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Green turtles (Chelonia mydas) are marine megaherbivores that consume 

seagrass as a part of their diet across their global range. Their distinct foraging strategy, 

in which they establish and maintain grazing patches in which all blades are cropped to 

a short height, structurally alters the seagrass meadows in which they graze. This can 

affect ecosystem processes and species relationships within these grazed areas with 

important implications for seagrass meadow functioning.  

By measuring ecosystem metabolic rates, I tested the hypothesis that green 

turtle grazing would reduce carbon capture rates and increase rates of ecosystem 

respiration within seagrass meadows. I found that rates of metabolic carbon capture 

were lower in areas grazed by green turtles than areas of seagrass left ungrazed. 

However, rates of respiration did not increase proportionally within grazed areas relative 

to ungrazed seagrass, and grazed areas maintained positive rates of carbon capture. 

The effects of grazing on seagrass metabolic dynamics were tested in Little 

Cayman, Cayman Islands, a site with high seagrass biomass and some of the highest 

recorded rates of production in seagrasses. I measured ecosystem metabolic rates at 

four additional locations around the Greater Caribbean and Gulf of Mexico to test the 
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hypothesis that the effects of grazing remain consistent across meadows. While the 

strength of the metabolic response to grazing varied among locations, the general 

response was the same: metabolic carbon capture is lower, but remains positive, in 

grazed meadows. 

Seagrass sediments are important for carbon storage, and I tested the 

hypothesis that sediments are more vulnerable to erosion in grazed areas by measuring 

sediment erosion and resuspension in experimentally clipped areas and a naturally 

grazed meadow. Neither sediment erosion nor resuspension differed between grazed 

and ungrazed areas, demonstrating that grazed meadows may protect sediments just 

as well as ungrazed seagrass. 

Finally, I investigated the effects of grazing on the infaunal communities of 

seagrass meadows. I found that total infaunal abundance was reduced following 

experimental grazing, but abundance dynamics within individual groups were more 

variable over time. I also found that composition of the infaunal community changed 

following grazing compared to ungrazed areas. 
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CHAPTER 1 
GREEN TURTLES AND THE ROLE OF GRAZING WITHIN SEAGRASS MEADOWS 

Green Turtle Grazing 

Green turtles (Chelonia mydas) are marine megaherbivores that consume 

seagrass as a part of their diet across their circumglobal distribution (Bjorndal 1997). Of 

the seven species of sea turtles worldwide, green turtles are the only species that 

consumes seagrass as a part of its diet. Green turtles exhibit a distinct foraging 

strategy, in which they establish “grazing patches” within meadows that they repeatedly 

re-graze. Green turtles establish grazing patches by cropping (biting) all seagrass 

blades within an area just above the blade-sheath junction (where the seagrass blades 

grow out from a protective, sheath-like covering growing vertically from the belowground 

horizontal rhizomes) near the sediment surface. They then continually return to and re-

graze these same patches, creating areas within a meadow in which seagrass blades 

are kept cropped to a uniform, short height, akin to a mowed lawn. Initially, when green 

turtles crop seagrass blades in an area (those not yet grazed), they let the upper 

portions of the blades float away (Bjorndal 1980). They then consume only new 

seagrass tissue which has grown in since the previous grazing. The new tissue growth 

is proportionally higher in nitrogen content (Moran and Bjorndal 2007) and free from 

calcareous epiphytes that grow on older portions of blades (Mortimer 1981), resulting in 

a food source that is of higher nutritional quality for the turtles (Zieman et al. 1984). This 

grazing strategy results in an area that is structurally altered compared to areas of a 

meadow left ungrazed. In addition to the direct effects that grazing has on the seagrass 

plants, there are also numerous ecosystem processes that are affected when turtle 

create and maintain their grazing patches.  



 
 

16 
 

Present and Past Roles of Green Turtles in Seagrass Meadows 

Green turtle grazing plays an important role in the ecology and functioning of 

seagrass meadows. Removing the seagrass canopy within grazing patches opens up 

the benthic surface in a meadow. This may have various effects, such as altering the 

strength of physical processes (e.g. wave turbulence), or changing predator prey 

dynamics. Many species use seagrass meadow canopies as a source of refugia 

(Hemminga and Duarte 2000), a function which may no longer be provided once the 

canopy has been removed through grazing. Cropping away seagrass blades also 

removes a source of organic matter (senescent seagrass blades and associated 

epiphytes) for the benthic detrital pool (Kennedy et al. 2010; Oreska et al. 2017b). 

Green turtles may return some of the organic matter and nutrients they consume to the 

meadows through excretion and defecation (Thayer et al. 1982; personal observation); 

however, this is not likely a large contribution (Bjorndal 1980; Thayer et al. 1984; Lee 

and Dunton 1999). Grazing may also play a role in meadow disease dynamics. It had 

been thought that by removing older (longer), pathogen-ridden blades, green turtles 

grazing may aid in the overall health of meadows (Jackson et al. 2001). However, 

experimental evidence has shown that seagrass wasting disease (genus Labyrinthula) 

may preferentially colonize the recently grazed ends of Thalassia testudinum seagrass 

blades (Bowles and Bell 2004), spreading disease more rapidly in some grazed areas.  

Historically, green turtle population sizes were much greater than those observed 

today (Jackson 2001; Jackson et al. 2001). While the true sizes of these once-great 

populations in areas such as the Caribbean are not known, from historical records 

(Jackson 1997) we know that current numbers of turtles (and those grazing in seagrass 

meadows) are a fraction of what they were prior to overexploitation by humans (Table 2 
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in Jackson 1997). Estimates of these historical populations sizes range from tens (from 

fishing data) to hundreds (based on carrying capacity from seagrass area) of millions of 

green turtles in the Caribbean alone (Jackson 1997). Regardless of whether green turtle 

populations existed at carrying capacity, the difference in these historical abundance 

estimates from current abundances implies that green turtle grazing certainly played a 

different, and more prominent, role in seagrass meadows of the past. Green turtle 

abundances are currently increasing (Chaloupka et al. 2008; Mazaris et al. 2017), which 

will lead to more seagrass area being returned to a natural grazed state. Given the 

importance of seagrass ecosystems, it is critical to better understand how grazing 

affects these meadows.  

The Importance of Seagrass Ecosystems 

Seagrass meadows provide important ecosystem services. Many animal species, 

from economically important fishes to invertebrate infauna (Hemminga and Duarte 

2000) rely on seagrass meadows for a place to forage or as a place of refuge. 

Aboveground seagrass blades also baffle currents and attenuate wave energy, creating 

a calmer physical environment within the seagrass canopy (Fonseca et al. 1982; Gacia 

et al. 1999; Reidenbach and Thomas 2018). This allows particles to settle out of the 

water column and onto the sediment surface where they are subsequently more 

protected from resuspension and loss (Gacia and Duarte 2001; Hendriks et al. 2008), 

important processes for organic matter and sediment accretion (Gacia et al. 2002, 

2003). Belowground seagrass rhizomes can also play an important role in sediment 

stabilization and seem to be particularly important for shoreline stabilization. Even a 

nearshore seagrass meadow that had been grazed by green turtles in Indonesia, but 

which still had an intact rhizosphere, was able to prevent shoreline erosion (Christianen 
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et al. 2013), which can help prevent costly beach re-nourishment programs. Seagrasses 

also filter excess nutrients and pathogens from the water, with benefits not only to 

humans, but also nearby habitats, such by reducing disease incidence in adjacent coral 

reefs (Lamb et al. 2017).  

Seagrasses are recognized as hotspots of carbon sequestration and storage 

within the oceans (Fourqurean et al. 2012), and their protection and conservation has 

been suggested as a climate change mitigation strategy (Murdiyarso et al. 2015; 

Macreadie et al. 2017). Through high rates of metabolic carbon capture (Duarte et al. 

2010), biomass growth (Duarte and Chiscano 1999), and particulate organic matter 

capture (Gacia et al. 2002; Kennedy et al. 2010), seagrass meadows have some of the 

highest carbon sequestration rates (per unit area) on the planet. Once captured, this 

carbon may become buried and incorporated into the long-term carbon storage pool. 

The majority of carbon stored within seagrass meadows is stored in the belowground 

sediment (Fourqurean et al. 2012). The sediments underneath seagrass meadows are 

conducive to long-term storage—on the order of millennia—due to low rates of organic 

matter remineralization as a result of anoxia beginning a few centimeters below the 

sediment surface (Mateo et al. 1997). Disturbances to meadows, or the loss of 

seagrass, may make these carbon stocks vulnerable to loss, however. Globally, we are 

losing about 1.5% of the total seagrass area each year, with anthropogenic activities, 

coastal development, and eutrophication as major drivers of this loss (Waycott et al. 

2009). There is some concern however, that increased grazing pressure may lead to 

overgrazing and a loss of seagrass, as has occurred in isolated cases in Bermuda 
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(Fourqurean et al. 2010) and Indonesia (Christianen et al. 2014), leading to a loss of 

carbon sequestration and storage (Atwood et al. 2015).  

A Return to Grazing 

 As we prepare for a future with recovering green turtle populations, leading to 

more grazed seagrass, it is critical to understand how grazing affects these meadows, 

so that management strategies and protections can be applied most effectively to green 

turtle populations and seagrass ecosystems simultaneously. Throughout my 

dissertation research, I have focused on investigating how green turtle grazing effects 

the ecology of seagrass ecosystems with an emphasis on carbon dynamics and 

infaunal communities. My main goal in pursuing these types of research questions has 

been to further our understanding of green turtle grazing in tropical seagrass meadows, 

so as to better prepare for a future in which we have more green turtles in our oceans 

and more (beautiful!) grazed seagrass habitats. In the following four chapters I detail my 

findings on how grazing affects both ecosystem metabolic and sediment carbon 

dynamics, and the invertebrate infauna populations within seagrass meadows, and what 

these mean for the ecology of seagrass meadows in which green turtles are foraging.  
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CHAPTER 2 
BLUE CARBON STORES IN TROPICAL SEAGRASS MEADOWS MAINTAINED 

UNDER GREEN TURTLE GRAZING  

Introduction 

Seagrass meadows form some of the most productive ecosystems in the world 

(Duarte and Chiscano 1999). Seagrasses sequester large amounts of ‘blue carbon’—

carbon buried by vegetated marine systems—each year through high rates of 

production and organic matter burial (Duarte et al. 2005; McLeod et al. 2011; 

Fourqurean et al. 2012). The majority of this carbon is stored belowground in the 

sediments, where anoxic conditions can result in storage for millennia (Mateo et al. 

1997). This suggests that conservation and restoration of seagrass systems could be 

used as a climate change mitigation strategy (Duarte et al. 2013b; a; Marbà et al. 2015).  

Green turtles (Chelonia mydas) are megaherbivores that consume seagrass as a 

large part of their diet across much of their global range. Green turtles establish feeding 

plots in which they forage by cropping seagrass blades at or near the sediment surface 

(Fig. 2-1) and repeatedly re-grazing new growth within these plots (Bjorndal 1980), 

thereby structurally altering the meadow (Moran and Bjorndal 2005). With successful 

conservation leading to increasing green turtle populations in some areas (Chaloupka et 

al. 2008), seagrasses will increasingly be subjected to grazing pressure in addition to 

anthropogenic disturbances (Short and Wyllie-Echeverria 1996; Duarte 2002; Orth et al. 

2006; Christianen et al. 2014).  

Supporting abundant green turtle populations and sustaining a carbon sink are 

both important conservation aims for global seagrass ecosystems. Grazed meadows 

with intact grazer populations is the natural state of seagrass ecosystems. Historically, 

when green turtle abundance was much higher than today (Jackson 2001; 
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McClenachan et al. 2006), Caribbean seagrass meadows supported extensive grazing 

(Jackson 1997), with the majority of meadows likely in a grazed state before humans 

disrupted these coevolved systems through overexploitation of green turtles (Jackson 

2001; Jackson et al. 2001). While green turtle grazing helps maintain meadow health by 

removing older, pathogen-susceptible seagrass blades (Bjorndal 1980; Jackson 2001), 

grazing also reduces the size of the photosynthetic seagrass canopy that is capable of 

allocating production belowground for storage (Bjorndal 1980; Alcoverro et al. 2001; 

Mateo et al. 2006). It has been hypothesized that grazing may have negative effects on 

seagrass meadow carbon sequestration and storage, and that the conservation of both 

green turtles and seagrass carbon stores are incompatible (Atwood et al. 2015).  

To better conserve these ecosystems, it is necessary to understand how 

ecosystem processes, such as carbon sequestration, operate within seagrass meadows 

in their naturally grazed state. We hypothesized that: (1) metabolic carbon uptake rates 

(net ecosystem production) would be lower in grazed compared to ungrazed areas as a 

result of reduced aboveground biomass, and (2) carbon remineralization rates 

(ecosystem respiration) would be proportionally higher in grazed than in ungrazed areas 

as a result of increased heterotrophic respiration due to aeration of surface sediments 

following removal of the seagrass canopy. 

We conducted an experimental manipulation in Little Cayman, Cayman Islands, 

by clipping seagrass (Thalassia testudinum) to simulate green turtle grazing. We 

measured areal rates of gross primary production (GPP), ecosystem respiration (RE), 

and net ecosystem production (NEP = GPP – RE) weekly with benthic incubation 

chambers in five experimentally clipped plots and five unclipped reference plots to 
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investigate changes in carbon dynamics following the onset of simulated grazing. 

Metabolism (GPP, RE, NEP) was similarly measured in nearby areas that were 

naturally, actively grazed for at least a year by juvenile green turtles and adjacent 

ungrazed areas, and these results were compared to those from the experimental and 

reference plots. To evaluate our measured rates and the effects of green turtle grazing 

in a broader geographical context, we also compiled published estimates of seagrass 

ecosystem metabolism.  

Methods 

Site Description 

This experiment was conducted in seagrass meadows within Grape Tree Bay on 

the north side of Little Cayman, Cayman Islands (19°41’48.0” N, 80°03’33.5” W) at the 

Central Caribbean Marine Institute during May through August, 2016. Turtle grass 

(Thalassia testudinum) was the dominant seagrass comprising the meadows with 

interspersed manatee grass (Syringodium filiforme) and small amounts of shoal grass 

(Halodule wrightii) in some areas. The benthic habitat was comprised of carbonate 

sediments. The meadow was located roughly 40 m from shore in shallow water with a 

mean depth of 1.0 m and small tidal variation (± 0.2 m). Mean height of the seagrass 

canopy was 15.8 cm with a mean T. testudinum density of 840 shoots m-2. Areas that 

were naturally grazed by green turtles for at least a year were present nearby in Grape 

Tree Bay. Naturally grazed areas had a mean T. testudinum blade length (canopy 

height) of 1.9 cm and a mean density of 776 shoots m-2.   

Experimental Design 

We conducted an in situ clipping experiment to simulate grazing by green turtles. 

Ten 2 x 2 m plots were set up in an ungrazed area of the seagrass meadow. Five plots 
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were experimentally clipped to simulate green turtle grazing, and five remained 

unclipped to serve as reference plots. All variables were measured in both clipped and 

reference plots prior to the onset of clipping to ensure that any changes measured were 

due to simulated grazing, and not previous differences. Prior to any measurements, the 

seagrass rhizomes were severed around the edges of all plots using a flat-bladed 

shovel to prevent the translocation of nutrients into the experimental plots from the 

surrounding unclipped meadow (Moran and Bjorndal 2005). This was done to simulate 

a grazed area larger than 2 x 2 m, which is at the smaller end of the size range of 

natural grazing plots (Ogden et al. 1983; Williams 1988a; Kuiper-Linley et al. 2007; 

Holzer and McGlathery 2016). Reference plots were also severed to ensure that any 

effects seen in the clipped plots were the result of clipping, and not from severing 

rhizomes. All measurements were made and samples collected from the central 1.5 x 

1.5 m of each plot so as to leave a 25 cm buffer zone around plot edges to avoid edge 

effects. 

Clipping was initiated in May 2016 and maintained for twelve weeks. Clipped 

plots were initially established by clipping all blades within a plot just above the 

blade/sheath junction using scissors and collecting all clipped portions of the blades. 

Blades were re-clipped when blade length in the plot was ~5 cm above the blade/sheath 

junction to mimic natural turtle grazing (Williams 1988a; Moran and Bjorndal 2005). This 

method resulted in clipping every ~14 days (range 12-15). 

Seagrass Measurements 

Seagrass species composition and shoot density were measured bi-weekly in all 

plots. Data were collected from three randomly placed 25 x 25 cm (0.0625 m2) quadrats 

within each plot. Aboveground biomass samples were collected bi-weekly in clipped 
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plots and monthly in reference plots from three 10 x 10 cm (0.01 m2) quadrats in each 

plot by clipping all shoots within the quadrat at the sediment surface. In the lab, blades 

were measured for length and width, gently scraped with a razor blade to remove any 

epiphytes, and rinsed in seawater. Samples were then dried at 60 °C for at least 24 

hours before weighing for dry mass.  

Belowground biomass samples were collected at the beginning and end of the 

experiment. Samples at the beginning were collected adjacent to the ten experimental 

plots to avoid destructive sampling within plots, and samples at the end were collected 

from the middle of each plot. Samples were collected using cylindrical PVC sediment 

cores (7.7 cm diameter) sharpened at one end and hammered into the sediment. All 

cores were deep enough to completely penetrate through the root/rhizome mat, 

resulting in a complete belowground biomass sample. Samples were refrigerated 

following collection and then processed within 48 hours. All aboveground biomass was 

removed from samples. Samples were cleaned of sediments using running seawater 

and then dried at 60 °C for at least 48 hours or until completely dry. Any remaining 

sediments were then removed, and samples were re-dried (60 °C) before weighing for 

dry mass.  

These same methods were used for measuring aboveground biomass, 

belowground biomass, and seagrass parameters in the naturally grazed and ungrazed 

areas. Rhizomes were not severed in the naturally grazed or ungrazed areas as had 

been done around the edges of our experimental clipped and reference plots.  

Ecosystem Metabolism Measurements 

Seagrass NEP and RE measurements were made weekly using benthic 

incubation chambers. Sampling was prevented during weeks two and ten due to 
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hazardous weather from tropical storms Colin and Earl. Chambers were comprised of a 

gas-tight, polyethylene bag with a sampling port attached to a rigid PVC cylinder 

(Hansen et al. 2000; Barrón et al. 2004; Calleja et al. 2006). PVC cylinders (16 cm inner 

diameter, encompassing 0.02 m2 of bottom area) were sharpened at one end and 

inserted roughly 7.5 cm into the sediment (not severing rhizomes) (Barrón et al. 2004; 

Calleja et al. 2006). These were inserted in the sediment one day prior to the 

incubations to allow effects of the disturbance to dissipate prior to the incubation 

(Ziegler and Benner 1999). The polyethylene bags were then attached to the PVC 

cylinders with elastic bands and hose clamps. The use of a flexible bag allowed the 

propagation of turbulence to the interior of the chamber allowing internal mixing to more 

accurately mimic natural conditions (Barrón and Duarte 2009). Chamber volume was 

measured in the lab to be 5.5 – 6.0 L. 

NEP and RE were calculated from the change in dissolved oxygen (DO) 

concentration following an incubation period using light and dark (opaque) incubation 

chambers, respectively. Three water samples were collected in 60 ml plastic syringes 

(light or dark depending on the chamber) at the beginning and end of the incubation 

period from each chamber. Syringe samples were capped and returned to the surface 

immediately following collection, and DO measurements were taken directly in the 

syringe using a handheld optical DO meter (YSI ProODO), which was calibrated in 

water-saturated air on the morning of each sampling day (Vadeboncoeur 2011). We 

tested this method in the laboratory under various conditions prior to the field study to 

test and confirm the reliability of the method and the precision of YSI ProODO meters 

for this application. Mean incubation length in the field was 2.3 hours (range 1.5 – 3.3 
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hrs), as longer incubation periods may underestimate metabolic rates (Olivé et al. 

2015). Incubations were always started by 1130 hours in order to encompass solar 

maximum. There were two instances in which a dark chamber gained oxygen during the 

incubation, suggesting an error. The gain in O2 during both of these instances was 

small, and within the margin of error of the DO probe, so these rates of respiration were 

assumed to be zero. 

Water column metabolism was measured in a similar manner using clear and 

dark 300 ml BOD bottles. Three clear and three dark bottles were filled underwater at 

seagrass canopy height, capped, and attached to a PVC rod to incubate under in situ 

conditions. Three water column samples were collected in 60 ml plastic syringes at 

canopy height at the same time to measure initial water column DO concentration for 

the bottle incubations. One 60 ml plastic syringe was then collected from each BOD 

bottle following the incubation to measure final DO concentration. During instances 

when a dark bottle gained oxygen during the incubation (suggesting sampling error) DO 

changes were assumed to be zero. BOD bottle metabolic rates were subtracted from 

chamber rates to correct for water column metabolism and ensure that only metabolic 

rates of the benthic community were measured (Stutes et al. 2007). Water column 

metabolism played a minor role in this seagrass system. On average it contributed <5% 

of total reference plot metabolism within benthic chambers; however, it played a larger 

role on the two overcast days.  

In addition to the experimentally clipped and reference plots, NEP and RE were 

also measured using these same methods in nearby areas that were naturally grazed 

by green turtles (>1 year) and adjacent ungrazed areas of meadow. Three light and 
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three dark incubation chambers were used on three occasions to measure NEP and RE, 

respectively, in both naturally grazed and ungrazed areas.  

Data and Statistical Analyses 

Hourly rates of NEP and RE were calculated from changes in DO concentration 

measured in light and dark incubation chambers, respectively. Hourly GPP was 

calculated as the sum of NEP and the absolute value of RE. Daily rates were calculated 

by multiplying GPP by the photoperiod (10 hours) and RE by 24 hours, and daily NEP 

was calculated as the difference between daily GPP and RE. Since all incubations were 

conducted during the middle of the day, we corrected length of daylight (13 hours) for 

dawn and dusk hours by assuming minimal production during the 1.5 hours on either 

end of the daylight period. We based estimates of GPP on the central 10 hours of 

daylight when solar irradiance values (HOBO Pendant data loggers) were comparable 

to those measured during our incubations. We assumed daytime and nighttime RE to be 

equal for our calculations, and a deviation from this could result in a slight change in our 

calculated daily metabolic rates. Oxygen units were converted to molar units, and then 

converted to carbon units using photosynthetic and respiratory quotients of one (Barrón 

and Duarte 2009). While we measured ecosystem metabolism during the summer 

season, previous studies have shown that seagrass ecosystems are typically net 

autotrophic (NEP > 0) across the annual cycle, possibly becoming heterotrophic for only 

one to a few months per year (Stutes et al. 2007; Anton et al. 2009; Apostolaki et al. 

2010). Additionally, our study was conducted in a shallow, tropical location where water 

temperatures and incident sunlight do not vary greatly across seasons. We therefore do 

not feel that the conclusions of this study would be qualitatively different had we 

conducted the experiment for a full annual cycle. 
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The amount of aboveground seagrass biomass contained within incubation 

chambers was calculated by interpolating between clipping events. Assuming 

aboveground biomass to be zero immediately following clipping, we calculated daily 

biomass production rates using the aboveground biomass measured at time-of-clipping 

and the number of days since the previous clipping event. Using this calculated daily 

rate of biomass production, we estimated what mean areal aboveground biomass was 

for each plot during incubations based on how many days had elapsed between the 

incubation and the previous clipping event.  

All calculations and statistical analyses were performed in R version 3.3.2 (R 

Core Team 2018), and using the ‘reshape2’ (Wickham 2007) and ‘nlme’ (Pinheiro et al. 

