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ABSTRACT. – Observed clutch frequency is the observed number of clutches deposited by a female
turtle in a single nesting season. This value is generally biased compared to the true nest number
because some clutches could have been missed by beach patrols. We constructed an analytical
model to search for the distribution of observed clutch frequency according to 1) the distribution
of the clutch number per female, 2) the probability of female capture on the beach, and 3) the
probability that a female was an intraseasonal one-time nester. We used data from 1987 to 2003
collected on leatherbacks nesting on Yalimapo beach in French Guiana to test the power of the
model. Whereas for 13 of the 16 years, the model produced estimates concurrent with the field
data; for the other 3 years, there was no concordance, indicating a lack of power of the model. We
describe a required level of capture effort on the beach that will be sufficient for the model to
adequately describe clutch frequency across the nesting season. This level is the product of the
proportion of the season monitored times the instantaneous probability of the presence and the
detection for a particular female during 1 nesting event.
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The quantification of nesting activity for marine

turtles is a challenging statistical process. Most females

nest several times during the nesting season (Miller 1997).

Determining the number of times a turtle nests during a

reproductive season is important, particularly if these data

are averaged and used to estimate the number of female

turtles in the population (Broderick et al. 2002). Several

statistical measures have been employed to describe the

nesting activity of a particular female during the nesting

season. The observed clutch frequency (OCF) is simply

the number of observations of nest depositions for a

female during the nesting season (Frazer and Richardson

1985; Johnson and Ehrhart 1996; Broderick et al. 2002).

However, not all nesting females are observed during a

nesting season (e.g., Girondot and Fretey 1996), often

resulting in OCF being underestimated. Physiological

constraints induce regularity in the nesting process for a

particular female (Miller 1997): nest depositions are

separated by periods of 9–10 days on average for

Dermochelys coriacea (Fretey and Girondot 1989a;

Rivalan et al. 2006), 10–15 days for Chelonia mydas
(Miller 1997; Sato et al. 1998) and solitary Lepidochelys
olivacea, and longer and more variable periods for L.
olivacea nesting in arribadas (Kalb 1999). This regularity

of the number of days between 2 nesting attempts can be

used to calculate the estimated clutch frequency (ECF)

from the OCF value: ECF ¼ 1 þ (d2 – d1)/Nd with day d1

representing the first observation of the nesting female in

the season, day d2 the last observation of the nesting

female that season, and Nd the average number of days

between 2 nests (Frazer and Richardson 1985; Johnson

and Ehrhart 1996; Broderick et al. 2002). ECF is equal to

or higher than OCF. However, ECF is a biased estimator

of true clutch frequency (CF), which is defined as the true

number of clutches deposited by a female. Indeed, before

the first observation and after the last one, this female

could have laid unobserved clutches. Therefore, CF is

higher than or equal to ECF, although this bias often is not

considered (Alvarado and Murphy 1999).

Another limitation in the use of the OCF and ECF

estimates is the inability to deduce the shape of the

distribution of CF. The shape of the distribution can

deeply affect the average of CF or ECF. For example, the

ECF for leatherbacks is highly variable according to the

year, study site, and protocol (Steyermark et al. 1996), and

at least part of this variation could be due to change in the

distribution of CF. In French Guiana and Suriname, many

females are encountered only once during the nesting

season (the intraseasonal one-time nesters, OTN). OTN

females simply could be visitors from other nesting

beaches that nest occasionally on another beach or juvenile

females that nest only once (Hilterman and Goverse 2007).

When the number of these OTN females observed on a

nesting beach is high, the mean value of CF can be driven

to a low value. This factor could be of major importance

for leatherbacks in French Guiana and Suriname where

low nest sites fidelity is observed (Girondot et al. 2007).

The derivation of CF distribution from OCF is

challenging. This problem is related to the inverse problem

in the field of ecology. In a typical direct problem, one



prescribes model ingredients that describe mechanisms

such as aging, growth, and survival at the individual level,

then elevates the model to the population level, and finally

studies the phenomenon at the population level. For the

inverse problem, the situation is reversed: using informa-

tion about the population, one seeks to deduce the

underlying mechanisms at the individual level. An early

attempt on the use of OCF distribution to estimate the total

number of females has been performed by Barata (1998).

