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ABSTRACT OF THE DISSERTATION 

 

Creative Destruction: The Role of Animal Disturbance in Structuring Tropical Seagrass Beds  

 

By 

Abigail Libbin Cannon 

Doctor of Philosophy in Oceanography  

University of California San Diego, 2019 

Professor Jennifer E. Smith, Chair 

 Disturbance plays a significant role in structuring a variety of habitats, but in seagrass 

beds disturbance by animals may be more ecologically important than disturbance by abiotic 

factors. However, not all animal disturbances have identical impacts on seagrass beds and 

humans have increased the frequency of some animal impacts and decreased the frequency of 

others. This research investigated the impacts of disturbance by sea turtles (leaf-eating 

megaherbivores), manatees (leaf-and-root-eating megaherbivores), stingrays (bioturbators), 

and fish and urchins (macroherbivores) on seagrass beds in Bocas del Toro, Panamá. 

Repeated simulated sea turtle grazing was found to reduce percent cover and productivity of 

the late successional seagrass Thalassia testudinum, suggesting that seagrass beds in Bocas 

del Toro can no longer tolerate pre-Colombian levels of turtle grazing, likely due to increased 

sedimentation as a result of terrestrial deforestation. Artificially grazed plots were also 
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vulnerable to subsequent bioturbation by stingrays. One-time simulated manatee grazing was 

not as attractive to stingrays although still did facilitate stingray bioturbation in comparison to 

undisturbed seagrass. T. testudinum in this study recovered quickly and with no colonization 

of experimentally created bare patches by species other than T. testudinum. High nutrient 

availability in Bocas del Toro may allow T. testudinum to colonize sediment gaps without 

prior facilitation by other organisms. Other organisms’ failure to colonize bare patches created 

due to simulated turtle or manatee grazing suggests they are not primarily limited by 

competition with T. testudinum. A third experiment was conducted to investigate whether the 

early successional seagrass, Syringodium filiforme, is excluded from monospecific beds of T. 

testudinum by runoff regimes or macroherbivores. Results indicated that S. filiforme only 

thrives in Bocas del Toro where the impact of runoff is limited and urchins in the genus 

Echinometra are not abundant. Echinometra is not usually thought to be a seagrass-associated 

species and may be colonizing this habitat as a result of overfishing of its predators. Human 

impacts in Bocas del Toro have reduced the ecological impacts of disturbances by 

megaherbivores, increased the impacts of one genus of macroherbivore, and made seagrass 

less resilient to repeated disturbance. Human impacts on disturbance by bioturbators are less 

clear and require further study.
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CHAPTER 1  

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

2 

 

CHAPTER 1  

Introduction 

 

Disturbance has long been shown to be an important process influencing the structure 

of a variety of  plant and sessile animal communities, including intertidal rocky shores (Paine 

& Levin 1981) and boulder fields (Sousa 1979) as well as in subtidal kelp forests (Dayton et 

al. 1992) and coral reefs (Connell 1978). These studies have generally supported the 

“intermediate disturbance hypothesis” or the idea that diversity will be greatest when 

disturbances occur frequently enough to prevent the most dominant competitor from 

monopolizing limiting resources and completely taking over a habitat, but not so frequently 

that the most disturbance susceptible species are eliminated (Connell 1978).  

Disturbance also clearly plays a role in the ecology of tropical seagrass communities 

(Short & Wylie-Echeverria 1996), but its exact role and the effects of different types of 

disturbance are not as well-resolved in tropical seagrass beds as they are in hard-bottom 

habitats. One obstacle to better understanding the role of disturbance in seagrass ecosystems 

is that to test whether these ecosystems align with the predictions of the intermediate 

disturbance hypothesis once must first know, which resource is most limiting. This is further 

complicated by different tropical seagrass and algae species are better at competing for 

different resources (Fourqurean et al. 1995, Stafford & Bell 2006). While space is the limiting 

resource in the rocky intertidal (Dayton 1971), boulder fields (Sousa 1979), and coral reefs 

(Connell 1978) and light is the most limiting resource in kelp forests with nutrients in the 

water column potentially playing a secondary role (Dayton et al. 1984), competition in 
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tropical seagrass communities can be driven by light (Rose & Dawes 1999), nutrients in the 

sediments (Williams 1987, Fourqurean et al. 1995, Davis & Fourqurean 2001), or space 

(Stafford & Bell 2006) depending on environmental context and the seagrass and rhizophytic 

algae species involved. An additional complication that occurs when macrophyte production 

in seagrass beds is limited by sediment nutrient content as opposed to other factors is that 

resource partitioning by different species can reduce the impact of interspecific competition 

between adjacent organisms compared to other habitats. While adjacent organisms in the 

intertidal, on boulders, or on a coral reef compete for the exact same space and adjacent 

seaweeds in a kelp forest competed for basically the same downwelling light and nutrients 

dissolved in the water column, adjacent seagrass species may rely on different nutrient pools 

due to the difference in root sizes between different seagrass species (Duarte et al. 1998). This 

allows larger species with deeper roots to access nutrient pools that smaller shallow-rooted 

species cannot, which lessens the impact of interspecific competition and may explain why 

small seagrass species do not always benefit from the experimental removal of larger seagrass 

species (Duarte et al. 2000). 

Furthermore, most of the disturbances in the classic “intermediate disturbance” papers 

(Connell 1978, Sousa 1979, Paine & Levin 1981, Dayton et al. 1992), were caused by abiotic 

factors. Similar events are comparatively infrequent in Caribbean seagrass beds and Thalassia 

testudinum, the Caribbean’s dominant late successional species, invests much of its biomass 

in roots and rhizomes, which enable it to resist destruction during severe weather events more 

effectively than early successional species (Fourqurean & Rutten 2004, Cruz-Palacios & Van 

Tussenbroek 2005). Enhalus acoroides and Thalassia hemprichii, the dominant late-

successional species in the tropical Indo-Pacific, also have similarly impressive root structures 
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(Brouns & Heijs 1986, Verheij & Erftemeijer 1993) although abiotic disturbances may be 

more frequent in some tropical and subtropical Indo-Pacific habitats (Carruthers et al. 2002). 

 The limited impact of abiotic disturbance on tropical seagrass beds, however, does not 

mean disturbance plays no role in these ecosystems. Disturbance is not only caused by 

indifferent environmental events. Tropical seagrass beds are home to a variety of megafauna 

and macrofauna, who may target certain plants or areas of the bed for disturbance with much 

greater precision than a storm ever could. 

 

Megafaunal and Macrofaunal Disturbance of Tropical Seagrass Beds 

 Biotic disturbance by megafaunal and macrofaunal herbivores and bioturbators may 

be a more important influence on tropical seagrass community structure than abiotic 

disturbance. Grazing by sea turtles has been shown to favor early successional seagrass 

species and rhizophytic algae at the expense of late successional T. testudinum in the 

Caribbean (Molina Hernández & van Tussenbroek 2014) and can nearly eliminate its 

congener, T. hemprichii, from grazed areas in the Indo-Pacific (Kelkar et al. 2013). Grazing 

by manatees in the Caribbean and dugongs in the Indo-Pacific has also been documented to 

create monospecific pastures of the early successional species that sirenians prefer to eat 

(Preen 1995, Lefebvre et al. 2000, De Iongh et al. 2007, Lefebvre et al. 2017). The impact of 

grazing by the various extant species of mega-herbivores, however, is not uniform across all 

environments and there have been documented cases of dugongs (D'Souza et al. 2015), 

manatees (Packard 1984), and sea turtles (Fourqurean et al. 2010, Christianen et al. 2012, 

Heithaus et al. 2014) overgrazing seagrass beds to the point of eliminating nearly all plants 
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rather than favoring early successional species. Grazing by smaller macroherbivores can also 

been shown to have a significant effect on seagrass beds with greater parrotfish grazing 

pressure in seagrass beds near reefs in the Caribbean  reducing the abundance of Halodule 

wrightii (Armitage & Fourqurean 2006) or Syringodium filiforme (Tribble 1981) in this 

habitat. Overgrazing by sea urchins has also been documented to occasionally completely 

eliminate seagrass beds (Valentine & Heck 1991, Rose et al. 1999). 

The impact of megaherbivore grazing on the productivity of seagrass is also highly 

variable with real or simulated sea turtle grazing increasing seagrass productivity in some 

areas (Moran & Bjorndal 2005, Christianen et al. 2012), and reducing it in others (Zieman et 

al. 1984, Halun 2011, Lacey et al. 2014, Molina Hernández & van Tussenbroek 2014). Holzer 

and McGlathery (2016) postulated that seagrass productivity should respond positively to sea 

turtle grazing when plants are not limited by phosphorous and negatively when plants are 

phosphorous-limited, but this conclusion has been questioned by Fourqurean et al. (2010) 

who suggested that declines in seagrass caused by sea turtle grazing are actually due to 

reduced carbon fixation by grazed plants.  

The impact of sirenian grazing on seagrass beds has been less thoroughly studied than 

the impact of sea turtle grazing, but in areas where grazing does not eliminate seagrass beds it 

has been shown to enhance the productivity of the early successional species that sirenians 

prefer (de Iongh 1996, Aragones et al. 2006). One potential reason for the differential impact 

of sea turtles vs. sirenians on seagrass ecosystems could be that while grazing by both species 

tends to favor earlier successional species over later ones, sirenians actually prefer to feed on 

early successional seagrasses (Preen 1995, de Iongh 1996, Lefebvre et al. 2000), while sea 

turtles prefer late successional species (Kelkar et al. 2013, Lacey et al. 2014, Molina 
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Hernández & van Tussenbroek 2014) and early successional seagrasses are more likely to 

benefit from disturbance than late successional seagrasses (Preen 1995, Molina Hernández & 

van Tussenbroek 2014) making sirenians more likely to cultivate their preferred food source 

than sea turtles. Another reason may be that sirenians are more likely than sea turtles to 

bioturbate sediments by excavating seagrass roots (André et al. 2005), which has the effect of 

increasing nitrogen fixation in seagrass beds (Peterken & Conacher 1997, Dennison & Abal 

1999), while sea turtle grazing tends to lower sediment nutrient content, by increasing nutrient 

demand and  uptake by grazed plants (Christianen et al. 2012) and by consuming leaves that 

would otherwise be returned to seagrass sediments through the detrital loop (Thayer et al. 

1982). The tendency of non-bioturbating megafaunal grazing to reduce seagrass bed nutrient 

content is also an important difference between the ecological impact of grazing in marine 

versus terrestrial grasslands. While terrestrial grazers may enhance nutrient recycling in a 

grassland through grazing and defecation (McNaughton 1983), the feces of marine grazers 

rarely reach the sediments in grazing areas (Thayer et al. 1982, Burkepile 2013, Bakker et al. 

2016) causing non-bioturbating grazing to reduce nutrient availability in a seagrass bed. 

While sea turtle grazing may increase the resistance of tropical seagrass beds to 

excessive nutrient loading (Christianen et al. 2012) macroherbivore grazing tends to be a 

contributing factor in the negative impact of nutrient loading (Campbell et al. 2018). Both fish 

(McGlathery 1995, Campbell et al. 2018) and sea urchins (Campbell et al. 2018) increase 

their feeding rates in response to increased seagrass nutrient content. This increase in 

macroherbivore feeding rates is so significant that it overwhelms and productivity increase 

seagrass might have gained from increased nutrients and actually results in lower seagrass 

biomass compared to less nutrient-replete conditions (McGlathery 1995, Campbell et al. 
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2018). Disturbance by macrograzers, however, may be less evenly distributed through grass 

beds than disturbance by megafaunal grazers and may be concentrated around the reefs 

(Randall 1965) or ‘blowouts’ (Macía & Robinson 2005) that fish and sea urchins rely on for 

shelter. 

Disturbance by non-grazing bioturbators also plays an important role in tropical 

seagrass ecosystems in ways that can either help or hinder benthic macrophytes. The impact 

of non-grazing bioturbation also often interacts with the effect of other disturbances or 

stresses. One potential positive impact of bioturbation is that it can increase nitrogen fixation 

in seagrass beds (Bertics et al. 2010). Another positive impact is that burrowing by 

bioturbating organisms can increase oxygen supplied to marine sediments (Norkko & 

Shumway 2011). Bioturbation by burrowing organisms, however, can have a negative impact 

on seagrasses by destabilizing sediment or by causing nutrients to be flushed from the 

sediment to the water column, which reduces the seagrass’s nutrient supply and can enhance 

the growth of epiphytic algae, which reduces the amount of light available to seagrasses 

(Govers et al. 2014). 

An obvious negative impact of bioturbation is that it can destroy seagrasses in the area 

where it occurs.  Foraging stingrays are not capable of digging through continuous long-

leaved T. testudinum (Valentine et al. 1994, Cannon et al. in Review), but they can uproot T. 

testudinum at bed edges (Valentine et al. 1994) or in areas that have been subjected to 

repeated experimental defoliation (Cannon et al. in Review), potentially slowing ecological 

succession in T. testudinum beds that have been disturbed by other influences. 

 The importance of disturbance by megaherbivores and macroherbivores in tropical 

seagrass beds is increasingly appreciated (Valentine et al. 1999, Heck Jr & Valentine 2006, 



 
 

8 

Valentine & Duffy 2006, Heck & Valentine 2007), although conducting studies of the impacts 

of megaherbivores in particular can be challenging due to the extreme reductions in their 

populations caused by overfishing (Jackson et al. 2001). Interactions between different groups 

of megafaunal and macrofaunal disturbers, furthermore, are poorly resolved and may also be 

highly dependent on environmental context. This dissertation focuses on the impacts of 

disturbance by leaf-eating megaherbivores, leaf and root-eating megaherbivores, bioturbators, 

and macrograzers in the seagrass beds of Bocas del Toro, Panamá. 

 

Seagrass beds in Bocas del Toro, Panamá 

 Bocas del Toro refers to the Westernmost region of Panamá’s Caribbean coast. This 

region receives roughly 3.5 m of rain a year (López-Calderón et al. 2013) and Chollett et al. 

(2012) classify this part of the Caribbean as the Panamá-Costa Rica runoff region due to 

consistently low salinity due to runoff and river discharge caused by high rainfall. This leads 

to naturally high levels of sedimentation (Handst et al. 1993, Guzmán & Guevara 1998, 

Carruthers et al. 2005), which reduce light availability  (Aronson et al. 2014), but increases 

nutrient availability (Carruthers et al. 2005) as compared to most other Caribbean sites. In 

addition to naturally higher sediment and nutrient levels, deforestation (Guzmán & Guevara 

1998, Aronson et al. 2014, Seemann et al. 2014) and the establishment of banana plantations 

(Guzmán & Guevara 1998, Hilbun 2009, Cramer 2013, Cramer et al. 2015) have further 

increased sedimentation and fertilizer in runoff (Cramer 2013, Seemann et al. 2014) and 

untreated sewage from an increasing human population (Cramer 2013) also further contribute 

to eutrophication. 
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 Bocas del Toro is home to extensive seagrass beds, which are dominated by Thalassia 

testudinum, but Syringodium filiforme, Halodule beaudettei, and Halophila decipiens are also 

present (Guzmán et al. 2005). In the past these beds provided food for large populations of 

green sea turtles (Meylan et al. 2013, Wake et al. 2013) and manatees (Exquemelin 1678, 

Wake et al. 2013), but both species are too rare to significantly influence ecosystems today 

(Mou Sue et al. 1990, Meylan et al. 2013). Seagrass beds are also home to herbivorous sea 

urchins and parrotfish, although the latter have been adversely impacted by overfishing 

(Seemann et al. 2014, Cramer et al. 2017).  Finally, Southern stingrays and spotted eagle rays 

are regularly encountered in Bocas del Toro and cownose rays are occasionally seen (author’s 

personal observations). Disturbance by herbivores and bioturbators likely played a significant 

role in seagrass ecology in this region and continues to do so in the present, but dominant 

herbivores have likely shifted from megafauna to macrofauna. Further research is needed on 

how changes in herbivore identity and sedimentation have altered regional seagrass ecology. 

 

Changing perspectives and different disturbances by different animals 

 Unfortunately most studies of tropical seagrass ecosystems did not begin until after 

animal communities were altered by centuries of overfishing (Jackson 2001). This led to the 

longstanding, but increasingly questioned paradigm that animals in general and herbivores in 

particular had little impact on the structure of seagrass beds (critiqued in Valentine & Duffy 

2006). More recent authors increasingly question this view as mores studies are published 

showing the importance of  direct grazing of seagrasses by megafauna and macrofauna as 

well as control of algal epiphytes by invertebrate mesograzers (Valentine et al. 1999, Heck Jr 
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& Valentine 2006, Valentine & Duffy 2006, Heck & Valentine 2007). Bioturbation has been 

less extensively studied than herbivory, although it typically has an adverse impact on 

seagrass plants (reviewed in DeWitt 2009). Greater understanding of these previously 

underestimated processes is necessary for accurate knowledge of the role of disturbance in 

seagrass ecology. 

 Furthermore, it is likely that not all animal disturbances have equal impacts on 

seagrass beds. Only sirenians typically uproot seagrasses while feeding (André et al. 2005) 

and while green turtles feed preferentially on late successional seagrass species (Molina 

Hernández & van Tussenbroek 2014) fish and sea urchins feed preferentially on early 

successional seagrass species (Tribble 1981). This suggests that while disturbance by green 

turtles should reduce the dominance of late-successional species in seagrass beds, grazing by 

fish and urchins may further increase the dominance of the most competitive late-successional 

species. Any interactions between the impacts of bioturbators and herbivores have not been 

thoroughly studies nor has whether bioturbators are more attracted to disturbed seagrass 

habitat than unvegetated areas These effects may also vary greatly across gradients of runoff, 

because salinity may control which seagrass species are present in a given bed (Fong & 

Harwell 1994), and light availability affects both the resistance of seagrasses to disturbance 

(Kneer et al. 2013) and their ability to recover (Eklöf et al. 2009). This dissertation 

investigates the impacts of green turtles (leaf-eating megaherbivores), manatees (leaf-and-

root-eating megaherbivores), stingrays (bioturbators), and fish and urchins (leaf-eating 

macroherbivores) in a location that is also highly influenced by runoff. The three data 

chapters use a combination of experimental and observational methods to investigate the 
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impacts of the four groups of disturbing organisms on seagrass beds and interactions of these 

disturbances with one another and with runoff. 

 In Chapter 2 I use different frequencies of simulated green turtle grazing to examine 

its effect on seagrass bed species composition and productivity. The goals were to reconstruct 

the conditions that may have existed in bocatoreño seagrass beds in Pre-Colombian times 

when leaf-eating megaherbivores were significantly more abundant. This led to dramatic 

reductions in Thalassia testudinum percent cover and productivity in experimentally disturbed 

plots and also to increased frequency of bioturbation by stingrays in disturbed plots. Other 

species failed to colonize bare sediment areas opened by declines in T. testudinum. These 

results are relevant to future green turtle conservation efforts, because they show that seagrass 

beds in Bocas del Toro currently are not very resilient to green turtle grazing and this 

resilience will need to be enhanced in order for any increase in green turtle populations and 

grazing frequency to be sustainable. 

 In Chapter 3 I followed up on the results of Chapter 2 and investigated the impact of 

initial disturbance intensity and stingray accessibility on the resilience of Thalassia 

testudinum. This time simulated grazing by leaf-and-root-eating megaherbivores was used as 

the initial disturbance. The goals were to figure out whether larger gaps in seagrass beds close 

more slowly than smaller ones and the effect of stingray foraging on gap closure. 

Surprisingly, stingrays rarely bioturbated experimentally manatee-grazed plots and while 

smaller gaps closed in a shorter length of time than larger ones, large gaps recovered more 

quickly in terms of area of seagrass re-grown per day. No other species increased in percent 

cover in response to decreases in T. testudinum. These results are relevant to efforts to manage 
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the resilience of seagrass beds and suggest that not all forms of disturbance are equally 

attractive to stingrays who may “re-disturb” areas through bioturbation. 

 Chapter 4 evaluated the impacts of grazing by leaf-eating macroherbivores across a 

known gradient of runoff intensity in Bocas del Toro. The goal was to determine whether 

Syringodium filiforme is excluded from certain grass beds, including the sites of Chapter 2 

and Chapter 3 by macroherbivores or by runoff and whether fish or urchins are the more 

ecologically significant group of macroherbivores. Both runoff and grazing by urchins in the 

genus Echinometra were found to contribute to the exclusion of S. filiforme from 

monospecific beds of T. testudinum. Results suggest that both macrograzer disturbance and 

runoff contribute to seagrass community structure in Bocas del Toro. A lack of any effect of 

herbivorous fish grazing suggests they are highly overfished and the presence of Echinometra 

in seagrass beds suggests that urchins in this genus have benefited from the overfishing of 

their predators and expanded into an atypical habitat. 
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CHAPTER 2 

Simulated green turtle grazing reduces seagrass productivity and alters benthic 

community structure while triggering further disturbance by feeding stingrays 
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Abstract 

While green turtles (Chelonia mydas) were once abundant throughout the Caribbean, 

overexploitation has dramatically reduced their numbers. We conducted a 168-day simulated 

grazing experiment to determine how loss of this once-abundant mega-herbivore has affected 

the productivity and community composition of Thalassia testudinum-dominated seagrass 

beds in Bocas del Toro, Panamá. Our findings show that grazing reduced both percent cover 

and productivity of T. testudinum, apparently driven by the energetic cost of replacing lost 

biomass rather than due to nutrient limitation. High runoff and local pollution from industrial 

farming may limit light availability and the energy supply seagrass can use to replace biomass 

lost to grazing. Other seagrass and algae species failed to colonize space opened by grazing T. 

testudinum, and many of the experimentally grazed plots were disturbed through bioturbation 

by foraging stingrays. Efforts to restore C. mydas populations should also work to enhance the 

resilience of T. testudinum to grazing to ensure that increased turtle abundance will not result 

in food limitation, which could include reducing sediment and nutrient pollution to improve 

water clarity.  

