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Abstract

Estimating life-history traits and understanding their variation underpins the man-
agement of long-lived, migratory animals, while knowledge of recovery dynamics
can inform the management of conservation-dependent species. Using a combina-
tion of nest counts and individual-based life-history data collected since 1993, we
explore the drivers underlying contrasting population recovery rates of sympatri-
cally nesting loggerhead (Caretta caretta) and green (Chelonia mydas) turtles in
North Cyprus. We found that nest counts of loggerhead and green turtles from 28
beaches across the island increased by 46% and 162%, respectively over the past
27 years. A Bayesian state-space model revealed that, at our individual-based mon-
itoring site, nesting of green turtles increased annually at four times the rate of that
of loggerhead turtles. Furthermore, we found that loggerhead turtles nesting at the
individual-based monitoring site had stable reproductive parameters and average
adult survival for the species and are the smallest breeding adults globally. Based
on results from multiple matrix model scenarios, we propose that higher mortality
rates of individuals in all age classes (likely driven by differences in life history
and interaction with fisheries), rather than low reproductive output, are impeding
the recovery of this species. While the increase in green turtles is encouraging, the
Mediterranean population is estimated to have around 3,400 adults and is restricted
to the Eastern Basin. The recovery of loggerhead turtles is likely to be compro-
mised until mortality rates in the region are adequately quantified and mitigated.
As survival of immature individuals is a powerful driver for sea turtle population
numbers, additional efforts should target management at pelagic and neritic
foraging areas. Understanding threats faced by immature life stages is crucial to
accurately parameterise population models and to target conservation actions for
long-lived marine vertebrates.

Introduction

Long-lived, migratory species may be particularly at risk of
extinction (Hutchings et al., 2012; Lewison et al., 2004)
because they are likely to encounter diverse threats over a
lifetime (Lascelles et al., 2014). Such species require long-
term international conservation management, which is usually
most successful when informed by an understanding of
specific life-history traits and their variation (Dulvy et al.,
2014; Ward-Paige et al., 2012).

Although global declines in marine megafauna have
occurred in the past and continue apace (McCauley et al.,
2015), there are conservation success stories, with some pop-
ulations showing signs of recovery (Lotze et al., 2011;

Magera et al., 2013; Valdivia, Wolf, and Suckling, 2018).
Sea turtle populations have suffered severe declines and have
been reduced to a fraction of their historical abundance in
many locations (Kittinger et al., 2013; McClenachan, Jack-
son, and Newman, 2006; Van Houtan and Kittinger, 2014).
Basic protective measures at nesting beaches have resulted in
significant recovery trends for many populations (e.g.,
Mazaris et al., 2017; Valdivia, Wolf, and Suckling, 2018).
The simultaneous reduction in overexploitation at sea has
also contributed to population recoveries (Kittinger et al.,
2013; Van Houtan and Kittinger, 2014). Nonetheless, many
populations remain at low levels and are under threat of
extirpation (Mazaris et al., 2017; Valdivia, Wolf, and Suck-
ling, 2018).
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Matrix population models can inform our understanding
of population demography and dynamics and have been
used to identify life-history parameters at which to target
management in sea turtles (Casale and Heppell, 2016;
Crouse, Crowder, and Caswell, 1987; Heppell, 1998;
Mazaris, Fiksen, and Matsinos, 2005). These models
require high-quality, long-term data for all life stages,
which is challenging to obtain (Hamann et al., 2010; Rees
et al., 2016), particularly as the juvenile life stages remain
understudied (Wildermann et al., 2018). From available
modelling, it is apparent that immature individuals are the
most abundant life stage, with mature adults representing
only 1% of sea turtle populations (Casale and Heppell,
2016; Heppell, 1998). While removing nesting females
and their eggs can undeniably cause populations to
collapse (Tomillo et al., 2008), at-sea protection is also
key to population recovery (Casale and Heppell, 2016;
Crouse, Crowder, and Caswell, 1987; Crowder et al.,
1994; Mazaris, Fiksen, and Matsinos, 2005).

