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Abstract
Populations of the green turtle (Chelonia mydas), a mega-herbivore that consumes seagrasses, are recovering worldwide. 
Understanding green turtle adaptations to herbivory and responses to changes in seagrass availability will be critical to 
interpreting plant–herbivore interactions as green turtle populations continue to rebound. Ingesta particle size and diet 
composition of two green turtle foraging aggregations (Bermuda, 32.3° N, 64.8° W; U.S. Virgin Islands [USVI], 17.8° N, 
64.6° W) in the Northwest Atlantic (NWA) were evaluated to assess the prevalence of herbivory across foraging sites and 
life stages, determine if there is an optimum ingesta particle size, and evaluate green turtle responses to changes in seagrass 
availability. Both aggregations were herbivorous (> 90% seagrass/algae) across size classes (straight carapace length, SCL). 
Ingesta particle size (mean ± SD) did not differ between Bermuda (2.6 ± 1.4 cm) and the USVI (2.3 ± 1.2 cm). Of seagrass 
leaves ingested, 20–30% were 1.7 cm in length, indicating a potential optimum for maximizing digestion rates. Turtle size 
(SCL) had a significant effect on particle size in Bermuda (p = 0.01, R2 = 0.16) (35.1 ± 9.9 cm SCL) but not in the USVI 
aggregation, which was comprised of larger turtles (49.0 ± 6.1 cm SCL). In Bermuda, there was no apparent response to the 
declines in seagrass availability. Ingesta particle size and volume of seagrass leaves did not decline from 2015 to 2019, nor 
was there an increase in volume of seagrass roots and rhizomes. These results indicate herbivory is prevalent across size 
classes at two NWA foraging sites and ingesta particle size has important implications for optimizing the green turtle grazing 
strategy and facilitating ontogenetic diet shifts to herbivory in juveniles. Ingesta particle size is a valuable tool for assessing 
green turtle responses to seagrass declines that should be interpreted within the context of population demographics.

Introduction

Recovery of mega-herbivore populations after decades to 
centuries of low abundance is occurring across terrestrial 
and aquatic ecosystems as a result of long-term conservation 
efforts (e.g. Subalusky et al. 2015; Christianen et al. 2021). 
For example, this phenomenon is occurring in a hippopota-
mus (Hippopotamus amphibius) population in Maasai Mara 
National Reserve in Kenya (Subalusky et al. 2015), among 
large-bodied ungulates in the savannas of Mozambique 
(Gaynor et al. 2020), and among green turtle (Chelonia 
mydas) populations across their global range (Mazaris et al. 
2017; Christianen et al. 2021). Many population recoveries 
are occurring in ecosystems that have been greatly altered by 
anthropogenic activity, and plant–herbivore interactions in 
these degraded systems remain largely understudied.

Marine mega-herbivores, including green turtles and 
sirenians (Families: Trichechidae and Dugongidae), have 
been severely overexploited by humans since the fifteenth 
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century and were once the primary consumers of seagrass 
biomass worldwide (Bjorndal 1997; Domning 2001). Green 
turtle populations in the Caribbean alone are estimated to 
have been reduced by 97% from historic levels (Jackson 
et al. 2001), and, until recently, were ecologically extinct 
throughout much of their global range.

Long-term conservation efforts over the past few decades 
are resulting in the recovery of many green turtle popula-
tions around the world (Chaloupka et al. 2008; Weber et al. 
2014; Mazaris et al. 2017) and the return of some seagrass 
meadows to a natural grazed state. However, seagrasses 
are rapidly declining globally due to several anthropogenic 
threats, including eutrophication, climate change, and 
coastal development (Orth et al. 2006; Waycott et al. 2009; 
Grech et al. 2012). Rebounding green turtle populations and 
the return of many seagrass meadows to a natural grazed 
state have raised concerns that some meadows may become 
overgrazed (Fourqurean et al. 2010, 2019; Kelkar et al. 2013; 
Christianen et al. 2014) with concomitant loss of some eco-
systems services (Heithaus et al. 2014; Atwood et al. 2015; 
James et al. 2020). Although recent efforts continue to reveal 
important insight into seagrass responses to increased graz-
ing pressure by green turtles (e.g. Johnson et al. 2017, 2020; 
Christianen et al. 2019; Gulick et al. 2020, 2021; Rodriguez 
and Heck 2020; Scott et al. 2020), an understanding of green 
turtle adaptations to herbivory and adaptations for maintain-
ing forage will be essential to interpreting green turtle–sea-
grass interactions as marine ecosystems continue to change.

Green turtles are the only herbivorous marine turtle, 
consuming mostly seagrasses and algae throughout much 
of their global range (Mortimer 1981; Esteban et al. 2020). 
Omnivory in this species can also occur (e.g. Seminoff et al. 
2002; Cardona et al. 2009; Williams et al. 2014; Burgett 
et al. 2018; Howell and Shaver 2021), particularly in forag-
ing aggregations that utilize colder habitats near the limits 
of their range (Esteban et al. 2020). There is also a shift from 
omnivory to herbivory (Reich et al. 2007; Jones and Sem-
inoff 2013; Burgett et al. 2018) associated with the ontoge-
netic habitat shift that occurs when green turtles recruit from 
oceanic habitats to neritic habitats (Bolten 2003; Reich et al. 
2007; Arthur et al. 2008).

In the Northwest Atlantic (NWA), juvenile green turtles 
recruit to neritic habitats at a body size of 20–25 cm and 
shift to seagrass-dominated diets (Bjorndal 1997). Green 
turtles in the NWA consume primarily Thalassia testudi-
num via a cultivation grazing strategy, in which they select 
distinct areas of seagrass, remove the upper/older por-
tions of the seagrass leaves from the area and allow them 
to float away, and then repeatedly crop the new growth at 
the leaf base when it reaches a few centimeters above the 
substrate (Bjorndal 1980; Williams 1988). Cultivation graz-
ing increases the nitrogen content and reduces lignin of T. 
testudinum leaves, yielding a higher nutrient diet for the 

turtle (Bjorndal 1980; Moran and Bjorndal 2007). Repeti-
tive cropping should also decrease ingesta particle size 
(Bjorndal 1980), or the size of T. testudinum leaves ingested 
by green turtles. The ability to reduce ingesta particle size 
and increase the surface area exposed to microbial activity 
is critical to maximizing digestive efficiency and rates of 
fermentation in herbivores (Bjorndal et al. 1990; Lanyon 
and Sanson 2006), particularly in reptiles that lack the abil-
ity to masticate (Fritz et al. 2010). Ingesta particle size and 
mechanisms for reduction have been overlooked in previous 
green turtle diet studies. Because of the allometry between 
body size and head width (a proxy for gape width) in sea 
turtles (Herrel et al. 2002; Marshall et al. 2014), green tur-
tles should be capable of increasing bite size as they grow, 
similar to other herbivores (Shipley et al. 1994). Reducing 
ingesta particle size via small bite size and/or cultivation 
grazing may optimize the green turtle foraging strategy by 
allowing energy requirements to be met on a low nutrient 
diet and may be critical to facilitating the transition to her-
bivory during the juvenile life stage.

Evaluating temporal and spatial trends in ingesta particle 
size, in addition to diet composition, may also be a poten-
tial tool for assessing green turtle responses to declines in 
seagrass availability at foraging sites. For example, if sea-
grass availability is declining and/or overgrazing by green 
turtles is occurring at a foraging site, the following should 
be observed in green turtle gut contents over time: (1) a 
decrease in ingesta particle size as the availability of sea-
grass tissue becomes limited; (2) a narrower range of values 
for ingesta particle size; (3) a decline in percent volume of 
seagrass leaves; (4) an increase in percent volume of sea-
grass roots and rhizomes (see Christianen et al. 2014) and 
other food sources. Spatial differences in ingesta particle 
size and diet composition within a green turtle foraging 
aggregation may also be useful for detecting changes in 
seagrass availability at foraging sites.

In light of green turtle recovery, evaluating ingesta parti-
cle size and diet composition of green turtle foraging aggre-
gations will add important context for understanding the 
prevalence of herbivory across foraging sites and life stages, 
the implications of ingesta particle size for supporting her-
bivory and green turtle growth rates, and how green turtles 
may respond to changes in seagrass availability. Although 
diet has been described for green turtles in the NWA (e.g. 
Mortimer 1981; Williams et al. 2014; Stringell et al. 2016; 
Herren et al. 2018; Burgett et al. 2018; Howell and Shaver 
2021) and worldwide (see review by Esteban et al. 2020), no 
studies have evaluated ingesta particle size, and most have 
focused on foraging aggregations near the regional limits of 
the species’ range.

In this study, we examined esophagus and stomach con-
tents collected from juvenile green turtles in Bermuda and 
the U.S. Virgin Islands (USVI) to address the following: (1) 
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Compare diet composition and ingesta particle size between 
aggregations in the center (USVI) and northern limit (Ber-
muda) of the species’ range in the NWA; (2) Determine if 
there is a potential optimum ingesta particle size for green 
turtles on seagrass diets; (3) Evaluate temporal changes and 
spatial differences in diet and ingesta particle size to assess 
green turtle responses to seagrass declines in Bermuda, 
using the USVI as a reference site.

Methods

Study areas

The Bermuda Platform (32.3° N, 64.8° W) in the Northwest 
Atlantic (NWA) surrounds the oceanic archipelago of Ber-
muda, and is approximately 1100 km off the eastern coast 
of the United States. The shallow platform has a subtropi-
cal climate and supports a variety of marine ecosystems, 
including seagrass meadows (depth range 0–15 m) that are 
dominated by Thalassia testudinum and Syringodium fili-
forme, and also support Halophila decipiens and Halodule 
sp. (Murdoch et al. 2007; Manuel et al. 2013). The species 
of Halodule that occurs in Bermuda has not been confirmed 
(see Manuel et al. 2013). Seagrasses are declining across 
the Bermuda Platform (Murdoch et al. 2007; Fourqurean 
et al. 2010), including meadows dominated by T. testudinum 
and S. filiforme. The Bermuda Platform provides critical for-
aging and developmental habitat for juvenile green turtles 
(Meylan et al. 2011) and is near the northern limit of the 
species’ range. This site is associated with the ontogenetic 
diet shift that occurs when oceanic juvenile green turtles 
recruit to neritic foraging grounds (Meylan et al. 2011; Bur-
gett et al. 2018).

