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ABSTRACT: Understanding conservation needs relies on robust estimates of key population
parameters, such as survival, abundance and somatic growth. We investigated the somatic growth
and abundance dynamics of 2 aggregations of immature green turtles, at Tortuga Bay and Puerto
Manglar (Culebra, Puerto Rico), throughout 15 yr of capture-mark-recaptures. We used nonlinear
models to investigate the effects of carapace length, sampling year, growth interval and the pres-
ence of fibropapillomas on growth rates, and used the size-specific growth rate function to esti-
mate how long turtles remain at each bay. Abundances were estimated and compared with time-
specific growth rate functions, to infer density-dependency effects on somatic growth rates, and
trends in abundance were evaluated by fitting generalized linear models. We found foraging site
specific growth rates and report the highest mean somatic growth rate for green turtles in the wild
(6.1 + 1.7 cm yr~!, at Puerto Manglar). The size-specific growth rate function was monotonic at
both sites, with growth rates declining continuously with increasing carapace length. We inferred
minimum ages at maturity of 14 and 22 yr, for Puerto Manglar and Tortuga Bay turtles, respec-
tively. Throughout the 15 yr of this study there was a positive trend in aggregation size at Puerto
Manglar (mean annual increase of 10.9 %), which was not observed at Tortuga Bay. Our study
highlights the influence of geography and habitat quality on somatic growth rates, and delivers
robust demographic estimates valuable for local and regional assessments of the conservation sta-
tus of the green turtle.
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INTRODUCTION

Somatic growth and abundance are 2 key parame-
ters of population dynamics essential for modeling
long-term viability of populations and for the imple-
mentation of effective management strategies (Cha-
loupka & Limpus 2001, Chaloupka et al. 2004, Bjorn-
dal et al. 2011). Long-term data sets are especially
valuable for determining the current population sta-
tus of endangered species and establishing baseline
recovery values (Heppell et al. 2003, Hamann et al.
2010, Bjorndal et al. 2011).

*Corresponding author: r.patricio@exeter.ac.uk

The green turtle Chelonia mydas is listed as En-
dangered in the Red List of the International Union
for the Conservation of Nature (IUCN 2012). Over
recent years, however, conservation efforts have con-
tributed to the recovery of several of the major popu-
lations worldwide (Broderick et al. 2006, Chaloupka
& Balazs 2007, Chaloupka et al. 2008). For this rea-
son, specialists are finding it unrealistic to list the
species as endangered at a global level and suggest
a more regional approach with appropriate criteria
(Broderick et al. 2006, Godfrey & Godley 2008), so
that local populations truly at risk of extinction, due
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to persistent human exploitation, habitat destruction,
bycatch or emerging diseases (Herbst et al. 2004,
Epperly et al. 2007, Chaloupka et al. 2008, Varghese
et al. 2010), can be correctly identified and preserved.

Green turtles are highly vagile, with a life cycle
characterized by ontogenic habitat shifts and large-
scale migrations (Heppell et al. 2003, Arthur et al.
2008). After emerging from their nests, hatchlings
begin an oceanic period coupled with pelagic habitat
and epipelagic feeding (Heppell et al. 2003), which
may last ca. 3 yr in the Greater Caribbean (Bjorndal
et al. 2005, Goshe et al. 2010). This post-hatchling
stage is strongly influenced by oceanic currents
(Lahanas et al. 1998) and is often referred to as the
‘lost years' since the whereabouts of these small tur-
tles remains unclear (Reich et al. 2007). At ca. 25 cm
straight carapace length (SCL), juveniles recruit to
shallow neritic areas and shift to benthic feeding
(Bolten 2003, Heppell et al. 2003). Neritic zones are
used as developmental habitats, and turtles may
spend several years foraging in the same area until
reaching a size or maturity stage that triggers them to
migrate (Bjorndal et al. 2005, Patricio et al. 2011).
Sexually mature individuals move periodically from
foraging grounds to nesting beaches and mating
areas, often separated by hundreds to thousands of
kilometers (Bowen & Karl 2007, Bowen et al. 2007,
Arthur et al. 2008).

Estimates of size-specific somatic growth rates of
green turtles at the juvenile neritic phase allows
assessment of the duration of this life stage, and
hence contributes to the estimation of age at maturity
(Balazs & Chaloupka 2004, Chaloupka et al. 2004,
Krueger et al. 2011). Spatial and temporal variability
in somatic growth dynamics, particularly when cou-
pled with abundance estimates, make good indica-
tors of the quality of foraging sites, as lower growth
rates may imply less food availability (Balazs &
Chaloupka 2004, Kubis et al. 2009), and declines in
somatic growth rates coupled with higher abundance
suggest a density-dependent effect (Bjorndal et al.
2000a, Kubis et al. 2009).