Alternatively, Schaub et al. (2001) used capture–recapture

methodology to estimate the stopover of birds during

migration. When applied to marine turtles (Rivalan et al.

2006), this model estimated the length of the presence of

an individual on a precise site. Here, we couple and

expand these 2 statistical models to describe the

peculiarities of the leatherback nesting process. We use

this new statistical method to analyze intraseasonal

capture–recapture survey on the leatherback turtle popu-

lation nesting at Yalimapo beach in French Guiana from

1987 to 2003. Our objective is to estimate the distribution

of clutch frequency and the total number of females

nesting per year. We propose to call the clutch frequency

obtained by this method the total clutch frequency (TCF).

METHODS

Study Site. — Fieldwork has been conducted annually

on Yalimapo beach, French Guiana (5844 035"N,

53855037"W) since 1985. In different years, night patrols

tagged and recaptured marine turtles from March or April

to July or August. For our analyses, we considered that the

nesting season for leatherbacks on Yalimapo occurred

between 1 March and 17 July (139 days). Titanium tags

placed in the rear flippers were used in 1987 to identify

females on the beach. From 1988 until 1997, Monel tags in

the rear flippers were used, and PIT tags were used from

1994 onwards. No data are available for 1989. When

patrols were on the beach, they tagged or read information

for all the encountered females (basic statistics are

presented in Table 1).

Statistical Modeling. — The description of nesting

activity by a single female on different beaches during a

single season suggests the occurrence of intraseasonal

OTN (Girondot et al. 2007). Consequently, we introduce

the parameter p1, which is the probability of being an OTN

among the nesting females, and q1 ¼ 1 – p1, the probability

of not being an OTN (noted HOTN) (Fig. 1). The sum of

OTN and HOTN is equal to the total number of females

nesting on the beach for a given year.

We also define 2 stochastic variables:

1. Z ¼ number of observed nests per turtle

2. Xp ¼ real number of nests per HOTN turtle

Distribution of Xp (Real Number of Nests per
Female). — This Xp variable follows a discrete law that

takes its values in [1...25]. The value of nmax ¼ 25 is set to T
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ensure it does not limit the fit because no marine turtles will

exhibit such a high CF. Barata (1998) tried to directly fit this

distribution from OCF data. However, this method induces

an overly high number of parameters to be estimated, and

the degrees of freedom become null or negative. Alterna-

tively, Xp can be derived from any function Kp by grouping

the values by class. Here, we use Kp as a lognormal, but

many other functions could be used. The lognormal is

positive and asymmetrical, with the right tail longer than the

left one. It exhibits a large range of shapes depending on 2

parameters, lp and rp (Fig. 2). The sum of the probabilities

among the nmax classes is standardized to 1.

Distribution of Z (Number of Observed Nests per

Female). 1. Conditional distribution of Z given Xp. — For

a fixed value of Xp, the number of observed nests per

turtle, Z, follows a binomial law B(p,n):

ProbðZ ¼ kjXp ¼ nÞ ¼ Cn
k pkð1� pÞn�k ½1�

Where p is the instantaneous probability of capture and

q ¼ 1 � p.

2. Conditional distribution of Z given HOTN. — We

can directly express the probability that Z ¼ k for HOTN:

ProbðZ ¼ kjHOTNÞ
¼

X
k�n�nmax

Cn
k pkð1� pÞn�kProbðXp ¼ nÞ ½2�

3. General distribution of Z. — General expressions

of Prob(Z ¼ k) for OTN and HOTN are:

ProbðZ ¼ 0Þ ¼ p1qþ q1

X
1�n�nmax

qnProbðXp ¼ nÞ

ProbðZ ¼ 1Þ ¼ p1pþ q1

X
1�n�nmax

npqn�1ProbðXp ¼ nÞ

..

.

ProbðZ ¼ kÞ ¼ q1

X
k�n�nmax

Cn
k pkð1� pÞn�kProbðXp ¼ nÞ

..

.

