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Abstract
The most important nesting site for the green turtle, Chelonia mydas, in the Atlantic basin is Costa Rica’s Tortuguero 
National Park (TNP). An important portion of this population nests on Playa Norte, an adjacent beach located to the north 
of TNP. Using 10 years (2006–2015) of mark-recapture data, we estimated demographic parameters for green turtles nest-
ing at Playa Norte. During the 10-year study period, 1573 nesting encounters were recorded, representing 1101 distinct 
individuals. Open-population models estimated an abundance of 6004 (95% CI 5037–6970), representing the contingent 
of adult females that nested on Playa Norte at least once during the study period. This estimate includes females that died 
did not use Playa Norte as nesting site or became post-reproductive after the first nesting encounter as well as nesting and 
non-nesting adult females in a given year. This open-population abundance estimate and related demographic rates are 
also assumed to be robust against inter-nesting occurrences between Playa Norte and TNP, and between Playa Norte and 
other unmonitored and minor beaches. The mean annual survival rate was 0.85 (95% CI 0.76–0.91) and the realized annual 
population growth from 2006 to 2015 was 1.0179 (95% CI 0.7984–1.2978), indicating a positive trend characterized by an 
average 1.79% annual increase. The results presented here concur with results from studies of nesting females at TNP and 
highlight the importance of Playa Norte as a nesting ground for Atlantic green turtles. In addition, our study demonstrated 
that reliable demographic information can be derived from nesting sites at the edge of a main nesting area if proper survey 
designs and analytical methods are used.

Introduction

Globally, green turtles (Chelonia mydas, Linnaeus 1758) 
are classified as endangered by the International Union for 
the Conservation of Nature (Seminoff 2004). The species 
is circumtropically distributed (Bowen et al. 1992) and 
nests on beaches in over 80 countries (Hirth 1997; Sem-
inoff 2004). Nesting beaches are vulnerable to poaching of 

eggs and females, and these pressures have caused signifi-
cant population declines (Heppell et al. 2003; Tomillo et al. 
2008). Legal and illegal harvesting at sea, marine traffic, and 
pollution impose additional pressures on sea turtle popula-
tions (Seminoff 2004). Although sea turtles are iteroparous, 
the vast migration distances between feeding and breeding 
grounds require high energy expenditures that prevent indi-
viduals from reproducing annually (Spotila 2004; Rivalan 
et al. 2005), thus limiting population recovery rates. Several 
initiatives have been implemented to assist the recovery of 
sea turtles, including conservation programs aimed at the 
protection of nesting females, eggs, and hatchlings (Troëng 
and Rankin 2005; Chaloupka et al. 2008).

Quantifying population parameters such as abundance 
and population growth rates are important to evaluate sta-
tus and track recovery. Population estimates through mark-
recapture analysis have been applied to juvenile and nesting 
and foraging adult sea turtles (Sasso et al. 2006; Troëng and 
Chaloupka 2007; Colman et al. 2015). In addition to estima-
tion of abundance and population growth, mark-recapture 
studies allow estimation of survival and recruitment rates 
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as well as capture or encounter probabilities (Pradel 1996; 
Thompson et al. 1998; Lettink and Armstrong 2003). How-
ever, long-term data collection is necessary to detect changes 
in population trajectories of long-lived wide-ranging species 
(King et al. 1990; Gibbons et al. 2000) such as sea turtles, 
which have large foraging areas and restricted breeding 
grounds (Chaloupka 2001; Chaloupka et al. 2008). Sea turtle 
populations are mostly studied in their rookeries, with most 
data available from tagging and monitoring of females that 
come ashore to nest (Chaloupka and Limpus 2001; James 
et al. 2005). Natal homing (also known as “philopatry”) in 
sea turtles is well documented (Lohmann and Lohmann 
1996), and the green turtle exhibits high nest site fidelity 
(Carr et al. 1978; Meylan et al. 1990). Nest site fidelity is 
an important life history trait that has allowed the study of 
population parameters in green turtles because data collected 
in rookeries can be safely assumed to be representative of a 
discrete population.

Tortuguero National Park (TNP) in Costa Rica encom-
passes a coastline spanning 30 km and hosts one of the most 
important green turtle rookeries in the world (Lahanas et al. 
1998; Bjorndal et al. 1999; Troëng and Rankin 2005), at 
least an order of magnitude larger than any other Atlantic 
population (Bjorndal et al. 2005a). Large colonies such as 
TNP are extremely rare in the Atlantic (Piniak and Eckert 
2011), and globally, it is only surpassed in size by Raine 
Island, Australia (Chaloupka et al. 2008). The previous 
annual counts of green turtle’s nests at TNP have ranged 
from 17,402 to 37,290 (Bjorndal et al. 2005a; Troëng and 
Rankin 2005). TNP green turtles have, however, experi-
enced a 15–30 fold decrease over the last 300 years (Jackson 
et al. 2001). The sever depletion of TNP turtles has been 
attributed to human exploitation prior to the 20th century 
(McClenachan et al. 2006).