In Puerto Rico, the most-studied foraging grounds
for green turtles are located at Puerto Manglar and
Tortuga Bay, part of the Culebra Archipelago (Diez
et al. 2010, Patricio et al. 2011). Green turtles as small
as 23 cm SCL have been observed in these coastal
bays, where they spend several years and then
depart before the onset of sexual maturity (Patricio et
al. 2011). Turtles with fibropapillomas (FP) were first
observed at Puerto Manglar, with an initial preva-
lence of ~40% from 2000 to 2006, followed by a
decrease in occurrence. At Tortuga Bay, FP were not

detected until 2009, but since then have been consis-
tently observed, with a mean prevalence of 17 %
from 2009 to 2011. Tortuga Bay and Puerto Manglar
foraging grounds are used by green turtles from mul-
tiple rookeries, as revealed by mitochondrial DNA
analysis (Velez-Zuazo et al. 2010), pertaining to all 5
Atlantic and Caribbean Regional Management Units
(Wallace et al. 2010). Movement of individuals be-
tween the 2 sites has very rarely been observed, sug-
gesting that when turtles recruit to a specific bay
they remain faithful to that area (Patricio et al. 2011).

Collazo et al. (1992) did a first assessment of the
abundance and the somatic growth of green turtles at
Culebra. They found a mean annual growth rate of
5.08 + 0.83 cm SCL, and a higher abundance of tur-
tles at Tortuga Bay compared to Puerto Manglar.

In this study, we investigated the somatic growth
dynamics of the green turtles foraging at Tortuga Bay
and Puerto Manglar through the analysis of 15 yr
(1997 to 2011) of capture-mark-recapture (CMR)
records. We used nonlinear models to fit the relation-
ship between growth rates and 4 growth predictors:
body size (SCL), sampling year, growth interval, and
the occurrence of FP. The size-specific growth rate
function was used to estimate the duration of the
juvenile neritic phase at each site. Abundances were
estimated and compared with the time-specific
growth rate functions to infer the effects of density
on somatic growth rates. Abundance trends in the
last 15 yr were assessed using generalized linear
models.

The analyses of our long-term data set allowed us
to estimate important population parameters, imper-
ative for a better understanding of the regional con-
servation status of green turtles. Additionally, we
generated baseline information in somatic growth
and abundance indispensable to assess future trends.

MATERIALS AND METHODS
Study site

Puerto Manglar and Tortuga Bay are foraging
grounds for immature green turtles, and are located
on the islands of Culebra and Culebrita, respectively.
These islands lie east of the main island of Puerto
Rico (Fig. 1). The coastal waters surrounding these
islands are a critical habitat for green turtles, as
designated by the Endangered Species Act 1998
(NMFS-NOAA 1998). Puerto Manglar (18.30°N,
65.25° W) is a mangrove-lined bay surrounded by
wetlands and minor residential development. The
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Fig. 1. Location of the green turtle Chelonia mydas foraging grounds surveyed for this study: Puerto Manglar and Tortuga
Bay, Puerto Rico. Shades of grey represent different bathymetries. (Map created using www.seaturtle.org/maptool)

inner shores are bordered by Rhizophora mangle
(red mangrove) and the submerged vegetation is
dominated by the seagrass Thalassia testudinum and
macroalgae (Diez et al. 2010). Depths range from 0.5
to 5 m and the water has high turbidity (Diez et al.
2010).

Tortuga Bay (18.32° N, 65.23° W) is on the uninhab-
ited island of Culebrita, which is managed by the US
Fish and Wildlife Service as part of the Culebra
National Refuge. A sandy beach surrounds the bay,
and underwater vegetation is more sparse than at
Puerto Manglar. The seagrasses Syringodium fili-
forme and Halodule wrightii and corals are the main
organisms colonizing the sea floor (Diez et al. 2010).
Water transparency is greater than at Puerto Manglar,
and depths range from 0.5 to 12 m (Diez et al. 2010).

Sampling methods

Turtles were captured with a 200 m long and 5 m
deep entanglement net (nylon twine, 25 cm stretch

mesh), deployed for ~1 h and set in areas <5 m deep
using a 7 m motor boat. An average of 6 swimmers
snorkeled continually along the net to extract entan-
gled turtles.

