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Abstract

To understand the demographic responses of green turtles to seagrass decline, we examined a data set from study of a mixed-
stock foraging aggregation of immature green turtles, Chelonia mydas, collected in Bermuda (32°18’N, — 64°46’W) over
five decades. Average turtle size (SCL,,;,) and mass declined by 22.3% and 58.2%, respectively. Aggregation size structure
shifted to smaller sizes and now consists of more small turtles and fewer large turtles. Density (turtles ha™') increased sig-
nificantly but biomass (kg ha™!) remained unchanged and low compared to C. mydas biomass observed elsewhere. Green
turtles exhibited reduced site fidelity during two portions of the study period, suggesting increased foraging effort. Reduction
in turtle body condition index and seagrass coverage occurred from offshore to inshore. Changes in aggregation composi-
tion and behavior were consistent with expectations given a documented decline in seagrass availability, combined with
increased output from source rookeries. Apparent response to resource decline is traced back to 1976, well before seagrass
loss was first documented. Green turtles and their primary food source (Thalassia testudinum) are at the northern limit of
their range in Bermuda, where seagrasses would be expected to have a reduced tolerance for natural grazing pressure and
increased susceptibility to synergistic stressors, especially temperature, bioturbation and phosphorus limitation. Our results
suggest that synergistic stressors, and not green turtles alone, have produced the observed reduction in seagrasses on the
Bermuda Platform. Given that seagrass declines have been reported worldwide, our findings may suggest how green turtles
will respond elsewhere.

Keywords Chelonia mydas - Seagrass decline - Bermuda - Density - Biomass - Site fidelity - Climate change - Synergistic
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Introduction

“The point is made that many of the organisms of Bermuda are at
or near the extreme poleward limit of their possible tolerance, that

Chelonia mydas and seagrasses
they have no margin to spare” (De Laubenfels 1950:158).

The relationship between the green turtle (Chelonia mydas)
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ecological (Mortimer 1981; Bjorndal 1982, 1985; Moran
and Bjorndal 2005; Gulick et al. 2020, 2021a; Johnson
et al. 2019; Esteban et al. 2020), behavioral (Bjorndal 1980;
Ogden et al. 1983; Gulick et al. 2021b), and physiological
perspectives (Bjorndal 1979, 1982, 1997). In recent years,
an increasing body of literature indicates that seagrasses
are declining worldwide (Orth et al. 2006; Waycott et al.
2009; Grech et al. 2012) due to a complex set of mostly
anthropogenic factors (Nelson 2009). In addition to concern
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about seagrass ecosystem decline and loss of ecosystem ser-
vices (Lal et al. 2010; Scott et al. 2018), there is concern
about how the loss of seagrasses might impact the ongoing
recovery of green turtles that rely on seagrasses as a primary
food source (Fourqurean et al. 2010; Christianen et al. 2014;
Burgett et al. 2018; Gulick et al. 2020). Although there is
ample data to suggest that green turtles can use alternative
resources to seagrasses (Brand-Gardner et al. 1999; Lem-
ons et al. 2011; Burgett et al. 2018; Esteban et al. 2020),
significant decline in seagrass can be expected to produce
changes in the demographics and ecology of herbivores that
rely on them. The focus of this paper is a long-term study by
the Bermuda Turtle Project (BTP) that documents signifi-
cant demographic changes in a mixed-stock, developmental
(non-adult) foraging aggregation of C. mydas at a site where
seagrass declines (primarily Thalassia testudinum) have
been documented (Murdoch et al. 2007; Fourqurean et al.
2010, 2019; Manuel et al. 2013; this study). This study is
timely because seagrasses worldwide have shown significant
declines just as green turtle rookeries have started to recover
after being decimated by the beginning of the twentieth cen-
tury (McClenachan et al. 2006). The foraging aggregation
we studied is within the North Atlantic Distinct Population
Segment (DPS) and receives some input from the South
Atlantic DPS (BTP unpubl data). Both DPSs include multi-
ple rookeries that are showing signs of recovery (Seminoff
et al. 2015).

Green turtle life cycle

The green turtle has a complex life cycle that includes the
use of different food resources and foraging strategies at
different life stages. After hatching, green turtles enter an
epipelagic or oceanic stage, during which there may be con-
tinuous travel and an omnivorous diet in pelagic drift habi-
tats (e.g., rafts of Sargassum spp. in the Atlantic) at or near
the ocean surface (Witherington et al. 2012; Hardy et al.
2018; Mansfield et al. 2021). At about 25 cm (SCL,,;,,), most
individuals in the West Atlantic settle on benthic foraging
grounds (Meylan et al. 2011) at which seagrasses or marine
algae are their primary food source (Bjorndal 1997). The
individuals that occupy foraging areas dominated by post-
pelagic immatures typically belong to multiple reproductive
populations (Lahanas et al. 1998; Bass and Witzell 2000;
Luke et al. 2004; Meylan et al. 2011) and are best consid-
ered mixed-stock “aggregations” rather than “populations”
(Bjorndal et al. 2005). The sites that these immature aggre-
gations occupy, “benthic developmental foraging grounds,”
act as long-term residency sites for immatures during an
extended period of their development. Turtles making up
these aggregations typically depart from developmental
sites before they mature (Meylan et al. 2011; Bjorndal et al.
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2019). Other, geographically separate seagrass or marine
algae-dominated foraging grounds, usually closer to natal
beaches, serve as additional developmental sites or foraging
areas for large immatures and adults from which adults regu-
larly undertake reproductive migrations. Variation in this
general pattern is discussed by Musick and Limpus (1997)
and Meylan et al. (2011).

This study covers a period during which multiple green
turtle rookeries in the West Atlantic increased in size
(Chaloupka et al. 2008; Seminoff et al. 2015; Mazaris et al.
2017). Long-term protection of C. mydas in Bermuda and
elsewhere within the Atlantic likely contributed to this
increase. Green turtles in Bermuda received complete pro-
tection starting in 1972 (Sarkis and Outerbridge 2014), and
turtles tagged in Bermuda are known to have joined nest-
ing populations in Costa Rica, Mexico and Florida (Meylan
et al. 2014, 2020). Genetic data suggest that turtles that make
up this aggregation may belong to nesting populations from
as far away as Guinea Bissau (BTP unpubl data). Thus, the
health and survivorship of immature green turtles that com-
plete a large part of their life cycle in Bermuda play a role in
the demographics of multiple reproductive populations in at
least 2 DPSs (Seminoff et al. 2015).

