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ABSTRACT: Green turtles Chelonia mydas in the Atlantic undergo a complex series of development-
al migrations, moving long distances among foraging grounds. The study of the ecology and demog-
raphy of these foraging populations is hampered by a lack of estimates of survival probabilities for
immature stages. In addition, for all species of sea turtles, estimates of survival probabilities have
repeatedly been identified as the greatest requirement for improving models of population dynamics
and plans for the management and conservation of these endangered and threatened species. We
use data from long-term capture-mark-recapture studies of 2 sampling populations of immature
green turtles in the Bahamas— Union Creek, Great Inagua from 1978 through 2001, and Conception
Creek, Conception Island from 1989 through 2001 —to generate estimates of annual survival proba-
bilities. We employ a joint analysis of live-recapture and dead-recovery data (Burnham model) to
generate estimates of true survival and permanent emigration probabilities for the Union Creek sam-
pling population. Because fewer dead-recovery data were available for the Conception Creek sam-
pling population, we used a Cormack-Jolly-Seber modeling approach to estimate an apparent annual
survival probability of 0.680, which confounds mortality and permanent emigration. Our best esti-
mate of true annual survival probability for Union Creek green turtles, protected from human-
induced mortality, is 0.891. High survival probabilities in immature stages are necessary for species
such as sea turtles with long lifespans and late sexual maturity to maintain stable populations. After
green turtles emigrated from Union Creek, annual survival probability declined to 0.761 as the tur-
tles were no longer protected from human-induced mortality, demonstrating the negative effect of
this mortality on the future of green turtle populations in the Caribbean. This study reports the first
application of the joint analysis of live-recapture and dead-recovery data to sea turtle populations
and demonstrates the advantages of this modeling approach.
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INTRODUCTION

Populations of green turtles Chelonia mydas have
suffered major declines worldwide, largely as a result
of exploitation by humans. In the Greater Caribbean,
current green turtle populations are estimated to rep-
resent 3 to 7% of the population levels prior to human
exploitation (Jackson et al. 2001). In response to this
severe depletion, conservation and management pro-
grams have been initiated. However, life-history char-
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acteristics of green turtles make them difficult to pro-
tect, and our incomplete knowledge of their biology is
a major obstacle to management programs. Green tur-
tles are long-lived and slow growing (Bjorndal et al.
2000, Chaloupka 2002). During their immature stages,
green turtles undertake extensive developmental mi-
grations. It is believed that green turtles spend their
first years of life in oceanic habitats during which they
may cross ocean basins (Bolten 2003). After this early
oceanic stage, they recruit to neritic habitats and, at
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least in the Atlantic, continue to move extensively
among foraging grounds. Immature green turtles on
these foraging grounds are mixed stocks from a num-
ber of rookeries in the Atlantic (Lahanas et al. 1998,
Bass & Witzell 2000). These extensive and often ob-
scure movements increase the difficulty of studying
the ecology of these populations and estimating demo-
graphic parameters. One of the major gaps in our
knowledge of population dynamics for all species of
sea turtles is survival probabilities, particularly for
immature stages (Chaloupka & Musick 1997, Heppell
et al. 2003).

Estimates of survival probabilities for populations of
immature sea turtles have been based on analytical
techniques that confound mortality and permanent
emigration (Frazer 1987, Heppell et al. 1996, TEWG
(Turtle Expert Working Group) 2000, Epperly et al.
2001, Chaloupka & Limpus 2002, Bjorndal et al. 2003).
That is, the analyses cannot distinguish between a tur-
tle that has died and one that has permanently emi-
grated from the population. These analyses generate
estimates of apparent survival probability (®)

® = S(1-¢)

where S is true survival probability and e is probabil-
ity of permanent emigration.

The confounding of mortality and permanent emi-
gration is not a great problem for estimating survival
probabilities for immature green turtles and logger-
heads where probability of permanent emigration is
low, such as in the southern Great Barrier Reef, Aus-
tralia (Chaloupka & Limpus 2002, in press). In the
southern Great Barrier Reef, once turtles recruit from
oceanic to neritic foraging grounds, they tend to estab-
lish an area of residency and remain there. In the
Atlantic system, however, these species undergo de-
velopmental migrations, during which individuals
travel among areas separated by distances of up to
hundreds or thousands of km and may remain at dif-
ferent sites for a few months to a few years before mov-
ing on. Other than the southward migrations under-
taken by sea turtles as water temperatures drop in the
northern latitudes, the patterns and causes of these
migrations remain elusive. What is clear is that high
rates of emigration can often result in estimates of
apparent survival that are substantially lower than true
survival (see Francis & Cooke 1993 for an example
concerning snow goose survival estimation). Although
estimates of apparent survival are very useful for set-
ing the lower boundary of S, estimates of S are of
greater value. Models that enable the joint analysis of
live-recapture and dead-recovery data for a single
population can be used to distinguish between mortal-
ity and permanent emigration (Burnham 1993, Barker
1997, Catchpole et al. 1998). These Burnham-type