Buck Island Reef National Monument (BIRNM) (17.8° 
N, 64.6° W) is a federal marine protected area off the coast 
of St. Croix, U.S. Virgin Islands (USVI) in the eastern Car-
ibbean. The monument boundaries encompass an unin-
habited island (0.71  km2) and 76.3  km2 of tropical marine 
habitats, including seagrass meadows (Pittman et al. 2008). 
Seagrass meadows at this site are relatively stable in long-
term coverage area (Kendall et al. 2004; Pittman et al. 2008), 
are distributed across shallow and deep habitats (depth range 
3–10 m), and are dominated by T. testudinum (Gulick et al. 
2020, 2021). Syringodium filiforme and Halodule wrightii 
are also common at this site. While seagrass meadows at 
BIRNM are relatively pristine and do not experience the 
effects of anthropogenic-driven events such as shoreline ero-
sion, eutrophication, or physical damage (i.e. anchoring), the 
early presence of an invasive seagrass (Halophila stipula-
cea) was documented during 2017 (National Park Service, 
unpublished data) at the time of sample collection for this 
study. BIRNM is an important foraging and nesting site for 

green turtles and is centrally located within the species’ 
range in the NWA. Seagrass meadows at BIRNM support an 
increasing foraging aggregation of juvenile and adult green 
turtles throughout the year (Hart et al. 2017; Griffin et al. 
2020; National Park Service, unpublished data). Prior to our 
study, green turtle diets at BIRNM had not been assessed 
beyond broad categories and consisted primarily of native 
seagrasses (Daniels and Hart 2016).

Sample collection

In Bermuda, green turtle esophagus and stomach contents 
were collected via necropsy from green turtles (n = 47) that 
stranded during 2015–2019. The following parameters were 
collected for each turtle: straight carapace length  (SCLmin; 
cm), mass (kg), sex, stranding location, and turtle condi-
tion.  SCLmin was measured from the midpoint of the anterior 
nuchal scute to the midpoint between the last pair of mar-
ginal scutes  (SCLmin in Bolten 1999). Sex was determined 
by examination of the gonad; a magnifying lens was used for 
smaller individuals. Because precise locations of foraging 
areas for stranded turtles could not be determined, stranding 
location was binned based on the coastline or sound in which 
the individual stranded as follows: Castle Harbour, Great 
Sound, Harrington Sound, Northern Coast, St. Georges Har-
bour, Western Coast, and undetermined. Stranding location 
was collected to assess whether spatial differences in diet 
and ingesta particle size could be a useful tool for evaluating 
green turtle responses to changes in seagrass availability. 
Because turtles likely drifted prior to collection (Cook et al. 
2021), and stranding locations may not necessarily corre-
spond to an individual’s foraging area, we used caution when 
interpreting our results relating to spatial effects on diet 
and particle size. Turtle condition at time of stranding was 
visually classified as alive (n = 11), freshly dead (n = 22), 
or moderately decomposed (n = 14)—gut content samples 
were collected postmortem. Individuals found alive at time 
of stranding died naturally within 1–2 days of the stranding 
date. Entire contents of the esophagus and stomach were 
collected during necropsy, as long as both digestive regions 
were intact (i.e. no damage or severe decomposition). Of the 
sampled turtles, diet contents were collected from individu-
als as follows: esophagus and stomach (n = 32), esophagus 
only (n = 3), stomach only (n = 12). Samples were stored in 
95% ethanol. Stranded turtles that had clearly succumbed to 
chronic health issues were not sampled.

In the USVI, esophagus contents were collected from 
live-captured green turtles (n = 31) via esophageal lavage 
during 2017–2018. The following parameters were collected 
from each turtle:  SCLn−t (cm), mass (kg), sex, and capture 
location. Sex and capture location were excluded from our 
analysis because sex could not be visually determined due 
to the immature status of most turtles, and the majority of 
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turtles were captured at the same capture location.  SCLn−t 
was measured from the midpoint of the anterior nuchal scute 
to the tip of the longest posterior marginal scute  (SCLn−t 
in Bolten 1999) and converted to  SCLmin using the for-
mula provided in Meylan et al. (2011). Esophagus samples 
(n = 31) were stored in salt water and frozen the day of col-
lection. Although the collection methods for diet samples 
differed between Bermuda (entire esophagus and stomach 
contents from necropsies of stranded turtles) and the USVI 
(esophageal lavage contents from live turtles), we do not 
think these differences affect our conclusions.

Diet composition and ingesta particle size

Each diet sample was rinsed with deionized water through 
a fine-mesh (1 mm) sieve and the components identified 
to the lowest possible taxonomic level using a magnifying 
lamp. Seagrasses were identified to species and included 
Thalassia testudinum, Syringodium filiforme, Halodule 
wrightii (Halodule sp. for Bermuda), and Halophila stipula-
cea (invasive in USVI). Recovered algae were often broken 
down and only distinguishable to the phylum level (Chlo-
rophyta, Rhodophyta). Animal matter was present in trace 
amounts (< 0.1 mL) and grouped into Invertebrata (tuni-
cates, sponges, molluscs) and Vertebrata (fish). We did not 
identify specific taxa for animal matter given its presence in 
trace amounts—gelatinous invertebrates were not detected. 
Mangrove tissue (fragments of leaves and propagules) and 
unidentified tissue (plant and animal combined) were also 
present in trace amounts. Volume of each sample and its 
respective diet components were determined via water dis-
placement in graduated cylinders to the nearest 0.1 mL. 
Percent volume (mean ± standard deviation, coefficient of 
variation), frequency of occurrence (% frequency), and index 
of relative importance (IRI) were determined for each diet 
component. IRI was calculated using the modified formula 
for herbivores provided by Bjorndal et al. (1997); this index 
is a reliable measure for ranking relative importance of diet 
categories because it integrates frequency of occurrence 
and volume. For Bermuda samples, percent volume of diet 
components was determined by combining esophagus and 
stomach samples from each turtle because there was no dif-
ference in the percent volume of diet components between 
the two regions.

Ingesta particle size of ingested T. testudinum leaves, if 
present, was determined by measuring the length (to the 
nearest 0.1 cm) of up to 30 randomly selected leaves in each 
esophagus and stomach sample for each turtle. We focused 
our measurements of particle size on only T. testudinum 
leaves because it is the dominant seagrass species (van Tus-
senbroek et al. 2014) and primary diet item for green turtles 
in the NWA (see review by Esteban et al. 2020). All leaves 
in a sample were measured if fewer than 30 were available. 

Leaf width (to the nearest 0.1 cm) was also measured (Fig. 
S2), but because leaf width was relatively constant (range 
0.2–1.0 cm) when compared to leaf length, we assumed it 
was unlikely to affect turtle bite size and thereby simplified 
“ingesta particle size” to refer to leaf length only. Measure-
ments of ingested T. testudinum leaves recovered from the 
esophagus and stomachs of green turtles is a reliable metric 
for ingesta particle size. Like all reptiles, green turtles do not 
masticate (Fritz et al. 2010) and the significant breakdown 
of cellulose, the major structural carbohydrate in seagrass 
leaves, does not occur until food items reach the cecum and 
colon and are digested via microbial hindgut fermentation 
(Bjorndal 1979). For Bermuda samples, ingesta particle 
size was determined by combining measurements from the 
esophagus and stomachs of individuals because there was no 
difference in T. testudinum leaf length or leaf width between 
digestive regions.

Head width and body size

To aid in the interpretation of our results for the effects of 
 SCLmin on ingesta particle size, we used a long-term dataset 
from a green turtle foraging aggregation in Union Creek, 
Great Inagua, Bahamas (21.2° N, 73.6° W) to evaluate the 
relationship between green turtle (n = 616) head width (cm) 
and  SCLmin (cm). Head width is a proxy for gape width 
(Herrel et al. 2002; Marshall et al. 2014), which is known to 
affect bite size and ingesta particle size in other herbivores 
(e.g. Shipley et al. 1994). Head width was measured across 
the widest part of the head of each turtle.  SCLmin was meas-
ured from the midpoint of the anterior nuchal scute to the 
midpoint between the last pair of marginal scutes  (SCLmin 
in Bolten 1999). Head width was not measured in Bermuda 
and USVI.

Statistical analysis

Analyses were performed in R version 4.0.1 (R Core Team, 
2020) using the ‘dplyr’ package (Wickham et al. 2020). 
Non-parametric tests of group differences (Mann–Whitney 
U Tests) were used to compare green turtle diet composition 
(percent volume) and ingesta particle size (T. testudinum 
leaf length) between Bermuda and the USVI. The distribu-
tions of particle size at each site were also compared using 
a Kolmogorov–Smirnov test.

The effects of year, stranding location, sex, and  SCLmin 
(5-cm bins) on percent volume of diet items in Bermuda 
were assessed using nonparametric tests of group differences 
[Kruskal Wallis Rank Sums with Dunns (posthoc) Tests]. 
In the USVI, effects of year and  SCLmin on percent volume 
of diet items were assessed using Mann–Whitney U Tests 
and Kruskal–Wallis Rank Sums with Dunns Tests, respec-
tively. Similarly, the effects of year and stranding location 
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(Bermuda only) on ingesta particle size at each site were 
evaluated using Kruskal Wallis and Mann–Whitney Tests. 
Effect of  SCLmin on ingesta particle size was evaluated using 
linear regression models. Because there was a strong rela-
tionship between  SCLmin and body mass for both aggrega-
tions (Fig. S1), the effects of mass on diet composition and 
ingesta particle size were not assessed. The relationship 
between maximum head width and  SCLmin in green turtles 
from a foraging aggregation in The Bahamas was evaluated 
using linear regression.