In the Mediterranean, loggerhead (Caretta caretta) and
green turtle (Chelonia mydas) populations have declined his-
torically due to commercial exploitation, incidental fisheries
interactions, coastal development and elevated predation of
eggs and hatchlings (Casale et al., 2018; Casale et al.,
2010b). Loggerhead turtles, the more abundant sea turtle spe-
cies to reproduce in the Mediterranean, nest predominantly
in Greece, Turkey, Cyprus and Libya, while green turtle
nesting sites are predominantly in Turkey, Cyprus and Syria
(Casale et al., 2018). Globally, green and loggerhead turtles
are classified as ‘Endangered’ (Seminoff, 2004) and ‘Vulner-
able’ (Casale and Tucker, 2017), respectively. The Mediter-
ranean loggerhead turtle population is assessed separately as
‘Least Concern’ owing to recent increases in nesting abun-
dance but remains conservation-dependent (Casale, 2015;
Casale et al., 2018).

Sea turtle mortality rates in the Mediterranean are among
the highest in the world and are likely due to unsustainable
levels of bycatch (Casale and Heppell, 2016; Lewison et al.,
2014). Bycatch predominantly impacts post-pelagic individu-
als of relatively high reproductive value (Wallace et al.,
2008), which is of concern for population maintenance and
recovery (Casale and Heppell, 2016; Casale, 2011; Levy
et al., 2015; Snape et al., 2013).

Monitoring of nesting beaches across North Cyprus has
been undertaken since 1993, with an intensive individual-
based monitoring and tagging programme concentrated at
one site, Alagadi Beach. Following the recent IUCN RedList
assessment of Mediterranean loggerhead turtles as ‘Least
Concern’ (Casale and Tucker, 2017), we investigate the
long-term population trend for this species in North Cyprus
and compare its recovery with that of green turtles, which
are expected to be continuing an initial recovery phase
described in Stokes et al. (2014). We use a Bayesian state-
space model to estimate population growth rates for both
species, compare this method to the current IUCN method
and use stochastic matrix model projections to explore the
drivers of the observed recovery patterns. We predict the
loggerhead turtle recovery to be impeded by their greater

propensity for fisheries interactions, despite identical conser-
vation policies for the two species on nesting beaches across
North Cyprus.

Materials and methods

Data collection

Between 1993 and 2019, surveys were conducted every
night at Alagadi Beach, thereafter ‘the individual-based
monitoring site’, during the turtle nesting and hatching sea-
son (May–September). Nesting females were tagged post-
ovulation using flipper and passive integrated transponder
(PIT) tags (Broderick and Godley, 1996; Godley, Broderick,
and Moraghan, 1999). Neophyte (i.e., first-time nester) clas-
sification was determined from 2000 onwards, one modal
breeding cycle (3 years) after the introduction of PIT tags
as PIT tag loss is substantially less than that of flipper tags
(Omeyer et al., 2019a). Recruitment was calculated as the
proportion of nesters that were neophytes. Mean female size
was calculated for each nesting season from minimum
curved carapace length (CCL notch-to-notch) measurements
(Bolten, 1999; Omeyer et al., 2018). Within-season
observed clutch frequency (OCF) of uniquely identified
females was adjusted to estimated clutch frequency (ECF)
if internesting intervals of ≥20 days were observed (Broder-
ick et al., 2002; Appendix S1,1.1). Remigration intervals of
uniquely identified females were calculated as the number
of years elapsed between breeding seasons for each individ-
ual turtle.

Eleven beaches (hereafter ‘the long-term beaches’ when
also including Alagadi Beach; see Stokes et al., 2014 for
beach locations) were monitored annually between 1995
and 2019 with daytime surveys conducted daily, or every
1–3 days during the initial and final days of the season
when few turtle activities occur. A further 16 beaches were
monitored sporadically across seasons between 1993 and
2019. Remote beaches with low levels of nesting were sur-
veyed every 1–3 days throughout the season. All successful
and unsuccessful nesting activities were examined (tracks
typically retain excellent visibility due to the hot settled
weather and lack of rain during the breeding season), and
each nest confirmed using a stick to feel the presence of
an air pocket above the eggs, with great care not to touch
the eggs themselves. Eggs were protected from predation
by dogs and foxes in situ using wide aperture wire mesh,
secured under the surface of the sand and directly over the
egg chamber. Nests were relocated if they were considered
‘doomed’ due to close proximity to the sea. Unless
clutches were just laid, care was taken not to turn the eggs
during the process to avoid causing harm to developing
embryos that are particularly vulnerable to movement
12 hours after laying (Limpus, Baker, and Miller, 1979).
The depth and dimensions of the original egg chamber
were recorded and recreated higher up the beach, in line
with the original laying position where possible. Occasion-
ally, nests missed at laying were found and recorded on
predation or hatching.
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Nests were checked for the presence of hatchling tracks
during night-time surveys at Alagadi Beach and during the
day at all other beaches. Clutch size was determined based
on the number of eggshell fragments (approximate recon-
struction of hatched eggs from fragments) and unhatched
eggs upon excavation (Broderick et al., 2003). Only nests
with hatchling tracks present were excavated prior to 1997,
and all nests were systematically excavated thereafter. Pre-
sumed unhatched nests were excavated 65 days after their
lay date to determine clutch size and to analyse their fate.
Hatchling emergence success (HES) was calculated from
1997 onwards as the proportion of emergent hatchlings per
clutch (Appendix S1,1.1).