models are applicable when the study comprises only a
single population and enable robust estimation of true
survival and other useful demographic parameters
such as fidelity (F= 1 — e), which is the probability that
an animal remains in the study area between 2 succes-
sive sampling occasions.

In this paper, we report results from 2 long-term
capture-mark-recapture studies of immature green
turtles in the Bahamas. From live-recapture and dead-
recovery data for green turtles in Union Creek, Great
Inagua, collected from 1978 to 2001, we generate esti-
mates of true survival and fidelity using an extension of
the Burnham model (Burnham 1993), implemented
here using the program MARK, that allows joint analy-
sis of live-recapture and dead-recovery data with age-
class-specific (= tag-cohort-age-specific, in this study)
and time-dependent effects (White & Burnham 1999).
The dead-recovery data are based on tags returned to
us from throughout the Greater Caribbean that we had
applied to Union Creek green turtles which later emi-
grated and were killed. The other study was conducted
in Conception Creek, Conception Island, from 1989 to
2001. Because we have received relatively few dead-
recoveries for this population, we could not use a Burn-
ham model, and instead we generated estimates of
apparent survival probability using a Cormack-Jolly-
Seber modeling approach (Lebreton et al. 1992) imple-
mented using MARK (White & Burnham 1999).

MATERIALS AND METHODS

Data collection. This analysis is part of an ongoing
study of the ecology of immature green turtles in the
Bahamas. Data reported here are from 2 green turtle
foraging grounds: Union Creek and Conception
Creek. Union Creek is on the north coast of Great
Inagua, the southernmost island in the Bahamas
(21.17°N, 73.57°W). Conception Island (23.82°N,
75.10° W) in the central Bahamas has the appearance
of an atoll—it is a narrow strip of land surrounding
Conception Creek. In the Bahamas, a creek is a salt-
water bay, not associated with freshwater, as the name
would suggest in other countries. Union Creek Reserve
and Conception Island are both within the Bahamas
National Park system, and green turtles within their
boundaries have legal protection from exploitation.
Harvest of green turtles in Union Creek is, at most,
extremely rare (Bahamas National Trust Wardens pers.
comm.). Enforcement on the uninhabited Conception
Island is problematic, and green turtles are occasion-
ally removed from Conception Creek by humans
from neighboring islands or on visiting yachts (S. Con-
nett pers. comm., Bjorndal & Bolten pers. obs.). Union
Creek is approximately 20 km? in area, is surrounded
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by and interspersed with mangroves, and has pastures
of the seagrass Thalassia testudinum, the primary diet
plant of green turtles in the Greater Caribbean (Bjorn-
dal 1997). The habitat of Conception Creek is similar
to that of Union Creek, except Conception Creek is
smaller in area and has more shallow water depths.

Immature green turtles enter Union Creek or Con-
ception Creek and then emigrate, after varying lengths
of time, to other habitats throughout the Greater
Caribbean prior to the onset of sexual maturity. Based
on mtDNA sequences, both study populations are
mixed stocks derived from a number of green turtle
rookeries in the Atlantic (Lahanas et al. 1998, Bjorndal
& Bolten unpubl. data). Our study of the ecology of the
Union Creek sampling population began in 1975; data
presented here were collected each year from 1978
through 2001 except for 1981, 1995 and 1999. Data col-
lection was initiated in 1989 in Conception Creek and
continued each year through 2001. In both study areas,
we captured green turtles by jumping on them from
the bow of a motorboat, following a brief chase. Turtles
were tagged with flipper tags bearing an identification
number, return address, and offer of a reward for the
return of the tag (printed in English and Spanish). To
maintain individual identification of turtles, 2 to 4 tags
were applied to each turtle and tags were replaced
as needed upon recapture. Straight carapace length
(£0.1 cm) was measured from the anterior midpoint of
the nuchal scute to the posterior tip of the longer of the
pair of posterior marginal scutes. No indication of the
disease fibropapillomatosis has ever been observed in
green turtles at either study site. At Union Creek, the
annual sampling period was a single 7 to 10 d interval
with approximately equal sampling effort among
years; K. A. Bjorndal and A. B. Bolten collected all
data. Data collection at Conception Creek has been
conducted in collaboration with the semester-at-sea
program of St. George's School (Newport, Rhode
Island, USA) aboard the sailing vessel ‘Geronimo’.
Annual sampling periods were more variable in dura-
tion and periodicity, but capture effort was approxi-
mately equal among years with an average of 7 d yr'.
All data collected in Conception Creek within a calen-
dar year were combined for that year. There is no evi-
dence, based on tag returns, of turtles moving between
the Union Creek and Conception Creek sampling pop-
ulations. In this paper we will refer to the 2 sampling
groups as populations.