Bermuda as a C. mydas study site

Bermuda is an isolated seamount located ~ 1050 km east
of Cape Hatteras, North Carolina, east of the Gulf Stream,
within the central north Atlantic (32°18’N, -64°46’W). A
50-year-long study of C. mydas by the BTP provides the
opportunity to describe changes in a developmental aggrega-
tion over a period during which there has been documented
decline in its seagrass resource base. Bermuda is an excel-
lent site at which to observe the impact of seagrass decline
on this immature life stage for multiple reasons. There are
no adult green turtles present at any time which eliminates
any possible influence of adult pressures on local seagrass
resources. In addition, the Bermuda Platform is isolated
from other foraging grounds by more than 1000 km so there
are no nearby resources to be taken into consideration.
Thirdly, there has been no green turtle fishery in Bermuda
since 1972 (Sarkis and Outerbridge 2014) so harvest need
not be considered for nearly all of the study period. Finally,
the condition of seagrass meadows (dominated by T. festudi-
num but including Syringodium filiforme, Halodule sp. and
Halophila decipiens) is well studied (Murdoch et al. 2007;
Manuel et al. 2013). As of 1997, seagrass coverage in Ber-
muda was estimated to be ~2100 ha (Vierros et al. 2002) but
has declined markedly since that date (Murdoch et al. 2007;
Manuel et al. 2013; this study).

The extensive data set on green turtles collected by the
BTP since 1968 allows examination of changes in the size
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structure, density (turtles ha™!), biomass (kg ha™!), body
condition, and site fidelity over decades. Qualitative assess-
ments of seagrass meadow condition made during about half
of the sampling events (383 of 743 sets of an entrapment
net) between 1993 and 2018 provide an index of seagrass
condition at the sites where turtles were sampled. These data
complement previous studies of seagrass abundance and
distribution on the Bermuda Platform (Vierros et al. 2002;
Murdoch et al. 2007; Manuel et al. 2013).

Decline of seagrasses and green turtle
response

Decline in seagrasses appears to be an extremely complex
process as it can result from a suite of at least 11 different
stressors, including six abiotic and five biotic limiting factors
(Nelson 2009) all of which can be influenced by anthropo-
genic interactions. Recent work in Australia suggests that
“synergistic stressors”, including increases in water tempera-
ture and flood-induced turbidity, have negatively impacted
seagrasses (Fraser et al. 2014; Kendrick et al. 2019). Climate
change is thought to lower resilience of seagrasses, as tem-
perature effects appear to magnify the impacts of synergistic
stressors, especially at the edge of their geographic range
(Fraser et al. 2014; Arias-Ortiz et al. 2018). Seagrasses in
Bermuda are at the northern limit of their range and are
restricted to shallow water (Manuel et al. 2013), making
them more susceptible to temperature extremes. Clearly,
megaherbivores play a key role in structuring seagrass mead-
ows (e.g., Scott et al. 2018; Gulick et al. 2020; Christianen
et al. 2021). Green turtles and seagrasses have coexisted
for millions of years (Dodd et al. 1992) and perhaps 10s
of millions of years (Ivany et al. 1990). Thus, there should
exist natural mechanisms by which these grazers respond
to the availability of resources, and seagrasses respond to
fluctuations in grazing pressure. Our long-term work in Ber-
muda provides an opportunity to investigate changes in an
important green turtle foraging aggregation and examine the
expectation that such aggregations should show predictable
responses to decline in seagrass forage availability.

Materials and methods
Study area and sampling

The BTP has sampled green turtles on seagrass meadows
across the Bermuda Platform from 1968 to the present. All
sampling was done using an entrapment net method (Meylan
et al. 2011) in which a 6.1 m deep net of 10 cm bar mesh
with continuous lead line and float line was set on seagrass
meadows in a circle or from shore to shore. Net length varied

from 614 to 396 m. Snorkelers swam the net removing cap-
tured turtles and placing them in a catch boat. Turtles were
then transferred to a larger research vessel for data and sam-
ple collection. Turtle size and mass data were collected from
all captures, however, from 1968 to 1991, specific set data
were not associated with turtle capture data, limiting the
utility of information from these early years. From 1992 to
2018, the BTP deployed an entrapment net 743 times at 42
locations. During this period, basic habitat data, including
GPS coordinates of set locations, depth at the approximate
center of the set, and water temperature were available for
nearly all sets. Association of capture data with set data
allowed calculation of catch per unit effort (CPUE) and
density as well as biomass per unit effort (BPUE) and bio-
mass. For 51.5% of these sets, snorkelers made a qualitative
assessment of the benthic habitat, especially the seagrasses,
as they swam the circumference of the net to remove turtles;
these observations were recorded in the project logbook. We
later converted these assessments to a qualitative seagrass
index by scoring them as 0-5 based on the specific terminol-
ogy used in the recorded descriptions and employing a scale
approximating that of Murdoch et al. (2007) (Table S-1).
Quantification of seagrass coverage for our index catego-
ries was available for 34 sets of the net made during 1993
and 1994 (Vierros 1999; Vierros et al. 2002). Quantification
resulted from analysis of 10-15, 0.5-m? quadrats for each of
34 sets that included estimates of seagrass coverage (sum
of % vegetative cover contributed by 7. testudinum and S.
filiforme) (Table S-1). Turtle size used throughout this paper
is reported as straight carapace length measured in cm from
nuchal notch to pygal notch (SCL,;, of Bolten, 1999). Tur-
tles were weighed to the nearest 0.1 kg using mechanical
scales until 1992, and an electronic scale after that date.

Physical characteristics and sampling records for 20
sites (named seagrass meadows) sampled 10 times or more
between 1992 and 2018 are given in Table 1. Those sites
represent a cross section of foraging habitats for green
turtles in Bermuda and were the location of 90.7% of the
sets of the entrapment net made during all months between
1992 and 2018. They are distributed across the Platform
(Fig. 1) from the shoreline of the main islands to 11.2 km
from the nearest shoreline and vary from 2.0 to 5.8 m in
average depth. The sites varied in their degree of isola-
tion, from those that are distant from all other seagrass
meadows (North Rock) to sites that are essentially con-
tinuous (Wreck Hill and Tudor Hill, Grotto Bay and Ferry
Reach). The number of times that each site was sampled
per year was limited to avoid affecting turtle behavior.
Data from a subset of 15 sites sampled at least 10 times
between 22 July and 25 August from 1992 to 2018 pro-
vided a sample of “August” sets that were used in analyses
for which we sought to minimize any potential seasonal
effects (Table 2).
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Fig. 1 Capture locations of green turtles (Chelonia mydas) sampled
by the Bermuda Turtle Project, 1992-2018. Limits of sampling at
each named seagrass meadow indicated by yellow polygons. a North

Analytical methods

Preliminary analyses suggested that sampling sites at
roughly the same distance offshore from the main islands
showed similar patterns of turtle use and seagrass decline.
Thus, we categorized sampling sites as inshore (along or
within the main islands of Bermuda), nearshore (immedi-
ately across one deep channel from the main islands), or
offshore (at least 1.5 km from the main islands). These
sampling site categories are given in Table 1 and used in
analyses of site-specific changes. Changes in the absolute
size of a green turtle developmental aggregation can result
from variation in immigration, emigration and survivorship
(Bjorndal et al. 2005). Given the complexity of distinguish-
ing local movement out of our specific sampling sites on the
Platform from emigration or mortality, we have chosen to
use absolute measures of density and biomass on individual
seagrass meadow sampling sites as indicators of change in
the “size” of the aggregation. For sets of the entrapment net
made from 1992 to 2018, we calculated the area enclosed
by the entrapment net to determine CPUE and BPUE for a
standardized area (3.0 ha). Given the known area, we could
then compute density (turtles ha~!) and biomass (kg ha™?).