Although the majority of the population nests inside TNP, 
an important portion also uses the adjacent beach to the 
north, Playa Norte, which can be considered a spillover loca-
tion at the edge of TNP. Leatherbacks (Dermochelys coria-
cea, Vandelli 1761), hawksbills (Eretmochelys imbricata, 
Linnaeus 1766), and loggerheads (Caretta caretta, Linneaus 
1758) also nest on this beach in varying numbers; however, 
green turtles are by far the most abundant (COTERC, unpub-
lished data). The green turtle nesting population at TNP and 
Playa Norte forms a distinct reproductive stock (Encalada 
et al. 1996; Bjorndal et al. 2005b; Shamblin et al. 2012) that 
forages mostly in the Miskitos Coast (Nicaragua), although 
they can be found throughout the Caribbean Sea (Carr et al. 
1978; Bass et al. 1998; Troëng et al. 2005). In this study, the 
ensemble of TNP and Playa Norte nesting grounds is hence-
forth referred to as the “Tortuguero” population. It is known 
that Tortuguero green turtles also nest in neighboring areas 
on smaller and unmonitored beaches. This aggregation into a 
single discrete population is supported by the strong homing 

behavior (Peare and Parker 1996; Tiwari et al. 2005) and the 
genetic uniqueness (Bjorndal et al. 2005b) of Tortuguero’s 
green turtles. Spatial nesting of Tortuguero green turtles has 
been estimated to be within 10 km of an individual’s previ-
ous nest site (Tiwari et al. 2005).

The Canadian Organization for Tropical Education and 
Rainforest Conservation (COTERC; http://www.coter c.org/) 
has monitored nesting events and collected mark-capture 
data for green turtles nesting on Playa Norte since 2006 with 
the aim of helping the scientific and conservation commu-
nity to compile information on the biological and population 
parameters of green turtles. The availability of this data is a 
great opportunity to evaluate the demographic information 
that can be derived from a spillover site and compare it with 
information derived from the main nesting area (TNP). This 
would have important implications for animal populations 
that use remote or inaccessible areas to scientists or that have 
large populations or use large areas, and therefore, mark-
recapture studies necessarily need to target specific, acces-
sible portions of the population, and/or habitat. The main 
goals of this study are: (1) to estimate green turtle demo-
graphic parameters based on 2006–2015 mark-recaptured 
data of females nesting in Playa Norte; and (2) to evaluate 
whether open-population mark-recapture models are robust 
to data collected outside the main sampling area by compar-
ing demographic parameters from Playa Norte with those 
produced by TNP studies.

Materials and methods

Study area

Playa Norte belongs to the “Barra del Colorado” Wildlife 
Refuge. This protected area borders TNP to the north and 
both beaches are separated by the Laguna Tortuguero river 
mouth (Fig. 1). Data collection on Playa Norte took place 
along a 5 km transect (Start: 10°35′38.4216″N–83°31′31.2
234″W; End: 10°38′2.8536″N–83°32′29.8674″W), divided 
into 25 sections of 200 m each. The beach is closed to the 
public from March 1st to October 31st and the only permit-
ted access is with a research permit. Playa Norte had been 
subject to high poaching pressure in the past, but since the 
start of patrols for the data collection used in this study, 
poaching of nesting adults and eggs has been significantly 
reduced. However, losses of nests to domestic dogs remain 
a problem. The beach itself is highly dynamic suffering 
increasingly heavy coastal erosion resulting in a number of 
nests being lost each year (COTERC, unpublished data).

http://www.coterc.org/
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Surveys

Beach patrols were conducted every night (20:00–04:00) 
from 1 March to 31 October every year of the study 

(2006–2015). Nesting occurs in other months, but drops off 
dramatically outside this period. Each turtle encountered 
was checked for identification tags or new or replacement 
tags were implanted. Individual tags (Inconel #681; National 