2018) packages. The effect of simulated grazing on seagrass meadow GPP, RE, and 

NEP over time was evaluated using a mixed effects model with treatment and time as 

fixed factors and individual plot as a random factor. Linear regression was used to 

evaluate the relationship between GPP and RE (production to respiration ratio) as well 

as seagrass meadow metabolic rates (GPP, RE, and NEP) with aboveground seagrass 

biomass. Unpaired t-tests (two-tailed), were used to evaluate differences in seagrass 

characteristics and aboveground biomass between clipped plots and naturally grazed 

areas.  A one-way ANOVA was used to evaluate differences in the production to 

respiration ratio among treatments. A two-way ANOVA was used to evaluate 

differences in belowground seagrass biomass among treatments, with treatment and 

time as factors.  

Literature Collection of Seagrass Metabolic Rates 

We searched the scientific literature for available estimates of seagrass 

metabolic rates to compare to those from this study by searching ISI Web of Science in 
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October 2016 using the search terms: “seagrass metabolism” OR “seagrass metabolic” 

OR “seagrass production” OR “seagrass productivity.” Search results were further 

supplemented with the authors’ personal literature collections and citations therein.  

Only results from in situ measurement of whole-system seagrass metabolic rates 

were extracted. Mesocosm studies and metabolic measurements from individual 

seagrass shoots were excluded. Additionally, only values from unmanipulated seagrass 

were used—if a manipulation was conducted (e.g. experimental shading), then only 

results from the control/reference treatment were extracted. In cases when multiple 

measurements were made within the same site (spatially or temporally) in a study, the 

mean was calculated for these replicates to obtain a single set of metabolic rates (GPP, 

RE, NEP) for each site.  

Duarte et al. (2010) compiled a database of global seagrass metabolic rates, and 

data from this database were also used to supplement the values we extracted from the 

literature. All values obtained from the Duarte et al. (2010) database were confirmed in 

their original publication. In a few cases we were unable to obtain the original 

publication, and since we were unable to confirm these values or their method of 

collection they were excluded. Unpublished data, and data from studies that did not 

meet our requirements above were excluded.  

This resulted in 58 unique estimates of seagrass metabolic rates—54 from the 

literature, and four new values from our study. Thirty-eight of these estimates come 

from studies included in the Duarte et al. (2010) database, and we have compiled an 

additional 20 estimates of seagrass metabolism here. All data extracted from literature 

sources or the Duarte et al. (2010) database were recorded in their reported units, and 
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then converted to units of mmol C m-2 d-1 if needed. Values reported in oxygen units 

were converted to carbon units using photosynthetic and respiratory quotients of one.  

Not all studies from which values were obtained used the same methods for 

measuring metabolic rates. While the vast majority of studies used in situ incubation 

chambers, bell jars, or the diel O2 curve method to measure seagrass metabolic rates, 

the length of time used for incubations or measurement varied among studies. It has 

been demonstrated that measured metabolic rates can be strongly affected by 

incubation length, and that longer incubations (e.g., 12 or 24-hour) tend to 

underestimate rates due to oxygen saturation or depletion within the chamber (Olivé et 

al. 2015). It is therefore possible that some seagrass metabolic rates reported in the 

literature are low due to methodological reasons, and the true rates in these systems 

may be higher than those reported.   

Results 

Effect of Grazing on Seagrass Ecosystem Metabolism 

Ecosystem metabolism (GPP, RE, NEP) was significantly lower in experimentally 

clipped plots compared to reference plots (mixed effects model; GPP, n = 83, F1,8 = 

106.4, p < 0.0001; RE, n = 83, F1,8 = 75.3, p < 0.0001; NEP, n = 83, F1,8 = 34.8, p = 

0.0004; Table 2-1). This difference persisted for the duration of the experimental 

manipulation (Fig. 2-2). Prior to the onset of clipping there were no differences in 

measured metabolic rates between clipped and unclipped reference plots (t-test; GPP, 

n = 8, t6 = -1.3, p = 0.23; RE, n = 8, t6 = -0.6, p = 0.55; NEP, n = 8, t6 = -1.2, p = 0.27), 

and all plots were autotrophic (NEP > 0). During the experiment, GPP was 77% lower, 

RE 74% lower, and NEP 79% lower in clipped plots on average compared to reference 

plots (Table 2-1). Clipping reduced aboveground seagrass biomass by an average of 
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80%, but this was not enough to shift clipped plots from positive to negative NEP, and 

they remained metabolic carbon sinks (NEP > 0) for the duration of the 12-week 

experiment. The two occasions (weeks one and nine; Fig. 2-2) when clipped plots were 

slightly heterotrophic (NEP < 0) and reference plots were reduced to near metabolic 

balance (NEP = 0) was a result of low GPP when incubations were conducted on 

overcast days.  

We measured ecosystem metabolism using the same methods in naturally 

grazed areas and adjacent ungrazed areas of seagrass located near our experimental 

plots. These naturally grazed areas were actively maintained by juvenile green turtles 

and had been grazed continuously for at least one year. Net ecosystem production in 

naturally grazed areas was 92% lower than adjacent ungrazed areas on average, and 

we compared results from these naturally grazed areas, representing long-term effects 

of grazing, to those from our experimentally clipped plots, representing short-term 

effects of grazing. Metabolic rates in the naturally grazed areas were similar to those in 

our clipped plots (Fig. 2-2). This was unexpected given that aboveground biomass was 

significantly lower in the naturally grazed areas than our clipped plots (t-test; n = 9, t7 = 

8.5, p < 0.0001; Table 2-1). While seagrass shoot density was not significantly different 

between naturally grazed areas and clipped plots, seagrass blades in the naturally 

grazed areas were significantly shorter (t-test; n = 9, t7 = 5.2, p = 0.0012) and narrower 

(t-test; n = 9, t7 = 6.3, p = 0.0004) than in the clipped plots yielding less photosynthetic 

leaf area (Table 2-1). Unlike certain seagrass parameters, such as shoot density and 

blade width, which may take months to become reduced following the onset of grazing 

(Moran and Bjorndal 2005), seagrass ecosystem metabolism (GPP, RE, NEP) 
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experienced a rapid reduction following the onset of simulated grazing, after which rates 

remained relatively stable (Fig. 2-2).  

The relative contribution of GPP and RE to the total metabolism of the ecosystem 

(measured by the production to respiration ratio, P:R) did not differ among treatments 

(clipped, reference, grazed, ungrazed; ANOVA; n = 99, F3 = 1.8, p = 0.16; Table 2-1), 

even though rates of GPP and RE were lower in clipped plots and naturally grazed 

areas than unclipped reference plots and ungrazed areas. GPP was also strongly, 

positively correlated with RE (linear regression; n = 101, R2 = 0.66, p < 0.0001; Fig. 2-3). 

High P:R ratios (range 1.9 – 2.4; Table 2-1) show the meadow was strongly autotrophic 

(NEP > 0) irrespective of green turtle grazing—natural or simulated.  

Role of Biomass in Carbon Uptake 

Aboveground seagrass biomass (dry mass; DM) was strongly and positively 

correlated with measures of ecosystem metabolism (linear regression; GPP, n = 96, p < 

0.0001; RE, n = 96, p < 0.0001; NEP, n = 96, p < 0.0001; Fig. 2-4) and explained 69%, 

58%, and 37% of the variability in GPP, RE, and NEP, respectively. Aboveground 

biomass fluctuated in clipped plots (range 0.0 – 72.9 g DM m-2) with the clipping regime 

while biomass in the reference plots remained relatively high (range 205.9 – 307.7 g DM 

m-2) during the experiment. Belowground biomass did not differ between clipped plots, 

reference plots, naturally grazed areas, or ungrazed areas (ANOVA; n = 34, F2 = 0.5, p 

= 0.611; Table 2-1).  

Grazing in a Global Context 

To evaluate the results of our experiment from Little Cayman in a broader 

geographical context, we compiled estimates of seagrass metabolic rates (n = 58) from 

the published literature. Reported rates of NEP from various seagrass species and 
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areas around the world (including this study) ranged from -62.5 to 209.5 mmol C m-2 d-1 

with a median of 20.6 (Fig. 2-5c). A majority of systems (81%) had net positive NEP, 

including those measured either from single sampling events or over the annual cycle. 

NEP in ungrazed T. testudinum meadows in Little Cayman (209.5 mmol C m-2 d-1) was 

higher than rates measured elsewhere, and NEP in our unclipped reference plots was 

also high, due to the high GPP relative to RE in this system. Higher rates of both GPP 

and RE have been measured in other seagrass systems than the rates we measured in 

Little Cayman (Fig. 2-5 a and b), but the P:R ratio was always closer to one, resulting in 

lower rates of NEP for those systems(Lindeboom and Sandee 1989; Pollard and 

Moriarty 1991; Reyes and Merino 1991; Ziegler and Benner 1998; Koch and Madden 

2001; Plus et al. 2001; Nagel et al. 2009; Champenois and Borges 2012; Rheuban et al. 

2014). 

Discussion 

 Despite significantly lower rates of carbon uptake (inferred from NEP), our results 

show that tropical T. testudinum meadows remained active metabolic carbon sinks, 

even under long-term sustained grazing pressure. Though green turtle grazing removes 

much of the aboveground seagrass biomass, the belowground biomass is normally left 

intact in T. testudinum meadows (Table 2-1). Production may still be allocated to 

belowground tissues for long-term storage, thus allowing the meadow to remain a 

metabolic carbon sink in the presence of green turtle grazing. An example in Indonesia 

is an exception to this, in which green turtles became hyper-abundant (20 individuals 

ha-1) within a marine protected area and began digging and consuming belowground 

seagrass tissues (Halodule uninervis) when aboveground biomass alone was not 

enough to sustain the population (Christianen et al. 2014). The turtles may have been 
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able to uproot and consume H. uninervis due to its shallow rhizosphere (Marbà and 

Duarte 1998) as compared to other seagrasses such as T. testudinum that form 

stronger and denser rhizome mats. To our knowledge, this behavior has not been 

observed elsewhere. In addition, green turtles often do not graze an entire meadow, but 

rather discrete patches (Bjorndal 1980; Lal et al. 2010; Hernández and van 

Tussenbroek 2014). Though NEP was 92% lower in areas that had been grazed long-

term by turtles, the reduction in whole-meadow NEP would be less than this, as NEP in 

ungrazed areas remained unaffected. Changes in the strength of the ecosystem 

metabolic carbon sink from grazing are therefore dependent upon the proportion of 

grazed to ungrazed areas within the meadow.  

 The strong relationship between metabolic variables (GPP, RE, NEP) and 

aboveground seagrass biomass indicates that metabolic carbon dynamics in this 

system were largely driven by the seagrass rather than other potential producers such 

as epiphytes or microphytobenthos. This relationship also demonstrates that under a 

sustained green turtle grazing regime, rates of metabolic carbon uptake will remain 

lower than ungrazed areas. If turtles abandon or are excluded from an area, rates of 

carbon uptake will increase concomitantly with seagrass regrowth. This is further 

evidenced by fluctuations in NEP in our experimentally clipped plots. NEP was lower 

(15.8 ± 7.2 mmol C m-2 d-1) when measured 2-3 days after plots were clipped and 

aboveground biomass was low (10.5 ± 0.8 g DM m-2; even-numbered weeks; Fig. 2-2c), 

and higher (57.4 ± 19.9 mmol C m-2 d-1) when measured 8-10 days post-clipping and 

biomass had increased (33.9 ± 9.9 g DM m-2; odd-numbered weeks).  
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Our results show that meadows grazed by green turtles can maintain net positive 

metabolic carbon uptake, but there is concern as to what effect recovering green turtle 

populations—and increased grazing—will have on current seagrass blue carbon stocks 

(Atwood et al. 2015). It has been suggested that following extreme seagrass 

degradation or loss, such as from overgrazing, carbon stored in the top meter of 

sediment may be vulnerable to remineralization and loss from the system (Fourqurean 

et al. 2012; Pendleton et al. 2012). The production to respiration ratio (P:R) of the 

system can be used to investigate this indirectly, where increased microbial activity and 

organic carbon remineralization can be inferred from a decrease in the ratio. 

Ecosystem respiration includes both respiration by the autotroph community (RA) 

and respiration by the heterotroph community (RH). Sediments in seagrass meadows 

are often anoxic below the first few millimeters to centimeters (Terrados et al. 1999; 

Duarte et al. 2013a), and we had predicted microbial activity and RH would increase 

following removal of the seagrass canopy due to increased water flow and aeration of 

the surface sediments. An increase in RH relative to RA would increase RE relative to 

GPP and therefore decrease the P:R ratio. That the P:R ratio was not affected by short-

term experimental clipping or long-term natural grazing indicates that rates of RE were 

largely driven by the amount of aboveground seagrass biomass present rather than by 

RH in the benthos.  

Anaerobic metabolism and subsurface carbon dynamics can also play a role in 

seagrass meadow carbon cycling. We were unable to measure these processes in our 

study; however, we feel that these were likely to play a small role in total carbon 

dynamics in this system. Following a decrease in primary production and oxygen 



 
 

36 
 

translocation to the rhizosphere, organic matter remineralization typically switches from 

aerobic respiration to sulfate reduction (Calleja et al. 2006); however, rates of sulfate 

reduction are known to be low in carbonate-based sediments (Marbà et al. 2006), such 

as those in Little Cayman. Additionally, carbon dioxide produced from belowground 

remineralization of organic carbon may be consumed via carbonate dissolution, rather 

than released from the system (Burdige and Zimmerman 2002; Marbà et al. 2006).  

Grazing does lead to a loss of potential future blue carbon sequestration (carbon 

that may have become sequestered) as a result of lower NEP in grazed areas 

compared to ungrazed areas, but it did not affect the ecosystem P:R ratio. The meadow 

maintained net positive carbon uptake and high GPP relative to RE, indicating that 

grazing is not likely to lead to the metabolic release of blue carbon already stored in 

tropical T. testudinum meadows, and these carbon stocks may remain intact in the face 

of increasing grazing pressure. A similar relationship between grazing and sediment 

carbon has been shown in a Canadian salt marsh—areas that had been grazed long-

term by sheep exhibited higher soil organic carbon content as well as higher 

belowground biomass production than ungrazed areas (Yu and Chmura 2010). While 

seagrass meadows are resilient to long-term grazing (Moran and Bjorndal 2005), the 

resilience of meadows to external stressors (e.g. decreased light availability from 

coastal runoff and sedimentation/eutrophication) may differ between grazed and 

ungrazed areas experiencing high stress levels. Future research into the effects of 

grazing in meadows experiencing high stress levels, such as from reduced light 

availability, would be beneficial in furthering our understanding of the ecological effects 

of green turtle grazing.  
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In comparison with seagrass metabolic values from the literature (Fig. 2-5), rates 

of GPP in our experimentally clipped plots and the naturally grazed areas are low 

(among studies that met our criteria for inclusion, Methods; Fig. 2-5a). However, the 

high rates of GPP relative to RE in our system resulted in higher NEP than that reported 

for many other seagrass systems (Fig. 2-5c). Some of these previously published rates 

could be low due to methodological reasons, as incubation time has been shown to 

influence measured metabolic rates (Olivé et al. 2015) (Methods). NEP in both our 

clipped plots and naturally grazed areas (24.7 and 17.1 mmol C m-2 d-1, respectively) 

was near the median (20.6 mmol C m-2 d-1) of seagrass ecosystem metabolism 

estimates compiled from the literature. This suggests that even under a scenario of 

increasing green turtle grazing pressure, Caribbean T. testudinum meadows could still 

function as a stronger metabolic carbon sink than some ungrazed seagrass meadows in 

other areas.  

Conclusions 

Overexploitation of green turtle populations over the past several centuries has 

led to a shifting in the baseline of what is considered natural for seagrass ecosystems. 

Green turtle grazing in seagrass pastures is the natural condition. With successful 

conservation leading to increasing green turtle abundance, albeit still below historical 

numbers (Jackson 2001; McClenachan et al. 2006), it is important to understand how 

seagrass ecosystem carbon dynamics will be affected. Seagrass meadows are 

important sites of blue carbon sequestration and storage (Duarte et al. 2010; 

Fourqurean et al. 2012), and there is concern these functions may be affected as 

increased grazing pressure returns more seagrass meadows to their natural grazed 

state (Heithaus et al. 2014; Atwood et al. 2015). Here we show, through an in situ 
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seagrass manipulation experiment and measurement of areas naturally grazed by 

green turtles, that rates of metabolic carbon uptake are lower in grazed areas than 

ungrazed areas. These differences in NEP correspond to a reduction in the potential of 

the meadow to sequester blue carbon in the future. However, grazing did not affect the 

P:R ratio of the meadow on short- or long-term time scales, suggesting that even 

sustained green turtle grazing is not likely to lead to a loss of sediment carbon through 

remineralization. These findings indicate that as more tropical seagrass habitats are 

returned to a natural grazed state, rates of carbon uptake and contribution to the 

metabolic carbon sink will be lower, but there will not be a large metabolic release of 

current blue carbon stocks.   
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Table 2-1. Means and standard deviations of metabolic rates and seagrass parameters for clipped plots, reference plots, 
naturally grazed areas, and ungrazed areas. 

Variable Clipped Reference Grazed Ungrazed Test P-value 

GPP (mmol C m-2 d-1) 64.4 ± 40.4 a 275.5 ± 69.9 b 36.1 ± 5.4 370.0 ± 15.0 MEM < 0.0001 

RE (mmol C m-2 d-1) 39.7 ± 27.4 a 154.6 ± 41.2 b 19.1 ± 9.9 160.4 ± 24.3 MEM < 0.0001 

NEP (mmol C m-2 d-1) 24.7 ± 37.6 a 119.5 ± 66.2 b 17.1 ± 6.4 209.5 ± 24.3 MEM 0.0004 

P:R 2.3 ± 1.6 a 1.9 ± 0.6 a 2.4 ± 1.3 a 2.3 ± 0.4 a ANOVA 0.16 

          

Density (shoots m-2) 917.8 ± 85.1 a 840.0 ± 40.0 776.4 ± 31.8 a 785.8 ± 40.1 t-test 0.1408 

Blade Length (cm) 4.8 ± 0.9 a 15.8 ± 1.5 1.9 ± 0.4 b 14.9 ± 2.8 t-test 0.0012 

Blade Width (cm) 0.9 ± 0.1 a 0.9 ± 0.04 0.5 ± 0.1 b 1.0 ± 0.1 t-test 0.0004 

AG Biomass (g DM m-2) 52.1 ± 16.5 a 259.4 ± 44.6 8.6 ± 4.3 b 193.8 ± 21.5 t-test < 0.0001 

BG Biomass (g DM m-2) 3880.7 ± 1256.3 a 3899.7 ± 1166.4 a 3562.4 ± 1002.6 a 4143.8 ± 961.7 a ANOVA 0.611 

Within a row, values that share a letter superscript are not significantly different. 
GPP: gross primary production; RE: ecosystem respiration; NEP: net ecosystem production; P:R: production to respiration ratio; AG: aboveground; 
BG: belowground; MEM: mixed effects model 
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Figure 2-1. A naturally grazed green turtle feeding plot (right) and an adjacent ungrazed 
area (left) in a Thalassia testudinum seagrass meadow in Little Cayman. 
Photo by Robert A. Johnson.  
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Figure 2-2. Daily metabolic rates following simulated or natural grazing. (a) Gross 
primary production. (b) Ecosystem respiration. (c) Net ecosystem production. 
Data are means (±SD). Open black squares are clipped plots, closed black 
squares are reference plots, open red circles are naturally grazed areas, and 
closed red circles are ungrazed areas. Week 0 began on 15 May 2016, and 
week 11 began on 31 July 2016. Vertical dashed line denotes initiation of 
clipping. Horizontal dashed line in (c) denotes metabolic balance (NEP = 0). 
See text for description of fluctuating clipped plot values.  
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Figure 2-3. Production to respiration ratios. Data are from all plots on all sampling days. 
Open black squares are clipped plots, closed black squares are reference 
plots, open red circles are naturally grazed areas, and closed red circles are 
ungrazed areas. Solid line is the significant linear regression (R2 = 0.66, p < 
0.0001). Dashed line is the 1:1 ratio (NEP = 0).  
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Figure 2-4. Metabolic rates as a function of aboveground seagrass biomass. (a) Gross 
primary production. (b) Ecosystem respiration. (c) Net ecosystem production. 
Open black squares are clipped plots, closed black squares are reference 
plots, open red circles are naturally grazed areas, and closed red circles are 
ungrazed areas. Solid lines are the significant linear regressions (GPP, R2 = 
0.69, p < 0.0001; RE, R2 = 0.58, p < 0.0001; NEP, R2 = 0.37, p < 0.0001). 
Horizontal dashed line in (c) denotes metabolic balance (NEP = 0).  
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Figure 2-5. Seagrass ecosystem metabolism values compiled from the literature. (a) 
Gross primary production. (b) Ecosystem respiration. (c) Net ecosystem 
production. Data are means (±SD). Data from all studies (n = 58) are ranked 
by NEP. Open circles (this study) from left to right are: naturally grazed areas, 
clipped plots, reference plots, ungrazed areas (all panels). Horizontal dashed 
line in (c) denotes metabolic balance (NEP = 0).  
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CHAPTER 3 
RATES OF SEDIMENT RESUSPENSION AND EROSION FOLLOWING GREEN 

TURTLE GRAZING IN A SHALLOW CARIBBEAN THALASSIA TESTUDINUM 
MEADOW 

Introduction 

 Seagrasses are important sites of carbon sequestration (Duarte et al. 2005). 

While plant biomass production through high rates of metabolic carbon capture (Duarte 

et al. 2010; Johnson et al. 2017) is an important mechanism for accumulating carbon in 

seagrass meadows, the majority of carbon in these habitats is stored belowground in 

the sediments (Fourqurean et al. 2012). Seagrass meadows facilitate the capture of 

autochthonous and allochthonous sources of organic matter (Agawin and Duarte 2002; 

Gacia et al. 2002; Kennedy et al. 2010; Greiner et al. 2016) that, once deposited on the 

sediment surface, may eventually be buried and incorporated into the sedimentary 

carbon pool. The deposition of particles from the water column, and subsequent 

protection of those particles once deposited, are important processes contributing to 

high carbon sequestration rates in seagrass meadows (Gacia et al. 1999; Duarte et al. 

2005).  

Seagrass canopies buffer deposited sediments against resuspension back into 

the water column, where they are more vulnerable to export (Terrados and Duarte 

2000), by reducing water velocity (Fonseca et al. 1982; Gacia et al. 1999) and 

attenuating wave energy (Fonseca and Cahalan 1992; Hansen and Reidenbach 2013). 

Newly deposited particles are often partially comprised of falling seagrass material (leaf 

tissue and/or associated epibiota) and/or allochthonous material originating in 

nearshore habitats (e.g. mangroves) that are high in organic matter and carbon content 

(Kennedy et al. 2004; Chen et al. 2017). These loose surficial sediments are an 
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important source of organic carbon for sequestration within the meadow that are 

vulnerable to resuspension or erosional processes prior to burial. While seagrass 

presence may support a modest increase in particle deposition (Gacia et al. 1999; 

Hendriks et al. 2008), rates of particle resuspension may be three to ten times lower 

within seagrass meadows compared to unvegetated sediments (Gacia et al. 1999; 

Gacia and Duarte 2001). Given globally declining seagrass area (Waycott et al. 2009), 

there is concern as to what a loss of these protective services provided by meadows will 

mean for sediment retention and carbon storage in these systems.  