64°43.5'W 64°41.3'W 64°39'W

64°43.5'W

shore sites, b East end sites, ¢ West end sites, d Site map locations.
Base maps from Google Earth

The area of the set was determined by knowing the length of
the net and considering it to be the circumference of a circle.
When the length of the net changed, and for sets made from
point-to-point along a shoreline, appropriate corrections to
CPUE, BPUE, density and biomass measures were made
(Table S-2). The standardized set area of 3.0 ha allowed
simple calculation of density and biomass from CPUE and
BPUE data. For estimates of biomass, a correction was made
for any missing weights by adding the average weight of
turtles in that set.

The CPUE literature suggests that sampling where the
target species is most likely to be encountered is problem-
atic and warns against sampling areas that produce “good
catches.” We, therefore, established regular sampling at a
set of 10 Core sites in the mid-1990s that were sampled
with regularity in subsequent years to serve as a baseline
of change in the aggregation. Core sites were chosen based
on previous sampling history and distribution around the
Platform and continued to be sampled even when the study
species’ presence declined.

Factors that introduce sampling error to each set of the
net include the exact positioning of the set at a sampling
site (Fig. 1), speed at which the net was deployed, degree

@ Springer
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Table2 Summary of site-specific results for average turtle size, density, biomass, turtle condition index, and qualitative seagrass observations
for 15 sites on the Bermuda Platform for which 10 or more “August” samples are available

Sampling site ~ Most Most Average turtle Trend in Trend in Trend in Trend in Trend in Most recent
recent sam-  recent size (SCL,;,)  size density biomass condition seagrass year seagrass
ple through turtle (+SE) 1992-2018 (turtles (kg ha™!) index 1992-2018 observed
2018 captures 1992-2018 ha™!) 1992-2018 1992-2018 through 2018

through 1992-2018
2018
OFFSHORE
SITES
Crescent East 2017 2000 534+1.68 No trend Decrease** Decrease** Decrease** Decrease** 2008
Ely’s Flat 2013 2010 50.5+1.46 Decrease** Decrease Decrease No trend Decrease** 2003
(n.s.) (n.s.)
Outside 2018 2004 56.8+0.60 Decrease** Decrease** Decrease** Decrease** Decrease** 2004
Daniels
Head
NEARSHORE
SITES
Cow Ground 2018 2017 44.1+0.63  Decrease** Decrease Decrease™*  Decrease Decrease** 2013
(n.s.) (n.s.)
Vixen 2018 2017 45.5+0.66 Decrease** Decrease** Decrease** Decrease** Decrease** 2007
INSHORE
SITES
Annie's Bay 2018 2018 36.5+0.59 No trend Increase**  Increase**  No trend No trend 2018
Baileys Bay 2018 2018 359+0.40 Decrease Increase**  Increase**  No trend Decrease** 2018
(n.s)
Blue Hole 2018 2018 41.5+0.67 No trend Increase** Increase**  Decrease** Decrease** 2018
Ferry Reach 2017 2012 479+1.20 No trend Increase Increase Increase Decrease 2005
(n.s.) (n.s.) (n.s.) (n.s.)
Ft. St. 2018 2015 43.8+0.79 Increase** No trend Increase No trend Decrease** 2018
Catherine (n.s.)

Grotto Bay 2018 2018 43.03+1.28 No trend No trend No trend Decrease** No trend 2018

Long Bay 2018 2018 43.67+.83 No trend No trend No trend No trend Decrease®* 2018

Somerset Long 2018 2018 41.5+0.48 No trend No trend No trend Decrease** No trend 2018

Bay
Tudor Hill 2018 2018 38.44+0.55 No trend No trend Decrease Decrease** Decrease** 2017
(n.s)
Walsingham 2018 2018 36.4+0.57 No trend Increase**  Increase**  No trend Decrease** 2018
Bay

Results arranged by distance from shore (shoreline category). Core sites shown in bold. Sampling at each site varied across years and may not
cover the entire 26-year interval. Density and biomass were corrected for changes in net length and for point-to-point sets and for missing turtle
weights. Significant change (linear regression) indicated by **. For sample sizes and physical characteristics of each site, see Table 1

of deviation from a perfect circle, and amount of net over-
lap (degree of closure). Samples were taken in all months
without regard to tidal cycle but were limited to daylight
hours between 8AM and 5SPM. We attempted to keep track
of turtles that escaped the set, were captured on the outside
of the net, or were left behind in the set when the net-
ting session was ended, but this was not always possible.
We believe that these sources of potential error remained
constant over the study. There is no evidence that any of
them introduced systematic error into the results. For some
analyses, we have used 5-year and 9-year floating averages

@ Springer

to reduce variation due to limited annual sampling (e.g.,
Fig. 2).

Analysis of change in average turtle size and mass and a
decadal analysis of aggregation structure used data from the
entire study period. Analyses of site-specific changes in CPUE
(density), BPUE (biomass), turtle size, and condition index,
are limited to sets made between 1992 and 2018. We used lin-
ear regression to examine changes in the average size and mass
of turtles and restricted these analyses to years with >40 cap-
tures. Non-parametric ANOVA was used to examine changes
in the aggregation size structure. Calculation of average size
at departure from the Bermuda Platform follows the methods
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of Meylan et al. (2011) in which it is assumed that the right-
hand side of a histogram of aggregation structure (Fig. 3) is
determined by departure from the foraging aggregation of indi-
viduals belonging to different 5 cm size classes. The propor-
tion of the most numerous size class that is absent from each
succeeding size class is assumed to have emigrated and is used
to calculate a weighted average for size at departure by decade.
Changes in density, biomass, and body condition index (BCI)
were examined using linear regression.

For our data set, BCI calculated as (mass (SCLA3)™") scaled
with SCL (Fig. S-1). To remove the effect of size, we used
a residual calculated as the difference between log observed
mass and the log mass predicted by the relationship between
SCL,,;, and mass from Meylan et al. (2011: Table 3) (Hayes
and Shonkwiler 2001). To test for changes in BCI, an average
was calculated for each set of the net made between 1992 and
2018 for which size and mass measurements were available.
To examine these data for density-dependent effects on condi-
tion index, we plotted average BCI of turtles from all sets at
Core sites against total biomass of turtles in that set.

Changes in the distribution (inshore, nearshore, offshore)
of the C. mydas aggregation across the Platform were exam-
ined by comparing the site-specific biomass for August sets
of the net across years pooled by shoreline category (see
Table 1 for shoreline categories). If biomass data were not
available for a shoreline category for a given year (n=6), we
used an average of the preceding and next measured values.