Costa Rica

Playa Norte

B 

A

TNP

10o47’59’’ N - 83o35’14’’ W

Fig. 1  Study area. Points A and B represent the start and end point 
of the nest monitoring transect, respectively. The study area, Playa 
Norte, is part of the Barra del Colorado Wildlife Refuge and it is 

located north of Tortuguero National Park (TNP). These two nesting 
beaches are separated by the Laguna Tortuguero river mouth and are 
located on the central Caribbean coast of Costa Rica
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Band and Tag Company, Newport, Kentucky, USA) were 
implanted proximal to the first scale in the front flippers as 
per Balazs (1999). Both flippers were tagged to reduce the 
risk of complete tag loss. The tags bore a return address 
which enabled the collection of some mortality data from 
encounters outside of Playa Norte. Any evidence of the pre-
vious tagging in the form of old tag holes or notches was 
recorded at the time of encounter and turtles with double-tag 
loss (i.e., turtles with no tags but showing evidence of old 
tag holes or notches) were re-tagged. In the single-tag loss 
cases, tags were replaced on the flipper with the notch or 
hole keeping track of the original tag record. An individual 
encounter history (IEH) was created for each turtle based on 
the tag information (see below). The monitoring protocol 
had little variation throughout the duration of the study and 
the survey effort remained nearly constant over time.

Analyses

Most modern mark-recapture analytical techniques and 
software require mark-recapture data in the form of IEHs. 
An IEH is a contiguous series of binary variables (0 or 1), 
each of which indicates encounter attributes of a unique 
individual; for example, whether or not it was encountered 
on a particular occasion, its state when it was encountered 
(live or dead), where it was encountered, and so forth. For 
each individual encountered, including for losses on capture 
(Schwarz et al. 1993) that represent individuals not released 
after an encounter either because they are dead or have been 
removed from the system, there is an IEH representing the 
sequence of encounter events. Each one of these events 
has a corresponding probability, and therefore, an explicit 
probability can be calculated for each IEH. Since sampling 
occasions were scaled by year, multiple encounters of a dis-
tinct individual in a given year were still considered a single 
encounter.

Modern Jolly–Seber estimators compute both gross (e.g., 
all green turtles accessing the system during the study) and 
net (gross minus permanent emigration and/or inter-nesting 
mortality) abundance (e.g., Schwarz and Arnason 1996). 
POPAN is a generalization of the Jolly–Seber model using 
a multinomial distribution from a super-population (i.e., the 
total number of animals that are ever available for capture 
or encounter in the population of interest over the course of 
the study), as described by Schwarz and Arnason (1996). 
We used 2006–2015 green turtle IEHs to implement an 
open-population POPAN modelling approach (Schwarz and 
Arnason 1996) to estimate the abundance of the contingent 
of adult females that uses Playa Norte as a nesting ground. 
POPAN models also allowed the estimation of survival and 
capture/encounter rates. POPAN models are defined by 
their explicit assumptions about the main probability com-
ponents of the likelihood algorithm: capture probability (p; 

or encounter herein, since green turtles are not retained), sur-
vival probability (s), and recruitment (b; probability of new 
females recruiting into the adult population that use Playa 
Norte as nesting ground in a given year). Hence, encoun-
ter, survival, and recruitment rates can change during the 
study. The full POPAN model for a case with one group 
(adult females) and temporal (annual) stratification is herein 
represented as {p(t), s(t), b(t)}, indicating that encounter, 
survival, and recruitment probabilities vary across sampling 
occasions (t). Goodness-of-fit testing (see below) is based 
on the full model. However, abundance is not estimable at 
the first and last sampling occasions nor can recruitment be 
estimated for the first and last sampling interval because of 
confounding and non-identifiability of parameters, unless a 
constraint on pt is imposed (Cooch and White 2013). Two 
types of constraints were imposed: (i) a time-invariant p or 
(ii) fixing the value of p at 1.00 for the first (a) and last (z) 
sampling occasions (Vélez-Espino et al. 2016). Hence, the 
most general models with the capacity to estimate abun-
dance without confounding and non-identifiability problems 
would be {p(*), s(t), b(t)} or {p(t; a & z = 1), s(t), b(t)}.

Mark-recapture analyses of nesting females followed the 
model selection approach recommended by Lebreton et al. 
(1992): (1) start from a global model compatible with spe-
cies biology and assess with goodness-of-fit tests; (2) select 
the most parsimonious model (e.g., using Akaike’s Infor-
mation Criterion AIC) to limit the number of formal tests; 
(3) compare the most parsimonious model with neighboring 
models using likelihood ratio tests (LRT); and (4) obtain 
maximum likelihood estimation (MLE) of model param-
eters with estimates of precision. We applied this approach 
to POPAN models using the program MARK (White and 
Burnham 1999; http://www.phido t.org/softw are/mark). 
MARK was also used for goodness-of-fit testing based on 
the program RELEASE (Burnham et al. 1987), AIC model 
selection, and derivation of MLEs. Goodness-of-fit testing 
was based on the more general, and fully time-dependent, 
open-population model (e.g., a POPAN’s full model). The 
information provided by RELEASE allowed the identifica-
tion of the potential existence of encounter or survival het-
erogeneity as well as overdispersion, hence informing the 
model construction and selection processes.