Results

Characterization of green turtles

Green turtle diet in Bermuda was characterized through 
the analysis of esophagus and stomach contents recov-
ered from stranded turtles. Esophagus and stomach sam-
ples were combined for individuals that had both samples 
because there was no difference in the percent volume of 
diet components between the two gut regions. Diet sam-
ples were collected from 47 individuals during 2015–2019 
(2015, n = 5; 2016, n = 8; 2017, n = 13; 2018, n = 14; 2019, 
n = 7), of which, 24 individuals were females, 18 males, and 
5 undetermined. Mean (± SD)  SCLmin of Bermuda green 
turtles was 35.1 ± 9.9 cm (range 21.4–58.4; median 32.2) 
(Fig. 1a). Mean turtle mass was 6.1 ± 5.7 kg (range 0.9–20.9; 
median 3.7). The numbers of individuals sampled by strand-
ing location are as follows: Castle Harbour (n = 4), Great 
Sound (n = 16), Harrington Sound (n = 3), Northern Coast 
(n = 6), St. Georges Harbour (n = 4), Western Coast (n = 10), 
and undetermined (n = 4).

Green turtle diet in the USVI was evaluated through the 
analysis of esophagus contents collected by lavage from 
live-captured turtles. Diet samples were collected from 31 
individuals during 2017 (n = 11) and 2018 (n = 20). Mean 
 SCLmin of USVI green turtles was 49.0 ± 6.1 cm (range 

39.2–60.7; median 48.6) (Fig. 1b). Mean turtle mass was 
16.8 ± 7.0 kg (range 7.5–33.5; median 15.2).

Diet composition

Diet of Bermuda green turtles is largely herbivorous (94% 
seagrass and algae) (Table  1). Seagrasses constituted 
92 ± 21% volume (100% frequency) of the diet, with T. tes-
tudinum leaves (41 ± 45% volume; 75% frequency; 53.0 IRI) 
and S. filiforme leaves (35 ± 42% volume; 55% frequency; 
33.6 IRI) as the dominant items. Root and rhizome tissue 
from T. testudinum occurred in 26% of Bermuda diet sam-
ples, but made up only 8 ± 22% of the volume. Algae com-
prised 2 ± 14% volume of the diet, with Chlorophyta spp. 
(including Halimeda spp.) as the dominant phylum present. 
Animal matter, primarily invertebrate tissue (tunicates, 
sponges, molluscs), accounted for 5 ± 17% volume of the 
diet and was low in relative importance (2.6 IRI). Vertebrate 
tissue from a single fish was detected in the digestive tract 
of one turtle. Trace amounts (< 0.1 mL) of mangrove tissue 
(leaves and propagules) were also detected.

SCLmin and sex of green turtles did not affect diet com-
position (% volume) in Bermuda, and temporal and strand-
ing location effects on diet composition during 2015–2019 
were minimal. There was a significant effect of stranding 
location on percent volume of Halodule sp. leaves (p = 0.03, 
df = 5, χ2 = 12.0; Kruskal–Wallis) and a marginal year effect 
on the percent volume of S. filiforme leaves (p = 0.05, df = 4, 
χ2 = 9.3; Fig. 2c). There were no temporal or stranding loca-
tion effects on percent volume of the primary diet item, T. 
testudinum leaves (Fig. 2a). In addition, percent volume of T. 
testudinum roots and rhizomes was not significantly affected 
by year or stranding location, but did exhibit an increasing 
trend during 2015–2019 (p = 0.08, df = 4, χ2 = 8.5; Fig. 2b).

Green turtle diet in the USVI is also herbivorous (97% 
seagrass/algae; Table 1). Since green turtle diets prior to 
2017 consisted mostly of native seagrasses (Daniels and 
Hart 2014) and the invasion of H. stipulacea was recent 
(estimated 2017; NPS unpublished data), we first evaluated 

Fig. 1  Size class frequency 
distribution of green turtles 
in A Bermuda (n = 47) and 
B Buck Island Reef National 
Monument, St. Croix, U.S. 
Virgin Islands (n = 31). Straight 
carapace length  (SCLmin) was 
measured from the midpoint of 
the anterior nuchal scute to the 
midpoint between the last pair 
of marginal scutes
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the diet of USVI green turtles without considering the pres-
ence H. stipulacea (Table 1) to facilitate comparison of the 
primary diet items to Bermuda. Without considering H. stip-
ulacea (* denotes units that exclude this species), seagrass 
leaves from S. filiforme (40 ± 39% vol*; 72% freq*; 45.7 
IRI*), H. wrightii (33 ± 36% vol*; 79% freq*; 41.2 IRI*), 
and T. testudinum (16 ± 30% vol*; 34% freq*; 8.9 IRI*) are 
the primary diet items. When considering the presence of 
H. stipulacea (Table 1), green turtle diets are dominated 
by seagrass leaves from H. stipulacea (45 ± 37% vol; 74% 
freq; 50.9 IRI), H. wrightii (20 ± 31% vol; 74% freq; 23.2 
IRI), S. filiforme (18 ± 23% vol; 68% freq; 18.2 IRI), and 
T. testudinum (13 ± 26% vol; 32% freq; 6.2 IRI). Root and 
rhizome tissue from seagrasses were not found in any of the 
samples. Algae constituted 2 ± 10% volume of the diet, with 
Rhodophyta spp. as the dominant algae detected (specific 
taxa were not identified). Animal matter from invertebrates 

(molluscs only) accounted for 1 ± 3% volume of the diet; 
vertebrate tissue was not detected. Temporal effects on green 
turtle diet composition (% vol; H. stipulacea included), dur-
ing 2017–2018 in the USVI were minimal, with a signifi-
cant effect of year on percent volume of H. wrightii leaves 
(p = 0.03, U = 162; Mann–Whitney).  SCLmin did not affect 
diet composition.

Diet composition of green turtle foraging aggregations 
in Bermuda and USVI was very similar when assessed by 
broad diet categories (herbivorous; > 90% seagrass and 
algae). Although the use of two sample collection meth-
ods (gut contents collected from necropsies of stranded 
turtles versus esophageal lavage from live turtles) could 
have affected prey diversity, this would not have affected 
our overall conclusion that both aggregations are herbivo-
rous because the breakdown of plant matter does not occur 
until food items reach the cecum and colon (Bjorndal 1979). 

Table 1  Percent volume (mean ± SD, (coefficient of variance)), frequency of occurrence (% freq), and index of relative importance (IRI) of diet 
categories for green turtles in Bermuda and U.S. Virgin Islands (USVI)

Bold values indicate p-values that are statistically significant (p < 0.05)
Animal matter includes invertebrates (tunicates, sponges, molluscs) and vertebrates (fish); unidentified refers to plant and animal matter com-
bined; amounts less than 0.1 mL are classified as “trace”; H. stipulacea is invasive to the Caribbean. p values correspond to site comparisons 
(Mann–Whitney)

Diet item Bermuda (n = 47) USVI (n = 31) p USVI (n = 29) H. stipulacea 
excluded

p

% vol % freq IRI % vol % freq IRI % vol % freq IRI

Seagrass
 Thalassia testudinum
  Leaves 41 ± 45 (1.1) 74 53.0 13 ± 26 (2.1) 32 6.2 < 0.01 16 ± 30 (1.9) 34 8.9 < 0.01
  Rhizomes and roots 8 ± 22 (2.7) 26 3.7 0 0 0 < 0.01 0 0 0 < 0.01

 Syringodium filiforme
  Leaves 35 ± 42 (1.2) 55 33.6 18 ± 23 (1.3) 68 18.2 0.61 40 ± 39 (1.0) 72 45.7 0.30
  Rhizomes and roots 0.3 ± 1.0 (3.0) 17 0.1 0 0 0 0.02 0 0 0 0.02

 Halodule wrightii (or sp.)
  Leaves 8 ± 24 (3.1) 47 6.3 20 ± 31 (1.5) 74 23.2 < 0.01 33 ± 36 (1.1) 79 41.2 < 0.01
  Rhizomes and roots 0.6 ± 3.0 (5.0) 6 0.1 0 0 0 0.16 0 0 0 0.17

 Halophila stipulacea
  Leaves 0 0 0 45 ± 37 (0.8) 74 50.9 < 0.01 – – – –
  Rhizomes and roots 0 0 0 0 0 0 – – – – –

 Total 92 ± 21 (0.2) 100 – 95 ± 12 (0.1) 100 – 0.96 89 ±  20 (0.2) 100 – 0.59
Algae
 Chlorophyta spp. 2 ± 13 (6.8) 11 – 0.5 ± 1.3 (2.9) 13 – 0.69 1 ± 4 (2.9) 14 – 0.61
 Rhodophyta spp. 0.3 ± 1.4 (4.7) 6 – 2 ± 10 (5.6) 3 – 0.57 3 ± 14 (5.4) 3 – 0.62
 Total 2 ± 14 (6.4) 15 0.6 2 ± 10 (4.5) 16 0.6 0.78 4 ± 15 (3.7) 17 1.2 0.66

Animal matter
 Invertebrata 5 ± 14 (3.0) 28 – 1 ± 3 (1.9) 29 – 0.79 5 ± 9 (1.9) 31 – 0.60
 Vertebrata 0.6 ± 4.3 (6.9) 2 – 0 0 – 0.43 0 0 – 0.45
 Total 5 ± 17 (3.1) 28 2.6 1 ± 3 (1.9) 29 0.7 0.79 5 ± 9 (1.9) 31 2.3 0.60

Other
 Mangrove Trace (3.7) 9 0 0 0 0 – 0 0 0 –
 Unidentified 0.2 ± 0.5 (3.3) 21 0.1 1 ± 3 (2.5) 19 0.3 0.85 3 ± 7 (2.6) 21 0.9 0.70
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Significant differences in diet composition were found when 
comparing the % volume of specific diet items between 
sites, particularly at the species level for ingested seagrasses 
(Table 1). Thalassia testudinum leaves was a major item in 
Bermuda green turtle diets when compared to USVI green 
turtles (p < 0.01; Table 1), whereas H. wrightii leaves* was 
the most prevalent native seagrass species in USVI green 
turtles when compared to Bermuda (p < 0.01; Table 1). Sea-
grass root and rhizome tissue was only present in green turtle 

diets in Bermuda, and not in the USVI. Because there was 
no effect of  SCLmin on percent volume of seagrass root and 
rhizome tissue consumed by turtles in Bermuda, and the 
distribution of percent volume was evenly distributed across 
size classes, we do not believe the presence (or absence in 
the USVI) of belowground tissue in green turtle diets is a 
result of body size.