Data analyses. We used the Cormack-Jolly-Seber
modeling approach advocated by Lebreton et al.
(1992). All modeling was implemented using MARK
(Version 2.1) with logit link function to constrain esti-
mates between 0 and 1 (White & Burnham 1999, Cooch
& White 2001, available at: http://canuck.dnr.cornell.
edu/mark/). We assessed live-recaptures-only models

and combined live-recaptures and dead-recoveries
models (Burnham models; Burnham 1993). We used an
extension of the Burnham model to allow estimation of
both age-dependent and time-dependent parameters
rather than just time-dependent parameters imple-
mented using MARK. A similar extension to the Burn-
ham model has been developed by Catchpole et al.
(1998). Live-recaptures-only models generate esti-
mates of apparent survival probability (®), which is the
probability that a turtle has not died or emigrated from
the study population, and recapture probability (p),
which is the probability that a turtle that is available for
capture in the study population is caught. Combined
live-recaptures and dead-recoveries models generate
estimates for true survival probability (S), which is the
probability that a turtle has not died; recapture proba-
bility (p); fidelity probability (F), which is the probabil-
ity that a turtle remains in the study area; and recovery
probability (r), which is the probability that a tagged
turtle that dies is found and also that the tag is returned
to us. This last probability is important, because not all
tags on Kkilled turtles are are returned to us by fisher-
men. In addition to being lost in the mail, tags may
not be returned because the fisherman (1) does not
understand the message on the tag, (2) fears revealing
the capture if the turtle was taken illegally, (3) does not
have sufficient funds to mail the tag, or (4) is indiffer-
ent. For the Burnham model, we assume that there is
no substantive bias in the report rates of dead turtles
from different mortality sources (Francis & Cooke
1993).

Goodness of fit (GoF) of the models was evaluated in
a series of tests. First, we tested the full parameter Cor-
mack-Jolly-Seber model (time-dependent survival and
recapture probabilities) using RELEASE TEST2+3
within MARK (White & Burnham 1999) to evaluate
assumptions that marked turtles had the same recap-
ture and survival probabilities (Burnham et al. 1987,
Lebreton et al. 1992). Next we used UCARE (Choquest
et al. 2001), which implements the extended form of
TEST2+3 derived originally by Burnham et al. (1987),
to evaluate recapture heterogeneity with TEST2.Ct
(Pradel 1993). TEST2.Ct (Pradel 1993) tests for specific
behavioral patterns, such as temporary emigration or
recapture heterogeneity, that mimic trap dependence.
More details of the application of this test were pro-
vided in Pradel et al. (1997) and Chaloupka et al.
(1999), with specific application to sea turtle survival
probability estimation in Chaloupka & Limpus (2002).
Selection of the best model from a series of models was
based on the quasi-likelihood corrected form of the
Akaike Information Criterion (QAICc) (Burnham et al.
1995, Anderson et al. 1998). The GoF of the best fit
model selected by QAICc was then assessed in
absolute terms using a parametric bootstrap approach
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implemented in MARK. Application of these proce-
dures to capture-mark-recapture studies in sea turtles
has been reviewed in greater detail elsewhere (Cha-
loupka 2000, Chaloupka & Limpus 2002, 2003).