ProbðZ ¼ nmaxÞ ¼ q1p
nmaxProbðXp ¼ nmaxÞ ½3�

Parameter Adjustment. — Assume N the total number

of females (during the season) and Ni the number of i-
times observed turtles. A vector represents the sample:

N ¼ ðN0;N1;N2; :::;Nk; :::;Nnmax
; Þ

N0 is unknown but the relation (4) defines the

constraint (Sanathanian 1972):

N0 ¼ N �
X

1�k�nmax

Nk ½4�

For fixed p1, p, lp, rp, and N, we can calculate the

theoretical values of OCF:

Ntheo
k ¼ NProbðZ ¼ kÞ � 8k 2 0; :::; k; ::: nmaxf g ½5�

Maximum likelihood estimation is used to estimate

the vector of parameters h ¼ ðN; p; p1; lp;rpÞ
N ¼ ðN0;N1;N2; :::;Nk; :::Þ follows a multinomial law

whose likelihood is given by

LðNjhÞ ¼ N!

N �
X

1�i�nmax

Ni

 !
!N1!::: Nm!::: Nnmax

!

Y
0�k�nmax

ProbðZ ¼ kÞNk ½6�

The Delphi source of this software is available on

request.

Estimation of p Value. — When the range of OCF is

low, the model sometimes converges to boundaries of

parameters. To alleviate this problem, we used the

comparison of ECF and OCF to derive an estimate of p
to gain 1 degree of freedom. When ECF is � 3, a period

exists between the first (day d1) and last observation (day

d2) during which the female is potentially present on the

nesting beach but could have been overlooked. Between

these boundaries, nesting females have not been observed

ECF – OCF times over the ECF – 2 possible times. The

value pECF ¼ 1 – ((ECF – OCF)/(ECF – 2)) is the capture

probability for this female during the period d2–d1. The

weighted average of capture probabilities for all females

for the season has been estimated. The weighting

coefficient is the number of intervals used for estimation,

ECF – 2. In some seasons, the beginning or end of patrols

Figure 1. State of a female during a particular nesting occasion.
One-time nesters (OTN) and HOTN are, respectively, intra-
seasonal OTN and non-OTN, with probability p1 and q1 ¼ 1 –
p1. The capture probability is p.

Figure 2. Examples of shape of clutch frequency using a
lognormal function. Note that the mean of these 3 distributions is
always 5 despite their different shapes.
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did not coincide with the beginning or end of the nesting

season. If we let a be the fraction of the nesting season

covered by patrols, then the capture probability corrected

for incompleteness of coverage over the nesting season is

p ¼ a pECF.

Application to Leatherback Data. — The procedure

has been applied to the OCF data obtained from 1987

until 2003 (Table 1). For each year, an estimation of

h� ¼ ðN�; p�1 ; l�p ;r�p Þ has been obtained.

The estimation of parameters was completed by

bootstrap method. For each year, we generated 500

bootstrapped-samples (b-samples) randomly chosen from

the observations. The model was adjusted for each b-

sample to produce a set of optimal parameter estimations.

On the basis of 500 b-samples, a nonsymmetrical unbiased

accelerated confidence interval (at 5%-level) was calcu-

lated for each estimated parameter (Efron 1993; Rappachi

1994).

To test for the necessity of introducing a parameter to

account for OTN, the likelihood of the data was also

estimated both with p1 fixed to 0 (i.e., no OTN) or with p1

free to vary. We used the Akaike Information Criterion

(AIC, Akaike 1974) and Akaike Weight (also called

Evidence Ratio) (Burnham and Anderson 1998) to test

whether the presence of the OTN in the model was

necessary to describe the data. AIC is a measure that

selects the best model, incorporating the value for

likelihood while penalizing for a higher number of

parameters. The Evidence Ratio measures the probability

for each model to be the correct one among several models

tested on the same dataset. The global probability

associated with model with or without OTN parameters

has been calculated by combining probabilities (Sokal and

Rohlf 1981). The actual computation is based on the fact

that the �2 ln P is distributed as a v2 with 2 DF. Finally,

the probabilities of the 16 years were summed into a single

v2 statistic with 32 DF.