We used two methods to test for evidence of change in
site fidelity. First, all data from 1968 to 2018 were examined
to determine the rate at which known individual green turtles
moved between named seagrass meadows between captures;
only years with 10 or more recaptures were included. Sepa-
rately, for captures from 1992 to 2018, we used nonparamet-
ric ANOVA to test for change in average distance moved by
all recaptured turtles between GPS locations of the capture
and subsequent recapture sets by year. For both, we used
only recaptures where the turtle was released at its previous
capture location and not at a different location. We took this
precaution because we have observed that moving turtles
away from their capture location reduces site fidelity by
about 10% (Meylan et al. 2011). For all statistical analyses,
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results were considered significant at P <(0.05; means are
given+ 1 SD unless otherwise noted.

Results
Aggregation—average size and mass

Between 1968 and 2018, the BTP collected data from 5855
green turtle net captures. Between 1 and 288 (114.4 + 87.6,
n=>51) captures were made per year. Sampling with an
entrapment net by the research team began in 1975, and by
1976 resulted in adequate sample sizes (rn >40) so that trends
in average size (r2 =0.60, F1,37=56.00, P <0.001, Fig. 2A)
and mass (r2=0.59, F1,37=52.43, P<0.0001, Fig. 2B) of
green turtles in the aggregation can be reported back to that
year. Average size and mass declined from 5-year floating
averages of 51.6 cm and 23.9 kg in 1978 to 40.1 cm and
13.9 kg in 2016, a decline of 11.5 cm and 13.9 kg. These
values represent a 22.3% reduction in average size and a
58.2% reduction in average mass.

Aggregation structure and emigration

Analysis of aggregation size structure across five decades
revealed significant change (Kruskal-Wallis One-Way
Analysis of Variance, H (4) =642.3, P<0.001, Fig. 3).
All pairwise comparisons between decades differ signifi-
cantly except 1968—1977 vs. 1988-1997 and 1978-1987 vs.
1998-2007 (Dunn’s Multiple Comparison). Size distribu-
tion in early decades is skewed towards larger sizes; those
from the last two decades are skewed towards smaller sizes.
Through 2017, there was an increase in the number of new
recruits (< 30 cm); this size class made up 4.1% of the aggre-
gation in 1968-1977, but 18.4% in 2008-2017. Change in
estimated average size at departure is not significant when
considered over five decades; however, there is a marked
decline from 65.8 cm to 53.5 cm over the last 30 years.

CPUE/density and BPUE/biomass

From 1992 to 2018, average density of green turtles on
seagrass meadows increased significantly (Fig. 4) at the
10 Core sites (August only, r=0.42, F1,23=16.75,
P =0.0004; all months, r>=0.40, F1,25=17.00,
P =0.0004) and across all sites (August only, r*=0.61,
F1,23=36.65, P=0.0001; all months, r*=0.66,
F1,25=47.98, p <0.0001). Average green turtle density
for all samples at all sites was just under two turtles per
hectare until about 2005 and increased to about 5 turtles
per hectare by 2015. Although density increased signif-
icantly over time, biomass did not. For August sets, at
the 10 Core sites there was a slightly decreasing trend
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in biomass (Fig. SA), at the 15 most-sampled sites, there
was a slightly increasing trend (Fig. 5B), but neither was
significant. Biomass for August sets changed significantly
when examined by shoreline category (Fig. 5B), declin-
ing at offshore (r2 =0.72, F1,25=63.74, P<0.0001)
and nearshore (r2=0.35, F1,25=13.3, P=0.012) sites,
but increasing at inshore sites (r2= 0.55, F1,25=30.34,
P <0.0001). Biomass has been 0 at all offshore sites since
2005 and dropped to zero at nearshore sites in 2014 and
2018. Thus, despite a clear increase in numbers of turtles
captured, the decrease in average size and mass of indi-
vidual turtles resulted in no change in average biomass
across either the 10 Core sites or 15 most-sampled sites.
Site-specific analyses show that changes in density and
biomass on seagrass meadows did not take place in a uni-
form fashion across the Bermuda Platform (see below).

Turtle body condition index

Average BCI for all August sets at the 10 Core sites was
examined with respect to sample site location: inshore,
nearshore, offshore; there was significant decrease in all
categories (offshore: ?=0.222, F1,62=17.71, P<0.0001;
nearshore: 2 =0.27, F1,71 =25.84, P <0.0001; inshore:
*=0.11, F1,191 =24.03, P <0.0001; Fig. 6). For turtles
at offshore sites, BCI decreased at about twice the rate of
turtles from inshore sites. Average BCI per set of the net
as a function of BPUE revealed a positive relationship
(*=0.071, F1,343=26.07, P <0.0001, not shown).

Site-specific results

Site-specific results from 1992 to 2018 for density, biomass,
turtle size, turtle body condition index and seagrass avail-
ability at individual seagrass meadows are given in Table 2.
For data pooled for each of 20 sites (Table 1), average green
turtle size varied by site from inshore to offshore, with sig-
nificantly larger turtles found at increasing distance from
shore (r2 =0.30, F1,17=7.44, P=0.0143), and increasing
depth (r2: 0.41,F1,17=11.76, P=0.0032). Change in aver-
age turtle size over time varied by shoreline category, with
average size decreasing significantly at 4 of 5 offshore and
nearshore sites but, with one exception, not changing signifi-
cantly at inshore sites (Table 2).

Site-specific density and biomass at the 15 most-sam-
pled sites (Table 2) also varied by shoreline category. Both
measures decreased at all 5 offshore and nearshore sites (sig-
nificant at 3 of 5 sites for density, 4 of 5 sites for biomass).
However, both measures showed significant increase at 4 of
10 inshore sites, with the remaining inshore sites showing
no significant trend. Turtle condition index showed a general
pattern of decline across all 15 sites. A significant negative
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Fig.3 Size structure (5-cm size 0.20
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trend in turtle condition index was observed at 7 of the 15
sites (Table 2), including 4 of 5 offshore and nearshore sites
(Fig. 6).