RESULTS
Turtle captures and tag recoveries

In Union Creek from 1978 through 2001, 764 individ-
ual green turtles were captured, with a total of 1579
captures. Individual turtles were captured between 1
and 10 times (Fig. la). Mean straight carapace length
at initial capture was 46.7 cm (SD = 10.3, n = 764).
Straight carapace length ranged from 25 to 84 cm for
all 1579 captures. In Conception Creek from 1989 to
2001, 196 individual green turtles were captured be-
tween 1 and 7 times (Fig. 1b), with a total of 401 turtle
captures (counting only the first capture of each turtle
in each year). Mean straight carapace length at initial
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Fig. 1. Chelonia mydas. Number of times each green turtle
was captured in (a) Union Creek, Great Inagua 1978 through
2001 (n = 764 turtles and 1579 captures), and (b) Conception
Creek, Conception Island 1989 through 2001 (n = 196 turtles
and 401 captures). Numbers above each bar are sample sizes

capture was 34.1 cm (SD = 6.7, n = 196). Straight cara-
pace lengths of green turtles in Conception Creek
ranged from 22 to 64 cm for all 401 captures. Tag
recoveries away from the study areas were reported to
us from throughout the Greater Caribbean (Bjorndal &
Bolten unpubl. data) for 68 green turtles from Union
Creek and 9 green turtles from Conception Creek,
representing 8.9 and 4.6 % of the green turtles in the
Union Creek and Conception Creek samples, respec-
tively. Tags applied to green turtles in Union Creek
were returned from the Bahamas, Colombia, Costa
Rica, Cuba, Dominican Republic, Haiti, Honduras,
Nicaragua, Panama, and Venezuela. Tags applied to
green turtles in Conception Creek were returned from
Cuba.

Union Creek model

When the GoF tests were run on the full parameter
Cormack-Jolly-Seber model (time-dependent ® and p)
for Union Creek, the model passed TEST2 of RELEASE
(X* = 20.48, df = 20, p = 0.428) and TEST2.Ct (trap-
dependence statistic = 0.163, p = 0.87), but failed
TEST3 of RELEASE (x? = 84.23, df = 34, p < 0.001). The
model passed TEST3.Sm ()(2 =20.85,df=15p=0.142),
indicating that transience was not a problem. Further
inspection of the results of TEST3 indicated that failure
was due to TEST3.SR (x? = 63.38, df = 19, p < 0.001),
indicating that survival probabilities were age depen-
dent and thus an age-class model should be used
instead of a time-dependent survival probability
model. Therefore, we concluded that we could pro-
ceed with evaluation of age-class models. Because we
do not know the ages of green turtles in Union Creek,
we used tag-cohort-age, for which 0 was set as the year
in which the turtle was first tagged in Union Creek.
The data on dead-recoveries allowed us to run a series
of age-class (= tag-cohort-age-class) models with both
live-recaptures and dead-recoveries (Burnham mod-
els; Table 1). Burnham models have the advantage of
generating estimates of true survival and fidelity prob-
abilities instead of apparent survival probabilities if
there is permanent emigration or some non-random
form of temporary emigration.

The model with the best fit based on QAICc is a
Burnham model with 4 tag-cohort-age classes, with
age-dependent S, time-dependent p, time-dependent
r, and age-dependent F (Table 1). The 4 tag-cohort-
age-class model has a slightly lower QAICc than the
5 tag-cohort-age-class model (0.14 difference), and a
correspondingly higher QAICc weight. Parametric boot-
strap GoF tests indicated that the 4 tag-cohort-age-
class model had an acceptable fit, whereas the 5 tag-
cohort-age-class model did not (alpha = 0.05). The only
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Table 1. Chelonia mydas. Modeling summary for immature green turtles foraging in Union Creek based on a 24 yr (1978 to 2001)

capture-mark-recapture study. Model parameters are survival probability (S), recapture probability (p), recovery probability (r),

and fidelity probability (F). Par: number of estimable parameters, QAICc: the quasi likelihood corrected Akaike Information
Criterion, Deviance: relative deviance, Age: tag-cohort-age-dependent, Time: time-dependent, Const: constant