RESULTS

OCF and ECF Distributions. — OCF ranged from 1

to 11, and ECF ranged from 1 to 14 with important annual

variation (Table 1). Capture probabilities measured from

the difference between ECF and OCF ranged from 0.044

in 1987 to 0.527 in 2002. This could be explained by 2

phenomena: 1) turtles were present on Yalimapo beach but

were overlooked by patrols, and 2) turtles nested on other

nesting beaches. Both explanations probably are correct.

The fraction of the season patrolled during the nesting

season ranged from a ¼ 0.374 to 0.935. The corrected

capture probability a p ranged from 0.022 in 1991 to 0.428

in 2002. As expected, both mean OCF and ECF were

significantly positively correlated with angular transfor-

mation of p ¼ a pECF (r ¼ 0.92, p , 0.0001 and r ¼ 0.83,

p , 0.0001, respectively). This result emphasizes the need

to correct for capture probability to obtain an unbiased

estimation of nesting activity.

Parameter Estimation. — The model converged for

all years with all various combinations. An example of the

model fit with observed data for 2002 is shown in Fig. 3.

For 3 years (1990, 1991, 1992), the AIC was lower with

only 1 category of resident females and was nearly equal

for both models in 1997 (Table 2). However, these 4 years

showed a significant lower value of a p compared to the

others, indicating that these years were poorly covered (the

correlation between angular transformation of a p and the

probability that OTN model is significant, r ¼ 0.755, DF

14, p ¼ 0.0004). Therefore, the lack of OTN detection for

these 3 years likely was due to a lack of power of the test.

When the 16 years were analyzed together, the probability

that the model with resident and OTN was the best-fit

model was close to 1 (Table 2). Figure 3 shows 1) the

annual variations of an estimated number of females, 2)

the mean number of nests per resident female, and 3) the

proportion of OTN. Note that data for 1990, 1991, and

1992 were likely biased and will not be used for further

tests and discussions.

The mean number of nests per HOTN female ranged

from 4.90 to 9.92, concordant with previous estimates

obtained with completely different methods (Fretey and

Girondot 1988; Rivalan et al. 2006). The mean number of

nests per female (OTN and HOTN) can be estimated using

p1 þ (1 – p1) lp. It ranged from 3.12 to 5.82, similar to

Figure 3. (A) Observed clutch frequency (OCF) of females
nesting on Yalimapo beach, French Guiana, within the 2 models
compared to the observed data. (B) Distribution of total clutch
frequency for the 2 categories, HOTN and OTN females, for the
selected model.
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values obtained in Suriname for this species (Hilterman

and Goverse 2007).

A temporal decline was observed for resident females

(HOTN), but this trend was only marginally significant

(test of the slope, t ¼ –2.032, p ¼ 0.0671). An increase of

p1 according to the year was observed (Fig. 4C), but this

tendency was also not significant (p ¼ 0.15). The total

number of females (HOTN and OTN) (Fig. 4A) and the

mean number of nests for resident females (Fig. 4B) did

not exhibit a significant trend (p . 0.6).

DISCUSSION

We developed a model that simply uses the

distribution of OCF to model the distribution of clutch

frequency. Surprisingly, the OCF distribution can provide

much information on the nesting behavior of females. For

most years, we demonstrate the presence of 2 groups of

females that differed by the mean number of nests per

female. The group with a large mean number of nests per

female (from 4.90 to 9.92) is interpreted as resident

females, and the turtles defined here as OTN could be

interpreted as transient visitors from other nesting beaches

(Girondot et al. 2007) or juveniles (Hilterman and Goverse

2007). The presence of these 2 groups of females was only

detected when the capture effort was sufficient. We

describe a threshold of capture effort on the beach that

will predict whether the monitoring effort will be sufficient

to adequately describe ECF during the nesting season.