At Puerto Manglar, the net was set at a constant
location, enclosing the inner portion of the bay. At
the wider Tortuga Bay, the net was set at 3 different
sites: at the east side, west side and the center of the
bay. Due to the 25 cm stretch mesh size of the net,
turtles <30 cm SCL can traverse the net without
becoming entangled. Superior visibility at Tortuga
Bay allowed some small turtles to be captured by
hand when encountered away from the net. Turtles
were tagged in the front flippers with 2 external tags
(inconel and/or plastic tag) plus 1 internal passive
integrated transponder (PIT) tag. Multiple tagging
plus photo identification of each captured turtle
assured correct identification of all recaptured indi-
viduals (Reisser et al. 2008, Schofield et al. 2008). As
tag loss typically leaves identifiable scars in the
flippers, we are confident that no previously tagged
individual was misidentified as a new capture. SCL
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(from the nuchal notch to the posterior-most tip) was
measured to 0.1 cm using Haglof tree calipers. The
presence of cutaneous or conjunctival FP was noted.
To reduce stress to the turtles, we kept them covered
with wet towels and minimized handling time to an
average of 15 min per individual. Turtles were re-
leased near their capture location.

Capture sessions were conducted between 1997
and 2011 and, where possible, twice a year at each
site, during ‘summer’ (May to October) and during
‘winter’ (November to April), to account for any sea-
sonality effect associated with a change of ca. 3°C in
water temperature from ‘summer’ to ‘winter'. Due to
rough sea conditions, there was no sampling during
the summer season in 2008 and 2010, and no sam-
pling during the winter season in 2002 and 2009. No
sessions were carried out in 1999. Capture sessions
lasted from 1 to 7 d. We pooled the data per calendar
year since there was no evidence for inter-seasonal
differences for either of our study areas. Sampling
effort ranged from 5 to 16 net sets yr‘1, with 5.9 + 3.5
net sets yr'! (mean + SD) in Tortuga Bay and 6.6 + 3.6
net sets yr! (mean * SD) in Puerto Manglar.

Data set and statistical approach

For the abundance estimation, we recorded 665
captures of green turtles from 1997 to 2011: 286 at
Tortuga Bay, corresponding to 122 unique turtles,
and 379 at Puerto Manglar, involving 183 ind. A total
of 211 growth rate increments, 98 from Tortuga Bay,
matching 56 ind., and 113 from Puerto Manglar,
matching 66 ind., were used for the growth dynamics
analyses. Minimum recapture intervals were set to
9 mo, to minimize measurement error in growth esti-
mation, and maximum recapture intervals were set
to 3.5 yr, as very long intervals tend to diverge from
the linear growth assumed here between capture
and subsequent recapture.

Somatic growth dynamics

Our sampling design was mixed-longitudinal,
through time with partial replacement, with 53.6 %
of green turtles from Tortuga Bay and 45.5% from
Puerto Manglar adding to 2-5 growth rate records.
Therefore, we used generalized additive mixed
modeling (GAMM), since it enables robust analysis
of regression models with: (1) parametric or fixed
effects (e.g. having FP or not), (2) nonparametric or
nonlinear covariates (e.g. SCL, sampling year and

growth interval) and (3) random effects on predic-
tors, to account for unobserved heterogeneity or cor-
relation between observations inherent to mixed-
longitudinal data sets (Chaloupka & Balazs 2005).
GAMMs were fitted to the data using the packages
mgcv (Wood 2001) and nlme (Pinheiro et al. 2011) in
R v.2.13.2 (R Development Core Team 2008). Differ-
ent GAMMs were tested, including different combi-
nations of the following covariates or growth pre-
dictors: mean SCL, mean sampling year, growth
interval and presence of FP. The importance of
accounting for individual heterogeneity was also
tested. Models were selected based on corrected
Akaike's information criteria (AIC.) (Sugiura 1978)
and likelihood ratio tests (Neyman & Pearson 1933).
All models had default Gaussian error distribution
and identity link. Smoothing selection was per-
formed with restricted maximum likelihood estima-
tion (REML, Corbeil & Searle 1976). Models were
examined for validity through residual checking,
smoothing basis dimension choice checking and
evaluation of the smoothness selection (Wood 2001).