Model Tag-cohort- S P r F Par QAICc QAICc Deviance
no. age classes weight
1 4 Age Time Time Age 46 3833.5 0.367 923.2
2 5 Age Time Time Age 48 3833.6 0.343 919.1
3 6 Age Time Time Age 50 3836.9 0.068 918.1
4 7 Age Time Time Age 52 3838.3 0.034 915.2
5 8 Age Time Time Age 54 3839.7 0.017 912.3
6 4 Age Time Time Time 59 3839.8 0.016 901.6
7 9 Age Time Time Age 56 38414 0.007 909.7
8 10 Age Time Time Age 57 3842.8 0.003 909.0
9 4 Age Time Time Const 43 3845.6 0.001 941.7
10 4 Age Time Age Age 30 3846.2 0.001 969.5
11 4 Age Time Const Age 29 3850.1 0.000 975.5
12 3 Age Time Time Age 44 3855.2 0.000 949.2
13 2 Age Time Time Age 42 3874.3 0.000 972.5
14 4 Age Const Time Age 27 4151.2 0.000 1280.7
15 4 Age Age Time Age 30 4153.4 0.000 1276.8
16 4 Age Age Age Age 15 4169.4 0.000 1323.6

substantial difference in the estimates of S and F
between the 2 models is a delay of 1 yrin the decline of
Sin the 5 tag-cohort-age-class model.

The estimates of S and F for the 4 tag-cohort-age
classes are given in Table 2, and plotted in Fig. 2,

Table 2. Chelonia mydas. Estimates for true survival (S) and
fidelity (F) probabilities for immature green turtles foraging
in Union Creek from a 4 tag-cohort-age-class Burnham model
(live-recaptures and dead-recoveries; Table 1, Model 1). For
Union Creek, apparent survival probability (®) is calculated
(S x F). Estimate for ® for immature green turtles foraging in
Conception Creek is from a live-captures-only model with
constant ® (Table 3, Model 1)

Parameter Tag-cohort- Estimate SE 95% CI
age classes

Union Creek
S 1 0.909 0.034 0.82-0.96
S 2 0.853 0.051  0.72-0.93
S 3 0.911 0.041  0.79-0.96
S 4 0.761 0.033  0.69-0.82
F 1 0.896 0.041 0.78-0.95
F 2 0.882 0.064  0.69-0.96
F 3 0.852 0.060  0.69-0.94
F 4 0.671 0.040 0.59-0.74
(O] 1 0.814
(O] 2 0.752
(0] 3 0.776
(0] 4 0.510

Conception Creek
(O] - 0.680 0.024 0.63-0.73

where Fis converted to permanent emigration proba-
bility (e =1 - F). The 95 % CI values plotted for e were
calculated by subtracting from 1 the upper and lower
95 % ClI values for F (Table 2).

The estimates of p for each year ranged from 0.262 to
0.884 (geometric mean = 0.549), which are high for
capture-mark-recapture studies (see Pollock et al. 1990).
Estimates of r for each year ranged from 0.021 to 0.295
(geometric mean = 0.088).
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Fig. 2. Chelonia mydas. Estimates of true survival probabili-

ties (S; ®), apparent survival probabilities (®; ), and perma-

nent emigration probability (e = 1 - fidelity [F]; A) for 4 tag-

cohort-age classes (yr) of green turtles in Union Creek.
Vertical bars represent 95 % CIs for Sand e
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Conception Creek model

When GoF tests were run on the full parameter Cor-
mack-Jolly-Seber model (time-dependent ® and p) for
Conception Creek, the model passed TEST2+3 in
RELEASE (x? = 33.33, df = 30, p = 0.308). Therefore,
there was no evidence of age dependence or tran-
sience. However, there was strong evidence of hetero-
geneity of recapture probabilities (UCARE TEST2.Ct,
trap-dependence statistic =-2.94, p = 0.003). The neg-
ative value of the trap-dependence statistic indicates
that the turtles are ‘trap happy;' that is, previously cap-
tured turtles have a higher recapture probability. Trap-
dependent effects can be difficult to interpret (Pradel
1993); Lebreton et al. (1992) found ‘trap-dependence’
in their case study involving flamingos Phoenicopterus
ruber, although the flamingos were not physically
recaptured, just resighted. The only explanation for
trap-happy green turtles that we can propose is that
the data structure mimics trap-happiness because of
the very high recapture probability in Conception
Creek resulting from its small area and shallow waters.
We concluded that we could proceed with evaluation
of reduced Cormack-Jolly-Seber models (Table 3), but
that results should be interpreted with caution because
trap-dependence could result in positively biased esti-
mates of survival (Pradel 1993).