Overdispersion, defined as a ratio between the residual 
deviance and the degrees of freedom (ĉ, a.k.a. variance infla-
tion factor) significantly larger than 1.0, magnifies model 
parameter error rates, and produces skewed confidence 
intervals (McCullagh and Nelder 1983). Overdispersion was 
identified from the RELEASE results and addressed through 
ĉ adjustment within MARK. This adjustment changes the 
standard errors for each of the parameters in each of the can-
didate models as well as the AIC weights because these are 
originally calculated using the default ĉ value of 1.0 (Cooch 
and White 2013).

http://www.phidot.org/software/mark
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Population growth rate during 2006–2015 was estimated 
with Pradel models (Pradel 1996), which are a special (con-
ditional) case of the more general Jolly–Seber model and, 
therefore, use the same IEHs prepared for POPAN, which 
can also be fitted using MARK. A similar model selection 
process was applied to Pradel models characterized by three 
structural parameters: p, s, and λ, where p and s are similar 
to POPAN’s and λ is the population growth rate parameter. 
As in POPAN, several parameters are inestimable under the 
fully time-dependent model {p(t), s(t), λ(t)} due to statisti-
cal non-identifiability. The same constraints used in POPAN 
models to deal with parameter confounding and non-identi-
fiability (i.e., time-invariant p, or p[a] = 1.00 = P[z]) were 
included in the Pradel models to produce robust estimates 
of λ.

Results

Biological data

Over the 10-year survey period, 1573 nesting encounters 
from 1101 individual females were recorded. The occur-
rence of tag loss in both flippers took place during the study 
with 65 individuals (5.9% of total IEHs); these individuals 
were re-tagged. The number of nesting green turtles per year 
ranged from 48 in 2011 to 284 in 2013. Although nesting 
encounters occurred from March through October, the vast 
majority took place during the summer months (July–Sep-
tember) with the highest number of turtle encounters occur-
ring in August (Fig. 2), except in 2014 and 2015 when more 
turtles were encountered in September (77 and 60, respec-
tively). However, there was no significant difference in the 
number of nesting turtles encountered between August and 

September across the study period (t = 1.37; df = 336.178; 
p = 0.17).

Abundance

Twelve POPAN models were explored and evaluated via 
AIC (Table 1). RELEASE showed evidence for capture het-
erogeneity and overdispersion, and it was necessary to adjust 
ĉ from 1.0 to 3.2. Model {p(t), s(*), b(t)} ranked highest, 
followed by models {p(t), s(t), b(t)} and {p(*), s(*), b(t)}. 
However, the two models with the highest ranks include 
time-variant p parameters that are known to produce uniden-
tifiable parameters at the first and last sampling occasions 
and thus were removed from the model selection exercise. 
Therefore, model {p(*), s(*), b(t)} was selected as the best 
biological model. LRT showed that the fit of this model to 
the data was significantly better (p < 0.001) than that of the 
closest neighbour model {p(*), s(t), b(t)}.

Net abundance of adult females nesting in Playa Norte 
was estimated as 5706 (95% CI 4096–7316) during the study 
period. This estimate does not include those adult females 
that died or permanently emigrated (e.g., were no longer 
reproductive or nested on TNP after the last encounter) 
during the study. Gross abundance, which includes deaths 
and permanent emigrants, was estimated as 6004 (95% CI 
5037–6970). Annual survival during the study period aver-
aged 0.85 (95% CI 0.76–0.91), whereas the probability of 
encountering a distinct adult female in a given year was 0.05 
(95% CI 0.034–0.071). Since these encounter probabilities 
are conditional on survival, these can be properly defined 
as detection probabilities. Recruitment probabilities (i.e., 
the probability of new females recruiting into the adult por-
tion of the nesting colony) during the study period averaged 
0.069 (range 0.00–0.38), with the largest annual recruitment 
occurring during the 2011–2012 annual interval. Additional 

Fig. 2  Temporal distribution of 
green turtle encounters over the 
10-year study period
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detail on population parameters derived from the best bio-
logical model is shown in Table 2.