Grazing by green turtles (Chelonia mydas) can significantly reduce the size of the 

aboveground seagrass canopy (Bjorndal 1980). Green turtles are prominent 

megaherbivores in meadows in many areas (Heithaus et al. 2014) and consume 

seagrass throughout their circumglobal range (Bjorndal 1997). They graze aboveground 

seagrass biomass by cropping blades near the sediment surface and repeatedly re-

grazing the same areas (Bjorndal 1980; Ogden 1980), thereby maintaining a short 

meadow canopy. Green turtles have been recorded consuming belowground rhizome 

biomass in addition to aboveground tissues when they reached hyper-abundance within 

a protected area in Indonesia (Christianen et al. 2014); however, to our knowledge, this 

grazing behavior has not been reported elsewhere. In the Caribbean, green turtles 

typically consume the seagrass Thalassia testudinum. This seagrass species grows a 

robust belowground rhizome mat, and while green turtles consume the aboveground 

plant tissues, the belowground rhizomes are left alive and intact (Bjorndal 1980). 

With declining seagrass area (Waycott et al. 2009), and increasing green turtle 

abundance (Chaloupka et al. 2008), more seagrass area will be returned to a naturally 
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grazed state in ecologically important foraging regions such as the Caribbean (Jackson 

1997, 2001; Jackson et al. 2001). Many studies to date on seagrass meadow sediment 

dynamics have focused on the benefits provided by ungrazed seagrass beds compared 

to unvegetated areas (Koch 1999; Terrados and Duarte 2000; Gacia et al. 2003; 

Potouroglou et al. 2017), but have not given adequate consideration to the effects 

grazing may have. Extreme cases of overgrazing and meadow collapse can lead to 

erosion and loss of seagrass sediments and associated carbon (Christianen et al. 2014; 

Atwood et al. 2015), but this is not likely to be the normal effect of grazing. Grazing of 

the aboveground canopy by green turtles may leave organic matter and carbon-rich 

surface sediments potentially vulnerable to resuspension and erosion. Empirical tests of 

this are lacking, however, and it is not currently known how these processes operate in 

seagrass meadows under normal green turtle grazing regimes. It is critical to 

understand how sediment and carbon dynamics in meadows may be affected by 

increased future grazing.  

We hypothesized that (1) rates of particle resuspension would be higher in 

grazed areas where surface sediments are no longer protected by a tall seagrass 

canopy, and (2) following grazing, sediment elevation would decrease as loose surface 

sediments become vulnerable to erosion. To evaluate effects of grazing on these 

processes, we conducted an experiment in a shallow Thalassia testudinum-dominated 

seagrass meadow in Little Cayman, Cayman Islands. A large area of this meadow had 

been actively grazed by juvenile green turtles for longer than a year (personal 

observation). We measured rates of particle deposition and resuspension in this grazed 

area compared to an adjacent ungrazed area, providing the first measures of particle 
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flux processes in a naturally grazed seagrass meadow. Erosion was measured from 

changes in sediment elevation in a series of experimentally clipped plots compared to 

unclipped reference plots to evaluate effects following the initial removal of the seagrass 

canopy. Coupled with measured organic matter and carbon content of particle fluxes 

and surface sediments, we evaluated short-term effects of grazing on sediment carbon 

dynamics in the meadow.  

Methods 

Site Description 

This study was conducted in a seagrass meadow within Grape Tree Bay on the 

north side of Little Cayman, Cayman Islands (19°41’48.0” N, 80°03’33.5” W) at the 

Central Caribbean Marine Institute from May to August 2016. Grape Tree Bay normally 

experiences relatively calm hydrodynamic conditions, but can experience periods of 

inclement weather and high hydrodynamic conditions during the months of June to 

November. Two tropical storms, Colin and Earl, passed near Little Cayman during our 

sampling period, bringing high winds and stronger hydrodynamic conditions to our study 

site. Grape Tree Bay is roughly 80 – 100 m wide and 1.7 km long, and is bounded to the 

north by a fringing coral reef and the shore to the south. The substrate of the bay was 

comprised of carbonate sediments. The meadow was located in an area with an 

average water depth of 1.0 – 1.2 m with a tidal fluctuation of 0.2 m. Juvenile green 

turtles were present within the bay and had established foraging areas of cropped 

seagrass within the meadows (Fig. 3-1). Green turtle foraging areas are easily identified 

by the distinctive grazing marks on the seagrass blade tips, and turtles were observed 

feeding in these areas daily. Average canopy height was 16.2 cm in the ungrazed area 

of seagrass and 1.9 cm in the large area naturally grazed by turtles. Thalassia 
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testudinum was the dominant seagrass comprising the meadows, with average shoot 

densities of 786 shoots m-2 in the ungrazed area and 776 in the grazed area. 

Syringodium filiforme seagrass was present at lower densities and interspersed among 

the T. testudinum; Halodule wrightii seagrass was present in only one small part of the 

grazed area. Thalassia testudinum accounted for 93% of the aboveground biomass on 

average (combined grazed and ungrazed areas) in the meadow.  

Study Design 

We evaluated sediment dynamics in areas that were newly grazed (experimental 

clipping to simulate grazing) and those that had been grazed long-term (natural 

grazing). Clipped plots were used to measure the effects that may follow the onset of 

grazing in an area, such as increased sediment erosion following removal of the 

protective seagrass canopy. Established feeding areas of green turtles within the 

meadows had been grazed for more than one year (personal observation), and in one 

these areas we measured differences in rates of particle deposition and resuspension 

compared to an adjacent ungrazed area. Particle deposition and resuspension were 

measured in the large grazed and ungrazed areas, rather than in experimental plots, to 

avoid potential edge effects that could affect these processes in clipped plots, which 

were surrounded by ungrazed seagrass. It is not known why particular areas were 

grazed by the turtles and other areas of the seagrass were left ungrazed (this is an 

ongoing area of research). 

Five pairs of 2 x 2 m plots were established in an ungrazed meadow adjacent to 

a natural green turtle grazing area, so that all sampling areas for this study experienced 

the same environmental and hydrodynamic conditions (e.g., depth, currents, distance to 

shore). Within each pair, one plot was randomly selected and experimentally clipped to 



 
 

50 
 

simulate grazing, and the other served as an unclipped reference plot. All plots were 

separated by at least two meters from other plots.  

Seagrass blades were clipped with scissors (Moran and Bjorndal 2005). 

Simulated grazing was initiated in mid-May by clipping all blades within clipped plots to 

just above the blade-sheath junction and collecting the upper portions of the blades for 

later analyses. Blades were re-clipped when new blade growth reached ~5 cm above 

the blade-sheath junction to mimic natural grazing (Williams 1988a; Moran and Bjorndal 

2005), resulting in the plots being re-clipped every ~14 days (range 12 – 15 days).  

Seagrass and Sediment Characteristics 

 Seagrass shoot density, leaf morphometry, aboveground biomass, and 

belowground biomass were measured in all locations (clipped plots, reference plots, 

naturally grazed area, ungrazed area). Shoot density was measured prior to the onset 

of clipping, and bi-weekly thereafter by counting all shoots within three 25 x 25 cm 

quadrats (0.0625 m2) randomly placed within each clipped and reference plot. Shoot 

density in the naturally grazed area was counted from three 25 x 25 cm quadrats 

randomly placed within 1 m of each of the four sediment trap trees (“Particle deposition 

and resuspension” below) at the time of each deployment. Aboveground seagrass 

biomass samples were collected prior to the onset of clipping, and thereafter bi-weekly 

in clipped plots and monthly in reference plots by clipping all shoots at the sediment 

surface within three randomly placed 10 x 10 cm quadrats (0.01 m2). Biomass samples 

were collected in a similar manner from three quadrats randomly placed within 1 m of 

each of the four sediment trap trees in the naturally grazed area once in July. Blade 

length and width were measured in the lab for 30 random blades from each sample. 

Blades were gently scraped to remove any epiphytes, rinsed in seawater, dried at 60° C 
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to a constant weight, and weighed for aboveground dry biomass. Belowground biomass 

samples were collected at the beginning (May) and end (August) of the experiment from 

all plots and the naturally grazed area with a 7.7 cm diameter PVC corer. Samples in 

May were collected just outside of plots to avoid destructive sampling within the 

sampling area, and from the middle of plots at the end of the experiment in August. 

Samples were rinsed in seawater to remove all sediments, dried at 60° C to a constant 

weight, and weighed for belowground dry biomass. Seagrass characteristics from three 

reference plots located near sediment trap trees were used to represent the ungrazed 

meadow for comparison to the naturally grazed area.  

 Surface sediment cores were collected at the beginning and end of the 

experiment to measure sediment dry bulk density (DBD), percent organic matter content 

(OM), and percent carbon content (total (C), organic (Corg), and inorganic (Cinorg)). Cores 

were collected using a 60 ml plastic syringe (2.6 cm diameter, 5.3 cm2 area) with the 

end cut off inserted to a depth of 5 cm (26.6 cm3 core volume). To account for natural 

spatial variability in sediment characteristics that may have been missed using small 

syringe-cores, three cores were collected from the same area (within 25 cm of each 

other) and combined into a single sample (15.9 cm2 core area, 79.7 cm3 core volume). 

Three samples (of three cores each) were randomly collected within each experimental 

and reference plot (May and August) and from the four locations of sediment trap trees 

within the naturally grazed area (August only). Surface sediment characteristics from 

three reference plots located near sediment trap trees were used to represent the 

ungrazed meadow for comparison to the naturally grazed area. Surface sediment 

samples were dried at 60° C to a constant weight and weighed for dry mass (DM). Dry 
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bulk density was calculated as DM divided by the sample volume. Samples were 

homogenized using a mortar and pestle prior to OM and carbon analyses. Organic 

matter content was measured from a subset of the sample by drying at 105° C for 24 

hours before combusting at 500° C for 4 hours and measuring the difference. Total 

carbon content of each sample was measured on an elemental analyzer (Carlo Erba 

NA1500 CNHS elemental analyzer), and Cinorg content was measured on a coulometer 

(Coulometrics 5014 CO2 coulometer) coupled with an AutoMate automated carbonate 

preparation device (AutoMateFX.com). Organic carbon was calculated as the difference 

between Cinorg and total C.  

Sediment Erosion 

 Sediment height was measured in all plots prior to clipping. Changes in sediment 

height were measured weekly thereafter in clipped and reference plots using two 

different methods to evaluate sediment erosion following the onset of experimental 

clipping. The first method, measuring depth of the unconsolidated surface layer, 

measured the depth of the loose, upper sediment layer that may have been vulnerable 

to erosion, and the second method measured changes in the elevation of the sediment 

surface. The depth of the unconsolidated surface layer was measured at ten random 

locations in each plot by inserting a rigid ruler into the surface sediment until resistance 

was met (Moran and Bjorndal 2005). To measure fine-scale changes in sediment 

surface elevation, we used a sediment elevation table (Cahoon et al. 2002) slightly 

modified for use by SCUBA divers (Christianen et al. 2013), referred to in this study as a 

RAKA bridge (named using author initials). Two permanent PVC poles were inserted 

into each of the ten plots at the start of the experiment to which the RAKA bridge could 

be attached. The RAKA consisted of a horizontal PVC pole with five vertical notches 
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into which a rigid ruler was placed and distance between the sediment surface and the 

horizontal RAKA bridge was measured (Fig. 3-2a). This setup allowed measurement of 

the same five spots in each plot throughout the experiment to evaluate elevation 

changes.  

Particle Deposition and Resuspension 

 Rates of short-term particle deposition and resuspension were measured with 

sediment traps deployed in the middle of a large area of the meadow naturally grazed 

by turtles and an adjacent ungrazed area. Sediment traps were not deployed in the 2 x 

2 m experimental plots, to avoid potential edge effects that could have affected 

deposition and resuspension processes. Sediment trap construction was similar to 

those used in previous studies measuring short-term deposition rates in seagrass 

meadows (Gacia et al. 1999; Gacia and Duarte 2001). Individual traps consisted of 15 

ml plastic centrifuge tubes (1.5 cm diameter, 11.6 cm height) with an aspect ratio 

(height:diameter) of 7.7, above the recommended threshold of 5 to prevent particles 

from being resuspended out of sediment traps (Blomqvist and Kofoed 1981). Traps 

were deployed in groups of 15 as “trees” with three traps attached to each of five arms. 

Traps were equally spaced, ~7 cm apart, along each arm. The five arms were attached 

in a spiral—so no traps were situated above other traps—to a central pole inserted into 

the sediment at increasing heights above the sediment surface (Fig. 3-2b). Sediment 

traps were at 11, 26, 41, 56, and 71 cm above the sediment surface. Sediment traps on 

the bottom arm (11 cm) were always located within the seagrass canopy in the 

ungrazed area, and traps at 26 cm were above the canopy. All traps were above 

canopy height in the naturally grazed area.  
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Measuring total sediment flux at various heights above the sediment surface 

allows for the discrimination between primary flux (Fp, g DM m-2 d-1; downward flux of 

new particles in an area) and resuspended flux (Fr, g DM m-2 d-1; downward flux of 

resuspended particles previously deposited in an area) (Pejrup et al. 1996; Gacia and 

Duarte 2001). Particles caught in sediment traps represent the total downward flux (Ft, 

g DM m-2 d-1) of particles in the system and incorporate both primary and resuspended 

particles (Ft = Fp + Fr) (Håkanson et al. 1989; Gacia et al. 1999). Resuspended flux (Fr) 

can be parsed apart from primary flux (Fp) by calculating the rate of Fp as a function of 

height above the sediment surface (Valeur 1994; Gacia and Duarte 2001). This method 

of separating flux components assumes an initial condition of a uniformly distributed 

particle load throughout the water column, and that in the presence of resuspension, a 

significant gradient will occur approaching the sediment surface (Valeur 1994; Pejrup et 

al. 1996). The rate of Fp is calculated from the linear regression of Ft in the uppermost 

traps, which are assumed to not receive resuspended sediments and are thus equal to 

Fp (Håkanson et al. 1989; Pejrup et al. 1996). Resuspended flux is the difference 

between total flux and the primary flux calculated from the linear regression at a given 

height (Fr = Ft – Fp). This method, and its use in seagrass meadows, has been 

described in further detail previously (e.g. Håkanson et al. 1989; Pejrup et al. 1996; 

Gacia et al. 1999; Gacia and Duarte 2001).  

Four sediment trap trees were deployed in each treatment (naturally grazed, 

adjacent ungrazed) on three occasions (June, July, August) by SCUBA divers during 

summer 2016. Sediment traps were uncapped and filled with subsurface water, and the 

trees were then attached to the central pole in the sediment. Divers took care during 
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deployment to not disturb surface sediments that could be resuspended into traps. 

Sediment trap trees were left in the meadow for 3 – 4 days, following methods of 

previous studies (Gacia and Duarte 2001; Gacia et al. 2002, 2003). Upon collection 

traps were capped, brought to the surface, and processed in the lab within 48 hours.  

Sediment trap samples were filtered onto pre-combusted, pre-weighed 47 mm 

glass microfiber filters (Whatman, GF/F), dried at 60° C to a constant weight, and 

weighed for dry mass. Organic matter content was measured from one of the three 

filters from each of the five heights from all sediment trap trees and deployments. Filters 

were dried at 105° C for 24 hours, weighed, and combusted at 500° C for four hours in a 

muffle furnace. Organic matter content was calculated as the difference between the 

combusted and dry weights. Carbon content (total C, Corg, Cinorg) was measured from 

one of the three filters from each of the five heights from all sediment trap trees and 

deployments. Total carbon and inorganic carbon were each measured from half of the 

filter using the same analytical method as for surface sediments described above. 

Organic carbon content was calculated as the difference between Cinorg and total C.  

Data Analysis  

 In addition to the Fr calculated at discreet sediment trap heights, we calculated Fr 

at the meadow canopy height to estimate the amount of sediment resuspended out of 

the protective seagrass canopy. The relationships between Ft and height measured with 

sediment traps in this study fit a power law model, which we used to calculate Ft at 

heights not directly measured with sediment traps. We calculated Fr at the height of the 

ungrazed meadow canopy by subtracting the calculated Fp (from linear regression) 

from the calculated Ft at this height.  
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Multiple replicates of a variable (e.g. seagrass shoot density) collected from the 

same plot were averaged to obtain a single mean value for each plot. Likewise, the dry 

mass values of the three filtered sediment trap samples from a single arm (height) on a 

given sediment trap tree were averaged resulting in one value for each of the five 

heights on each tree for flux calculations.  

Linear mixed effects models were used to evaluate the effect of a treatment 

(experimental clipping or natural grazing) over time. In these models treatment and time 

were fixed effects, and blocks (clipped-reference plot pairs, for seagrass and surface 

sediments) or individual sediment trap trees (for sediment fluxes) were treated as a 

random effect. We used mixed effects models with treatment as a fixed effect, and block 

as a random effect, to evaluate differences between clipped and reference plots at the 

end of the experiment (e.g. sediment elevation change). Directional changes in 

sediment height measurements were analyzed using linear regression, but differences 

between treatments for these measures were analyzed with linear mixed effects 

models. Sediment dry bulk density, organic matter, and carbon content from surface 

sediment samples and belowground seagrass biomass were analyzed using two-way 

ANOVA with time and treatment as factors, since these were collected only at the 

beginning and end of the experiment.  

Previous studies using sediment traps to measure sediment fluxes have shown 

resuspension rates to be three-to-ten times higher over unvegetated areas compared to 

seagrasses (Gacia et al. 1999; Gacia and Duarte 2001). Using a more conservative 

estimate (two times greater resuspension) as an anticipated effect of removing the 

aboveground seagrass canopy (i.e. from grazing) and using the ungrazed seagrass 
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resuspension data (from this study) as an assumed initial condition, we estimated effect 

sizes of 1.2 to 2.3 for grazing in this study. Given these estimated effects, our sampling 

design allowed sufficient statistical power (range 0.82 – 0.99 based on reference 

treatment conditions) to detect significant differences in sediment resuspension rates 

from grazing.  

Analyses were performed in R version 3.4.2 (R Core Team 2018) using the 

‘dplyr’ (Wickham et al. 2017), ‘nlme’(Pinheiro et al. 2018), and ‘agricolae’ (de Mendiburu 

2017) packages. Data are presented as means ± standard deviation (SD). Significance 

was evaluated at an alpha level of 0.05.  

Results 

Seagrass and Sediment Characteristics 

Thalassia testudinum shoot density was higher in clipped plots than reference 

plots during the 12-week clipping experiment (F1,40 = 11.64, p < 0.01). However, density 

was not different between clipped and reference plots at the end of the experiment (F1,4 

= 0.02, p = 0.89; Table 3-1). Shoot density was also not different between the naturally 

grazed area and the adjacent ungrazed area (F1,5 = 0.01, p = 0.92). Seagrass canopy 

height was reduced as a result of clipping in plots. Mean height was 4.8 ± 0.9 cm in 

clipped plots and 15.8 ± 1.5 cm in reference plots during the course of the experiment. 

This resulted in significantly reduced post-clipping aboveground biomass in clipped 

plots (52.1 ± 16.5 g DM m-2) compared to reference plots (259.4 ± 44.6; F1,34 = 182.78, 

p < 0.01; Table 3-1). Belowground seagrass biomass was not affected following twelve 

weeks of experimental clipping, nor was belowground biomass different among any 

areas (experimental plots, naturally grazed and ungrazed areas), including the area that 

had been grazed by green turtles for more than a year (F2 = 0.53, p = 0.60; Table 3-1).  
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 Dry bulk density of the surface sediments (Table 3-2) was not affected by 

experimental clipping over the course of the study and did not differ among clipped 

plots, reference plots, the naturally grazed area, and ungrazed area (F3 = 0.50, p = 

0.69). Organic carbon content of the sediment was low in this system, typically < 1%, 

and below the global median of 1.8% (Fourqurean et al. 2012). Percent total C, %Corg, 

and %OM of surface sediments did not differ among any areas (experimental plots, 

naturally grazed and ungrazed areas) or over the course of the study (%C, F3 = 0.85, p 

= 0.48; %Corg, F3 = 1.24, p = 0.32; %OM, F3 = 2.40, p = 0.10; Table 3-2). 

Sediment Erosion 

 Depth of the unconsolidated surface layer (loose upper layer of sediment) did not 

differ between clipped and reference plots during the 12-week clipping experiment (F1,94 

= 0.99, p = 0.32). The depth of the unconsolidated surface layer increased slightly (0.9 

cm) over time (R2 = 0.46, p < 0.01). However, this occurred simultaneously in both 

clipped and reference plots (Fig. 3-3a), indicating the increase was not an effect of 

clipping. Additionally, the depth of the unconsolidated surface layer of sediments in the 

naturally grazed area (1.6 ± 0.2 cm) was similar to clipped plots (1.9 ± 0.4 cm), even 

though surface sediments had theoretically been vulnerable to erosion for longer in the 

grazed area.  

 Clipping also did not lead to an increase in erosion of surface sediments within 

plots. There was a slight decrease in elevation (mean 1.8 mm) over the course of the 

study (R2 = 0.47, p < 0.01), but this decrease was observed in both clipped and 

reference plots and was not an effect of clipping (Fig. 3-3b). There was a significant 

difference in the change in sediment elevation between clipped and reference plots 

during the course of the experiment (F1,94 = 11.33, p < 0.01); however, the greater 
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erosion actually occurred in the reference plots. This difference in change in sediment 

elevation between clipped and reference plots was only 0.7 mm, and at the end of the 

experiment there was no longer a difference between treatments (F1,4 = 1.47, p = 0.29).  

Particle Deposition and Resuspension 

 Rates of particle deposition (Fp, downward flux of new particles) did not differ 

between the area naturally grazed long-term by green turtles and the adjacent ungrazed 

area of seagrass during any deployment (F1,17 = 1.66, p = 0.22; Fig. 3-4). Fp was higher 

in July than in June or August for both grazed and ungrazed areas due to higher 

hydrodynamic conditions caused by  

Tropical Storm Earl, but did not differ between the two areas (Table 3-3). The linear rate 

of increase in Fp with depth (i.e. slope of the Fp linear regression) also did not differ 

between grazed and ungrazed areas at any time (F1,17 = 0.22, p = 0.65), indicating that 

starting concentrations or distributions of sediments within the water column above the 

meadows were not affected by the presence of grazing.  

 Grazing did not affect the amount of sediments that were resuspended at any 

time, nor the percentage of the total downward particle flux that these resuspended 

sediments comprised. Even though traps in the ungrazed area were located within the 

supposedly protective seagrass canopy, Fr (flux of previously deposited particles, 

calculated from bottom traps, 11 cm) did not differ between grazed and ungrazed areas 

during any deployment (F1,17 = 0.08, p = 0.78). While mean Fr was high in July, it was 

not significantly different from other months due to high variation among sediment trap 

trees within treatments (Fig. 3-4). The fraction of the total downward particle flux 

comprised of resuspended sediments varied between 33.1 – 59.9% (mean 51%, Table 

3-3) and was not affected by grazing (F1,17 = 0.05, p = 0.83).  
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Resuspended sediment flux reaching the canopy height in the ungrazed meadow 

was 11.6 g DM m-2 d-1 in June, 83.1 in July, and 16.3 in August. This represented 52%, 

52%, and 51% of the total amount of resuspended sediments measured within the 

seagrass canopy (bottom traps) in June, July, and August, respectively. At the 

equivalent height of the ungrazed seagrass canopy, Fr in the grazed area was 22.5 g 

DM m-2 d-1 in June, 63.2 in July, and 11.4 in August, representing 40%, 55%, and 53% 

of total Fr in June, July, and August, respectively. Resuspended flux measured above 

the seagrass canopy (traps at 26 cm) also did not differ between grazed and ungrazed 

areas during any deployment (F1,17 = 0.11, p = 0.75), and particles reaching this height 

on average represented 9% and 13% of total Fr in grazed and ungrazed areas, 

respectively. The presence of a full-length canopy therefore did not affect the rate at 

which the amount of resuspended sediments in the water column decreased with 

height.  