This is the product of the proportion of the season

monitored by the instantaneous probability of presence

and detection for a particular female during 1 nesting

event. If this value is below 0.10, the monitoring effort is

not sufficient. Between the 2 components used to estimate

Table 2. Model selection for the 16 years of available data collected on leatherback turtles nesting on Yalimapo beach in French Guiana.
AIC is the Akaike Information Criterion, and the evidence ratio is the probability that the corresponding model is the correct one among
the 2 tested (Burnham and Anderson 2002). The best AIC for each year is shown in bold.

AIC
DAIC

Evidence ratio per year

Year Resident þOTN Resident þOTN

1987 59.955 49.659 10.296 0.006 0.994
1988 409.646 119.891 289.755 0.000 1.000
1990 33.657 35.657 2.000 0.732 0.268
1991 29.948 31.948 2.000 0.732 0.268
1992 38.446 40.446 2.000 0.732 0.268
1993 71.292 53.245 18.047 0.000 0.999
1994 58.555 55.712 2.843 0.195 0.805
1995 56.086 47.249 8.837 0.012 0.988
1996 95.453 50.119 45.334 0.000 0.999
1997 55.792 55.787 0.005 0.499 0.501
1998 51.497 42.881 8.616 0.013 0.987
1999 73.588 44.580 29.008 0.001 0.999
2000 71.159 43.800 27.359 0.001 0.999
2001 278.173 121.787 156.386 0.000 1.000
2002 194.223 89.143 105.080 0.000 1.000
2003 177.368 82.892 94.476 0.000 1.000

x2 799.8 9.75
DF 32 32

Combined evidence ratio , 0.0001 . 0.99

Figure 4. Output of the OCF-based model on leatherback data.
(A) Total number of females, (B) mean number of nests per
resident female, and (C) proportion of OTN among the females.
Solid lines are the fitted values, dotted lines are the upper and
lower bounds of 5% confidence intervals, and dashed lines are
the average of bootstrap samples. The lack of OTN (p1 ¼ 0) for
the 3 years shaded in gray is due to lack of power of the model
(see text).
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p, it appears that the capture intensity within the covered

period (pECF) is the most important (see Table 1).

Nests counted on Yalimapo beach have strongly

declined during recent years (Rivalan 2003). This

observation can tentatively be explained by a changing

of nesting beaches by females (Girondot et al. 2007). The

outputs of the model described here show a higher

proportion of OTN in recent years as well as a decline

of the number of resident (HOTN) females. When tested,

both tendencies could be explained by chance alone

(p . 0.05), but these tendencies are still present in the

sense that slopes of regression are negative. Because the

OTN nest less often on the monitored site, it is normal to

observe a decline in nest counts.

The model presented here can be enhanced in several

ways. First, temporal variation in the parameters will be an

elegant solution, but it will require implementing a

stochastic rather than an analytic model to define the fit

criterion. In conjunction, a model for the arrival date of

females will be required. Second, many events were

aggregated within this p value in the current version of the

model. This parameter highlighted when patrols were not

on the beach: at the beginning and end of the nesting

season (modeled here by the a parameter) as well as

during the period of normal work on the beach. When on

the beach, patrols missed some females that came to nest.

Indeed, whereas females nest mainly around high tide at

Yalimapo beach (Fretey and Girondot 1989b), when the

beach is patrolled during 6 hours a night, up to 20% of

nesting females can be overlooked (Rivalan 2003). The p
parameter value also integrated those females not

completely faithful to 1 nesting beach. Also, resident

females on the monitored beach sometimes nest on other

beaches (Girondot et al. 2007) and thus are OTN on other

beaches. Further improvements will use intraseasonal tag

loss (Rivalan et al. 2005) or possible intraseasonal

mortality. Another enhancement will be to define the

behavior of the OTN using another
Q

p variable. However,

we will be confronted with a lack of degree of freedom to

fully fit the parameters because too few data are available

using the sole Z variable. This could be resolved by

implementing a multisite model where the residents of one

site are the visitors of the others. Such a model requires the

collaboration of all teams working in French Guiana and

Suriname. Therefore, we urge all local associations and

organizations working on sea turtles in the region to share

collected data for comprehensive analysis because, as seen

in this review, it is a necessary and essential step towards

generating a realistic and representative view of the trend

for this species in the region of Suriname and French

Guiana.
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