Population growth

Twelve Pradel models were explored and evaluated via AIC 
(Table 3). Models {p(t), s(*), λ(t)} and full model {p(t), s(t), 
λ(t)} ranked highest but produced unreasonable output due 
to the non-identifiability of some parameters and thus were 
removed from the model selection exercise. LRT showed 
that the fit of the best model {p(*), s(*), λ(t)} to the data was 
significantly better (p < 0.001) than that of the closest neigh-
bour models. The best model produced variable estimates of 
realized population growth between the annual intervals in 
the study period (Fig. 3). These changes in realized popu-
lation growth between annual intervals represent not only 
the balance between deaths and new recruits into the adult 
female contingent but also the balance between “emigration” 
and “immigration” to and from neighbour nesting beaches 

(i.e., TNP and other minor nesting beaches part of the same 
population). Most likely, new recruits are TNP females nest 
clutching sporadically on Playa Norte. Thus, permanent 
emigration is probably quite common due to the spillover 
nature of Playa Norte’s contingent. The geometric mean of 
realized annual population growth from 2006 to 2015 was 
1.0179 (95% CI 0.7984–1.2978), indicating a positive trend 
characterized by an average 1.79% annual increase.

Discussion

Population parameters

The number of nesting turtles found over the study period 
(48–284 per year) shows the typical fluctuations of nest-
ing behavior in green turtles (Limpus 1996; Bjorndal et al. 
1999, 2005a). Within season demographic parameters could 
not be estimated, because our mark-recapture data set was 

Table 1  Model selection table 
for POPAN models of green 
turtle nesting females (2006–
2015)

Model {p(t), s(*), b(t)} and full model {p(t), s(t), b(t)} ranked highest but these models suffer from non-
identifiability and confounding of some parameters. Models {p(t; a & z = 1), s(*), b(*)},{p(t; a & z = 1), 
s(t), b(*)}, and {p(t; a & z = 1), s(t), b(t)}did not converge

Model AICC Delta  AICC AICC weight # parameters

{p(*), s(*), b(t)} 461.469 0.00 0.832 12
{p(*), s(t), b(t)} 464.674 3.21 0.168 20
{p(t; a & z = 1), s(*), b(t)} 575.575 114.11 0.000 16
{p(t), s(t), b(*)} 46,533.738 46,072 0.000 19
{p(*), s(*), b(*)} 46,688.163 46,226 0.000 4
{p(*), s(t), b(*)} 46,701.826 46,240 0.000 10
{p(t), s(*), b(*)} 117,077.521 116,616 0.000 13

Table 2  Green turtle population 
parameters from best biological 
model {p(*), s(*), b(t)} as 
derived from 2006 to 2015 
mark-recapture data using 
POPAN

Gross abundance includes estimated mortality and permanent emigration during the study period

Parameter Time period Estimate Standard error 95% confidence 
interval

Lower Upper

Survival rate 2006–2015 0.850 0.036 0.765 0.908
Encounter probability 2006–2015 0.050 0.009 0.034 0.071
Probability of new females 

recruiting into the nesting 
colony

2006–2007 0.167 0.071 0.069 0.353
2007–2008 0.000 0.000 0.000 0.000
2008–2009 0.000 0.000 0.000 0.989
2009–2010 0.079 0.056 0.018 0.281
2010–2011 0.000 0.000 0.000 0.000
2011–2012 0.379 0.047 0.292 0.476
2012–2013 0.000 0.000 0.000 0.000
2013–2014 0.000 0.000 0.000 0.000
2014–2015 0.000 0.000 0.000 0.000

Net abundance 2006–2015 5706 821 4096 7316
Gross abundance 2006–2015 6004 493 5037 6970



Marine Biology (2018) 165:53 

1 3

Page 7 of 12 53

too sparse (from the 1101 unique individuals in our study, 
68% were encountered only once, 23% in two different years, 
8% in three different years, and 1% during 4 years). The 
fact that the majority of females at Playa Norte are seen 
only once reflects the spillover nature of this site with most 
nesting activities surely occurring within TNP and Playa 
Norte getting a small percentage of the total number of 
beach landings. Numerous green turtle females bearing 
tags applied by the Sea Turtle Conservancy, while nesting 
on TNP were observed during our study. Nonetheless, the 
availability of data from a long-term study of a smaller seg-
ment of a population (such as Playa Norte to Tortuguero) 
has the potential to contribute valuable information and pro-
duce robust assessments of sea turtle biological and popula-
tion parameters to better understand sea turtle population 
dynamics. However, these studies face several challenges, 
including tag loss, variable female reproductive output, and 
incomplete beach coverage (Rivalan et al. 2005; Hatase and 

Tsukamoto 2008; Tucker 2010). Variation in remigration 
intervals alongside inconsistent clutch frequencies (Bjorndal 
et al. 1999) contributes to natural population fluctuations 
(Troëng and Rankin 2005). Due in part to this natural annual 
variation in numbers of nesting females, long-term moni-
toring projects are especially important to assess sea turtle 
population sizes and trends (Schroeder and Murphy 1999; 
Troëng and Rankin 2005).