 

Introduction 

The historical exploitation of green turtles (Chelonia mydas) is estimated to have 

reduced their abundance in the Caribbean to less than 1% of their pre-Colombian levels 

(McClenachan et al. 2006). The resultant reduction in grazing pressure has altered benthic 

community structure  (Molina Hernández & van Tussenbroek 2014) and productivity (Zieman 

et al. 1984, Williams 1988, Moran & Bjorndal 2005, Molina Hernández & van Tussenbroek 

2014, Holzer & McGlathery 2016) of Caribbean seagrasses. Studies of seagrass beds 
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throughout the Caribbean began after C. mydas populations had already been substantially 

reduced, leaving us with a “shifted baseline” of Caribbean seagrass ecology (Jackson 1997, 

Jackson et al. 2001b, McClenachan et al. 2006).  Further, all of the previously published 

studies on the impacts of sea turtle grazing in the Caribbean (Greenway 1974, Zieman et al. 

1984, Williams 1988, Moran & Bjorndal 2005, 2007, Fourqurean et al. 2010, Lacey et al. 

2014, Molina Hernández & van Tussenbroek 2014, Holzer & McGlathery 2016) have taken 

place in Inner-Caribbean or High Latitude areas rather than in the Panama-Costa Rica runoff 

region where Bocas del Toro, Panamá is located (Chollett et al. 2012). This region 

experiences consistently low salinity due to runoff and river discharge caused by high rainfall 

(Chollett et al. 2012), which can influence which species are present in seagrass beds (Biber 

& Irlandi 2006) and can influence how these ecosystems respond to sea turtle grazing.  

 Fourqurean et al. (2010) proposed that seagrass productivity should respond favorably 

to grazing when the energetic benefits of reduced self-shading are greater than the energetic 

costs of having to replace lost biomass. Holzer and McGlathery (2016) suggested that grazing 

should only enhance seagrass production when seagrasses are not limited by phosphorous and 

did not discuss environmental light limitation. Iron limitation has also been observed in 

Caribbean seagrasses (Duarte et al. 1995), but has not been discussed in relation to how 

seagrasses respond to grazing. These hypotheses and observations can be combined to predict 

that seagrasses should benefit from grazing only when they are not nutrient limited and 

experience light limitation as a result of self-shading rather than as a result of reduced water 

clarity. 

From a green turtle’s perspective it may be advantageous to re-graze the same seagrass 

patches repeatedly due to grazed seagrass blades having higher nitrogen and phosphorous 
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content than ungrazed seagrass blades (Moran & Bjorndal 2007), because younger seagrass 

blades have higher nutrient concentrations than older blades (Bjorndal 1980). From the 

seagrass’s perspective simulated herbivory has been shown to reduce rhizome non-structural 

carbohydrate content in the Indo-Pacific species, T. hemprichii, as carbohydrates are 

translocated to fuel leaf growth (Eklöf et al. 2008) and likely affects other species similarly. 

This might logically be expected to lead to less negative δ13C value of seagrass leaves 

reflecting leaf growth fueled by starch reserves rather than recently fixed carbohydrates 

(Maunoury-Danger et al. 2010). In addition to changing the physiology of individual seagrass 

plants, grazing can also change seagrass community structure. Studies of the impacts of sea 

turtle grazing in both the Caribbean (Molina Hernández & van Tussenbroek 2014) and the 

Indo-Pacific (Kelkar et al. 2013, Heithaus et al. 2014) have shown a tendency of intensely 

grazed communities to show decreased abundance of late-successional species in the genus 

Thalassia and increased abundance of rhizophytic green algae and smaller, early successional 

seagrass genera such as Syringodium and Halophila. 

Grazing by C. mydas on seagrass may have indirect effects on the abundances of, and 

interactions amongst, other organisms associated with seagrass beds. For example, Williams 

(1988) observed stingray feeding pits in a seagrass bed subjected to heavy disturbance by 

grazing C. mydas (and boat anchors) in the US Virgin Islands, suggesting that grazing by C. 

mydas grazing could influence the behavior of pelagic and benthic seagrass-associated taxa, 

particularly because stingrays are not thought to be able to disturb continuous beds of 

ungrazed T. testudinum (Orth 1975, Valentine et al. 1994). Because stingray disturbance may 

interfere with the recovery of grazed seagrass patches and prevent colonization by early 



 
 

24 

successional species by destabilizing sediments and destroying plants themselves, more 

research is needed on this subject.  

In this study we explore how reduced grazing through the loss of this mega-herbivore 

has affected the productivity and community composition of Thalassia testudinum-dominated 

seagrass beds in Bocas del Toro, Western Panama. C. mydas were historically abundant in 

Bocas del Toro (Fig. 2.1) (Exquemelin 1678, Wake et al. 2013) and were commonly fished 

until the 1980s (Meylan et al. 2013). C. mydas is now extremely rare in the region (Meylan et 

al. 2013).  and is protected by Panamanian and international law (Ruiz et al. 2007, Ankersen 

et al. 2015). While enforcement of these protections is variable (Ruiz et al. 2007), the number 

of nests laid per year is increasing at Tortuguero, Costa Rica (Troëng & Rankin 2005), the 

nesting beach for most of Bocas del Toro’s green turtles (Meylan et al. 2013), and one of the 

world’s largest nesting areas for this species (Troëng & Rankin 2005). If increased nesting at 

Tortuguero (Troëng & Rankin 2005) reflects a trend in increasing C. mydas populations in the 

Panama-Costa Rica runoff region, then Bocas del Toro’s seagrass beds are likely to 

experience increased grazing pressure in the future. We conducted a 168-day (6 lunar month) 

simulated grazing experiment to assess how varying levels of sea turtle grazing pressure 

affects benthic community structure, seagrass productivity, seagrass leaf nutrient content and 

δ13C, and seagrass rhizome non-structural carbohydrate content to gain insight into the 

Caribbean’s past and explore the future under the scenario of successful regeneration of C. 

mydas populations both in Bocas del Toro and in other highly runoff-influenced tropical 

marine ecosystems.  

 

Materials and Methods 
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Setting: 

We focused our study in the Bocas del Toro region of western Panama (Fig. 2.1). 

Wake et al. (2013) found evidence that green turtles were an important food resource for pre-

Colombian indigenous populations dating back to at least AD 800 and Europeans knew this 

region was important green turtle habitat since at least the 17th century (Meylan et al. 2013). 

Seagrass beds in this region are typically dominated by Thalassia testudinum (turtle grass) 

(Guzmán et al. 2005), which is the preferred food source of Chelonia mydas in the Caribbean 

(Bjorndal 1980, Mortimer 1981, Bjorndal 1985). Large coral reefs and seagrass communities 

with a modern affinity have existed in the Bocas del Toro region since the early Pleistocene 

(Leonard-Pingel et al. 2012). The ecosystems of Bocas del Toro in particular, and the 

Southwestern Caribbean in general, have been less thoroughly studied than those of the 

Antilles, the Bahamas, or the Yucatán Peninsula (Collin 2005).  

An important contrast between Bocas del Toro and the sites of previous sea turtle 

grazing experiments in the Caribbean is that Bocas del Toro receives nearly 3.5 m of rain a 

year (López-Calderón et al. 2013), making it a significantly wetter climate than the sites of 

previous sea turtle grazing experiments in the Caribbean (Greenway 1974, Zieman et al. 1984, 

Williams 1988, Moran & Bjorndal 2005, Fourqurean et al. 2010, Lacey et al. 2014, Molina 

Hernández & van Tussenbroek 2014, Holzer & McGlathery 2016) (Fig. 2.1). Historic 

dominance of sediment-tolerant (Rogers 1990, Browne et al. 2012) corals in the genus Porites 

(Guzmán & Guevara 1998, Collin 2005, Aronson et al. 2014, Seemann et al. 2014) also 

suggests naturally higher rates of sedimentation than at other sites of previous Caribbean sea 

turtle grazing studies (Handst et al. 1993, Guzmán & Guevara 1998, Carruthers et al. 2005). 
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Sedimentation is not the only stressor in the Bocas del Toro marine environment. 

Signs of anthropogenic stress are apparent from the 1950s (Cramer et al. 2015) and possibly 

earlier (Cramer et al. 2017, Lukowiak et al. 2018). Deforestation (Guzmán & Guevara 1998, 

Aronson et al. 2014, Seemann et al. 2014) and the establishment of banana plantations 

(Guzmán & Guevara 1998, Hilbun 2009, Cramer 2013, Cramer et al. 2015) have increased 

erosion and presumably sedimentation. Mangrove clearing (Granek & Ruttenberg 2008) has 

reduced the process of sediment trapping (Granek & Ruttenberg 2008), and contributed to the 

replacement of Porites spp. by Agaricia spp. on reefs in Bocas del Toro (Aronson et al. 2004, 

Aronson et al. 2005, Hilbun 2009, Aronson et al. 2014). Nutrients from fertilizer in runoff 

(Cramer 2013, Seemann et al. 2014) and untreated sewage from an increasing human 

population (Cramer 2013) also further contribute to eutrophication and may, along with high 

water temperatures and low rates of water exchange, contribute to periodic hypoxic events in 

Bocas del Toro’s enclosed bays, which have caused mass mortalities of corals and reef 

associated organisms (Altieri et al. 2017). Unlike elsewhere in the Caribbean “outbreaks” of 

coral disease have not been noted in Bocas del Toro (Green & Bruckner 2000), although this 

may be a function of historically lower research effort (Collin 2005) rather than a true lack of 

outbreaks or the presence of resistant strains of corals (Vollmer & Kline 2008). White band 

disease has been observed in some corals in Bocas del Toro (Casas et al. 2004) and Acroporid 

corals (Cramer et al. 2012, Cramer et al. 2015) and gorgonians (Cramer et al. 2012) 

experienced severe declines over the course of the 20th Century. Finally fish and invertebrates 

in Bocas del Toro have been depleted by overharvesting (Tewfik & Guzman 2003, O'Dea et 

al. 2014, Seemann et al. 2014, Seemann et al. 2018). 
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Seagrass beds in Bocas del Toro, however, have fared better than coral reefs. Their 

invertebrate communities are less altered (Fredston-Hermann et al. 2013) and seagrass 

biomass and leaf area per a plot in a monitoring program actually increased between 1999 and 

2010, however no clear trend was observed in new seagrass growth per unit area (López-

Calderón et al. 2013), so these gains could be due to reduced grazing rather than enhanced 

production. No consistent intra-annual variation was observed in these variables (López-

Calderón et al. 2013) suggesting that seasonality is not a major factor in bocatoreño seagrass 

beds. 

To explore the impacts of reduced grazing through the functional extinction of C. 

mydas on the productivity and community composition of seagrass beds we conducted our 

study at 3-4 m depth in a Thalassia testudinum dominated seagrass bed on Isla Colón, Bocas 

del Toro, Panamá (9.4048° N, 82.2692° W) (Fig. 2.1). This particular bed is located in an 

enclosed lagoon within the larger Bahía Almirante and is surrounded by mangrove forest on 

three sides. While T. testudinum was the only seagrass species present in the experimental 

area, rhizophytic algae in the genera Caulerpa and Halimeda were present in small numbers 

in and around experimental plots. 

 

Experimental Manipulations 

We conducted an herbivore manipulation experiment with three levels of grazing: 

highly grazed (HG), lightly grazed (LG), and ungrazed (UG). Five 2-m by 2-m plots were 

established for each treatment and plot boundaries were marked with floats attached to PVC 

stakes at each corner in water 3 to 4 meters deep. Green turtle grazing was simulated in the 

HG and LG plots by cutting all seagrass leaves with scissors to within 5 cm of the sediment 
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surface. HG plots were artificially grazed once every two weeks, LG plots were artificially 

grazed once every four weeks, and UG plots were never artificially grazed. To avoid edge 

effects, a 0.5- to 1-m buffer zone was established around each plot and subjected to the same 

treatment as the plot itself, but data were not collected in buffer zones. At least 1 m of space 

was maintained between buffer zones of different plots, but plots were not trenched. Plots 

showed no signs of stingray feeding pits at the start of the experiment. Within the 2-m by 2-m 

grazing plots, cut blades were collected and removed from the experimental area.  Seagrass 

blades from buffer zones were allowed to float to the surface where they were dispersed by 

currents. The experiment ran from September 21st, 2015 to March 1st, 2016, during which 

time HG plots were artificially grazed 12 times and LG plots were artificially grazed 6 times. 

C. mydas has been extensively documented in the Caribbean to re-graze particular patches of 

seagrass (Bjorndal 1980, Fourqurean et al. 2010, Lacey et al. 2014, Molina Hernández & van 

Tussenbroek 2014) and our grazing frequency was within the range applied in previous 

experiments (Holzer & McGlathery 2016). 

 

Seagrass Productivity 

Seagrass productivity in experimental treatments was assessed using (1974) shoot 

marking technique where shoots were pierced near the green/white interface (see 

CARICOMP 2001 Fig. 4a) and then allowed to continue growing for seven days. After seven 

days shoots were harvested and all growth above the marking scar was considered to be old 

growth while all growth below the marking scar and all leaves without scars were considered 

to be new growth. New growth and old growth were separated by cutting the grass blade 

perpendicular to the marking scar with a razor blade and new growth and old growth were 



 
 

29 

dried to constant mass at 60ºC. New growth dry masses were multiplied by shoot density to 

determine production per square meter of grass. Shoot density was measured by counting all 

of the shoots in two haphazardly placed 25 x 25 cm quadrats within the experimental plot and 

taking the mean of the two values. 

 

Seagrass Biomass 

To estimate initial biomass at the start of experimental manipulations two 0.0625 m2 

samples of all above ground macrophyte material was collected in two 25 x 25 cm quadrats 

placed at opposite corners of the boundaries of each plot and dried to constant weight at 60 

ºC. To minimize interference of this destructive sampling to the seagrass within plots, the 

samples were collected from just outside of the plots themselves in the buffer zone. At the end 

of the experiment biomass was remeasured in the same way except samples were collected in 

haphazardly placed quadrats from the interiors of plots. 

 

Benthic Community Percent Cover 

Percent cover of seagrass, other sessile organisms, and sediment in treatments was 

quantified prior to the start of the experiment and every 28 days thereafter by photographing 

all four 1 m2 quadrants of each experimental plot with a Canon Powershot G16 camera. 

Images were cropped, white balanced and then analyzed using the image analysis software 

Photogrid®.  Photogrid® was programmed to superimpose 50 stratified random points per 

quadrant on each photo. Organisms under points were identified to the finest possible 

taxonomic level and points that were over bare sediment rather than organisms were noted as 
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such. Means were taken of the four 1 m2 quadrants per plot to determine the percent cover of 

organisms and sediment for each plot. 

 

Elemental Composition of Seagrass 

 Elemental composition of seagrass (CNP) was determined using samples of new tissue 

growth collected on the last day of the experiment (March 1, 2016). Nitrogen and carbon 

content, and δ13C was determined using standard combustion and an environmental analyzer 

in Dr. Bruce Deck’s lab at Scripps Institution of Oceanography. Phosphorous content of 

seagrass was determined via flow injection analysis with a Lachat QuikChem 8000 at the 

Northern Arizona University Environmental Analysis Laboratory. Iron content of seagrass 

was determined via flame atomic absorption (FAAS) with a Perkin-Elmer 100 at the Northern 

Arizona University Environmental Analysis Laboratory. Non-structural carbohydrate analysis 

of seagrass rhizome tissue collected on March 8th, 2016 was conducted using the extraction 

methods described by Chow and Landhäusser (2004) with subsequent detection of 

carbohydrate content using the phenol sulfuric acid assay. 

 

Stingray Feeding 

The cumulative number of new stingray feeding pits in each plot were counted by 

divers throughout the experiment. Feeding pits were identified by their sudden appearance, 

depth of at least 5cm, and rounded or trench-like shape. New feeding pits were identified by 

presence in areas that had previously not been “pitted” or having steep sides with no signs of 

infilling. Plots showed no signs of stingray feeding pits prior to the start of the experiment. 
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Data Analysis 

 Data were analyzed using the R Stats Package (R Core Team 2017). Seagrass 

production and seagrass percent cover were analyzed using a Welch’s one-way ANOVA with 

three levels (HG, LG, and UG), because Bartlett tests revealed variances between the three 

groups were not homogenous. Correlation between seagrass biomass and seagrass 

productivity was calculated using least square regression. Carbon stable isotope data were 

analyzed using an unpaired two group Student’s t-test comparing grazed (HG, LG) to not 

grazed (UG). Bayesian logistic regression was conducting using the ‘rjags’ package (Plummer 

et al. 2018) to calculate the posterior probability distributions of the odds of a plot in different 

treatments being pitted by sting rays at least once. This was done using a 3 chain, 1000 

iteration Markov Chain Monte Carlo model with uninformative priors and a likelihood 

distribution generated by observations of which plots were pitted. Whether treatment had any 

effect on expected number of pits per plot could not be tested statistically due to observations 

that appearance of feeding pits in many plots accelerated after the first observation suggesting 

that the occurrence of pits within a given plot were not independent. 

 

Results 

Seagrass Productivity 

Seagrass productivity was found to be highest in ungrazed plots (2.66 g m-2 day-1 ± 

0.5 SE), next highest in lightly grazed plots (mean 0.97 g m-2 day-1 ± 0.2 SE), and lowest in 

highly grazed plots (0.32 g m-2 day-1 ± 0.1 SE) (Fig. 2.2). A Welch’s one-way ANOVA 

showed this difference to be statistically significant with 2 numerator degrees of freedom, 

6.054 denominator degrees of freedom, an F ratio of 12.424, and a p-value 0.007. Least 
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squared regression revealed a positive linear relationship (R2 = 0.496) between final seagrass 

biomass and productivity across treatments (Fig. 2.3).    

 

Benthic Community Composition 

 Prior to the start of the experiment T. testudinum percent cover did not differ 

significantly between treatments (Fig. 2.4). However, at the end of the experiment T. 

testudinum percent cover was clearly lower in both of the grazing treatments than in the un-

grazed (UG) controls and lower in highly grazed (HG) than lightly grazed (LG) plots (Fig. 

2.4). At the end of the experiment T. testudinum covered 63.4% ± 2.96 SE of UG plots, 26.2 

% ±  10.86 of LG plots, and 5.3% ± 2.80 of HG plots. A Welch’s one-way ANOVA showed 2 

numerator degrees of freedom, 7.259 denominator degrees of freedom, an F ratio of 93.28, 

and a p value of 6.6 x 10-6. Sediment percent cover in the grazed plots increased in proportion 

to the declines in T. testudinum (Fig.2. 4). The green rhizophytic algae and sponges present in 

small numbers in the experimental area failed to colonize space made available by T. 

testudinum declines and never averaged more than 1% of benthic cover in any treatment at the 

end of the experiment. Declines in seagrass percent cover in treatment plots were not uniform 

across time over the course of the experiment. T. testudinum percent cover declined in HG 

and LG plots in the first 28 days of the experiment, cover in these plots then increased or 

remain unchanged from October 17, 2015 until December 12, 2015. T. testudinum percent 

cover then declined in all treatments, including UG, from December 12th, 2015 to February 

6th, 2016. In the final 28 days of the experiment T. testudinum percent cover further declined 

in HG, showed no change in LG, and increased in UG. Interestingly, the decline in T. 

testudinum percent cover across all treatments occurred coincidentally with a period of heavy 
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rainfall that lasted from mid-December until early January (data not shown, but accessible at 

https://biogeodb.stri.si.edu/physical_monitoring/research/bocas). Benthic cover data are not 

shown for January 2016 because water clarity too poor to analyze photographs successfully. 

 

Elemental Composition of Seagrass 

 No significant difference was observed between non-structural carbohydrate content 

of rhizomes from different treatments. Duarte et al. (1995) proposed a “Seagrass Redfield 

Ratio” of 15,800 C: 720 N: 36 P: 1 Fe for balanced plant growth. Phosphorus and iron content 

in UG and phosphorus content in LG was found to be below this “Seagrass Redfield Ratio” 

but was above the “Seagrass Redfield Ratio” in HG (Table 2.1). New growth tissue collected 

at the end of the experiment showed δ13C values of -7.29 ± 0.33 in HG plots, -6.99 ± 0.20 in 

LG plots, and -7.76 ± 0.20 in UG plots. A one-way ANOVA showed 2 treatment degrees of 

freedom, 12 residual degrees of freedom, and F value of 2.507 and a p value of 0.123. When 

HG and LG treatments were combined to the common category of Grazed and UG were left 

as ungrazed the mean δ13C value of Grazed was -7.12 ± 0.19 and a two sample t-test between 

Grazed and UG showed 10.567 degrees of freedom, a t-stastistic of -2.287, and a p value of 

0.044, showing a significant difference between treatments that were subjected to grazing 

(HG and LG) and ungrazed (UG) treatments (Fig. 2.5). 

 

Stingray Feeding 

The first stingray feeding pit was observed in this experiment in plot HG2 on December 3rd, 

2015 (day 73 of the experiment). The first stingray feeding pit observed in a lightly grazed plot was in 

LG1 on January 19th, 2016 (day 120 of the experiment). No feeding pits were ever observed in UG 
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plots (Table 2.2). Four out of the six plots where stingray feeding pits were observed would later be re-

pitted on different days (Fig. 2.6). In “re-pitted” plots the time delay from the first “pitting” to the 

second was a mean of 21 days. While southern stingrays (Dasyatis americana) were never directly 

observed while digging in experimental plots, they were the most frequently observed large ray in the 

area and were observed and photographed digging nearby sand patches within the seagrass bed. Our 

results show that grazing history (UG vs. HG or LG) predicted whether a plot was pitted at least once, 

but the degree of grazing (HG vs. LG) did not (Table 2.3).    