Ingesta particle size

Ingesta particle size of T. testudinum leaves averaged 
2.6 ± 1.4 cm (n = 1045 particles collected from 33 turtles; 
range 0.1–10.0; median 2.2; mode 1.7) for Bermuda green 
turtles (Fig. 3a). Measurements for ingesta particle size col-
lected from the esophagus and stomachs of individual tur-
tles were combined because there was no difference in T. 
testudinum leaf length (p = 0.35; U = 162; Mann–Whitney) 
between the two regions. There was a significant effect of 
 SCLmin (p = 0.01, R2 = 0.16; Fig. 3c), year (p < 0.01, df = 4; 
χ2 = 22.3; Kruskal–Wallis; Fig. 3d), and stranding location 
(p < 0.01, df = 5, χ2 = 48.4; Fig. 3e) on ingesta particle size 
in Bermuda. Despite the significant year effect, there was no 
apparent trend in particle size over time (Fig. 3d). And while 
there was a significant effect of stranding location on ingesta 
particle size, this effect seems to be driven by the greater 
variation in ingesta particle size in Great Sound relative to 
other locations (Fig. 3e).

Mean ingesta particle size for USVI green turtles was 
2.3 ± 1.2 cm (n = 89 particles collected from nine turtles; 
range 0.5–6.6; median 2.0; mode 1.7; Fig. 3b). There was no 
effect of year or  SCLmin on ingesta particle size in the USVI.

There was no difference in ingesta particle size between 
green turtle foraging aggregations in Bermuda and the USVI 
(p = 0.14, D = 0.13; Kolmogorov–Smirnov; Fig. 3a, b). The 
mode for ingesta particle size was 1.7 cm for both aggrega-
tions, accounting for 20–30% of ingested leaves, indicating 
a potential optimum particle size for maximizing digestive 
efficiency for green turtles on seagrass diets. There was a 
significant linear effect of  SCLmin on ingesta particle size in 
Bermuda (Fig. 3c), but not in the USVI. This is likely due 
to the greater range in  SCLmin values for Bermuda (Fig. 1a) 
than the USVI (Fig. 1b). When size range of Bermuda green 
turtles was limited to that of the USVI (> 39 cm  SCLmin), 
there was no effect of  SCLmin on particle size in Bermuda 
(p = 0.84, R2 = 0.01). There was no difference in leaf width 
(Fig. S2) of ingested leaves between Bermuda (0.5 ± 0.2; 
range 0.2–1.0) and the USVI (0.5 ± 0.1; range 0.3–0.8) 
(p = 0.72, W = 146; Mann–Whitney).

Head width and body size

Measurements (n = 616) of maximum head width and  SCLmin 
were obtained from 442 green turtles during 1986–2008 in 

Fig. 2  Mean (± SD) percent volume by year of A Thalassia testudi-
num leaves, B T. testudinum rhizomes/roots, and C Syringodium 
filiforme leaves consumed by green turtles (n = 47) in Bermuda. 
Esophagus and stomach contents were combined to determine per-
cent volume of each diet component. There was no effect of year on 
percent volume of T. testudinum leaves (p = 0.15, df = 4, χ2 = 6.8) or 
rhizomes/roots (p = 0.08, df = 4, χ2 = 8.5), and a marginally significant 
effect on S. filiforme leaves (p = 0.05, df = 4, χ2 = 9.3). Year effects 
were evaluated by Kruskal Wallis Rank Sums tests
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Union Creek, Great Inagua, Bahamas. Mean maximum head 
width was 7.5 ± 1.2 cm (range 4.6–10.7; median 7.6) and mean 
 SCLmin was 47.6 ± 9.3 cm (range 24.8–73.8; median 48.0). 
There was a positive linear relationship between maximum 
head width and  SCLmin (p < 0.01, R2 = 0.96; Fig. 4). Because 
head width is a proxy for gape width (Herrel et al. 2002; 

Marshall et al. 2014), this result indicates that green turtles 
are capable of increasing bite size with body size.

Fig. 3  Ingesta particle size of 
Thalassia testudinum leaves 
(length in cm) consumed by 
green turtles from A Bermuda 
(n = 1045 particles, collected 
from 33 turtles) and B U.S. 
Virgin Islands (USVI) (n = 89 
particles, collected from 9 
turtles). When available, the 
length of up to 30 T. testudinum 
leaves were measured in each 
esophagus and stomach sample. 
Ingesta particle size did not 
differ between the two sites 
(p = 0.14, D = 0.13; Kolmogo-
rov–Smirnov). There was a 
significant effect of C straight 
carapace length  (SCLmin) 
(p = 0.01, R2 = 0.16), D year 
(p < 0.01, df = 4; χ2 = 22.3), and 
E stranding location (p < 0.01, 
df = 5, χ2 = 48.4) on ingesta 
particle size in Bermuda. 
These factors did not affect 
ingesta particle size in the 
USVI. Effects of  SCLmin on 
the mean particle size for each 
turtle were assessed with linear 
regression. Year and stranding 
location effects were assessed 
by Kruskal Wallis and Dunns 
posthoc tests; letters above error 
bars denote differences among 
years or locations. Abbrevia-
tions for stranding location in 
Bermuda are as follows: CH 
Castle Harbour, GS Great 
Sound, HS Harrington Sound, 
N Northern Coast, SGH St. 
Georges Harbour, W Western 
Coast
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Discussion

Ontogenetic diet shifts and prevalence of herbivory 
across foraging sites

Juvenile green turtles in the Northwest Atlantic (NWA) 
recruit from oceanic habitats to neritic foraging grounds 
at 20–25 cm (Bjorndal 1997), and transition to primarily 
herbivorous diets (Reich et al. 2007; Jones and Seminoff 
2013; Burgett et al. 2018). Green turtles will then move 
among neritic foraging grounds as they grow to maturity 
(Bolten 2003; Meylan et al. 2011). The green turtle forag-
ing aggregation at Buck Island Reef National Monument in 
the USVI has a predominantly herbivorous diet, consisting 
mostly of seagrasses (Table 1). This result is not surprising 
considering green turtles sampled in our study were > 39 cm 
 SCLmin (Fig. 1b), and these individuals likely used other 
developmental habitats and completed the transition to her-
bivory prior to arriving at foraging grounds in the USVI. In 
addition, an herbivorous diet was expected for this forag-
ing aggregation (see Daniels and Hart 2014) because of the 
central locale of this site within the range for green turtles 
in the NWA, which are typically associated with herbivory 
(Mortimer 1981; Esteban et al. 2020).

The Bermuda Platform is at the northern limit of the 
green turtle range in the NWA. Green turtles recruit to 
neritic foraging areas on the Bermuda Platform directly from 
oceanic environments, arriving at sizes comparable to other 
foraging grounds in the NWA (Meylan et al. 2011). Bermuda 
green turtles exhibit strong site fidelity to neritic foraging 
grounds, sometimes for several years (Meylan et al. 2011). 

For example, five turtles examined during this study had 
originally been live-captured and tagged by the Bermuda 
Turtle Project up to 10 years before they stranded (Bermuda 
Turtle Project, unpublished data). Using stable isotope 
analysis, Burgett et al. (2018) showed strong variability in 
green turtle diets across size classes  (SCLmin) in Bermuda 
(mean ± SD, 38.4 ± 10.5 cm; range 25.1–68.9 cm), but larger 
turtles consumed mostly seagrass. Because our study sam-
pled green turtles within a similar  SCLmin range (Fig. 1a) as 
that in Burgett et al. (2018) and peripheral, cooler foraging 
sites are typically associated with omnivory, one might have 
expected to find that diets of Bermuda green turtles would 
be more omnivorous when compared to the USVI, and that 
 SCLmin would have an effect on diet composition. However, 
diets of Bermuda green turtles in our study were largely 
herbivorous (> 90% seagrass and algae; Table 1), and there 
was no effect of  SCLmin on diet composition. The disparity 
in results between the two studies is likely due to use of 
stable isotopes (Burgett et al. 2018) versus gut contents to 
assess diet—the former measuring diet components incorpo-
rated into the tissue and the latter measuring those ingested. 
Both approaches come with limitations (see Esteban et al. 
2020). For example, a green turtle foraging aggregation can 
appear to be omnivorous based on stable isotope composi-
tion, when in fact, the composition is attributable to varia-
tion in primary production and nutrient cycling rather than 
prey consumption (Vander Zanden et al. 2013). In addition, 
stable isotope composition of Bermuda turtles may still 
reflect the more omnivorous diet from their oceanic habitats 
even after individuals have started consuming plant matter, 
because isotope signatures in the epidermal tissue can reflect 
a previous diet within 1 year (Seminoff et al. 2006). While 
gut content analyses offer an opportunity to assess diet on 
a fine-scale, samples only represent the diets of individuals 
over a short time frame. However, gut content analyses do 
have a distinct advantage for assessing important metrics for 
digestive processes, including ingesta particle size.

Optimal ingesta particle size for herbivory in green 
turtles

The ability to reduce food particle size is critical to maxi-
mizing digestive efficiency and rates of fermentation in her-
bivores (Bjorndal et al. 1990; Lanyon and Sanson 2006), 
particularly for reptiles that lack the ability to masticate 
(Fritz et al. 2010). Green turtles have at least two adap-
tations to their herbivorous diet. First, their gut micro-
flora digests ~ 90% of cellulose in the diet and produces 
short–chain fatty acids, an important energy source for tur-
tles (Bjorndal 1979). Second, they select a more digestible 
diet by repetitively cropping seagrasses, yielding younger 
and more nutritious leaves (Bjorndal 1980) and smaller 
particle sizes. Reduction of ingesta particle size in green 
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Fig. 4  Graphical summary of the relationship between maximum 
head width and straight carapace length  (SCLmin) of green turtles in 
Union Creek, Great Inagua, Bahamas (n = 616; p < 0.01, R2 = 0.96). 
 SCLmin was measured from the midpoint of the anterior nuchal scute 
to the midpoint between the last pair of marginal scutes
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turtles has important implications for maximizing digestive 
efficiency, supporting higher growth rates, and facilitating 
the transition from omnivory to herbivory in juveniles.