Mean sampling year was calculated as the arith-
metic mean between the year of capture and the year
of subsequent recapture. It accounts for the variabil-
ity in growth rates that can be attributed to environ-
mental factors, although it can be confounded with
unknown cohort effects in this analysis, since the age
of individuals is unknown, as in most sea turtle stud-
ies. The year effect is also inexact since growth inter-
vals were not always equal to 1 yr (growth intervals
ranged from 0.8 to 3.5 yr), but it serves as a proxy for
calendar year in the growth rate estimate. Mean SCL
was calculated as the arithmetic mean between the
SCLs at time of capture and subsequent recapture.
This covariate describes the size-specific growth
function well (Bjorndal et al. 2000b, Chaloupka et al.
2004, Krueger et al. 2011), assuming a linear growth
function through the time interval between release
and re-encounter. Growth interval was included in
the model to account for possible biases associated
with variable sampling intervals, in particular with
longer intervals, which often lead to deviations in the
linear growth (Casale et al. 2009). FP has been ob-
served in our study areas with medium to high pre-
valence, so we included this covariate in the models
to test for an effect of the presence of FP on somatic
growth. We could not use FP as a quantitative co-
variate due to insufficient data, since for most years,
FP was only identified as present or absent in our
data set, regardless of the number of tumors. There-
fore, it was included in the GAMMSs as a binomial
covariate.
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The expected size-specific growth rate functions
were extracted from the original data derived from
the GAMMs, using cubic smooth splines, and numer-
ically integrated to estimate the time in years that
a turtle spends from recruitment, i.e. ~25 cm SCL,
until a maximum size of 80 cm SCL at each foraging
ground.

Aggregation abundances and abundance trends

A Cormack-Jolly-Seber (CJS) model (Lebreton et
al. 1992) was fitted for each aggregation, using the
program MARK v6.1 (White & Burnham 1999) to
obtain maximum-likelihood estimates of the annual
recapture probabilities for green turtles at Tortuga
Bay and Puerto Manglar (see Patricio et al. 2011 for a
detailed explanation of the selection of CJS models
and model assumptions). Recapture probabilities
from the CJS models were then applied to a Horvitz-
Thompson type (HT) estimator to estimate annual
abundance (Seber 1982):

N; = (n;/p;) (1)

where n; is the number of turtles captured in the ith
year, N;is the number of turtles in the aggregation
in the ith year and p; is the estimated recapture
probability in the ith year. It should be noted that
the CJS model does not retrieve an estimation of
recapture probability for the first year (1997), so we
only estimated abundances from 1998 onwards.
Approximate 95% confidence intervals were calcu-
lated using:

N; = 1.96 x SE(N;) @
SE(N;) = [(mi/p;)* x (var(p;)/(p:)*)]*° (3)

where SE(N;) is the conditional standard error and
var(p;) is the estimated recapture probability vari-
ance in ith year (Loery et al. 1997, Chaloupka & Lim-
pus 2001). The HT estimator is based on few assump-
tions (Seber 1982) and is especially applicable to
long-term CMR studies where the emphasis is on
robust statistical modeling of the recapture probabil-
ity as an informative ecological process rather than a
secondary parameter resulting from survival proba-
bility analysis (Chaloupka & Limpus 2001).

The long-term linear trends in green turtle abun-
dance at each foraging ground were assessed using
generalized least squares (GLS) models, with REML
(Chaloupka & Limpus 2001), implemented through
the nlme package (Pinheiro et al. 2011) in R v.2.13.2
(R Development Core Team 2008). Models were vari-

ance weighted, to account for measurement uncer-
tainty, with log link and first order moving average
error, to account for temporal correlation, since there
was substantial overlap of individual turtles between
successive years (Bjorndal et al. 2005). The response
variable was the natural log form of the HT annual
abundance estimates, so that the slope of the regres-
sion (i.e. the parameter estimate for year in the GLS
models) was an estimate of the instantaneous rate of
abundance change, assuming constant rate of change
over the time interval (Chaloupka & Limpus 2001,
Bjorndal et al. 2005).

RESULTS

The size distributions were similar between forag-
ing grounds (Fig. 2). At Tortuga Bay, SCLs ranged
from 22.8 to 84.2 cm, averaging 50.5 + 11.8 cm (mean
+ SD), and the subset data for somatic growth analy-
sis covered all size classes (25.1 to 83.6 cm SCL). At
Puerto Manglar, SCLs ranged from 29.6 to 83.1 cm,
with a mean of 52.5 + 11.5 cm, but the growth data
did not encompass the lowest and highest size
classes (range of data: 34.0 to 73.2 cm SCL). Somatic
growth rates ranged from 0.4 to 7.3 cm yr!, with a
mean of 4.2 + 1.6 cm yr~!, at Tortuga Bay, and from
1.6 t0 10.3 cm yr™!, with a mean of 6.1 + 1.7 cm yr!, at
Puerto Manglar.