 

Discussion 

We found that simulating historical grazing by ecologically-extinct green sea turtles 

significantly reduced productivity in T. testudinum seagrass in Bocas del Toro. Seagrass in 

grazed treatments had more positive δ13C values than ungrazed controls, suggesting that 

seagrass regrowth after grazing cannot be accomplished by photosynthesis alone and requires 

the mobilization of carbohydrates stored in the rhizomes (Maunoury-Danger et al. 2010). The 

lack of a difference between δ13C values in highly grazed and lightly grazed treatments 

suggests that T. testudinum in this experiment was limited in its ability to mobilize stored 

carbohydrates for regrowth. Surprisingly this did not lead to any detectable difference in 

rhizome non-structural carbohydrate content between treatments, although this may be 

because T. testudinum clones can reach over 100 m (van Dijk and van Tussenbroek, 2010) 

and rhizomes sampled from grazing treatments may have received non-structural 

carbohydrates translocated from outside our treatment plots. This is particularly relevant since 

the largest T. testudinum clones are found in lagoonal habitats similar to the experimental site 

(van Dijk & van Tussenbroek 2010). 
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Bocas del Toro experiences a particularly wet climate (Fig. 2.1) with extensive rainfall 

that causes regular reductions in water clarity (D 'Croz et al. 2005, Kaufmann & Thompson 

2005). These conditions may explain why we found that grazing reduced seagrass 

productivity even though new leaf tissue was higher in phosphorous and iron in the highly 

grazed treatments than in other treatments. This also suggests that growth of seagrasses in the 

experimental site was more strongly limited by light than by nutrients. Mean shoot density in 

all treatments was less than 300 shoots per meter, while the lowest shoot density at any 

CARICOMP monitored site in the Caribbean was roughly 400 shoots per meter (van 

Tussenbroek et al. 2014), reinforcing the idea that any light limitation the plants experienced 

was the result of environmental light limitation rather than shading by conspecifics, 

particularly because T. testudinum has been shown to reduce shoot density when subjected to 

light limitation (Ibarra-Obando et al. 2004).  

 The finding that grazing reduced T. testudinum productivity agrees with studies of real 

or simulated sea turtle grazing conducted in the US Virgin Islands (Zieman et al. 1984, 

Williams 1988), Bermuda (Fourqurean et al. 2010, Holzer & McGlathery 2016), Jamaica 

(Greenway 1974), and the Yucatan Peninsula (Molina Hernández & van Tussenbroek 2014), 

but not with the findings of Moran and Bjorndal (2005) in the Bahamas. The generally 

detrimental effects of sea turtle grazing on T. testudinum leads to questions about how this 

seagrass species persisted in the Caribbean if C. mydas was 300 times more abundant than in 

the present (McClenachan et al. 2006). One possible explanation is McClenachan et al.’s 

(2006) estimate of pre-Colombian C. mydas abundance is based on females at nesting 

beaches, not on individuals feeding in seagrass beds and C. mydas do not always feed near 
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where they nest. In fact, individuals from the Tortuguero nesting population have been 

observed feeding as far afield as North Carolina (Bass et al. 2006). 

Even allowing for Caribbean C. mydas to be subsidized by seagrass beds outside the 

Caribbean, the finding of an adverse impact of simulated grazing on seagrass productivity in 

Bocas del Toro is concerning. Bjorndal (1995) estimates that a mature female green turtle 

needs to eat 100 kg dry weight of Thalassia testudinum each year. If we assume that the T. 

testudinum productivities of 0.97 g m-2 day-1 in lightly grazed (LG) plots and 0.32 g m-2 day-

1 in highly grazed (HG) plots are sustainable and that LG plots could be grazed 12 times over 

the course of a year, while HG plots could be grazed 24 times over the course of a year it 

would take roughly 930 m2 of seagrass “pasture” to sustain 1 green turtle at HG productivity 

levels or 307 m2 of seagrass “pasture” to sustain 1 green turtle at LG productivity levels. This 

also means that seagrass meadows in Bocas del Toro could support a maximum of 11 adult 

female C. mydas per hectare at HG productivity levels or 32 adult female C. mydas at LG 

productivity levels. This is substantially lower than Bjorndal’s (1995) estimate of 138 adult 

female C. mydas per hectare based on the productivities of clipped seagrass measured by 

Greenway (1974) in Jamaica. While some of this discrepancy can be accounted for by 

Bjorndal’s (1995) assumption that C. mydas would allow T. testudinum biomass to recover to 

ungrazed levels before re-grazing, an assumption that seems not to describe Caribbean C. 

mydas grazing behavior (Fourqurean et al. 2010, Lacey et al. 2014, Molina Hernández & van 

Tussenbroek 2014). T. testudinum productivity also appears to be lower in Bocas del Toro 

than in Jamaica with or without sea turtle grazing. While Greenway (1974) determined the 

productivity of ungrazed seagrass in Jamaica to be roughly 3.78 g m-2 day-1, the mean 

productivity of ungrazed seagrass in our experiment was 2.66 g m-2 day-1. Bocas del Toro 
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receives more than three times as much annual rainfall as Jamaica and precipitation in Bocas 

is much less clearly seasonal. This makes it difficult to conclusively separate negative impacts 

of runoff-induced turbidity vs. high cloud cover on seagrass productivity in Bocas del Toro, 

but studies conducted in Australia have found cloud cover to have less of an effect on 

seagrass beds than turbidity does (Mellors et al. 1993, McKenzie 1994). This suggests lower 

seagrass productivity in Bocas del Toro compared to Jamaica is driven by higher turbidity in 

Bocas del Toro. 

Seagrass beds in Bocas del Toro may have lower resilience to grazing than they did in 

the past as a result of deforestation, coastal development and associated declines in water 

quality, which has caused phase shifts on coral reefs to more sediment-tolerant coral species 

(Aronson et al. 2004, Aronson et al. 2005, Hilbun 2009, Aronson et al. 2014). Sedimentation 

has also been shown to reduce seagrass species diversity (Verheij & Erftemeijer 1993) and 

may explain why monospecific beds of T. testudinum are currently so common in Bocas del 

Toro, but unfortunately seagrasses are not as well-preserved in fossil and sub-fossil 

assemblages as corals (Reich et al. 2015), which makes this hard to verify. Shading has been 

shown to slow seagrass recovery from grazing impacts (Eklöf et al. 2009). It is less clear 

whether the negative response of other Caribbean seagrass communities to sea turtle grazing 

can be attributed to declining water quality, because they receive less rainfall and are likely 

less affected by runoff than Bocas del Toro, although lagoons on the Yucatan Peninsula have 

also become more eutrophic (van Tussenbroek 2011) and deteriorating water quality is a 

major cause of seagrass losses around the world (Orth et al. 2006). Negative effects of sea 

turtle grazing on seagrass communities may also be related to sea turtles becoming locally 

overabundant, even if they are still regionally depleted (McClenachan et al. 2006), in the 
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absence of historic levels of shark predation (Heithaus et al. 2014) or shifting to more 

destructive grazing patterns when predator avoidance is no longer necessary (Burkholder et al. 

2013). 

 The inability of other seagrass and algae species to capitalize on declines in T. 

testudinum percent cover is surprising, particularly since Halimeda spp. and Caulerpa spp. 

were already present in the study site. Stingray bioturbation of grazed sites may have 

interrupted colonization and succession but cannot be the only explanation since not all 

grazed sites were bioturbated by stingrays. Other possible explanations include: grazing 

pressure by fish or invertebrates (Tribble 1981, Stoner 1989b, a, Stoner & Waite 1991), strong 

effects of runoff making this environment challenging for rhizophytic algae, which grow best 

in stable “oceanic” environments (Biber & Irlandi 2006), or that 5.5 months of the experiment 

may not be enough time for any other species to take advantage of T. testudinum declines. 

The latter explanation, however, is unlikely given that it contradicts the findings of Molina 

Hernández and van Tussenbroek (2014) who observed increases in Syringodium filiforme 

coverage within four months of grazing initiation and increases in rhizophytic algae coverage 

within six months of grazing initiation in the Yucatan. Schlöder et al. (2013) also observed 

colonization by macroalgae or filter feeders within six months on three out of four 

experimentally-cleared reefs in Bocas del Toro and speculated that the failure of colonization 

on the fourth reef may have been due to effects of runoff. Urchins were rarely seen in the 

experimental site and green rhizophytic macroalgae are not highly preferred by Caribbean 

parrotfish (Lobel & Ogden 1981, Targett et al. 1986). Queen conch, Lobatus gigas, also feed 

on algae and epiphytes in Caribbean seagrass beds (Stoner 1989b, a, Stoner & Waite 1991), 

but are extremely rare in Bocas del Toro today (Tewfik & Guzman 2003). This suggests that 
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herbivory was not the primary reason why other macrophytes in general and green rhizophytic 

macroalgae specifically failed to increase their percent cover in response to T. testudinum 

declines. Water clarity appears the most likely explanation for the failure of other organisms 

to capitalize on declines in T. testudinum, but this would need to be tested systematically by 

repeating this experiment in less runoff-affected areas and potentially for longer periods of 

time. 

 The most surprising result of this experiment was the increased likelihood of stingray 

bioturbation in grazed plots. The only previous mention of the effect of sea turtle grazing on 

stingray behavior in the literature was by Williams (1988), however it was not clear from that 

study whether rays were responding to disturbance by grazing or by boat anchor scars. 

Valentine et al. (1994) noted that rays can dig up disturbed, but not undisturbed continuous 

areas in T. testudinum beds. This is the first study to directly implicate sea turtle grazing in 

making subsequent disturbance by foraging stingrays more probable in seagrass beds. It is not 

clear, however, whether rays specifically target grazed seagrass patches over other “diggable” 

habitats, or they simply use disturbed seagrass habitats at about the same frequency they 

would unvegetated sediments. Further research into whether sea turtle grazing facilitates 

stingray feeding, and the extent to which natural or anthropogenic disturbance in general 

increases stingray “re-disturbance” of seagrass beds is merited. 

 

Implications for C. mydas conservation 

 C. mydas does not feed exclusively on seagrass in the Caribbean, although T. 

testudinum provides the greatest contribution to its diet in most studied locations and is the 

preferred diet along with a few species of red algae (Bjorndal 1980, Mortimer 1981). This 
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experiment shows that declines in T. testudinum do not necessarily lead to increases in other 

macrophyte species over a timescale that turtles are likely to revisit grazed areas. If this is 

representative of longer time periods, C. mydas may not have the option to switch diets in the 

event of declines in T. testudinum. Finally there is some evidence suggesting that green turtles 

that feed primarily on algae do not grow as large as those that feed primarily on seagrass 

(Mortimer 1995) implying that algae may be an inferior resource. All of this indicates that 

reduced abundance or productivity of T. testudinum from deteriorating environmental 

conditions is likely to have negative impacts on C. mydas populations and may limit the 

ability of modern seagrass beds to sustain turtles at historic levels. 

Most sea turtle conservation efforts have so far focused on protecting individual sea 

turtles, particularly nesting females (Rees et al. 2016) and the success of these efforts can be 

seen in increasing C. mydas nesting at places like Tortuguero, Costa Rica (Troëng & Rankin 

2005). These efforts, however, may not be sufficient to sustainably restore C. mydas 

populations to pre-Colombian levels if modern Caribbean seagrass beds cannot support pre-

Colombian grazing levels. As populations of C. mydas increase, organizations dedicated to 

their conservation may wish to consider the productivity of local T. testudinum beds as well as 

local water clarity when setting C. mydas recovery goals. Doing so will ensure their efforts 

result in a thriving and stable population rather than a population which will unsustainably 

overgraze its food source. To improve the productivity of seagrass beds in Bocas del Toro, we 

recommend a reduction in both sediment and nutrient loads contained in terrestrial runoff 

reaching the ocean (Seemann et al. 2014), which will likely require a combination of 

reforestation (Gao & Yu 2017) and reductions in fertilizer use (Seemann et al. 2014). Thus 

successful conservation and restoration of C. mydas feeding habitat, as well as coral reefs 
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(Aronson et al. 2005, Aronson et al. 2014, Seemann et al. 2014, Cramer et al. 2015), will also 

require the conservation and restoration of terrestrial habitats where neither sea turtles nor 

corals are found.  

While much of the Caribbean does not have as wet of a climate as Bocas del Toro, the 

generally negative response of T. testudinum beds to real or simulated C. mydas grazing 

(Greenway 1974, Zieman et al. 1984, Williams 1988, Fourqurean et al. 2010, Molina 

Hernández & van Tussenbroek 2014, Holzer & McGlathery 2016) (but see Moran & Bjorndal 

2005) suggests T. testudinum today has low resilience to grazing across the Caribbean. 

Rebuilding resilience will require a cross-ecosystem effort, and this may become increasingly 

urgent if we wish to restore C. mydas populations to pre-Colombian abundances. 

 

Acknowledgements 

We are grateful to Levi Lewis, Emily Kelly, Mike Fox, Adi Khen, Bryce Semmens, 

Brian Stock, and Lynn Waterhouse at Scripps for providing scientific support, especially to 

Lynn Waterhouse for help with Bayesian statistics. We would also like to thank Davey Kline 

for the use of your Odyssey Sensor. We are also grateful to the staff of the O’Dea Lab at 

STRI, Felix Rodriguez in particular, the Castillo family, Plinio Góndola, Deyvis Gonzalez, 

and Gilberto Murray for providing support in field. We would also like to thank Ben Turner 

for providing a much-needed correction to our nutrient data. Funding for this project was 

provided by an NSF GRIP Fellowship to ALC and National System of Investigators of 

SENACYT (Panama) to AO. Frequent flier miles were provided by Chris Cannon. 

Chapter 2, in full, is in revision for publication in Marine Ecology Progress Series. 

Cannon, A.L., Hynes, M.G., Brandt, M., Wold, C., O’Dea, A., Altieri, A., Smith, J.E. 



 
 

42 

Simulated green turtle grazing reduces seagrass productivity and alters benthic community 

structure while triggering further disturbance by feeding stingrays. The dissertation author 

was the primary investigator and author of this paper. 

 

References Cited: 
Altieri AH, Harrison SB, Seemann J, Collin R, Diaz RJ, Knowlton N (2017) Tropical dead 

zones and mass mortalities on coral reefs. Proceedings of the National Academy of 
Sciences 114:3660-3665 

Ankersen TT, Stocks G, Paniagua F, Grant S (2015) Turtles Without Borders: 
The International and Domestic Law Basis for the Shared Conservation, Management, 
and Use of Sea Turtles in Nicaragua, Costa Rica, and Panama. Journal of International 
Wildlife Law and Policy 18:1-62 

Aronson RB, Hilbun NL, Bianchi TS, Filley TR, McKee BA (2014) Land use, water quality, 
and the history of coral assemblages at Bocas del Toro, Panamá. Marine Ecology 
Progress Series 504:159-170 

Aronson RB, Macintyre IG, Lewis SA, Hilbun NL, Hil NL (2005) Emergent Zonation and 
Geographic Convergence of Coral Reefs. Ecology 86:2586-2600 

Aronson RB, Macintyre IG, Wapnick CM, O'Neill MW (2004) Phase Shifts, Alternative 
States, and the Unprecedented Convergence of Two Reef Systems. Ecology 85:1876-
1891 

Bass AL, Epperly SP, Braun-McNeill J (2006) Green turtle (Chelonia mydas) foraging and 
nesting aggregations in the Caribbean and Atlantic: Impact of currents and behavior 
on dispersal. Journal of Heredity 97:346-354 

Biber PD, Irlandi EA (2006) Temporal and spatial dynamics of macroalgal communities 
along an anthropogenic salinity gradient in Biscayne Bay (Florida, USA). Aquatic 
Botany 85:65-77 

Bjorndal KA (1980) Nutrition and grazing behavior of the green turtle Chelonia mydas. 
Marine Biology 56:147-154 

Bjorndal KA (1985) Nutritional Ecology of Sea Turtles. Copeia 1985:736-751 



 
 

43 

Bjorndal KA (1995) The Consequences of Herbivory for the Life History Pattern of the 
Caribbean Green Turtle, Chelonia mydas. In: Bjorndal KA (ed) Biology and 
Conservation of Sea Turtles Revised Edition. Smithsonian Institution Press, 
Washington DC 

Browne NK, Smithers SG, Perry CT (2012) Coral reefs of the turbid inner-shelf of the Great 
Barrier Reef, Australia: An environmental and geomorphic perspective on their 
occurrence, composition and growth. Earth-Science Reviews 115:1-20 

Burkholder DA, Heithaus MR, Fourqurean JW, Wirsing A, Dill LM (2013) Patterns of top-
down control in a seagrass ecosystem: Could a roving apex predator induce a 
behaviour-mediated trophic cascade? Journal of Animal Ecology 

CARICOMP (2001) Caribbean Coasta Marine Productivity (CARICOMP) A cooperative 
research and monitoring network of marine laboratories, parks, and reserves 
CARICOMP methods manual levels 1 and 2 manual of methods for mapping and 
monitoring of physical and biological parameters in the coastal zone of the Caribbean. 
CARICOMP Data Management Center and Florida Institute of Oceanography, 
Kingston Jamaica and St. Petersburg Florida 

Carruthers TJB, Barnes PAG, Jacome GE, Fourqurean JW (2005) Lagoon scale processes in a 
coastally influenced Caribbean system: Implications for the seagrass Thalassia 
testudinum. Caribbean Journal of Science 41:441-455 

Casas V, Kline DI, Wegley L, Yu Y, Breitbart M, Rohwer F (2004) Widespread association 
of a Rickettsiales-like bacterium with reef-building corals. Environmental 
Microbiology 

Chollett I, Mumby PJ, Müller-Karger FE, Hu C (2012) Physical environments of the 
Caribbean Sea. Limnology and Oceanography 57:1233-1244 

Chow PS, Landhäusser SM (2004) A method for routine measurements of total sugar and 
starch content in woody plant tissues. Tree Phsysiology 24:1129-1136 

Collin R (2005) Ecological monitoring and biodiversity surveys at the Smithsonian Tropical 
Research Institute's Boas del Toro Research Station. Caribbean Journal of Science 
41:367-373 

Cramer KL (2013) History of human occupation and environmental change in western and 
central Caribbean Panama. Bulletin of Marine Science 89 



 
 

44 

Cramer KL, Jackson JBC, Angioletti CV, Leonard-Pingel J, Guilderson TP (2012) 
Anthropogenic mortality on coral reefs in Caribbean Panama predates coral disease 
and bleaching. Ecology Letters 15:561-567 

Cramer KL, Leonard-Pingel JS, Rodríguez F, Jackson JBC (2015) Molluscan subfossil 
assemblages reveal the long-term deterioration of coral reef environments in 
Caribbean Panama. Marine Pollution Bulletin 96:176-187 

Cramer KL, O'Dea A, Clark TR, Zhao JX, Norris RD (2017) Prehistorical and historical 
declines in Caribbean coral reef accretion rates driven by loss of parrotfish. Nature 
Communications 

D 'Croz L, Del Rosario JB, Góndola P (2005) The Effect of Fresh Water Runoff on the 
Distribution of Dissolved Inorganic Nutrients and Plankton in the Bocas del Toro 
Archipelago, Caribbean Panama. Caribbean Journal of Science 41:414-429 

Duarte CM, Merino M, Gallegos M (1995) Evidence of Iron Deficiency in Seagrasses 
Growing Above Carbonate Sediments. Limnology and Oceanography 40:1153-1158 

Eklöf JS, Gullström M, Björk M, Asplund ME, Hammar L, Dahlgren A, Öhman MC (2008) 
The importance of grazing intensity and frequency for physiological responses of the 
tropical seagrass Thalassia hemprichii. Aquatic Botany 89:337-340 

Eklöf JS, McMahon K, Lavery PS (2009) Effects of multiple disturbances in seagrass 
meadows: Shading decreases resilience to grazing. Marine and Freshwater Research 
60:1317-1327 

Exquemelin AO (1678) The Buccaneers of America. Unwin Brothers LTD., The Gresham 
Press, London 

Fourqurean JW, Manuel S, Coates KA, Kenworthy WJ, Smith SR (2010) Effects of excluding 
sea turtle herbivores from a seagrass bed: Overgrazing may have led to loss of 
seagrass meadows in Bermuda. Marine Ecology Progress Series 419:223-232 

Fredston-Hermann AL, O'Dea A, Rodriguez F, Thompson WG, Todd JA (2013) Marked 
ecological shifts in seagrass and reef molluscan communities since the mid-holocene 
in the southwestern caribbean. Bulletin of Marine Science 89:983-1002 

Gao Q, Yu M (2017) Reforestation-induced changes of landscape composition and 
configuration modulate freshwater supply and flooding risk of tropical watersheds. 
PLoS ONE 



 
 

45 

Granek E, Ruttenberg BI (2008) Changes in biotic and abiotic processes following mangrove 
clearing. Estuarine, Coastal and Shelf Science 

Green EP, Bruckner AW (2000) The significance of coral disease epizootiology for coral reef 
conservation. Biological Conservation 96:347-361 

Greenway M (1974) The effects of cropping on the growth of Thalassia testudinum (König) 
in Jamaica. Aquaculture 4:199-206 

Guzmán HM, Barnes PAG, Lovelock CE, Feller IC (2005) A site description of the 
CARICOMP mangrove, seagrass and coral reef sites in Bocas del Toro, Panama. 
Caribbean Journal of Science 41:30-440 

Guzmán HM, Guevara CA (1998) Arrecifes coralinos de Bocas del Toro, Panamá: I. 
Distribución, estructura y estado de conservación de los arrecifes continentales de la 
Laguna de Chiriquí y la Bahía Almirante. Revista de Biología Tropical 46 