Carbon and Organic Matter Content of Sediment Fluxes 

Natural grazing by green turtles did not affect the total or organic carbon content 

of the downward flux of new particles (Fp; calculated from upper three trap heights) 

(%C, F1,17 = 1.07, p = 0.32; %Corg, F1,17 = 0.18, p = 0.67). Total carbon content of 

particles settling out of the water column was relatively steady over time (mean 11.7%), 

and the majority was inorganic (Table 3-4). Grazing also did not affect either the total or 

organic carbon content of the total downward sediment flux (Ft; measured from bottom 

traps) which is comprised of both primary and resuspended particles (%C, F1,17 = 0.17, 

p = 0.68; %Corg, F1,16 = 1.93, p = 0.18).  

The only aspect of particle flux affected by grazing was %OM. Organic matter 

content of the primary flux was slightly lower in the grazed area than ungrazed area in 
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July (Table 3-4), but did not differ between areas in June or August (Tukey’s post hoc 

analysis; June, p = 0.99; July, p = 0.05; August, p = 1.0). Likewise, %OM of the total flux 

was lower in the grazed area, but only in July (June, p = 0.37; July, p = 0.02; August, p 

= 1.0).  

Discussion 

 Sediment dynamics did not differ between an area naturally grazed by green 

turtles and an adjacent ungrazed area in a tropical Thalassia testudinum seagrass 

meadow in Little Cayman, Cayman Islands. The results of this study are important for 

understanding how sediment resuspension and erosion processes are affected by 

green turtle grazing in shallow, coastal Caribbean seagrass meadows. Both of these 

processes play a role in the long-term accumulation (or loss) of sediment and 

associated carbon in seagrass ecosystems and are important for understanding total 

seagrass carbon dynamics. We had predicted increased erosion of surface sediments 

following the onset of experimental clipping in plots, but clipped plots actually 

experienced less erosion than reference plots during the course of our clipping 

experiment (Fig. 3-3b). However, this difference in erosion was only 0.7 mm. While the 

mean 1.8 mm decrease observed in sediment elevation across all plots was statistically 

significant, the ecological significance is less clear, as this is only the thickness of ~2 

sediment grains in coarse calcium carbonate-based systems in the Caribbean (Burdige 

and Zimmerman 2002). The lack of increased erosion following canopy removal in 

clipped plots demonstrates that as green turtles increase in abundance and graze more 

seagrass area, their grazing is not likely to directly result in erosion and loss of 

sediments from shallow, coastal meadows.  
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As seagrass meadows are known to provide significant buffering capacity against 

resuspension (Ward et al. 1984), presumably a result of their aboveground canopies, 

we had expected higher sediment resuspension in the area of green turtle grazing 

where the canopy had been largely removed. However, neither rates of resuspension 

nor particle deposition in these meadows were affected by grazing. Given that ungrazed 

seagrass beds offer modest, if any, increases in particle deposition rates compared to 

unvegetated areas (Gacia et al. 1999; Gacia and Duarte 2001), it is not surprising that 

depositional rates did not differ between grazed and ungrazed areas. Lack of a 

difference in resuspension between grazed and ungrazed areas—during periods of both 

calm and higher hydrodynamic conditions—however, indicates that a tall seagrass 

canopy did not provide more buffering capacity than the minimal seagrass canopy in the 

grazed area during this study. The empirical data we have generated from our 

quantitative evaluation of particle fluxes in grazed and ungrazed meadows are relevant 

to modelling and predicting sediment flux under the conditions in our study.  

The meadows in this study were located at relatively shallow depths compared to 

those in other studies measuring effects of seagrass on particle resuspension. If 

resuspended sediments were distributed throughout the water column (i.e. reaching top 

traps), our resuspension measurements could have been affected. However, this did 

not occur based on the measured resuspension gradients, and the linearity in total 

downward flux among the top three trap heights (implying no supplementation to 

primary flux) for all deployments and treatments (Fig. 3-4). In addition, even if 

resuspended sediments had been distributed throughout the water column, our 

conclusion that grazing did not affect deposition/resuspension dynamics would not be 
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affected, because the relationship between total flux and height above the sediment did 

not differ between grazed and ungrazed areas at any time.  

Patterns of sediment carbon flux were similar to those of total sediment flux (Fig. 

3-5). Total carbon content (%C) of the downward sediment flux exhibited little variation 

with height above the sediment, and total C flux dynamics were therefore largely 

controlled by sediment fluxes in this system. Organic carbon content (%Corg) of the total 

flux was more variable than %C with height but did not display any consistent patterns. 

That neither primary nor total sediment flux carbon content differed between grazed and 

ungrazed areas indicates that grazing did not affect resuspended sediment carbon flux 

in these meadows. Carbon content of the surface sediments, which act as “source 

material” for resuspension, did not differ between grazed and ungrazed areas, so it is 

not surprising that grazing did not affect the carbon content of resuspended particles. 

The seagrass meadows in this study were bounded by a fringing coral reef and sand 

beach, and likely did not receive high inputs of allochthonous particulate organic carbon. 

Lack of organic-rich inputs, and the dominance of inorganic carbon of the sedimentary 

pool, may help explain the high similarity between carbon and sediment flux dynamics 

in this system. Seagrass meadows in other areas (e.g. adjacent to mangroves) with 

higher organic content of the primary flux material (Chen et al. 2017) may exhibit 

different relationships between Corg flux and height above the sediment than those 

observed here.  

Not all meadows are the same, and sediment and carbon flux dynamics may 

operate differently in seagrass systems with different characteristics—such as stronger 

hydrodynamic conditions or finer sediments—than those in the shallow meadows of 
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Little Cayman. Total sediment fluxes from our study fall within the range of those 

reported for Mediterranean Posidonia oceanica meadows. However, resuspension was 

always higher in the Mediterranean (70 – 85% of total flux) (Dauby et al. 1995; Gacia et 

al. 1999; Gacia and Duarte 2001), even though meadows in Little Cayman were 

considerably shallower. In a Tanzanian seagrass meadow (Thalassia hemprichii), 

erosion of the surface sediments occurred following a clipping experiment in which 

100% of aboveground biomass was removed to mimic urchin grazing (Dahl et al. 2016). 

However, trampling occurred in experimental plots during clipping in that study, which 

may have been responsible for some of the erosion (Dahl et al. 2016). Water depth (10 

cm at low tide), tidal fluctuation, seagrass species, and sediment characteristics in 

Tanzania all differed from those in the present study, highlighting the importance of 

studying these processes across systems. Future investigations of sediment processes 

in grazed meadows in different geographic regions, with different seagrass species 

assemblages, as well as in deeper waters with high hydrodynamics would be 

particularly informative. 

Most previous studies have focused on ungrazed seagrasses compared to 

unvegetated areas (Ward et al. 1984; Lawson et al. 2012). Meadows grazed by green 

turtles differ from unvegetated areas in several important ways, and it is important to 

understand how sediment processes operate in these systems as more are returned to 

a naturally grazed state. While canopy height may be severely reduced in grazed areas 

(e.g. 88% in the present study), it is not gone. Protruding seagrass shoots alter the 

speed and direction of water flowing over the sediment surface (Fonseca et al. 1982; 

Hendriks et al. 2008), and grazed shoots may still at least partially fulfill this role. 
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Clipped seagrass blades decrease shear velocity at the canopy-water interface (Gacia 

et al. 1999), but the effects of clipping or grazing on hydrodynamics at the sediment 

surface have not been studied to our knowledge. Unlike bare areas, most grazed 

meadows also still have an intact, functioning belowground rhizosphere to stabilize the 

sediments in addition to a short, aboveground canopy.  

High densities of green turtles are capable of consuming all aboveground 

seagrass biomass within a meadow (Williams 1988a). In Bermuda, it has been 

suggested that high turtle abundance has led to overgrazing of the seagrass 

(Fourqurean et al. 2010), and in Indonesia, overgrazing by a turtle population led to a 

collapse of the ecosystem (Christianen et al. 2014). Green turtles within a marine 

protected area in Derawan, Indonesia, reached hyper-abundance, causing the turtles to 

begin digging for and consuming belowground seagrass (Halodule uninervis) tissues 

(Christianen et al. 2014). Removal of the stabilizing rhizomes decreased sediment 

stability and ultimately led to sediment erosion in this system. However, in an earlier 

experiment in these same meadows in Derawan, prior to the report of digging by turtles 

(Christianen et al. 2013), exclusion cages were used to allow seagrass to regrow within 

areas grazed by turtles. Areas of ungrazed seagrass inside cages did not accumulate 

any more sediment than grazed areas, indicating that stabilization of sediments was 

similar in grazed and ungrazed areas (when rhizomes were left intact) (Christianen et al. 

2013). The meadows in Derawan differed in both seagrass species and hydrodynamic 

conditions from those in our study, lending additional support to our conclusion that 

under normal grazing—grazing of aboveground seagrass tissues—seagrass meadows 

can still prevent sediment erosion. The grazing of belowground tissues observed at 
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Derawan is not the usual green turtle grazing behavior and has not been reported 

elsewhere to our knowledge. Additionally, Thalassia testudinum seagrass forms a much 

more robust belowground rhizome mat than the H. uninervis seagrasses consumed in 

Derawan, making the belowground grazing strategy less likely for green turtles in the 

Caribbean. The consumption of belowground seagrass biomass is however a common 

grazing strategy among dugongs (Preen 1995), and sediment processes where 

dugongs graze may operate differently than in those where turtles graze normally, such 

as the current study. 

Removal of the aboveground seagrass canopy by green turtle grazing may have 

indirect effects within meadows that can affect carbon stored in the sediments, such as 

altering consumer behavior within grazed areas. Bioturbators can vertically transport 

organic matter through seagrass sediments, potentially bringing buried carbon back to 

the surface where it may be subject to degradation (Kristensen et al. 2012). Burrowing 

organisms transport oxygen deeper into the sediment, potentially stimulating aerobic 

respiration and remineralization of carbon in deeper layers (Thomson et al. 2018). 

Removal of the canopy may also allow increased predation by consumers that dig for 

prey (e.g. fishes and rays), thus increasing disturbance of the surface sediments (Yahel 

et al. 2008). While small in spatial and temporal scale, and therefore not captured in 

particle flux dynamics, faunal-mediated processes such as these may affect long-term 

sediment and carbon dynamics in grazed seagrass meadows differently than ungrazed 

meadows. Future studies would benefit from including effects of other bioturbators and 

consumers in addition to grazing when evaluating long-term effects of green turtles on 

seagrass meadow sediment dynamics. 
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Green turtle grazing did not directly lead to a loss of surface sediments (and 

associated carbon) from the seagrass meadow in the present study. Other forces (e.g. 

climatological, anthropogenic) may also affect the long-term sediment dynamics in 

meadows in which green turtles are grazing, however. Two tropical storms passed near 

our study site during this experiment, one of which partially overlapped with a 

deployment of sediment traps (as seen by higher flux rates in the July measurement; 

Fig. 3-4). Rates of sediment resuspension in the area grazed by green turtles were not 

affected by the higher hydrodynamic conditions created by this storm relative to the 

ungrazed area. Storms more powerful than those experienced during this study may 

interact with grazing in ways not captured here, however, and could result in short-term 

events of sediment loss in grazed areas compared to ungrazed areas of seagrass. With 

climate change increasing the frequency and severity of weather events, and the 

expected return of more seagrass area to a natural grazed state with higher green turtle 

abundances, potential interactions between grazing and environmental processes 

affecting long-term sediment accumulation would be expected to increase. 

  Green turtle grazing (natural and experimental) did not affect the capacity of a 

shallow Caribbean seagrass meadow to buffer sediments against resuspension and 

erosion in this study. Similarly, simulated grazing (clipping) did not stimulate 

remineralization of carbon in this meadow (Johnson et al. 2017). These results suggest 

that sediment carbon stores in shallow, coastal seagrass meadows are not necessarily 

vulnerable to loss under a normal green turtle grazing regime (consumption of 

aboveground biomass) in the Caribbean region. Additional studies in grazed meadows 

under different conditions (e.g. deeper, open systems) will be particularly useful for 
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furthering our understanding of effects of grazing. Other factors may also affect long-

term sediment dynamics within meadows, potentially interacting with grazing to affect 

carbon storage, and these should be explored further in future studies. Increasing green 

turtle populations will lead to more seagrass area being returned to a natural grazed 

state, and it is important to understand what effects, or lack thereof, this may have on 

these ecosystems and the services they provide so that conservation practices and 

protections can be applied most effectively.  
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Table 3-1. Seagrass meadow parameters at the beginning and end of the experiment.   

  n Canopy height Thalassia density AB biomass BG biomass 

    cm shoots m-2 g DM m-2 kg DM m-2 

May      

Grazed area 4  812.0 ± 91.6  4.1 ± 0.8 

Ungrazed area 3  832.0 ± 134.6  4.3 ± 0.8 

Clipped plots 5 18.6 ± 4.4 855.5 ± 206.4 455.2 ± 101.0 4.4 ± 1.3 

Reference plots 5 15.4 ± 5.6 882.1 ± 187.5 281.6 ± 82.3 4.4 ± 0.9 

August      

Grazed area 4 1.9 ± 0.4 750.7 ± 108.2 8.6 ± 4.3 3.0 ± 0.9 

Ungrazed area 3 15.1 ± 1.9 760.9 ± 136.2 193.8 ± 21.5 4.0 ± 1.3 

Clipped plots 5 4.4 ± 0.8 770.1 ± 224.2 35.4 ± 6.6 3.3 ± 1.0 

Reference plots 5 16.1 ± 2.5 781.9 ± 100.5 242.3 ± 36.4 3.4 ± 1.2 

AG: aboveground; BG: belowground. 
Seagrass canopy height and aboveground biomass were not measured in naturally grazed and ungrazed 
areas in May. 
Starting Thalassia density in grazed and ungrazed areas was measured in June.  
Final aboveground seagrass biomass in grazed and ungrazed areas was collected in July. 
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Table 3-2. Surface sediment parameters at the beginning and end of the experiment.   

  n DBD C Corg OM 

    g DM cm-3 % % % 

May      

Clipped plots 5 1.0 ± 0.1 11.8 ± 0.1 1.0 ± 0.4 3.6 ± 0.6 

Reference plots 5 1.0 ± 0.0 11.9 ± 0.1 0.9 ± 0.2 3.8 ± 0.3 

August      

Grazed area 4 1.1 ± 0.1 11.8 ± 0.1 0.7 ± 0.2 3.3 ± 0.6 

Ungrazed area 3 1.0 ± 0.0 11.9 ± 0.1 0.9 ± 0.1 3.9 ± 0.2 

Clipped plots 5 1.0 ± 0.1 12.0 ± 0.1 1.0 ± 0.2 3.7 ± 0.3 

Reference plots 5 1.0 ± 0.0 11.9 ± 0.1 0.9 ± 0.1 3.9 ± 0.3 

DBD: dry bulk density; C: total carbon; Corg: organic carbon; OM: organic matter 
Surface sediment cores from naturally grazed and ungrazed areas were collected in August only. 
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Table 3-3. Monthly rates of sediment fluxes and percent resuspension.   

  n Ft Fp Fr Resuspension 

    g DM m-2 d-1 g DM m-2 d-1 g DM m-2 d-1 % 

June      

Grazed 4 80.7 ± 56.9 24.3 ± 5.2 56.4 ± 59.2 59.9 ± 19.2 

Ungrazed 4 42.2 ± 11.7 19.8 ± 0.6 22.4 ± 11.8 50.5 ± 12.2 

July      

Grazed 4 178.0 ± 83.7 64.0 ± 7.2 114.0 ± 86.3 59.1 ± 15.0 

Ungrazed 4 240.4 ± 127.2 81.1 ± 4.8 159.3 ± 129.3 58.8 ± 19.2 

August      

Grazed 4 58.0 ± 17.9 36.3 ± 4.1 21.6 ± 18.9 33.1 ± 20.6 

Ungrazed 4 66.7 ± 12.1 34.4 ± 2.8 32.3 ± 14.3 46.9 ± 11.6 

Ft: total flux; Fp: primary flux; Fr: resuspended flux 
Fluxes are measured from bottom sediment traps in naturally grazed and ungrazed areas.  
Percent resuspension is the proportion of Ft comprised of Fr. 
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Table 3-4. Carbon and organic matter content of sediment fluxes.  

  n Total sediment flux content  Primary sediment flux content 

    %C %Corg %OM   %C %Corg %OM 

June         

Grazed 4 12.6 ± 0.6 1.9 ± 1.1 2.6 ± 0.4  11.3 ± 1.0 2.8 ± 0.9 1.7 ± 0.2 

Ungrazed 4 12.6 ± 0.6 2.5 ± 1.1 3.6 ± 0.7  10.2 ± 0.6 2.1 ± 1.3 1.8 ± 0.1 

July         

Grazed 4 13.1 ± 0.3 2.1 ± 0.1 4.5 ± 0.6  12.9 ± 0.3 2.7 ± 0.7 3.2 ± 0.4 

Ungrazed 4 12.3 ± 2.6 2.4 ± 1.7 6.3 ± 1.0  13.1 ± 0.2 3.3 ± 0.3 3.8 ± 0.3 

August         

Grazed 4 12.6 ± 0.4 2.4 ± 1.7 3.1 ± 0.3  11.4 ± 0.6 3.1 ± 1.0 2.1 ± 0.3 

Ungrazed 4 12.8 ± 0.7 3.6 ± 1.2 3.2 ± 0.5   11.5 ± 0.2 2.7 ± 1.2 2.0 ± 0.1 

C: total carbon; Corg: organic carbon; OM: organic matter 
Total sediment flux content was measured from bottom sediment traps. 
Primary sediment flux contents are means of the traps from the top three heights. 
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Figure 3-1. A border between an area grazed by green turtles (right) and an ungrazed 

area (left) in a Thalassia testudinum seagrass meadow in Little Cayman. The 
grazed area is characterized by short, cropped blades, creating a lower 
meadow canopy height compared to the ungrazed area Photo: R. Johnson.  
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Figure 3-2. Sediment resuspension and erosion measurement methods. (a) Using the 

RAKA bridge (a modified sediment elevation table) to measure changes in 
sediment elevation in a reference plot. Photo: A. Gulick. (b) A sediment trap 
tree deployed in an area of the Thalassia testudinum meadow naturally 
grazed by green turtles. Photo: R. Johnson. 
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Figure 3-3. Depth of the unconsolidated surface layer (in cm) (a) and cumulative change 

in sediment elevation (in mm) (b) over time in clipped plots (open points) and 
reference plots (closed points). Vertical dashed lines show when experimental 
clipping began, and clipping continued at two-week intervals in clipped plots. 
(a) is a measure of the thickness of the loose surface sediments, and (b) is a 
measure of how much sediments have eroded. Values are means ± SD. 
Horizontal dashed line in (b) is the baseline sediment height prior to clipping. 
Clipped and reference plots in (a) were not significantly different during the 
experiment. Clipped and reference plots differed during the experiment in (b) 
but were not different at the end. 
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Figure 3-4. Total downward sediment flux (Ft) profiles measured with sediment traps at 

various heights in ungrazed (a-c) and naturally grazed (d-f) areas of the 
Thalassia testudinum meadow. Boxes show the interquartile range, the bold 
line is the median, and whiskers extend to the min and max values of Ft. 
Sloping dotted lines are linear regressions of Fp with height (calculated from 
top three heights), and the model equations are given in each panel, where h 
is height in cm. Horizontal dashed lines are height of the seagrass canopy at 
the time of deployment, and hashed lines are ± SD of seagrass canopy 
height. Top panels (a, d) are June, middle panels (b, e) are July, and bottom 
panels (c, f) are August deployments. Sediment fluxes did not differ between 
grazed and ungrazed areas during any deployment (p > 0.05).  
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Figure 3-5. Downward carbon flux profiles measured from sediment traps. Total (a-f) 

and organic (g-l) carbon flux in ungrazed (a-c, g-i) and naturally grazed (d-f, 
j-l) areas of the Thalassia testudinum meadow. Boxes show the interquartile 
range, the bold line is the median, and whiskers extend to the min and max 
values. Horizontal dashed lines are height of the seagrass canopy at the time 
of deployment, and hashed lines are ±SD of seagrass canopy height. Values 
of Corg from 71 cm in August were removed due to errors in the inorganic 
carbon analysis. Fluxes of total and organic carbon did not differ between 
grazed and ungrazed areas during any deployment (p > 0.05). 
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CHAPTER 4 
SEAGRASS ECOSYSTEM METABOLIC CARBON CAPTURE IN RESPONSE TO 

GREEN TURTLE GRAZING ACROSS CARIBBEAN MEADOWS 

Introduction 

Seagrasses form some of the most productive ecosystems on the planet (Duarte 

and Chiscano 1999). High rates of metabolic carbon capture, and subsequent biomass 

production, is one of the main processes by which seagrasses contribute to carbon 

sequestration (known as ‘blue carbon’ in seagrass habitats) (Duarte et al. 2010; 

Kennedy et al. 2010). Among seagrass meadows globally, about half of the total carbon 

stored in a meadow on average may be derived from seagrass biomass (Kennedy et al. 

2010). Meadows also export large amounts of biomass annually, contributing to carbon 

storage in peripheral habitats (Duarte and Cebrián 1996; Duarte and Krause-Jensen 

2017). Coupled with the ability to store carbon for centuries to millennia through the 

creation of a hypoxic sedimentary environment (Mateo et al. 1997; Terrados et al. 1999; 

Serrano et al. 2012), highly productive seagrass meadows form efficient natural carbon 

sinks (Duarte et al. 2013a), and their protection has been suggested as a climate 

change mitigation strategy (Murdiyarso et al. 2015; Macreadie et al. 2017).  

There is an estimated 150,000 km2 of seagrass habitat across the Caribbean 

Sea, Gulf of Mexico, and The Bahamas (Jackson 1997; Green and Short 2003; Wabnitz 

et al. 2008). These meadows provide important foraging habitat for numerous species 

(Ogden 1976; Hemminga and Duarte 2000; Scott et al. 2018), including green turtles 

(Chelonia mydas), which were historically abundant in this region prior to 

overexploitation by humans (Jackson 1997; Jackson et al. 2001). Green turtle 

abundance is currently increasing in the Caribbean (and elsewhere) (Chaloupka et al. 

2008; Mazaris et al. 2017), which will lead to more seagrass areas being returned to a 
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natural grazed state (Fig. 4-1a). Green turtles forage by creating grazing patches within 

seagrass meadows in which they crop the blades to short heights above the sediment 

surface, and continually re-graze these same areas to consume new tissue growth 

(Bjorndal 1980; Ogden 1980). This grazing strategy leads to a reduction of the 

photosynthetic biomass in a meadow. Given the desire to conserve seagrasses for their 

ability to sequester and store carbon (Macreadie et al. 2017), and the expectation that 

more seagrass will return to a natural grazed state in the future, it is necessary to 

understand how grazing affects metabolic carbon capture—which affects biomass 

production and storage—across seagrass meadows.  