Somatic growth dynamics

Table 1 presents the GAMMS tested with respec-
tive AIC, and likelihood ratio (L-ratio) tests. At both
sites, GAMMs were significantly improved by the
inclusion of random effects to test for individual
heterogeneity (Table 1). The significantly best fitting
GAMM for both sides excludes ‘growth interval
from the growth predictors (Table 1). For Puerto
Manglar data, we opted to use the second best
fitting GAMM, since there is no significance lost
in model fit by including 'sampling year' as covari-
ate, and it provides us with a spline to visually com-
pare results with Tortuga Bay. It is also important to
note that our results did not vary, regardless of the
GAMMs used.

The GAMM for Tortuga Bay was a good fit (12 =
0.488); however, the fit of the GAMM for Puerto
Manglar was low (r? = 0.199), suggesting that there
is significant variability in the growth data not
attributable to the modeled covariates. For both ag-
gregations, the models indicate a significant effect
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Table 1. Corrected AIC (AIC.) and likelihood ratio tests (L-ratio) of generalized additive mixed models (GAMMs) fitted to growth

data from 15 yr of capture-mark-recaptures of immature green turtles Chelonia mydas at Tortuga Bay and Puerto Manglar foraging

grounds, Puerto Rico. df: degrees of freedom; SCL: straight carapace length; FP: fibropapillomas; —: not applicable. Bold indicates
significant values (p < 0.05) in L-ratio tests, as well as the smalles, AIC. values, which indicate the best fit model

No. GAMMs Tortuga Bay Puerto Manglar
df AIC, Test L-ratio p-value df AIC, Test L-ratio p-value

1  Growthrate ~ SCL + year + interval 10 326.9835 - - - 10 437.8288 - - -
+ FP + individual heterogeneity

2  Growthrate ~ SCL + year + interval 9 339.2955 1 vs. 14.7952 0.0001 9 4419154 1vs.2 64958 0.01
+ FP

3  Growthrate ~ SCL + year + interval 9 327.9021 1 vs. 3.4018 0.0651 9 4353707 1vs.3 0.0488 0.8252
+ individual heterogeneity

4  Growth rate ~ SCL + year + FP 8 320.8085 1vs. 1.2683 0.5304 8 432.0513 3vs.4 0.9565 0.3281
+ individual heterogeneity

5 Growth rate ~ mean SCL + FP 6 331.2138 4vs.5 15.1043 0.001 6 426.8039 4vs.5 0.6553 0.7206
+ individual heterogeneity

130+
1004 @) Total captures O Tortuga Bay
1104 m Puerto Manglar
100
901
801
70
60 -
501
401
301

20
101
0 T T

60, D) Growth data

50
40

0] [I [I
201
18:‘_:1__& , , M _

1525 2535 3545 4555 5565 6575 7585
SCL intervals (cm)

= B

No. of captures

Fig. 2. Chelonia mydas. Straight carapace length (SCL) dis-

tributions of (a) total green turtle captures, used for abun-

dance estimation (n = 665), and (b) green turtle captures

used for somatic growth analyses (n = 233), throughout

15 yr of capture-mark-recaptures (1997 to 2011) at Tor-

tuga Bay and Puerto Manglar foraging grounds, Culebra,
Puerto Rico

of size on somatic growth, with monotonic size-
specific growth rates declining continuously with in-
creasing SCL (Fig. 3a,b). At Tortuga Bay, somatic
growth rates declined faster at approximately
>55 cm SCL, whereas at Puerto Manglar, the size-
specific growth rate function was linear. At Tortuga
Bay, there was also a significant effect of sampling
year (Fig. 3c, Table 2) on somatic growth, with 2
minima in 2004 and 2009. The presence of FP had
no significant effect on growth rates at either site
(Table 2).

From the numerical integration of the expected
size-specific growth rate functions (Fig. 4a), we ob-
tained empirical estimates of the expected time in
years spent by green turtles at each foraging ground,
from recruitment (25 cm SCL) until a maximum size
of 80 cm SCL was reached. This period is about 17 yr
at Tortuga Bay and about 10 yr at Puerto Manglar
(Fig. 4b).