Ingesta particle size (mean ± SD) did not differ between 
green turtle foraging aggregations in Bermuda (2.6 ± 1.4 cm) 
and the USVI (2.3 ± 1.2 cm), and both aggregations had the 
same mode (1.7 cm; 20–30% of ingested leaves) for the 
length of ingested T. testudinum leaves (Fig. 3a, b). Because 
this similarity occurs in foraging aggregations from two geo-
graphically distinct areas and green turtles are capable of 
increasing bite size with body size (discussed below), this 
result may be indicative of an optimal ingesta particle size 
for maximizing intake of digestible matter, digestive effi-
ciency, and fermentation rates in green turtles on seagrass 
diets.

The positive linear relationship between head width (a 
proxy for gape width) and body size  (SCLmin) in green tur-
tles (Fig. 4) clearly indicates that they are capable of increas-
ing bite size with growth, similar to other herbivores (e.g. 
Shipley et al. 1994). Because green turtles lack the ability to 
masticate (Fritz et al. 2010) and the breakdown of cellulose 
in seagrass leaves does not occur until food items reach the 
cecum and colon (Bjorndal 1979), ingesta particle size of 
seagrass leaves recovered from the esophagus and stomach 
region should exhibit a relationship with body size that is 
comparable to that of bite size and body size. Similar to 
other reptilian herbivores (e.g. Bjorndal and Bolten 1992), 
there was a positive linear effect of green turtle body size 
 (SCLmin) on ingesta particle size in Bermuda (Fig. 3c), but 
not in the USVI. Because the USVI foraging aggregation is 
comprised of larger turtles (> 39 cm) over a narrower range 
of  SCLmin (Fig. 1), and there was no effect of  SCLmin on par-
ticle size in Bermuda for turtles > 39 cm, the ability to con-
sume an optimal particle size is not regulated by body size in 
larger individuals—although, these patterns should be evalu-
ated for adults. The ability to reduce and consume an opti-
mal ingesta particle size would have important implications 
for green turtle growth, especially for juveniles undergoing 
an ontogenetic diet shift. Mechanisms for reducing ingesta 
particle size for green turtles on seagrass diets include small 
bite size and cultivation grazing behavior.

Small bite size is a mechanism that enables small-bodied 
herbivores to meet mass-specific nutrient requirements by 
improving the physical structure and nutrient quality of the 
diet. During the juvenile life stage of a herbivorous fresh-
water turtle, small bite size allows for increased intake and 
digestive processing, yielding rates of digestive efficiency 
comparable to adults (Bjorndal and Bolten 1992). Small 
bite size decreases ingesta particle size (Bjorndal and Bolten 
1992), which increases the surface-to-volume ratio that is 
exposed to microbial attack and promotes rapid digestion 
(Bjorndal et al. 1990). High mortality is associated with 
juvenile green turtles undergoing the ontogenetic diet shift 

(Meylan et al. 2011), during which the composition of gut 
microbiota slowly changes to support an herbivorous diet 
(Campos et al. 2018). Small bite size may play a critical role 
in facilitating an efficient transition of gut microbiota to sup-
port herbivory through achieving an optimum ingesta parti-
cle size (1.7 cm) that promotes rapid digestion via microbial 
hindgut fermentation and stimulates growth rates.

Cultivation grazing of seagrasses is also likely to fulfill 
an important role in reducing ingesta particle size in green 
turtles, in addition to increasing the nutrient quality of sea-
grass leaves (Bjorndal 1980; Moran and Bjorndal 2007) and 
stimulating leaf growth (Gulick et al. 2020, 2021). Repetitive 
cropping reduces the length of leaves relative to neighboring 
ungrazed areas, which should allow turtles to select for and 
maintain an optimum leaf length. However, the effects of 
seagrass morphological characteristics on the bite size and 
intake of green turtles must be evaluated to further under-
stand how green turtles use cultivation grazing to optimize 
their foraging strategy (Gulick et al. In prep).

Use of ingesta particle size to assess green turtle 
responses to seagrass declines

As seagrass meadows continue to decline globally due to 
several anthropogenic threats (e.g. climate change, eutrophi-
cation) (Orth et al. 2006; Waycott et al. 2009; Grech et al. 
2012), concerns for overgrazing by recovering green turtle 
populations continue to be raised (Fourqurean et al. 2010, 
2019; Kelkar et al. 2013; Christianen et al. 2014). Bermuda 
is emblematic of this issue (Fourqurean et al. 2010, 2019) 
because of the declines in seagrasses across the Bermuda 
Platform (Murdoch et al. 2007; Fourqurean et al. 2010; 
Manuel et al. 2013) and the increase in green turtle abun-
dance since their near extirpation in the 1700s (Parsons 
1962; Jackson et al. 2001). Green turtle gut contents from 
Bermuda and a reference site in the USVI where seagrasses 
are not in decline (Kendall et al. 2004; Pittman et al. 2008), 
offered an opportunity to evaluate ingesta particle size and 
diet composition as potential tools for assessing green turtle 
dietary responses to declines in forage availability.

We hypothesized that the following temporal trends 
would be observed in green turtle gut contents if seagrass 
availability and/or overgrazing is occurring at a foraging 
site: (1) a decrease in ingesta particle size; (2) a narrower 
range of values for ingesta particle size; (3) a decline in per-
cent volume of seagrass leaves; and (4) an increase in per-
cent volume of seagrass roots and rhizomes (see Christianen 
et al. 2014) and other food sources. During the time frame 
of our study in Bermuda (2015–2019), there were minimal 
temporal and stranding location effects on ingesta particle 
size and diet composition (Figs. 2, 3c, d). Although sea-
grass root and rhizome tissue was detected in Bermuda green 
turtle diets and not in the USVI (Table 1), it constituted 
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only 8% volume of the diet and there was no temporal trend 
(Fig. 2b) to suggest increased consumption or destructive 
grazing behavior due to lack of forage resources (see Chris-
tianen et al. 2014). We did not expect these results because 
gut contents were sampled over a 5-year time frame that 
overlaps with known declines of seagrass in the area (Ber-
muda Department of Environment and Natural Resources, 
unpublished data). In addition, Burgett et al. (2018) found 
little diet variation among larger turtles during 2012–2013 
that would indicate a shift away from seagrasses. Because 
these two studies span almost 7 consecutive years, one might 
conclude that the declines in seagrass availability in Ber-
muda had yet to be reflected in green turtle diets or that 
green turtles were foraging in seagrass meadows that had 
not been documented. Since the latter is unlikely because of 
extensive seagrass mapping efforts in Bermuda (Murdoch 
et al. 2007; Manuel et al. 2013), population demographics 
of the Bermuda foraging aggregation should be considered 
when interpreting the lack of a dietary response to seagrass 
declines based on stable isotope and gut content analyses.

Green turtles are capable of reducing their metabolism 
in response to changes in environmental conditions, and 
degradation of foraging habitats has been linked to regional 
declines in green turtle growth rates in the NWA (Bjorn-
dal et al. 2017) and may affect recruitment and emigration 
rates in neritic foraging grounds (Chaloupka and Limpus 
2001; Bjorndal et al. 2019; Christianen et al. 2019). There 
is no trend in density (turtle captures  ha−1), biomass (kg 
 ha−1), or average  SCLmin of live-captured green turtles in 
Bermuda during 2015–2019, but average body mass signifi-
cantly decreased during this period (Bermuda Turtle Project, 
unpublished data). Although the impact of seagrass declines 
in Bermuda is not reflected in green turtle gut contents from 
this time period, the decline in green turtle body mass poten-
tially indicates reduced intake and decreasing mass-growth 
rates of turtles in this foraging aggregation as a result of 
degrading foraging habitats. Therefore, we propose that 
ingesta particle size and diet composition can be valuable 
indicators for green turtle responses to declines in forage 
availability, when interpreted within the context of demo-
graphic parameters.

As green turtle populations continue to recover and some 
foraging aggregations rely on degraded foraging habitats, it 
will be critical to evaluate the interactive effects of natural 
stressors (e.g., grazing) and anthropogenic-driven stress-
ors on seagrasses (e.g. eutrophication, shoreline runoff, 
introduction of invasive species, climate change). This is 
particularly true for Bermuda, where the combined effects 
of green turtle grazing and other stressors could be driving 
seagrass declines. The potential consequences of degraded 
seagrass habitats on the productivity of green turtle popu-
lations should also be considered. Although the invasion 
of H. stipulacea at the USVI site is very recent (est. 2017; 

National Park Service, unpublished data), this seagrass 
was present in the diets of green turtles sampled during our 
study (Table 1). Because H. stipulacea is lower in nutrient 
concentrations (%N and %P) compared to native seagrasses 
(Christianen et al. 2019), the invasion of the USVI site may 
eventually impact green turtle habitat-use (see Christianen 
et al. 2019) and growth rates. Intake and digestibility trials 
will be required to assess the nutritional value and associated 
impact of this invasive seagrass on green turtle productivity.

Recovery of the green turtle, after centuries of low abun-
dance and ecological extinction (Jackson et al. 2001), is 
resulting in dramatic ecosystem-wide shifts in the produc-
tivity and functioning of seagrass ecosystems (e.g. John-
son et al. 2017, 2020; Gulick et al. 2020, 2021; Christianen 
et al. 2021). A historical perspective, an ecosystem-based 
approach to conservation, and recognition of the potential 
impacts of increased grazing pressure in degraded foraging 
habitats will be essential for correct interpretation of eco-
system changes as this marine mega-herbivore reassumes its 
ecological role in seagrass ecosystems.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 021- 03965-1.

Acknowledgements This work was supported by the University of 
Florida (UF) Archie Carr Center for Sea Turtle Research through funds 
from the Jeff and Monette Fitzsimmons Fund and Disney Conservation 
Fund. Sampling in Bermuda was supported by the Atlantic Conserva-
tion Partnership, Bermuda Zoological Society, Sea Turtle Conservancy, 
Bermuda Aquarium Museum and Zoo, Helen Clay Frick Foundation, 
and Florida Fish and Wildlife Conservation Commission. Sampling 
in the USVI was supported by the U.S. Geological Survey (USGS) 
Natural Resources Preservation Program. Funding for the long-term 
study at Union Creek, Great Inagua, Bahamas was provided by the 
Disney Conservation Fund and U.S. National Marine Fisheries Ser-
vice. We are grateful to the staff and volunteers at Bermuda Aquarium 
Museum and Zoo and to the students of the Bermuda Turtle Project 
field course for assistance with necropsies and collection of diet sam-
ples from Bermuda turtles. We thank the National Park Service at Buck 
Island Reef National Monument, and USGS staff members Andrew 
Crowder, Mike Cherkiss, Thomas Selby, Andre Daniels, David Roche, 
and Devon Nemire-Pepe for field assistance and sample collection in 
the USVI. Sampling in the Bahamas would not have been possible 
without the assistance of the Bahamas National Trust (BNT) and BNT 
wardens on Great Inagua: H. Nixon, R. Burrows, J. Nixon, S. Nixon, 
and T. Major. In addition, Morton Bahamas Ltd., U.S. Coast Guard Air 
Station Clearwater, and the people of Mathew Town (Inagua) provided 
invaluable logistical support. We are grateful to the Bahamas Depart-
ment of Marine Resources for their support and permits to conduct 
research in The Bahamas. We thank Emma Long and Keyla Correia 
for their assistance with processing diet samples at UF. We appreciate 
the constructive feedback provided by Meg Lamont, Jeffrey Seminoff, 
and Lyndsey Howell that improved the manuscript. Any use of trade, 
firm, or product names is for descriptive purposes only and does not 
imply endorsement by the U.S. Government.

Author contributions AGG, ABB, and KAB conceived and designed 
the study. AGG, ABM, PAM, KMH, JAG, GR, ABB, and KAB col-
lected the data and contributed to the planning and implementation 

https://doi.org/10.1007/s00227-021-03965-1


 Marine Biology         (2021) 168:157 

1 3

  157  Page 12 of 14

of the study. AGG, ABB, and KAB analyzed the data. AGG wrote 
the manuscript with contributions and final approval from all authors.

Funding This work was supported by the University of Florida (UF) 
Archie Carr Center for Sea Turtle Research through funds from the 
Jeff and Monette Fitzsimmons Fund and Disney Conservation Fund. 
Sampling in Bermuda was supported by the Atlantic Conservation Part-
nership, Bermuda Zoological Society, Sea Turtle Conservancy, Ber-
muda Aquarium Museum and Zoo, Helen Clay Frick Foundation, and 
Florida Fish and Wildlife Conservation Commission. Sampling in the 
USVI was supported by the U.S. Geological Survey (USGS) Natural 
Resources Preservation Program. The long-term study at Union Creek, 
Great Inagua, Bahamas was funded by the Disney Conservation Fund 
and U.S. National Marine Fisheries Service.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request, and in Griffin et al. (2020).

Declarations 

Conflict of interest The authors declare no conflicts or competing in-
terests.

Ethics approval Sampling in Bermuda for this project was permitted 
by the Government of Bermuda Department of Conservation Ser-
vices (License 15-07-27-28) and the Bermuda Department of Natu-
ral and Environmental Resources (Licenses 16-07-27-54, 17071007, 
2018071309, and 2019061105). International transportation of diet 
samples from Bermuda to the United States was carried out under 
CITES export permits from the Bermuda Department of Natural and 
Environmental Resources (16BM0008, 18BM0002, 18BM0005, 
19BM0009) and CITES import permits from the U.S. Fish and Wild-
life Service to the Florida Fish and Wildlife Conservation Commission 
(16US758093/9, 18US48288C/9) and the University of Florida Archie 
Carr Center for Sea Turtle Research (19US724540/9). Sampling in the 
USVI was permitted by the National Marine Fisheries Service (Permits 
16146 and 20315, issued to K. Hart), National Park Service IACUC 
(USGS-SESC2014-02), U.S. Geological Survey IACUC (WARC\GNV 
2017-04), and the National Park Service at Buck Island Reef National 
Monument (BUIS-2011-SCI-0012, BUIS-2014SCI-0009, BUIS-2016-
SCI-0009, issued to K. Hart). The long-term study in Union Creek, 
Great Inagua, Bahamas was conducted under permits issued by the 
Bahamas Department of Marine Resources.

References

Arthur KE, Boyle MC, Limpus CJ (2008) Ontogenetic changes in 
diet and habitat use in green sea turtle (Chelonia mydas) life 
history. Mar Ecol Prog Ser 362:303–311. https:// doi. org/ 10. 
3354/ meps0 7440

Atwood TB, Connolly RM, Ritchie EG, Lovelock CE, Heithaus 
MR, Hays GC, Fourqurean JW, Macreadie PI (2015) Predators 
help protect carbon stocks in blue carbon ecosystems. Nat Clim 
Chang 5:1038–1045. https:// doi. org/ 10. 1038/ nclim ate27 63

Bjorndal KA (1979) Cellulose digestion and volatile fatty acid pro-
duction in the green turtle, Chelonia mydas. Comp Biochem 
Physiol 63A:127–133

Bjorndal KA (1980) Nutrition and grazing behavior of the green 
turtle Chelonia mydas. Mar Biol 56:147–154

Bjorndal KA (1997) Foraging ecology and nutrition of sea turtles. 
The biology of sea turtles, vol I. CRC Press, Boca Raton, pp 
213–246

Bjorndal KA, Bolten AB (1992) Body size and digestive efficiency 
in a herbivorous freshwater turtle: advantages of small bite size. 
Physiol Zool 65:1028–1039

Bjorndal KA, Bolten AB, Moore JE (1990) Digestive fermentation in 
herbivores: effect of food particle size. Physiol Zool 63:710–721

Bjorndal KA, Bolten AB, Lagueux CJ, Jackson DR (1997) Dietary 
overlap in three sympatric congeneric freshwater turtles (Pseud-
emys) in Florida. Chelonian Conserv Biol 2:430–433

Bjorndal KA, Bolten AB, Chaloupka M, Saba VS, Bellini C, Marco-
valdi MAG, Santos AJB, Bortolon LFW, Meylan AB, Meylan 
PA et al (2017) Ecological regime shift drives declining growth 
rates of sea turtles throughout the West Atlantic. Glob Chang Biol 
23:4556–4568

Bjorndal KA, Bolten AB, Chaloupka M (2019) Green turtle somatic 
growth dynamics: distributional regression reveals effects of dif-
ferential emigration. Mar Ecol Prog Ser 616:185–195. https:// doi. 
org/ 10. 3354/ meps1 2946

Brigitta I, van Tussenbroek Jorge, Cortés Rachel, Collin Ana C, Fon-
seca Peter MH, Gayle Hector M, Guzmán Gabriel E, Jácome 
Rahanna, Juman Karen H, Koltes Hazel A., Oxenford Alberto, 
Rodríguez-Ramirez Jimena, Samper-Villarreal Struan R, Smith 
John J, Tschirky Ernesto, Weil Judi, Hewitt (2014) Caribbean-
Wide Long-Term Study of Seagrass Beds Reveals Local Vari-
ations Shifts in Community Structure and Occasional Collapse. 
PLoS ONE 9(3):e90600. https:// doi. org/ 10. 1371/ journ al. pone. 
00906 00

Bolten AB (1999) Techniques for measuring sea turtles. In: Eckert KL, 
Bjorndal KA, Abreu-Grobois FA, Donnelly M (eds) Research and 
management techniques for the conservation of sea turtles. IUCN/
SSC Marine Turtle Specialist Group, New York, pp 1–5

Bolten AB (2003) Variation in sea turtle life history patterns: neritic vs. 
oceanic development stages. In: Lutz PL, Musick JA, Wyneken J 
(eds) The biology of sea turtles, vol II. CRC Press, Washington, 
pp 243–257

Burgett CM, Burkholder DA, Coates KA, Fourqurean VL, Kenworthy 
WJ, Manuel SA, Outerbridge ME, Fourqurean JW (2018) Ontoge-
netic diet shifts of green sea turtles (Chelonia mydas) in a mid-
ocean developmental habitat. Mar Biol 165:1–12. https:// doi. org/ 
10. 1007/ s00227- 018- 3290-6

Campos P, Guivernau M, Prenafeta-boldú FX, Cardona L (2018) 
Fast acquisition of a polysaccharide fermenting gut microbi-
ome by juvenile green turtles Chelonia mydas after settlement 
in coastal habitats. Microbiome 6:1–11. https:// doi. org/ 10. 1186/ 
s40168- 018- 0454-z

Cardona L, Aguilar A, Pazos L (2009) Delayed ontogenic dietary shift 
and high levels of omnivory in green turtles (Chelonia mydas) 
from the NW coast of Africa. Mar Biol 156:1487–1495. https:// 
doi. org/ 10. 1007/ s00227- 009- 1188-z

Chaloupka M, Limpus C (2001) Trends in abundance of sea turtles 
resident in southern Great Barrier Reef waters. Biol Conserv 
102:235–249

Chaloupka M, Bjorndal KA, Balazs GH, Bolten AB, Ehrhart LM, Lim-
pus CJ, Suganuma H, Troëng S, Yamaguchi M (2008) Encour-
aging outlook for recovery of a once severely exploited marine 
megaherbivore. Glob Ecol Biogeogr 17:297–304

Christianen MJA, Herman PMJ, Bouma TJ, Lamers LPM, van Katwijk 
MM, van Der Heide T, Mumby PJ, Silliman BR, Engelhard SL, 
van De Kerk M, Kiswara W, van De Koppel J (2014) Habitat col-
lapse due to overgrazing threatens turtle conservation in marine 
protected areas. Proc R Soc B Biol Sci 281:20132890. https:// doi. 
org/ 10. 1098/ rspb. 2013. 2890

Christianen MJA, Smulders FOH, Engel MS, Nava MI, Willis S, Debrot 
AO, Palsbøll PJ, Vonk JA, Becking LE (2019) Megaherbivores 

https://doi.org/10.3354/meps07440
https://doi.org/10.3354/meps07440
https://doi.org/10.1038/nclimate2763
https://doi.org/10.3354/meps12946
https://doi.org/10.3354/meps12946
https://doi.org/10.1371/journal.pone.0090600
https://doi.org/10.1371/journal.pone.0090600
https://doi.org/10.1007/s00227-018-3290-6
https://doi.org/10.1007/s00227-018-3290-6
https://doi.org/10.1186/s40168-018-0454-z
https://doi.org/10.1186/s40168-018-0454-z
https://doi.org/10.1007/s00227-009-1188-z
https://doi.org/10.1007/s00227-009-1188-z
https://doi.org/10.1098/rspb.2013.2890
https://doi.org/10.1098/rspb.2013.2890


Marine Biology         (2021) 168:157  

1 3

Page 13 of 14   157 

may impact expansion of invasive seagrass in the Caribbean. J 
Ecol 107:45–57. https:// doi. org/ 10. 1111/ 1365- 2745. 13021

Christianen MJA, van Katwijk MM, van Tussenbroek BI, Pagès 
JF, Ballorain K, Kelkar N, Arthur R, Alcoverro T (2021) A 
dynamic view of seagrass meadows in the wake of successful 
green turtle conservation. Nat Ecol Evol. https:// doi. org/ 10. 1038/ 
s41559- 021- 01433-z

Cook M, Reneker JL, Nero RW, Stacy BA, Hanisko DS, Wang Z (2021) 
Use of drift studies to understand seasonal variability in sea turtle 
stranding patterns in Mississippi. Front Mar Sci 8:659536. https:// 
doi. org/ 10. 3389/ fmars. 2021. 659536

Daniels AM, Hart KM (2016) A comparison of foraging habits of 
juvenile green sea turtles in South Florida and the Caribbean. In: 
Belskis L, Frey A, Jenson M, LeRoux R, Stewart KR (eds) Pro-
ceedings of the 34th annual symposium on sea turtle biology and 
conservation. NOAA Technical Memorandum, p 151

Domning DP (2001) Sirenians, seagrasses, and Cenozoic ecological 
change in the Caribbean. Palaeogeogr Palaeoclimatol Palaeoecol 
166:27–50. https:// doi. org/ 10. 1016/ S0031- 0182(00) 00200-5

Esteban N, Mortimer JA, Stokes HJ, Laloë JO, Unsworth RKF, Hays 
GC (2020) A global review of green turtle diet: sea surface 
temperature as a potential driver of omnivory levels. Mar Biol 
167:183. https:// doi. org/ 10. 1007/ s00227- 020- 03786-8

Fourqurean JW, Manuel SA, Coates KA, Kenworthy WJ, Smith SR 
(2010) Effects of excluding sea turtle herbivores from a seagrass 
bed: overgrazing may have led to loss of seagrass meadows in 
Bermuda. Mar Ecol Prog Ser 419:223–232. https:// doi. org/ 10. 
3354/ meps0 8853

Fourqurean JW, Manuel SA, Coates KA, Massey SC, Kenworthy WJ 
(2019) Decadal monitoring in Bermuda shows a widespread loss 
of seagrasses attributable to overgrazing by the green sea turtle 
Chelonia mydas. Estuaries Coasts 42:1524–1540. https:// doi. org/ 
10. 1007/ s12237- 019- 00587-1

Fritz J, Hummel J, Kienzle E, Streich WJ, Clauss M (2010) To chew or 
not to chew: fecal particle size in herbivorous reptiles and mam-
mals. J Exp Zool Part A Ecol Genet Physiol 313 A:579–586. 
https:// doi. org/ 10. 1002/ jez. 629

Gaynor KM, Daskin JH, Rich LN, Brashares JS (2020) Postwar wildlife 
recovery in an African savanna: evaluating patterns and drivers of 
species occupancy and richness. Anim Conserv. https:// doi. org/ 
10. 1111/ acv. 12661

Grech A, Chartrand-Miller K, Erftemeijer P, Fonseca M, McKenzie L, 
Rasheed M, Taylor H, Coles R (2012) A comparison of threats, 
vulnerabilities and management approaches in global seagrass 
bioregions. Environ Res Lett 7:024006. https:// doi. org/ 10. 1088/ 
1748- 9326/7/ 2/ 024006

Griffin LP, Smith BJ, Cherkiss MS, Crowder AG, Pollock CG, Starr 
ZH, Danylchuk AJ, Hart KM (2020) Space use and relative habitat 
selection for immature green turtles within a Caribbean marine 
protected area. Anim Biotelemetry. https:// doi. org/ 10. 1186/ 
s40317- 020- 00209-9

Gulick AG, Johnson RA, Pollock CG, Hillis-Starr ZM, Bolten AB, 
Bjorndal KA (2020) Recovery of a large herbivore changes regu-
lation of seagrass productivity in a naturally grazed Caribbean 
ecosystem. Ecology 101:e03180. https:// doi. org/ 10. 1002/ ecy. 3180

Gulick AG, Johnson RA, Pollock CG, Hillis-Starr ZM, Bolten AB, 
Bjorndal KA (2021) Recovery of a cultivation grazer: a mecha-
nism for compensatory growth of Thalassia testudinum in a Carib-
bean seagrass meadow grazed by green turtles. J Ecol 109:3031–
3045. https:// doi. org/ 10. 1111/ 1365- 2745. 13718

Hart KM, Iverson AR, Benscoter AM, Fujisaki I, Cherkiss MS, Pollock 
C, Lundgren I, Hillis-Starr Z (2017) Resident areas and migra-
tions of female green turtles nesting at Buck Island Reef National 
Monument, St. Croix, US Virgin Islands. Endanger Species Res 
32:89–101

Heithaus MR, Alcoverro T, Arthur R, Burkholder DA, Coates KA, 
Christianen MJA, Kelkar N, Manuel SA, Wirsing AJ, Kenworthy 
WJ, Fourqurean JW (2014) Seagrasses in the age of sea turtle 
conservation and shark overfishing. Front Mar Sci 1:1–6. https:// 
doi. org/ 10. 3389/ fmars. 2014. 00028

Herrel A, O’Reilly JC, Richmond AM (2002) Evolution of bite per-
formance in turtles. J Evol Biol 15:1083–1094. https:// doi. org/ 10. 
1046/j. 1420- 9101. 2002. 00459.x

Herren RM, Bagley DA, Bresette MJ, Holloway-Adkins KG, Clark DR, 
Witherington BE (2018) Sea turtle abundance and demographic 
measurements in a marine protected area in the Florida Keys, 
USA. Herpetol Conserv Biol 13:224–239

Howell LN, Shaver DJ (2021) Foraging habits of green sea turtles 
(Chelonia mydas) in the Northwestern Gulf of Mexico. Front Mar 
Sci 8:2013–2014. https:// doi. org/ 10. 3389/ fmars. 2021. 658368

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, 
Bourque BJ, Bradbury RH, Cooke R, Erlandson J, Estes JA, 
Hughes TP, Kidwell S, Lange CB, Lenihan HS, Pandolfi JM, 
Peterson CH, Steneck RS, Tegner MJ, Warner RR (2001) His-
torical overfishing and the recent collapse of coastal ecosystems. 
Science 293:629–638. https:// doi. org/ 10. 1126/ scien ce. 10591 99

James RK, Christianen MJA, van Katwijk MM, de Smit JC, Bakker 
ES, Herman PMJ, Bouma TJ (2020) Seagrass coastal protection 
services reduced by invasive species expansion and megaherbi-
vore grazing. J Ecol. https:// doi. org/ 10. 1111/ 1365- 2745. 13411

Johnson RA, Gulick AG, Bolten AB, Bjorndal KA (2017) Blue 
carbon stores in tropical seagrass meadows maintained under 
green turtle grazing. Sci Rep 7:1–11. https:// doi. org/ 10. 1038/ 
s41598- 017- 13142-4

Johnson RA, Gulick AG, Constant N, Bolten AB, Smulders FOH, 
Christianen MJA, Nava MI, Kolasa K, Bjorndal KA (2020) Sea-
grass ecosystem metabolic carbon capture in response to green 
turtle grazing across Caribbean meadows. J Ecol. https:// doi. org/ 
10. 1111/ 1365- 2745. 13306

Kelkar N, Arthur R, Marbà N, Alcoverro T, Marba N, Alcoverro T 
(2013) Greener pastures? High-density feeding aggregations of 
green turtles precipitate species shifts in seagrass meadows. J Ecol 
101:1158–1168. https:// doi. org/ 10. 1111/ 1365- 2745. 12122

Kendall MS, Battista T, Hillis-Starr Z (2004) Long term expansion 
of a deep Syringodium filiforme meadow in St. Croix, US Virgin 
Islands: The potential role of hurricanes in the dispersal of seeds. 
Aquat Bot 78:15–25

Lanyon JM, Sanson GD (2006) Mechanical disruption of seagrass in 
the digestive tract of the dugong. J Zool 270:277–289. https:// doi. 
org/ 10. 1111/j. 1469- 7998. 2006. 00135.x

Manuel SA, Coates KA, Kenworthy WJ, Fourqurean JW (2013) Tropi-
cal species at the northern limit of their range: composition and 
distribution in Bermuda’s benthic habitats in relation to depth and 
light availability. Mar Environ Res 89:63–75. https:// doi. org/ 10. 
1016/j. maren vres. 2013. 05. 003

Marshall CD, Wang J, Rocha-Olivares A, Godinez-Reyes C, Fisler 
S, Narazaki T, Sato K, Sterba-Boatwright BD (2014) Scaling of 
bite performance with head and carapace morphometrics in green 
turtles (Chelonia mydas). J Exp Mar Bio Ecol 451:91–97. https:// 
doi. org/ 10. 1016/j. jembe. 2013. 11. 004