Much of the research on seagrass metabolic carbon dynamics to date has 

focused on differences among species (Murray and Wetzel 1987; Lindeboom and 

Sandee 1989; Pollard and Moriarty 1991) or between seagrasses and unvegetated 

sediments (Barrón et al. 2006; Stutes et al. 2007; Rheuban et al. 2014), but little 

attention has been given to grazed meadows. In a Caribbean Thalassia testudinum 

meadow naturally grazed by green turtles, rates of metabolic carbon capture were found 

to be lower compared to ungrazed seagrass, but net ecosystem production remained 

positive (Johnson et al. 2017). Long-term grazing (greater than a year) did not lead to a 

proportional increase in benthic respiration and carbon remineralization. These results 

are from a single Caribbean location (Little Cayman, Cayman Islands), which has some 

of the highest recorded metabolic rates among seagrass meadows (Johnson et al. 

2017). It is not known if grazing will have similar effects across seagrass meadows in 

other locations or under different conditions. A better understanding of the variability 

among meadows in response to grazing is needed to understand how increasing green 
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turtle abundance and increased grazing will affect seagrass carbon capture in the 

Greater Caribbean region. 

In this study, we investigate if green turtle grazing has a similar overall effect on 

metabolic carbon capture across meadows, and if the strength of the response varies 

among meadows varying in biotic and abiotic characteristics. We measured seagrass 

ecosystem metabolic rates in four locations around the Greater Caribbean (Petuch 

2013; Robertson and Cramer 2014) and Gulf of Mexico—in addition to those previously 

sampled in Little Cayman—in which green turtles had established foraging areas. The 

five locations encompass a wide geographic area and span a range of environmental 

and seagrass meadow characteristics representative of green turtle foraging areas in 

this region. The invasive seagrass Halophila stipulacea (Fig. 4-1b) was present in three 

sites across two locations, and we also compared metabolic dynamics between 

meadows of the native T. testudinum and this invasive species.  

Methods 

Study Sites 

 We sampled seagrass meadows at seven sites from five locations across the 

Greater Caribbean and Gulf of Mexico where green turtles had established foraging 

areas (Fig. 4-2). One of these locations, Little Cayman, Cayman Islands, was sampled 

three times during June and July 2016 as part of a previous study (Johnson et al. 2017). 

The remaining four locations were sampled in 2018—St. Croix, U.S. Virgin Islands 

(February); west coast of Florida (Gulf of Mexico side), USA (May); Bonaire, Caribbean 

Netherlands (July); Eleuthera, The Bahamas (August). We sampled two different sites 

at two of these locations—Bonaire and Eleuthera—and one site at all other locations. 
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Coordinates and general environmental characteristics (daylight hours, water depth, 

salinity, temperature, and irradiance) for all sites are given in Table 4-1.  

 The meadows sampled in this study varied greatly in size, from relatively small 

(<150 m2) for the grazed Thalassia testudinum meadow at the northwest Lac Bay site, 

Bonaire, to very large (several square kilometers of unbroken seagrass habitat) for the 

ungrazed T. testudinum meadow at the North Rack site, Florida (west coast). Meadows 

at other sites encompassed a range of sizes between these two, such as ~350 m2 each 

for the grazed and ungrazed T. testudinum meadows in Little Cayman, and ~600 m2 for 

the grazed and >50,000 m2 for the ungrazed T. testudinum meadows at the Arvida Bay 

site in Eleuthera. 

All sampled grazed meadows were nearly uniformly grazed. The proportion of 

grazed T. testudinum blades ranged from 95 – 100% in all grazed meadows. Grazing by 

green turtles was not observed in ungrazed meadows, except for in St. Croix, where 

~3% of T. testudinum blades showed evidence of grazing (cropped blade tips). No 

evidence of grazing was observed in any Halophila stipulacea meadows.  

Some of the sampled seagrass meadows, such as the T. testudinum meadows in 

Bonaire, were largely monospecific, while others were dominated by one species (T. 

testudinum or H. stipulacea) with interspersed Syringodium filiforme or Halodule wrightii 

seagrasses and various macroalgae (Appendix Table A-1). The substrate in all 

meadows was primarily calcium carbonate sand. Additional meadow characteristics are 

provided in Results. 

Sampling Seagrass Meadow Characteristics 

 Seagrass meadow and environmental characteristics were surveyed at each site 

at the time metabolic incubations were conducted. Environmental temperature and 
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irradiance were measured during metabolic incubations at seagrass canopy height (5-

minute intervals) at each site with a HOBO Pendant logger (Onset Computer 

Corporation, Bourne, MA). A water sample was collected at canopy height and salinity 

was measured with a handheld AgTec Salinity Refractometer that was calibrated with 

freshwater each day before sampling (Agriculture Solutions, Strong, ME) (no sample 

was collected at the Florida site). Meadow depth was measured at each location with 

either a tape measure or a scuba diver’s depth gauge (accuracy ±10 cm).  

Seagrass species composition, shoot density, blade morphometry (length, width, 

and surface area), and aboveground biomass were determined in both the grazed and 

ungrazed areas of each sampled meadow within one meter of where incubation 

chambers were placed. Shoot densities were measured using 25 x 25 cm quadrats 

(0.0625 m2 area) in T. testudinum meadows. Due to the high densities of H. stipulacea, 

10 x 10 cm quadrats (0.01 m2 area) were used to measure shoot densities in meadows 

dominated by this species. Aboveground biomass samples were collected using 10 x 10 

cm quadrats (all meadows) by clipping all blades at the sediment surface with scissors. 

Six replicate quadrats (for both shoot density and biomass) were collected from all 

meadows at each site, except for the St. Croix (n = 5) and Florida (n = 3) sites (Table 4-

2). Blade length and width were measured for the dominant species (T. testudinum or 

H. stipulacea) from 30 randomly selected seagrass blades from these biomass samples 

for each meadow. Blade surface area was calculated as two times the product of blade 

length and width (for each species). Following measurement, all blades were gently 

scraped clean of sediments and epiphytes (minor-to-negligible epiphyte loads at all 
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sites), rinsed in freshwater, and dried to a constant weight at 60° C before weighing for 

dry mass.  

Ecosystem Metabolism Measurements 

 Metabolic carbon dynamics of the seagrass ecosystems were measured using 

benthic incubation chambers, similar to previous studies (Barrón et al. 2004; Calleja et 

al. 2006; Olivé et al. 2015; Johnson et al. 2017). Chambers were constructed by 

inserting a PVC cylinder (16 cm diameter, 0.02 m2 area) ~7.5 cm into the sediment, and 

attaching a flexible, gas-tight polyethylene bag with sampling port to the top (Hansen et 

al. 2000). The use of flexible, gas-tight bags in chamber construction allows the 

propagation of wave turbulence to the chamber’s interior to more closely simulate 

environmental conditions. Incubation chamber volume was measured in the lab to be 

5.5 – 6 L. On sampling days, chambers were set up in the meadows between 10:30 – 

11:30, and incubations were run for 2.5 – 3 hours. This length of incubation was chosen 

because saturation effects can occur within chambers during longer incubations and 

have been shown to lead to underestimates of metabolic rates (Olivé et al. 2015). 

Metabolic dynamics were measured three times at two-week intervals in Little Cayman 

as part of a previous study and shown to be relatively stable among sampling events 

(Johnson et al. 2017). Incubations were therefore conducted once at each additional 

site in the present study.  

We set up three light (clear) and three dark (opaque) chambers in each meadow 

to measure metabolic rates of the system (n = 3 for all meadows). Light chambers were 

used to measure rates of net ecosystem production (NEP) and dark chambers were 

used to measure rates of ecosystem respiration (RE). Metabolic rates were estimated 

from changes in dissolved oxygen (DO) concentration inside the chambers between the 
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beginning and end of the incubation period. Three water samples were collected from 

the chamber, via the sampling port, in 60 ml plastic syringes at the beginning and end of 

the incubation. Upon collection, syringes were capped with a silicon cap and brought to 

the surface where DO concentration was measured directly in the syringe with an 

optical DO probe (Vadeboncoeur 2011) (YSI ProODO, Yellow Springs, Ohio) that was 

calibrated at the beginning of each sampling day with water-saturated air.  

We measured water column metabolism using BOD bottles at the same time as 

benthic chamber incubations to distinguish metabolic dynamics of the seagrass/benthic 

ecosystem from those of phytoplankton in the water column. Three clear 300 ml glass 

BOD bottles and three dark 300 ml glass BOD bottles were used to measure water 

column production and respiration, respectively. Bottles were filled with water at 

seagrass canopy height, anchored to the bottom, and incubated under in situ conditions 

in the seagrass meadow. Water column samples were collected at the beginning of 

incubations in 60 ml syringes at canopy height, and DO concentration was measured in 

the same manner as samples from incubation chambers. Following the incubation 

period, bottles were collected and returned to the surface, one sample was collected 

from each bottle with a syringe, and DO concentration was measured.  

Hourly metabolic rates were calculated from the difference in DO concentration 

within light (NEP) and dark (RE) incubation chambers between the beginning and end of 

the incubation. Water column metabolic rates measured from BOD bottles were 

subtracted from rates measured in chambers. Hourly gross primary production (GPP) 

was then calculated as the sum of hourly NEP and RE, and daily metabolic rates were 

calculated by multiplying by the length of the photoperiod (GPP) or by 24 hours (RE). 
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Daily NEP is the difference between daily rates of GPP and RE. To account for lower 

metabolic rates at dawn and dusk (Olivé et al. 2015), we used a corrected photoperiod 

to calculate daily rates by multiplying the number of daylight hours at each site by 0.75 

(Johnson et al. 2017). There were a few instances when an increase in DO 

concentration was measured within a dark chamber during an incubation, suggesting an 

error. These measured increases were small, usually within the probe’s margin of error 

(0.1 mg O2 L-1), and we assumed respiration to be zero during these instances. 

Measured DO concentrations were converted from mg O2 to mmol O2, and then to 

carbon units (mmol C) assuming photosynthetic and respiratory quotients of one 

(Barrón & Duarte, 2009).  

Data Analyses 

 Net ecosystem production (NEP) was the metabolic variable of primary interest, 

as it accounts for both carbon uptake and loss and can be used as an indicator of 

whether a system is currently a metabolic carbon sink or source. Therefore, NEP is the 

metabolic variable for which statistical results are presented.  

  Our aim was to evaluate if green turtle grazing has a consistent effect on 

metabolic rates across seagrass ecosystems—that is, to evaluate if at any given site, at 

any given time, rates of NEP are lower in grazed meadows than in ungrazed meadows. 

We evaluated differences in rates of NEP between grazed and adjacent ungrazed T. 

testudinum meadows from each site with paired t-tests. T-tests were used because the 

comparison of interest was the difference between grazed and ungrazed meadows 

(effect of grazing) within a given site, not differences in NEP among sites. For sites 

where the invasive seagrass H. stipulacea was present, we used one-way ANOVAs to 

test for significant differences in rates of NEP between H. stipulacea meadows and 
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nearby grazed and ungrazed T. testudinum meadows (St. Croix site and Lac Cai Beach 

site, Bonaire). For the northwest site in Lac Bay, Bonaire, where only a grazed T. 

testudinum meadow and invasive H. stipulacea meadow were compared, an unpaired t-

test was used. If ANOVA results were significant, a Tukey’s post hoc test was 

performed to identify significant comparisons. We tested for differences in seagrass 

meadow parameters between grazed and ungrazed T. testudinum meadows and H. 

stipulacea meadows at sites using paired t-tests and ANOVAs in the same manner as 

for NEP. We used linear regression to test for significant relationships between NEP 

and explanatory variables (e.g. seagrass biomass, environmental temperature). Mean 

values from each meadow for NEP and explanatory variables were used for linear 

regressions tests, so there was a single data point for each grazed T. testudinum, 

ungrazed T. testudinum, or H. stipulacea meadow at each sampling site.  

 All analyses were performed in R version 3.4.3 (R Core Team 2018). Data were 

processed using the ‘dplyr’ package (Wickham et al. 2017) and post hoc analyses were 

performed using the “agricolae’ package (de Mendiburu 2017). All statistical analyses 

were evaluated at a significance level of 0.05.  

Results 

Seagrass Meadow Characteristics 

 We sampled seven Thalassia testudinum-dominated seagrass meadows that 

were grazed by green turtles (hereafter grazed meadows), six T. testudinum-dominated 

meadows that were not grazed (hereafter ungrazed meadows), and three meadows that 

were dominated by the invasive seagrass Halophila stipulacea (hereafter H. stipulacea 

meadows). These meadows were spread across a wide area of the Greater Caribbean 

and Gulf of Mexico regions and varied in their biotic and abiotic characteristics. Data 
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from the Little Cayman site have been reported previously (Johnson et al. 2017), and 

are presented again here for comparison to the other sites. 

 Total seagrass shoot densities varied widely among meadows and locations 

(Table 4-2), though shoot densities were always highest in H. stipulacea meadows. The 

lowest shoot density observed (237.3 shoots m-2) was in a grazed meadow (NW site in 

Lac Bay, Bonaire), but there was no clear trend for higher or lower seagrass densities 

between grazed and ungrazed meadows across the surveyed sites. Thalassia 

testudinum density in Little Cayman was greater in the grazed meadow than ungrazed 

meadow (t-test, p = 0.02), while T. testudinum density at the Lac Cai Beach site in 

Bonaire was greater in the ungrazed meadow (t-test, p = 0.02). Thalassia testudinum 

density did not differ between grazed and ungrazed meadows at the remaining sites (t-

tests, p > 0.05). Shoot density of Halophila stipulacea was not significantly different 

between any of the three H. stipulacea meadows measured (ANOVA, F2 = 0.09, p = 

0.92).  

 Green turtles, by cropping seagrass blades near the sediment surface and 

reducing canopy height, significantly reduce the aboveground seagrass biomass of 

meadows within their grazing areas. Aboveground biomass ranged from 4.8 ± 2.8 to 

41.8 ± 13.9 g DM m-2 among grazed meadows (Table 4-2), and biomass was always 

lower in grazed meadows than adjacent meadows (ungrazed or H. stipulacea) (p < 0.05 

for all comparisons). The only exception was at the Lac Cai Beach site in Bonaire, at 

which mean aboveground biomass in the grazed meadow was not significantly different 

from the H. stipulacea meadow (Tukey’s post hoc, p = 0.88). Ungrazed meadows 

always had greater aboveground biomass (range 51.6 ± 11.0 to 202.2 ± 34.8 g DM m-2) 
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than adjacent meadows (p < 0.05 for all comparisons), except for in St. Croix, where 

biomass in the ungrazed meadow was not significantly different from the H. stipulacea 

meadow (Tukey’s post hoc, p = 0.53). Evidence of green turtle grazing was only 

observed in T. testudinum-dominated meadows in this study, not H. stipulacea 

meadows, and grazing resulted in a >79% decrease in biomass in grazed compared to 

ungrazed meadows at all sites, except St. Croix (47%; Table 4-3). Biomass among the 

three sampled H. stipulacea meadows ranged from 17.1 ± 5.9 to 63.0 ± 24.0 g DM m-2. 

The H. stipulacea meadow in St. Croix had significantly greater aboveground biomass 

than either of the H. stipulacea meadows sampled in Bonaire (ANOVA, F2 = 12.02, p < 

0.01).  

Ecosystem Metabolic Rates 

 Rates of net ecosystem production (NEP) differed among meadow types 

(grazed, ungrazed, H. stipulacea) across the studied locations (Appendix Table A-2). 

Across all sites, NEP ranged from 4.2 ± 7.0 mmol C m-2 d-1 to 51.7 ± 11.0 among 

grazed meadows, and from 52.3 ± 5.7 mmol C m-2 d-1 to 225.3 ± 19.1 among ungrazed 

meadows. The large standard deviations on some of the ungrazed meadow NEP 

estimates from Little Cayman were a result of one incubation chamber producing rates 

much different from the other two (though not enough to be an outlier). Across all sites, 

NEP was consistently lower in grazed meadows than ungrazed meadows (Fig. 4-3). Net 

ecosystem production was significantly lower in grazed meadows than ungrazed 

meadows at most of the individual sites surveyed (p < 0.05). Although NEP appeared 

lower in the grazed meadows, rates were not significantly different from those measured 

in the adjacent ungrazed meadows at the Lac Cai Beach site in Bonaire (t-test, p = 

0.08) or the Half Sound site in Eleuthera (t-test, p = 0.09).  
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 Though NEP was significantly lower in grazed than ungrazed meadows at most 

sites, NEP remained positive in all grazed meadows, even with considerable reduction 

of photosynthetic seagrass biomass by grazing (>79% biomass reduction at all sites 

except St. Croix; Table 4-3). NEP ranged from 56 – 96% lower in grazed meadows than 

ungrazed meadows (Table 4-3). A similar range in the difference between grazed and 

ungrazed meadows was measured for gross primary production (54 – 92% lower in 

grazed) and ecosystem respiration (40 – 96% lower in grazed).  

 Ecosystem metabolic rates of H. stipulacea meadows were between those of 

grazed and ungrazed T. testudinum-dominated meadows (Fig. 4-4), but the difference 

in NEP between H. stipulacea meadows and adjacent grazed or ungrazed meadows 

was not significant at any site (p > 0.05 for all locations). Halophila stipulacea meadow 

NEP ranged from 61.2 ± 22.6 mmol C m-2 d-1 to 98.9 ± 23.3 (Appendix Table A-2), and 

did not differ significantly among the three sites at which it was present (ANOVA, F2 = 

1.92, p = 0.23), even though the establishment of H. stipulacea seagrass meadows in 

St. Croix has been relatively recent (Gulick, unpublished data) compared to those in 

Bonaire (Willette et al. 2014).   

Drivers of Metabolic Rates 

 Variation in rates of seagrass ecosystem metabolism across grazed and 

ungrazed meadows appeared to be driven by some characteristics of the seagrass 

meadows, but not by environmental factors. Meadow NEP was strongly, positively 

related to aboveground seagrass biomass (linear regression, R2 = 0.82, p < 0.01; Fig. 4-

5). Net ecosystem production was also positively correlated with seagrass canopy 

height (R2 = 0.84, p < 0.01) and blade surface area (R2 = 0.92, p < 0.01). Aboveground 

biomass is likely the more useful predictor of meadow NEP however, as variation in 
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canopy height and blade surface area are accounted for within measures of biomass. 

Net ecosystem production was not related to seagrass shoot density (linear regression, 

R2 < 0.01, p = 0.96) across meadows (Fig. 4-5), nor were there significant relationships 

between NEP and environmental temperature (R2 = 0.01, p = 0.70) or irradiance (R2 < 

0.01, p = 1.0) across sites (Appendix Fig. A-1).  

Discussion 

Through a comparative study of seagrass meadows—both grazed and 

ungrazed—across a wide area encompassing sites in the Greater Caribbean and Gulf 

of Mexico, we found that green turtle grazing has a consistent effect on the metabolic 

carbon capture rates of Thalassia testudinum-dominated seagrass meadows in this 

region. Rates of metabolic carbon uptake were always lower in grazed meadows—up to 

96% in Little Cayman—but remained positive across sites. Regardless of the amount of 

aboveground seagrass biomass removed by grazing, or other differences in biotic and 

abiotic factors between sites, primary production remained high enough in grazed 

meadows to exceed daily rates of ecosystem respiration. These findings lend additional 

support to the hypothesis that though rates of future metabolic carbon capture may be 

lower in areas grazed by turtles, grazing does not stimulate ecosystem respiration and 

result in a large metabolic loss of carbon currently stored in these seagrass habitats 

(Johnson et al. 2017).  

Though there was a general consistent response in metabolic rates to grazing 

across meadows, the strength of this response varied among individual sites. Some 

sites, such as Little Cayman, had considerably lower rates of NEP in grazed meadows 

than ungrazed meadows (mean 91.7%), whereas the response to grazing (difference in 

NEP between grazed and adjacent ungrazed meadows) was less pronounced at other 



 
 

91 
 

sites (Table 4-3). Variability in the strength of the metabolic response to grazing resulted 

in the lack of a significant difference between grazed and ungrazed meadows at two 

sites—Lac Cai Beach in Bonaire, and Half Sound in Eleuthera (Fig. 4-3a). Grazing 

reduces the amount of aboveground biomass (i.e. amount of photosynthetic material) in 

a meadow. Given the strong relationship between NEP and seagrass biomass (Fig. 4-

5a), we expected sites for which the difference in NEP was not significant to be those 

with smaller differences in seagrass biomass between the grazed and ungrazed 

meadows. This was not observed, however. The Lac Cai Beach and Half Sound sites 

had greater differences between grazed and ungrazed meadows in both NEP and 

aboveground seagrass biomass than some other sites (e.g. St. Croix) where rates of 

NEP were significantly different between grazed and ungrazed meadows (Table 4-3). It 

is possible that local environmental or seasonal factors not accounted for here 

contributed to higher variability in metabolic rates at some sites. In addition, metabolic 

rates, similar to belowground carbon storage in meadows (Oreska et al. 2017a), may 

exhibit within-meadow variation (patchiness), leading to higher variability in estimates 

and helping to explain the lack of a significant difference in NEP at these two sites. High 

within-meadow variability in metabolic rates, if present, may also help explain the large 

variability measured in the ungrazed meadow in Little Cayman.  

Environmental temperature and irradiance have been shown to be strong drivers 

of seagrass meadow productivity (Pérez and Romero 1992; Lee and Dunton 1997; 

Calleja et al. 2006; Lee et al. 2007). In our study, however, NEP was not correlated with 

either environmental temperature or irradiance across meadows (grazed, ungrazed, or 

all meadows combined; Appendix Fig. A-1). Previous studies examining controls on 
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seagrass metabolism have focused on ungrazed seagrasses (e.g. Apostolaki et al., 

2010; Gacia et al., 2005). Meadow metabolic productivity correlates strongly with 

aboveground seagrass biomass though (Johnson et al., 2017; Fig. 4-5a), which can be 

strongly affected by green turtle grazing (Bjorndal 1980; Williams 1988b; Cebrián and 

Duarte 1998; Fourqurean et al. 2010; Christianen et al. 2012). Aboveground seagrass 

biomass explained 82% of the variation measured in NEP across grazed and ungrazed 

T. testudinum meadows in this study. We therefore investigated if the lack of a 

relationship between NEP and temperature and irradiance was perhaps due to a larger 

effect of differences in biomass caused by grazing. We scaled metabolic rates to the 

aboveground biomass in each meadow (unit metabolism per unit biomass) and 

compared them to temperature and irradiance. Accounting for differences in 

aboveground biomass did not reveal an underlying relationship between NEP and these 

environmental parameters across meadows (grazed, ungrazed, or all meadows 

combined; Appendix Fig. A-2). The lack of a relationship between NEP and these 

environmental parameters may be due in part to the relatively limited range of 

temperature and irradiance in seagrass meadows grazed by green turtles in the Greater 

Caribbean. All meadows were located in relatively shallow, warm tropical and 

subtropical environments receiving high levels of incident sunlight. 

Metabolic Dynamics of Halophila stipulacea Compared to Native Seagrass  

In addition to the new metabolic carbon capture estimates we contribute from 

grazed T. testudinum meadows, we also present here the first estimates of metabolic 

rates from meadows dominated by Halophila stipulacea seagrass. Having been first 

reported in the Caribbean in 2002 (Ruiz and Ballantine 2004), H. stipulacea has spread 

rapidly among islands and become invasive in this region (Willette et al. 2014; 
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Christianen et al. 2018). Halophila stipulacea may also spread more quickly within areas 

of seagrass grazed by green turtles than in ungrazed areas (Christianen et al. 2018). In 

Lac Bay, Bonaire, H. stipulacea is invading areas of T. testudinum grazed by green 

turtles, and the turtles have begun to expand their grazing patches into areas of 

previously ungrazed T. testudinum (Smulders et al. 2017; Christianen et al. 2018). If this 

relationship between green turtles, native seagrasses, and invasive seagrass exists in 

other areas, it may have implications for total ecosystem carbon dynamics and carbon 

storage as well as other ecosystem functions within these meadows.  