Aggregation abundances and abundance trends

Mean annual abundance at each site, along with
95% confidence limits, and respective time-specific
growth rate functions derived from the GAMM mod-
els were plotted jointly (Fig. 5) to look for any indica-
tion of density-dependent effects on somatic growth.
We fitted 4 new GAMMs to the Tortuga Bay. Data set
including abundance data as a covariate we used
abundance in the same year as growth increment,
and abundance 1, 2 and 3 years before each growth
increment, to test for lag effects of density on growth.
There was no significant effect of abundance on
somatic growth using either GAMM, nor did either of
these GAMMs improve model fit compared to the
best model used for growth analyses shown in Table
1 (data not shown). The GLS model detected a posi-
tive trend in the abundance of green turtles at Puerto
Manglar throughout the 15 yr of study, with a mean
annual increase of 10.9% (Table 3). At Tortuga Bay,
the abundance seems to have been decreasing since
2001 (Fig. 5a); however, the GLS model detected no
significant trend throughout the sampling period
(Table 3).We fitted a new GLS model to the Tortuga
Bay abundance data, starting in 2001, and again no
significant trend was found (data not shown).
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Fig. 3. Graphical summary of generalized additive mixed models (GAMM) fitted to the 15 yr capture-mark-recapture data set.

Response variable: annual growth rates of immature green turtles Chelonia mydas from Puerto Manglar and Tortuga Bay for-

aging grounds, Culebra, Puerto Rico. Predictor variables (covariates): (a,b) mean straight carapace length (SCL); (c,d) mean

sampling year. Solid lines are cubic smoothing spline fits for each continuous covariate conditioned on all other covariates in

the GAMM and dotted curves are pointwise 95 % confidence curves around the fits. p-values are displayed where there is a
significant effect of the covariate on annual growth rates

Table 2. Summary of generalized additive mixed modeling (GAMM) analyses to model the relationships between annual
growth rates of immature green turtles Chelonia mydas from Puerto Manglar and Tortuga Bay foraging grounds, Culebra, Puerto
Rico (response variables) and mean straight-carapace-length (SCL), mean sampling year and presence of fibropapillomas (FP)
(predictor variables or covariates). SE: standard error, df: estimated degrees of freedom of smooth term (1 = linear); —: not

applicable; significant values (p < 0.005) are shown in bold

Term Tortuga Bay Puerto Manglar

Estimate SE t P Estimate SE t P
Parametric
Intercept 5.0083  0.4305 11.633  <0.0001 6.1465  0.3001 20.484 0.0001
FP status -0.8429  0.4293 -1.964 0.0528 -0.0790  0.3774 -0.209 0.869

df F p df F p
Non-parametric
Mean SCL (cm) - 3.398 17.462 0.0001 - 1 36.661 0.0001
Mean sampling year - 6.610 6.593 0.0001 - 1 0.949 0.332
DISCUSSION importance of geography and foraging site ecology

Our study revealed important insights into the
biology of the green turtles around Culebra and the

for somatic growth and abundance. We report the
highest mean somatic growth rate for green turtles in
the wild and we estimate a minimum age at maturity
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Table 3. Summary of trend regression analysis (generalized least squares/restricted maximum likelihood) of immature green

turtles Chelonia mydas from distinct aggregations at Culebra, Puerto Rico. Estimate: parameter estimate for year, equivalent

to instantaneous growth rate; SE: standard error of predictor estimate; RSE: model residual standard error; —: not applicable.

Mean annual aggregation growth = (estimate — 1) x 100. LCL and UCL are lower and upper 95 % confidence limits for aggre-

gation growth, calculated as (estimate x 1.96SE — 1) x 100. Significant values (p < 0.05) shown in bold; ns: non-significant
p-value (at o = 0.05)

Foraging ground Sampling period —— Year predictor ———— Aggregation growth (%)
Estimate SE t-ratio  p-value RSE Mean LCL UCL