Tagging in both flippers significantly reduced the com-
plete loss of data for an individual turtle in the present 
study. Given the small percentage of re-tagged turtles in 
both flippers at Playa Norte (5.9%) and that the probability 
of encountering an individual in a given year was 0.05, the 
probability of duplicating an IEH as a result of re-tagging 
was extremely low (0.3%), but nonetheless with the potential 
to overestimate abundance. Bjorndal et al. (1996) calculated 
the percentage of Inconel tag losses over 3 years at TNP as 
14%. Campbell and Lagueux (2005) reported single flipper 

Table 3  Model selection table 
for Pradel models of green turtle 
(2006–2015)

Models {p(t), s(*), n(t)} and full model {p(t), s(t), n(t)} ranked highest but produced unreasonable output 
due to the non-identifiability and confounding of some parameters. Model {p(t; a & z = 1), s(t), λ(t)}did 
not converge

Model AICC Delta  AICC AICC weight # parameters

{p(*), s(*), λ(t)} 6054.928 0.00 0.962 11
{p(t), s(*), λ(*)} 6061.818 6.89 0.031 12
{p(*), s(t), λ(t)} 6064.789 9.86 0.007 19
{p(t), s(t), λ(*)} 6071.502 16.57 0.000 18
{p(*), s(*), λ(*)} 6215.421 160.49 0.000 3
{p(*), s(t), λ (*)} 6228.967 174.04 0.000 11
{p(t; a & z = 1), s(*), λ(t)} 6475.884 420.96 0.000 18
{p(t; a & z = 1), s(t), λ(*)} 6926.990 872.06 0.000 18
{p(t; a & z = 1), s(*), λ(*)} 7053.917 998.99 0.000 10

Fig. 3  Green turtle realized 
population growth (λ) during 
the 2006–2015 study period. 
Dotted lines represent 95% CIs. 
Equilibrium is represented by 
λ = 1.0
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tag loss in one season at TNP to be 3.1% in 2000 and 3.3% 
in 2001. If the proportion of re-tagged turtles in both flip-
pers were much higher, assigning “tags at risk” in a random 
process could have been incorporated to account for their 
effect on population parameter estimation (Vélez-Espino 
et al. 2016). Estimation problems due to tag loss such as 
parameter biases and reduction in precision (Arnason and 
Mills 1981; Pollock et al. 1990) could be exacerbated in 
long-lived species in the presence of high rates of tag loss 
(Nelson et  al. 1980; Campbell and Lagueux 2005). To 
address estimation uncertainty due to lost tags, tag losses 
should be minimized as much as possible with good-quality 
tags and tag-application techniques.

Mark-recapture studies of sea turtles have used similar 
methodologies and analytical tools (e.g., Pradel models, 
RELEASE, MARK, etc.) to evaluate abundance, survival, 
and population growth of juvenile and adult sea turtles 
(Sasso et al. 2006; Troëng and Chaloupka 2007). The mean 
annual survival probability found in our study, 0.85, is 
identical to that reported by Troëng and Chaloupka (2007) 
but with wider 95% confidence intervals (0.76–0.91 vs. 
0.83–0.87), probably due to a noticeably smaller sample 
size. These authors used similar analytical methods, bas-
ing their estimates on an open robust model design. Moreo-
ver, our estimate of survival was slightly higher than that 
reported by Campbell and Lagueux (2005) (0.82; 95% CI 
0.73–0.89). According to Lagueux et al. (2014), Tortugue-
ro’s green turtle population has a lower survival probability 
than other populations due to the strong fishing pressure 
in its foraging grounds. The Nicaraguan coast sustains the 
second largest legal turtle fishery in the world (Humber et al. 
2014) in which an average of 8169 green turtles per year 
were fished between 1991 and 2011 (Lagueux et al. 2014), 
including primarily large juveniles and adults (Troëng and 
Chaloupka 2007). Failure of fishers to return tags or delays 
in tag returns generally result in the underreporting of tur-
tle mortality that would overestimate survival probabilities 
(Campbell and Lagueux 2005). Both these situations may be 
resolved with improved reporting of captures by Nicaraguan 
and other Caribbean fishers. However, this would require 
greater effort on the part of un-invested third parties (Troëng 
and Chaloupka 2007).

