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ABSTRACT 
 
 
Landscape ecology links pattern to process, and the importance of pattern-producing 

organisms to ecosystem health and functioning is well established in terrestrial systems. 

Near-shore tropical marine reefscapes also feature many diverse and easily-observable 

patterns at the intersection of distinct benthic cover types, including a series of bare sand 

“halos” around individual coral patches that separate the corals from the darker seagrass 

or algal beds around them. Halos and similar patterns present an opportunity to examine 

the interactions of reef-dwelling organisms at multiple spatial scales, from benthic 

primary producers to macrograzers and the predators that prey on them. Explanations for 

the phenomenon can be physical, biological, or some combination of both, and the 

underlying drivers may be impacted by threats like overfishing and global climate change 

or by local protections. Here, we examine the evidence for several hypotheses regarding 

halo formation and maintenance and propose an integrated model combining fish 

distributions, herbivory, and nutrients. We use grazing manipulations to demonstrate the 

role of reef-centered herbivory in maintaining the halo pattern at Lighthouse Reef Atoll 

in Belize, and we present a novel underwater camera trap design and demonstrate its 

potential for long-term monitoring of species behavior, abundance, and distribution.  
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INTRODUCTION 
 
 

From the air, Lighthouse Reef Atoll, Belize is a mosaic of blues and greens, a lagoon 

covered in distinct, repeating patterns of seagrass, sand, and coral that make up the spatial 

ecology of the patch reef system. Herbivory, competition, predator-prey interactions and 

nutrient gradients all play a role in the distribution of these different habitat types and the 

species that inhabit them, creating a pattern that can be seen from outer space. Some of 

these patterns, like the scattered patch reefs in the Lighthouse Reef lagoon, are 

reminiscent of terrestrial phenomena, resembling the overdispersed pattern of African 

termite mounds (Pringle et al. 2010), and more mysterious patterns like the Namibian 

“fairy circles” (Tschinkel et al. 2012). In both of those cases, pattern has been linked to 

process. The spatial pattern of overdispersion in termite mounds has been shown to 

benefit abundance, biomass, and reproductive output of consumers. The mounds serve as 

hotspots of primary, secondary, and tertiary productivity, highlighting the importance of 

pattern-producing species and processes to the overall ecosystem (Pringle et al. 2010). 

Marine systems exhibit patterns driven by similar underlying forces, including the 

interaction of benthic organisms, but our understanding of these processes is still limited 

in ocean environments and merits further study.  

 

Burkepile (2013) and Gruner and Mooney (2013) demonstrate many analogous processes 

between terrestrial grazing systems, seagrass beds, and even coral reefs themselves, 

allowing us to draw on explanations from savanna and other land-based ecosystems, like 

the temperate grazing lawns of the Greater Yellowstone ecosystem, to better understand 

the processes behind underwater patterns. Grazing by fish, turtles, urchins and other 



xii 
 
 
species can increase primary production of seagrasses and algae by removing shading and 

epibionts and stimulating new growth, while also altering the species composition of 

primary producers, as with control of slower-growing macroalgae populations on coral 

reefs (Burkepile 2013).  

 

One of the most striking and distinct patterns produced by species interactions like these 

is a series of pale “halos” around individual coral patches that separate the corals from 

the darker seagrass beds around them. Sometimes called “grazing halos”, they are 

generally described in marine ecology literature as heavily-grazed or cleared sandy areas 

immediately surrounding small coral heads in a patch reef. The halo visually divides the 

coral head from the surrounding dense seagrass or algae and provides an open area with 

little cover compared to the shelter provided by the reef and the seagrass beds. Randall 

first described these halo patterns in his 1965 paper “Grazing Effect on Sea Grasses by 

Herbivorous Reef Fishes in the West Indies”, and they have been documented since in 

patch reefs around the world. Recently, aerial and satellite imagery has provided photos 

of similar patterns in the Red Sea (Madin et al. 2016), off the coast of Australia (Madin et 

al. 2011), and in patch reefs off the coast of Belize, including Lighthouse Reef Atoll. 

High resolution aerial imagery of Lighthouse Reef shows halos around many patch reefs, 

especially prominent in the middle of the lagoon.  

 

Complex interactions between different species and their environments create similar 

halo patterns at reef locations around the globe, even when the species themselves are 

very different. In healthy Caribbean reef communities, herbivorous fish like parrotfish 
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and surgeonfish are the primary grazers of shallow algae and seagrass beds. In locations 

subject to extreme overfishing, urchins may be the primary grazers instead and the 

community structure can look very different (Hay 1984), with different species in the 

food web and different external pressures on the ecosystem. Yet the same spatial patterns 

appear in both places, possibly a sign of functional redundancy in the ecosystem, or of an 

underlying process we do not yet understand.  

 

Explanations for the halo phenomenon vary, and many hypotheses remain largely 

untested. However, abiotic effects like wave action and shading have been largely 

discounted in favor of species interaction-based hypotheses. The role of benthic 

organisms in structuring coral reef ecosystems and forming the base of the food web is 

already well understood (Haas et al. 2016), while the halos and other spatial patterns like 

them present an opportunity to examine the interactions of reef-dwelling organisms at 

multiple spatial scales, from benthic primary producers to macrograzers and the predators 

that prey on them.  

 

The common consensus on halos is that they are produced through a landscape of fear 

effect, where reef-dwelling herbivores are unwilling to graze past a threshold distance 

from the reef for fear of predators (e.g. Madin et al. 2011, Atwood et al. 2018). This 

creates a halo pattern of heavily-grazed vegetation immediately surrounding the reef, 

with a clear demarcation past which the seagrass becomes thicker due to lower grazing. 

This thesis will discuss the evidence for and against common hypotheses for halo 

formation and maintenance, outline a series of experiments investigating the role of 
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herbivory in this system, and present a new method for a long-term underwater camera 

used to monitor species abundance and behavior. Thesis chapters are formatted as 

independent papers. Chapter 1 presents a review of the halo phenomenon in the context 

of hypothesized causes; Chapter 2 presents experimental investigations of grazing 

pressure and grazer identity at Lighthouse Reef Atoll, Belize; and Chapter 3 presents the 

results of a large-scale, long-term underwater camera trapping experiment to focus 

specifically on the distribution, abundance, and behavior of herbivorous fish.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Note: All citations in this introduction refer to works included in the Chapter 2 
References. 
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CHAPTER 1:  

A GLOBAL PATTERN REPRESENTS THE COMPLEX INTERACTIONS DRIVING SMALL-SCALE 

BENTHIC CHANGES  

 

OVERVIEW 

In the natural world, seemingly simplistic patterns can often be the result of complex 

underlying mechanisms, including species interactions and the intersection of biotic and 

abiotic processes (e.g. Cramer and Barger 2013, Juergens 2013). Nowhere is this more 

obvious than in shallow marine reefscapes, where the interplay between local grazers, 

primary producers, and nutrient flows helps to shape repeating patterns across the 

benthos. While the role of grazing fish and urchins in coral reef ecosystems has been the 

subject of much investigation, most research to date has focused on the effect these 

herbivores have in controlling algal cover on reefs, especially with reference to reef 

health and alternate algal- and coral-dominated stable states (e.g. Burkepile and Hay 

2006, Mumby et al. 2006, Schmitt et al. 2019). Parallels between marine and terrestrial 

grazing systems with reference to the broader marine landscape (or seascape) often focus 

on the role of marine megaherbivores like sea turtles and sirenians (Bakker et al. 2015, 

Christianen et al. 2018), yet herbivorous fish and urchins can also play a significant part 

in structuring and maintaining large-scale patterns around reefs and in adjacent seagrass 

and algae-dominated areas (e.g. Randall 1965, Ogden et al. 1973, Atwood et al. 2018). 

The role of sand-processors also remains unstudied in this context, despite their high 

abundance, prevalence, and large effects on primary productivity (Suchanek 1983, 

Uthicke 1999). The interactions of predators, herbivores, primary producers, and sand-

processing organisms can all play a role in structuring marine ecosystems. Using a well-
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documented and widespread example from the marine ecology literature – patch reefs 

and the bare sand halos that surround them – we critically examine the existing 

hypotheses for this pattern’s formation and discuss future avenues of research to 

demonstrate the complex interplay of factors behind a seemingly straightforward spatial 

pattern and the value in understanding these underlying processes.    

 

THE ECOLOGICAL ROLE OF PATTERN AND PROCESS 

Landscape ecology links observable patterns and underlying processes, a key step in 

elucidating the role of biotic and abiotic factors and interactions in complex ecosystems 

(Turner 1989). Near-shore tropical marine environments feature many diverse and easily-

observable patterns at the intersection of distinct benthic cover types. Some of these, like 

the scattered patch reefs found in lagoonal environments around the world, are 

reminiscent of terrestrial phenomena, resembling the overdispersed pattern of African 

termite mounds (Pringle et al. 2010), and the more mysterious Namibian “fairy circles” 

(Tschinkel 2012). In both of these cases, pattern has been linked to process. The spatial 

overdispersion in termite mounds increases the abundance, biomass, and reproductive 

output of consumers, and the mounds are productivity hotspots, highlighting the 

importance of pattern-producing species and processes to overall ecosystem health and 

functioning (e.g. Pringle et al. 2010). Marine systems exhibit patterns driven by similar 

underlying forces, including the interactions of grazing herbivores, benthic primary 

producers, and nutrient flows (e.g. Burkepile and Hay 2006), but our understanding of 

these processes is still limited in ocean environments.  
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Burkepile (2013) and Gruner and Mooney (2013) demonstrated many analogous 

processes between terrestrial grazing systems, seagrass beds, and even coral reefs 

themselves, allowing the results from savanna and other land-based ecosystems to help 

better understand the processes behind underwater patterns. Grazing by fish, turtles, 

urchins and other species can increase primary production of seagrasses and algae by 

removing shading and epibionts and stimulating new growth (Fourqurean et al. 2010), 

while also altering the species composition of primary producers, as with control of  algal 

populations on coral reefs (Sammarco 1983, Burkepile 2013). While water is a limiting 

factor in many terrestrial systems, light limits the growth and regeneration of primary 

producers in analogous underwater systems. Turbulence and upwelling may have similar 

limiting effects (Burkepile 2013), and local consumers can play an important role in the 

storage, cycling, and fixation of nutrients on reefs (Wilkinson and Sammarco 1983, 

Allgeier et al. 2017). Burkepile and Hay (2008) also showed that herbivore diversity 

increases the power of grazing effects to control algae growth on coral reefs, highlighting 

the importance of diverse species assemblages in maintaining a healthy grazing system.  

 

CORAL-SEAGRASS ECOSYSTEMS 

In shallow lagoons, such as atolls on the Belize Mesoamerican Barrier Reef, small coral 

patch reefs are interspersed with areas of sand and extensive seagrass beds. Similar 

distributions of seagrass meadows and coral patches or individual coral heads can also be 

found in the backreef zone of nearshore fringing reefs worldwide. The functional value of 

seagrass beds and reefs of various structural types for the health of the larger ecosystem 

has already been well-established, as has the interplay between these adjacent benthic 



4 
 
 
cover types (reviewed by Harborne et al. 2006). Many species of fish and other animals 

move between seagrass and coral environments for shelter and foraging, occupying one 

or both habitats at different lifestages (e.g. Harborne et al. 2006, Unsworth et al. 2008). 

The borders of adjacent seagrass, bare sand, and reef structures represent the intersection 

of distinct habitat types, home to a wide variety of organisms, both mobile and sessile. 

The benthic mosaic can vary widely by location: Atoll patch reefs in Belize are largely 

surrounded by dense seagrass meadows, while similar patches on the Bahama Banks sit 

on sand flats dominated by sparse macroalgae, with increased seagrass growth in the 

nutrient-rich areas adjacent to the reef (Alevizon 2002).  

 

HALOS AS A REPRESENTATIVE BENTHIC PATTERN 

One of the best-documented benthic patterns seen in coral reef and seagrass ecosystems 

is a series of bare sand “halos” around individual coral patches that separate the corals 

from the darker seagrass or algal beds around them and circle potentially hundreds of 

thousands of coral patches in reefscapes all over the world. Sometimes called “grazing 

halos”, they are generally described in marine ecology literature as heavily-grazed or 

cleared sandy areas immediately surrounding small coral heads in a patch reef ecosystem. 

Casual inspection of coral reefscapes using high resolution satellite imagery, such as that 

available on Google Earth, also reveals halo-like buffers of sand along the edges of larger 

contiguous reef patches and on the lagoon-side of reef walls in multiple locations (e.g. 

Belize, the U.S. Virgin Islands). The halo provides an open area with little cover 

compared to the shelter provided by the reef and the seagrass beds. Randall first 

described these halo patterns in 1965, and they have been documented since in patch 



5 
 
 
reefs around the world. Recently, aerial and satellite imagery has provided photos of 

similar patterns in the Red Sea (Madin et al. 2016), off the coast of Australia (Madin et 

al. 2011), and in patch reefs off the coast of Belize, including Lighthouse Reef Atoll (this 

study).  

 

Even in a single geographic location, halos can show wide variation, appearing in a 

variety of bottom cover types and to varying extents. Halos measured at Lighthouse Reef 

in 2018 were found in both algae- and seagrass-dominated areas, some with vegetation 

inside the halo and some with nearly bare sand, and ranged from 5-15 m+ in width (this 

study). All appeared similar in pattern when viewed from the surface of the water or in 

high resolution aerial and satellite imagery, suggesting that halos around the world may 

also vary widely when examined in detail but are representative of the same broad 

recurring pattern. The extent and descriptions of halos in the literature over time shows 

similar variation. Reefs at Heron Island, Australia feature 6-9 m halos in an algae-

dominated environment (Madin et al. 2011), while halos in the U.S. Virgin Islands, 

apparently the result of grazing by Diadema antillarum urchins, range from 2-10 m in 

width and feature a transition zone of cropped plants near the outer edge (Ogden et al. 

1973). Halos described by Alevizon (2002) in The Bahamas are only 1-2 m of bare sand, 

with an additional 4-5 m of algal-dominated growth before the vegetation transitions 

more fully to seagrass, while halos at Ningaloo Reef in Australia were reported as 

extending >90 m from the patch (Downie et al. 2013).  
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Halos as Indicators 

Halos and other spatial patterns like them present an opportunity to examine the 

interactions of reef-dwelling organisms at multiple spatial scales, from benthic primary 

producers to macrograzers and the predators that prey on them. Such patterns may serve 

as important diagnostic tools when monitoring and evaluating ecosystems for 

conservation and management purposes. The potential of halos to indicate changes in 

fishing pressure (Madin et al. 2010) and carbon sequestration (Atwood et al. 2018) makes 

them a particularly salient example. Overfishing of top predators and/or large herbivores 

can alter mesopredator and herbivore communities and reduce herbivory to allow for 

rapid colonization of macroalgae (Mumby et al. 2006) that, in turn, can cause difficult-to-

reverse phase shifts in previously coral-dominated systems and change the benthic 

composition (Schmitt et al. 2019). Relaxation of predation risk due to overfishing of top 

predators may also alter risk-driven foraging behaviors that help to structure the benthos 

(Valentine et al. 2007, Madin et al. 2010).  

 

Due to the complex nature of the ecosystems in which halos occur, it is likely that they 

may originate and persist through a combination of abiotic and biotic interactions. 

Potential explanations for the halo phenomenon include both physical and biological 

mechanisms and fall generally into four categories, which we will address both 

individually and holistically: (1) Abiotic effects, including wave action, shading, and 

sediment variation; (2) Bioturbation and sediment processing by sand-dwelling 

organisms; (3) Grazing by herbivorous fish or other animals and the influence of 
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predation risk; (4) Increased nutrients immediately adjacent to the reef increasing 

seagrass palatability or decreasing seagrass growth. 

 

CURRENT EXPLANATIONS FOR HALO FORMATION 

1. ABIOTIC FACTORS 

Many large-scale patterns across reefscapes are the result of physical processes, including 

spur-and-groove formations (wave action), sand lobes (sedimentation), and the depth 

limits of vegetation, as well as many corals (light attenuation). Although Randall (1965) 

initially considered halos a likely result of local currents or small-scale hydrodynamics, 

he abandoned this explanation after observing that the halo pattern occurs at sites with a 

variety of depths and differing amounts of wave action. More recent studies have largely 

discounted abiotic effects like water movement, shading, and variation in sediment size in 

favor of species interaction-based hypotheses (e.g. Madin et al. 2011). Both shading and 

variation in hydrodynamics would be expected to produce oblong or asymmetrical halos, 

consistently following the pattern of the sun or flow of the water, which was not observed 

in past studies (Randall 1965, Madin et al. 2011). The latter is especially unlikely in 

shallow lagoon environments with minimal current and reduced waves. However, it is 

possible that the consistent movement of large schools of fish around a coral head could 

create biologically-driven hydrodynamics that would have more symmetrical results than 

abiotic currents or waves.  

 

Both Madin et al. (2011) and Randall (1965) also address the hypothesis that variations in 

sand grain size or coarseness might affect the formation of these halos by noting that 
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there is no observable difference between sand grains close to the reef and at the edge of 

the halo. Although observations at Lighthouse Reef, Belize have revealed some variation 

in texture between halo sediment and surrounding seagrass sediment, this is highly 

variable and statistically insignificant (χ2 
(2, N=24)

 = 1.46, p = 0.23) and likely has more to 

do with the presence of seagrass inducing the accumulation of finer sediments and 

organic matter than the inverse, a conclusion which is also supported by Atwood et al. 

(2018).  

 

2. BIOTURBATION AND SEDIMENT PROCESSING 

Alevizon (2002) suggests that halos in The Bahamas may be generated by the physical 

movement of reef animals (e.g. schooling fish, spiny lobster, burrowing organisms) 

repeatedly disturbing the sediment by the reef. Even halos that were not originally 

generated by sand-dwelling organisms could still be maintained by their presence, as the 

sandy span between the reef and seagrass serves as habitat for a variety of burrowing 

animals, including lugworms (Arenicola marina), gobies (Gobiidae), and shrimp. High 

densities of sand-processing organisms like ghost shrimp (Callianassa spp.) have 

previously been shown to have dramatic negative effects on seagrass growth (Suchanek 

1983). In a pilot study of 24 patch reefs at Lighthouse Reef, the number of sand-

processing lugworm or shrimp mounds was significantly higher in the halo areas adjacent 

to patches than in the surrounding seagrass (ANOVA, F(1, 23) = 4.49, p = 0.045), with 

significant site-to-site variability (ANOVA, F(1, 23) = 4.78, p < 0.001). Bioturbation is 

ubiquitous in seagrass and sand reefscapes, with a high diversity and high biomass of 

both active (e.g. rays, certain fish) and more sedentary organisms (e.g. lugworms, shrimp, 
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sea cucumbers) disturbing the benthos. Given their potentially large effects on 

productivity (Suchanek 1983), and their effects on modifying substrate (Uthicke 1999) 

that could in turn affect algal colonization and seagrass succession (see Chapter 2), these 

sand-processors merit further study.  

 

3. GRAZING 

The common consensus on halos in the literature today is that they are produced 

primarily through grazing, which is in turn governed by grazers’ responses to the risk of 

predation (e.g. Randall 1965, Hay 1984, Madin et al. 2011, Atwood et al. 2018). In this 

landscape of fear (more recently referred to as a "seascape of fear", see Atwood et al. 

2018), reef-dwelling herbivores use the patch reefs for protection and are unwilling to 

graze past a threshold distance from the reef for fear of predators. This creates a halo-like 

pattern of heavily-grazed vegetation immediately surrounding the reef, with a clear 

demarcation past which reduced grazing permits denser algae or seagrass to persist. 

Randall (1965) ascribed the formation of the halos he first observed to herbivorous fish, 

which he described as “tied to the reefs for shelter.” Armitage and Fourqurean (2006) 

offer evidence that fish are incentivized to venture beyond the halo area only when more 

appealing food options make such a trade-off advantageous. Einbinder et al. (2006) also 

observed a similar pattern of more intense grazing immediately adjacent to artificial 

reefs, with a halo of 10-20 m, indicating that it is not the presence of the coral itself that 

creates a coral reef halo. In heavily-fished ecosystems, a similar pattern can be 

maintained primarily by grazing sea urchins, such that their removal causes the halo 

pattern to disappear (Ogden et al. 1973). Halos appear worldwide in a variety of different 
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regions with different primary producers, grazers, and predators, demonstrating that this 

pattern is not tied to a specific organism or even a common suite of species (e.g. Randall 

1965, Ogden et al. 1973, Madin et al. 2011), and halos in The Bahamas are found around 

patch reefs with few or no herbivores at all (Alevizon 2002), suggesting that whatever 

role herbivory may play in the formation or maintenance of this pattern, it is not the only 

cause.  

 

Comparison with terrestrial grazing systems reveals that in order for halos to support a 

diverse community of grazers, some degree of resource partitioning must be occurring, 

especially if those grazers are also central place foragers (Downie et al. 2013). However, 

the nature of this necessary balance between facilitation and competition in the context of 

halos is still unknown. The varying movement speeds of different herbivores within a 

reef-halo community should impact individual species’ abilities to compete for limited 

halo resources and necessitate some division of resources. Within the context of a single 

patch, herbivores with different movement speeds subject to predation risk would be 

expected to graze at different maximum distances from the reef (flight initiation distance, 

or FID) owing to their varying capacities to retreat quickly in the case of a predator 

(Atwood et al. 2018). Variation in FID between species would create a gradient edge to 

the halo, a feature found at some patch reefs (Bilodeau, personal observation) but 

generally unreported in the literature. Randall (1965) observed in an experimental test of 

grazing pressure that grass located close to the reef within a halo is consumed first, 

followed by seagrass closer to the edge. In a similar experiment, Hay (1984) also 

measured higher seagrass predation within the halo region and closer to the reef. Such a 
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grazing scheme should be disadvantageous to the slowest grazers unless some form of 

spatial or temporal resource partitioning prevents faster grazers from first eating the 

seagrass and algae closest to the reef before expanding their range. In terrestrial 

grasslands, larger herbivores can facilitate grazing by smaller foragers by removing 

obstructing vegetation or promoting nutritious regrowth of forage. Competition between 

these same groups when resources are lower is somewhat reduced in African savanna 

systems by the differing spatial distributions of small and large herbivores (Arsenault and 

Owen‐Smith 2002). In order for landscape of fear-based grazing to function as a 

sustainable system for a diverse set of herbivores across different patch reefs, some 

balance of facilitation and competition must be achieved through resource partitioning. 

Herbivore site fidelity likely plays an important role in the ability of marine grazers to 

partition resources spatially or temporally, but much is not yet known about the ranges 

and movements of herbivorous fish (Welsh and Bellwood 2014). This highlights the need 

for more long-term underwater observations of herbivore behaviors and movement 

patterns, while existing knowledge of fish movements and necessary resource 

partitioning suggests that perhaps the landscape of fear is less an all-encompassing force 

and instead one of several contributing factors in the formation of halos.  

 

The presence of reef-based herbivores on and around a patch could also create a halo 

without strict adherence to the landscape of fear. Cromsigt and Olff (2008) describe how 

terrestrial grazing lawns in southern African grazing systems form as a result of local 

disturbance. Large enough disturbances, like the middens and wallows created by 

megaherbivores, can attract the grazing pressure necessary to form a grazing lawn, a 
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patch of intensely-grazed, highly productive and nutritious plant growth. The process is 

aided by the increased nutrients from megaherbivore waste. It is easy to imagine a similar 

scenario with the landscape “disturbances” caused by coral patches, where the presence 

of a patch reef (or similar large underwater object) attracts fish and other grazers, which 

aggregate for foraging, shelter, and social reasons, leading to an increase in grazing 

pressure on seagrass immediately adjacent to the reef. Simple geometry dictates that if 

herbivores congregate on reefs, whether for shelter or other purposes, there will always 

be more grazers in the small radius next to the reef than at any given point farther from it. 

This pattern is supported by published observations of fish distributions around artificial 

reefs in The Bahamas (Layman et al. 2013).  

 

4. NUTRIENTS 

One dramatic effect of fish aggregation on reefs are nutrient hotspots that form as the 

result of fish excretion and egestion (Allgeier et al. 2017). Fish nutrients play an 

important role in structuring marine vegetation, and these gradients could produce 

symmetrical patterns like the halos. However, fish have been shown to increase nutrient 

availability adjacent to the structures around which they aggregate, which may increase 

primary productivity and growth of adjacent seagrass and benthic microalgae (Allgeier et 

al. 2013, Layman et al. 2013). In the absence of other factors, nutrient-driven benthic 

cover changes should therefore increase seagrass density and productivity near reefs, the 

inverse of the pattern observed with halos (Madin et al. 2011). Indeed, Alevizon (2002) 

documented the increased growth of macroalgae and seagrass in a large band surrounding 

one artificial reef structure and several natural patch reefs in The Bahamas, although the 
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center of each ring was still dominated by a bare sand halo immediately adjacent to the 

reef.  

 

The role of nutrients in structuring reef-adjacent vegetation must be considered in the 

context of not only the nutrients’ effect on productivity but also consumer interactions. 

Increased epibionts are one feature of the seagrasses within the zone of increased growth 

that Alevizon (2002) observed. While increased nutrients in terrestrial grazing lawns 

allow lawn grasses to invade and outcompete surrounding bunchgrass species (Cromsigt 

and Olff 2008), nutrients in the halo region around a patch reef might have an adverse 

effect on adjacent seagrass by increasing epibiont growth, which deprives seagrasses of 

light, or by directly increasing consumption by macrograzers due to increased nutrient 

content of leaves and the heightened epibiont presence. Epibionts are the preferred food 

of many grazers (Campbell et al. 2017), and heavier epibiont loads have been linked to 

increased seagrass consumption in Belize (Goss et al. 2018). Thus, increased nutrient 

loads could increase seagrass or algal cover or decrease it, depending on the local 

herbivores’ response to abundance and quality of grass, and the relative rates of 

productivity changes and herbivore offtake.  

 

Nutrients may play a role in structuring halos by encouraging more direct consumption of 

reef-adjacent seagrass by macrograzers (Campbell et al. 2017), especially those species 

for which seagrass is not a normally a significant portion of their diet. Many primarily 

algal-grazing herbivorous fish also consume varied percentages of seagrass in the 

Caribbean, based on Randall's stomach content analysis (Randall 1967), but, few 
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common Caribbean fish species sampled by Randall showed substantial seagrass 

consumption. It is therefore likely that at least some of the seagrass removed from halos 

in seagrass-dominated environments is ingested incidentally by fish grazing on associated 

algae or epibionts. However, herbivorous fish did consume turtle grass (Thalassia 

testudinum) when presented with it in a food preference test (Ogden 1976), even when 

the grass was cleaned of epibionts (Hay et al. 1983). Furthermore, reef fish observed by 

Randall (1967) to have relatively little seagrass in their stomachs were found to consume 

T. testudinum quite rapidly when presented with it inside of halos in Belize (see Chapter 

2). Reef-adjacent seagrass may therefore be more appealing as a food source than regular 

seagrass, even for primarily algae-consuming fish, due to its proximity to the shelter of 

the reef, and grazing assays should therefore consider proximity to structure. Naturally 

growing seagrass adjacent to the reef may also have increased nutrient value for fish. 

High nitrogen and phosphorous (N and P) output from fish assemblages has been linked 

to increased N and P content in seagrass (Allgeier et al. 2013), and in tropical seagrass 

ecosystems, high seagrass nutrient levels can increase herbivory (Campbell et al. 2017). 

Thus, nutrient-rich seagrass growing within the halo region might experience greater 

herbivory, relative to seagrass or algae farther from the reef, both due to its increased 

nutrient content and its proximity to shelter.  

 

AN INTEGRATED MODEL OF HALO FORMATION AND MAINTENANCE 

The evidence presented above shows that individual explanations for halos to date have 

been overly simplistic. Halos are deceptively straightforward patterns with complex 

underlying causes, and not all halo-like patterns may be created or maintained by the 
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same mechanism. Indeed, even the creation and maintenance of halos may be distinct 

processes with distinct causes. Increased grazing has been clearly documented in halo 

systems on some reefscapes, but others appear to have no herbivore community at all 

(Alevizon 2002). Increased reef-adjacent nutrients from local fish populations have been 

shown to increase both seagrass growth and, potentially, seagrass palatability. Sand-

dwelling and sediment-processing organisms may also play an important role in reducing 

vegetation growth or regrowth in halos, particularly given their striking abundance and 

ubiquity, although their role in creating new halos or maintaining existing ones has yet to 

be elucidated. An integrated model (Figure 1) incorporating grazing pressure, fish 

movement and behavior, primary production, and nutrient distributions offers the best 

explanation for the halo phenomenon. This model also explains certain features found 

only in a subset of halos that are not fully explained by grazing alone. Heightened 

nutrients and grazing pressure with proximity to the reef, both driven by a gradient of 

increasing fish density, combine to create concentric zones where either primary 

productivity or grazing pressure wins out. These gradients not only interact to create the 

cleared halo region, but may also result in heavily-grazed yet persistent vegetation 

immediately adjacent to the reef and/or a dense outer ring of vegetation between the halo 

and surrounding benthic cover, which is not necessarily of the same density or vegetative 

composition (Figure 1). When nutrients are high enough, relative to grazing, to promote 

seagrass or algal growth, the vegetation can persist even if it is subject to strong grazing 

pressure. When grazing pressure becomes stronger, relative to nutrients, a halo forms, but 

vegetation eventually reasserts itself as grazing pressure drops off with distance from the 

reef. In areas with dense surrounding vegetation, the outer ring may not be visible. Both 
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of the patterns hypothetically formed by this gradient interaction were seen at Lighthouse 

Reef Atoll (see Chapter 2), the outer vegetative band was also documented in The 

Bahamas (Alevizon 2002), and both are visible in satellite imagery from multiple other 

locations worldwide.  

 

IMPLICATIONS AND FUTURE DIRECTIONS 

Despite strong evidence for heightened herbivory within halos around the world, 

exceptions like the herbivore-free halos in The Bahamas suggest that grazing under a 

landscape of fear is not the singular or even necessary cause of this pattern. Investigations 

thus far into the halo phenomenon have paid relatively little attention to the potential 

roles of sediment-disturbing organisms and heightened nutrient levels in the formation 

and maintenance of halos. Given the obvious interactions between nutrients, plant 

growth, and grazing pressure, as well as the documented ability of fish-driven nutrients to 

alter benthic cover (Allgeier et al. 2013, Layman et al. 2013), nutrient differences within 

the halo area are a particularly promising avenue for future inquiry, especially in the 

context of the model outlined above. The roles of the patch reef, halo, and surrounding 

vegetation as adjacent but distinct habitats have also been underappreciated, and the 

persistence of these benthic distributions through time bears further investigation. 

Temporal stability of the halo pattern and its responsiveness to changes in community 

structure or overall ecosystem health are important for its potential as a monitoring tool. 

Greater appreciation for the interaction between multiple biotic and abiotic processes at 

the intersection of coral and seagrass ecosystems will likely lead to a deeper and more 

complete understanding of the formation and persistence of similar benthic landscape 
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patterns around the world, allowing us to better employ them as diagnostic tools in 

conservation ecology.  
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CHAPTER 1 FIGURES AND TABLES 

 

  
 
Figure 1 (A above, B below). Hypothesized interaction between gradients of decreasing 
nutrients and grazing with distance from the reef. The uneven decline of these gradients 
creates bands of vegetation, cleared sand, and further vegetative growth. Beyond the outer 
ring of vegetation, bottom cover may be sand, seagrass, algae, or some combination of the 
three, and the visibility of this outer ring at any given site depends on its visual contrast 
with the surrounding vegetation. Enhanced sediment processing by sand-dwelling 
organisms within the halo may also serve as a reinforcing process to discourage vegetative 
regrowth.  

 

A 
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CHAPTER 2: 

THE ROLE OF GRAZING AND FISH COMMUNITIES IN TROPICAL REEFSCAPE BENTHIC 

PATTERNING 

 

INTRODUCTION 

Spatial patterning in terrestrial and marine systems can be both abiotic and biotic in 

origin, and the processes underlying visible patterns at both landscape and local scales 

can be important for maintaining ecosystem productivity and diversity and creating 

habitat for specific organisms (Taylor et al. 1986, Pringle et al. 2010, Cramer and Barger 

2013). Tropical reef-seagrass systems offer an opportunity to study pattern generation in 

a marine context, with clear and apparently analogous visual patterns appearing at the 

intersection of different benthic cover types in reefscapes around the world. Changes in 

seagrass and algal cover, whether driven by top-down (e.g. herbivory) or bottom-up (e.g. 

productivity and nutrients) effects, provide most of the visible spatial and temporal 

variation in these systems, due to the long-lived nature of reef-forming coral colonies and 

the persistence of reef structures even after the death of live coral.  

 

In the Caribbean, seagrass is an important part of the benthic cover mosaic, and seagrass 

beds serve a valuable role in maintaining the health of the reefscape. Seagrass meadows 

are important carbon sinks (Fourqurean et al. 2012) and provide a habitat and food source 

for many organisms. In close proximity to coral reefs, seagrass beds also protect the reef 

from sedimentation (Ogden 1997) and nutrient overload, while still supplying essential 

nutrients and detritus to the reef community (Ogden 1997, Harborne et al. 2006). 
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Seagrass also serves as an important foraging ground (Vaslet et al. 2012) and nursery 

habitat for many reef fish (Mumby et al. 2004).  

 

Seagrass disturbances (Short and Wyllie-Echeverria 1995, Peterson et al. 2002) and even 

declines (Fourqurean et al. 2010) can be driven by marine herbivores. Reef- and seagrass-

dwelling animals play a significant role in structuring benthic communities, whether 

through grazing of seagrass and algae or through nutrient augmentation via excretion and 

egestion (Allgeier et al. 2017). The role of herbivores in structuring marine vegetation 

has been well-documented for many different types and size classes of grazers, from 

urchins (Ogden 1973) and herbivorous fish (Randal 1965, Hay 1984) to sea turtles 

(Fourqurean et al. 2010, Christianen et al. 2019) and sirenians (Bakker et al. 2016). As in 

terrestrial systems, marine herbivory can impact vegetative succession (Mariani and 

Alcoverro 1999) and the spread of invasive plant species (Christianen et al. 2019) and 

can have long-lasting effects on the spatial distributions of marine vegetation.  

 

One well-documented example of a stable, long-lasting pattern are the cleared, sandy 

borders surrounding many tropical patch reefs that separate the reefs from surrounding 

vegetation, whether seagrass or algae. Known as “halos” or “grazing halos”, these 

patterns have been variously attributed to grazing fish (Randall 1965, Hay 1984, Madin et 

al. 2010, Atwood et al. 2018), grazing urchins (Ogden et al. 1973, Hay et al. 1984), and 

bioturbation (Alevizon 2002). They are a worldwide phenomenon (Madin et al. 2011) 

and appear at reef locations with different communities of grazers and varied vegetative 
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cover, suggesting that their underlying driving processes are broadly present and 

important to a variety of diverse ecosystems.  

 

Recently, the halo pattern has been hypothesized to arise from reef-dwelling herbivores 

concentrating grazing pressure in areas adjacent to the shelter of the reef due to fear of 

predation at greater distances from the reef structure (Madin et al. 2011), an effect 

broadly known as the “landscape of fear” (Laundré et al. 2001). Madin et al. (2016) 

suggest that these halos could be important visual indicators of ecosystem threats like 

overfishing, the effects of which can propagate throughout trophic cascades, altering the 

predation risk to local herbivores or the abundance of the herbivores themselves. The 

relationships between marine herbivores, the health of reefscape ecosystems, and threats 

like overfishing have been heavily investigated, with many suggesting that large, 

macroalgae-grazing fish like parrotfish (Scaridae) may be integral to preventing algal 

overgrowth on stressed or degraded reefs (e.g. Bellwood et al. 2004, Mumby et al. 2005). 

Due to the cascading ecosystem effects from removal of large size classes of fish, 

protecting large predators and herbivorous fish is a key goal of many no-take marine 

protected areas (MPAs). Despite recent doubts regarding the effectiveness of parrotfish in 

promoting reef recovery in the face of global threats like ocean warming (Bruno et al. 

2019), evidence still supports properly designed and implemented MPAs as an effective 

means of protecting adult fish populations, especially large herbivorous and predatory 

fish and fisheries-targeted species (Kramer and Heck 2007, Edgar et al. 2014, Russ et al. 

2015).  
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Here, we seek to test the role of marine herbivores in maintaining visible halo patterns 

across reef patches with multiple depths and surrounding vegetation types at Lighthouse 

Reef Atoll, Belize. We investigate grazing within the halos both within and outside of a 

local MPA to determine what role the overfishing of marine herbivores, both past and 

present, may play in the current maintenance of the halo pattern and the health of local 

reef fish communities at Lighthouse Reef. We also describe multiple recurrent variations 

of the “standard” halo pattern, as it is typically described in the literature, and discuss the 

potential role of fish-driven nutrient gradients in creating these alternate patterns, which 

grazing alone cannot explain. Specifically, we asked: (1) Is local grazing pressure 

heightened within halos at LHR? (2) What is the composition of the grazer community, 

and does it differ with distance from patch reef, benthic cover type, or protected area 

status? And, (3) will halo vegetation regrow in the absence of grazers? We tested these 

effects using a combination of manipulative grazing assays, herbivore exclusion cages, 

and underwater observations from both divers and long-term cameras on a combined 58 

patch reef sites at LHR, distributed both inside and outside of the Half Moon Caye MPA.  

 

METHODS 

Study Location 

Lighthouse Reef Atoll (LHR) is one of three atolls in Belize and the easternmost part of 

the Belize Barrier Reef. The atoll is approximately 42 km long and 10.5 km across at its 

widest point and contains a shallow (1m-8m depth) lagoon with a heterogenous mix of 

sand bottom, seagrass and algal beds, and >10,000 scattered patch reefs (Stoddart 1962, 

this study). Near the center of the atoll is the Great Blue Hole, an underwater sinkhole 
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popular with divers and one of the atoll’s two Natural Monuments, co-managed by the 

Belize Audubon Society (BAS). The second Natural Monument is Half Moon Caye, a 

small island in the southeast bend of LHR, surrounded by a no-take marine protected area 

(MPA).  

 

Fishing pressure in the atoll is higher outside of the Half Moon Caye MPA, affecting both 

fish and invertebrate populations. Queen conch (Lobatus gigas), Caribbean spiny lobster 

(Panulirus argus), and several varieties of sea cucumber (Holothuroidea) are currently 

some of the most over-harvested species at LHR. Large predatory fish, especially snapper 

(Lutjanidae) and grouper (Epinephelinae), though present in the deeper water on the fore-

reef, have been removed from the shallows in most areas of the atoll. The largest 

parrotfish species, Scarus coelestinus and Scarus guacamaia, are scarce or absent outside 

of the Half Moon Caye and Blue Hole MPAs due to past, and possibly current, fishing 

pressure, despite a country-wide ban on parrotfish harvest (Mumby et al. 2012). Even 

within the relative safety of the Half Moon Caye MPA, these fish rarely appear on any 

but the largest patch reefs in the lagoon and instead frequent the shallows by Half Moon 

Caye or the nearby Half Moon Caye Wall.   

 

Within the atoll’s lagoon, nearly all reef patches display a characteristic halo pattern, 

whether embedded in a reefscape of seagrass or sand bottom covered in algae. A small 

minority of patches (<5%) have partial halos or no halo at all, although they appear in 

relatively close proximity to haloed patch reefs. Among those reefs that do have a halo, 

there is some variation in halo definition and shape, with a small subset of patches 
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displaying a second ring within the primary halo and/or grass growing immediately at the 

base of the reef structure before the halo begins. The halo variants occur both inside and 

outside of the Half Moon Caye MPA. Non-coral structures within the lagoon, including 

multiple sunken boats, have also developed halos around them in periods of less than a 

decade.  

 

Seagrass Grazing Assays 

To test for the effects of grazing on seagrass in the halo, as well as the identity and 

relative abundance of grazers, 30 patch reefs were randomly selected for seagrass grazing 

assays. To capture any impact of increased fishing pressure outside of protected areas, 15 

patch reefs with halos were selected inside the Half Moon Caye MPA, and 15 were 

selected from the central region of the atoll adjacent to but outside of the Half Moon 

Caye MPA and south of the Blue Hole MPA (Figure 1). Selection was made by using 

high resolution satellite imagery and a random number generator to choose from 200 

random numbered points within the area of interest. Sites were selected as the closest 

visible discrete halo to the chosen random point that was accessible by boat. Only sites 

with primarily T. testudinum bottom cover were chosen. Percent seagrass cover and depth 

were not stratified during the site selection process, however all were similar and broadly 

overlapping among sites. Sites outside of the MPA had slightly higher mean (± SE) 

seagrass cover (54.3 ± 2.1 % vs. 47.0 ± 2.2 % inside) and greater mean halo width (9.3 ± 

0.6 m vs. 7.9 ± 0.3 m inside). Although outside sites also had slightly greater mean depth 

(6.2 ± 0.2 m vs. 4.8 ± 0.2 m inside), excluding the most extreme depth values from three 
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sites outside (deep) and two sites inside (shallow) had no effect on the outcome of our 

model.  

 

At each site, 20 T. testudinum blades without visible bite marks were selected from the 

seagrass surrounding the halo and attached with wire to a 2’ section of steel rebar. Any 

visible damage to the blades at time of collection was recorded. The rebar grazing assays 

were planted in the sand parallel to the reef, one in the middle of the halo (measured with 

a transect tape) and one an equal distance outside the halo edge in the seagrass. A control 

treatment of twenty live and growing blades of seagrass approximately even with the in-

seagrass treatment was marked with rebar but left in situ to account for any differences in 

palatability between “transplanted” seagrass blades and those growing naturally around 

the halo (Figure 2).  

 

All site installations and subsequent surveys were carried out between July and August 

2018. Seagrass sites within the Half Moon Caye MPA were inventoried each day for five 

days after transplant (a total exposure time of approximately 120 hours) at approximately 

the same time each morning. Inventory of control treatments continued for the full 

duration even if all seagrass located within the halo had already been consumed. Sites 

located outside of the MPA in the middle of the atoll were inventoried for either 24 (sites 

11-15) or 48 hours (sites 1-10). Each recorded observation included the number of 

seagrass blades remaining out of the original 20 for each treatment (halo, grass, natural 

grass control).  
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Bottom cover composition was quantified at each transplant site via a series of square 

meter quadrats, three inside the halo and three outside the halo. Quadrats were located 2-

3 meters apart at the midpoint of the halo and the equivalent distance outside the halo, 

parallel to the reef. Images were classified using 80 points dropped over the image in a 

stratified random distribution with CPCe point-counting software (Kohler and Gill 2006) 

to determine the percent cover of sand and vegetation.  

 

Diurnal vs. Nocturnal Grazing 

Guilds of potential grazers are largely distinguishable due to time of activity. Urchins and 

other invertebrate grazers are primarily active at night, while vertebrate grazers forage 

during the day. To look at the relative importance of these guilds, a series of nighttime 

grazing assays were conducted at eight patch reef locations within the Half Moon Caye 

MPA in late July and early August 2018 to investigate the possibility of nocturnal grazing 

activity. Seagrass was installed at dusk and blade survival and bite counts inventoried at 

dawn the following morning in order to exclude the effect of diurnal grazers. At five 

sites, the seagrass was again placed in the halo after this dawn census and left for another 

12+ hours until dusk, when it was inventoried again to offer a comparison between the 

minimal nighttime grazing and daytime grazing at the same site. This experiment was 

repeated in March 2019 at three additional halo sites: one halo surrounding an artificial 

reef and two connected halos surrounding dense grass patches with no visible reef 

structure, which offered an additional test to distinguish between herbivory rates in reef-

based halos versus open sand. Nighttime transplants in March were installed at dusk and 

replaced by fresh seagrass at dawn to avoid any bias based on discovery rate. All March 
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2019 seagrass replicates were assembled from seagrass collected at a nearby but off-site 

location. As no significant difference was observed between the grass and natural grass 

control treatments in the original 30-site grazing experiment (ANOVA, F(1, 58)=2.16, 

p=0.15), the natural grass control treatment was excluded from all subsequent assays. 

 

Identity of Diurnal Grazers 

Underwater camera traps taking photos at 2-minute intervals were placed on stands at the 

edge of the halo at two different transplant sites within the Half Moon Caye MPA in July 

2018. A fresh batch of 20 seagrass blades was placed within the halo upon each camera’s 

deployment, the halo seagrass treatments for both sites having been entirely consumed 

two days prior. After 24 hours, the cameras were rotated to face the seagrass and natural 

seagrass control treatments, which had experienced relatively little herbivory at this stage 

in the experiment and were comparable to the new seagrass placed within the halo the 

day before. The cameras were re-collected after a total of 48 hours, 24 facing the halo and 

24 facing the seagrass. Prior analysis of similar cameras showed that they have no 

observable effect on the behavior of local fish or other animals, and the added presence of 

the camera was therefore unlikely to impact the ongoing grazing assays at these sites (see 

Chapter 3).  

 

Within-Halo Seagrass Variation 

To test whether a small minority of patches with seagrass growing at the base of the reef 

were the result of reduced herbivory, seagrass assays were also installed in March 2019 

around a series of adjacent patch reefs on the leeward side of Long Caye. These reefs 
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featured visible halos of sand or sparse seagrass, as well as dense seagrass around the 

base of individual reef patches. Three seagrass installations were placed in the dense 

vegetation at the base of coral patches, three were placed in the surrounding sparse 

seagrass halos, one in an adjacent bare sand halo, and two in denser seagrass farther away 

from the patches and located beyond the comparatively sparse seagrass halos. All 

seagrass in these assays was collected approximately 24 hours after deployment and the 

number of remaining blades was inventoried for each individual 20-blade replicate.  

 

Seagrass Survival Analysis and Modeling 

Results from seagrass grazing assays were analyzed with a generalized linear mixed 

model (GLMM) with a Poisson distribution implemented with the lme4 package (Bates et 

al. 2015) in R version 3.5.1 (R Core Team 2018). Cumulative number of blades 

consumed by the last census point served as the dependent variable. Because different 

sites were inventoried for between one and five days, total exposure time (in days) was 

included as an offset. Protected area (inside or outside) and bottom type (grass, grass 

control or halo), both part of the original experimental design, were included as fixed 

effects. Site, nested within protected area (inside or outside), was included as a random 

effect. Due to the complexity of the GLMM base model, additional covariates, including 

depth and an interaction term between bottom type and protected area, either failed to 

increase predictive power due to overfitting or caused the model to fail to converge. To 

account for the potential influence of these additional predictors, the data was also 

modeled in JMP® Version 14.1.0 (JMP  2018) using a base linear model with the natural 

log of herbivory counts, adjusted for exposure time, as the dependent variable. Predictors 
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in this linear model included protected area, bottom type, an interaction between 

protected area and bottom type, and a random effect of site, nested within protected area. 

Depth was also added as a covariate. Functions from packages lmerTest (Kuznetsova et 

al. 2017), MASS (Venables and Ripley 2002), piecewiseSEM (Lefcheck 2016), and 

reshape (Wickham 2007) were also used during the initial GLMM analysis. R code is 

presented in the Appendix.   

 

Herbivore Exclosures 

To test for the ability of vegetation to recolonize the halo in the absence of grazing, three 

representative halo sites within the Half Moon Caye MPA were chosen for cage 

installation in June 2018. Cages were constructed of 1x1cm2 welded wire mesh attached 

to a steel rebar frame with baling wire and plastic cable ties. The bottom area of the cage 

was approximately 1 square meter and the cage sides tapered to a 0.5x0.5m2 top, 

suspended from the rebar frame. The entire caged portion of the structure was just under 

1m tall.  

 

Each site featured one cage placed in the approximate middle of the halo (measured from 

the reef to the halo edge), one cage placed on the edge of the halo, and one cage placed in 

the seagrass, the same distance (i.e., half the halo width) from the halo edge as the first 

cage. An additional two control plots were placed either inside the halo, at the edge, or in 

the seagrass (a different location at each of the three sites). One of these two controls 

featured a partial cage with a top and incomplete sides and the other plot was marked by 
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four stakes at the corners of a square meter area. These two additional plots served to test 

for possible shading, fish aggregation, or other caging effects.  

 

The bottom cover in each cage or plot was photographed from above at installation and a 

baseline bite mark survey was conducted for each cage or plot, counting the total bite 

marks on five haphazardly chosen blades of each species of seagrass present (T. 

testudinum, S. filiforme, and H. wrightii). Photographs of the bottom cover in each cage 

or plot were collected once a week at approximately the same time of day for the 

following four and a half weeks. Bottom composition within each cage or plot was 

analyzed using CPCe point-counting software (Kohler and Gill 2006) to classify the 

bottom cover (e.g. “Sand”, “Macroalgae”, “Turtle grass”) under each of 100 points 

dropped on the image in a stratified random distribution.  

 

Fish Community and Movement Behavior 

To monitor fish community composition and behavior of different species groups, a 

series of underwater cameras (detailed in Chapter 3) were deployed in halo-seagrass pairs 

at 21 sites throughout the atoll, both inside and outside of the Half Moon Caye MPA. 

Camera sites included both seagrass- and algae-dominated benthic environments with 

depths from 1.5 m to 7 m (close to the maximum depth of any patch reef site within the 

LHR lagoon). Cameras were deployed in stages between March 2018 and January 2019, 

with the longest-running cameras remaining in the field from August 2018 to January 

2019 and the final cameras re-collected in mid-March 2019. The cameras yielded over 

100,000 images, which were classified into occupied and unoccupied categories using a 
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deep convolutional neural network (DCNN) to investigate fish presence and abundance 

(See Chapter 3).  

 

To further quantify fish abundance and identity, diver observations were conducted at all 

camera sites and several additional halo locations, either between June and August 2018 

or in January 2019. Each observation consisted of 1-3 divers sitting directly behind each 

of the two cameras at the site, halo and grass, for 15 minutes each and recording all fish 

and other animals observed on the reef, in the halo, or in the grass. Fish of each 

individual species were classified by abundance as present (1 fish), multiple (2-4 fish), or 

abundant (≥5 fish), with separate counts for each camera located within the same site. 

Final species counts were recorded based on a consensus of all divers present.  

 

In order to examine potential overlap in reef- and seagrass-based fish communities across 

the entire atoll, a non-metric multidimensional scaling (NMDS) analysis of diver 

observations from 20 halo and grass cameras across sites and benthic cover types was 

conducted using R statistical software version 3.5.1 (R Core Team 2018) with packages 

qdap (Rinker 2019), reshape (Wickham 2007), and vegan (Oksanen et al. 2018).  

 

Fish occupancy by way of detection was calculated across 35 reef and seagrass or algae 

locations based on 75,470 images from the underwater cameras detailed in Chapter 3. 

Relative proportions of a subset of overall photos classified as containing fish were 

determined for sites inside and outside of the MPA and for halo and control camera 

locations. They are reported here with standard error based on a binomial distribution. 
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Fish size is currently being analyzed inside and outside of the MPA, since larger fish 

species and increased fish biomass are both hallmarks of effective MPAs (Edgar et al. 

2014) and would be expected to impact halo-drivers like predation risk.  

 

RESULTS 

Seagrass Grazing and Model Selection  

All models tested revealed that seagrass consumption was significantly higher inside the 

halo than in the surrounding seagrass, both inside and outside of the Half Moon Caye 

MPA (GLMM, estimate for halo herbivory, relative to grass or grass control = 2.68 ± 

0.15, p < 0.001, see Table 1). However, grazing outside of the MPA showed a far weaker 

pattern (Figure 3).  Protected area was highly significant as a predictor in all models, with 

sites outside of the protected area displaying reduced grazing pressure (GLMM, estimate 

for herbivory outside MPA, relative to inside = -1.86 ± 0.3, p = 4.9e-10, see Table 1). In 

the linear models, the interaction between halo/grass (“habitat”) and protected area was 

highly significant (F(2,56) = 31, p < 0.001, see Table 2), as were habitat and protected 

area individually (see Tables 2). The nested random effects of site and protected area are 

summarized in Table 3. Depth was not a significant predictor and was discarded from the 

model for parsimony. The final linear model with habitat, protected area, the interaction 

of habitat and protected area, and the nested random effect of site and protected area had 

an adjusted R2 of 0.67. The original Poisson GLMM without the interaction of habitat 

and protected area had a pseudo-conditional R2 of 0.91 (calculated with R package 

piecewiseSEM (Lefcheck 2016)).  
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Bottom Cover Composition 

Bottom cover in quadrats collected from camera and diver observation sites throughout 

the atoll appeared similar between MPA and non-MPA sites, with high vegetation cover 

(whether algae or seagrass) outside of the halo and low or no vegetation inside (Figure 4). 

However, bottom cover for the grazing assay sites diverged from this pattern, with assays 

in the MPA showing no or low vegetation in the halo and high vegetative cover outside 

the halo, while grazing assay locations in the center of the atoll had high vegetative cover 

outside the halo but also substantial vegetation within the halo as well (Figure 5), 

significantly different from sites within the MPA. The interaction of treatment (halo or 

grass) and protected area was highly significant for bottom cover in the transplant sites 

(ANOVA, F(2, 84) =14, p < 0.001 ).  

 

Nocturnal and Structural Grazing Tests 

Nocturnal grazing assays showed no removal of blades at any site, whether in grass or in 

a halo, although two sites displayed a notable increase in semicircular bite marks 

typically associated with grazing fish on the blades within the halo. An additional small 

sample of seagrass transplants placed in open sand without a nearby coral or artificial reef 

structure were not grazed at all in 24 hours. Transplants located in seagrass growing 

within the halo at the base of three separate patches were all heavily grazed within a 24-

hour period, as were transplants located in the halo adjacent to these inner seagrass 

patches, with no measurable difference in grazing pressure between the halo and coral-

adjacent seagrass (ANOVA, df=2, F=1.14, p=0.38).  

 



41 
 
 
Photo Evidence of Grazing Species 

The two cameras placed at the edge of the halo during the seagrass grazing assays both 

noted far more fish, especially more herbivorous fish, in the halo than in the seagrass. Of 

the two, one camera was better placed to directly observe fish grazing on the seagrass 

within the halo, which had been completely consumed just over three hours after camera 

deployment. Various surgeonfish (Acanthurus spp.) and parrotfish (Sparisoma spp.) 

appeared to be the primary grazers (Figure 6). The comparatively few fish seen in the 

seagrass at both sites when the cameras were turned around consisted primarily of jacks 

(Caranx spp.), with occasional trunkfish (Lactophrys spp.) or ocean triggerfish 

(Canthidermis sufflamen). Both jacks and trunkfish were also glimpsed at the edge of the 

cameras’ range while facing the halo.  

 

Vegetation Regrowth in Exclosures  

Algal cover increased significantly within the halo exclosures (ANOVA, F(2,6) = 10.8, p 

= 0.01), although no significant change in seagrass was detected over the month-long 

experiment. Although algae increased in all complete cages in the absence of grazing, the 

three cages placed in the middle of the halo showed the most dramatic change. Site 2 saw 

the largest increase in algae in an edge exclosure out of all three sites, and seagrass 

declined in both the edge and seagrass cages at that site. There was no significant cage 

effect (ANOVA, F(1, 2) = 0.15, p = 0.73), based on a comparison of the partially caged 

and open plots at the three sites. Furthermore, the increase in algae seen in all cages in the 

halo was not observed in the partial cage or open plot within the halo, which were still 

subject to grazing. Heightened algal growth was also observed on structures placed 



42 
 
 
outside of the halo, compared to structures within or on the edge (Figure 7), indicating 

increased algal grazing pressure within the halo, compared to the surrounding seagrass.  

 

Camera and Diver-Based Fish Distributions 

Based on diver observations at 20 different camera locations, there was no significant 

difference between the number of predatory (ANOVA, F(1, 17) = 0.021, p = 0.89) , 

herbivorous (F(1, 12) = 0.99, p = 0.34), or overall fish (F(1, 68) = 0.003, p = 0.96) at sites 

inside and outside of the MPA, and NMDS ordination revealed no notable difference in 

community composition, based on Figure 8. However, analysis of the 75,470 camera 

images revealed that the proportion of images with fish is 0.26 ± 0.002 SE inside the 

MPA, which is an 18.4% increase relative to 0.22 ± 0.002 SE outside (Figure 9). There 

was also a very noticeable difference in the fish community composition inside and 

outside of the halo, regardless of site location (Figure 10) and a notable difference in fish 

occupancy (as detected by the cameras) inside the halo (0.38 ± 0.002) versus out in the 

surrounding seagrass or algae (0.08 ± 0.002).  

 

DISCUSSION 

Halos at Lighthouse Reef Atoll are maintained, at least in part, by a community of 

grazing fish who feed on a diverse range of vegetation, thus allowing for the maintenance 

of this pattern in both seagrass- and algal-dominated benthic environments. Our findings, 

based on both grazing assays and herbivore exclosures, are consistent with previous halo 

research and provide the first comprehensive examination of halo drivers both inside and 

outside of a protected area and the first test of halo grazing in the Caribbean since the 



43 
 
 
1980s. This research supports the hypothesis that halos are maintained, if not created, by 

grazers and lends credence to the name “grazing halos.”  Results from this study show 

that grazers are not only concentrated near patch reefs, they do not leave them to forage 

in adjacent seagrass, consistent with predator-mediated foraging decisions.  Moreover, 

the absence of grazers, or the reduction in grazing pressure due to overfishing, shows that 

on short timescales the halo pattern can be subject to change, with rapid growth of 

rhizophytic algae, the first stage of grass succession. Over longer terms, the increased 

seagrass occurrence in grazing halos outside areas with protected status demonstrates that 

the delicate balance of interactions that drive the persistence of this apparently long-term 

phenomenon can in fact be upset by human actions, leading to a breakdown of the 

grazing system and the halo pattern itself. Below, I address each of the components. 

 

Support for Halo Maintenance Through Grazing  

Significantly heightened grazing of seagrass placed within the halo, relative to the 

surrounding seagrass beds, demonstrates that grazing pressure is increased within the 

halo region and is consistent with the hypothesis that heightened reef-adjacent grazing is 

at least partially responsible for maintaining the halo pattern. The ability of algae to 

recolonize the substrate within the herbivore exclusion cages over the course of one 

month is consistent with both previous caging experiments conducted over coral and 

rocky bottom (e.g. Randall 1961) and with the early stages of seagrass succession, a 

process that typically takes 7-10 months for T. testudinum to fully recolonize an adjacent 

area (Rasheed 2004). Seagrass succession in disturbed areas may begin with rhizophytic 

algae, which not only stabilizes the sediment but also facilitates nutrient accumulation in 
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the sediments, allowing more nutrient-demanding seagrass species to recolonize the area 

(Williams 1990). Algae will then be followed by fast-growing pioneer seagrass species 

with comparatively low nutrient requirements and high palatability (Mariani and 

Alcoverro 1999, Armitage and Fourqurean 2006), frequently members of the genera 

Halophila, Halodule, and Syringodium (e.g. Birch and Birch 1984, Williams 1990, 

Mariani and Alcoverro 1999). Climax species like T. testudinum typically have higher 

nutrient requirements and slower-growing rhizomes, making them the last to spread 

asexually into adjacent areas (Williams 1990). Thus, in areas like the LHR halos, where 

bioturbation by lugworms (Arenicola marina), shrimp (e.g. Callianassa spp.) and sea 

cucumbers may reduce sediment nutrients and stabilization, it is likely that the observed 

algal growth within the cages represents a necessary first step in seagrass recolonization 

of the halo. Increased grazing of algal growth on both sediment and structures within the 

halo compared to external grazing pressure also supports the idea that heavy herbivory 

serves to maintain the halo pattern by preventing the initiation of seagrass recolonization.  

 

Identity of Primary Grazers at Lighthouse Reef Atoll 

Based on camera and diver observations, as well as the grazing assays, halos at LHR 

specifically are maintained by grazing herbivorous fish, most notably surgeonfish 

(Acanthurus spp.) and parrotfish (Sparisoma spp. and Scarus spp.). The lack of nocturnal 

grazing demonstrated by our nighttime assays is consistent with previous observations of 

low densities and low activity of night-grazing urchins at Lighthouse Reef (Hay 1984) 

and supports the idea that primarily diurnal herbivorous fish play a larger role than 

urchins in halo formation within areas of the Caribbean that have not been heavily 



45 
 
 
overfished (Randall 1974, cited in Ogden 1976). While early observations in the literature 

(e.g. Randall 1965) have made it clear that parrotfish do consume seagrass, a 

comprehensive stomach content analysis of Caribbean fish species found that parrotfish 

(Scaridae) and surgeonfish (Acanthuridae) guts contain comparatively little seagrass, 

relative to benthic algae (Randall 1967). Ogden (1976) interprets this data as 

representative of more time spent by these fish feeding on or immediately adjacent to the 

reef, relative to time spent foraging in the seagrass. Empirical evidence from our grazing 

assays shows that fish will not only eat seagrass when it is available but might indeed 

prefer it, based on the extremely rapid consumption of seagrass placed in the halo. Ogden 

(1976) also found that when presented with a variety of different algae types and one 

species of seagrass, fish showed no significant preference for algae over the seagrass but 

did consume significantly less of certain algal species. We therefore conclude that Ogden 

is correct; the limited quantities of seagrass found in the guts of herbivorous fish are due 

more to their inability to obtain seagrass on or adjacent to the reef than to their preference 

for other food sources. The ability of the primary grazers at LHR to consume and process 

both seagrass and a wide variety of algae also supports our observation that the same 

species appear active in halos surrounded by both seagrass and algal benthos. However, 

the fish communities within those seagrass or algal beds are notably distinct from reef 

and halo communities, both in terms of species, as measured by our diver observations, 

and in the proportion of fish detected in images from these locations, which is strikingly 

lower outside of the halo, a result reinforced by the divers’ species counts. This suggests 

that there are not only less fish but different fish outside of the halo, which is consistent 

with predator-mediated foraging activity of reef fish (i.e. a landscape of fear).  
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Pattern Breakdown Outside the Half Moon Caye MPA 

The dramatically reduced effects of the halo on seagrass grazing outside the MPA (Figure 

3) and the incursion of seagrass into the grazing assay halos in the center of the atoll 

(Figure 5) indicate a breakdown or alteration of the grazing system in this mid-lagoon 

region, likely the result of decreased protections and management of species outside of 

the MPA’s borders. Halos used for grazing assays outside of the MPA were visibly less 

distinct underwater, despite their clear appearance on satellite imagery from the same 

year, which is supported by the increase of vegetation within the halo at those sites.  This 

could be due to a decrease in large predators driving the landscape of fear, but it is more 

likely the result of decreased grazing pressure in these regions, driven by less and 

possibly smaller herbivores. Although fish populations appear similar in both abundance 

and community composition inside and outside of the MPA, based on diver observations 

(Figure 8), our fish presence-absence data from the camera photos indicates that this is 

not the case. While analysis of fish size differences is still ongoing, personal observations 

of strikingly larger parrotfish and surgeonfish within the Half Moon Caye MPA, 

compared to the rest of the atoll, make it clear that the protected area does increase the 

size of at least some of its herbivores. It may become necessary in the future to model 

fish occupancy and detection with consideration for these size differences, but less fish or 

smaller fish outside of the MPA would both ultimately have the same effects on 

herbivory.  
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In addition to the observed reduction in fish populations outside the MPA, wild 

populations of both queen conch (L. gigas) and sea cucumbers (Holothuroidea) have 

decreased dramatically compared to their historic populations at LHR due to overfishing. 

Conch and sea cucumbers are seagrass and sand processors, respectively. L. gigas 

apparently feeds primarily on macroalgae and detritus in seagrass beds (Stoner and Waite 

1991), although most studies of wild queen conch diet have focused on larval or juvenile 

conch (e.g. Stoner 1989, Aldana Aranda et al. 1991, Stoner and Waite 1991). Sea 

cucumbers are primarily deposit-feeders (Roberts et al. 2000) that feed on diatoms, other 

marine microalgae, (Uthicke 1999), and similar sand-dwelling organisms. Sea cucumbers 

are capable of reworking substantial volumes of sediment (Uthicke 1999) in a process 

called bioturbation, which could negatively impact the ability of underwater vegetation to 

recolonize disturbed sediments. Dramatic recent declines in both sea cucumber and conch 

populations could therefore have significant effects on the balance and function of the 

seagrass-grazer system at LHR.  

 

The Convention on International Trade of Endangered Species of Wild Fauna and Flora 

has included L. gigas since 1992 (CITES, 2019). Conch are now only reliably found in 

large groups within certain small regions of the Half Moon Caye MPA, while older 

fishermen in Belize recall simply wading into the water off of any beach to pick up 

dozens of conch (Huitric 2005). Estimates based on these numbers suggest that conch in 

unfished areas like the Half Moon Caye MPA could exceed 1,000 individuals per hectare, 

while conch outside the MPA today are 1-2 orders of magnitude lower. In addition to the 

high legal yields of conch collected by Belizean fishermen during the open season, there 
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is also a significant problem with poaching of adult and undersized conch at LHR, both 

out of season and at the MPA boundaries. Belize Audubon Society (BAS), the 

organization responsible for management of both the Blue Hole and Half Moon Caye 

Natural Monuments, struggles with both limited resources for on-site enforcement and 

limited penalties and weak legal prosecution for those caught poaching (Young 2013).  

 

Sea cucumbers have poor historical documentation in Belize, but the first density 

estimates, made in 2011, put Holothuria mexicana densities at upwards of 300 

individuals/hectare, depending on bottom cover composition (Rogers 2013), and 

historical densities before the official opening of the fishery in 2009 were likely much 

higher. All sea cucumber species in Belize appear to now have severely decreased 

populations at LHR (BAS staff 2019, personal communication) and nearby Turneffe 

Atoll (University of Belize research staff 2018, personal communication). Sea cucumbers 

were completely unregulated as a fishery in Belize prior to 2009, and their regulation 

since has been flawed. In 2017, the fishery was officially closed (Rogers et al. 2018), 

although this information was not well-publicized (BAS staff 2018, personal 

communication). A comprehensive review of sea cucumber fisheries in Latin America 

found that most fisheries had no management and little to no information about the 

biology or ecology of the sea cucumbers being harvested (Toral-Granda 2008), consistent 

with the minimally-regulated and recently-closed fishery in Belize. H. mexicana and 

Isostichopus badionotus were the two species most frequently harvested in Belize, with 

Holothuria mexicana experiencing the most fishing pressure (Rogers et al. 2018).  
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The collective loss of seagrass- and sand-cleaning conch and sea cucumbers over the 

majority of LHR would should be expected to have noticeable effects on the health and 

distribution of the atoll’s seagrass and sand benthic types and the organisms that live 

there. This change could be related to the patchy bottom cover surrounding the mid-

lagoon transplants, as well as the apparent unpalatability of the seagrass there. 

Examination of satellite imagery from the last 10-20 years shows a gradual increase in 

seagrass cover at LHR, especially in the center of the atoll close to where our grazing 

experiments were conducted (Gorelick, in prep). While not definitive, this seagrass 

encroachment is a likely consequence of the mass removal of both seagrass- and sand-

processors throughout the atoll and is potentially augmented by rising atmospheric CO2 

(Durako 1993, Palacios and Zimmerman 2007, Jiang et al. 2010).  

 

One potential result of bioturbation in the past is a series of large, sand-dominated “outer 

halos”, which were visible around patches on satellite imagery as recently as 2010. 

Located beyond both the standard patch reef halo and the surrounding ring of dense 

vegetation, which may mark the boundary of a reef-based nutrient hotspot, these outer 

halos were both too large and too far from the reef to be a likely product of local 

herbivory. It is possible that this pattern, which has largely vanished in recent years, was 

originally the product of heightened bioturbation from reef-centered holothurians that 

ventured farther into the seagrass than most reef fish, past the point of nutrient 

enrichment from the reef community. The pattern could also have been a consequence of 

previously high levels of seagrass processing by conch and enhanced grazing by a larger 

herbivore population, both of which would have limited seagrass encroachment toward 
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the reef. The disappearance of these outer halos and similar variations in benthic 

patterning may be the result of both the loss of sand- and seagrass-processing 

invertebrates and the (likely related) increase in seagrass cover across LHR.  

 

The effects of climate change and human activities on coral and seagrass reefscapes are 

not always straightforward, making the overall changes in benthic patterning difficult to 

predict. Concurrent with the rise of coral bleaching, disease, and other emerging threats 

to coral reef ecosystems, temperate and tropical seagrasses have experienced dramatic 

declines over the past few decades, largely attributed to anthropogenic inputs like nutrient 

and sediment loading (Orth and Moore 1983, Short and Wyllie-Echeverria 1995, Hughes 

et al. 2004). Recently-documented threats to seagrass ecosystems also include 

microplastics, which can be incorporated into seagrass and epibiont biomass and could 

then spread to organisms at higher trophic levels in the ecosystems that seagrasses 

support (Goss et al. 2018). Due to these global declines and threats to seagrass health, the 

recent spread of seagrass at LHR has been viewed by local managers as a sign of 

ecosystem recovery (BAS staff, personal communication). However, these changes in 

benthic cover and grazing pressure, taken in the context of the mass removal of sand and 

seagrass processors at LHR, may instead be symptomatic of a breakdown in the natural 

system. 

 

Reef Structure and the Role of Nutrients in Halo Variation 

Formation of halo patterns around non-coral structures and artificial reefs, including a 

number of sunken boats, at LHR indicates that while structure is important to the 
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formation of a halo, the presence of live coral is not. A small number of seagrass 

transplants placed on open sand near an adjacent seagrass bed confirm the necessity of 

structure for aggregating grazers; none of the bare sand transplants were touched in 24 

hours, while many of the transplants placed within the halo of various patch reefs had 

been completely consumed within that same interval. Thus, it is not simply the increased 

visibility of seagrass placed in sand that prompts its consumption but its proximity to a 

structure, which offers suitable shelter and potentially other benefits to grazers.  

The ability of natural reefs and similar structures to aggregate fish and other marine 

animals not only has important implications for grazing pressure but also for nutrients. 

Fish store nutrients in their biomass and release them through excretion and egestion in 

the areas where they congregate (Allgeier et al. 2017). Seagrasses appear to be more 

phosphorus (P) than nitrogen (N) limited in areas where fish do not congregate, so the 

relatively low N:P ratio in the nutrients that fish produce is beneficial to seagrass growth 

(Allgeier et al. 2013). Benthic algae appear to benefit similarly from enhanced fish 

nutrients and require some supply of both N and P from fish nutrients to flourish 

(Allgeier et al. 2013). Since different fish functional types (e.g. herbivores, 

mesopredators) excrete different ratios of N:P based on diet, community composition can 

influence the effect of fish nutrients on surrounding vegetation (Allgeier et al. 2013). 

Nutrients measured around artificial reefs of different sizes showed that seagrass growth 

(measured as blade height) drops off with distance from the reef in a similar pattern to 

fish abundance (Layman et al. 2013). When reef (and therefore fish aggregation) size is 

sufficient to produce excess nutrients for seagrass tissue sequestration, P and, to a lesser 

extent, N also follow this pattern, which suggests that there are strong ecological 
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thresholds of fish density and nutrient availability surrounding patch reefs (Layman et al. 

2013). These thresholds may account for variations within the general halo pattern that 

have thus far remained unexplained by grazing alone.  

 

Certain halos at LHR and other locations described in the literature feature an outer ring 

of dark vegetation that falls either within the halo itself or around its outer edge. Patch 

reefs with halos near Little Exuma Island in The Bahamas feature especially prominent 

outer rings, which have been attributed to the enhanced nutrients generated on these reefs 

(Alevizon 2002). Some patches at LHR also feature dense seagrass growth immediately 

at the base of the reef, which is then surrounded by a halo of either bare sand or sparse, 

cropped seagrass. Our grazing assays show that this patch-adjacent seagrass persists 

despite heavy grazing, equivalent to the level of grazing in the surrounding halo. Both the 

outer ring and inner reef-adjacent seagrass can be explained by a combination of grazing 

pressure and nutrient gradients, which decline unevenly with distance from the reef 

(Figure 1 in Chapter 1). Where nutrients are highest, immediately adjacent to the reef, 

vegetation persists despite high grazing pressure. Past the initial threshold of nutrient 

decline, grazing of nutrient-rich and epibiont-loaded seagrass or algae is strong enough to 

largely suppress vegetation, forming a halo. As grazing declines toward the outer halo 

edge, ambient nutrient levels remain higher than those in the surrounding benthos, 

creating an outer ring of enhanced vegetation that is only visible when surrounding 

bottom cover is sparse or patchy enough for it to stand out.  
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Future research should focus on uniting the effects of top-down and bottom-up processes 

in pattern generation within coral-seagrass reefscapes and examine the roles of seagrass- 

and sand-processing organisms in maintenance of the halo pattern and the health of the 

larger benthic mosaic. Given the global threats facing seagrass and coral reefs, both 

separately and together, it is more important than ever that we understand the drivers 

behind spatial patterns like these so that we can learn to interpret signs of change in these 

vulnerable marine systems.  
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CHAPTER 2 FIGURES AND TABLES 
 

 
Figure 1. Seagrass grazing assay locations, 15 inside (yellow) and 15 outside (red) of the 
Half Moon Caye MPA.  
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Figure 2. Grazing assay set-up. “Halo” treatments were placed in the measured center of 
the halo, with “Control” treatments an equal distance from the halo edge in the other 
direction, thus placing them in the seagrass. Natural “Grass Control” treatments consisting 
of 20 live seagrass blades were selected adjacent to the normal “Control” treatment in the 
seagrass and delineated with a piece of rebar placed adjacent to them.  
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Figure 3. Seagrass survival within the first 24 hours across three treatments at 30 different 
sites inside and outside of the Half Moon Caye MPA. Seagrass survival is calculated as the 
proportion of the original 20 seagrass blades remaining after 24 hours. Error bars represent 
± 1 standard error of the mean. Seagrass survival within halos in the MPA is strongly 
reduced compared to all other treatment groups, while in-halo seagrass survival is 
heightened outside of the MPA. The interaction of habitat and protected area in the linear 
model produced a 24-hour survival estimate of 2.5 ± 0.3 for halos outside of the MPA, 
relative to the mean, with p < 0.001.  
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Figure 4. Vegetation percent cover for 20 camera and diver observation sites across LHR. 
Vegetation was calculated as the average of three square meter quadrats placed 2-3m apart 
in the center of the halo and twice that distance from the edge out in the surrounding grass 
or algae and quantified using 100 random points dropped on each image.  
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Figure 5. Vegetation percent cover for 30 transplant sites, 15 inside and 15 outside of the 
Half Moon Caye MPA. Vegetation was calculated as the average of three square meter 
quadrats placed 2-3m apart in the center of the halo and twice that distance from the edge 
out in the surrounding grass or algae and quantified using 100 random points dropped on 
each image. 
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Figure 6. Grazing by surgeonfish and parrotfish of seagrass placed within a halo in the 
Half Moon Caye MPA, and corresponding lack of grazing in the surrounding seagrass 
meadow. Time and date stamps show that images were collected at the same time of day 
and at the same site one day apart with the camera facing in toward the halo (upper images) 
on the first day and out into the surrounding seagrass (lower images) on the second. Grazing 
fish appearing in these photos include Atlantic blue tang (Acanthurus coeruleus), ocean 
surgeonfish (Acanthurus bahianus), and parrotfish (Sparisom sp.). “Grass” and “Grass 
Control” seagrass installations in the lower two panels are surrounded by naturally growing 
seagrass and their approximate location is identified in the bottom right panel with an 
arrow. Clarity of the images used in this figure was enhanced using the “dehaze” function 
in Lightroom CC (Adobe 2019) to improve color fidelity and allow for easier visual 
identification of fish by the reader.  
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Figure 7. Comparison of biofouling and algal overgrowth of structures placed at the edge 
of the halo (left) and in the surrounding seagrass (right). Similar results seen across all 
camera and cage sites suggest that reef-based herbivores help to control algal growth both 
within and at the edges of the halo but do not graze heavily, if at all, on algae and related 
marine organisms in the surrounding algal or seagrass meadows.  
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Figure 8. Non-metric multidimensional scaling (NMDS) based on fish species 
observations at 20 camera locations, 10 inside and 10 outside of the Half Moon Caye MPA. 
Points represent individual site observations or images and are dark blue for sites within 
the MPA and light blue for sites outside. Fish community composition is not noticeably 
different inside and outside of the MPA.  
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Figure 9. Proportion of images containing fish inside and outside of the MPA. Error bars 
(light blue) represent ± 1 standard error of the mean for a binomial distribution.  
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Figure 10. Non-metric multidimensional scaling (NMDS) based on fish species 
observations at 20 camera locations, 10 at patch reef halos and 10 in nearby seagrass or 
algae beds. Points represent individual site observations or images and are colored yellow 
for halo/reef cameras and dark green for seagrass or algal cameras. Fish community 
composition is noticeably different between reef/halo and seagrass/algae communities, 
with minimal overlap in individual species. Reef fish communities are more species diverse 
than seagrass communities, and each community type features species rarely or never seen 
in the other environment, as well as some species found in both. 
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Table 1. GLMM output, showing relative significance of all fixed effects in the model.   
 

Predictor Estimate Std. Error Pr(>|z|) 

Intercept (Protected Area: In 
with Habitat: Grass) 

-0.47 0.22 0.03 

Protected Area: Out -1.86 0.30 <0.001 

Habitat: Grass Control -0.96 0.25 <0.001 

Habitat: Halo 2.68 0.15 <0.001 
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Table 2. Summary of fixed effects in the full factorial linear mixed model.  
 

Source N 
parameters DF DF Error F Ratio Pr (> F) 

Habitat 2 2 56 57.56 <.0001 

Protected Area 1 1 28 50.36 <.0001 

Habitat*Protected Area 2 2 56 30.95 <.0001 
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Table 3. Summary of random effect variances for the full factorial linear mixed model.  
 

Random 
Effect Var Ratio Var 

Component 
Std 

Error 
95% 

Lower 
95% 

Upper 
Wald p-
Value 

% of 
Total 

Site -0.073 -0.020 0.026 -0.07 0.030 0.436 0.0 

Residual  0.274 0.052 0.195 0.412  100.0 

Total  0.274 0.052 0.195 0.412  100.0 
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CHAPTER 3: 

 A LOW-COST, LONG-TERM UNDERWATER CAMERA TRAP: METHODOLOGY AND A CASE 

STUDY  

 

INTRODUCTION 

Terrestrial camera trapping is a growing field and a technique increasingly applied in 

global biodiversity monitoring (Steenweg et al. 2017). Camera traps are remotely 

activated cameras that rely on a motion and heat sensors to trigger when an animal passes 

by. They are used to study species richness (Rowcliffe 2017) and the distribution, 

abundance, habitat use, and behavior of wildlife around the world, with many studies 

surveying more than one species at a time (Burton et al. 2015). Most camera traps are 

small, relatively inexpensive, and often deployed in groups or networks over a wide area 

for months at a time. They are typically less invasive and more reliable than comparable 

observation techniques (Cutler and Swann 1999). Because they trigger based on the 

difference between background radiation and a warm-bodied animal passing through the 

sensor’s field, camera traps have typically been used to study mammals and birds, 

although the field is now expanding to include some ectotherms (Rowcliffe 2017).  

 

Comparable techniques for monitoring underwater species face several technical 

challenges, chiefly the attenuation of infrared radiation in water, which renders a standard 

commercial camera trap unlikely to trigger underwater, except at close range (Giles and 

Bankman 2005), and the rigors of operating in the marine environment where water 

intrusion and algal and faunal fouling are persistent issues. The fact that most fish are 

ectotherms further complicates use of the traditional heat-triggered infrared sensor 
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technology used in most terrestrial camera traps. Far-red illumination invisible to most 

fish provides one potential alternative to infrared (Williams et al. 2014), although far-red 

light still attenuates over short distances underwater. Given the ability of sound to 

propagate well underwater, acoustic techniques provide another possible alternative to 

infrared sensing (Giles and Bankman 2005). Acoustic cameras have been used in the past 

to image sharks and other fish in low-light, turbid environments, replacing light-based 

imaging entirely (McCauley et al. 2016). This suggests that acoustic techniques could 

also be used to trigger conventional optical cameras.  

 

Due to the power requirements of active triggering (far-red light, sonar) and recording 

methods, current underwater fish monitoring and measurement techniques are either 

limited by short battery life (e.g. Williams et al. 2014, Boussarie et al. 2016) or require a 

tethered, external power source (e.g. Boom et al. 2014, Marini et al. 2018). Because of 

this, the spatial extent, number of cameras, and duration of monitoring for marine 

systems are vastly smaller in scope than terrestrial efforts (compare Williams et al. 2014, 

Siddiqui et al. 2018 to the Conservation International TEAM or Snapshot Serengeti 

datasets described in Beaudrot et al. 2016 and Norouzzadeh et al. 2017, respectively). 

Even long-term underwater monitoring with an external power supply may be limited to 

recording images or video during daylight hours (e.g. Boom et al. 2014) due to the 

difficulties of avoiding reflected particulate matter in underwater images taken at night 

with direct illumination. Without a side-mounted or similarly external flash, both white 

light and infrared images will be obscured by the illumination of biotic and abiotic 

particulates suspended in the water column, and continuous illumination may also attract 
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fish and other marine organisms, depending on the color of the light (Ko et al. 2018). 

Thus, most long-term underwater observations are limited with regard to both power and 

nighttime illumination, and solutions can be costly and prohibit deployment of 

underwater cameras in remote locations without access to external power or consistent 

upkeep.  

 

A related challenge faced by both terrestrial and marine camera traps is the time cost 

related to processing and analyzing large photosets obtained from multiple cameras over 

the course of months or years (Norouzzadeh et al. 2017). While computer vision 

techniques are not yet widespread in the field of camera trapping, they have the potential 

to reduce time cost (Rowcliffe 2017) and have already been successfully applied to the 

extensive Snapshot Serengeti camera trap dataset (Norouzzadeh et al. 2017) as well as 

video frames from cabled or short-term marine cameras (Boom et al. 2014, Marini et al. 

2018, Siddiqui et al. 2018).  

 

Here, we present a simple design for an affordable, long-running, autonomous 

underwater camera based on an existing commercially-available terrestrial model. We 

outline its deployment across a 270 km2 tropical reefscape, our testing, and our 

subsequent analysis of the 100,000+ images obtained by implementing a deep 

convolutional neural network (DCNN) technique for image classification. To 

demonstrate both the efficacy of our design and the value of long-term unmanned 

underwater observations to marine ecology research, we present a case-study in fish 
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feeding behavior as it relates to a well-documented benthic pattern at Lighthouse Reef 

Atoll, Belize.  

 

METHODS 

Study Question and System 

Patch reef halos, often called grazing halos, are a widespread, stable pattern that occurs in 

reefscapes around the world (Madin 2011). Halos consist of a bare sand or lightly 

vegetated border surrounding a coral patch or similar underwater structure that separates 

the reef from surrounding dense vegetation (i.e. seagrass or algae). The heightened 

grazing observed inside these halos (detailed in Chapter 2) could be due to a landscape of 

fear, where herbivores are afraid to venture past a threshold distance from the reef due to 

predation risk (Madin 2011). However, this threshold of fish density could also be due 

simply to the natural dispersion of grazers as they venture farther from the reef, which 

serves as a central aggregating structure for many fish (Sale and Douglas 1984, Bohnsack 

1989, Laymen et al. 2013). In order to distinguish between these two drivers of fish 

movement behavior, we need to see where herbivorous and predatory fish actually spend 

their time. We propose that if a strong landscape of fear is in effect, herbivorous species 

observed and photographed in the halo will never venture out into the surrounding 

seagrass, except perhaps when traveling in schools. However, a simple drop-off in fish 

density with distance would likely still result in the occasional grazing reef fish being 

seen by our cameras. Therefore, repeated sightings of solo reef herbivores out in the open 

seagrass will be taken as evidence refuting the landscape of fear at Lighthouse Reef. 
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Cameras 

Cuddeback Silver Series scouting cameras, model 1231, were programmed to take 20 

megapixel images every 15 minutes whenever ambient light levels were high enough to 

allow for color photography without flash, using the “Day” setting. Nighttime images and 

video and all infrared sensor-triggered images and video were disabled to conserve both 

power and memory space. Memory cards were 32GB SanDisk or Kingston microSD 

cards with adapters, capable of holding over 25,000 20MP color images each. Cameras 

were synchronized to record photos on the hour and every 15 minutes following to ensure 

that images from different cameras and sites were captured at the same time of day and 

under the same local conditions. Each camera required eight Energizer Ultimate Lithium 

AA batteries, which provided enough power for over five months of continuous function.  

 

Housings 

Two different housings were tested in the field, both based on commercially available 

junction box enclosures (Figure 1). Housing 1, based on item DS-AT-1217-1 available 

from Saip Electric Group Co., Ltd (“Saipwell”), has thinner walls (2.4 - 3.9 mm) made of 

an unspecified plastic. The top secures with specially-shaped plastic screws and it 

contains an O-ring like insert made of foam. Housing 2, based on model ML-47F*1508 

from Polycase, Inc., is a thick-walled (3.5 - 4.0 mm) design made of polycarbonate resin 

secured with stainless steel screws and a silicon rubber gasket. Both housings had a 2 

inch diameter hole drilled in the faceplate and a 3 inch disk of 1/8 inch thick acrylic 

epoxied to the opening with J-B Weld MarineWeld to act as a window. Ablative 

antifouling boat paint was applied to a subset of cameras with Housing 2 to reduce 
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biofouling. Paint was applied to the exterior of the housing except for the back and the 

acrylic window.  

 

Cameras were programmed, armed, and packed inside their housings with cardboard 

spacers. Housings were sealed with StarBrite marine silicone sealant around the seam of 

the enclosure lid. Silicone sealant was also used to reinforce the edges of the epoxy seal 

around the lens window, both inside and outside. Cameras were secured to four-legged 

bent rebar stands with plastic cable ties threaded through mounting holes pre-built into 

the housings (Figure 2). Due to their buoyancy, camera housings were placed underneath 

the crossed rebar forming the top of each stand and secured laterally to the four legs, 

which were sunk into the sediment to keep the stands upright. Lightweight plastic or 

polystyrene buoys were tethered to a small subset of cameras and stands located in 

particularly shallow water (2m or less) to prevent collision by boats.  

 

Experimental Design and Camera Deployment 

Cameras were deployed in pairs at 21 patch reef sites within Lighthouse Reef Atoll, 

Belize. Sites were distributed evenly inside and outside of the Half Moon Caye Natural 

Monument, a marine protected area (MPA) in the southeastern corner of the atoll. Seven 

sites (3 inside the MPA, 4 outside) featured predominantly algal bottom cover; the rest 

were in areas surrounded by seagrass, primarily Thalassia testudinum. Sites deeper than 

4m were initially avoided due to leakage of Housing 1 past this depth, although depths of 

up to 7m were successfully achieved with Housing 2. Cameras were deployed in sets of 

two, one camera located at the edge of the sandy halo surrounding a patch reef and the 
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other located at least twice the halo’s width away from the edge in the surrounding 

seagrass or algal benthic cover (Figure 3). Both cameras were pointed toward the reef, 

although the edge of the halo was beyond the range of view for the grass (“control”) 

camera at most sites. Camera deployments occurred in stages, with the first cameras 

deployed in March 2018 and the last cameras collected in March 2019. The longest-

running cameras remained continuously active underwater from August 2018 to January 

2019, a five-month interval.  

 

In-water observations (detailed in Chapter 2) were conducted by a team of 2-3 divers at 

each camera site and several additional locations in order to validate the camera’s ability 

to detect fish and other animals. Observations consisted of all divers sitting directly 

behind each camera for 15 minutes and recording the presence and abundance of all fish 

and other animals observed on the reef, in the halo, or in the grass. A non-metric 

multidimensional scaling (NMDS) analysis was run on species communities inside and 

outside of the halo using data from diver observations at 20 camera locations and species 

counts from 54 additional images taken in the 15-minute intervals before, during, and 

after the diver observations at 18 of those locations. Both analyses were conducted using 

R statistical software version 3.5.1 (R Core Team 2018) with packages qdap (Rinker 

2019), reshape (Wickham 2007), and vegan (Oksanen et al. 2018).  

 

Image Analysis 

Images were initially named and sorted using the camtrapR (Niedballa et al. 2018) 

package in R version 3.5.1 (R Core Team 2018). Due to the nature of timed, rather than 
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motion or heat triggered, photos, many images did not contain fish. In order to streamline 

future analyses of fish photos and identification, we used a deep residual learning image 

classifier (ResNet-50 implemented with fastai and PyTorch in Python 3; He et al. 2016, 

Paszke et al. 2017, Howard et al. 2018) to identify images with animals (Figure 4). Our 

model was trained on a sample of 10,727 images sorted by a team of trained volunteers 

and then run on 75,470 additional images to sort them into “Fish” and “NoFish” 

categories.  

 

Images with a “Fish” probability of 0.4 or above were used to determine the relative 

presence of fish inside and outside of the Half Moon Caye MPA. A cutoff of 0.4 was 

chosen based on the model’s reduced ability to correctly identify fish presences, 

compared to fish absence. This analysis of fish occupancy (described in Chapter 2) was 

conducted based on the relative proportions of these images that did or did not contain 

fish in different regions of the atoll.  

 

RESULTS 

Camera and Housing Function 

The most significant impediment to long-term camera function at our sites was 

biofouling, the growth of marine organisms over the camera housing and stands. Image 

quality declined rapidly due to biofouling, making fish identification impractical in as 

little as one month depending on site conditions. Algal grazing by fish was an important 

factor reducing fouling in cameras and stands placed near patch reefs, while cameras 

placed in seagrass or algae beds away from patch reefs were overgrown with algae 
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(Figure 5 in Chapter 2). The addition of antifouling boat paint to the camera housings 

before our second deployment appeared to be only a minor deterrent to organisms 

growing on the housing in general and did not prevent the camera lens window from 

being almost completely obscured 2-3 months after deployment.  

 

In addition to biofouling, camera function was also limited by reduced visibility at certain 

sites, which varied based on local turbidity and light availability, and by depth. Housing 1 

proved vulnerable to flooding at depths exceeding 4m and prone to leaking even at 

shallower depths. This appears to be due primarily to the thin nature of Housing 1’s walls 

and lid, which deformed substantially under pressure, breaking the epoxy seal with the 

lens and allowing water to enter. Housing 2 proved far more robust to pressure and had 

minimal leakage even at a maximum deployed depth of 7m. Further testing with this 

housing would be necessary to determine its maximum functional depth.  

 

The cameras themselves proved resilient to flooding and were typically still armed and 

taking photos when extracted from partially-flooded housings. However, many cameras 

recovered from flooded housings were unable to be redeployed due to lasting damage to 

their internal systems. Batteries were sufficient to power the cameras past the five month 

extraction date of our longest deployment, with all non-flooded cameras still displaying 

the starting battery status of “OK” (not “LOW” or “DEAD”). Cuddeback advertises that 

their cameras can operate up to 12 months continuously with efficient battery usage. 

Memory cards were also sufficient to store images on the schedule that they were 

collected during this period (approximately 8.5 GB of images over 5 months).   
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Image Sorting and Camera Validation 

Of the 130,621 images collected, 88,899 were deemed usable (68%), despite some level 

of biofouling in many of these. Our ResNet-50-based model had an overall accuracy of 

92.5% when classifying these images into “Fish” or “NoFish” categories, with higher 

accuracy in identifying empty or “NoFish” photos due to the increased number of these in 

the training dataset (Figure 5).  

 

Case Study: Fish Distributions and Movement  

The NMDS found obvious compositional differences between the halo/reef and 

seagrass/algae fish communities but detected no obvious difference between the 

communities constructed from diver species observations and those from camera images 

(Figure 6). An ANOSIM conducted on the NMDS output found a significant difference 

of 0.001 between the halo/reef and seagrass/algae communities (R=0.66) 

 

The fish detection counts based on camera images revealed a notable increase in the 

proportion of fish photos within the MPA (0.26 ± 0.002), compared to outside the MPA 

(0.22 ± 0.002) (Figure 7). There was also a strong difference between fish detection at 

halo (0.38 ± 0.002) and seagrass or algae camera locations (0.08 ± 0.002).  

 

A preliminary analysis of diver observations from 20 camera locations as well as a an 

additional 60 images from those sites did not contain a single instance of an herbivorous 
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reef fish (surgeonfish and all adult parrotfish except for Sparisoma radians) outside of a 

halo.  

DISCUSSION 

Camera Performance 

Underwater camera traps proved to be energy-efficient, durable, and capable of 

producing large volumes of quality images representative of the fish communities at their 

locations. The current duration of camera operation before biofouling seriously impairs 

image quality (one month or more) is over an order of magnitude longer than the 

operational duration achieved by other non-tethered underwater camera (e.g. Williams et 

al. 2014, Siddiqui et al. 2018). The cameras are also relatively inexpensive, with a 

housing costing approximately $30, plus the cost of the camera, batteries, and SD card 

necessary to run a normal terrestrial camera trap for the same amount of time (in this case 

$95 per unit). Our camera trap design is a reliable, cost-effective, and easy-to-implement 

solution allowing the expansion of terrestrial camera trapping techniques to shallow 

marine environments. The set-up can easily be used to vastly expand the capability of 

baited remote underwater video (BRUV) and associated techniques (Cappo et al. 2004, 

Colton and Swearer 2010, Brooks et al. 2011), and can also provide oceanographic 

observations over periods of months. These cameras have no observable effect on the 

behavior of marine animals and may therefore be used to document species typically 

evasive around divers. While some grazing of algae off of camera stands was assumed to 

have occurred, based on a comparison of algal overgrowth between structures placed 

close to the halo and farther out in the seagrass (Chapter 2 Figure 7), the cameras were 

not apparently more attractive to fish than any other algae-accruing structure in the halo, 
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and any enhanced herbivory around cameras was not reflected in the images collected. 

They are also capable of remaining underwater at depth for long periods and recording 

high volumes of photo or video observations to provide a continuous record of rare 

species behaviors or visits by transient species that divers only observe by chance. To the 

best of our knowledge, these are the first underwater camera traps to be affordable, 

power-efficient (therefore deployable over the span of months) and also self-contained, 

without the challenges imposed by a surface-tethered external power source, which 

typically limits deployment in remote regions and at multiple sites over large areas. 

Design improvements currently in progress focus on reducing biofouling, extending the 

depth range of the camera housings, which are currently untested beyond 6-7m, and 

implementing an external flash or other nighttime illumination. 

  

The greatest immediate limitation to the camera design was the inability to prevent or 

seriously reduce biofouling without periodic manual cleaning of the cameras. Biofouling 

is a common problem with unsupervised underwater monitoring equipment (Delauney 

and Compère 2009), with multiple solutions proposed to control it, including local 

chlorination (Delauney and Compère 2009, Xue et al. 2015) and UV radiation (Patil et al. 

2007). Future iterations of the camera and housing design may implement one or more of 

these methods to reduce biofouling by marine organisms and extend the functional life of 

the housing to better reflect the current power and storage capabilities of the camera.  

 

While both the batteries and memory cards we employed were sufficient for the 

deployment duration and image capture frequency tested, the inability to utilize memory 
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cards with greater than 32GB of storage in Cuddeback cameras could prove problematic 

with a more frequent time lapse interval or in the case of short videos collected in place 

of single images. Therefore, optimizing and expanding both power and data storage 

capacity of these cameras via commercial means (cameras with larger SD storage 

capability) or noncommercial modifications is another potentially valuable direction for 

future research. For example, SD Ultra Capacity (SDUC) storage media currently affords 

512 GB of storage, with 2 TB media planned, vastly expanding the capability of 

underwater camera traps.  

 

Image Analysis 

The success of our initial image sorting using the DCNN ResNet-50 illustrates the power 

of machine learning and computer vision techniques to drastically reduce time and cost 

when dealing with large image sets. Our ability to use this trained model to pre-sort 

images with high accuracy before attempting further analysis via manual or autonomous 

machine-learning based methods also reduces the cost of the most disadvantageous 

aspect of our timed image capture method: the number of empty frames. Now that 

datasets obtained from this and similar shallow marine environments can be easily sorted 

to exclude empty images, future underwater camera trap projects using a similar time-

lapse method will be able to quickly remove the majority of empty frames, while 

retaining the ability to measure frequency of detection events and variations in fish 

presence by time of day, season, or other environmental variables by comparison of 

occupied and empty images. Future expansion of the deep neural network model to focus 

on identification of individual species, functional groups, or the sizes of different 



89 
 
 
individuals, as has been done in similar image analyses (Boom et al. 2014, Boussarie et 

al. 2016, Norouzzadeh et al. 2017, Siddiqui et al. 2018), will further streamline the 

analysis of this and related large image datasets.  

 

Our community composition analysis also demonstrates that the 15 minute photo interval 

of our cameras was sufficient to capture species representative of the same fish 

community observed by divers in the water. This suggests that while a single image does 

not capture every fish active in the area during the 15 minute period it represents, the 

collection of images from any given site are in fact representative of the community at 

that location and are likely to accurately reflect changes in species behavior, abundance, 

or diversity at the site over a range of time scales (e.g. daily vs. seasonal changes).  

 

Our analysis of the number of images with fish collected at different groups of cameras 

revealed a difference undetected by the fish counts from our diver observations 

(presented in Chapter 2), showing that fish are detected by cameras more frequently (and 

are therefore likely to have higher occupancy, although this has not yet been modeled 

directly) within the MPA, compared to sites outside of the MPA. The inability of diver 

surveys alone to detect this difference reinforces the value of spatially-distributed, long-

term datasets like the images collected from our cameras. The observed differences in 

fish detection between halo and grass/algae control sites also reinforce previous 

observations (Chapter 2) of both less fish and a different fish community in the algae or 

seagrass beds away from the reef.  
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Case-Study: Image Analysis Supports Landscape of Fear 

The large volume of usable images obtained for sites with a variety of depths and benthic 

cover types, subjected to different fishing pressures inside and outside of a local MPA, 

and monitored over the course different seasons, allow us to reasonably conclude that our 

observations are likely representative of fish presence and behavior at patch reef sites 

within Lighthouse Reef Atoll as a whole. The complete lack of grazing reef fish observed 

outside of the halo region by cameras located in surrounding vegetation within 30m or 

less of the halo suggests that a landscape of fear imposes real constraints on fish 

movement and that heightened grazing pressure adjacent to reef structures is not simply 

the result of fish dispersing with distance from the reef. It is possible that the lack of 

grazing fish appearing in images taken outside of the halo is due to unequal detection of 

fish between the two environments, possibly as the result of faster or more furtive 

movements outside the relative safety of the halo. However, this explanation appears 

unlikely for two reasons: First, no herbivorous reef fish were observed by divers at grass 

or algal camera sites; second, other fish species that were observed by divers to move 

quickly through the seagrass or algal environment (e.g. bar jacks, Caranx ruber) appear 

in both halo and control camera images, indicating that cameras placed in the grass are 

very capable of photographing fish moving through that environment. It is therefore more 

likely that the complete lack of detection of reef-based grazers outside of the halo is due 

to their total or near-total absence from this environment because of their exposure to 

predators. This study therefore demonstrates the value of long-term, spatially-distributed 

underwater camera trap observations for addressing a subtle difference in underlying 

causes of fish behavior and benthic pattern generation.  
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CHAPTER 3 FIGURES AND TABLES 

 

 
 
Figure 1. Two potential housings were tested for camera traps. Housing 1, made by 
Saipwell, is constructed of thinner plastic and seals with plastic screws and a foam gasket. 
Housing 2, made by Polycase, is thicker polycarbonate resin secured with stainless steel 
screws and a silicon rubber gasket. Both are shown here with a Cuddeback camera trap and 
cardboard spacers.  
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Figure 2. Cameras were deployed on four-legged rebar stands in the field. Plastic cable 
ties attached to the camera housing and to the legs were used to secure buoyant cameras in 
housings below the crossed rebar at the top of each stand. Bottom left inset: A detailed 
front view of a camera in Housing 1 underwater.  
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Figure 3. Camera arrangement at a patch reef site. One camera was placed on the edge of 
the halo looking in toward the reef (“Halo Cam”), while the second (“Control Cam”) was 
placed twice the halo’s width away in the surrounding seagrass or algal cover, in line with 
the first camera.  A series of square meter quadrats were photographed 2-3 meters apart, 
three at the center of the halo and three in the vegetation adjacent to the Control Cam, to 
account for variation in bottom cover between sites.  
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Figure 4. Empty (left) and fish-filled (right) images captured at the same camera site within 
24 hours. The empty or “NoFish” photo was assigned only a 0.09 probability of containing 
a fish by our computer model, whereas the computer predicted a 0.88 probability of the 
second photo containing at least one fish, hence its “Fish” designation. Probabilities like 
these were used to sort images into “Fish” and “NoFish” categories to streamline further 
analysis.  
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Figure 5. Validation confusion matrix from ResNet-50-based model. The confusion matrix 
compares the computer’s prediction for each image with the actual label of “Fish” (image 
contains at least one fish or similar animal) or “NoFish” (image is empty) assigned to the 
photo by a team of trained volunteers. The model was trained using a dataset of 10,727 
images classified by volunteers and then validated with an additional 2,702 human-sorted 
images. The confusion matrix shows the results of the 2,702-image validation test, with 
darker-colored squares representing a higher number of images.  
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Figure 6. Non-metric multidimensional scaling (NMDS) based on 20 diver observations 
and an additional 54 camera images from the same sites. Points represent individual site 
observations or images and are colored yellow for halo/reef cameras and dark green for 
seagrass or algal cameras. Dots represent diver observations, while triangles represent 
camera images. Most image-based points fall within the same area as those from diver 
observations, illustrating that the cameras accurately captured the two different fish 
community types.   
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APPENDIX 

 

Supplemental Figures for Chapter 2 and Chapter 3: 

 

Figure S1. Cluster dendrogram of fish community composition across 20 camera 

locations. Red boxes delineate k=3 groups. Individual branches are labeled with a three-

letter code delineating their location (inside MPA, or OUT), a letter representing bottom 

cover (g = grass, a = algae), a site number within that group (e.g. MPAg1) and a letter 

designating camera location (H = halo, C = control). No pattern emerges with regard to 

sites inside vs. outside of the MPA, but all halo sites fall within one branch of the 

dendrogram, while the other two branches represent all control or grass/algae sites.  
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Figure S2. Stressplot for diver observation-based NMDS of species community 

compositions across camera sites (Chapter 2 Figures 8 and 10).  
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Figure S3. Stressplot for diver observation and camera image-based NMDS of species 

community compositions across camera sites (Chapter 3 Figure 6).  
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Poisson Modeling in R (Markdown) 
 
rm(list=ls()) 
 
setwd("Z:/Data/Lighthouse Reef/Transplant_R") #set working directory 
 
#load packages 
library(vegan) 

## Warning: package 'vegan' was built under R version 3.5.3 

## Loading required package: permute 

## Loading required package: lattice 

## This is vegan 2.5-4 

library(reshape) 
 
#Before loading data into R, number of blades eaten was calculated, ind
ividual replicates were 
#broken out into seperate entries by habitat type (halo, grass, grass_c
ontrol), a UID was  
#added to each individual (e.g. Site 1 grass has UID 1) in Excel.  

Add Bottom Cover 

#read in data 
orig <- read.csv("LHR_transplant_Feb_2019.csv") 
bc <- read.csv("Bottom_cover.csv") 
coords <- read.csv("Site_coords.csv") 
 
#merge data 
m.dat <- merge(orig, coords) 
m.dat <- merge(m.dat, bc) 
 
#combine bottom cover columns (OUT is already excluded from percentage 
total, TOTAL is number of points, minus OUT, with error) 
 
m.dat$LIVE <- m.dat$SPO + m.dat$MACA + m.dat$CCA + m.dat$GRASS 
 
m.dat$INORG <- m.dat$OTHER + m.dat$SAND 
 
#reduce dataset to only necessary/new columns 
n.dat <- m.dat[-c(3, 6, 8, 13:14, 16:17, 22:29, 31) ] 
 
#average cover between 3 images for each UID (Site + Habitat) 
m <- melt(n.dat) 

## Using Site, Habitat, Protected_Area, Date, time, name as id variable
s 
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c.data <- cast(m, Site+Habitat+Date+Protected_Area~variable, mean) #not 
including "time" because we don't need it 

Model survivorship (Poisson) 

#will use all data, not just first 24 hours 
 
  #Survival analysis with right censoring for removed grass (use "expos
ure") 
   
#read in exposure values (by UID) and merge with existing data 
  exp <- read.csv("Exposure_by_UID.csv") 
  mod.dat <- merge(c.data, exp) 
     
#load packages/libraries for models 
#library(nlme) 
  library(lme4)  

## Loading required package: Matrix 

##  
## Attaching package: 'Matrix' 

## The following object is masked from 'package:reshape': 
##  
##     expand 

  library(lmerTest) 

## Warning: package 'lmerTest' was built under R version 3.5.2 

##  
## Attaching package: 'lmerTest' 

## The following object is masked from 'package:lme4': 
##  
##     lmer 

## The following object is masked from 'package:stats': 
##  
##     step 

  library(piecewiseSEM) #for partitioned R2 

## Warning: package 'piecewiseSEM' was built under R version 3.5.2 

##  
##   This is piecewiseSEM version 2.0.2 
##  
##   If you have used the package before, it is strongly recommended yo
u read Section 3 of the vignette('piecewiseSEM') to familiarize yoursel
f with the new syntax 
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##  
##   Questions or bugs can be addressed to <jlefcheck@bigelow.org> 

  library(MASS) #for negative binomial 
   
  #variables include Site (factor/character), MPA (factor), Habitat (fa
ctor), Cover (numeric) 
  #predictors: Protected_Area, Site, Habitat, Depth_ft, LIVE 
  #response: N_eaten_edited (mort, accounts for diff starting blade num
bers) 
  #Exp_days = exposure 
   
#check for NAs 
  mod.dat[rowSums(is.na(mod.dat))>0,] 

##     UID Site Habitat      Date Protected_Area Depth_ft Halo_Width_m 
Blades 
## 47    9    3    halo 7/25/2018             In       17          9.4     
NA 
## 199  34   12   grass  8/3/2018             In       18          5.6     
NA 
##     N_eaten_edited Census      lat       lon       LIVE Exp_days 
## 47               9      3 17.22357 -87.55134  0.4666667        4 
## 199              3      5 17.22391 -87.55094 53.5333333        5 

  mod2.dat <- na.omit(mod.dat) 
   
#subset data to only include the last day censused (Census = Exp_days + 
1)  
  mod3.dat <- subset(mod2.dat, (Census == Exp_days + 1)) 
   
   
####establish basic poisson model structure with exposure/offset 
  mod.base <- glmer(N_eaten_edited ~ Protected_Area + Habitat + (1|Prot
ected_Area/Site), offset=log(Exp_days), family=poisson, data=mod3.dat)  
   
  summary(mod.base) #variance looks fine (lower for Protected_Area alon
e), AIC 505.6 

## Generalized linear mixed model fit by maximum likelihood (Laplace 
##   Approximation) [glmerMod] 
##  Family: poisson  ( log ) 
## Formula:  
## N_eaten_edited ~ Protected_Area + Habitat + (1 | Protected_Area/Site
) 
##    Data: mod3.dat 
##  Offset: log(Exp_days) 
##  
##      AIC      BIC   logLik deviance df.resid  
##    505.6    520.6   -246.8    493.6       84  
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##  
## Scaled residuals:  
##     Min      1Q  Median      3Q     Max  
## -2.3996 -0.9618 -0.3753  0.6026 13.3023  
##  
## Random effects: 
##  Groups              Name        Variance  Std.Dev.  
##  Site:Protected_Area (Intercept) 4.222e-01 6.497e-01 
##  Protected_Area      (Intercept) 1.253e-10 1.119e-05 
## Number of obs: 90, groups:  Site:Protected_Area, 30; Protected_Area, 
2 
##  
## Fixed effects: 
##                      Estimate Std. Error z value Pr(>|z|)     
## (Intercept)           -0.4699     0.2170  -2.166 0.030340 *   
## Protected_AreaOut     -1.8642     0.2996  -6.222  4.9e-10 *** 
## Habitatgrass_control  -0.9605     0.2507  -3.832 0.000127 *** 
## Habitathalo            2.6836     0.1500  17.891  < 2e-16 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Correlation of Fixed Effects: 
##             (Intr) Prt_AO Hbttg_ 
## Prtctd_ArOt -0.443               
## Hbttgrss_cn -0.335  0.000        
## Habitathalo -0.578 -0.063  0.487 

  VarCorr(mod.base) 

##  Groups              Name        Std.Dev.   
##  Site:Protected_Area (Intercept) 6.4974e-01 
##  Protected_Area      (Intercept) 1.1193e-05 

  rsquared(mod.base) #high R2, probably overfit, but no 0 variances 

##         Response  family link   method  Marginal Conditional 
## 1 N_eaten_edited poisson  log trigamma 0.8105491    0.914762 

  base2 <- glmer(N_eaten_edited ~ Protected_Area*Habitat + (1|Protected
_Area/Site), offset=log(Exp_days), family=poisson, data=mod3.dat) 

## Warning in checkConv(attr(opt, "derivs"), opt$par, ctrl = control 
## $checkConv, : Model failed to converge with max|grad| = 0.0317267 (t
ol = 
## 0.001, component 1) 

  #fails to converge 
   
  base3 <- glmer(N_eaten_edited ~ Protected_Area*Habitat + (1|Site), of
fset=log(Exp_days), family=poisson, data=mod3.dat)  
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## Warning in checkConv(attr(opt, "derivs"), opt$par, ctrl = control 
## $checkConv, : Model failed to converge with max|grad| = 0.0316254 (t
ol = 
## 0.001, component 1) 

  #fails to converge 
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