Tortuga Bay 1997-2011 -0.0160 0.0284 -0.5520 ns 0.1786 0 - -

Puerto Manglar 1997-2011 0.1036  0.0246  4.2072 0.0015 0.2112 10.9120 5.6873 16.3960
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1.6 cm yr~'. Consequently, it likely takes immature
green turtles resident at Tortuga Bay ca. 7 yr longer
to reach 80 cm SCL than those of Puerto Manglar,
although their habitats are only 3 km apart. If we
consider that it may take about 3 yr for juvenile green
turtles in the Greater Caribbean to recruit to shallow
water habitats (Bjorndal et al. 2005, Goshe et al.
2010), green turtles from Tortuga Bay will be around
20 yr old at 80 cm SCL, whereas Puerto Manglar
green turtles will only be 13 yr old at that size. No
adults have ever been observed at our study areas,
hence age at maturity cannot be definitively esti-
mated. However, if we consider a minimum size of
83.2 cm SCL observed for nesting green turtles at
Costa Rica and Mexico (Goshe et al. 2010), 2 of the
most likely origins for green turtles from our study
sites (Velez-Zuazo et al. 2010), we can infer minimum
ages at maturity of 22 and 14 yr for Tortuga Bay and
Puerto Manglar turtles, respectively. These values
are similar to estimates from head-started green tur-
tles from the Cayman Islands (15 to 19 yr, Bell et al.
2005), and much lower than estimates for green tur-
tles from a Bahamian aggregation (over 30 yr, Bjorn-
dal et al. 2000a) and for green turtles stranded along
the southeastern US coast (28 yr, Goshe et al. 2010).
These differences highlight the potential importance
of geographic variability on somatic growth, possibly
triggered by higher and constant year-round sea
water temperatures. A recent study at St. Joseph Bay,
Florida, however, estimated 17 to 20 yr for a juvenile
stage comparable to that of this study (18.1 to 78.5 cm
SCL, Avens et al. 2012), which is similar to our esti-
mate for Tortuga Bay (17 yr). We hypothesize that the
inferior habitat quality of Tortuga Bay (see next sec-
tion) limits high rates of somatic growth, which may
be more typical of warmer tropical waters.

Foraging site specific growth
and abundance trends

At a local scale, previous studies have found forag-
ing site specific growth rates, likely as a consequence
of habitat quality and availability of food resources
(Balazs & Chaloupka 2004, Kubis et al. 2009). The dif-
ferences observed here between foraging aggrega-
tions are also likely attributable to habitat rather than
to genetic stock (Velez-Zuazo et al. 2010) or to size
distributions, as neither of these aspects differ signifi-
cantly among sites. Ecologically, the most striking dif-
ferences between the 2 foraging grounds is the domi-
nance in percent cover of algae and of Thalassia
testudinum at Puerto Manglar (Diez et al. 2010). Al-

though the seagrasses Syringodium filiforme and
Halodule wrightii are more abundant in Tortuga Bay,
this bay has a higher mean percent cover of open sand
(Diez et al. 2010). Epiphytes are also more common in
Tortuga Bay (Diez et al. 2010), and have been regu-
larly observed here since 2009, sometimes smothering
patches of seagrass. Furthermore, Tortuga Bay is a hot
spot for recreational boaters that tie up to mooring
buoys or anchor on the seagrass beds. Visitors are
aware of the sea turtles, which are often the purpose
of their visit. Arguably, this bay is a more stressful en-
vironment for the green turtles compared to Puerto
Manglar, both in terms of potential anthropogenic
impacts and of food abundance, which could partly
explain the observed differences in somatic growth
rates. The GAMM for Tortuga Bay supported a signifi-
cant impact of mean sampling year on somatic growth
rates. We tried to relate the year effect on somatic
growth to abundance, and found no significant density-
dependent effects (c.f. Bjorndal et al. 2000a). Additional
years of CMR data are needed to enable an assess-
ment of the carrying capacity of this foraging ground.
Meanwhile, law reinforcement with respect to illegal
‘turtle watching' activities and destruction of seagrass
beds by continuous anchoring is needed at Tortuga
Bay, as well as further monitoring to understand why
numbers are staying, at best, stable at this site, despite
the increase of green turtles locally and across the
Caribbean. At Puerto Manglar, there was a positive
trend in aggregation abundance throughout the 15 yr
of this study, but no significant fluctuation in somatic
growth rates through time was observed. This, along
with the high somatic growth rates found, suggests
that there is enough food to maintain current mean
somatic growth rates at the present aggregation size.