Reproductive parameters and population
trends

Matrix models were constructed for loggerhead turtles, as
their lifecycle is the better understood of the two species
in the region (Appendix S1,1.3). We regressed a number
of reproductive traits (female body size, clutch size, clutch
frequency, remigration interval and HES) against time
(year), using data collected for this species at Alagadi
Beach, to check for temporal bias in parameter estimates.
To examine the relationship between nest counts and
female recruitment for both species, we used Spearman’s
rank order correlation tests. Statistical modelling was car-
ried out using R v.3.5.1 (R Core Team, 2019) and the
‘nlme’ (Pinheiro et al., 2013), ‘lme4’ (Bates et al., 2015)
and ‘mgcv’ (Wood, 2004) packages. Generalised least
squares (GLS) modelling, generalised linear modelling
(GLM) and generalised linear/additive mixed modelling
were used to analyse trends in the data (Appendix S1,1.2;
Figures S1–S8). The long-term trend in nest count analysis
was restricted to the 12 long-term beaches monitored con-
sistently since 1995.

Consistent, long-term data are not always available for sea
turtles. Therefore, to determine trends in nest or female
counts for Red List assessments when data are temporally
fragmented, the IUCN Marine Turtle Specialist Group
(MTSG) compares change between oldest and most recent 3-
to 5-year averages, which are calculated from absolute count
data. We compare average counts and percentage change
estimates obtained using the IUCN MTRG method applied
to (1) the raw data (for both nest and female counts) and (2)
the estimated female counts derived from the state-space
model (see below for details on the state-space model).

Matrix models

We used an age-classified, female-only, post-breeding birth-
pulse, stochastic projection matrix with an annual time step
for loggerhead turtles in R (Appendix S1,1.3). To introduce
stochasticity, we ran each matrix model over 5,000 iterations,
replacing some life-history parameters with a random draw
from an appropriate distribution on each iteration. Several
matrix models were derived from the initial matrix model by
varying one or multiple parameters to explore their

contribution to the contrasting recovery rates (see Tables 1
and 2). On each iteration, we calculated λ (finite growth rate)
under stable-stage distribution as the dominant eigenvalue.
We report the mean (�λ) � 95% quantiles from all iterations
for each model in Table 1.

State-space model

To calculate the observed λ based on our female count data
and to estimate female population sizes at the individual-
based monitoring site, we implemented a Bayesian state-
space model in JAGS (v.4.3.0, Plummer, 2003) via the ‘jag-
sUI’ library (v.1.5.0, Kellner, 2018) for R. We assumed the
underlying trend in our count data followed a conventional
exponential growth model (Appendix S1,1.4). The model
was fitted by running three Monte Carlo Markov chains for
400 000 iterations, with a burn-in of 300 000, and a thin-
ning rate of 10. Visual checks (Figure S9) and the Brooks–-
Gelman–Rubin diagnostic tool were used to confirm
successful chain convergence (all R̂ values < 1.01). We
report the growth rate λ¼ exp �rð Þ with posterior standard
deviation (SD) and 95% Bayesian credible intervals (BCI)
and compare this with �λ estimates from the various matrix
model scenarios.

Results

Population trends

Nest counts

Nest counts for both species showed clear positive quadratic
trajectories across the 12 long-term beaches monitored con-
sistently since 1995 (Table S1, Fig. 1a,b). When applying
the IUCN MTSG Red List assessment method which com-
pares change in nest counts between oldest and most recent
3- to 5-year averages (3 years being used here as equivalent
to the median remigration interval for the two species at this
site, Omeyer et al., 2019a), nest counts at these long-term
beaches increased by 49% and 346% for loggerhead and
green turtles, respectively (Table S2).