Seagrass index

Seagrass index scores showed a general pattern of decline
across all 15 sites. Qualitative assessments of seagrass
suggest significant decrease at 11 of the 15 sites, includ-
ing all five of the offshore and nearshore sites. Significant

CARAPACE LENGTH (cm)

decline in seagrass index score (Fig. 7) was first observed
at offshore (r2 =0.80, F1,17=66.41, P <0.0001), then
at nearshore (r2 =0.81, F1,26=113.59, P<0.0001), and
most recently at inshore sites (r2= 0.52, F1,54=57.40,
p <0.0001). We have not observed seagrass at our offshore
sites since 2008 or at nearshore sites since 2013 (Fig. 7,
Table 2).
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ALL SITES, ALL MONTHS
ALL SITES AUGUST ONLY
CORE SITES, ALL MONTHS
CORE SITES, AUGUST ONLY

DENSITY (turtles ha™)

1995 2000 2005 2010 2015

Fig.4 Average density of green turtles (Chelonia mydas) in seagrass
meadows on the Bermuda Platform, 1992-2018. Four categories of
sampling are shown. Increase in density for all measures is significant
(see results). From 2009 to 2018 all sampling was in August

Site fidelity of green turtles on the platform

The results of two analyses of site fidelity of green turtles
on the Bermuda Platform show similar results. An analysis
of movement between named sampling sites since 1979
(Fig. 8A) shows that for 27 sampling years with at least 10
recaptures, an average of 10.6 +7.3% (range 0.0 to 26.1%,
n=1317) of recaptured turtles moved between named
sampling sites between captures. On average, nearly 90%
of recaptures had not switched sites (seagrass meadows).
Among those that moved between named sites, most made
longshore movements (e.g., nearshore to nearshore site)
(7.2% of recaptures), fewer made movements to a shal-
lower site (3.4% of recaptures); very few movements
were to a site farther offshore (0.2% of recaptures). By
this measure, there appeared to be two periods of reduced
site fidelity during which the rate of movement between
named sites was about double. An early one occurred dur-
ing 1992-1997, and a second started in 2011 and contin-
ued through 2018.

Fig.5 Annual average biomass
(kg ha™") observed for green 80 -
turtles (Chelonia mydas) cap-
tured on seagrass meadows on
the Bermuda Platform. Annual
mean and SE are shown for
“August” samples at 10 Core
sites (a) and at 15 most-sam-
pled sites (b) for 1992-2018.
Trend lines are not significant.
Averages for offshore sites
(solid line) and nearshore sites
(dashed line) show significant
decline, averages for inshore
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CORE SITES, AUGUST ONLY a

sites (dotted line) showed signif-

icant increase (see results) 100
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TOP 15 SITES, b
AUGUST ONLY
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Fig.6 Average body condition P
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A second analysis of site fidelity using GPS locations for
individual sets of the net for the period 1992-2018 (Fig. 8B)
shows two peaks of reduced site fidelity that include years
with significantly increased mobility relative to years in
which the average distance moved was just greater than the
diameter of our net sets (195 m) (Kruskal-Wallis One-Way
Analysis of Variance, H (26) =120.4, P <0.001). Dunn’s
Multiple Comparisons confirmed significant differences in
average distance moved during most years in two periods,
1996-2004 and 20152018, relative to the years 2008-2011
(Fig. 8B). The yellow polygons in Fig. 1 show a rough

outline for each of the sampled seagrass meadows. All are
quite limited in area so that movements of 1-2 km (Fig. 8B)
would also represent a movement between named foraging
areas (Fig. 8A).

Discussion
We have documented a series of significant demographic

changes in the foraging aggregation of green turtles on
the Bermuda Platform, most of which are consistent with

Fig.7 Annual average qualita-
tive seagrass index score for 10
Core sampling sites for green
turtles (Chelonia mydas) on the
Bermuda Platform, 19922018,
based on records from the
project logbook. Declines at off-
shore sites (triangles, solid line),
nearshore sites (squares, dashed
line), and inshore sites (circles,
dotted line) are significant (see
results). See Methods for expla-
nation of shoreline categories.
Trends for individual sites are
given in Table 2; seagrass index
criteria and corresponding per-
cent seagrass coverage are given
in Table S-1

5 1 L

QUALITATIVE SEAGRASS INDEX

1995

2000 2005 2010
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Fig. 8 Measures of site fidel- 0.30
ity of green turtles (Chelo-

nia mydas) on the Bermuda
Platform. a Proportion of turtles
that moved between capture
sites between sequential cap-
tures (1992-2018). Longshore
movement was between off-
shore sites, between nearshore
sites, or between inshore sites;
inshore movement was to a
shallower site closer to the main
islands; offshore movement was
to a deeper site farther from the
main islands. Results are based
on 1287 recaptures. b Average
distance (m) moved between
captures for all recaptures
1992-2018. Distances were
measured between center points
of consecutive net sets in which
an individual was captured.
Distance was significantly
greater within peaks centered
on 2002 and 2018, relative to
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expected responses of a population (aggregation) to a
decline in resources. The aggregation is highly dynamic with
individuals in the smallest size classes recruiting, and those
from larger size classes emigrating every year. While on the
Platform, all members of the aggregation share a limited
set of resources and, as seagrass resources have declined,
the aggregation has responded accordingly. Because Ber-
muda serves only as benthic developmental habitat, and
green turtles on the Platform are not mature, reducing
reproductive output is not an option for the aggregation to
respond to declining resources. Predictable changes might
include reduced successful transition from oceanic to ben-
thic stages, departure at smaller size, reduced density and
biomass, reduced relative body mass (body condition index),
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increased foraging effort (as indicated by reduced site fidel-
ity), lower growth rates, a change of diet, and higher mortal-
ity rates. Observations reported here allow us to comment
on most of these expected changes, but others have been
and will continue to be examined separately. A reduction in
growth rate has been documented for Bermuda green tur-
tles as part of a growth meta-analysis for this species in the
Northwest Atlantic (Bjorndal et al. 2017), which included
845 growth intervals from Bermuda. Temporal change in
diet over recent years (2015-2019) has been assessed and
found to be minimal (Gulick et al. 2021b). Reduction in
survivorship at recruitment to the Bermuda Platform will be
examined in a separate study, using data from the Bermuda
sea turtle stranding network.
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External factors

Some changes in the Bermuda aggregation reported here
are likely to be independent of events in Bermuda and
instead reflect external factors, specifically, conservation
work at nesting beaches in the greater West Atlantic, and
a worldwide pattern of seagrass decline. Multiple source
rookeries known to contribute to the Bermuda aggrega-
tion have shown increasing numbers of nesting females
and/or nests (Chaloupka et al. 2008; Seminoff et al. 2015;
Mazaris et al. 2017). Immigration into developmental
aggregations in the Atlantic has increased at multiple sites
(Witherington et al. 2006; Redfoot and Ehrhart 2013; Silva
et al. 2017; Howell and Shaver 2021; this study), and is
best explained by increased output at recovering rooker-
ies. Seagrass meadows in Bermuda that showed significant
increase in density were all inshore sites that historically
had the smallest turtles (Table 2), and the increase in den-
sity is best explained as the result of increasing numbers
of new recruits in the 25-35 cm size range (Fig. 3) coming
from recovering rookeries.

The decline in the seagrass resource base for green tur-
tles that we corroborate for Bermuda (see also Murdoch
et al. 2007; Fourqurean et al. 2010, 2019; Manuel et al.
2013) is part of a worldwide trend. A review of the status
of seagrasses (Waycott et al. 2009) suggests that decreases
in the health of seagrass ecosystems were detected well
before the relatively recent progress towards recovery of
some green turtle populations. A steady increase in reports
of decline in seagrass ecosystems was traced back to the
1930’s (Waycott et al. 2009), decades before major conser-
vation efforts for green turtles began on nesting beaches in
the Atlantic. Population Viability Analyses from Seminoff
et al. (2015) indicate an increasing trend in nesting females
at four major source areas for Bermuda, starting in 1970
or later; increases can be traced back to about 1970 at
Tortuguero, Costa Rica, and back to about 1990 at sites in
Cuba, Mexico and Florida.