Handst MR, Frencht JR, O'Neill A (1993) Reef Stress at Cahuita Point, Costa Rica: 
Anthropogenically Enhanced Sediment Influx or Natural Geomorphic Change? 
Journal of Coastal Research 9:11-25 

Heithaus MR, Alcoverro T, Arthur R, Burkholder DA, Coates KA, Christianen MJA, Kelkar 
N, Manuel SA, Wirsing AJ, Kenworthy WJ, Fourqurean JW, Pichegru LC, Kendrick 
GA (2014) MINI REVIEW ARTICLE Seagrasses in the age of sea turtle conservation 
and shark overfishing. Frontiers in Marine Science 1 

Hilbun NL (2009) Land use and reef ecology in the Bocas del Toro archipelago, Panama. 
University of South Alabama,  

Holzer KK, McGlathery KJ (2016) Cultivation grazing response in seagrass may depend on 
phosphorus availability. Marine Biology 

Ibarra-Obando SE, Heck KL, Spitzer PM (2004) Effects of simultaneous changes in light, 
nutrients, and herbivory levels, on the structure and function of a subtropical 
turtlegrass meadow. Journal of Experimental Marine Biology and Ecology 301:193-
224 

Jackson JBC (1997) Reefs since Columbus. Coral Reefs 16:23-32 

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury 
RH, Cooke R, Erlandson J, Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS, 



 
 

46 

Pandolfi JM, Peterson CH, Steneck RS, Tegner MJ, Warner RR (2001) Historical 
Overfishing and the Recent Collapse of Coastal Ecosystems. Science 293 

Kaufmann KW, Thompson RC (2005) Water temperature variation and the meteorological 
and hydrographic environment of Bocas del Toro, Panama. Caribbean Journal of 
Science 41:92-413 

Kelkar N, Arthur R, Marbà N, Alcoverro T (2013) Greener pastures? High-density feeding 
aggregations of green turtles precipitate species shifts in seagrass meadows. Journal of 
Ecology 

Lacey EA, Collado-Vides L, Fourqurean JW (2014) Morphological and physiological 
responses of seagrasses (Alismatales) to grazers (Testudines: Cheloniidae) and the role 
of these responses as grazing patch abandonment cues. Rev Biol Trop (Int J Trop Biol) 
62:1535-1548 

Leonard-Pingel JS, Jackson JBC, O'Dea A (2012) Changes in bivalve functional and 
assemblage ecology in response to environmental change in the Caribbean Neogene. 
Paleobiology 38 

Lobel PS, Ogden JC (1981) Foraging by the herbivorous parrotfish Sparisoma radians. 
Marine Biology 64:173-183 

López-Calderón JM, Guzmán HM, Jácome GE, Barnes PAG (2013) Decadal increase in 
seagrass biomass and temperature at the CARICOMP site in Bocas del Toro, Panama. 
Revista de biología tropical 61:1815-1826 

Lukowiak M, Cramer KL, Madzia D, Hynes MG, Norris RD, O’Dea A (2018) Historical 
change in a Caribbean reef sponge community and long-term loss of sponge predators. 
Marine Ecology Progress Series 601:127-137 

Maunoury-Danger F, Fresneau C, Eglin T, Berveiller D, Franois C, Lelarge-Trouverie C, 
Damesin C (2010) Impact of carbohydrate supply on stem growth, wood and respired 
CO 2 δ13C: Assessment by experimental girdling. Tree Physiology 30:818-830 

McClenachan L, Jackson JBC, Newman MJH (2006) Conservation implications of historic 
sea turtle nesting beach loss. Front Ecol Environ 4:290-296 

McKenzie LJ (1994) Seasonal changes in biomass and shoot characteristics of a Zostera 
capricorni aschers. Dominant meadow in Cairns Harbour, Northern Queensland. 
Marine and Freshwater Research 45:1337-1352 



 
 

47 

Mellors JE, Marsh H, Coles RG (1993) Intra-Annual Changes in Seagrass Standing Crop, 
Green Island, Northern Queensland. Aust J Mar Freshwater Res 44:33-41 

Meylan AB, Meylan PA, Espinosa CO (2013) Sea Turtles of Bocas del Toro Province and the 
Comarca Ngobe-Buglé, Republic of Panamá. Chelonian Conservation and Biology 
12:17-33 

Molina Hernández AL, van Tussenbroek BI (2014) Patch dynamics and species shifts in 
seagrass communities under moderate and high grazing pressure by green sea turtles. 
Marine Ecology Progress Series 517:143-157 

Moran KL, Bjorndal KA (2005) Simulated green turtle grazing affects structure and 
productivity of seagrass pastures. Marine Ecology Progress Series 05:235-247 

Moran KL, Bjorndal KA (2007) Simulated green turtle grazing affects nutrient composition of 
the seagrass Thalassia testudinum. Marine Biology 150:1083-1092 

Mortimer JA (1981) The Feeding Ecology of the West Caribbean Green Turtle (Chelonia 
mydas) in Nicaragua. Biotropica 13:49-58 

Mortimer JA (1995) Feeding Ecology of Sea Turtles. In: Bjorndal KA (ed) Biology and 
Conservation of Sea Turtles Revised Edition. Smithsonian Institution Press, 
Washington DC and London, UK 

O'Dea A, Shaffer ML, Doughty DR, Wake TA, Rodriguez FA (2014) Evidence of size-
selective evolution in the fighting conch from prehistoric subsistence harvesting. 
Proceedings of the Royal Society B: Biological Sciences 281 

Orth RJ (1975) Destruction of eelgrass, Zostera marina, by the cownose ray, Rhinoptera 
bonasus, in the Chesapeake Bay. Chesapeake Science 16:205-208 

Orth RJ, Carruthers TJB, Dennison WC, Duarte CM, Fourqurean JW, Heck KL, Jr., Hughes 
AR, Kendrick GA, Kenworthy WJ, Olyarnik S, Short FT, Waycott M, Williams SL 
(2006) A global crisis for seagrass ecosystems. Bioscience 56:987-996 

Plummer M, Stukalov A, Denwoom M (2018) Bayesian Graphical Models using MCMC.  
CRAN 'rjags' 

R Core Team (2017) R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria 



 
 

48 

Rees AF, Alfaro-Shigueto J, Barata PCR, Bjorndal KA, Bolten AB, Bourjea J, Broderick AC, 
Campbell LM, Cardona L, Carreras C, Casale P, Ceriani SA, Dutton PH, Eguchi T, 
Formia A, Fuentes M, Fuller WJ, Girondot M, Godfrey MH, Hamann M, Hart KM, 
Hays GC, Hochscheid S, Kaska Y, Jensen MP, Mangel JC, Mortimer JA, Naro-Maciel 
E, Ng CKY, Nichols WJ, Phillott AD, Reina RD, Revuelta O, Schofield G, Seminoff 
JA, Shanker K, Tomás J, van de Merwe JP, Van Houtan KS, Vander Zanden HB, 
Wallace BP, Wedemeyer-Strombel KR, Work TM, Godley BJ (2016) Are we working 
towards global research priorities for management and conservation of sea turtles? 
Endangered Species Research 31:337-382 

Reich S, Di Martino E, Todd JA, Wesselingh FP, Renema W (2015) Indirect paleo-seagrass 
indicators (IPSIs): A review. Earth-Science Reviews 143:161-186 

Rogers CS (1990) Responses of coral reefs and reef organisms to sedimentation. Marine 
Ecology Progress Series 62:185-202 

Ruiz A, Diaz M, Merel R (2007) WIDECAST Plan de acción para la recuperación de la 
tortugas marinas de Panamá. UNEP Caribbean Environment Program, Kingston, 
Jamaica 

Schlöder C, O'Dea A, Guzman HM (2013) Benthic community recovery from smallscale 
damage on marginal caribbean reefs: An example from Panama. Bulletin of Marine 
Science 89:1003-1013 

Seemann J, González CT, Carballo-Bolaños R, Berry K, Heiss GA, Struck U, Leinfelder RR 
(2014) Assessing the ecological effects of human impacts on coral reefs in Bocas del 
Toro, Panama. Environmental Monitoring and Assessment 186:1747-1763 

Seemann J, Yingst A, Stuart-Smith RD, Edgar GJ, Altieri AH (2018) The importance of 
sponges and mangroves in supporting fish communities on degraded coral reefs in 
Caribbean Panama. PeerJ 

Stoner AW (1989a) Density-dependent growth and grazing effects of juvenile queen conch 
Strombus-gigas l. in a tropical seagrass meadow. Journal of Experimental Marine 
Biology and Ecology 130:119-134 

Stoner AW (1989b) Winter mass migration of juvenile queen conch Strombus-gigas and their 
influence on the benthic environment. Marine Ecology Progress Series 56:99-104 

Stoner AW, Waite JM (1991) Trophic biology of Strombus gigas in nursery habitats: Diets 
and food sources in seagrass meadows. Journal of Molluscan Studies 



 
 

49 

Targett NM, Targett TE, Vrolijk NH, Ogden JC (1986) Effect of macrophyte secondary 
metabolites on feeding preferences of the herbivorous parrotfish Sparisoma radians. 
Marine Biology 92:141-148 

Tewfik A, Guzman HM (2003) Shallow water distribution and population characteristics of 
Strombus gigas and S. costatus (Gastropoda: Strombidae) in Bocas del Toro, Panama. 
Journal of Shellfish Research 22:789-794 

Tribble GW (1981) Reef-based herbivores and the distribution of two seagrasses 
(Syringodium filiforme and Thalassia testudinum) in the San Blas Islands (Western 
Caribbean). Marine Biology 65:277-281 

Troëng S, Rankin E (2005) Long-term conservation efforts contribute to positive green turtle 
Chelonia mydas nesting trend at Tortuguero, Costa Rica. Biological Conservation 
121:111-116 

Valentine JF, Heck KL, Harper P, Beck M (1994) Effects of bioturbation in controlling 
turtlegrass (Thalassia testudinum Banks ex König) abundance: evidence from field 
enclosures and observations in the Northern Gulf of Mexico. Journal of Experimental 
Marine Biology and Ecology 178:181-192 

van Dijk JK, van Tussenbroek BI (2010) Clonal diversity and structure related to habitat of 
the marine angiosperm Thalassia testudinum along the Atlantic coast of Mexico. 
Aquatic Botany 92:63-69 

van Tussenbroek BI (2011) Seagrass and algal dynamics in coral reef lagoons Dynamics of 
seagrasses and associated algae in coral reef lagoons Dinámica de los pastos marinos y 
macroalgas asociadas en lagunas arrecifales coralinas. Hidrobiológica 21:293-310 

van Tussenbroek BI, Cortés J, Collin R, Fonseca AC, Gayle PMH, Guzmán HM, Jácome GE, 
Juman R, Koltes KH, Oxenford HA, Rodríguez-Ramirez A, Samper-Villarreal J, 
Smith SR, Tschirky JJ, Weil E (2014) Caribbean-wide, long-term study of seagrass 
beds reveals local variations, shifts in community structure and occasional collapse. 
PLoS ONE 9 

Verheij E, Erftemeijer PLA (1993) Distribution of seagrasses and associated macroalgae in 
South Sulawesi, Indonesia. Blumea: Journal of Plant Taxonomy and Plant 
Geography:45-64 

Vollmer SV, Kline DI (2008) Natural disease resistance in threatened staghorn corals. PLoS 
ONE 3 



 
 

50 

Wake TA, Doughty DR, Kay M (2013) Archaeological investigations provide late holocene 
baseline ecological data for bocas del toro, Panama. Bulletin of Marine Science 
89:1015-1035 

Williams SL (1988) Thalassia testudinum productivity and grazing by green turtles in a highly 
disturbed seagrass bed. Marine Biology 98:447-455 

Zieman JC, Iverson RL, Ogden JC (1984) Herbivory effects on Thalassia testudinum leaf 
growth and nitrogen content. Marine Ecology Progress Series 15:151-158 

Zieman JHC (1974) Methods for the study of the growth and production of turtle grass, 
Thalassia testudinum König. Aquaculture 4:139-143 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 

51 

Tables 

Table 2.1. Nutrient content and ratios for new seagrass growth in the highly grazed (HG), 
lightly grazed (LG), and ungrazed (UG) treatments. 
 

Treatment 
Percent 
Phosphorus 

Percent 
Carbon 

Percent 
Nitrogen 

C:P 
Molar 
Ratio 

C: Fe 
Molar 
Ratio 

C: N 
Molar 
Ratio 

N:P 
Molar 
Ratio δ 13C 

HG 0.26 39.89 3.37 384 8667 13 28 -7.29 

LG 0.06 36.12 2.82 1350 13741 15 90 -6.97 

UG 0.07 38.26 2.73 1323 21669 16 81 -7.76 

 
 
Table 2.2. Total number of pits in each plot by the end of the experiment, date of observation 
of first feeding pit if applicable, and whether a plot was “re-pitted” if applicable. (UG = 
ungrazed, LG = lightly grazed, HG = highly grazed). 
 

Plot Type 

Number of 
Ray Feeding 
Pits 

Days After Start 
of Experiment 
First Pit 
Observed 

"Re-Pitted" After 
First Observation 

HG1 HG 9 86 Yes 
HG2 HG 4 73 Yes 
HG3 HG 2 100 No 
HG4 HG 0 NA NA 
HG5 HG 0 NA NA 
LG1 LG 6 120 Yes 
LG2 LG 0 NA NA 
LG3 LG 1 141 No 
LG4 LG 0 NA NA 
LG5 LG 0 NA NA 
UG1 UG 0 NA NA 
UG2 UG 0 NA NA 
UG3 UG 0 NA NA 
UG4 UG 0 NA NA 
UG5 UG 0 NA NA 
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Table 2.3. Bayesian medians and minimum and maximum credible intervals for odds of a plot in a 
given treatment being “pitted” at least once over the course of the experiment. (UG = ungrazed, LG = 
lightly grazed, HG = highly grazed 
 
Treatment Min Median Max 

UG 0.00 0.00 4.17 

LG 1.43 28.12 85.06 

HG 18.79 61.11 93.86 
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Figures 

 

Figure 2.1. Average annual rainfall in Bocas del Toro, the site of this experiment, as well as 
at the sites of previous sea turtle grazing studies in the Caribbean and the location of our study 
within Bocas del Toro. 
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Figure 2.2. Boxplot of productivity per unit area g/m2/day in ungrazed (UG), lightly grazed 
(LG), and highly grazed (HG) treatments. Diamonds indicate means. 
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Figure 2.3. Relationship between aboveground biomass and aerial productivity of T. testudinum at 
the end of the experiment.  r2 » 0.496. Circles indicate highly grazed (HG), triangles indicate 
lightly grazed (LG), squares indicate ungrazed (UG). 
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Figure 2.4. Average percent cover of T. testudinum, sediment, and other organisms from the 
start to the end of the experiment in ungrazed (UG), lightly grazed (LG), and highly grazed 
(HG) treatments. Error bars indicate standard error. 
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Figure 2.5. δ13C of grazed and ungrazed treatments. Diamonds indicate means. 
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Figure 2.6. Time in days from start of experiment to appearance of first through fourth 
stingray feeding pit in a plot. Only pitted plots were used in this analysis. Error bars indicate 
standard error.  
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CHAPTER 3 

The effect of simulated manatee disturbance intensity and stingray foraging on 

Thalassia testudinum recovery and benthic invertebrate communities 

Abigail Libbin Cannon, Lucia Rodriguez, Nicte-Ha Muñoz, Matthieu Leray, Bryan Nguyen, 
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Abstract 

 Seagrass beds provide a variety of environmental services including food for marine 

megafauna and habitat for fish and invertebrates. Seagrass habitats can also be self-

reinforcing with their extensive root structure providing protection against damage by severe 

weather or bioturbation. If a seagrass bed does become damaged, however, this sudden loss of 

resistance may render it increasingly vulnerable to re-disturbance and significantly interfere 

with recovery. In areas where stingrays are abundant Thalassia testudinum beds disturbed 

beyond a certain threshold may become stuck in positive feedback loops that keep them in a 

disturbed state as they become more vulnerable to re-disturbance by foraging stingrays than 

continuous undisturbed beds are. This experiment was conducted to assess the ability of T. 

testudinum beds in Bocas del Toro, Panamá to recover from disturbances of various 

intensities, if stingrays play any significant role in reducing that recovery, and the effect of 

disturbance and subsequent stingray bioturbation on seagrass-associated infaunal 

communities. One square meter plots were subjected to 0, 25, or 75-percent removal of T. 

testudinum cover in a way that mimicked sirenian grazing and then made accessible or 

inaccessible to stingrays. Stingray bioturbation of accessible plots was rare and as a result had 

no effect on seagrass recovery. No effect of initial disturbance or subsequent stingray 

bioturbation on infaunal invertebrates was detected, but this may reflect insufficient sampling. 

Grass beds subjected to simulated sirenian grazing appear to be less attractive to stingrays 

than grass beds subjected to simulated green turtle grazing in a previous study by Cannon et 

al. (in Review).  While 25-percent cleared plots achieved T. testudinum percent cover 
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equivalent to uncleared controls 137 days earlier than 75-percent cleared plots did, 75-percent 

cleared plots recovered more quickly in terms of absolute area regrown per day. This suggests 

that bocatoreño seagrass beds are resilient to gap-creating disturbance in spite of frequently 

encountered bioturbating megafauna. 

 

Introduction 

 Seagrass beds provide humans with a variety of environmental services including food 

for charismatic megafauna like sea turtles and manatees, and habitat for a variety of fish and 

invertebrates (reviewed in Cullen-Unsworth & Unsworth 2013). They also host distinct 

macrofaunal communities from adjacent unvegetated areas, with more abundant invertebrates 

(Lewis & Stoner 1983), which may make them particularly good foraging habitat for 

invertivores. Unfortunately, the world is also losing seagrass beds at a rate of roughly 7% a 

year (Waycott et al. 2009) and a better understanding of factors affecting the resistance and 

resilience of seagrass ecosystems is needed to reverse this trend. 

While both resistance and resilience are important components of ecosystem stability, 

they do not refer to identical concepts. Resistance refers to the ability of an ecosystem to 

remain unchanged after a perturbation, while resilience refers to the rate at which an 

ecosystem recovers to an undisturbed state after a perturbation (Pimm 1984). The thick and 

complex below-ground structure of tropical seagrasses makes them difficult to uproot and 

highly resistant to excavation by animals (Williams 1988, Valentine et al. 1994, Cannon et al. 

in Review) or severe weather (Cruz-Palacios & Van Tussenbroek 2005). Seagrass beds, 

however, are not infinitely resistant to disturbance and a variety of different processes can 
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destroy below-ground biomass and create gaps in Caribbean seagrass beds including; 

propeller-scarring (Zieman 1976, Dawes et al. 1997, Andorfer & Dawes 2002, Kenworthy et 

al. 2002, Whitfield et al. 2002, Whitfield et al. 2004, Hammerstrom et al. 2007, Uhrin et al. 

2009, Uhrin et al. 2011), vessel groundings (Kenworthy et al. 2002, Whitfield et al. 2004, 

Hammerstrom et al. 2007), and anchor damage (Williams 1988, Hammerstrom et al. 2007). 

Unfortunately, recovery of seagrass in these gaps, particularly by the competitively dominant 

climax species, Thalassia testudinum (Williams 1990) occurs slowly if at all. Some studies 

have attributed this lack of resilience to characteristics of gaps themselves. Bare sediment 

gaps may have insufficient concentrations of nutrients to support T. testudinum growth 

without prior facilitation by other organisms (Williams 1990, Dawes et al. 1997, Uhrin et al. 

2009), and T. testudinum rhizomes may not be able to grow downward into excavated 

sediment gaps (Hammerstrom et al. 2007). Other studies have attributed this failure to “re-

disturbance” by severe weather (Whitfield et al. 2002) or bioturbating organisms (Williams 

1988, Valentine et al. 1994, Cannon et al. in Review) rather than edaphic conditions in the 

seagrass gaps themselves. 

 Stingrays are particularly important bioturbators and have been occasionally 

documented as serious hindrances to seagrass restoration efforts  by uprooting transplanted 

grass as they feed (reviewed in DeWitt 2009). They also represent one of the more regularly 

encountered groups of large marine vertebrates in Bocas del Toro, Panamá (authors personal 

observations) and have been documented to preferentially bioturbate patches of T. testudinum 

subjected to simulated green turtle grazing as compared to ungrazed patches (Cannon et al. in 

Review). However, this behavior has not been conclusively demonstrated to represent a 

significant obstacle to seagrass recovery in Bocas del Toro. Stingray foraging, however, has 
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been implicated in the maintenance of gaps in T. testudinum beds in Florida (Valentine et al. 

1994) and in the destruction of Zostera marina beds in the Chesapeake Bay (Orth 1975). 

 Cannon et al. (in Review) also observed a tendency of stingrays to “re-dig” where they 

had previously bioturbated, suggesting that those areas provide particularly good foraging 

opportunities, although invertebrate abundance was not investigated in that study. Thrush et 

al. (1991) found that bivalves recolonize areas disturbed by stingrays in New Zealand tidal 

mudflats more rapidly than polychaetes do, and Takeuchi et al. (2013) found that high levels 

of stingray foraging cause clam populations to increase and shrimp populations to decrease on 

tidal mudflats in Japan. If stingray bioturbation in disturbed seagrass beds has the same effect 

it does in mudflats and more bivalves and fewer shrimp and polychaetes leads to better 

foraging opportunities, stingrays may be cultivating their prey base by re-bioturbating the 

same areas. This “carnivorous cultivation”, however, would likely further undermine seagrass 

recovery and contribute to disturbed patches remaining in a disturbed grass-free alternate 

stable state due to frequent “re-disturbance” by stingrays. 