The gross abundance of Playa Norte’s nesting females in 
our study, 6004 (95% CI 5037–6970), needs to be interpreted 
as Tortuguero’s portion of adult females that utilized Playa 
Norte as a nesting ground during the study period, subject 
to inter-nesting occurrences between Playa Norte and TNP, 
and between Playa Norte and other unmonitored and minor 
beaches. This abundance number is substantially smaller 
than the abundance of the TNP females estimated by Troëng 
and Rankin (2005) between 1999 and 2003 (17,402–37,290) 
and the 26,535 reported by 2001 in Seminoff (2004). This 
is an expected difference since TNP’s nesting area is 

approximately six times larger than Playa Norte. Ideally, 
coordination with other monitoring organizations in pos-
session of mark-recapture data would be important to yield 
better and comprehensive estimates of population size and 
trends for the Tortuguero green turtles.

Population trends

Our study identified a positive abundance trend in green 
turtle adult females at Playa Norte (1.79% annual growth 
rate) with high inter-annual fluctuations. This is consistent 
with other studies of Tortuguero’s population (Bjorndal 
et al. 1999, 2005a; Troëng and Rankin 2005; Troëng and 
Chaloupka 2007) and reflects the fact that Playa Norte’s 
positive growth rate is a direct result of the growing Tortu-
guero population and the resulting increased spillover from 
the main TNP nesting area. The IUCN marine turtle survival 
group report found that, alongside other Atlantic popula-
tions, TNP nesting events had more than doubled from the 
previous 20–30 years (Broderick et al. 2006). Chaloupka 
et al. (2008) reported high inter-annual fluctuations with 
an average nesting population increase of 4.9% in the TNP 
rookery (1971–2003). It is important to note, however, that 
whereas studies based on nest counts (e.g., Troëng and 
Rankin 2005; Chaloupka et al. 2008) only reflect realized 
nesting occurrences in a given year, abundance and popula-
tion growth estimates from mark-recapture studies of nest-
ing females (like the present study) attempt to reflect the 
population dynamics of adult females using a probabilistic 
framework and accounting for imperfect information (Pfaller 
et al. 2013). Population estimates from mark-recapture stud-
ies are meant to represent nesting and non-nesting adult 
females in a given year as well as females that die or become 
post-reproductive (i.e., reproductive senescence; Broderick 
et al. 2003) after the first nesting encounter. Despite these 
differences, positive trends in abundance of reproductive 
females identified in our study are concomitant with nesting 
increases reported by other studies (e.g., Troëng and Rankin 
2005; Chaloupka et al. 2008).

Several factors have contributed to recovery of sea turtles, 
including increasing conservation efforts (Chaloupka et al. 
2008) such as beach patrols (aiming to protect females, eggs, 
and hatchlings), hatcheries, head start programs, and envi-
ronmental education (Ehrenfeld 1995; García et al. 2003). 
Although beach conservation efforts seem to be successful 
at helping population growth, factors affecting mortality at 
other life stages need to be considered (Frazer 1992; Spo-
tila et al. 2000; García et al. 2003). Turtle excluder devices 
(TEDs) have been implemented in shrimp trawl fisheries to 
protect turtles foraging at sea (Crowder et al. 1994). Recov-
ery has been more obvious for sea turtle populations exhib-
iting short-distance migration patterns (Eckert and Abreu-
Grobois 2001; Troëng and Rankin 2005; Broderick et al. 
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2006), because energy otherwise expended on migration 
can be reallocated to reproduction (Bjorndal 1995; Troëng 
et al. 2005). The Tortuguero population has one of the short-
est remigration intervals of green turtles, with the major-
ity of females nesting every 2 or 3 years (Carr and Carr 
1970; Troëng and Chaloupka 2007). While TNP and Playa 
Norte individuals disperse to feeding grounds across the 
Caribbean, an estimated 80–82% of Tortuguero green tur-
tles migrate the relatively short 830 km distance to feeding 
grounds along the Miskitos Coast of Nicaragua (Bjorndal 
1995; Troëng et al. 2005). Variable remigration intervals are 
considered to be a driver of inter-annual variation in nest-
ing events and are closely associated with environmental 
influences (Hays 2000). For instance, a positive correlation 
between sea surface temperatures and remigration intervals 
has been identified for the Tortuguero population (Solow 
et al. 2002).