Aggregation structure and earlier
emigration

The average size of green turtles on foraging grounds in
Bermuda decreased by about one-quarter and average
mass by more than half over the course of our study. The
size at which recruits appear has remained constant, but
the relative number of turtles in the smallest size classes
has increased. Thus, the expectation that there should
be less successful transition to a benthic life stage (i.e.,
fewer small turtles) was not met. Reduction in larger size
classes indicates that our expectation of smaller size at

departure was met. Departure from Bermuda, involving a
developmental migration to a more tropical foraging area,
is expected for members of this aggregation (Carr et al.
1978; Meylan et al. 2011). Estimated size at departure
declined by more than 10 cm during the last three decades
of the study. Recent observations of green turtles tagged
in Bermuda and recaptured alive on the east coast of Flor-
ida (M8149 and MB2248) indicate that green turtles as
small as 42.7 and 51.0 cm SCL_;, can make a successful
open-ocean migration from Bermuda to a foraging area
1500 + km distant (BTP unpubl data).

Growth rates of green turtles in the West Atlantic, includ-
ing those in Bermuda, declined on average by 26% between
1999 and 2015 (Bjorndal et al. 2017). For larger turtles, a
reduction in growth rate could be the cue to emigrate. Pre-
viously, we suggested that green turtles departed Bermuda
when they reached puberty (detected by laparoscopy), and
that hormonal changes associated with the onset of puberty
might trigger this migration (Meylan et al. 2011). More
recently, Bjorndal et al. (2019), suggested that green turtles
depart their developmental site if resources are insufficient
to maintain adequate growth. They detected a decline in the
variance of growth rate for large immatures in the Baha-
mas which they attributed to the departure of slow-growing
individuals. This new model offers a better explanation for
the reduction in size at departure from Bermuda. The case
for reduced growth rate as the cue, rather than the onset of
maturity, is supported by our observation that very few green
turtles in Bermuda begin maturation at a size of 60 cm or
less (Meylan et al. 2011).

The marked reduction in average size and mass of indi-
vidual turtles is consistent with expectations drawn from a
recent stable isotope (SI) study of green turtle diet done in
conjunction with BTP sampling in 2012 and 2013 (Burgett
et al. 2018). That study estimated that seagrass contribution
to the tissues of green turtles varied from 5-80% (average
47%) with an ontogenetic shift to a more seagrass-focused
diet at a size of ~40 cm. Turtles over 50 cm were suggested
to have seagrass-dominated diets, although SI data suggested
that they still appeared to use other resources. This recon-
struction of diet from SI data was not consistent with results
reported by a recent analysis of gut contents (Gulick et al.
2021b), which found seagrasses to dominate the diet across
all size classes. These two studies measured diet differently,
i.e., what is assimilated vs. what is ingested. The inconsist-
ency between them likely reflects the rate of conversion of
diet components to tissue and the rate of turnover of tis-
sues (Seminoff et al. 2006), perhaps in combination with the
reduced digestive efficiency of T. testudinum in relatively
small green turtles (Bjorndal 1980). Despite the different
results of the SI and gut sample studies, given the increased
rate of intake (Bjorndal 1980) and reliance on seagrass (Bur-
gett et al. 2018) by larger turtles, our documented change in
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the aggregation indicates a significant reduction in the larger
turtles that consume more seagrass.

Changes in density and biomass

With declining seagrass resource availability, we expected
to find a reduction in green turtle density and biomass. How-
ever, across all sites combined, average density more than
doubled and biomass showed no significant change over the
study period. Significant increase in site-specific density and
biomass occurred only at 4 of 10 inshore sites with turtle
density and biomass decreasing significantly at most off-
shore and nearshore sites (Table 2). These 4 inshore sites
were among the 5 sites with the smallest average size turtles,
and none had a significant increase in average turtle size,
indicating that increased density and biomass at these sites
resulted from an increase in the number of recruits rather
than movement of large turtles inshore. The highest den-
sity measured in Bermuda was at Baileys Bay, the site with
the smallest average turtle size (Table 2). Density was 37.2
turtles ha™! at this site on one occasion in August 2017.
This single sample was a clear outlier with the next highest
density measured at 23.2 turtles ha~!, and fewer than 3% of
samples (n=739) having a density above 10 turtles ha™!.
The average density for all sets in Bermuda remained below
2 turtles ha™! until 2005, and then increased to 5-6 turtles
ha~! in recent years (Fig. 4). No increase in average green
turtle density occurred prior to 2004, when the onset of sea-
grass decline was first documented (Murdoch et al. 2007).
Average density in Bermuda was always well below the
carrying capacity observed on seagrass meadows at a more
tropical benthic developmental site, Union Creek, Inagua,
Bahamas, of about 10 turtles ha™! (Bjorndal et al. 2000),
although carrying capacity at Bermuda’s more temperate
location might be expected to be lower.

Because large green turtles consume much more seagrass
than smaller ones (Bjorndal 1980) turtle biomass is more
useful than density alone as a measure of grazing impact on
seagrass meadows (Scott et al. 2018). Turtle biomass in Ber-
muda exceeded 200 kg ha™! in fewer than 1% of samples and
exceeded 100 kg ha~! in only 8.4% of samples. Reports of
biomass on seagrass meadows at other sites around the globe
suggest that values for C. mydas in Bermuda (average 14.7
to 62.3 kg ha™! for the 15 most-sampled sites) are relatively
low. Bjorndal et al. (2000) suggested a carrying capacity in
Inagua of about 185 kg ha~!. Moran and Bjorndal (2005)
provided estimates of carrying capacity using three levels of
intake that ranged from 122 to 292 kg ha™! under conditions
of heavy grazing. Cardona et al. (2020) reported on sites
at Fernando de Noronha (Brazil), and Hawaii, at which C.
mydas biomass was estimated as more than 500 kg ha™! to
more than 1000 kg ha™!. Sites in the Indian Ocean reported
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to have densities ranging from 10 turtles ha=' (Lakshad-
weeps, India; Kelkar et al 2013) to 24 turtles ha™! (Mayotte,
Ballorain et al. 2010) support both large juveniles and adults
and could also have biomass in the 500—1000 kg ha™! range.

Greater foraging effort

Given the known site fidelity to specific foraging areas
exhibited by green turtles in Bermuda (Meylan et al. 2011),
increased movement between known foraging areas could
be interpreted as increased foraging effort. Alternatively,
reduced fidelity could result from increased disturbance,
such as increased vessel traffic. Each of the two methods we
used to test for changes in site fidelity showed two peaks of
reduced fidelity (Fig. 8). The first occurred around the turn
of the millennium, the second occurred in the last decade.
Given this bimodal pattern (impact of vessel traffic would
likely be linear), we interpret the reduced site fidelity as
evidence that turtles moved more frequently and greater
distances to meet foraging requirements during these two
periods. The first began just before the period when a sig-
nificant reduction in growth rates occurred for three differ-
ent sea turtle species in the West Atlantic, including green
turtles (Bjorndal et al. 2017). The second likely reflects the
decline in seagrass habitat across the Bermuda Platform
that has been well documented over the last two decades.