Shifts in the geographic distribution of green
turtles in Culebra

Collazo et al. (1992) carried out CMR studies of
green turtles at 7 foraging grounds in Culebra from
1987 to 1989. They reported a mean somatic growth
rate of 5.08 + 1.47 cm yr~* for all surveyed sites, which
is similar to our findings. Most surprising was the
shift observed in the geographic distribution of green
turtles. From 1987 to 1989, Mosquito Bay had the
highest abundance of green turtles, with a catch per
unit effort (CPUE, expressed as number of turtles
caught per net set) of 2.16, followed by Tortuga Bay
with a CPUE of 2.04, and Puerto Manglar with a
CPUE of 0.86 (Collazo et al. 1992). Mosquito Bay
(18.29°N, 65.26°W) is an open bay, located near
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Puerto Manglar, facing the mouth of Ensenada
Honda, the major bay of Culebra. The seafloor is col-
onized by abundant seagrass beds. We also surveyed
Mosquito Bay during our CMR program, using the
same methods as described above, yet green turtle
captures at this site were very low throughout the
sampling period and insufficient for statistically
robust analysis. No green turtles tagged at Mosquito
Bay were recaptured at either of our study sites. Why
green turtle numbers increased at Puerto Manglar
and severely decreased at Mosquito Bay is unknown,
as the area does seem suitable for foraging.

Effect of FP on somatic growth

We included FP as a covariate for the somatic
growth analyses as FPs are commonly observed at
our study sites, and a study at the Hawaiian Archi-
pelago has shown an inverse effect of tumor severity
on somatic growth (Chaloupka & Balazs 2005). The
fact that neither of the GAMMSs supported an effect
of FP on somatic growth in this study may result from
the case that the majority of turtles with visible FP
were only mildly affected. In the future, we hope to
collect adequate quantitative data to categorize FP
severity and compare results. It is interesting to note,
however, that the 2 lowest growth rates in our data
set (0.4 and 0.6 cm yr~') matched 2 turtles severely
affected with several FPs.

Comparison with other green turtle aggregations

Somatic growth dynamics found here were similar
to those of immature green turtles from the Bahamas
(Bjorndal et al. 2000b), with monotonic size-specific
growth rates decreasing with SCL. Absolute somatic
growth rates are comparable, albeit higher, to those
of green turtles from Atlantic foraging grounds at
Union Creek, Bahamas (mean somatic growth of
4.2 cm yr}; Bjorndal et al. 2000a) and from the East
Central coast of Florida (range of somatic growth
rates of —0.2 to 7.3 cm yr~!; Kubis et al. 2009), while
much higher than those found for Pacific green tur-
tles in the Gulf of California, Mexico (mean somatic
growth of 1.4 cm yr~!; Seminoff et al. 2002), the Ha-
waiian Archipelago (range of somatic growth rates of
0 to 2.5 cm yr7}; Balazs & Chaloupka 2004) and the
southern Great Barrier Reef, Australia (range of so-
matic growth rates of 0.5 to ~3.5 cm yr~!; Chaloupka
et al. 2004), supporting a difference in somatic growth
for the species between these ocean basins.

Conclusions and implications

The conservation status of marine turtles is cur-
rently a matter of debate (Broderick et al. 2006, God-
frey & Godley 2008, Seminoff & Shanker 2008). The
present classification of the green turtle as globally
Endangered by the IUCN Red List (IUCN 2012)
seems inadequate, as major rookeries both in the
Atlantic and the Pacific Oceans are stable or increas-
ing (Broderick et al. 2006, Chaloupka et al. 2008) and
the global population is over 2 million individuals
(Broderick et al. 2006). Granting more protection for
the species may prove counterproductive, as raising
conservation awareness based on the dogmatic state-
ment that the green turtle is near extinction may
seem absurd, particularly in high abundance areas.
Furthermore, generalizing the conservation status of
the green turtle implies that all regions deserve equal
conservation efforts, potentially deviating attention
from more critical areas (Broderick et al. 2006, God-
frey & Godley 2008).The foraging grounds of green
turtles at Puerto Manglar and Tortuga Bay in the
Culebra Archipelago are amongst the few areas in
Puerto Rico where green turtles are observed in high
numbers. Our long-term data set has allowed us to
make robust estimates of vital population parameters
(Patricio et al. 2011, present study), essential for the
local and regional assessment of the conservation
status of green turtles. The estimates and trends found
here are also of great importance for evaluating the
future impact of predicted environmental change.

Finally, the early age at maturity estimated for Pu-
erto Manglar green turtles (14 yr), together with po-
licy decisions concerning major feeding, mating and
nesting grounds in the Caribbean (e.g. Nicaragua, Pa-
nama and Costa Rica; Troéng & Rankin 2005), could
explain the rapid recovery, over the last 3 decades, of
the main source populations, Tortuguero, Costa Rica,
and Yucatan Peninsula, Mexico (Seminoff 2004),
which likely also depend on other similarly productive
and warm water developmental areas in the Caribbean.
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