There is also a general lack of published information on seagrass gap recovery in 

Bocas del Toro with or without interference from stingrays. While Bocas del Toro is outside 

of the Hurricane Belt (Carruthers et al. 2005) and propeller scars and vessel groundings are 

less common in this location than in Florida or Puerto Rico (author’s personal observation), 

likely due to a lower tidal range, gaps in seagrass beds can still be created through anchoring 

(Williams 1988, Hammerstrom et al. 2007) or lobster traps (Uhrin et al. 2005). In pre-

Colombian times manatees were also abundant in Bocas del Toro (Exquemelin 1678, Wake et 



 
 

64 

al. 2013), and could have been significant gap creators (Preen 1995, Di Carlo & Kenworthy 

2008), but today are too rare to be ecologically significant (Mou Sue et al. 1990). 

Regardless of whether gaps in bocatoreño seagrass beds are or were created by 

humans or manatees, there is reason to suspect that the process of gap-filling in this location 

might be different from that of other published studies. While initial colonization by early 

successional species, which increases sediment nutrient content is considered a necessary 

precursor to T. testudinum recovery in the Virgin Islands (Williams 1990) and Florida (Uhrin 

et al. 2009), high runoff in Bocas del Toro means that nutrient availability in seagrass beds is 

quite high compared to those areas (Carruthers et al. 2005), which may reduce T. testudinum’s 

need for facilitation by other species. High runoff, however, also reduces light availability 

(Aronson et al. 2014), which reduces seagrass’ ability to recover from disturbances (Eklöf et 

al. 2009). Information about seagrass recovery in Bocas del Toro is likely also applicable to 

elsewhere in the Panama-Costa Rica runoff region and in non-upwelling areas along the 

Caribbean coast of South America, which are similarly influenced by runoff (Chollett et al. 

2012). 

The goals of this study were to determine; 1) the recovery rate of T. testudinum 

patches subjected to different levels of clearing and whether this showed any signs of 

alternate stable state dynamics, 2) whether re-disturbance by stingrays represents a significant 

obstacle to the recovery of disturbed T. testudinum patches, and 3) the effect of initial clearing 

and re-disturbance by stingrays on seagrass-associated benthic invertebrate communities. 

Initial disturbance was designed to simulate manatee grazing and removed 0, 25, or 75-

percent of T. testudinum in 1 m2 plots. These plots were then left accessible or made 



 
 

65 

inaccessible to stingrays to assess the ability of bocatoreño seagrass beds to recover from 

disturbances of different magnitudes, the ability of stingrays to alter recovery trajectories, and 

the effect of initial disturbance intensity and stingray accessibility on benthic invertebrate 

communities. 

 

Materials and Methods 

Setting 

To explore the impacts of initial disturbance intensity and stingray foraging on T. 

testudinum recovery we conducted our study in the interior of a 3-4 m deep monospecific bed 

of this species in Bahía Almirante, Bocas del Toro, Panamá (9.3489º N, 82.2586º W) (Fig. 

3.1). The experimental site was located roughly 75 m offshore from the Smithsonian Tropical 

Research Institute’s dock and the bed itself was between a partially cleared mangrove 

shoreline and a deeper sand channel. This site is located in an enclosed bay with a tidal range 

of less than 0.5 m (Collin et al. 2009) which minimizes impacts of swell or currents on the 

seagrass habitat. 

 While T. testudinum was the only seagrass species present, green rhizophytic algae in 

the genera Caulerpa and Penicillus could also be encountered in the bed in small numbers. 

Southern stingrays (Dasyatis americana), including individuals of disk width greater than 1 

m, could be observed in the vicinity of the experimental area nearly every day. Spotted eagle 

rays (Aetobatus narinari) were also seen at least once monthly and sometimes several times a 

month. Cownose rays (Rhinoptera bonasus) were rarely observed. The only large non-ray 
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organisms observed in the site with any regularity were occasional great barracuda 

(Sphyraena barracuda), which were seen at least monthly. 

 To investigate rates of T. testudinum recovery from disturbance in Bocas del Toro we 

designated 1 m2 plots that were subjected to different levels of simulated sirenian grazing 

(Preen 1995) and tracked the recovery of those plots photographically. We also compared the 

recovery of stingray-accessible versus stingray-inaccessible plots within the two “grazing” 

treatments to see if stingray bioturbation significantly reduces the recovery rate of disturbed 

T. testudinum. 

Experimental Manipulation 

This study was designed to investigate the impacts of different levels of simulated 

manatee grazing and ray bioturbation on seagrass abundance over time. Plots measured 1 m2 

and were separated by at least 1 m. Plots were marked with pink flagging tape attached to 

labeled plastic garden markers at the four plot corners. Care was taken to locate plots in areas 

with no visible ghost shrimp burrows at the start of the experiment to avoid any interference 

with the effects of experimental treatments by negative impacts of ghost shrimp burrowing on 

seagrass survival (Kneer et al. 2013).  Using a factorial crossed design, 3 levels of grazing (0, 

25, 75% removal) and 2 levels of ray accessibility (accessible, inaccessible) were used to 

assess impacts on seagrass abundance and recovery from disturbance.  

The combination of different levels of clearing and ray accessibility produced the following 6 

treatments (Fig. 3.2): 

1) 0% cleared and accessible to stingrays (CA). 
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2) 0% cleared and inaccessible to stingrays (CI). 
3) 25% cleared (seagrass removed from 25% of plot area) and accessible to stingrays 

(25A). 
4) 25% cleared (seagrass removed from 25% of plot area) and inaccessible to 

stingrays (25I). 
5) 75% cleared (seagrass removed from 75% of plot area) and accessible to stingrays 

(75A). 
6) 75% cleared (seagrass removed from 75% of plot area) and inaccessible to 

stingrays (75I). 
 

Five 1 m2 plots of each treatment type were established at the experimental site in a 

stratified random design. In cleared treatments, 75 or 25-percent of above-ground biomass 

and below-ground biomass down to 6 cm was removed from cleared plots in a gridded pattern 

(Fig. 3.2) using garden trowels. This was designed to imitate natural disturbance by grazing 

sirenians (Preen 1995), to observe seagrass recovery from a type of intense disturbance it 

could have realistically experienced in the past (Exquemelin 1678, Wake et al. 2013). Rays 

were excluded from inaccessible plots using grids of rebar stakes placed 25 cm apart from one 

another to keep them from ‘landing’ on the bottom. This design has previously been used 

successfully to keep A. narinari out of scallop beds (Ajemian et al. 2012). Stakes protruded 

no more than 10 cm above the sediment to minimize any shading or fish aggregating effects. 

This design is also unlikely to have excluded non-stingray organisms from experimental plots, 

because non-stingray benthic feeding organisms that were more than 25 cm wide were rarely 

seen in the area. 

 

Benthic Community Percent Cover 
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 Percent cover of seagrass, other sessile organisms, and sediment in treatments was 

quantified prior to the start of the experiment on July 4th, 2017 and monthly thereafter until 

the end of the experiment on June 13th, 2018 unless water clarity was too poor to take 

photographs, which occurred once during December 2017. In total photographs were taken to 

assess benthic cover 9 times after experimental manipulations were completed. Each 

experimental plot was photographed with an Olympus Tough TG-4 camera. Images were 

cropped, white balanced and then analyzed using the image analysis software Photogrid®.  

Photogrid® was programmed to superimpose 25 stratified random points per quadrant on 

each photo. Organisms under points were identified to the finest possible taxonomic level and 

points that were over bare sediment rather than organisms were noted as such.  

Sediment Gap Measurements 

 Photos taken of experimental plots were also used to track rates of T. testudinum 

recovery into experimentally cleared gaps. This was useful for distinguishing the effect of 

seagrass regrowth on seagrass percent cover as opposed to any changes in seagrass shoot 

density. This also allowed us to examine the dynamics of gap recovery, particularly if 

seagrass regrew into gaps in such a way as to increase perimeter to area ratio, which enhances 

recovery rates (Kenworthy et al. 2002, Uhrin et al. 2011).  Gaps were traced in Adobe 

Photoshop using the pen tool, filling in all traced gaps with the paint bucket tool and then 

using the image analysis tool to record measurements of total gap perimeter and gap area. 

Scale was calibrated against the 1 m long quadrat edge. Number of gaps in each photograph 

was calculated manually. 

Ray Feeding Pit Quantification 
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 Stingray feeding pits were counted during the course of experimental monitoring to 

assess benthic cover. Feeding pits were identified by their sudden appearance, depth of at 

least 5cm, and steep sides. New feeding pits were identified by presence in areas that had 

previously not been “pitted” or having no signs of infilling. Plots showed no signs of stingray 

feeding pits prior to the start of the experiment. 

Infaunal Sampling 

 Infaunal sampling was conducted to determine whether simulated manatee grazing or 

stingray bioturbation has any effect on the abundance or biomass of different taxonomic 

groups of invertebrates. To assess initial community structure prior to the start of the 

experiment, 25.4 cm diameter sediment cores were taken to a depth of 10 cm from the area 

immediately adjacent to each plot, since the destructive nature of this technique meant the 

plots themselves could not be sampled this way. At the end of the experiment cores were 

taken from the center of the plots themselves. Samples were then sieved using 2 mm mesh 

and retained organisms were counted, photographed, identified to coarse taxonomic group, 

and dried to constant weight at 60ºC to determine soft-tissue mass. 

 

Statistical Analysis 

 T. testudinum percent cover was analyzed at different time points using a two-way 

ANOVA in the r package “car” (Fox & Weisberg 2011) with simulated grazing treatment (0, 

25, 27% removed) and ray accessibility (accessible, inaccessible) as fixed factors. Each time 

point was analyzed separately. To specifically evaluate how recovery of seagrass differed 
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between cleared treatments, a Kruskal-Wallis test was used with percent cleared as a factor. 

Plots from the 25-percent and 75-percent cleared treatments were considered “recovered” 

when mean percent cover of T. testudinum did not differ significantly (p ≥ 0.5) from that of 

the uncleared control plots. Two-way ANOVAs in the r package “car” (Fox & Weisberg 

2011) were also used to compare recovery rates in terms of cm2 of gap area closed per day  

and gap perimeter to area ratios of 25-percent cleared accessible, 25-percent cleared 

inaccessible, 75-percent cleared accessible, and 75-percent cleared inaccessible plots. The aov 

function in the R core package (R Core Team 2017) was used to conduct a three-way 

ANOVA to test the effect of percent of T. testudinum cleared, accessibility to stingrays, and 

year sampled on mass  and abundance of infaunal invertebrates. 

 

Results 

Benthic Community Percent Cover 

 At no point during the experiment was stingray accessibility indicated to have a 

significant effect on T. testudinum percent cover (Fig. 3.3) (Tables 3.1- 3.3). T. testudinum 

percent cover in the initially 25-percent cleared treatments had recovered to the point that it 

did not differ significantly from percent cover in uncleared control treatments (p = 0.07) by 

the day 78 of the experiment October 2nd, 2017 (Fig. 3.4). T. testudinum percent cover in 

nearly all treatments, however, recovered by the 215th day of the experiment on February 16th, 

2018 and would not differ significantly between treatments again through the end of the 

experiment (Fig. 3.3). Declines in T. testudinum percent cover caused by experimental 
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clearing did not result in significant increases in percent cover of other benthic sessile 

organisms, which never averaged more than 2% of benthic cover in any treatment. 

 

Ray Feeding Pits 

  In spite of rays, particularly D. americana, being common in the area and being 

filmed attempting to open deployed bait cannisters, few feeding pits appeared in experimental 

plots. No feeding pits were detected until day 263 of the experiment when two pits were 

detected in a 25-percent cleared accessible plot. This plot was “pitted” again on day 293 and a 

pit was also observed in in a 75-percent cleared accessible plot on this date. Finally, 352 days 

after the plots were cleared and after the last benthic cover photos had been taken, but the 

experiment had not yet been broken down, a feeding pit was observed in a different 75-

percent cleared accessible plot. No stingray feeding pits were observed in any other 

experimental plots. This differs markedly from the findings of Cannon et al. (in Review), 

which showed stingray feeding pits in 5 out of ten plots subjected to simulated green turtle 

grazing over the course of a 168-day experiment. 

 

Gap Closure 

 While T. testudinum percent cover recovered in 25-percent cleared plots 137 days 

earlier than in 75-percent cleared plots, recovery rates in terms of cm2 per day of gap closure 

was roughly twice as fast in 75-percent cleared plots as in 25-percent cleared ones. Plots that 

initially had 25-percent of T. testudinum cover removed recovered at a rate of 9.42 ± 2.76 SE 
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cm2/day while plots that initially had 75% of T. testudinum cover removed recovered at a rate 

of 21.44 ± 2.55 SE cm2/day (Fig. 3.5) (Table 3.4). Accessibility or inaccessibility of cleared 

plots to stingrays had no effect on recovery rates. While 25-percent cleared plots did have a 

higher gap perimeter to area ratio than 75-percent cleared plots on days 0 and 33 of the 

experiment, by day 78 this ratio did not differ significantly between clearing treatments (Fig. 

3.6).  

 

Infauna 

 Gastropod biomass was higher across all treatments in 2018 than in 2017 (F = 9.92, p 

= 0.003), but this does not appear to be a result of the experiment itself, because this was 

observed in undisturbed controls as well as experimentally disturbed plots (Table 3.5). 

Crustacean biomass was found to be higher in 25-percent cleared accessible treatments in 

2017 prior to any experimental manipulations than in 2018 at the end of the experiment. No 

significant effects on echinoderm, bivalve, or worm biomass were detected (Fig. 3.7). No 

obvious trends in number of different individual invertebrates per treatment was observed, but 

the mean number of individuals per treatment was typically lower than one per core or 20 per 

m2 (Fig. 3.8). No clear effect of initial disturbance or stingray accessibility on infauna mass or 

abundance was detected. 

 

Discussion 
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 While experimentally disturbed plots were bioturbated by stingrays more frequently 

than undisturbed plots stingray visits to experimental plots were infrequent and did not affect 

seagrass recovery rates. Plots that had been equally cleared at the start of the experiment 

recovered at roughly equal rates regardless of stingray accessibility. While T. testudinum 

percent cover became statistically equivalent to that of uncleared controls in 25-percent 

cleared plots earlier than in 75-percent cleared plots, 75-percent cleared plots recovered more 

quickly in terms of cm2 of gap area closed per day. 

 In chapter 2 the failure of other organisms to colonize gaps created in T. testudinum by 

simulated green turtle grazing is attributed to a high runoff environment reducing the growth 

rates of non-T. testudinum species. That may also partially explain why Caulerpa spp. and 

Penicillus spp. failed to colonize the gaps created in this experiment by simulated manatee 

grazing, but runoff may not be the only explanation. Tropical seagrass beds may resemble 

temperate salt marshes with respect to gap recolonization and clonal regrowth may be more 

important than sexual recruitment (Shumway & Bertness 1992). This is also supported by the 

findings of Williams (1990) who observed sexual recruitment to play no role in seagrass 

recovery into gaps in the US Virgin Island and Rasheed (1999) who made similar 

observations in Northern Australia. In this environment the extreme dominance of T. 

testudinum over other organisms in terms of both percent cover and biomass may have made 

it the most likely species to grow clonally into gaps regardless of any differentials in ability to 

cope with runoff or colonizing ability. 

Stingray bioturbation of experimental plots was limited and did not occur until after T. 

testudinum percent cover in initially disturbed plots did not differ from that of undisturbed 
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controls. This is particularly surprising, because stingrays were locally abundant, and baited 

remote underwater video (data not shown) confirmed that they were actively foraging in the 

area.  

Simulated sirenian grazing may affect seagrass-associated benthic invertebrates 

differently than simulated turtle grazing. Skilleter et al. (2007) found real and simulated 

dugong grazing to reduce the abundance of most benthic invertebrates in Australian seagrass 

beds, which could reduce their usefulness to invertivorous stingrays as feeding sites. 

Unfortunately, however, no published information exists regarding the impact of real or 

simulated sea turtle grazing on seagrass-associated invertebrates, which makes it difficult to 

confirm or refute this speculation. This experiment did not detect any obvious effect of the 

various treatments on invertebrate abundance or biomass, but sampling may have been 

insufficient to detect differences in the generally patchy distribution of seagrass-associated 

macroinfauna (Schweimanns & Felbeck 2007, Barnes & Ellwood 2012) and sampling of T. 

testudinum beds subjected to different disturbances over a larger spatial scale may be needed. 

Invertebrate abundance was also low experimental plots compared to other published studies. 

For example Skilleter et al. (2007) observed bivalve densities in seagrass beds in Moreton 

Bay, Australia that were two to three times as high as the maximum values observed in this 

experiment. The location of cleared patches within the interior, rather than along the edges of 

the bed may have also prevented their colonization by ghost shrimp, which typically do 

benefit from seagrass reductions at bed edges (Castorani et al. 2014).  While one out of three 

plots bioturbated by stingrays was later “re-pitted” the small sample size and the lack of 

supporting invertebrate abundance or biomass data limits the ability of this experiment to 

demonstrate any cultivation effect of stingray feeding.  
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Stingray bioturbation of experimentally disturbed plots that had recovered in terms of 

T. testudinum percent cover, but not of plots that were never disturbed suggests that recovery 

of belowground root structure in T. testudinum proceeds more slowly than the recovery of 

above-ground shoots and leaves. This agrees with the findings of Di Carlo and Kenworthy 

(2008) that seagrass below-ground biomass recovers from disturbance more slowly than 

above-ground biomass does and also the assertion of Valentine et al. (1994) that the resistance 

of intact T. testudinum beds to stingray bioturbation is mostly a result of their thick, below-

ground rhizome structure.  

 Given the low rate of stingray bioturbation of any experimental plots it is not 

surprising that T. testudinum percent cover in plots subjected to the same levels or initial 

clearing recovered at the same rates regardless of stingray accessibility. That 25-percent 

cleared plots recovered more quickly than 75-percent cleared ones is also not surprising 

(Kenworthy et al. 2002, Uhrin et al. 2009, Uhrin et al. 2011), particularly given that 25-

percent cleared plots initially had higher total gap perimeter to total gap area ratios than 75-

percent cleared plots (Kenworthy et al. 2002, Uhrin et al. 2011). The first time T. testudinum 

percent cover on 75-percent cleared plots did not differ significantly from the uncleared 

controls was on day 192 of the experiment on January 24th, 2018, but it coincided with a 

reduction in percent cover in control plots (Fig. 3.3), so it is hard to call this a complete 

recovery. The reduction in T. testudinum percent cover in control plots observed on day 192 is 

likely due to high rainfall, which caused heavy runoff and increased water turbidity to the 

point that photos could not be taken of plots between day 126 and day 192. T. testudinum 

percent cover in the control plots recovered by February 16th, 2018, which was day 215 of the 

experiment and also increased in the 75-percent cleared plots to not differ significantly from 
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other treatments. T. testudinum percent cover would not differ significantly between 

treatments again through the end of the experiment (Fig. 3.3).   Surprisingly even though the 

75-percent cleared treatments took longer to recover, they closed roughly twice as much gap 

area per day as the 25- percent cleared treatments. This would also appear to contradict the 

findings of Dawes et al. (1997) who found no difference between the productivity of T. 

testudinum short shoots located at gap edges and those located in bed interiors in Tampa Bay, 

Florida. 

 A partial explanation for the surprisingly rapid recovery of T. testudinum in 75-percent 

cleared treatments as compared to 25-percent cleared treatments is that the grass grew in such 

a way that its total gap perimeter to area ratio did not differ significantly from that of the 

initially 25-percent cleared plots by October 2nd, 2017 (Fig. 3.6). Gaps in seagrass beds with 

higher perimeter to area ratios generally recover more quickly (Kenworthy et al. 2002, Uhrin 

et al. 2011) and the ability of T. testudinum in 75-percent cleared plots to rapidly increase this 

variable may indicate apical growth directed towards the gap center as was also observed by 

(Dawes et al. 1997). T. testudinum in Bocas del Toro may also gain a greater advantage from 

growing into gaps than its conspecifics in Tampa Bay due the advantage of increased light 

availability outweighing the disadvantage of reduced nutrient availability in this 

comparatively low-light (Aronson et al. 2014), high-nutrient (Carruthers et al. 2005) 

environment. While dense seagrass beds have frequently been observed to facilitate the 

availability nutrients in the sediments  (Williams 1990, Dawes et al. 1997, Uhrin et al. 2009), 

greater seagrass density nearly always leads to greater competition for light (Rose & Dawes 

1999, Van Der Heide et al. 2010), which suggests that as nutrients become less limiting 

seagrass beds should become more resilient to gap-creating disturbance and reduce the 
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likelihood of a disturbance shifting patches within a seagrass bed to an alternate stable state 

(Suding et al. 2004) should decrease. This likely also explains why the gaps created in this 

experiment all recovered in terms of T. testudinum percent cover within 215 days of the start 

of the experiment.  

 

Conclusions 

 The goals of this experiment were to assess the resilience of T. testudinum in Bocas 

del Toro in terms of recovery rates of differently sized gaps, the role of stingray bioturbation 

in hindering T. testudinum recovery, and the effect of simulated manatee disturbance and 

subsequent disturbance by stingrays on sediment-associated infauna. While percent cover of 

T. testudinum in 25-percent cleared plots recovered to levels comparable to uncleared controls 

more quickly than in 75-percent cleared plots, 75-percent cleared plots recovered more 

quickly in terms of cm2 of gap area closed per day. This suggests the studied T. testudinum 

bed is highly resilient to simulated manatee grazing and disturbance is unlikely to shift 

patches to an alternative stable state.  Experimentally disturbed plots were not heavily 

bioturbated by stingrays and not bioturbated at all until after percent cover of T. testudinum 

had recovered to levels equivalent to uncleared controls. No effect of initial disturbance or 

stingray feeding on benthic infaunal invertebrates was detected, but this may be an artifact of 

sampling methods. Bocatoreño seagrass beds appear highly resilient to simulated manatee 

grazing, likely due to high nutrient availability and lack of bioturbator re-disturbance of 

cleared patches. Further research on how bioturbator behavior affects seagrass resilience to 

different kinds of disturbances is merited. 
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Tables 
 
Table 3.1. Results of a two-way factorial ANOVA between initial percent cleared (0%, 25%, 
75%) and stingray accessibility (+/-) on October 2nd, 2017, 78 days after the start of the 
experiment 
 

  Df Sum of Squares F p value 
Percent Cleared 3537.1 2 16.5078 0.00003095 
Accessible 26.1 1 0.2439 0.6259 
Percent Cleared: Accessible 231.5 2 1.0803 0.3554 
Residuals 2571.2 24     

 
 
Table 3.2. Results of a two-way factorial ANOVA between initial percent cleared (0%, 25%, 
75%) and stingray accessibility (+/-) on January 24th, 2018, 192 days after the start of the 
experiment. 
 