The model with the best fit was a live-captures-only
model with constant survival and time-dependent re-
capture probability (Table 3). The parametric GoF test
indicated an acceptable overall model fit (alpha = 0.05)
for this model. Burnham models gave unrealistically
high estimates of S (approaching 1.0). We believe the
failure of Burnham models resulted from the low num-
ber of dead recoveries. Because the best model was a
live-captures only model, our estimate of survival prob-
ability is @, which confounds mortality (both natural
and human-induced) and permanent emigration
(Table 2). We believe that permanent emigration is
high in the Conception Creek population based on tag

returns, sightings during swim surveys off the coast of
Conception Island of turtles tagged in Conception
Creek, and the small number of turtles above 50 cm
carapace length in the creek. The estimates of recap-
ture probability for each year ranged from 0.328 to
0.940 (geometric mean = 0.590), which are high for
capture-mark-recapture studies as reported for the
Union Creek population.

DISCUSSION

Estimates of S and permanent emigration probabil-
ities (e = 1 — F) exhibit an inverse relationship (Fig. 2)
in the Union Creek population. This relationship
reflects the fact that when green turtles leave the
Union Creek Reserve and are exposed to exploitation
by humans, their probability of survival declines.
That is, by tag-cohort-age-class 4, emigration proba-
bility has increased to 0.330 and survival has dropped
to 0.761. Most of the human-induced mortality, as
recorded by tag returns, comes soon after the turtles
leave Union Creek, primarily within the first year.
Our best estimate of the interval between departure
from Union Creek and death is the number of yr from
the time the turtle was last seen in Union Creek to
the time it was killed and the tag reported to us
(Fig. 3). Because the year in which the turtle was last
seen in Union Creek is not necessarily the year of
departure, the time intervals in Fig. 3 are maximum
estimates.

Our estimates of S include both natural and human-
induced sources of mortality. Our best estimate for S in
immature green turtles under natural conditions, with
human exploitation excluded, is 0.891, the geometric
mean of S for the first 3 tag-cohort-age classes. During
these tag-cohort-age classes, turtles have a high prob-
ability of remaining in Union Creek, as indicated by
the high probabilities of fidelity ranging from 0.852 to
0.896 (Table 2). Therefore most mortality in these tag-

cohort-age classes will be from natural
predators—sharks and barracudas—

Table 3. Chelonia mydas. Cormack-Jolly-Seber modeling summary for imma- and disease. Evidence of predation at-

ture green turtles foraging in Conception Creek based on a 13 yr (1989 to 2001)
capture-mark-recapture study. ®: apparent survival probability, p: recapture
probability, Par: number of estimable parameters, QAICc: quasi likelihood

tempts has been noted in Union Creek,
such as the loss of a flipper from an

corrected Akaike Information Criterion, Deviance: relative deviance, Time: individual turtle between our cap-
time-dependent tures.

The S value of 0.761 in tag-cohort-
Model o} p Par QAICc QAICc Deviance age-class 4 is higher than S for green
no. weight turtles exposed to the full extent
) of human-induced mortality in the

1 Constant Time 13 775.1 0.958 193.2 Caribb M f the turtles in t
2 Time Time 23 782.5 0.023 178.4 atibbean. Many ot the turties in tag-
3 Time Constant 12 783.0 0.018 203.3 cohort-age-class 4 were still in Union
4 Constant Constant 2 788.0 0.001 229.1 Creek, protected from human ex-
ploitation, and thus enjoyed higher
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Fig. 3. Chelonia mydas. Interval (yr) between the last sighting
of a green turtle in Union Creek and its reported death (n = 68)

survival. Green turtle populations outside of Union
Creek have lower survival probabilities.

Estimates of ® or apparent survival can be calculated
(= Sx F) for Union Creek green turtles (Table 2). These
values reveal the effect that confounding mortality and
emigration can have on estimates of survival probabil-
ities, and emphasize the advantage of incorporating
dead-recoveries into capture-mark-recapture studies
to generate estimates of true, rather than apparent,
survival. Permanent emigration was low in the first 3
tag-cohort-age classes (Fig. 2), and, as a result, the cal-
culated estimate of ® lies within or only slightly below
the 95% CI of S for the first 3 tag-cohort-age classes.
However, because emigration increased in tag-cohort-
age-class 4, the estimate of ® is much lower than S for
that tag-cohort-age class. It is important to distinguish

between the role that increased permanent emigration
played in the decline in S and in the decline in @ for
tag-cohort-age-class 4. S declined because, as green
turtles emigrated from Union Creek, they were
exposed to higher human-induced mortality, which
lowered their probability of survival. @ declined
because all turtles that emigrated were included in
the estimate of mortality.