Other factors such as density-dependent compensatory 
mechanisms (Rose et al. 2001; Vélez-Espino and Koops 
2012) could also play an important role influencing posi-
tively population growth rates in Tortuguero green turtles. 
Density-dependent reproductive compensation from a heav-
ily depleted population following years of human exploita-
tion has been invoked as a potential factor contributing to 
positive trends in population growth (Troëng and Rankin 
2005; Troëng and Chaloupka 2007; Chaloupka et al. 2008).

The importance of Playa Norte

This study showed that thousands of green turtles use Playa 
Norte as a nesting ground and hence highlights the impor-
tance of this beach in the broader conservation strategy for 
Atlantic green turtles. Playa Norte’s number of females and 
increasing abundance trend are positive indicators of both 
Tortuguero’s and the global status of the species (see also 
Troëng and Rankin 2005). A positive abundance trend in 
Tortuguero nesting females is particularly important given 
green turtles are globally listed as endangered mostly due 
to noticeable declining trends caused by overexploitation 
and fishery bycatch (Seminoff 2004). Currently, Playa Norte 
experiences a lower level of government enforcement and 
protection from poaching due to its remoteness. Despite the 
patrol teams being active during the 10 years of this study, 
several cases of nesting turtles killed and nests excavated 
due to poaching were observed. Nevertheless, conserva-
tion efforts that focus on rookery protection, such as the 
COTERC patrols on Playa Norte, no doubt contribute to 
improved population performance and their value should 
not be underestimated (see García et al. 2003; Dutton et al. 
2005). The implementation of patrols every day of the study 
minimized the undesirable influence of poaching on popula-
tion estimates via additional non-recorded mortalities and 
potential loss of tagged individuals.

Final remarks

The Tortuguero nesting population is increasing, as evi-
denced by our research and that of Bjorndal et al. (1999) 
and Troëng and Rankin (2005). However, while we report 
positive news regarding adult female abundance increases, 
we suggest exercising caution when applying this optimism 
to the population as a whole. Nesting populations are not 
representative of other life stages and omit information on 
male turtles (Crowder et al., 1994). It cannot be assumed 
that all populations of turtle have a 50:50 sex ratio. For 
instance, temperature-dependent sex determination often 
skews sea turtle population sex ratios (Standora and Spotila 
1985). Positive population growth rates in nesting females 
are not necessarily evidence of overall population increases. 
Positive rates may merely echo favourable environmental 
conditions that increase reproduction whilst disguising 
overall population declines (Chaloupka 2001). Confound-
ing the problem is the challenge of assessing long-lived, 
slow-maturing species and the interval between implement-
ing a conservation management strategy and the visibility 
of its impact on the population (Bjorndal et al. 1999). In sea 
turtles, problems or improvements at the juvenile level may 
not be detected until decades later when nesting females 
are encountered. Some have suggested that changes will not 
be apparent until 20–25 years after conservation strategies 
have been implemented (Eckert 1995; Troëng and Rankin 
2005; Bjorndal et al. 2005a). Bjorndal et al. (2005a) found 
a significant disparity between the increasing Tortuguero 
nesting population and the declining foraging populations 
elsewhere in the Caribbean. In Nicaragua, the main feeding 
ground for the Tortuguero population, this discrepancy is 
most pronounced, with capture rates at the foraging ground 
showing a steady decrease (Lagueux et al. 2014). Even if 
green turtles in the Caribbean are truly recovering, the popu-
lation still remains far from the historical abundance esti-
mates which likely reached millions during pre-Columbian 
times (Jackson 1997).

We estimated demographic parameters based on 10 years 
of consistent monitoring efforts and compilation of mark-
recapture data from green turtle females nesting at Playa 
Norte. Our analyses provided information on abundance and 
growth rate as well as survival, recruitment, and encounter 
probabilities. Information derived from this study is meant 
to enhance the state of knowledge about green turtle popula-
tion dynamics, therefore, assisting regional management and 
organizations with planning effective green turtle conserva-
tion strategies. Our study demonstrated that reliable demo-
graphic information can be derived from nesting sites at the 
edge of a main nesting area if proper survey designs and 
analytical methods are used. Nevertheless, as Playa Norte 
is an important spillover site for the Tortuguero population, 
inter-agency exchange of information on tagging and other 
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biological data as well as initiatives to conduct coordinated 
surveys and mark-recapture studies in TNP and Playa Norte 
would no doubt improve population estimates and produce 
a better understanding of Tortuguero’s population dynamics.
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