  Df Sum of Squares F p value 
Percent Cleared 315.47 2 1.9554 0.1634 
Accessible 1.2 1 0.0149 0.9039 
Percent Cleared: Accessible 16.8 2 0.1041 0.9015 
Residuals 1936 24     

 
Table 3.3. Results of a two-way factorial ANOVA between initial percent cleared (0%, 25%, 
75%) and stingray accessibility (+/-) on February 16th, 2018, 215 days after the start of the 
experiment. 
 

  Df 
Sum of 
Squares F p value 

Percent Cleared 3.47 2 0.0281 0.9723 
Accessible 30 1 0.4865 0.4922 
Percent Cleared: 
Accessible 154.4 2 1.2519 0.304 
Residuals 1480 24     
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Table 3.4 Results of a two-way factorial ANOVA between initial percent cleared (25% or 
75%) and stingray accessibility (+/-) on gap recovery rate cm2/day. 

  Df 
Sum of 
Squares F p value 

Percent Cleared 1 723.68 10.79 0.005 
Accessible 1 67.1 1 0.33 
Percent Cleared: 
Accessible 1 131.4 1.96 0.18 
Residuals 16 1073.44     

 
 
Table 3.5 Gastropod dry body masses by treatment and year. 

Year Treatment N 
Mean Gastropod Mass 
(g) SE 

2017 25A 5 0.12306 0.1039561 
2017 25I 5 0.5462 0.35757428 
2017 75A 4 0.12035 0.07129406 
2017 75I 5 0.04992 0.03371947 
2017 CA 5 0.05766 0.05766 
2017 CI 5 0.24096 0.1492225 
2018 25A 5 0.35302 0.1514735 
2018 25I 4 1.169975 0.56569924 
2018 75A 5 1.20874 0.5583724 
2018 75I 3 0.6466 0.25181573 
2018 CA 4 1.1519 0.92440197 
2018 CI 5 1.09302 0.66741316 
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Figures 

 

Figure 3.1. Map showing the location of the study site within Bocas del Toro. 
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Figure 3.2. Illustration of experimental treatment types. Clockwise from top left CA, 25A, 
75A, 75I, 25I, CI. Illustration by Adi Khen. 
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Figure 3.3. T. testudinum percent cover by treatment from July 4th (day 0), 2017 to June 13th 

(day 332), 2018. 25A = 25-percent cleared and accessible to stingrays, 25I = 25% cleared and 
inaccessible to stingrays, 75A = 75% cleared and accessible to stingrays, 75I = 75% cleared 
and inaccessible to stingrays, CA = uncleared control accessible to stingrays, CI = uncleared 
control inaccessible to stingrays. 
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Figure 3.4. T. testudinum percent cover by initial percent cleared in October, 78 days after the 
start of the experiment. Diamonds indicate means. At this point 75-percent cleared plots 
different significantly from 0 percent cleared controls and 25-percent cleared plots, but the 
difference between 0 percent cleared controls and 25-percent cleared plots was not significant. 
Stingray accessible and inaccessible plots were combined. 
 

 

 Figure 3.5. T. testudinum recovery rate in terms of cm2 of gap area closed per day in 75-
percent and 25-percent cleared treatments. Diamonds indicate means. Stingray accessible and 
inaccessible plots were combined. 
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Figure 3.6. Gap perimeter to area ratios in 75-percent and 25-percent cleared plots from day 0 
to day 215. Data only shown until day 215, because after that T. testudinum percent cover did 
not differ significantly between cleared treatments and uncleared controls. 
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Figure 3.7. Invertebrate mass by treatment in 2017 before the start of the experiment and in 
2018 at the end of the experiment. 
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Figure 3.8.  Counts of individual invertebrates by treatment in 2017 before the start of the 
experiment and in 2018 at the end of the experiment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

92 

CHAPTER 4 
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Abstract 

Both macrograzers (Tribble 1981) and runoff (Fong & Harwell 1994) can influence 

the species composition of tropical seagrass beds. The purpose of this study was to investigate 

which of these two factors are ultimately responsible from the exclusion of Syringodium 

filiforme from certain seagrass beds in Bahía Almirante, Bocas del Toro, Panamá. To 

determine the relative importance of macrograzers versus runoff in structuring seagrass 

communities, fish and invertebrate abundance surveys were conducted in seagrass beds with 

and without S. filiforme located across Bahía Almirante’s three hydrographic zones. Densities 

of fish and the urchin, Lytechinus variegatus were experimentally manipulated in cages at one 

site to further assess the relative importance of both groups. Urchins in the genus Echinometra 

were found to be significantly more abundant in sites without S. filiforme in 2 out of three 

hydrographic zones but were absent from seagrass beds in the most runoff-affected zone. 

Density manipulations of fish and L. variegatus in cages showed no effect of fish grazing, but 

a significant effect of elevated L. variegatus densities on T. testudinum percent cover. Urchins 

in the genus Echinometra were found to be significantly more abundant in sites without S. 

filiforme in 2 out of three hydrographic zones but were absent from seagrass beds in the most 

runoff-affected zone. S. filiforme appears to be excluded from monospecific beds of T. 

testudinum by Echinometra spp. in the less runoff- influenced hydrographic zones. 

Echinometra spp. are normally considered to be coral reef specialists but overfishing of their 

predators may  have allowed them to move into new habitats. 

 

Introduction: 
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Seagrass ecosystems provide a variety of fishery, coastal protection, and conservation 

services (reviewed in Cullen-Unsworth & Unsworth 2013), but are facing a variety of threats 

around the world. Direct threats include mechanical damage, eutrophication, and 

sedimentation (reviewed in Orth et al. 2006) and indirect threats include the overfishing of 

large species (Jackson et al. 2001), which shifts the dominant grazers from megafauna to fish 

and sea urchins  (Heck Jr & Valentine 2006, Valentine & Duffy 2006). Urchins may benefit 

from this overfishing of their predators and reach artificially high densities that lead to 

overgrazing (reviewed in Eklöf et al. 2008). To understand the implications of overfishing for 

seagrass ecosystem services it is necessary to understand the relative importance of fish and 

urchin grazing and interactions between grazing and runoff on seagrass community structure. 

 In Caribbean seagrass beds Thalassia testudinum is considered to be the superior 

competitor and late-successional dominant, while Syringodium filiforme is considered to be a 

competitively inferior, early successional species (Williams 1987). Competition between the 

two species often leads to reductions in S. filiforme biomass, but not to its complete 

elimination (Williams 1987, 1990). This is likely because competition between the two 

species occurs on the basis of exploitation of nutrients contained in the sediment (Williams 

1987) rather than through direct interference (Williams 1990) and the light and nitrogen 

requirements of S. filiforme are notably lower than those of T. testudinum (Williams 1990). In 

spite of T. testudinum’s apparent inability to completely exclude S. filiforme through resource 

exploitation (Williams 1987, 1990), monospecific beds of T. testudinum can be found 

throughout the Caribbean and Gulf of Mexico (Rose & Dawes 1999). Processes other than 

competition must therefore exclude S. filiforme from these habitats and both herbivory 

(Tribble 1981) and T. testudinum’s greater tolerance of freshwater runoff (Fong & Harwell 
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1994) have been implicated in previous studies. This study tests the relative importance of 

grazer functional groups and environmental context with the following three approaches: fish 

and urchin surveys across habitats and runoff zones, grazing assays in the same locations as 

the fish and urchin surveys, and an in-situ fish and urchin density manipulation experiment. 

Previous studies in Bocas del Toro have shown that when T. testudinum is cleared 

from monospecific beds in experiments designed to simulate green sea turtle (Chapter 1) or 

manatee (Chapter 2) grazing, S. filiforme fails to colonize the resulting open space. Both of 

these previous studies, however, took place in a single location and provide no comparative 

basis for understanding how variation in runoff (Fong & Harwell 1994) or fish and 

invertebrate abundance (Tribble 1981) in those monospecific T. testudinum beds may differ 

from other regional seagrass beds where S. filiforme coexists with T. testudinum.   

While megafaunal grazing can influence community composition of seagrass beds, it 

generally favors early successional species at the expense of late successional species (Molina 

Hernández & van Tussenbroek 2014, Lefebvre et al. 2017). Furthermore, while green sea 

turtles and manatees were historically abundant in Bocas del Toro (Exquemelin 1678, Wake 

et al. 2013), exploitation has reduced their abundance to a level too low to be ecologically 

relevant (Mou Sue et al. 1990, McClenachan et al. 2006, Meylan et al. 2013). Herbivorous 

fish and sea urchins, however, preferentially graze S. filiforme over T. testudinum (Tribble 

1981). While the former have been affected by overfishing (Seemann et al. 2014, Cramer et 

al. 2017) they remain more abundant than green sea turtles or manatees in Bocas del Toro and 

may still be sufficiently abundant to affect the composition of seagrass communities.  

 Urchins may also be ecologically important grazers in Bocas del Toro. Lytechinus 

variegatus urchins are also frequently observed in local seagrass beds (author’s personal 
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observations), have been occasionally observed to completely overgraze Caribbean seagrass 

beds (Rose et al. 1999), and also prefer to feed on S. filiforme rather than T. testudinum (Prado 

& Heck 2011). Urchins in the genus Echinometra have also been identified as increasingly 

important grazers on coral reefs in the Panamanian Caribbean (Sangil & Guzman 2016a, 

Kuempel & Altieri 2017) and have been found to reduce seagrass cover around coral reefs in 

Kenya (McClanahan et al. 1996). However, Echinometra spp. are generally considered to be 

hard substrate specialists (McClanahan & Muthiga 2013) and peer reviewed information 

about their impacts on seagrass beds is limited. Finally, while herbivorous fish may typically 

remove more seagrass than urchins in non-overfished areas of the Caribbean (Hay 1984), little 

is known about  how these relationships change across gradients of fishing intensity. 

Runoff is also highly variable across Bahía Almirante (Aronson et al. 2014),  and may 

be especially important in an area that receives nearly 3.5 m of rain each year (López-

Calderón et al. 2013). Previous studies have also shown runoff to be a predictor of coral reef 

community composition (Aronson et al. 2014) as well as mangrove height (Lovelock et al. 

2005). It seems reasonable based on previous work (Fong & Harwell 1994) that runoff could 

also have similar effects on bocatoreño seagrass communities. 

The overarching goal of this study was to determine whether S. filiforme is excluded 

from monospecific beds of T. testudinum in Bocas del Toro by macroherbivore grazing, 

freshwater runoff, or both and the relative and interactive effects of grazing by fish and sea 

urchins. We explored this topic by conducting three sub studies as follows: 1) performed fish 

and urchin abundance surveys at sites with and without S. filiforme across the three 

hydrographic zones previously described by (Aronson et al. 2014) to assess any correlation 

between fish and urchin abundance and presence or absence of S. filiforme or other aspects of 
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benthic community composition, 2) used daytime and nighttime grazing assays to determine 

rates of grazing by fish and urchins and whether either group shows a consistent preference 

for S. filiforme over T. testudinum, and 3) conducted a caging experiment that manipulated 

densities of fish and the urchin, Lytechinus variegatus, to determine which group of 

macrograzers had a greater effect on seagrass percent cover. 

 

Setting 

 Bahía Almirante is a semi-enclosed embayment, located in Bocas del Toro, Panamá’s 

westernmost Caribbean province. All of Panamá’s Caribbean coast is considered part of the 

Panamá-Costa Rica Runoff Region by Chollett et al. (2012), but influence of runoff varies 

greatly across Bahía Almirante due to differences in catchment size (Aronson et al. 2014) and 

degree of oceanic influence (Aronson et al. 2014, Seemann et al. 2014). Aronson et al. (2014) 

divided the bay into three hydrographic zones (Fig. 4.1), with Zone A having the most 

degraded water quality due to limited oceanic mixing and high exposure to polluted 

freshwater from the Changuinola Flood Plain and the city of Almirante. Zone B has less 

degraded water quality than Zone A due to its higher degree of oceanic mixing, and Zone C 

has the least degraded water quality in spite of limited oceanic circulation, because its 

watershed is relatively small and undeveloped. Both monospecific beds of T. testudinum and 

mixed beds of T. testudinum and S. filiforme can be found in all three hydrographic zones, but 

the two habitat types may not be equally common across all three zones. While coral reefs in 

Bocas del Toro have been severely overfished (Dominici-Arosemena & Wolff 2005, Seemann 

et al. 2014), there are no published studies of fish or sea urchin abundance in seagrass beds 
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throughout Bahía Almirante, which makes further research needed to determine the relative 

and interactive effects of fish and urchin grazing in bocatoreño seagrass beds. 

 

How Does Fish and Urchin Abundance Vary at Sites with And Without S. Filiforme 

Across Hydrographic Zones? 

 

Methods 

Site Selection 

 At least one site where S. filiforme was present and at least one site where S. filiforme 

was absent was selected in each of  the hydrographic zones described by Aronson et al. (2014) 

(Fig. 4.1). Mixed beds of S. filiforme and T. testudinum were selected at Drago, Punta Mango, 

and Punta Juan in zones A, B, and C respectively. Monospecific beds of T. testudinum were 

selected with Punta Puebla and the bed in from of the Smithsonian Tropical Research Institute 

(STRI) in Zone A, Bastimentos in Zone B, and Superseco in Zone C. Punta Puebla, 

Bastimentos, Superseco, and Punta Juan were all seagrass beds located between coral reefs 

and mangrove forests. Neither corals nor mangroves were present in the immediate vicinity of 

the surveyed grass beds at Drago and Punta Mango. STRI was located in a T. testudinum beds 

between a partially cleared mangrove shoreline and a deeper sand channel. All sites except 

STRI were at water depths shallower than 2m, while STRI was roughly 3m deep. 

  

Benthic Community Composition 

Benthic community composition of sessile organisms was determined by estimating 

percent cover visually in 1m2 quadrats adjacent to each other on either side of three 20m 
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transects every 5m for a total of 10 quadrats per transect and 30 quadrats per site in April 

2018. Transects ran parallel to each other and were  > = 5m apart. 

 

Fish and Urchin Abundance 

 Fish and sea urchins were surveyed at each site in the same areas as the benthic cover 

transects via three 20-meter long 2m diameter parallel belt transects as per the methods of Lee 

et al. (2015). Size of herbivorous fish was estimated to the nearest 5 cm for all observed 

individuals longer than 5 cm total length and to the nearest 1 cm for fish shorter than 5 cm 

total length. Fish biomass was calculated from lengths using length to weight ratios from 

Fishbase (2019). Fish were surveyed during the day when they were more active in the 

seagrass bed (Robblee & Zieman 1984). Sea urchin density was estimated using belt transects 

of the design used for fish, but surveys were conducted at night when they are more active 

and less likely to be covered in detritus (Moore et al. 1963). 

 

Statistical Analysis 

Two-way permutation-based multivariate analysis of variance (PERMANOVA) was 

used to determine any statistically significant differences in benthic sessile organism or fish 

community structure across sites and hydrographic zones. Specifically, Bray-Curtis similarity 

metrics were calculated for each data set and PERMANOVAs were run in the R package 

“vegan” (Oksanen et al. 2018). Average linkage hierarchical clustering was used to compare 

fish communities between sites. Average linkage was used to reduce the impact of rare 

species. Two way ANOVAs in the R package “car” (Fox & Weisberg 2011) were used to 
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analyze the effects the categorical factor of S. filiforme presence and hydrographic zone on 

urchin abundance.  

 

Results 

Benthic Community Composition 

T. testudinum covered the largest percentage of the benthos at all study sites with a 

maximum value of 78.43% ± 3.89 SE at STRI and a minimum value of 44.60% ±  2.48 SE at 

Punta Juan, although S. filiforme always covered more than 20% of the benthos at sites where 

it was found. While T. testudinum covered the greatest percentage of the benthos at all sites, 

S. filiforme represented the second greatest percentage of the benthos at all sites where it was 

present.  No consistent positive or negative correlations between percent cover of T. 

testudinum and S. filiforme were observed, indicating that competition or facilitation between 

the two species did not play an important role in their abundance (Fig. 4.2). There was a 

significant effect of the categorical factor of S. filiforme presence or absence on benthic 

community composition, but no significant effect of hydrographic zone or of interactions 

between hydrographic zone and the categorical factor of S. filiforme presence or absence 

determined by non-square root transformed Bray Curtis PERMANOVA (Table 4.1). 

 

Herbivore Abundance  

 Herbivorous fish biomass was higher in Hydrographic Zone C than elsewhere. In Zone 

C, initial phase Scarus iseri were dominant in terms of biomass, accounting for 8.2 ± 1.0 SE 

g/m2 at Superseco. The next most abundant group of herbivores were terminal phase S. iseri 
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accounting for 1.4 ± 0.3 SE g/m2 also at Superseco. Biomass values for other parrotfish are 

low (Fig.  4.3). 

 Results of PERMANOVA (stress = 0.03) found no significant differences in 

herbivorous fish community structure based on sites (presence of S. filiforme), Hydrographic 

Zone, or interactions between the two factors, but when average linkage hierarchical 

clustering was applied, sites within hydrographic zones tended to cluster more closely with 

each other than sites with or without S. filiforme (Fig. 4.4). 

 The only urchins encountered sufficiently frequently to analyze their abundance were 

Lytechinus variegatus and Echinometra spp.. There was an interactive effect of S. filiforme 

presence and hydrographic zone on L. variegatus abundance. There was also a significant 

interactive effect of S. filiforme presence and hydrographic zone on abundance of 

Echinometra spp., which were absent from hydrographic zone A, but notably more abundant 

in seagrass beds where S. filiforme was absent in zones B and C (Fig. 4.5). The maximum 

observed abundance of L. variegatus was 0.61 ± 0.18 SE individuals per m2 at Drago and the 

maximum observed abundance of Echinometra spp. was 1.36 ± 0.25 SE per m2 at Superseco. 

 

S. iseri Behavioral Observations 

 While the primary purpose of fish surveys was to count fish rather than to record their 

behavior, initial phase S. iseri were highly abundant at Superseco and Punta Juan. Individuals 

were encountered on every transect (n=30) at Superseco and on 15 of the 27 transects 

conducted at Punta Juan. Terminal phase S. iseri were seen at 4 out of 27 transects at Punta 

Juan and 13 out of 30 transects at Superseco. While terminal phase S. iseri were observed 
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feeding directly on seagrass leaves, initial phase S. iseri never were, although they were 

frequently observed scraping epiphytes off of seagrass leaves.  

 

Do Fish and Urchins Have Different Feeding Preferences or Graze at Different Rates 

and How Does Habitat Complexity Affect Grazing Rates? 

 

Methods 

Grazing Assays 

Grazing assays were used to determine fish and urchin grazing rates at the 7 study 

sites, and determine if any preference fish or urchins may have for T. testudinum or S. 

filiforme. Grazing assays consisted of interspersed epiphyte-free blades of S. filiforme and T. 

testudinum of premeasured length. Blades were attached to deployment devices which 

consisted of wooden clothespins strung between two steel rods. When devices were deployed 

the string would be pulled taught and the rods would be pushed into the sediment to make 

deployed grass blades resemble growing seagrass as closely as possible. Night-deployed 

assays were used to measure sea urchin grazing while day-deployed assays were used to 

measure fish grazing (Robblee & Zieman 1984, Klinger & Lawrence 2009). Upon recovery T. 

testudinum blades with bite marks or S. filiforme blades that lost more than 1cm of length 

were considered grazed. Mass could not be used to calculate seagrass consumption, because 

S. filiforme re-absorbs water while deployed making post-deployment blotted wet weights 

consistently higher than pre-deployment ones (authors’ personal observation). Length of 

consumed T. testudinum could not be measured, because grazer bites tended to remove pieces 

of the blade without reducing its length. Only assays that experienced non-zero amounts of 
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grazing were used to calculate fish and urchin preferences. Length of S. filiforme removed 

from daytime grazing assays per hour, including non-grazed assays, was used to calculate 

rates of fish grazing on this species at each site.  

 

Seagrass Habitat Complexity 

Small parrotfish abundance can be positively associated with habitat complexity 

(Macía & Robinson 2005, Gullström et al. 2011), which can lead to greater grazing rates by 

these organisms in more dense or taller seagrass beds (Macía & Robinson 2005). Habitat 

complexity in experimental sites was assessed by taking three parallel 20 m transects at each 

site and sampling seagrass shoot density in a 0.0625 m2 quadrat in the same locations as the 

benthic cover transects. The height of a randomly selected blade for each applicable species 

within the quadrat was measured to the nearest centimeter using a pre-marked pvc meter stick. 

Heights were multiplied by density for each species and added together to calculate 

complexity in terms of cm of seagrass height per m2. Similar calculations based on shoot 

height and shoot density are widely used as proxies for seagrass habitat complexity in 

published literature (reviewed in Horinouchi 2007). 