Our results demonstrate that rates of metabolic carbon capture in H. stipulacea 

meadows are comparable to the native T. testudinum meadows—grazed and 

ungrazed—which they are replacing (Fig. 4-4). However, it is not known whether this 

translates to comparable carbon sequestration or storage in meadows dominated by 

invasive H. stipulacea. Unlike T. testudinum (van Tussenbroek et al. 2006), seagrass 

species within the genus Halophila do not form a deep belowground rhizome mat 

(Fonseca 1989). Robust rhizome mats formed by some seagrass species contribute to 

higher belowground carbon storage (Christianen et al. 2013), and the lack of a similar 

rhizome mat may result in lower sediment carbon storage in H. stipulacea meadows. 

Halophila tissues also decompose quickly in sediment (Josselyn et al. 1986), and this 

may affect seagrass-derived carbon input to the sediments in invaded meadows 

compared to native species with higher refractory organic matter content (Trevathan-

Tackett et al. 2017). Given the comparable metabolic rates between the invasive and 

native seagrasses, some benefits of seagrass presence may be retained in H. 

stipulacea meadows, such as local mitigation of ocean acidification (through metabolic 
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buffering of pH) (Unsworth et al. 2012; Hendriks et al. 2014; Camp et al. 2016). Further 

study is needed to confirm this however. Future studies on carbon dynamics in H. 

stipulacea meadows will be needed to form a better understanding of how the continued 

invasion by this species will affect total ecosystem carbon dynamics in seagrass 

meadows in the Caribbean.  

Greater Global Assessment of Grazed Meadows Needed 

Ungrazed T. testudinum-dominated seagrass meadows from this study exhibited 

rates of NEP (median 104.0 mmol C m-2 d-1) near the upper end of those reported in the 

literature for seagrass ecosystems, and grazed meadows in this study exhibited rates of 

NEP (median 38.1) near the median value of NEP for all reported ungrazed seagrass 

meadows (median 27.1) (Fig. 4-6). Measurements of seagrass metabolic carbon 

capture are relatively geographically limited however, with the majority of 

measurements—mostly from T. testudinum-dominated meadows—coming from the 

Greater Caribbean and Gulf of Mexico regions. The Caribbean and Gulf of Mexico are 

ecologically important grazing regions, but only a single estimate of seagrass 

metabolism from a grazed meadow existed prior to this study (Johnson et al. 2017).  

All meadows in the present study exhibited a consistent response in metabolic 

carbon capture to green turtle grazing; however, our study was limited to the effects of 

grazing in tropical and subtropical T. testudinum-dominated meadows. It is possible that 

meadows in other regions of the world, perhaps dominated by different seagrass 

species and under different environmental conditions, will not exhibit the same response 

to grazing in terms of metabolic carbon dynamics. We are aware of only one other study 

in which this was investigated. In a tropical Thalassia hemprichii meadow (Tanzania), 

net ecosystem production was reduced as a result of experimental clipping to simulate 
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grazing (Dahl et al. 2016); however, only hourly rates of daytime NEP were measured. 

Without corresponding rates of respiration, we cannot evaluate if NEP remained positive 

in this T. hemprichii meadow over a diel cycle, and therefore if the response to 

experimental clipping in Tanzania was similar to the response to grazing measured in 

our study. Further studies on effects of grazing on seagrass meadow metabolic carbon 

dynamics would be particularly beneficial in: 1) additional areas where grazer 

abundance is increasing, and 2) meadows dominated by species other than Thalassia 

testudinum.  

Conclusion 

Given the importance of seagrass meadows as blue carbon ecosystems 

(Fourqurean et al. 2012) and their role in carbon sequestration and potential climate 

change mitigation, it is necessary to understand how meadow carbon dynamics are 

affected by grazing. Our study adds critical information to our understanding of the 

effects of green turtle grazing on seagrass metabolic carbon dynamics, and how these 

processes may be affected with increasing green turtle abundance and grazing. We 

demonstrate that the response in metabolic carbon capture to green turtle grazing is 

consistent across seagrass ecosystems in the Greater Caribbean and Gulf of Mexico 

regions—an area that supports vast expanses of seagrass (Jackson 1997; Green and 

Short 2003; Wabnitz et al. 2008). Even meadows with low seagrass density and 

biomass (e.g. NW site, Lac Bay, Bonaire; North Rack site, Florida), which could be 

expected to be net heterotrophic (Duarte et al. 2010), maintained positive rates of NEP 

and metabolic carbon capture. This is an ecologically important grazing region for green 

turtle populations, and given increasing green turtle abundance in the Caribbean 

(Chaloupka et al. 2008), it is expected that more seagrass area will return to a natural 
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grazed state. Increased grazing will translate to lower rates of metabolic carbon capture, 

but not a metabolic release of carbon from seagrass meadows. Total ecosystem carbon 

dynamics are controlled by numerous processes in seagrass meadows (Mateo et al. 

2006). To fully understand the effects of green turtle grazing on total carbon dynamics 

and blue carbon storage in seagrass ecosystems, we need to better understand how 

the carbon content of seagrass tissues (above- and belowground) and sediment carbon 

stocks are also affected by grazing. Future studies on these topics will be beneficial and 

complementary to our results on metabolic carbon dynamics, which show that an 

increase in green turtle abundance and grazing pressure is not expected to stimulate 

respiration and lead to a metabolic release of carbon from these important ecosystems.  
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Table 4-1. Coordinates of each sampling site and environmental parameters measured in the seagrass meadows on days 
of metabolic incubations.  

Site Latitude Longitude Daylight Depth Salinity Temperature Irradiance 

  Decimal degrees hours m ‰ °C Lux 

Bonaire        

Lac Cai Beach 12.104417 -68.223183 12.75 1.0 35 30.0 32451.8 

NW Lac Bay 12.108546 -68.231562 12.75 1.4 36 31.1 43221.7 

St. Croix        

Buck Island 17.784612 -64.624566 11.5 4.5 35 27.9 21190.4 

Little Cayman        

Grape Tree Bay 19.696518 -80.059652 13 1.0 36 31.9 55184.0 

 19.696518 -80.059652 13 1.0 37 31.7 46573.2 

 19.696518 -80.059652 13 1.0 38 33.6 60071.5 

Eleuthera        

Arvida Bay 24.722297 -76.190644 12.5 2.4 39 32.2 26764.8 

Half Sound 24.936641 -76.15342 12.5 0.6 36 34.4 71721.5 

Florida        

North Rack 28.56476 -82.779335 13.75 2.0 - 29.2 40980.1 

Temperature and irradiance data are mean values measured during incubations.  
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Table 4-2. Seagrass characteristics of grazed and ungrazed Thalassia testudinum meadows and Halophila stipulacea 
meadows measured at each sampling site.   

Site Meadow n Seagrass density Canopy height Blade surface area AG biomass 

      shoots m-2 cm cm2 g DM m-2 

Bonaire       

Lac Cai Beach Grazed 6 741.3 ± 126.3 4.7 ± 2.2 6.3 ± 3.2 27.1 ± 7.6 

 Ungrazed 6 954.7 ± 93.7 9.6 ± 3.9 21.4 ± 11.6 130.9 ± 54.4 

 H. stipulacea 6 3850.0 ± 806.8 2.1 ± 0.6 1.9 ± 0.9 36.4 ± 13.3 

NW Lac Bay Grazed 6 237.3 ± 44.6 2.8 ± 1.4 2.8 ± 1.4 4.8 ± 2.8 

 H. stipulacea 6 3483.3 ± 549.2 2.0 ± 0.4 1.8 ± 0.6 17.1 ± 5.9 

St. Croix       

Buck Island Grazed 5 1964.8 ± 226.1 4.0 ± 2.3 4.4 ± 2.7 27.4 ± 10.2 

 Ungrazed 5 2406.4 ± 250.1 8.1 ± 3.1 9.7 ± 4.5 51.6 ± 11 

 H. stipulacea 5 3733.6 ± 1249.4 2.8 ± 0.5 3.2 ± 0.9 63.0 ± 24.0 

Little Cayman       

Grape Tree Bay Grazed 6 957.3 ± 148.5 2.0 ± 0.9 2.3 ± 1.2 12.3 ± 3.7 

 Ungrazed 6 1018.7 ± 210.2 14.9 ± 8.5 30.7 ± 20.4 183.2 ± 94.8 

Eleuthera       

Arvida Bay Grazed 6 1648.0 ± 392.7 3.5 ± 1.9 4.2 ± 2.2 41.8 ± 13.9 

 Ungrazed 6 2053.3 ± 329.9 15.2 ± 4.6 25.8 ± 8.8 202.2 ± 34.8 

Half Sound Grazed 6 1674.7 ± 316.7 1.8 ± 0.7 1.4 ± 0.6 8.8 ± 2.0 

 Ungrazed 6 1784.0 ± 284.7 9.4 ± 2.0 10.8 ± 3.1 96.5 ± 16.2 

Florida       

North Rack Grazed 3 1322.7 ± 444.1 2.5 ± 1.1 1.6 ± 0.8 9.3 ± 2.4 

  Ungrazed 3 1386.7 ± 161.9 8.9 ± 2.7 7.8 ± 2.9 70.7 ± 23.3 

n is number of replicates at each site. 
Values are means ± SD. 
Canopy height is measured from mean blade length.  
Blade surface area is per blade of seagrass. 
AG: aboveground; DM: dry mass  
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Table 4-3. Percent difference in metabolic rates and aboveground (AG) seagrass 
biomass between grazed and adjacent ungrazed Thalassia testudinum 
meadows.  

Site GPP RE NEP AG Biomass 

  % difference 

Bonaire     

Lac Cai Beach 81.8 90.9 65.6 79.3 

St. Croix     

Buck Island 60.4 78.3 56.0 46.9 

Little Cayman     

Grape Tree Bay 92.2 95.5 89.1 93.3 

 89.9 79.6 96.0 93.3 

 88.5 87.0 90.0 93.3 

Eleuthera     

Arvida Bay 54.3 39.5 62.9 79.3 

Half Sound 80.1 88.9 67.9 90.8 

Florida     

North Rack 61.5 41.3 91.9 86.8 

GPP: gross primary production; RE: ecosystem respiration; NEP: net ecosystem production 
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Figure 4-1. A Thalassia testudinum seagrass meadow grazed by green turtles (panel a, 

left side) and an adjacent ungrazed meadow (panel a, right side) in Eleuthera, 
The Bahamas (a). The invasive seagrass Halophila stipulacea in St. Croix, 
U.S. Virgin Islands (b). Photos: R. Johnson. 
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Figure 4-2. Map of seagrass meadow sampling locations. Two sites were sampled in 

both Bonaire and Eleuthera, and one site was sampled at each of the other 
three locations.  
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Figure 4-3. Metabolic rates (mean ± SD) in grazed (open points) and adjacent ungrazed 

(solid points) Thalassia testudinum seagrass meadows. Net ecosystem 
production (a), gross primary production (b), and ecosystem respiration (c). 
Rates of NEP were significantly lower in grazed meadows than ungrazed 
meadows at all sites except at Lac Cai Beach, Bonaire, and Half Sound, 
Eleuthera (Results). Sites ordered south to north. BON: Bonaire (LCB: Lac 
Cai Beach site); STX: St. Croix; LC: Little Cayman; EL: Eleuthera (AB: Arvida 
Bay site; HS: Half Sound site); FL: Florida. Dashed line in (a) denotes 
metabolic balance (NEP = 0). Values above line represent net metabolic 
carbon capture.  
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Figure 4-4. Rates (mean ± SD) of net ecosystem production in meadows dominated by 

the invasive seagrass Halophila stipulacea (triangles) compared to nearby 
grazed (open circles) and ungrazed (solid circles) Thalassia testudinum 
meadows. BON: Bonaire (LCB: Lac Cai Beach site; NW: northwest Lac Bay 
site); STX: St. Croix.  
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Figure 4-5. Relationship between net ecosystem production and aboveground seagrass 

biomass (a) and total seagrass shoot density (b) from grazed (open points) 
and ungrazed (solid points) Thalassia testudinum meadows. Solid line in (a) 
is the significant linear regression (R2 = 0.82, p < 0.01) between NEP and 
biomass. NEP was not related to seagrass shoot density across meadows.  
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Figure 4-6. Rates (mean ± SD) of net ecosystem production from meadows of various 

seagrass species collected from the literature. Open circles, closed black 
circles, and open triangles are grazed Thalassia testudinum (n = 7), ungrazed 
T. testudinum (n = 6), and Halophila stipulacea (n = 3) meadows, 
respectively, from the present study. All measured grazed meadows 
maintained positive rates of NEP. Colored circles are previously published 
estimates of seagrass meadow NEP. Published estimates come from various 
locations around the world, and not all estimates were measured using the 
same method. Figure modified from Johnson et al. (Johnson et al. 2017) to 
include additional estimates. Criteria for literature collection and data inclusion 
are described in Johnson et al. (2017). Letters above points denote sites from 
the present study – B: Bonaire; C: Little Cayman; E: Eleuthera; F: Florida; S: 
St. Croix. 
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CHAPTER 5 
SIMULATED GREEN TURTLE GRAZING AFFECTS BENTHIC INFAUNA 

ABUNDANCE AND COMMUNITY COMPOSITION BUT NOT DIVERSITY IN A 
THALASSIA TESTUDINUM SEAGRASS MEADOW 

Introduction 

Seagrass ecosystems host abundant and diverse invertebrate infaunal 

communities (animals inhabiting the benthic environment) (Orth et al. 1984; Hemminga 

and Duarte 2000). Different infaunal species contribute to many important roles in the 

functioning of seagrass meadows. Polychaetes act as pollinators for Thalassia 

testudinum seagrass in the Caribbean, suggesting that infauna play a role in the health 

and longevity of seagrass meadows (van Tussenbroek et al. 2016). Detritivorous 

species of infauna consume organic matter at the sediment surface and are important 

for recycling nutrients and organic matter within meadows (Klumpp et al. 1989; Edgar 

and Shaw 1995; Hemminga and Duarte 2000). The infaunal community can also serve 

as a large source of prey for consumers, including small fishes, within meadows 

(Virnstein 1977; Hemminga and Duarte 2000), thereby transferring energy from the 

bacterial and detrital pathways up the meadow food web to higher order consumers 

(Edgar and Shaw 1995). Seagrass meadows host significantly higher densities of 

infauna compared to unvegetated sediments (Orth et al. 1984), with higher infauna 

densities found in meadows with greater seagrass biomass (Stoner 1980; Stoner and 

Lewis 1985; Skilleter et al. 2007). Structural complexity of the seagrass canopy is also 

important, with canopies of higher complexity hosting greater infaunal diversity and 

abundance (Gartner et al. 2013). 

The role that infauna play in the cycling of organic matter within seagrass 

meadows is likely to make the infaunal community susceptible to changes in organic 
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matter input to the benthic environment. By removing seagrass and algal biomass, 

grazers decrease the amount of primary production within a meadow available for 

incorporation into the benthic detrital compartment. While many small grazers, such as 

fishes, may not remove large amounts of biomass (Cebrián and Duarte 1998; 

Hemminga and Duarte 2000), megagrazers, such as dugongs (Dugong dugon) and 

green turtles (Chelonia mydas), consume large amounts of seagrass (Thayer et al. 

1984; Williams 1988a; Scott et al. 2018) and are likely to have a greater effect on the 

amount of seagrass and algal material entering the detrital pathway. Dugongs create 

“feeding trails” within meadows in which they consume both above- and belowground 

seagrass plant material (Preen 1995). The large physical disturbance to the benthic 

environment caused by this feeding strategy decreases the abundance of infauna within 

these trails relative to the surrounding seagrass habitat (Skilleter et al. 2007). Green 

turtles exhibit a different foraging strategy from that of dugongs, however. Under normal 

grazing conditions, green turtles only consume the aboveground portions of seagrass, 

cropping blades to a short height above the sediment surface (Bjorndal 1980). Green 

turtles repeatedly graze the same areas, creating distinct “grazing patches” which may 

remain in a grazed state for months or years (Bjorndal 1980; Fourqurean et al. 2010; 

Hernández and van Tussenbroek 2014). By cropping only aboveground seagrass 

blades, green turtles alter the amount of seagrass biomass in a meadow, but do not 

cause the same direct physical disturbance to the benthic environment as in the feeding 

trails of dugongs.  

Green turtle abundance is increasing in many areas (Mazaris et al. 2017), 

including the Caribbean (Chaloupka et al. 2008). Greater numbers of green turtles will 
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lead to higher grazing pressure and more seagrass area being returned to a natural 

grazed state. Effects of green turtle grazing on the infaunal communities of seagrass 

meadows are not well understood, however. Changes to the seagrass infaunal 

community are likely to have effects not only on the amount of infauna available as a 

source of prey for consumers, but also on detrital matter consumption and the recycling 

of nutrients and organic matter within meadows. It is therefore critical to understand 

what effects grazing has on infaunal communities in order to better understand how 

seagrass meadow functioning may be affected by increasing green turtle abundance 

and grazing.  

Given that meadow faunal abundance is positively related to both seagrass 

biomass and complexity of the seagrass canopy (Stoner 1980; Gartner et al. 2013), 

both of which are decreased by grazing, we hypothesized that green turtle grazing 

would lead to a decrease in infauna abundance. We further hypothesized that grazing 

would decrease infaunal diversity and lead to differences in the composition of the 

infaunal community within grazed areas, similar to changes observed following dugong 

grazing (Skilleter et al. 2007). To investigate our hypotheses, we analyzed infauna 

collections made during a long-term clipping experiment (16 months) in a Thalassia 

testudinum seagrass meadow in The Bahamas to simulate green turtle grazing (Moran 

and Bjorndal 2005, 2007). We characterized the infaunal community and aspects of the 

seagrass meadow in both experimentally clipped and unclipped reference plots prior to 

clipping initiation and throughout the 16-month simulated grazing experiment to 

evaluate changes in abundance and community composition.  
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Methods 

Site Description and Experimental Design 

This study took place at the Perry Institute for Marine Science’s Caribbean 

Marine Research Center on Lee Stocking Island, Exuma, The Bahamas (23.772963, -

76.106910) from July 1999 to November 2000. The experiment was conducted in a 

large, monospecific Thalassia testudinum seagrass meadow 400 m to the southwest of 

the island. Water depth was ~3 m at low tide with a tidal range of ~1.5 m. Mean shoot 

density was moderate within the meadow (589 ± 16.5 (SE) shoots m-2), and mean 

canopy height of the meadow was 12.4 ± 0.5 (SE) cm at the beginning of the study. The 

substrate was composed of sandy carbonate sediments within the study area.  

Thirty 3 x 3 m plots were established in the T. testudinum seagrass meadow to 

the southwest of Lee Stocking Island in a blocked design. Three blocks of ten plots 

each were established roughly 50 m apart, with each block consisting of five plot pairs. 

Each pair of plots consisted of one experimentally clipped plot to simulate green turtle 

grazing, and one plot that was left unclipped to serve as an ungrazed reference. All 

plots within blocks were spaced at least 4 m apart. Simulated grazing was initiated in 

clipped plots by clipping all seagrass blades at the blade-sheath junction (~2 cm above 

the sediment surface) with stainless steel scissors to mimic natural green turtle grazing 

(Bjorndal 1980; Moran and Bjorndal 2005). All blades within experimentally clipped plots 

were re-clipped every time mean blade length in the plot reached 5 cm, consistent with 

natural green turtle grazing behavior in the Caribbean region (Bjorndal 1980; Ogden 

1980). Intervals between clipping events varied between 12 and 37 days, as blade 

growth varies with temperature (Moran and Bjorndal 2005), and clipped plots were 

maintained for the entire 16-month duration of the study. Seagrass blades were 
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removed from plots at the time of clipping to simulate the removal of biomass and 

nutrients when green turtles graze an area. Rhizomes were severed around the 

perimeters of clipped plots at the beginning of the experiment and every 6 – 8 weeks 

thereafter with a flat-bladed shovel to prevent nutrient translocation into the 

experimental plots. A 0.5 m wide buffer zone was established around the inner border of 

all plots, and all samples were collected from the remaining inner 2 x 2 m area, to avoid 

possible edge-effects created by the surrounding unclipped meadow.  

Infaunal Sample Collection and Analysis 

 The invertebrate infaunal community was sampled from all plots, clipped and 

reference, prior to initiation of the clipping experiment (July 1999; 0 months), and at 2, 6, 

11, and 16 months following the initiation of experimental clipping. Infauna communities 

were sampled from sediment cores collected within each plot with a 7.62 cm I.D. PVC 

corer inserted to a depth of 25 cm (1140 cm3 total sample volume). One core was 

collected near the middle of each plot at each sampling time, taking care to not 

resample the same locations as previous coring events.  

 Cores were washed with seawater over a series of two metal mesh sieves (2.0 

and 0.5 mm) in the lab, and seagrass root and rhizome material was removed. Only 

material and organisms >0.5 mm were retained on the sieves, with smaller particles and 

organisms being washed through. The material and organisms retained on each sieve 

were transferred to jars and preserved with a mixture of 5% buffered formalin and 

seawater. Samples were left in this buffered formalin mixture for at least two weeks, 

during which time a few drops of Rose Bengal mixed with ethanol were added to each 

jar as a staining agent. After this period of preservation and staining, samples were 

rinsed of the buffered formalin mixture and transferred to 70% ethanol in glass 
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scintillation vials for storage. The >2.0 mm and 0.5 – 2.0 mm size-fractions were kept 

separate during this process. Infauna data were analyzed separately for each of these 

size-fractions, in addition to analyses for all data pooled together.  

 Infaunal organisms were counted and identified under a dissecting microscope. 

Most organisms were identified to class or order. Aschelminth phyla were split into two 

groups during identification: the nematodes (phylum: Nematoda) and all other 

aschelminthes (referred to here as “non-nematode aschelminthes”). Infaunal 

communities were enumerated for the same eight clipped plots and eight reference 

plots at each sampling time point during the experiment.  

Seagrass and Sediment Sample Collection and Analyses 

 Seagrass meadow characteristics—Thalassia testudinum shoot density, blade 

length and width, aboveground seagrass biomass, and belowground seagrass 

biomass—were measured at regular intervals throughout the study in all experimentally 

clipped and reference plots. Seagrass structural parameters were measured bi-weekly 

in all plots. Shoot density was measured from three randomly placed 25 x 25 cm 

quadrats (0.0625 m2), and blade length and width were measured from 30 randomly 

selected blades from each plot. Aboveground seagrass biomass was measured in all 

plots, clipped and reference, prior to the initiation of clipping (July 1999; 0 months). 

Thereafter, aboveground biomass was measured in clipped plots at each clipping event 

(when blade length reached 5 cm), and in reference plots at 2, 6, 11, and 16 months 

following initiation of the experiment. In clipped plots, all blades from the inner 4 m2 of 

each plot were collected for biomass, and in reference plots all blades from three 

randomly placed 25 x 25 cm quadrats were collected. Collected blades were rinsed in 

seawater in the lab to remove sediments and dried to a constant weight at 60° C for dry 
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mass. Belowground seagrass biomass (roots and rhizomes) was collected prior to the 

initiation of clipping (0 months) and at 2, 6, 11, and 16 months following clipping from 

the same cores as infauna samples. Roots and rhizomes were separated from the 

surrounding sediment in the lab (at the time infauna samples were collected on sieves), 

rinsed in seawater, and dried to a constant weight at 60° C for dry mass.  