Offshore to inshore pattern

Seagrass productivity is known to decrease with increas-
ing water depth and reduced light availability (Tomasko
and Dawes 1990) and increased depth would exacerbate
any increase in turbidity and/or colder water temperatures.
Depth was found to be a significant regulating factor in
compensatory growth in 7. testudinum in the USVI (Gulick
et al. 2020, 2021a). Furthermore, larger turtles, with the
capacity to consume more seagrass are found farther off-
shore and in deeper water (Tables 1 and 2). These factors
explain why our site-specific results support an offshore
to inshore pattern of seagrass decline as reported by Mur-
doch et al. (2007) and Fourqurean et al. (2019). As this
decline in seagrass resource occurred, a decrease in average
turtle size was observed at offshore and nearshore sites,
and density and biomass declined significantly at most of
them (Table 2). However, no mass influx of larger turtles
into nearshore sites was documented (Fig. 8A); there was
an increase in average size at only 1 of 10 inshore sites
(Table 2). At four of five offshore and nearshore sites,
where the largest turtles were found, a significant reduction
in turtle size was detected before turtles disappeared from
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these sites (Table 2). No inshore sites showed a significant
decrease in turtle size.

In addition, BCI declined significantly, with a clear off-
shore to inshore pattern (Fig. 6), occurring earlier and more
rapidly offshore and then later at nearshore and inshore
sites. The index used here is easily understood as 0.0 repre-
sents the expected mass of an individual of a specific size
(based on data collected from 2473 C. mydas in Bermuda,
1968-2005); positive values are turtles that are heavier than
expected, negative values are those not as heavy as expected.
To put these values in perspective, a sample of 37 green tur-
tles (21.4-45.5 cm) documented by the Bermuda Sea Turtle
Stranding Network as “thin or emaciated”, had an average
BCI of -0.159+0.052 (range -0.054 to -0.248). During the
last decade, turtles from the 10 Core sites had average BCI
in the -0.02 to -0.09 range with about 15% of captures falling
in this “emaciated” range.

Grazing and synergistic stressors

Relative to mammalian megaherbivores, green turtles have
very small metabolic requirements (Bjorndal 1980); they
were reported to ingest remarkably small amounts daily
(0.24-0.33% of body mass, dry weight to wet weight). Using
this estimate, a 20 kg green turtle would consume between
44 and 66 gm (dry weight) of seagrass per day. Given this
low rate of intake and the relatively small size of individual
turtles and low total biomass of green turtles on seagrass
meadows in Bermuda, healthy seagrass meadows should
have been able to withstand green turtle grazing pressure
(Moran and Bjorndal 2005; Fourqurean et al. 2010). Aver-
age turtle biomass across all sampling sites remained con-
stant over the course of our study and average turtle size
decreased significantly. Because smaller turtles are less reli-
ant on seagrass than larger ones (Burgett et al. 2018), graz-
ing pressure on seagrasses should have decreased over the
last 50 years as a result of decreasing turtle size.

Under certain circumstances, seagrasses in Bermuda can
survive many years of repeated grazing (Fourqurean et al.
2010). Using experimental exclusion, these authors found
that ungrazed areas had greater levels of aboveground bio-
mass when compared to grazed areas, whereas there was no
difference in shoot density or belowground biomass (i.e.,
roots and rhizomes). However, that study suggested that
high rates of grazing caused declines in rhizome soluble
carbohydrate that, in turn, reduced the ability of T. testudi-
num to recover from unfavorable environmental conditions.
Work at their Chub Head Beacon site agreed with results
of other studies that have suggested that healthy seagrass
meadows should be resilient to repeated grazing (i.e., Moran
and Bjorndal 2005; Gulick et al. 2020, 2021a), and they con-
cluded that some other environmental factor was important

in determining when seagrasses can survive heavy grazing
pressure in Bermuda. This idea is consistent with work done
in Australia (Fraser et al. 2014; Kendrick et al. 2019) that
suggests that “synergistic stressors” resulted in the loss of
seagrass meadows there.

Synergistic stressors have been previously identified as
a cause of seagrass decline in the West Atlantic. Williams
(1988) reported that the combination of anchor chains and
grazing led to decline of seagrass meadows in the US Vir-
gin Islands. Murdoch et al. (2007) identified cool winter
temperatures, short day length at 32°N, and low nutrient
availability as possible sources of reduced productivity and
additional sources of stress on seagrasses in Bermuda. Fraser
et al. (2014) concluded that “stressors are unlikely to act
singly in natural ecosystems, especially during extreme cli-
matic events”. These authors emphasized the susceptibility
of seagrasses at the edge of their range to climatic events and
suggested that multiple synergistic stressors may be respon-
sible in such cases. We suggest that temperature extremes,
bioturbation, and P limitation are stressors that may have
acted in synergy with grazing in Bermuda.

Studies of temperature impacts on seagrass have under-
standably focused on increase in temperature (e.g., Rasheed
and Unsworth 2011; Arias-Ortiz et al. 2018), especially in
shallow water (Campbell et al. 2006). However, impacts in
Bermuda clearly began at the deepest sites (Murdoch et al.
2007; Fourqurean et al. 2019; this study) which would be
inconsistent with high temperature stress. In fact, Mur-
doch et al. (2007) identified cool winter temperatures and
short day-length at 32°N as possible sources of reduced
seagrass productivity in Bermuda. They specifically iden-
tified a wintertime cold-water event related to the North
Atlantic Oscillation that occurred in 1996 as a possible
cause of below-normal productivity in seagrasses. Zieman
(1975) summarized early studies of seagrass productiv-
ity and reported that 7. testudinum prefers temperatures
of 20-30 °C; productivity was said to drop to near zero at
temperatures below 19 °C. Lee et al. (2007) reported that
optimal temperatures for 7. testudinum productivity range
from 28 °C to 31 °C. A summary of water temperatures in
Bermuda recorded at NOAA National Data Buoy Center
station (BEPB6-2,695,540), shows that temperatures fell
below 20 °C annually for at least 3 months (Jan.—March)
during the period 2009-2019 and were optimal for T. fes-
tudinum growth only during July—September. During winters
of 1995-1998, temperatures at this station remained below
20 °C from at least mid-December to mid-April (4 months),
and in the winter of 1997, from 28 November to 1 May
(5 months). Long-term cold stress would be consistent with
the decline in seagrasses observed in Bermuda that started
at the deepest sites by 2000 (Fig. 7). Cold temperatures
would limit the ability of T. testudinum to maintain a criti-
cal minimum of leaf tissue to withstand prolonged grazing
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via compensatory growth (Gulick et al. 2021a). Recent,
climate-induced, “tropicalization” (Rodriguez and Heck
2020; Valentine and Heck 2021) is not a likely explanation
for seagrass loss in Bermuda which has a long history of
supporting a tropical fauna, including significant green turtle
biomass (Babcock 1938).