 

Statistical Analysis 

 A three-way ANOVA in the R package “car” (Fox & Weisberg 2011) was used to 

analyze effect of S. filiforme presence (+/-), hydrographic zone, and time period on length of 

deployed S. filiforme removed from grazing assays per hour deployed. A two-way ANOVA 

using the same R package was also used to analyze the effect of hydrographic zone and S. 

filiforme presence on habitat complexity. A Kruskal-Wallis test (R Core Team 2017) was 
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used to analyze habitat complexity between sites and hydrographic zones. Correlation 

between mean habitat complexity and mean length of S. filiforme consumed per hour from 

assays deployed during the day was analyzed using the cor() function in R (R Core Team 

2017). 

 

Results 

Grazing Assays 

 A higher percentage S. filiforme blades were bitten per hour than T. testudinum blades 

both during the day and the night, and a greater percentage of blades of both species were 

bitten during the day (Fig. 4.6). No grazing occurred at Punta Juan at night on any deployed 

assay. Greater lengths of S. filiforme were also consumed per hour from assays deployed 

during the day than during the night (Fig. 4.7) and more S. filiforme was consumed in sites 

where this species was present than where it was absent. A three-way ANOVA showed 

significant effects of day vs. night, presence or absence of S. filiforme, and hydrographic zone 

on length of S. filiforme consumed (Table 4.1). 

 

Habitat Complexity 

 A two-way ANOVA showed an interactive effect of S. filiforme presence and 

hydrographic zone on seagrass habitat complexity (Fig. 4.8). Maximum habitat complexity 

was 28207 ±  1125 SE cm/m2 at Drago and minimum habitat complexity was 4472 ± 407 SE 

cm/m2 at Superseco. A positive correlation (r2 = 0.65) was observed between length of S. 

filiforme removed from grazing assays deployed during the day and habitat complexity (Fig. 

4.9).  
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Fish and Urchin Caging Experiment 

Methods 

 Concurrent with the previously described mensurative effort to assess the impacts of 

fish and urchin herbivory across hydrographic zones and to assess for synergistic effects of 

the two groups of organisms, we conducted a caging experiment near the survey area at STRI 

to evaluate the effects of both functional groups of organisms (i.e., fish and urchins) on 

seagrass percent cover. The experiment had the following five treatments: no macrograzers 

(no herbivore - NH), elevated urchin abundance and no fish (urchin only - UO), elevated 

urchin density and fish accessible (fish and urchin - FU), no urchins and fish accessible (fish 

only - FO), and ambient cage control (CC). Experiments were carried out in cages installed in 

the seagrass bed made of transparent aquaculture mesh (mesh size 7 mm) stretched over 1m x 

1m x 0.5 m pvc frames. Five cages were deployed per treatment for a total of 30 cages. All 

treatments except cage control, which featured two meshed sides and two open sides and an 

open top, had mesh on all four vertical cage sides. No herbivore (NH) and urchin only (UO) 

treatments also had mesh over the tops of the cages, while fish and urchin (FU) and fish only 

(FO) treatments had meshed sides and open tops. Lips made of ¾ inch stiff plastic mesh were 

added to the tops of the fish only and fish and urchin treatments to prevent urchins from 

climbing into or out of cages. All cages were open bottomed and fixed in place in the 

sediment using rebar u-hooks. Five L. variegatus were added to each “elevated urchin” cage 

per the methods of Vonk et al. (2008). Cages were cleaned regularly to prevent fouling and to 

replace urchins that escaped, died of disease, or were eaten by predators. The caging 

experiment ran from June 4th, 2018 to July 6th, 2018. 
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Percent cover of seagrass in each cage was assessed by photographing each plot with 

an Olympus Tough TG-4 underwater camera. Images were cropped, white balanced and then 

analyzed to determine percent cover using the image analysis software Photogrid®.  

Photogrid® was programmed to superimpose 50 stratified random points per plot. Organisms 

under points were identified to the finest possible taxonomic level and points that were over 

bare sediment rather than organisms were noted as such. 

Seagrass percent cover across experimental treatments on July 6th, 2018 was analyzed 

using a two-way ANOVA. Urchin abundance was treated as a three-level factor with FU and 

UO having elevated urchin abundance, CC having ambient urchin abundance, and FO and NH 

having no urchins. Fish abundance was treated as a two-level factor with CC, FO, and FU 

having ambient fish abundance and NH and UO having no fish. A Tukey test was used to 

determine significant differences between different levels of urchin abundance, since the 

aforementioned ANOVA showed no effect of fish grazing. 

 

Results 

 A two-way ANOVA of T. testudinum percent cover in experimental cages on July 6th, 

2018 showed a significant effect of elevated L. variegatus density (5 individuals per meter) 

and no significant effect of fish grazing (Fig. 4.10). Specifically, elevated L. variegatus 

density resulted in significantly lower T. testudinum percent cover as compared to ambient 

density or no urchins, but no significant difference was detected between ambient urchin and 

no urchin treatments (Table 4.2). 

 

Discussion 
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 Surveys of fish and urchins showed Echinometra spp. to be more abundant in sites 

without S. filiforme than with S. filiforme in hydrographic zones B and C, but not in zone A. 

Parrotfish, other than S. iseri were rare at all sites. Grazing assays showed greater grazing on 

S. filiforme than T. testudinum and greater grazing during the day than during the night, but 

also a positive relationship between habitat complexity and length of S. filiforme removed 

from grazing assays during the day. The caging experiment showed no effect of fish grazing 

on T. testudinum percent cover, but did show an effect of enhanced L. variegatus density, 

however no difference between ambient L. variegatus and no L. variegatus was observed. 

Using standard field-based surveys, we found that L. variegatus and Echinometra spp. 

were the most abundant sea urchin species in bocatoreño seagrass beds. While the latter 

species is considered a hard-substrate specialist (McClanahan & Muthiga 2013) it reached 

densities as high as 156 individuals 40 m2 transect or per 3.9 individuals per m2 at Superseco 

on May 1st, 2018. In hydrographic zones B and C Echinometra spp. was significantly more 

abundant at sites where S. filiforme was absent than at sites where it was present. Echinometra 

spp. abundance, however, was zero at all surveyed grass beds in hydrographic zone A, so 

grazing by this species cannot be used to explain the absence of S. filiforme at STRI and Punta 

Puebla.  

The apparently greater negative effect of Echinometra spp. on S. filiforme than on T. 

testudinum has two possible explanations. Echinometra spp. may share the same feeding 

preferences as L. variegatus (Prado & Heck 2011) and graze S. filiforme more intensely than 

T. testudinum as a result. Echinometra spp.’s greater negative effect may also be due to their 

tendency to bore into the substrate (McClanahan & Muthiga 2013), which may be more 
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harmful to shallow-rooted S. filiforme than to deep-rooted T. testudinum (Fourqurean & 

Rutten 2004). 

The absence of Echinometra spp. from seagrass beds in zone A is difficult to explain, 

particularly because they can be easily found on coral reefs in this zone (author’s personal 

observation). A partial explanation may be that STRI  and Drago in zone A were more than 

100m from the nearest hard substrate while Bastimentos in zone B and Punta Juan and 

Superseco in zone C were located within 50m of coral reefs, but the same is true of Punta 

Puebla in zone A. Echinometra spp.’s absence from the seagrass beds at this site may instead 

be related to the fact that cushion stars (Oreaster reticulatus), which feed on urchins, 

including Echinometra spp. (Morishita & Barreto 2011), were encountered on at least one 

transect on four out of six surveyed nights in the seagrass at that site. This also suggests that 

Dunn et al.’s (2017) observation of Echinometra spp. moving off of coral reefs and onto 

sandy substrate in this system could reflect a low abundance of fish (McClanahan 1999), 

crustacean (Dunn et al. 2017, 2018), or echinoderm (Morishita & Barreto 2011) predators in 

those areas.  

Parrotfish other than Scarus iseri were not generally detected in fish surveys. It is 

likely that large parrotfish have been overfished in this area (Cramer et al. 2017) and are too 

rare to be frequently observed, in fact, Seemann et al. (2018) did not observe parrotfish longer 

than 20 cm in surveyed seagrass beds. In the case of small seagrass-associated species such as 

Sparisoma radians it is likely that our surveys did not pick them up due to their camouflage 

and cryptic behavior (Randall 1965). They may be counted more accurately via net sampling 

as was conducted by Robblee and Zieman (1984) in St. Croix but our study did not allow for 

this type of sampling. 
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The reason for the apparent sex/phase-based difference in diet in S. iseri is unclear. 

This may be related to phase-based difference in jaw strength (Del Río et al. 2016) or feeding 

mode (McAfee & Morgan 1996) and further study is needed. 

 The lack of Echinometra spp. in surveyed seagrass beds in zone A and the small 

numbers of herbivorous fish found there may indicate that the absence of S. filiforme from 

Punta Puebla and STRI is not due to herbivory. The lack of S. filiforme at zone A sites other 

than Drago may be caused by the greater effects of runoff from the Changuinola Flood Plain 

in this zone than in zones B and C (Aronson et al. 2014), because S. filiforme is more 

adversely affected by low-salinity runoff than T. testudinum (Fong & Harwell 1994). S. 

filiforme’s presence at Drago, may be explained by Drago’s proximity to an oceanic inlet, 

which gives it consistently higher salinity than other sites in this zone (Seemann et al. 2014). 

If this explanation is correct, Drago and other sites close to the Boca del Drago inlet should be 

the only sites in zone A where S. filiforme is present, but further study is needed to confirm 

this. 

While the results of our benthic and herbivore community surveys would seem to 

suggest that fish grazing is not very ecologically important in Bocas del Toro, grazing assays 

registered more grazing during the day than during the night, which suggests greater grazing 

pressure by fish than by urchins, because fish are more active during the day (Robblee & 

Zieman 1984), while urchins are more active at night (Moore et al. 1963). This may be 

because the more active feeding mode of fish makes them more likely than urchins to 

encounter deployed grazing assays (Alcoverro & Mariani 2004) even if urchins are the more 

ecologically significant grazers. The short deployment time of grazing assays may also favor 

their discovery by highly mobile fish rather than less-active urchins even if urchins remove 
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more biomass over the course of a seagrass blade’s lifespan. This could also explain the 

apparent contradiction between grazing on deployed assays and the observation of a 

significant effect of L. variegatus, but not fish grazing in the caging experiment. 

Grass in grazing assays may also be more likely to be found and grazed by small fish 

than large ones since small fish tend to be more evenly distributed through seagrass beds 

(Randall 1965, Macía & Robinson 2005) making it more likely that at least one of them will 

encounter the assay, even if they consume less seagrass biomass than larger fish do (Randall 

1965, Macía & Robinson 2005). The greater abundance of small fish where seagrass habitat 

complexity is high (Macía & Robinson 2005, González-Gándara et al. 2006, Gullström et al. 

2011) may be because they rely on the structure for shelter (Gullström et al. 2011). This 

relationship might also explain the positive correlation (r2 = 0.65) between length of S. 

filiforme removed from daytime grazing assays and habitat complexity of a given site. 

Paradoxically this suggests that more S. filiforme was removed from grazing assays in Bocas 

del Toro by small fish that rely on the seagrass for shelter and whose abundance is controlled 

by seagrass structure (González-Gándara et al. 2006, Gullström et al. 2011) than by large fish 

whose grazing can control seagrass structure (Randall 1965, Macía & Robinson 2005). 

Grazing assays may be biased towards small fish rather than large ones and the greater 

abundance of small fish in more complex seagrass habitat may cause assays to detect more 

grazing in habitats where the impact of grazing on seagrass biomass is lower.  

The results of our caging experiment that manipulated both herbivorous fish and sea 

urchins were in agreement with the results of survey data but disagreed with the results of our 

grazing assays. Specifically, the caging experiment showed no effect of fish grazing on T. 

testudinum percent cover near STRI despite relatively high day-time grazing rates on the 
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assay. However, we did also find a significant effect of L. variegatus grazing which was not 

supported by field observations. This discrepancy may be the result of using artificially high 

abundances of L. variegatus in the caging study. Five L. variegatus per square meter was 

roughly twice as high as the highest natural density observed in our field surveys. The 

maximum observed density 76 individuals per transect or 1.9 individuals per m2 observed at 

Drago in zone A, which, ironically, was a site where S. filiforme was present. This might 

suggest attraction of L. variegatus to their preferred food source, but this is contradicted by 

lower abundance of this species at sites with S. filiforme than without S. filiforme in zones B 

and C. The lack of a consistent relationship between L. variegatus abundance and S. filiforme 

presence suggests that while grazing by this species can have a strong effect on seagrass 

communities, particularly when it reaches densities of tens to hundreds of individuals per 

square meter (Rose et al. 1999), natural densities observed in this study are too low to have a 

significant ecological effect.  

 

The Role of Echinometra spp. in Tropical Seagrass Beds 

 Echinometra spp. in Bocas del Toro, Panamá is expanding its distribution from its 

traditional hard-substrate habitat (Dunn et al. 2017), likely as a result of overfishing of its 

predators (Dunn et al. 2017, 2018). When combined with the results of overfishing of 

herbivorous parrotfish (Cramer et al. 2017) and low abundance of L. variegatus, this may 

have allowed Echinometra spp. to become the most ecologically significant grazer in some 

seagrass beds. Other than the evident exclusion of S. filiforme observed in this study and 

reductions in seagrass biomass in Kenya (McClanahan et al. 1996), the effect of Echinometra 

spp. on seagrass beds is not well-understood. It is currently unclear whether interactions 
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between Echinometra spp. and seagrasses are common outside of Bocas del Toro and Kenya 

(McClanahan et al. 1996, Alcoverro & Mariani 2004). Urchins in this genus, however,  are 

widely distributed (McClanahan & Muthiga 2013), most tropical coastal ecosystems have 

been severely overfished (Jackson et al. 2001),  and Echinometra spp. in the Caribbean have 

increased in abundance in response to the die-off of Diadema antillarum (Sangil & Guzman 

2016a, Kuempel & Altieri 2017). It seems reasonable to speculate that seagrass beds 

elsewhere in the Caribbean and Indo-Pacific are facing increased grazing pressure from what 

is typically thought of as a hard-substrate specialist (McClanahan & Muthiga 2013). 

Worryingly, and contrary to the predictions of Muthiga and McClanahan (1987), this also 

means that this genus which benefits disproportionately from overfishing (Alcoverro & 

Mariani 2004, McClanahan & Muthiga 2013, Sangil & Guzman 2016a, b, Dunn et al. 2017, 

2018) may persist at high numbers even after it erodes the reefs (McClanahan & Muthiga 

1988) it supposedly depends on. If these negative effects extend beyond coral reefs and into 

seagrass beds they could jeopardize the fishery, coastal protection, and conservation services 

(reviewed in Cullen-Unsworth & Unsworth 2013) provided by these ecosystems at a time 

when the world is losing roughly seven percent of its seagrass beds each year (Waycott et al. 

2009). 

 

Conclusions 

 S. filiforme is likely excluded from monospecific beds of T. testudinum by runoff in 

hydrographic zone A and by Echinometra spp. grazing in zones B and C. The low abundance 

of fish and L. variegatus may have allowed Echinometra spp. to become the dominant grazer 

in bocatoreño seagrass beds, particularly in beds where it does not face predation by fish, 
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crustaceans or echinoderms. Overfishing has likely reduced the impact of fish grazing in 

Bocas del Toro to the point where it is not ecologically significant and allowed a normally 

reef-associated urchin to start negatively impacting seagrass beds. 
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Tables 

Table 4.1 Results of a three way ANOVA showing significant effects of Hydrographic Zone, 
presence of S. filiforme, and day vs. night on length of S. filiforme removed from grazing 
assays. 

  Df 
Sum of 
Squares F p value 

Hydrographic Zone 2 258.7 9.7258 8 * 10^-5 
S. filiforme Present/Absent 1 116.8 8.7835 0.003 
Day vs. Night 1 294.1 22.1172 4 * 10^-6 
Residuals 304 4042.4     

 

Table 4.2. Results of Tukey test showing a significant difference between elevated urchin 
abundance and ambient urchins or no urchins, but no difference between ambient urchins and 
no urchins. 

L. variegatus Density Treatment 
Comparison Diff Lwr Upr p 
Elevated - Ambient -12.4 -19.5663 -5.2337 0.0007 
Elevated - None 9.2 3.3488 15.0512 0.0019 
Ambient - None -3.2 -10.3663 3.9663 0.5112 
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Figures 

 
Figure 4.1. Location of sampling sites and hydrographic zones in Bahía Almirante. S. 
filiforme is present at sites with a * symbol. 
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Figure 4.2. Mean percent cover ± SE of T. testudinum, S. filiforme, sediment, and other 
organisms at sampling sites across hydrographic zones (top). 
 
 

 
Figure 4.3. Mean biomass ± SE of different groups of fish per m2 by site across hydrographic 
zones (top). Sites where S. filiforme is present are indicated with a * symbol. IP = initial 
phase, TP = terminal phase. 
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Figure 4.4 Hierarchical average linkage cluster of fish community similarity based on 
biomass. S. filiforme is absent from blue sites and present at red ones. Hydrographic zones are 
listed after site names 
 
 

 
Figure 4.5 Mean number of L. variegatus and Echinometra spp. urchins per m2 ± SE by site 
across hydrographic zones (top). Sites where S. filiforme is present are indicated with a * 
symbol. 
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Figure 4.6 Percent of blades grazed on visited assays normalized to length of time deployed 
during the night (left) and during the day (right) across hydrographic zones (top). Sites where 
S. filiforme is present are indicated with a * symbol. Note that Punta Juan is missing from the 
night, because assays deployed there were never grazed. 

 

 

 
Figure 4.7. Length of S. filiforme consumed across hydrographic zones (top) during the day 
and the night. Sites where S. filiforme is present are indicated with a * symbol. 
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Figure 4.8. Habit complexity measured as length of grass height in cm per m2 in sites with 
and without S. filiforme across hydrographic zones (top). Diamonds indicate means 

 

 

 
Figure 4.9 Relationship between mean length of S. filiforme consumed per hour during the 
day and mean habitat complexity (r2 = 0.65). 
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Figure 4.10 Percent cover of T. testudinum in experimental cages across treatments on July 
6th, 2018. Fish and urchin illustrations by Adi Khen. 
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CHAPTER 5 

Conclusions 

 

Key Findings of the Dissertation 

 To understand the role of animal disturbances in the ecology of tropical seagrass beds 

we must understand the impacts of different types of disturbances by different groups of 

animals, how humans have altered the abundance and ecological significance of those groups, 

and how animal disturbance interacts with abiotic environments. This dissertation focuses on 

the impacts of leaf-eating megaherbivores, leaf-and-root-eating megaherbivores, bioturbators, 

and macroherbivores in Bocas del Toro, a highly runoff-influenced area, to answer these 

questions. 

 

Not All Disturbances are Created Equal 

 Published literature suggests that while turtle (Molina Hernández & van Tussenbroek 

2014) and sirenian grazing (de Iongh 1996, Aragones et al. 2006) favor early successional 

seagrass species, macroherbivore grazing favors late successional seagrass species (Tribble 

1981, Armitage & Fourqurean 2006). While Chapter 2 and Chapter 3 showed no increase in 

early successional seagrasses or algae in response to simulated turtle or manatee grazing, 

Chapter 4 did implicate grazing by urchins in the genus Echinometra as likely responsible 

for the exclusion of Syringodium filiforme from some monospecific beds of Thalassia 

testudinum in Bocas del Toro.  

 Chapter 2 and Chapter 3 also showed that bioturbators are much likely to “re-

disturb” areas subjected to leaf-eating megaherbivore disturbance than to leaf-and-root-eating 
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megaherbivore disturbance. Skilleter et al. (2007) observed dugong grazing to reduce the 

abundance of various seagrass-associated infaunal invertebrates and this may explain why 

stingrays bioturbated bocatoreño seagrass beds subjected to simulated turtle grazing much 

more frequently than beds subjected to simulated manatee grazing. This is, however, 

somewhat contradicted by the lack of any detected effect of simulated manatee grazing on 

abundance of infaunal invertebrates in Chapter 3. It is also worth remembering that infaunal 

invertebrate abundance was only assessed in Chapter 3 prior to the start of the experiment 

and at the end of the experiment, by which time T. testudinum percent cover had already been 

fully recovered in all experimentally disturbed plots for at least three months. Unfortunately, 

Chapter 2 did not include any surveys of infaunal invertebrates and there are no published 

studies on the impact of real or simulated turtle grazing on seagrass-associated invertebrates. 

Future studies of the impact of animal disturbance on the ecology of seagrass beds must move 

beyond impacts on the seagrass itself and also examine impacts on seagrass-associated 

animals and how this may affect seagrass resilience to different types of animal disturbance. 

 Further, Chapter 4, revealed that while the urchins Echinometra spp. and Lytechinus 

variegatus, and herbivorous parrotfish can all be considered leaf-eating macroherbivores the 

impacts of the three different groups on bocatoreño seagrass beds are not equal. Both 

herbivorous fish and L. variegatus appear to be too uncommon at unmanipulated densities to 

have much effect on seagrass bed community composition, but Echinometra spp. may be 

responsible for excluding S. filiforme from monospecific beds of T. testudinum in all but the 

most runoff-impacted hydrographic zones. This suggests a need for greater refinement of 

seagrass-disturber functional groups as well as a need for inclusion of Echinometra spp., 
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which is usually considered a hard-substrate specialist (McClanahan & Muthiga 2013) in 

studies of animal disturbance in seagrass beds. 

 

Environmental Context Matters 

 While Chapter 4 implicated grazing by Echinometra spp. as likely responsible for the 

exclusion of S. filiforme from monospecific beds of T. testudinum in Bocas del Toro’s less 

runoff-affected hydrographic zone, Echinometra was absent from beds with and without S. 

filiforme in the zone where the effects of runoff were greatest. In this zone the site where S. 

filiforme is present receives more oceanic water exchange than the rest of this zone due to its 

proximity to the Boca del Drago inlet (Seemann et al. 2014) and S. filiforme is likely excluded 

from the rest of this zone by variable salinity and a generally less-stable environment (Fong & 

Harwell 1994, Aronson et al. 2014). 