Calculating ® for Union Creek green turtles also
allows comparison with the estimate of ® generated
for Conception Creek green turtles and other popula-
tions of sea turtles, bearing in mind that our estimate of
@ for Conception Creek green turtles may be posi-
tively biased because of trap-happiness. We would
expect that survival probabilities for green turtles in
Union Creek and Conception Creek would be fairly
similar because these populations represent similar
stages in the developmental migrations of green turtles
in the Greater Caribbean, and they occupy similar
habitats. The estimate of ® for Conception Creek green
turtles (0.680) is within the range of values for Union
Creek, and the geometric mean (0.702) of ® for Union
Creek green turtles lies within the 95 % CI for the esti-
mate of ® for Conception Creek green turtles (Table 2).

Survival probabilities will vary among populations
and life-stages within and among sea turtle species
because of the differences in environments and
sources of mortality. All survival probabilities for wild
populations of immature sea turtles of which we are
aware are presented in Table 4. These estimates are all
directly derived estimates (estimates not derived by
fitting population models) of apparent survival proba-

Table 4. Estimates of apparent survival probability (®) of wild populations of immature sea turtles, expressed as point estimate or
mean (95% CI), unless noted. CCL: curved carapace length; sGBR: southern Great Barrier Reef; CJS: Cormack-Jolly-Seber
model; B: Burnham model; CC: catch-curve analysis

“Accounting for transient behavior

Species Location and habitat O] Method Source

Green turtle (35 to 65 cm CCL) sGBR, Australia, neritic 0.880 CJS Chaloupka & Limpus
(0.835-0.927) (2003)

Green turtle (65 to 90 cm CCL) sGBR, Australia, neritic 0.847 CJsS Chaloupka & Limpus
(0.790-0.908) (2003)

Green turtle Union Creek, Bahamas, neritic Range = B Current study
0.510-0.814

Green turtle Conception Creek, Bahamas, neritic 0.680 CJS Current study
(0.631-0.725)

Loggerhead North Atlantic, oceanic 0.720 CcC Bjorndal et al. (2003)

Loggerhead Southeast US, neritic 0.695 ccC Frazer (1987)

Loggerhead Southeast US, neritic 0.893 CC Epperly et al. (2001)

Loggerhead sGBR, Australia, neritic 0.830 CJS Heppell et al. (1996)

Loggerhead sGBR, Australia, neritic 0.859 CJS Chaloupka & Limpus
(0.828-0.885) (2002)

Loggerhead sGBR, Australia, neritic 0.918 CJs® Chaloupka & Limpus

(0.88-0.96) (2002)
Kemp's ridley Southeast US, neritic Mode = 0.5 ccC TEWG (2000)

Range = 0.3-0.8
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bilities. The values for immature green turtles in Aus-
tralia (Chaloupka & Limpus in press) are more similar
to our estimates of S than to our values of ® because of
the low permanent emigration exhibited by these size
classes in Australia (Chaloupka & Limpus 2003).

If our estimates of S for the first 3 tag-cohort-age
classes in Union Creek (geometric mean = 0.891)
represent natural survival probabilities for green turtles
in the Caribbean region without human-induced
mortality, and if our estimate of S for tag-cohort-age-
class 4 (0.761) is the upper bound of survival for green
turtles experiencing human-induced mortality, the
dire situation facing Caribbean green turtles is clear.
Species characterized by long life and late sexual
maturity require very high survival throughout imma-
ture stages to maintain populations (Congdon et al.
1993, Crouse 1999, Chaloupka 2002). The substantial
drop in survival probabilities from 0.891 to <0.761
would have a major effect on population stability and
growth in Caribbean green turtles. Chaloupka (2002),
in a comprehensive application of fractional factorial
sampling approaches to sensitivity analyses and evalu-
ation of sea turtle population dynamics, showed that
even a slight reduction in survival probabilities for
green turtle populations would result in a substantial
drop in expected population abundance.

More estimates for survival probability for sea turtle
populations are needed. A number of longterm capture-
mark-recapture studies now underway could yield
valuable estimates. This study has reported the first
application of the joint analysis of live-recapture and
dead-recovery data to sea turtle populations and de-
monstrated the advantages of this modeling approach.
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