Bioturbation can be an additional stress on seagrass
(DeWitt 2009; Fourqurean et al. 2010). Kelkar et al. (2013)
suggested that grazing pressure may potentially change sedi-
ment dynamics and impact water quality. Because turtles do
not typically dig up seagrass, bioturbation caused directly
by green turtles is not likely to be an issue. Multiple authors
have contrasted green turtles with sirenians, pointing out
that the latter excavate rhizomes, while the former usually
do not (Lanyon et al. 1989). Rhizomes are not a regular
part of the green turtle diet (Bjorndal 1980; Mortimer 1981)
and they were relatively rare in gut samples from Bermuda
(Gulick et al. 2021b). Johnson et al. (2019) suggested that
the rhizome mats of T. festudinum are deeper and more
robust than those of species reported to be dug up by sea
turtles in Indonesia (Christianen et al. 2014), making this an
unlikely strategy for green turtles in the Caribbean. Rays can
be an additional source of bioturbation on seagrass meadows
(DeWitt 2009). Observations in the BTP logbook include
numerous accounts of “blowouts” or “potholes” (at least 48
records) in seagrass meadows that were consistent with feed-
ing by rays. In some cases, an entire sample site was covered
in “potholes”. Spotted eagle rays are abundant in Bermuda
(Ajemian et al. 2012) and one of the most common forms of
bycatch during turtle sampling (at least 52 records). There
has been concern expressed about the impact of large num-
bers of rays on the molluscan fauna of Bermuda (Ajemian
et al. 2012), but the impact of rays on seagrass meadows has
not been assessed.

Phosphorus (P) limitation is a critical consideration for
the productivity of seagrasses in Bermuda (Murdoch et al.
2007; Holzer and McGlathery 2016; Fourqurean et al. 2015).
Experimental work undertaken in one of our regularly sam-
pled sites (Baileys Bay) suggests that, during the period
2007-2009, response by T. testudinum to simulated graz-
ing was P limited (Holzer and McGlathery 2016). Areas of
the Platform from which seagrasses disappeared first were
those with the largest C. mydas, most likely to suffer from
long-term cold stress, and the greatest P limitation (Four-
qurean et al. 2015). Furthermore, a possible role for marine
turtles in the P cycle has been overlooked. Sea turtles have
the capacity to move large amounts of nutrient and energy
between ecosystems over a large geographic range (Lan-
yon et al. 1989; Bouchard and Bjorndal 2000). The nutri-
ents removed from benthic developmental sites from which
large immature sea turtles emigrate could be substantial. P
is a critical element in vertebrate bone (CaPO,) formation.
Green turtles arrive in Bermuda weighing just over 1 kg and
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depart weighing 40-60 kg (reduced to 30-50 kg in recent
years) and all resources used in growth and maintenance are
derived from ecosystems on the Platform. The turtle skel-
eton makes up roughly 20% of its mass (Iverson 1984) and
turtle bone is about 10% P (Biltz and Pelligrino 1969). A
50 kg turtle would remove about 1 kg of P when it departed
the Platform making it unavailable for recycling through the
detritus pathway. Removal of significant amounts of P by
C. mydas over a long timeframe could exacerbate this well-
established limitation on seagrass growth.

Conclusions

Ecological equilibrium models predict that demographic
responses should take place in predator populations in
response to reduction in available prey. We believe this has
occurred in the Bermuda green turtle aggregation over at
least the last three decades, if not longer. The role of Ber-
muda in the life cycle of green turtles in the greater West
Atlantic and Caribbean has changed. In the 1990s, immature
green turtles belonging to multiple genetic populations could
complete nearly all of their benthic developmental sequence
at this site. At present, only a portion of that stage can be
completed. Previously, C. mydas would emigrate from Ber-
muda at stage 2 (pubescent) and then complete maturation
elsewhere (Meylan et al. 2011). However, due to seagrass
loss they now depart years before they begin the maturation
process and instead will spend additional time on foraging
grounds elsewhere before maturing. The composition of
the aggregation was already changing when biologists first
perceived the issue of seagrass loss; it began with a steady
decline in average size and mass of turtles (at least since
1976) that has been continuous. Decline in average size sug-
gests progressively earlier emigration that is advantageous
for both sea turtles and seagrass. Larger green turtles in Ber-
muda show a higher reliance on seagrass rather than other
food resources and can be expected to consume more on a
daily basis than small turtles (Bjorndal 1980). At smaller
sizes, green turtles may be able to rely on macroalgae and
animal foods for more than 50% of their nutrients (Burgett
et al. 2018), but there appears to be variation in the reliance
of small immatures on seagrasses at local scales (Howell
et al. 2016; Howell and Shaver 2021). Our work suggests
that the “dynamic view of seagrass meadows” (Christianen
et al. 2021) must take into account the dynamics of the green
turtle populations/aggregations that use them, as well as the
role of synergistic stressors.

Given the wide range of stressors that impact sea-
grasses, especially at the edge of their geographic range,
the green turtle aggregation in Bermuda cannot be con-
fidently singled out as a single cause for the loss of sea-
grasses; a combination of synergistic stressors is more
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likely (Murdoch et al. 2007; Fraser et al. 2014). The causes
of seagrass decline in Bermuda cannot be determined until
all sources of stress are identified and the changing role of
C. mydas should be kept in perspective. Our results show
that studies of the interactions between green turtles and
seagrasses should not rely solely on simple density meas-
ures of sea turtles (e.g., Lal et al. 2010; Kelkar et al. 2013),
but rather, biomass and size-class interactions with sea-
grasses must be considered (Burgett et al. 2018; Scott et al.
2018). It has been suggested that there is little evidence
that turtles in Bermuda are responding to the loss of their
primary food (Fourqurean et al. 2019). However, we have
been able to show significant demographic changes that
started before seagrass decline was detected; the changes
detected should have significantly reduced the impact of
grazing on seagrasses in Bermuda.

Bjorndal et al. (2005) have suggested that “monitor-
ing [of sea turtles] should be continued as long as there
are management issues.” They argue that long-term stud-
ies (like the one in Bermuda) are important for assessing
trends. Esteban et al. (2020) have recently summarized
the evidence for flexibility in the C. mydas diet. They have
shown that there is more use of animal matter at sites with
cooler temperatures, including sites at the edge of the
range. This flexibility may enable adaptation to changing
resource patterns. In Bermuda, cold water temperatures in
cold winters and continuous grazing during warm winters,
combined with P limitation, are the most likely synergistic
stressors that have led to the inability of seagrasses in Ber-
muda to withstand constant grazing pressure by a species
on the road to recovery.
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