Mazaris AD, Schofield G, Gkazinou C, Almpanidou V, Hays GC 
(2017) Global sea turtle conservation successes. Sci Adv 
3:e1600730. https:// doi. org/ 10. 1126/ sciadv. 16007 30

Meylan PA, Meylan AB, Gray JA (2011) The ecology and migrations 
of sea turtles 8. Tests of the developmental habitat hypothesis. 
Bull Am Museum Nat Hist 357:1–70

Moran KL, Bjorndal KA (2007) Simulated green turtle grazing affects 
nutrient composition of the seagrass Thalassia testudinum. Mar 
Biol 150:1083–1092. https:// doi. org/ 10. 1007/ s00227- 006- 0427-9

https://doi.org/10.1111/1365-2745.13021
https://doi.org/10.1038/s41559-021-01433-z
https://doi.org/10.1038/s41559-021-01433-z
https://doi.org/10.3389/fmars.2021.659536
https://doi.org/10.3389/fmars.2021.659536
https://doi.org/10.1016/S0031-0182(00)00200-5
https://doi.org/10.1007/s00227-020-03786-8
https://doi.org/10.3354/meps08853
https://doi.org/10.3354/meps08853
https://doi.org/10.1007/s12237-019-00587-1
https://doi.org/10.1007/s12237-019-00587-1
https://doi.org/10.1002/jez.629
https://doi.org/10.1111/acv.12661
https://doi.org/10.1111/acv.12661
https://doi.org/10.1088/1748-9326/7/2/024006
https://doi.org/10.1088/1748-9326/7/2/024006
https://doi.org/10.1186/s40317-020-00209-9
https://doi.org/10.1186/s40317-020-00209-9
https://doi.org/10.1002/ecy.3180
https://doi.org/10.1111/1365-2745.13718
https://doi.org/10.3389/fmars.2014.00028
https://doi.org/10.3389/fmars.2014.00028
https://doi.org/10.1046/j.1420-9101.2002.00459.x
https://doi.org/10.1046/j.1420-9101.2002.00459.x
https://doi.org/10.3389/fmars.2021.658368
https://doi.org/10.1126/science.1059199
https://doi.org/10.1111/1365-2745.13411
https://doi.org/10.1038/s41598-017-13142-4
https://doi.org/10.1038/s41598-017-13142-4
https://doi.org/10.1111/1365-2745.13306
https://doi.org/10.1111/1365-2745.13306
https://doi.org/10.1111/1365-2745.12122
https://doi.org/10.1111/j.1469-7998.2006.00135.x
https://doi.org/10.1111/j.1469-7998.2006.00135.x
https://doi.org/10.1016/j.marenvres.2013.05.003
https://doi.org/10.1016/j.marenvres.2013.05.003
https://doi.org/10.1016/j.jembe.2013.11.004
https://doi.org/10.1016/j.jembe.2013.11.004
https://doi.org/10.1126/sciadv.1600730
https://doi.org/10.1007/s00227-006-0427-9


 Marine Biology         (2021) 168:157 

1 3

  157  Page 14 of 14

Mortimer JA (1981) The feeding ecology of the West Caribbean green 
turtle (Chelonia mydas) in Nicaragua. Biotropica 13:49. https:// 
doi. org/ 10. 2307/ 23878 70

Murdoch TJT, Glasspool AF, Outerbridge M, Ward J, Manuel S, Gray 
J, Nash A, Coates KA, Pitt J, Fourqurean JW, Barnes PA, Vierros 
M, Holzer K, Smith SR (2007) Large-scale decline in offshore 
seagrass meadows in Bermuda. Mar Ecol Prog Ser 339:123–130. 
https:// doi. org/ 10. 3354/ meps3 39123

Orth RJ, Carruthers TJ, Dennison WC, Duarte CM, Fourqurean JW, 
Heck KLJ, Hughes AR, Kendrick GA, Kenworthy WJ, Olyarnik 
S, Short FT, Waycott M, Williams SL (2006) A global crisis for 
seagrass ecosystems. Bioscience 56:987–996. https:// doi. org/ 10. 
1641/ 0006- 3568(2006) 56[987: AGCFSE] 2.0. CO;2

Parsons JJ (1962) The green turtle and man. University of Florida 
Press, Gainesville

Pittman SJ, Hile SD, Caldow C, Kendall MS, Hillis-starr Z (2008) Fish 
assemblages and benthic habitats of Buck Island Reef National 
Monument (St. Croix, U.S. Virgin Islands) and the surrounding 
seascape: a characterization of spatial and temporal patterns. 
NOAA Tech Memo NOS NCCOS, pp 71–96

R Core Team (2020) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria

Reich KJ, Bjorndal KA, Bolten AB (2007) The “lost years” of green 
turtles: Using stable isotopes to study cryptic life stages. Biol Lett 
3:712–714. https:// doi. org/ 10. 1098/ rsbl. 2007. 0394

Rodriguez A, Heck K Jr (2020) Green turtle herbivory and its effects on 
the warm, temperate seagrass meadows of St. Joseph Bay, Florida 
(USA). Mar Ecol Prog Ser 639:37–51. https:// doi. org/ 10. 3354/ 
meps1 3285

Scott AL, York PH, Rasheed MA (2020) Green turtle (Chelonia mydas) 
grazing plot formation creates structural changes in a multi-
species Great Barrier Reef seagrass meadow. Mar Environ Res 
162:105183. https:// doi. org/ 10. 1016/j. maren vres. 2020. 105183

Seminoff JA, Resendiz A, Nichols WJ (2002) Diet of East Pacific 
green turtles (Chelonia mydas) in the Central Gulf of California, 
México. J Herpetol 36:447–453

Seminoff JA, Jones TT, Eguchi T, Jones DR, Dutton PH (2006) Stable 
isotope discrimination between soft tissues of the green sea turtle 
Chelonia mydas and its diet. Mar Ecol Prog Ser 308:271–278

Shipley LA, Gross JE, Spalinger DE, Hobbs NT, Wunder BA (1994) 
The scaling of intake rate in Mammalian herbivores. Am Nat 
143:1055–1082

Stringell TB, Clerveaux WV, Godley BJ, Kent FEA, Lewis EDG, 
Marsh JE, Phillips Q, Richardson PB, Sanghera A, Broderick AC 
(2016) Taxonomic distinctness in the diet of two sympatric marine 
turtle species. Mar Ecol 37:1036–1049. https:// doi. org/ 10. 1111/ 
maec. 12349

Subalusky AL, Dutton CL, Rosi-Marshall EJ, Post DM (2015) The 
hippopotamus conveyor belt: vectors of carbon and nutrients from 
terrestrial grasslands to aquatic systems in sub-Saharan Africa. 
Freshw Biol 60:512–525. https:// doi. org/ 10. 1111/ fwb. 12474

Todd Jones T, Seminoff JA (2013) Feeding biology: advances from 
field-based observations, physiological studies, and molecular 
techniques. In: Wyneken J, Lohmann KJ, Musick JA (eds) Biology 
of sea turtles, vol III. CRC Press. Boca Raton, FL, pp 211–247

Vander Zanden HB, Bjorndal KA, Bolten AB (2013) Temporal consist-
ency and individual specialization in resource use by green turtles 
in successive life stages. Oecologia 173:767–777. https:// doi. org/ 
10. 1007/ s00442- 013- 2655-2

Waycott M, Duarte CM, Carruthers TJ, Orth RJ, Dennison WC, 
Olyarnik S, Calladine A, Fourqurean JW, Heck KLJ, Hughes 
AR, Kendrick GA, Kenworthy WJ, Short FT, Williams SL (2009) 
Accelerating loss of seagrasses across the globe threatens coastal 
ecosystems. Proc Natl Acad Sci 106:12377–12381. https:// doi. 
org/ 10. 1073/ pnas. 09056 20106

Weber SB, Weber N, Ellick J, Avery A, Frauenstein R, Godley BJ, 
Sim J, Williams N, Broderick AC (2014) Recovery of the South 
Atlantic’s largest green turtle nesting population. Biodivers Con-
serv 23:3005–3018. https:// doi. org/ 10. 1007/ s10531- 014- 0759-6

Wickham H, Francois R, Henry L, Muller K (2020) dplyr: a grammar 
of data manipulation. R package version 1.0.0.

Williams SL (1988) Thalassia testudinum productivity and grazing by 
green turtles in a highly disturbed seagrass bed. Mar Biol 98:447–
456. https:// doi. org/ 10. 1007/ BF003 91121

Williams NC, Bjorndal KA, Lamont MM, Carthy RR (2014) Winter 
diets of immature green turtles (Chelonia mydas) on a northern 
feeding ground: integrating stomach contents and stable isotope 
analyses. Estuaries Coasts 37:986–994

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2307/2387870
https://doi.org/10.2307/2387870
https://doi.org/10.3354/meps339123
https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56[987:AGCFSE]2.0.CO;2
https://doi.org/10.1098/rsbl.2007.0394
https://doi.org/10.3354/meps13285
https://doi.org/10.3354/meps13285
https://doi.org/10.1016/j.marenvres.2020.105183
https://doi.org/10.1111/maec.12349
https://doi.org/10.1111/maec.12349
https://doi.org/10.1111/fwb.12474
https://doi.org/10.1007/s00442-013-2655-2
https://doi.org/10.1007/s00442-013-2655-2
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1007/s10531-014-0759-6
https://doi.org/10.1007/BF00391121

	Role of ingesta particle size in the green turtle grazing strategy, ontogenetic diet shifts, and responses to seagrass declines
	Abstract
	Introduction
	Methods
	Study areas
	Sample collection
	Diet composition and ingesta particle size
	Head width and body size
	Statistical analysis

	Results
	Characterization of green turtles
	Diet composition
	Ingesta particle size
	Head width and body size

	Discussion
	Ontogenetic diet shifts and prevalence of herbivory across foraging sites
	Optimal ingesta particle size for herbivory in green turtles
	Use of ingesta particle size to assess green turtle responses to seagrass declines

	Acknowledgements 
	References