 Characteristics of the surface sediments (where most infauna reside) in the 

meadow were measured in all plots throughout the experiment. The depth of the detrital 

layer (layer of loose particles and detritus at the sediment surface) was measured bi-

weekly by inserting a rigid ruler into the sediment until resistance was met within each of 

the three randomly placed quadrats used for measuring seagrass shoot density. 

Organic matter content and particle size distribution in the surface sediments of the 

meadow were measured from three shallow sediment cores (5.08 cm I.D.; 15 cm depth; 

304 cm3 volume) collected in each plot prior to clipping initiation (0 months), and at 2, 6, 

11, and 16 months. Seagrass material and large invertebrates that were visible were 

removed in the lab. Sediment samples were then dried to a constant weight at 60° C, 

ground with a mortar and pestle to pass through a 1 mm mesh sieve, and re-dried at 

105° C for at least 16 hours for dry mass measurement. Organic matter content was 

measured by combusting dried sediment samples at 500° C for 3 hours in a muffle 

furnace. Sediment particle size was measured using the hydrometer technique 

(Buoyoucus 1936; Gee and Bauder 1986). Particle size-classes were assigned as 

follows: sand, >0.05 mm; silt, 0.002 – 0.05 mm; clay, <0.002 mm.  

Data Analyses 

For variables collected more frequently than infauna samples from plots (e.g. 

seagrass density, collected bi-weekly), only data corresponding to the times of infauna 
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collection were used for analyses (i.e. sampling times at 0, 2, 6, 11, and 16 months). 

Mean values were calculated for variables for which multiple measurements were 

collected at each time point (e.g. seagrass density, three quadrats from each plot), and 

these mean values (i.e. single value per plot per sampling time) were used for analyses.  

Effects of clipping on infauna abundance over time were analyzed using linear 

mixed-effects models, where treatment and time (sampling event) were treated as fixed 

effects, and experimental plot blocks were treated as a random effect. Effects of clipping 

on meadow and environmental factors over time (e.g. aboveground seagrass biomass, 

depth of detrital layer) were analyzed using linear mixed-effects models in the same 

manner. Differences in variables (infauna abundance, seagrass and sediment 

parameters) between clipped and reference plots at the end of the 16-month clipping 

experiment were analyzed with a linear mixed-effects model with treatment as a fixed 

effect and experimental plot block as a random effect. Relationships between infauna 

abundance and meadow variables (e.g. aboveground seagrass biomass) were 

analyzed using linear regression, and infauna abundance data were square-root 

transformed to meet normality assumptions.  

Simpson’s Diversity Index was used to measure the diversity of the infaunal 

community. This index accounts for both group richness and abundance and is a good 

measure of diversity in situations when one or a few groups are considerably more 

abundant than others (e.g. nematodes in this study). A linear mixed-effects model was 

used to analyze effects of clipping over time on the diversity of the infauna community, 

where treatment and time were treated as fixed effects, and block was treated as a 

random effect. Differences in measures of infaunal diversity between treatments at the 
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end of the experiment were analyzed with a linear mixed-effects model with treatment 

as a fixed effect and block as a random effect. In addition to Simpson’s Diversity Index, 

infaunal group richness and evenness were also evaluated across treatments and 

sampling events.  

 Changes to the composition of the infauna community over time as a result of 

experimental clipping were analyzed using a PERMANOVA (Anderson 2001) with 

treatment and time as factors. Differences in the community composition between 

treatments (clipped and reference plots) at the beginning (0 months) and end of the 

experiment (16 months) were analyzed using a PERMANOVA with treatment as the 

only factor. PERMANOVA calculations were based on a Bray-Curtis distance matrix for 

community composition.  

 All analyses were performed in R version 3.5.1 (R Core Team 2018) using the 

‘nlme’ package for mixed-effects models (Pinheiro et al. 2018) and the ‘vegan’ package 

for PERMANOVA tests (Oksanen et al. 2018). Significance for all tests was evaluated at 

an alpha value of 0.05. 

Results 

Most of the infaunal organisms identified in this study were from the 0.5 – 2.0 mm 

size-fraction, and results for infauna abundance from this size-fraction were the same 

as results from all data when both size-fractions were pooled. There were not enough 

data for multiple groups in the >2.0 mm size-fraction to evaluate infauna abundance, 

and abundance was low for remaining groups. Because including or omitting data from 

the >2.0 mm size-fraction from analyses did not affect results, only results from the 

pooled data are presented here. 
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Effects of Simulated Grazing on the Infaunal Community  

 Effects of experimental clipping on the seagrass meadow infaunal community 

occurred relatively quickly—within six-months—following the onset of simulated grazing. 

Between two- and six-months post-clipping, total infauna abundance decreased by 59% 

within clipped plots (Fig. 5-1) and became significantly different over time from that in 

unclipped reference plots (linear mixed-effects model (LME); F1,41 = 36.7, p < 0.01).  

 The decrease in total infauna abundance was driven by a decrease in 

abundance observed across all individual infaunal groups within clipped plots between 

two- and six-months post-clipping (Fig. 5-2). The decline in abundance between two- 

and six-months was greater in some groups (e.g. copepods) than others (e.g. 

oligochaetes), and the differences between clipped and reference plots were not 

significant over time for all groups (Table 5-1). The abundance of crab claws was also 

counted (a potential sign of predation), and there was a significant increase in crab 

claws between two- and six-months within clipped plots (Table 5-1, Fig. 5-2). 

Nematodes were the most abundant individual infaunal group and comprised on 

average ~30 – 40% of total infauna abundance within the meadow. As a result, total 

infauna abundance was strongly, positively related to nematode abundance (linear 

regression; R2 = 0.69, p < 0.01), and the decrease in total infauna abundance was likely 

largely driven by the decrease in nematode abundance.   

 Infaunal diversity (Simpson’s Index) was slightly greater in clipped plots (0.79) 

than reference plots (0.74) (LME; F1,13 = 4.6, p = 0.05) prior to clipping initiation; 

however, Simpson’s Diversity Index did not differ between clipped and reference plots 

during the experiment (LME; F1,55 = 1.4, p = 0.25) (Fig. 5-3). Like the Simpson’s Index, 

infaunal group richness and evenness did not differ between treatments prior to clipping 
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(p = 0.39 and p = 0.47, respectively). Following the onset of clipping, infaunal group 

richness decreased in clipped plots, while group evenness increased, resulting in the 

lack of a difference in Simpson’s Diversity Index over time between clipped and 

reference plots.  

 Though the diversity of the infaunal community was not affected by clipping, the 

relative abundance of individual groups comprising the community varied during the 

experiment (Fig. 5-4). As a result, the composition of the infaunal community became 

significantly different between clipped and reference plots during the experiment 

(PERMANOVA; full model, Table 5-2). Community composition did not differ between 

treatments prior to clipping (0 months, Table 5-2).  

Effects of Long-Term Simulated Grazing on the Infaunal Community 

 Following 16 months of experimental clipping, total infauna abundance remained 

significantly lower in clipped plots compared to reference plots (LME; F1,13 = 9.6, p = 

0.01; Table 5-3). However, differences in abundance were no longer present at the end 

of 16 months for every individual infaunal groups that had experienced decreases within 

clipped plots during the experiment. By the end of the clipping experiment, only 

nematodes (p < 0.01) and peracarids (p = 0.01) still had significantly lower abundances 

within clipped plots compared to reference plots (in addition to total infauna abundance) 

(Table 5-3). The abundances of the remaining groups that had been lower in clipped 

plots became similar to those in reference plots, whether due to an increase in 

abundance in clipped plots (e.g. polychaetes), or a decrease in abundance within 

reference plots (e.g. gastropods) (Fig. 5-2). 

 Simpson’s Diversity Index did not differ between clipped and reference plots at 

the end of 16 months (LME; F1,13 = 0.4, p = 0.56). Though infaunal group richness and 
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evenness exhibited temporal variation within clipped plots, by the end of the 16-month 

experiment both richness and evenness had become similar between clipped and 

reference plots again (richness; F1,13 = 0.3, p = 0.59; evenness; F1,13 = 0.3, p = 0.60). All 

infaunal groups were present at all sampling times, though abundances were temporally 

variable. This variation led to shifting relative dominance among individual groups, 

which affected the community composition. The significant differences in infaunal 

community composition observed between clipped and reference plots during the 

experiment (above section) were still present at the end of the experiment 

(PERMANOVA; 16 months, Table 5-2).  

Effects of Simulated Grazing on Meadow Characteristics 

Results from this experiment on the effects of simulated grazing (clipping) on the 

growth and morphometry of seagrass have been described previously (Moran and 

Bjorndal 2005). Some results are presented again here to aid in the interpretation of the 

results of experimental grazing on the invertebrate infauna community.  

Experimental clipping significantly altered the aboveground seagrass canopy 

compared to reference plots that remained unclipped (Table 5-4). Canopy height 

(measured from blade length) was significantly lower in clipped plots than reference 

plots throughout the experiment (LME; F1,55 = 537.7, p < 0.01). Seagrass blade width in 

clipped plots also became significantly narrower than within reference plots by the end 

of the experiment (16 months; LME; F1,13 = 35.9, p < 0.01). Aboveground seagrass 

biomass was of course also lower in clipped plots than reference plots during the 

experiment (LME; F1,55 = 322.8, p < 0.01), as the clipping regime mimicked the natural 

grazing strategy of green turtles—cropping all blades to short heights above the 

sediment surface and removing the majority of biomass. Seagrass shoot density did not 
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differ between clipped and reference plots following 16 months of clipping (LME; F1,13 = 

0.9, p = 0.35).  

Experimental clipping of the seagrass canopy also affected the sedimentary 

environment (Table 5-5). The depth of the detrital layer—loose surface layer of 

unconsolidated sediment and organic matter—was reduced in clipped plots compared 

to reference plots over the course of the experiment (LME; F1,55 = 5.0, p = 0.03). 

Though the detrital layer became smaller in clipped plots, the organic matter content of 

the surface sediments was not affected by clipping (LME; F1,55 = 2.7, p = 0.10). The 

composition of the sediment (percent sand, silt, and clay) varied significantly over the 

course of the experiment (significant time component) in both treatments but did not 

differ between clipped and reference treatments.  

Relationships Between Infauna Abundance and Meadow Characteristics 

 We investigated potential relationships between abundance of the infaunal 

community and characteristics of the seagrass meadow with linear regression. Total 

infauna abundance was significantly, positively related to aboveground seagrass 

biomass (p < 0.01; Fig. 5-5a), meadow canopy height (p < 0.01), and blade surface 

area (p < 0.01). Each of these meadow characteristics explained similar amounts of 

variation in total abundance (R2 = 0.15, R2 = 0.18, R2 = 0.17, respectively), as all three 

are directly related to each other. Total infauna abundance was not significantly related 

to belowground seagrass biomass (R2 = 0.01, p = 0.16). However, belowground 

biomass did not differ between clipped and reference plots during the experiment (LME; 

F1,55 = 0.17, p = 0.68), as did measures of the aboveground canopy. With the exception 

of organic matter content, infauna abundance was not related to any measured 

sedimentary characteristics (i.e. detrital layer depth, percent sand, percent silt, percent 
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clay) in the meadow. Total infauna abundance was positively related to the organic 

matter content of the surface sediments across all plots (R2 = 0.04, p = 0.04); however, 

the relationship was weak and differences in organic matter explained little of the 

variation in abundance (Fig. 5-5b).  

Discussion 

Through the creation of grazing patches in which seagrass blades are cropped to 

a uniform, short height, green turtles create areas within meadows that are structurally 

different from the surrounding areas of ungrazed seagrass. The creation of these areas 

in which the aboveground seagrass canopy has been removed affects physical 

processes at the sediment surface, such as wave attenuation (Fonseca and Cahalan 

1992), and chemical processes, such as metabolic carbon flux (Johnson et al. 2017). 

Our results from the present study show that canopy removal also affects the 

invertebrate infaunal communities inhabiting Thalassia testudinum seagrass meadows. 

Infaunal communities play important roles in seagrass meadows, and it is important to 

understand how they may be affected by grazing to better understand the role of green 

turtles within seagrass ecosystems. 

 Simulated grazing resulted in a decrease in the total abundance of infauna within 

six months of clipping initiation, after which total abundance remained reduced 

throughout the clipping experiment. However, temporal dynamics in abundance varied 

among individual infaunal groups within the community. More than half of the infaunal 

groups present in the meadow (6 of 11) decreased in abundance within a relatively 

short period of time (within six months) following a large structural change to the 

ecosystem (canopy removal via clipping) (Fig. 5-2; Table 5-1). However, following 

sustained long-term clipping (16 months), abundances of four of the six groups that 
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initially decreased returned to levels comparable to abundances in unclipped reference 

plots. This suggests that the decrease in abundance for some infaunal groups may 

have been a response to the perturbation to the ecosystem from which the population 

was able to recover as it adapted to the altered ecosystem state. Other groups (e.g. 

nematodes), following a decrease between two- and six-months post-clipping, remained 

at lower abundance levels for the duration of simulated grazing.  

Reasons for these different responses among infaunal groups are not known. 

Some groups may have been more affected by environmental factors, whereas others 

may have been more affected by predation pressure. An increase in a food source, 

such as benthic microalgae, following canopy removal may have facilitated increases in 

abundance for some infauna in the long-term. Changes in environmental factors or 

physical processes may also have differentially affected infaunal groups. Investigating 

the mechanisms behind temporal dynamics in infauna abundance within grazed areas 

will be a beneficial future research direction for understanding the ecological effects of 

green turtle grazing.  

Though total infauna abundance decreased, and individual group dynamics were 

temporally variable, the diversity of the infaunal community was not affected by long-

term simulated grazing in this study. The Simpson’s Diversity Index accounts for both 

number of groups present (richness) and relative abundance of each group. As 

abundances changed over time within groups, some became more dominant while 

others became less dominant. Clipping reduced the dominance (relative abundance) of 

some groups (e.g. nematodes and peracarids) compared to reference plots after 16 

months, allowing other groups, such as non-nematode aschelminthes and polychaetes, 
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to increase their dominance within the community (16 months, Fig. 5-4). While shifting 

relative dominance among groups did not affect infaunal diversity, it did affect the 

composition of the infaunal community within clipped plots compared to reference plots 

during the experiment (Fig. 5-4; Table 5-2).  

Infaunal communities differ among seagrass meadows (Ansari et al. 1991), and 

some infauna have even been found to be associated with specific species of seagrass 

(Liao et al. 2016). It is possible that other meadows, differing in their seagrass species 

and infaunal communities, may respond differently to green turtle grazing from that in 

the present study. Grazing is likely to affect the composition of the infaunal community 

regardless of the community composition prior to grazing, however. Unless abundance 

decreases proportionally across all groups inhabiting a meadow (so infaunal group 

evenness is unaffected), changes to the composition of the community will occur. 

Green turtle grazing may lead to additional indirect effects within seagrass 

meadows through changes to the infaunal community. As abundance and composition 

of the community change, other ecosystem functions and services may also be 

affected, such as prey availability for juvenile fishes using the meadow as foraging 

habitat. These effects of grazing may not affect entire seagrass meadows, however. 

Green turtles do not often graze entire seagrass meadows (though there are 

exceptions; e.g. Fourqurean et al. 2010; Christianen et al. 2014). Green turtles in the 

Caribbean create discrete foraging patches within a meadow (Bjorndal 1980), resulting 

in a mosaic of grazed and ungrazed areas of seagrass. The effects of green turtle 

grazing—on the infaunal community and indirect effects stemming therefrom—may 

scale to the amount of grazing within a meadow. However, the distance to which edge 
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effects may propagate beyond a grazed area may differ among infaunal groups (Bell et 

al. 2001; Tanner 2005), and it is possible certain groups may be affected across an area 

greater than that which is grazed by turtles. With increasing green turtle abundance and 

grazing in areas such as the Caribbean (Chaloupka et al. 2008), more seagrass area 

will return to a natural grazed state, and the effects on ecosystem functions mediated by 

the infaunal communities within seagrass meadows will become wider spread.  

Seagrass infauna play important roles in seagrass ecosystem functioning, such 

as the consumption of detrital matter and energy transfer up the food web (Edgar and 

Shaw 1995). Seagrass meadow canopies baffle waves and reduce current speed, 

creating a calmer microhabitat near the sediment surface (Fonseca et al. 1982; Gacia et 

al. 1999; Reidenbach and Thomas 2018). This helps meadows trap organic matter, 

such as senescent seagrass blades or matter brought in from external habitats (Gacia 

et al. 2002; Kennedy et al. 2010), which may be incorporated into the detrital layer. 

Many infaunal species are detritivores, and play an essential role in the recycling of this 

organic matter (Hemminga and Duarte 2000). A decrease in the detritivorous infauna 

within a meadow could lead to a slowing down of organic matter and nutrient recycling, 

possibly affecting the nutrients available for seagrass growth.  

Foraging habitat for juveniles of many fish species is an important ecosystem 

service provided by seagrass meadows, and changes to the infaunal community 

through grazing may affect these consumer populations. Grazing opens up the 

sediment surface, potentially creating a habitat in which foraging for infauna becomes 

easier. The decrease in abundance observed across many infaunal groups may have 

been a result of increased predation following removal of the seagrass canopy. Surface-
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dwelling fauna, such as small crabs, may be especially vulnerable within grazed areas, 

and we measured the abundance of crab claws within plots as a potential sign of 

predation to investigate this. The significant increase in crab claws within clipped plots 

during the study, preceded by a sharp decline in decapod abundance (Fig. 5-2), could 

be a sign that predation increased following removal of the protective seagrass canopy. 

An increase in predation of infauna by fishes within experimentally clipped plots was not 

directly observed during this study. However, normal fish behavior may have been 

altered by the presence of divers within the meadow. Additionally, all activities were 

conducted during daytime, so any potential nighttime or crepuscular predation by fishes 

or other consumers would not have been observed. Further research is needed to 

better understand the cause of declines in infauna abundance within grazed areas.  

A decline in the structural complexity of the seagrass meadow canopy may also 

explain the decrease in infauna abundance following experimental clipping. Simply 

removing the epiphytes from artificial seagrass blades deployed in an Australia 

Amphibolis griffithii meadow led to a significant decrease in abundance of invertebrate 

fauna (Gartner et al. 2013). When green turtles graze seagrass, they crop blades near 

the sediment surface. This decreases the meadow canopy height, but also removes 

epiphytes, which typically grow on the older portions of seagrass blades (Hemminga 

and Duarte 2000). In monospecific seagrass meadows, such as the Thalassia 

testudinum meadow in the present study, grazing may result in a much more structurally 

simple canopy compared to areas left ungrazed. The decrease observed across many 

infaunal groups following clipping may therefore not have been a result of increased 

predation, but rather a result of decreased canopy complexity and reduced protection 
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(e.g. baffling) against physical processes (Gartner et al. 2013). Future investigations 

conducted in meadows dominated by species other than T. testudinum, in which the 

seagrass canopy complexity and epiphyte community differ from those in the present 

study would be particularly beneficial for furthering our understanding on the effects of 

grazing on the infaunal communities in seagrass meadows. 

Green turtles affect the infaunal communities inhabiting seagrass ecosystems 

through removal of the aboveground canopy. These changes are likely to cause further 

changes to ecosystem processes which are mediated by aspects of the infaunal 

community. Infaunal communities are comprised of many species (Edgar et al. 1994; 

Skilleter et al. 2007; Liao et al. 2016), and they play important roles in seagrass 

ecosystems, from affecting the rate at which organic matter and nutrients are passed 

through the detrital cycle, to acting as a source of prey for numerous consumers, such 

as juvenile fishes. Infauna therefore affect the rate at which energy and nutrients may 

be transferred through seagrass food webs. As green turtle populations increase, more 

seagrass will be consumed, and greater areas of seagrass meadows will be returned to 

a naturally grazed state. Our results demonstrate that grazing affects infaunal 

communities and can lead to a decrease in abundance. Given the roles infauna play in 

seagrass ecosystems, effects on these communities should be taken into account when 

evaluating the effects of green turtles in seagrass habitats.  

  



 
 

125 
 

Table 5-1. Results of linear mixed-effects models evaluating effects of experimental 
clipping on individual infaunal groups (and crab claws) during the 16-month 
experiment. Significant results are in bold and denoted with an (*). In all cases 
of a significant effect of treatment, abundance was lower in clipped plots than 
reference plots (except Crab claws, for which abundance was greater in 
clipped plots).  

Group df F p   

Nematodes     

Time 2, 41 0.14 0.87  

Treatment 1, 41 17.40 <0.01 * 

time:treatment 2, 41 0.32 0.73  

Non-nematode Aschelminthes     

Time 2, 41 4.06 0.02 * 

Treatment 1, 41 1.56 0.22  

time:treatment 2, 41 1.08 0.35  

Polychaetes     

Time 2, 41 3.47 0.04 * 

Treatment 1, 41 13.30 <0.01 * 

time:treatment 2, 41 1.14 0.33  

Oligochaetes     

Time 2, 41 3.33 0.05 * 

Treatment 1, 41 1.77 0.19  

time:treatment 2, 41 1.46 0.24  

Gastropods     

time 2, 41 2.14 0.13  

treatment 1, 41 6.72 0.01 * 

time:treatment 2, 41 0.40 0.67  

Bivalves     

time 2, 41 3.63 0.04 * 

treatment 1, 41 0.78 0.38  

time:treatment 2, 41 3.83 0.03 * 

Peracarids     

time 2, 41 3.54 0.04 * 

treatment 1, 41 19.26 <0.01 * 

time:treatment 2, 41 2.75 0.08   
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Table 5-1. Continued. 

Group df F p   

Copepods     

time 2, 41 3.30 0.05 * 

treatment 1, 41 9.80 <0.01 * 

time:treatment 2, 41 0.27 0.76  

Ostracods     

time 2, 41 0.36 0.70  

treatment 1, 41 3.20 0.08  

time:treatment 2, 41 0.12 0.89  

Isopods     

time 2, 41 0.39 0.68  

treatment 1, 41 4.76 0.03 * 

time:treatment 2, 41 0.68 0.51  

Decapods     

time 2, 41 1.08 0.35  

treatment 1, 41 3.64 0.06  

time:treatment 2, 41 0.48 0.62  

Crab claws     

time 2, 41 6.07 <0.01 * 

treatment 1, 41 6.89 0.01 * 

time:treatment 2, 41 1.97 0.15   
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Table 5-2. Results of the permutational multivariate analysis of variance 
(PERMANOVA) evaluating infaunal community composition using Bray-Curtis 
distances. Differences in community composition between clipped and 
reference plots were evaluated over the course of the clipping experiment (full 
model), as well as between treatments (i.e. no time component) at zero 
months (pre-clipping) and 16 months (end of the clipping experiment). 
Infaunal communities differed in their composition both throughout and at the 
end of the experiment but did not differ prior to experimental clipping. 
Significant results are in bold and denoted with an (*).  

  df MS F p   

Full Model      

treatment 1 0.95 7.67 <0.01 * 

time 2 0.20 1.58 0.10  

treatment:time 2 0.16 1.32 0.20  

Residuals 42 0.12    

Total 47         

Zero Months      

treatment 1 0.13 0.94 0.47  

Residuals 14 0.14    

Total 15     

Sixteen months      

treatment 1 0.43 4.97 0.01 * 

Residuals 14 0.09    

Total 15         
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Table 5-3. Results of linear mixed-effects models evaluating differences in abundance 
between experimentally clipped and unclipped reference plots after 16 
months of clipping for all infaunal groups (plus crab claws) and total infauna 
abundance. Significant results are in bold and denoted with an (*). Nematode, 
peracarid, and total infauna abundance were all significantly lower in clipped 
plots than reference plots at the end of the experiment.  

Group df F p   

Individual infaunal groups     

Nematodes 1, 13 16.16 <0.01 * 

Non-nematode Aschelminths 1, 13 0.51 0.49  

Polychaetes 1, 13 1.96 0.19  

Oligochaetes 1, 13 0.00 1.00  

Gastropods 1, 13 0.68 0.42  

Bivalves 1, 13 1.62 0.23  

Peracarids 1, 13 9.39 0.01 * 

Copepods 1, 13 2.15 0.17  

Ostracods 1, 13 3.36 0.09  

Isopods 1, 13 1.30 0.27  

Decapods 1, 13 1.34 0.27  

Crab claws 1, 13 3.06 0.10  

     

Total infauna abundance 1, 13 9.55 0.01 * 
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Table 5-4. Seagrass meadow characteristics in experimentally clipped and unclipped 
reference plots during the experiment. Data are mean ± SE of the eight plots 
sampled for each treatment. 

Treatment Blade length Blade width Shoot density AG biomass BG biomass 

  cm cm shoots m-2 g DM m-2 g DM m-2 

Pre-clipping      

0 months      

Clipped 12.6 ± 0.4 0.7 ± 0.0 599.3 ± 16.5 80.7 ± 5.8 682.5 ± 79.5 

Reference 12.2 ± 1.0 0.7 ± 0.0 579.3 ± 29.6 79.6 ± 2.8 590.7 ± 94.1 

Post-clipping      

2 months      

Clipped 8.0 ± 0.3 0.6 ± 0.0 697.3 ± 42.3 30.8 ± 2.2 748.8 ± 108.6 

Reference 12.5 ± 0.7 0.7 ± 0.0 772.0 ± 38.7 63.2 ± 5.2 715.1 ± 59.0 

6 months      

Clipped 2.9 ± 0.3 0.6 ± 0.0 668.0 ± 41.1 15.1 ± 0.7 797.1 ± 156.5 

Reference 11.9 ± 0.6 0.7 ± 0.0 716.0 ± 45.3 59.3 ± 4.6 837.4 ± 110.4 

11 months      

Clipped 4.0 ± 0.5 0.6 ± 0.0 732.7 ± 46.1 25.9 ± 2.1 572.0 ± 97.4 

Reference 11.7 ± 0.4 0.7 ± 0.0 779.3 ± 50.7 60.4 ± 4.1 756.8 ± 164.7 

16 months      

Clipped 4.5 ± 0.2 0.6 ± 0.0 698.0 ± 43.8 14.0 ± 0.6 718.4 ± 178.5 

Reference 13.9 ± 0.6 0.7 ± 0.0 761.3 ± 48.2 67.6 ± 4.2 657.8 ± 111.6 

AG: aboveground; BG: belowground; DM: dry mass 
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Table 5-5. Sediment characteristics in experimentally clipped and unclipped reference 
plots in the seagrass meadow during the experiment. Data are mean ± SE of 
the eight plots sampled for each treatment.  

Treatment Detrital depth OM Sand Silt Clay 

  cm % % % % 

Pre-clipping      

0 months      

Clipped 1.9 ± 0.2 4.6 ± 0.2 85.7 ± 1.3 11.4 ± 1.2 2.9 ± 0.2 

Reference 1.9 ± 0.1 4.5 ± 0.1 84.1 ± 1.5 13.0 ± 1.2 2.8 ± 0.3 

Post-clipping      

2 months      

Clipped 3.5 ± 0.5 4.7 ± 0.1 84.5 ± 2.4 12.0 ± 2.1 3.4 ± 0.4 

Reference 4.0 ± 0.6 4.7 ± 0.1 87.0 ± 1.4 10.1 ± 1.3 3.0 ± 0.3 

6 months      

Clipped 2.7 ± 0.2 4.7 ± 0.1 74.1 ± 0.8 22.9 ± 0.9 3.0 ± 0.2 

Reference 3.0 ± 0.3 4.8 ± 0.1 73.6 ± 0.9 23.5 ± 0.9 2.9 ± 0.3 

11 months      

Clipped 2.4 ± 0.2 4.3 ± 0.1 73.3 ± 1.3 23.5 ± 1.4 3.2 ± 0.3 

Reference 2.9 ± 0.2 4.7 ± 0.1 71.7 ± 2.1 24.3 ± 1.9 4.0 ± 0.4 

16 months      

Clipped 2.7 ± 0.2 4.7 ± 0.1 76.0 ± 2.7 19.6 ± 2.1 4.4 ± 0.7 

Reference 3.5 ± 0.3 4.7 ± 0.1 76.7 ± 3.3 18.5 ± 2.7 4.7 ± 0.6 

OM: organic matter 
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Figure 5-1. Total infauna abundance over the course of the 16-month clipping 

experiment in clipped (open points) and reference (closed points) plots. Data 
are mean ± SE. Abundance was significantly different between clipped and 
reference plots at 16 months (LME; F1,13 = 9.6, p = 0.01). Sampling at zero 
months was prior to clipping initiation.  
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Figure 5-2. Abundance of individual infaunal groups (and crab claws) over the course of 

the 16-month clipping experiment in clipped (open points) and reference 
(closed points) plots. Data are mean ± SE. Abundance was significantly 
different between clipped and reference plots at 16 months for nematodes 
and peracarids (Table 5-3). Sampling at zero months was prior to clipping 
initiation.  
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Figure 5-3. Simpson’s Diversity Index of the infaunal communities in clipped (open 

points) and reference (closed points) plots over the course of the 16-month 
clipping experiment. Data are mean ± SE. Diversity was not significantly 
affected by clipping over the course of the experiment. Sampling at zero 
months was prior to clipping initiation.  
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Figure 5-4. Infaunal community composition. Percentage of the total infauna abundance 

that infaunal groups comprised at each sampling time during the experiment 
in clipped (left) and reference (right) plots. Infaunal community composition 
became significantly different between clipped and reference plots during the 
experiment (PERMANOVA; Table 5-2). NNA: non-nematode aschelminthes. 
The ‘Other’ category is comprised of organisms that occurred infrequently and 
at very low abundances (e.g. tube worms). Sampling at zero months was 
prior to clipping initiation.  
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Figure 5-5. Relationships between total infauna abundance and aboveground seagrass 

biomass (a) and the organic matter content of the surface sediments (b). 
Open points are clipped plots and closed points are reference plots. While 
linear regression was significant for each relationship (solid lines; a: R2 = 
0.15, p < 0.01; b: R2 = 0.04, p = 0.04), neither variable explained much of the 
variation in abundance. Abundance data were square-root transformed prior 
to analysis. High aboveground biomass values for open data points in (a) are 
from clipped plots prior to clipping (0 months).  
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CHAPTER 6 
FINAL THOUGHTS AND FUTURE DIRECTIONS 

What Have We Learned? 

 Green turtles play important roles in the tropical and subtropical seagrass 

ecosystems in which they forage. Their distinct grazing strategy, in which turtles 

uniformly crop the seagrass blades within an area to a short height above the sediment 

surface, and subsequently re-graze the same area, structurally alters seagrass 

meadows in a way unlike that of other seagrass grazers. Green turtles may graze like 

this because it stimulates new tissue growth within these grazing patches that is higher 

in nutrient content than the surrounding ungrazed seagrass blades (Bjorndal 1980; 

Moran and Bjorndal 2007), but this grazing strategy also has effects that cascade 

through the seagrass ecosystem. Grazing directly affects the structure and productivity 

of the seagrass (Moran and Bjorndal 2005), and through these structural changes 

grazing can indirectly affect the seagrass species composition of the meadow (Lal et al. 

2010; Hernández and van Tussenbroek 2014) as well as the diversity of the seagrass 

and macroalgae community (Hearne et al. 2019). Reductions in the structural 

complexity of the aboveground canopy can also alter the species and abundance of 

fauna inhabiting or using grazed areas. These effects of grazing focus on the flora and 

fauna of meadows, however, and have left open opportunities to further explore the 

effects of grazing on physical and chemical properties and processes within seagrass 

ecosystems.  

 Studies of physical and chemical processes within meadows to date have 

generally focused on the benefits provided by, or effects of, the presence of seagrass 

compared to unvegetated areas (e.g. Gacia and Duarte 2001; Barrón et al. 2006). The 
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studies comprising this dissertation are the first to investigate and experimentally test 

the effects of grazing on carbon dynamics within seagrass meadows naturally grazed by 

green turtles, sometimes with surprising results. 

 Seagrass meadows form some of the most productive ecosystems in the world, 

in part due to their high rates of metabolism (Duarte et al. 2010). In Chapter 2 we 

investigated the effects of green turtle grazing on the metabolic carbon dynamics of a 

seagrass ecosystem in Little Cayman, Cayman Islands. We measured metabolic rates 

of the ecosystem over time following experimental clipping to simulate grazing, and 

corroborated results from this experiment with metabolic rates measured in a nearby 

seagrass meadow that was actively grazed by green turtles. I had hypothesized that 

metabolic rates would be lower in areas grazed by turtles (clipped or grazed) compared 

to ungrazed areas of seagrass, as a result of less photosynthetic biomass present in 

grazed areas, which we did observe. However, I had further hypothesized that following 

removal of the seagrass canopy, surface sediments would receive greater oxygen input 

from the water column and stimulate benthic microbial respiration, leading to an 

increase in benthic remineralization and a metabolic loss of stored carbon. Our results 

did not support this, however. Production and respiration responded proportionally to 

grazing, and the meadow remained net autotrophic, demonstrating that grazing did not 

lead to a metabolic release of carbon in Little Cayman. 

 Though metabolism contributes to high rates of carbon capture, the majority of 

carbon within meadows is stored belowground in the sediments (Fourqurean et al. 

2012). In Chapter 3 we investigated how grazing affects the sediment carbon dynamics 

in seagrass meadows. From the same clipping experiment we conducted for Chapter 2, 
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we measured the erosion of the surface sediments in a meadow following the initial 

removal of the seagrass canopy. We also measured rates of sediment particle 

deposition and resuspension in a meadow that had been naturally grazed by turtles for 

more than a year. The methods for measuring these processes were adapted from 

previous studies (e.g. Gacia et al. 1999; Hu et al. 2015) which were important for 

demonstrating the sediment capture and retention capabilities of seagrass meadows, 

but which had not been applied to grazed areas. Of all my chapters, the results of 

Chapter 3 were perhaps most surprising. I had hypothesized that erosion of surface 

sediment would increase following clipping, and that rates of sediment resuspension 

would be higher in grazed than ungrazed meadows. Specifically, when the aboveground 

seagrass canopy was removed, surface sediments would no longer be protected and 

become more vulnerable to loss. What we found was that sediment dynamics in grazed 

areas (clipped or natural) were no different from those in ungrazed seagrass areas, 

demonstrating that grazed seagrass meadows can be just as important for sediment 

retention (and all of its associated carbon) as ungrazed meadows.  

 Once we had experimentally shown that green turtle grazing does not 

necessarily lead to a loss of carbon reserves from a seagrass meadow, this led us to 

ask if this pattern also held in other meadows. My Chapter 4 was inspired by our results 

from Chapter 2, and we investigated metabolic carbon dynamics in meadows grazed by 

green turtles at five locations across the Greater Caribbean and Gulf of Mexico. As 

hypothesized, metabolic carbon capture rates were lower in grazed meadows than 

ungrazed meadows, but remained positive at all sites measured. Grazing had a 

consistent effect on the metabolic carbon dynamics across meadows in this region. The 
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strength of this response to grazing was not the same across all sites, however, and 

investigating drivers of these differences among meadows presents an exciting avenue 

for future research.   

 While more attention has been give to the effects of grazing on species 

composition within meadows than physical and chemical processes, there are still many 

aspects of meadow communities yet to be investigated in meadows grazing by green 

turtles. In chapter 5, we present the first study to experimentally investigate the effects 

of green turtle grazing on the invertebrate infaunal community of a seagrass ecosystem. 

Skilleter et al. (2007) measured how infauna communities were affected within dugong 

grazing trails, but the green turtle grazing strategy is distinct from that of other seagrass 

grazers, and may therefore have different effects on these infaunal communities. In our 

experiment, we had hypothesized that simulated green turtle grazing would lead to a 

reduction in infaunal abundance within clipped areas and lead to a shift in the 

composition of the community. Our results offered support for both hypotheses. Total 

infaunal abundance decreased in plots within two months of clipping initiation, and at 

the end of the experiment, infaunal community composition differed between clipped 

and reference plots.  

 Taken together, the results of these chapters further our understanding of the 

effects that green turtle grazing has on ecological dynamics within seagrass meadows. 

Through two independent experiments investigating separate aspects of ecosystem 

carbon dynamics—metabolic and physical sediment processes—we have reached a 

similar conclusion: green turtle grazing does not stimulate a direct release of carbon 

stored in Caribbean seagrass ecosystems. Reduced rates of metabolic carbon capture 
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within grazing patches may result in a future reduction in carbon sequestration rates, 

but carbon already stored within meadows will not suddenly be lost following grazing. 

The effects that grazing has on the infaunal communities within meadows may also lead 

to further indirect effects on ecosystem processes, such as organic matter recycling and 

energy transfer.  

This dissertation research demonstrates that the current paradigm for viewing 

seagrass meadows as either vegetated or unvegetated is in need of an update. At the 

very least, grazed meadows need to be added to the picture, as we have shown here 

that ecological processes within grazed meadows do not operate entirely like those in 

either ungrazed or unvegetated areas, but fall somewhere in between. This is likely still 

an oversimplification of meadows however, which should instead be viewed along a 

continuum from ungrazed seagrass to unvegetated sediment, with various degrees of 

grazing in between.  

Implications for Green Turtle Grazing 

 Carbon sequestration and the storage capacities of seagrass meadows have 

gained considerable attention in the literature in recent decades (Duarte et al. 2005; 

McLeod et al. 2011; Fourqurean et al. 2012). More recently, the importance of seagrass 

meadows, and even their possible use/protection to help mitigate global climate change 

(Marbà et al. 2015; Macreadie et al. 2017), has begun to make its way to the attention 

of the wider public and mainstream media. This focus on carbon sequestration and 

storage has led to the suggestion of helping recover predator populations to control 

grazer population sizes so as to prioritize the protection of carbon stocks as a 

conservation strategy (Atwood et al. 2015).  
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 While we have shown that rates of metabolic carbon capture are lower in areas 

grazed by turtles than areas left ungrazed, we have also shown—independently for 

metabolic carbon dynamics and sediment carbon dynamics—that grazing did not 

stimulate a release of carbon stored in the meadow prior to grazing. These results of 

ours suggest that increasing grazer population sizes and protecting carbon stocks do 

not need to be mutually exclusive conservation strategies for seagrass ecosystems. 

Protection of belowground carbon stores can remain a viable conservation strategy for 

seagrasses without having to reduce or exclude herbivores from the system. 

Throughout the preceding chapters of this dissertation, we have shown there are 

numerous effects of grazing beyond direct effects to the seagrass, and these indirect 

and cascading effects of grazing should be taken into account when planning the 

conservation of seagrass habitats.  

Looking Forward 

 The importance of green turtle grazing, and its ecological role within seagrass 

meadows, is well known (e.g. Valentine and Duffy 2006; Heithaus 2013). However, 

there are still many aspects of seagrass meadow ecology that have received little 

attention in regard to the effects of grazing. The preceding chapters fill in some of the 

gaps in our knowledge on how ecosystem processes are affected within grazed 

meadows, but there are still many questions to be answered. Does grazing in meadows 

in other regions of the world have similar effects to those in the Greater Caribbean? Do 

seagrass meadows in deeper waters respond to grazing in similar ways to shallow, 

coastal meadows? Does grazing within meadows dominated by small, fast-growing 

seagrass species (e.g. Halophila spp.) have similar effects to those in the Thalassia 

testudinum-dominated meadows of the Caribbean? This last question is particularly 
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important given the current invasion of Caribbean meadows by the seagrass Halophila 

stipulacea (Willette et al. 2014). If it continues to outcompete the native species and 

reduce available T. testudinum grazing habitat (Christianen et al. 2018), green turtles 

may be forced to choose between feeding on this invader, or moving to a new habitats.  

We know considerably more about the effects of green turtle grazing on seagrass 

meadow carbon dynamics than we did before. Further studies of green turtle grazing 

are needed, however, to gain a more complete understanding of the effects of this 

circumglobal species in coastal habitats. Grazing studies from regions of the world 

beyond the Caribbean, and from meadows dominated by seagrasses other than T. 

testudinum—including both local (e.g. single location) experimental studies and large-

scale, regional comparisons—will be particularly beneficial for our understanding of the 

roles of green turtles in seagrass meadows.  

There are plenty more questions to ask, and I am excited for all the science yet 

to come. Through all that I have learned during this dissertation, I am left feeling 

optimistic about the future of green turtles and seagrass ecosystems as we prepare for 

more seagrass to return to a natural grazed state.  
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APPENDIX 
CHAPTER 4 SUPPLEMENTAL INFORMATION 

Table A-1. Shoot densities for Thalassia testudinum, Halophila stipulacea, Syringodium filiforme, and Halodule wrightii 
seagrass species, total seagrass shoot density, and total macroalgae density from all meadows at all sites. 
Values are mean ± SD.  

Site Meadow 
Thalassia 

density 
Halophila 

density 
Syringodium 

density 
Halodule 

density Total seagrass 
Total 

macroalgae 

    shoots m-2 shoots m-2 shoots m-2 shoots m-2 shoots m-2 thalli m-2 

Bonaire        

Lac Cai Beach Grazed 741.3 ± 126.3 - - - 741.3 ± 126.3 - 

 Ungrazed 954.7 ± 93.7 - - - 954.7 ± 93.7 40.0 ± 67.7 

 H. stipulacea 400.0 ± 189.7 3450.0 ± 731.4 - - 3850.0 ± 806.8 - 

NW Lac Bay Grazed 237.3 ± 44.6 - - - 237.3 ± 44.6 5.3 ± 13.1 

 H. stipulacea 150.0 ± 151.7 3333.3 ± 637.7 - - 3483.3 ± 549.2 33.3 ± 81.6 

St. Croix        

Buck Island Grazed 886.4 ± 124.2 - 1020.8 ± 164.5 57.6 ± 66.5 1964.8 ± 226.1 3.2 ± 7.2 

 Ungrazed 851.2 ± 328.6 - 1555.2 ± 474.6  2406.4 ± 250.1 6.4 ± 8.8 

 H. stipulacea - 3540.8 ± 1117.9 60.0 ± 134.2 132.8 ± 262.6 3733.6 ± 1249.4 - 

Little Cayman        

Grape Tree Bay Grazed 906.7 ± 130.2 - 50.7 ± 87.3 - 957.3 ± 148.5 32.0 ± 36.5 

 Ungrazed 736.0 ± 73.0 - 282.7 ± 167.4 - 1018.7 ± 210.2 37.3 ± 24.1 

Eleuthera        

Arvida Bay Grazed 1437.3 ± 255.1 - 210.7 ± 197.4 - 1648.0 ± 392.7 13.3 ± 25.6 

 Ungrazed 1544.0 ± 164.7 - 509.3 ± 258.9 - 2053.3 ± 329.9 26.7 ± 29.8 

Half Sound Grazed 1429.3 ± 226.0 - 245.3 ± 127.5 - 1674.7 ± 316.7 16.0 ± 20.2 

 Ungrazed 1482.7 ± 152.7 - 293.3 ± 187.9 8.0 ± 19.6 1784.0 ± 284.7 5.3 ± 8.3 

Florida        

North Rack Grazed 1184.0 ± 489.8 - 64.0 ± 42.3 37.3 ± 33.3 1322.7 ± 444.1 53.3 ± 24.4 

  Ungrazed 1146.7 ± 205.7 - 170.7 ± 24.4 69.3 ± 40.3 1386.7 ± 161.9 85.3 ± 51.4 
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Table A-2. Metabolic rates (GPP, RE, NEP) from grazed and ungrazed Thalassia 
testudinum meadows and Halophila stipulacea meadows from each sampling 
site. Values are mean ± SD of the three metabolic incubation chambers 
deployed in each meadow.  

Site Sampling date Meadow GPP RE NEP 

      mmol C m-2 d-1 

Bonaire      

Lac Cai Beach July 2018 Grazed 56.0 ± 7.5 17.9 ± 3.8 38.1 ± 11.2 

  Ungrazed 307.3 ± 51.5 196.7 ± 46.0 110.6 ± 45.5 

  H. stipulacea 232.3 ± 21.1 133.3 ± 44.3 98.9 ± 23.3 

NW Lac Bay July 2018 Grazed 51.7 ± 11.0 0.0 ± 0.0 51.7 ± 11.0 

  H. stipulacea 95.0 ± 38.8 33.8 ± 18.4 61.2 ± 22.6 

St. Croix      

Buck Island February 2018 Grazed 48.3 ± 16.7 5.3 ± 3.3 43.1 ± 15.1 

  Ungrazed 122.1 ± 14.2 24.3 ± 16.6 97.9 ± 30.7 

  H. stipulacea 84.3 ± 21.1 13.1 ± 12.3 71.1 ± 27.2 

Little Cayman      

Grape Tree Bay June 2016 Grazed 29.5 ± 6.7 7.9 ± 3.9 21.6 ± 8.3 

  Ungrazed 376.5 ± 107.0 177.9 ± 34.2 198.6 ± 89.0 

 July 2016 Grazed 36.1 ± 20.2 27.0 ± 42.5 9.1 ± 23.4 

  Ungrazed 358.0 ± 22.2 132.7 ± 10.3 225.3 ± 19.1 

 July 2016 Grazed 40.0 ± 14.9 22.2 ± 20.9 17.8 ± 14.9 

  Ungrazed 347.6 ± 50.0 170.6 ± 28.7 177.0 ± 68.3 

Eleuthera      

Arvida Bay August 2018 Grazed 91.7 ± 11.9 44.5 ± 23.4 47.1 ± 12.7 

  Ungrazed 200.8 ± 13.6 73.6 ± 23.1 127.2 ± 31.4 

Half Sound August 2018 Grazed 30.4 ± 13.3 9.8 ± 6.8 20.6 ± 17.6 

  Ungrazed 152.6 ± 11.2 88.3 ± 41.9 64.3 ± 30.8 

Florida      

North Rack May 2018 Grazed 50.5 ± 9.6 46.3 ± 4.5 4.2 ± 7.0 

    Ungrazed 131.2 ± 37.8 78.9 ± 37.1 52.3 ± 5.7 
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Figure A-1. Relationship between net ecosystem production and environmental 

temperature (a) and irradiance (b) from grazed (open points) and adjacent 
ungrazed (closed points) Thalassia testudinum seagrass meadows. NEP was 
not significantly related to temperature (R2 = 0.01, p = 0.70) or irradiance (R2 
< 0.01, p = 1.0).  
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Figure A-2. Relationship between rates of net ecosystem production after accounting for 

differences in aboveground seagrass biomass (unit NEP per unit biomass) 
and environmental temperature (a) and irradiance (b) from grazed (open 
points) and adjacent ungrazed (closed points) Thalassia testudinum seagrass 
meadows. Mass-specific NEP was not significantly related to either 
temperature (R2 < 0.01, p = 0.91) or irradiance (R2 = 0.01, p = 0.72).  
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