 Chapter 2 and Chapter 3 also took place in the most runoff affected hydrographic 

zone, and this may help explain why other seagrass species and green rhizophytic macroalgae 

failed to colonize the space that was opened up by simulated turtle (Chapter 2) and manatee 

(Chapter 3) grazing. The failure of these organisms to thrive in this zone may be more related 

to runoff-induced salinity instability (Fong & Harwell 1994, Biber & Irlandi 2006) than 

competition with T. testudinum. 

 While Bocas del Toro’s comparatively high levels of runoff evidently disadvantage 

green rhizophytic macroalgae and seagrass species other than T. testudinum, they contribute 

to higher nutrient levels than typical in the Caribbean (Carruthers et al. 2005). This greater 

nutrient availability may enhance the resilience of T. testudinum. While T. testudinum in 

lower nutrient sites like Florida and the US Virgin Islands  generally cannot re-grow into gaps 
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without prior facilitation by other seagrasses and green rhizophytic macroalgae (Williams 

1990, Dawes et al. 1997, Uhrin et al. 2009), Chapter 3 demonstrated that T. testudinum can 

regrow into gaps in Bocas del Toro relatively quickly and with no need for prior facilitation 

by other organisms. In spite of T. testudinum’s high resilience to one-time simulated manatee 

grazing in Bocas del Toro, however, Chapter 2 showed that T. testudinum has low resistance 

to repeated simulated green turtle grazing. While high-runoff reduces the odds that T. 

testudinum will be nutrient limited (Carruthers et al. 2005), it also reduces light-availability 

(Aronson et al. 2014), which reduces seagrass’ ability to recover from grazing impacts (Eklöf 

et al. 2009).  

 In the Caribbean variability in runoff can be said to affect which seagrass and algae 

species are present, ecological succession in seagrass beds, and whether seagrass response to 

disturbance will be driven primarily by energy or nutrients. Animal disturbance in seagrass 

beds must be understood in its environmental context and ecological observations in less 

runoff-influenced areas may not yield useful predictions for the Panama-Costa Rica Runoff 

Region (Chollett et al. 2012). 

 

What do Assays Really Tell Us? 

 Chapter 4 used grazing assays to determine whether macrograzers prefer T. 

testudinum or S. filiforme by comparing grazing rates on both species when deployed at the 

same time and to compare grazing rates of fish and urchins based on the assumption that fish 

graze more during the day (Robblee & Zieman 1984, Klinger & Lawrence 2009) and urchins 

graze more at night (Moore et al. 1963). While data collected from assays did seem to indicate 

that both fish and urchins prefer T. testudinum to S. filiforme, it also indicated that fish graze 
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more seagrass than urchins do and that grazing pressure is more intense in seagrass beds with 

high habitat complexity than in seagrass beds with low habitat complexity. 

 This would initially seem to contradict the classic findings of Randall (1965) that 

grazing pressure is most intense around the reefs that many macrograzers use for shelter and 

that sufficiently high grazing pressure can completely eliminate seagrass and is responsible 

for the low-complexity “sand bands” often seen between coral reefs and seagrass beds where 

the two habitat co-occur. This would also seem to contradict the results of Chapter 4’s own 

fish surveys, which rarely detected parrotfish other than initial phase Scarus iseri, but 

frequently detected urchins. This suggests that the assays themselves may not be equally 

likely to detect grazing by all macroherbivores. Fish feed much more actively than urchins do, 

which may make them more likely to encounter short-term grazing assays than urchins are 

(Alcoverro & Mariani 2004), even if urchins are ultimately responsible for greater removal of 

seagrass biomass over the course of months or years. That small fish rely on complex seagrass 

habitat for shelter (Gullström et al. 2011) may make them more abundant where seagrass 

habitat complexity is high (Macía & Robinson 2005, González-Gándara et al. 2006, 

Gullström et al. 2011) and help explain why Chapter 4 found more S. filiforme to be removed 

from grazing assays in sites with higher habitat complexity. Large parrotfish abundance was 

observed to be negatively correlated with seagrass habitat complexity in Jamaica (Macía & 

Robinson 2005), but they were not observed during Chapter 4 fish surveys, likely because 

overfishing has made them too rare to be ecologically significant (Cramer et al. 2017).  

 In contrast to Chapter 4’s grazing assays the fish and L. variegatus density 

manipulation experiments would tend to indicate that L. variegatus is the most ecologically 

important macrograzer in terms of reducing seagrass percent cover. These experiments 
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however increased L. variegatus densities in enclosures to roughly 8 times higher than the 

maximum naturally observed density in Bocas del Toro and did not test the impacts of 

Echinometra spp. at all. These caging experiments may not reflect ecologically realistic 

conditions in Bocas del Toro and obviously cannot provide information about the grazing 

impacts of animals that were not included in them. 

 Chapter 2 and Chapter 3 must also be interpreted with caution when used as proxies 

for impacts of green turtle and manatee grazing, because they ultimately relied on humans 

imitating the grazing patterns of these animals rather than the animals themselves. While both 

exclosures (Fourqurean et al. 2010, Burkholder et al. 2013) and artificial grazing (Greenway 

1974, Moran & Bjorndal 2005, 2007, Halun 2011, Holzer & McGlathery 2016, Cannon et al. 

in Review) have been used to assess the environmental impact of turtle grazing on seagrass 

beds, the two methods have never been explicitly compared in the same location and Chapter 

2 may not have been a perfect replication of sea turtle grazing behavior. Skilleter et al. (2007) 

represents the only study prior to Chapter 3 to attempt to imitate sirenian grazing, which may 

be even more challenging for humans to imitate faithfully. Further study is needed to assess 

the difference in impacts of grazing my leaf-eating megaherbivores and leaf-and-root-eating 

megaherbivores on tropical seagrass beds, particularly if stingrays target sites of actual turtle 

grazing with the same enthusiasm they showed for simulated turtle grazing in Chapter 2. 

 

Human Alterations of Animal Disturbance 

 While appreciation of animal disturbance of tropical seagrass beds as a historically 

important process is growing  (Valentine et al. 1999, Heck Jr & Valentine 2006, Valentine & 

Duffy 2006, Heck & Valentine 2007), it is accompanied by the belief that overfishing has 
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rendered animal disturbance an ecologically insignificant process in modern-day seagrass 

beds (Jackson 1997, Jackson 2001, Jackson et al. 2001). While this is likely true of 

disturbance by megafaunal herbivores (Mou Sue et al. 1990, Jackson 1997, Jackson 2001, 

Jackson et al. 2001, McClenachan et al. 2006), disturbances by other groups of animals may 

remain unchanged or even have increased.  

 Chapter 4 provided evidence urchins in the genus Echinometra, which are typically 

considered to be hard substrate specialists (McClanahan & Muthiga 2013) may now be the 

dominant grazers in bocatoreño seagrass beds, likely due to overfishing of their predators 

(Alcoverro & Mariani 2004, McClanahan & Muthiga 2013, Sangil & Guzman 2016a, b, Dunn 

et al. 2017, 2018). While overfishing in Bocas del Toro has almost certainly led to less 

disturbance of seagrass beds by megaherbivores, it appears to have led to increased 

disturbance by a particular genus of macroherbivores that are not typically thought of as 

seagrass bed residents. These urchins have also been documented to feed in seagrass beds in 

Kenya (McClanahan et al. 1996, Alcoverro & Mariani 2004) and widespread overfishing 

(Jackson et al. 2001) has likely enabled this widespread genus (McClanahan & Muthiga 2013) 

to disturb tropical seagrass beds in more sites than currently documented. This shift from 

megaherbivores to macroherbivores has also likely resulted in reduced grazing pressure on 

late-successional seagrass species (Preen 1995, Lefebvre et al. 2000, De Iongh et al. 2007, 

Kelkar et al. 2013, Molina Hernández & van Tussenbroek 2014, Lefebvre et al. 2017) and 

greater grazing pressure on early successional seagrass species (Tribble 1981, Armitage & 

Fourqurean 2006) causing animal disturbance to be more likely to reduce seagrass diversity 

than enhance it. 
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 It is less clear whether humans have altered how stingrays disturb seagrass beds. 

While Myers et al. (2007) assert that stingrays in the Atlantic Ocean have increased in 

abundance due to overfishing of sharks, Grubbs et al. (2016) dispute this assertion. Even if 

stingrays have increased in abundance, more stingrays do not necessarily lead to more 

bioturbation by stingrays unless some other disturbance facilitates it as demonstrated in 

Chapter 2, Chapter 3, and the findings of Valentine et al. (1994). The contrasting results of 

Chapter 2 and Chapter 3 also suggest that seagrass disturbed by leaf-eating megaherbivores 

may be more attractive to stingrays than seagrass disturbed by other causes. If seagrasses 

disturbed by sea turtle grazing are the only type that stingrays are interested in re-disturbing, 

stingray disturbance of seagrass beds has almost certainly decreased since pre-Colombian 

times (McClenachan et al. 2006), but if stingrays also re-disturb seagrass beds damaged by 

anchors or vessel groundings, stingray disturbance of tropical seagrass beds may have held 

steady or increased. More research is required to adequately address this topic and I would 

currently argue strongly against attempts to blame stingrays for the ongoing decline of 

tropical seagrass beds (Orth et al. 2006, Waycott et al. 2009) 

 

Final Thoughts 

 While animal disturbances are clearly an important influence on the ecology of 

tropical seagrass beds, not all animal disturbances have identical impacts and abiotic 

environment also significantly modifies the impact of animal disturbance on benthic 

community composition and ecological succession within seagrass beds. Humans have also 

reduced the ecological impact of some animal disturbances and increased the ecological 

impact of others and significantly altered runoff regimes. 



 
 

135 

 

References Cited 
Alcoverro T, Mariani S (2004) Patterns of fish and sea urchin grazing on tropical Indo-Pacific 

seagrass beds. Ecography 27:361-365 

Aragones LV, Lawler IR, Foley WJ, Marsh H (2006) Dugong grazing and turtle cropping: 
Grazing optimization in tropical seagrass systems? Oecologia 194:635-647 

Armitage AR, Fourqurean JW (2006) The short-term influence of herbivory near patch reefs 
varies between seagrass species. Journal of Experimental Marine Biology and Ecology 
339:65-74 

Aronson RB, Hilbun NL, Bianchi TS, Filley TR, McKee BA (2014) Land use, water quality, 
and the history of coral assemblages at Bocas del Toro, Panamá. Marine Ecology 
Progress Series 504:159-170 

Biber PD, Irlandi EA (2006) Temporal and spatial dynamics of macroalgal communities 
along an anthropogenic salinity gradient in Biscayne Bay (Florida, USA). Aquatic 
Botany 85:65-77 

Burkholder DA, Heithaus MR, Fourqurean JW, Wirsing A, Dill LM (2013) Patterns of top-
down control in a seagrass ecosystem: Could a roving apex predator induce a 
behaviour-mediated trophic cascade? Journal of Animal Ecology 

Cannon AL, Hynes MG, Brandt M, Wold C, O'Dea A, Altieri A, Smith JE (in Review) 
Simulated green turtle grazing reduces seagrass productivity and alters benthic 
community structure while triggering further disturbance by feeding stingrays. Mar 
Ecol Prog Ser In Review 

Carruthers TJB, Barnes PAG, Jacome GE, Fourqurean JW (2005) Lagoon scale processes in a 
coastally influenced Caribbean system: Implications for the seagrass Thalassia 
testudinum. Caribbean Journal of Science 41:441-455 

Chollett I, Mumby PJ, Müller-Karger FE, Hu C (2012) Physical environments of the 
Caribbean Sea. Limnology and Oceanography 57:1233-1244 

Cramer KL, O'Dea A, Clark TR, Zhao JX, Norris RD (2017) Prehistorical and historical 
declines in Caribbean coral reef accretion rates driven by loss of parrotfish. Nature 
Communications 

Dawes CJ, Andorfer J, Rose C, Uranowski C, Ehringer N (1997) Regrowth of the seagrass 
Thalassia testudinum into propeller scars. Aquatic Botany 59:139-155 

de Iongh HH (1996) Plant-Herbivore Interactions between Seagrasses and Dugongs in a 
Tropical Small Island Ecosystem. Katholieke Universiteit Nijmegen,  



 
 

136 

De Iongh HH, Kiswara W, Kustiawan W, Loth PE (2007) A review of research on the 
interactions between dugongs (Dugong dugon Müller 1776) and intertidal seagrass 
beds in Indonesia. Hydrobiologia 591:73-83 

Dunn RP, Altieri AH, Miller K, Yeager ME, Hovel KA (2017) Coral identity and structural 
complexity drive habitat associations and demographic processes for an increasingly 
important Caribbean herbivore. Marine Ecology Progress Series 577:33-47 

Dunn RP, Altieri AH, Miller K, Yeager ME, Hovel KA (2018) Contrasting behavioral 
responses to predatory risk cues reflect different foraging strategies in two Caribbean 
sea urchins. Marine Ecology Progress Series 604:187-198 

Eklöf JS, McMahon K, Lavery PS (2009) Effects of multiple disturbances in seagrass 
meadows: Shading decreases resilience to grazing. Marine and Freshwater Research 
60:1317-1327 

Fong P, Harwell MA (1994) Modeling seagrass communities in tropical and subtropical bays 
and estuaries: A mathematical model synthesis of current hypotheses. Bulletin Of 
Marine Science 54:757-781 

Fourqurean JW, Manuel S, Coates KA, Kenworthy WJ, Smith SR (2010) Effects of excluding 
sea turtle herbivores from a seagrass bed: Overgrazing may have led to loss of 
seagrass meadows in Bermuda. Marine Ecology Progress Series 419:223-232 

González-Gándara C, Trinidad-Martínez SDC, Chávez-Morales VM (2006) Peces ligados a 
Thalassia testudinum en el arrecife Lobos, Veracruz, México: Diversidad y 
abundancia. Revista de Biologia Tropical 54:189-194 

Greenway M (1974) The effects of cropping on the growth of Thalassia testudinum (König) 
in Jamaica. Aquaculture 4:199-206 

Grubbs RD, Carlson JK, Romine JG, Curtis TH, McElroy WD, McCandless CT, Cotton CF, 
Musick JA (2016) Critical assessment and ramifications of a purported marine trophic 
cascade. Scientific Reports 

Gullström M, Berkström C, Öhman MC, Bodin M, Dahlberg M (2011) Scale-dependent 
patterns of variability of a grazing parrotfish (Leptoscarus vaigiensis) in a tropical 
seagrass-dominated seascape. Marine Biology 158:1483-1495 

Halun SZB (2011) The Effects of Fertilization and Simulated Grazing on the Community 
Structure of a Seagrass Bed in South Florida. PhD Thesis, Florida International 
University 

Heck Jr KL, Valentine JF (2006) Plant–herbivore interactions in seagrass meadows. JEMBE 
30:420-436 



 
 

137 

Heck KL, Jr., Valentine JF (2007) The primacy of top-down effects in shallow benthic 
ecosystems. Estuaries and Coasts 30:371-381 

Holzer KK, McGlathery KJ (2016) Cultivation grazing response in seagrass may depend on 
phosphorus availability. Marine Biology 

Jackson JBC (1997) Reefs since Columbus. Coral Reefs 16:23-32 

Jackson JBC (2001) What was natural in the coastal oceans? PNAS 98:5411-5418 

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, Bradbury 
RH, Cooke R, Erlandson J, Estes JA, Hughes TP, Kidwell S, Lange CB, Lenihan HS, 
Pandolfi JM, Peterson CH, Steneck RS, Tegner MJ, Warner RR (2001) Historical 
Overfishing and the Recent Collapse of Coastal Ecosystems. Science 293:629-638 

Kelkar N, Arthur R, Marba N, Alcoverro T (2013) Green turtle herbivory dominates the fate 
of seagrass primary production in the Lakshadweep islands (Indian Ocean). Marine 
Ecology Progress Series 485:235-243 

Klinger TS, Lawrence JM (2009) Phagostimulation of Lytechinus variegatus (Lamarck) 
(Echinodermata: Echinoidea). Marine & Freshwater Behaviour & Phy 11:49-67 

Lefebvre LW, Provancha JA, Slone DH, Kenworthy WJ (2017) Manatee grazing impacts on a 
mixed species seagrass bed. Marine Ecology Progress Series 564:29-45 

Lefebvre LW, Reid JP, Kenworthy WJ, Powell JA (2000) Characterizing Manatee habitat use 
and seagrass grazing in Florida and Puerto Rico: implications for conservation and 
management. PACIFIC CONSERVATION BIOLOGY 5:289-298 

Macía S, Robinson MP (2005) Effects of habitat heterogeneity in seagrass beds on grazing 
patterns of parrotfishes. Mar Ecol Prog Ser 303:113-121 

McClanahan TR, Kamukuru AT, Muthiga NA, Gilagabher Yebio M, Obura D (1996) Effect 
of Sea Urchin Reductions on Algae, Coral, and Fish Populations. Conservation 
Biology 10:136-154 

McClanahan TR, Muthiga NA (2013) Echinometra.  Sea Urchins: Biology and Ecology, Book 
38. Elsevier B.V. 

McClenachan L, Jackson JBC, Newman MJH (2006) Conservation implications of historic 
sea turtle nesting beach loss. Front Ecol Environ 4:290-296 

Molina Hernández AL, van Tussenbroek BI (2014) Patch dynamics and species shifts in 
seagrass communities under moderate and high grazing pressure by green sea turtles. 
Marine Ecology Progress Series 517:143-157 



 
 

138 

Moore HB, Jutare T, Bauer JC, Jones JA (1963) The Biology Of Lytechinus Variegatus. 
Bulletin of Marine Science 13:23-53 

Moran KL, Bjorndal KA (2005) Simulated green turtle grazing affects structure and 
productivity of seagrass pastures. Marine Ecology Progress Series 05:235-247 

Moran KL, Bjorndal KA (2007) Simulated green turtle grazing affects nutrient composition of 
the seagrass Thalassia testudinum. Marine Biology 150:1083-1092 

Mou Sue LL, Chen DH, Bonde RK, O'Shea TJ (1990) Distribution and status of manatees 
(Trichechus manatus) in Panama. Marine Mammal Science 6:234-241 

Myers RA, Baum JK, Shepherd TD, Powers SP, Peterson CH (2007) Cascading Effects of the 
Loss of Apex Predatory Sharks from a Coastal Ocean. Science 315:1846-1850 

Orth RJ, Carruthers TJB, Dennison WC, Duarte CM, Fourqurean JW, Heck KL, Jr., Hughes 
AR, Kendrick GA, Kenworthy WJ, Olyarnik S, Short FT, Waycott M, Williams SL 
(2006) A global crisis for seagrass ecosystems. Bioscience 56:987-996 

Preen A (1995) Impacts of dugong foraging on seagrass habitats: observational and 
experimental evidence for cultivation grazing. Mar Ecol Prog Ser 124:201-213 

Randall JE (1965) Grazing Effect on Sea Grasses by Herbivorous Reef Fishes in the West 
Indies. Ecology 46:255-260 

Robblee MB, Zieman JC (1984) Diel Variation in the Fish Fauna of a Tropical Seagrass 
Feeding Ground. Bulletin of Marine Science 34:335-345 

Sangil C, Guzman HM (2016a) Assessing the herbivore role of the sea-urchin Echinometra 
viridis: Keys to determine the structure of communities in disturbed coral reefs. 
Marine Environmental Research 120:202-213 

Sangil C, Guzman HM (2016b) Macroalgal communities on multi-stressed coral reefs in the 
Caribbean: Long-term changes, spatial variations, and relationships with 
environmental variables. Journal of Sea Research 117:7-19 

Seemann J, González CT, Carballo-Bolaños R, Berry K, Heiss GA, Struck U, Leinfelder RR 
(2014) Assessing the ecological effects of human impacts on coral reefs in Bocas del 
Toro, Panama. Environmental Monitoring and Assessment 186:1747-1763 

Skilleter GA, Wegscheidl C, Lanyon JM (2007) Effects of grazing by a marine mega-
herbivore on benthic assemblages in a subtropical seagrass bed. Marine Ecology 
Progress Series 351:287-300 

Tribble GW (1981) Reef-based herbivores and the distribution of two seagrasses 
(Syringodium filiforme and Thalassia testudinum) in the San Blas Islands (Western 
Caribbean). Marine Biology 65:277-281 



 
 

139 

Uhrin AV, Fonseca MS, Kenworthy WJ (2009) Preliminary Comparison of Natural Ver sus 
Model-Predicted Recovery of Vessel-Generated Seagrass Injuries in Florida Keys 
National Marine Sanctuary. Silver Spring, Maryland 

Valentine JF, Duffy JE (2006) The central role of grazing in seagrass ecology. In: Larkum 
AWD, Orth RJ, Duarte CM (eds) Seagrasses: Biology, Ecology and Conservation. 
Springer Netherlands, Dordrecht 

Valentine JF, Heck KL, Boulevard B (1999) Seagrass herbivory: evidence for the continued 
grazing of marine grasses. Book 176 

Valentine JF, Heck KL, Harper P, Beck M (1994) Effects of bioturbation in controlling 
turtlegrass (Thalassia testudinum Banks ex König) abundance: evidence from field 
enclosures and observations in the Northern Gulf of Mexico. Journal of Experimental 
Marine Biology and Ecology 178:181-192 

Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC, Olyarnik S, Calladine A, 
Fourqurean JW, Heck KL, Hughes AR, Kendrick GA, Kenworthy WJ, Short FT, 
Williams SL (2009) Accelerating loss of seagrasses across the globe threatens coastal 
ecosystems. Proceedings of the National Academy of Sciences 106:12377-12381 

Williams SL (1990) Experimental Studies of Caribbean Seagrass Bed Development. 
Ecological Monographs 60:449-469 

 

 