At the wider-island scale, when including a further 16
beaches for which we had 3 consecutive years of data
between 1993 and 1997 and between 2017 and 2019, nest
counts increased by 46% and 162% for loggerhead and
green turtles, respectively (IUCN MTSG Red List assessment
method, Table S2, Fig. 2). While nest counts for loggerhead
turtles increased, more than 50% of beaches (n = 15) saw
their average number of nests in the recent time period
decrease compared to the oldest time period. In contrast,
only five beaches saw a decrease and three beaches saw no
increase in the number of clutches laid in recent years for
green turtles (Fig. 2).

At Alagadi Beach, our individual-based monitoring site,
loggerhead turtle nest counts remained stable over the study
period, whereas nesting numbers for green turtles increased
exponentially (GLS, Table S1, Fig. 1c,d). Compared to the
earliest period, the number of clutches laid decreased by
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21% for loggerhead turtles, while they increased by 307%
for green turtles (IUCN MTSG Red List assessment method,
Table S2).

Female abundance

At the individual-based monitoring site, loggerhead turtle
nester abundance showed a shallow quadratic trajectory
(Table S1, Fig. 3a), increasing by 2.1% annually based on
observed female counts (λ = 1.02 � 0.03 [mean � SD],
95% BCI: 0.96–1.09; state-space model). Using IUCN past
and recent periods, nester abundance increased by 11% from
28 (mean, 1993–1995) to 31 (2017–2019) nesting females
(Fig. 3a, Table S2). Similarly, the state-space model

estimated that female abundance has changed from 22 (95%
BCI: 14–32) to 32 (23–45) nesting females over the same
period, a mean increase of 55% (−14 to 169) (Fig. 4, Table
S2).

Female abundance for green turtles showed a clear
positive quadratic trajectory (Table S1, Fig. 3b) and
increased at four times the rate of that of loggerhead turtles
annually (1.09 � 0.07, 0.93–1.24; state-space model;
Fig. 4). Using IUCN past and recent periods, nester abun-
dance for this species increased by 337% from 19
(1993–1995) to 83 (2017–2019) females (Fig. 3b, Table
S2), while the state-space model estimated female abun-
dance increased from 11 (5–26) to 77 (37–151) females

Table 1 Finite population growth rates (λ, mean and 95% quantiles reported) for loggerhead turtles calculated using different matrix model

projections

Scenario HES PSR Sej Sbj ASM Sa EPC ECF RI λ

1 0.43 � 0.17a 0.89 � 0.01b 0.65c 0.81d 25e 0.83 � 0.02f 70 � 10g 1.5 � 0.02g 3.2 � 0.20g 0.944 (0.909–0.968)
2 – – – – – – – 3h – 0.964 (0.928–0.990)
3 – – – – – – – 5 – 0.980 (0.942–1.006)
4 – – – – 21i – – – – 0.958 (0.920–0.987)
5 – – – – 21i – – 3h – 0.981 (0.940–1.012)
6 – – – – 21i – – 5 – 1.001 (0.957–1.032)
7 – – 0.70j – 21i – – 3h – 0.993 (0.950–1.024)
8 – – – 0.86j 21i – – 3h – 1.018 (0.972–1.051)
9 – – – – 21i 0.88j – 3h – 0.997 (0.958–1.024)
10 – – 0.70j 0.86j 21i 0.88j – 3h – 1.044 (1.001–1.074)
11 0.56 � 0.17k – 0.70j 0.86j 21i 0.88j – 3h – 1.056 (1.020–1.080)
12 – – 0.72l 0.88l 21i 0.90l – 3h – 1.069 (1.023–1.100)
13 0.56 � 0.17k – 0.72l 0.88l 21i 0.90l – 3h – 1.081 (1.045–1.106)
14 – – 0.75m 0.91m 21i 0.93m – 3h – 1.106 (1.059–1.138)
15 0.56 � 0.17k – 0.75m 0.91m 21i 0.93m – 3h – 1.118 (1.079–1.144)
16 – – – – – – 115n – – 0.959 (0.925–0.983)
17 – – – – – – 115n 3h – 0.980 (0.944–1.005)
18 – – – – 21i – 115n – – 0.975 (0.934–1.003)
19 – – – – 21i – 115n 3h – 1.000 (0.957–1.029)
20 – – – – 21i 0.97o – 3h – 1.034 (1.005–1.056)

ASM (mean), age at sexual maturity; ECF (mean � SD), estimated clutch frequency; EPC (mean � SD), eggs per clutch; HES (mean � SD),

hatchling emergence success; PSR (mean � SE), primary sex ratios; RI (mean � SD), remigration interval; