although, 

provided with the right conditions, coral polyps can grow centimeters in a matter of months, 

suggesting that corals are either growing more slowly or not recruiting at all on the artificial 

structures (Baker and Weber, 1975). In either case, the inhibitive nature of manmade reefs on 

coral growth leaves much room for investigation.  
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A regression analysis did not prove significant for any metrics’ reliability in predicting 

coral cover (Figures 21-23). In addition to a relatively low sample size, the drastic difference in 

coral cover between artificial and natural sites may have skewed the relationship of complexity 

characteristics that have been traditionally associated with high biodiversity (Kostylev, 2005). It 

would be interesting to include a larger dataset of artificial and natural sites in future studies 

and compare habitat type’s coral cover individually against each metric, which will be more 

reliable with a more robust sample size of each.  

 Complexity between artificial and natural reefs was equivalent when analyzed as entire 

groups, with neither habitat type exhibiting superior complexity. However, stand-alone artificial 

reefs, despite evidencing greater individual complexity, may still not be effective at wave 

attenuation for large swaths of shoreline. Wave attenuation is best performed where the 

length of the wave is met with a breakwater of equal length (Lowe, 2005). Therefore, in order 

for artificial breakwaters to be more effective, they must form networks of structure instead of 

isolated individual sites, which is a primary advantage of natural reefs. Additionally, the highest 

coral coverage for all sites was found on a natural reef at just below 30%, yet its average 

metrics were still comparable against artificial sites. Considering that coral reefs can form 

complex networks with coverages of over 100%, which is magnitudes greater than the reefs 

sampled in the study, their performance was likely not representative of a coral reef’s 

complexity capacity (Reed, 1980). The interpretation of the complexity results between both 

habitat types remains undecided, as a representative sample of natural reefs is required to 

perform an analysis that’s characteristic of a reef’s full potential.  

  The implementation of SfM into coral surveys has major implications for the future of 

reef management. The creation of cooperative partnerships around these methods and their 

proactive implementation could vastly improve our understanding of the state of reef resources 

and identify which reefs are most at risk. Corals are a major line of defense against shoreline 

erosion, and their ecosystem services will be difficult to mimic if reefs decline to a rate of no 

return. By adopting modern technologies like SfM to conduct benthic surveys, conservation 

approaches can be more informed as to the state of their resources and assume the necessary 

responsibilities. If provided with the proper platform, reef surveys can be impactful not just in 
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the scientific sphere, but also for local communities that were unaware of their dependence on 

this ecosystem and its degraded state. Photogrammetry has the potential to mend this divide 

by creating a powerful medium for stakeholders to witness the state of their reefs and develop 

an understanding as to their importance in everyday life.  

 In conclusion, it is still uncertain if artificial reefs can fulfill the rolls as both efficient 

wave attenuators and sites of coral rehabilitation. If we do not know for certain that an artificial 

reef can perform the services equivalent to a coral reef, it is important to convey the 

consequences to local and state governments if they prolong the destruction of natural 

assemblages with the notion that artificial reefs serve as equivalent offsets. Going forward, 

governments, scientists, and stakeholders must act quickly to prioritize the most effective 

approaches that will guarantee longevity and sustainability of their shorelines as well as 

promote best strategies to restore coral reefs and secure the extensive marine resources that 

depend on them.  
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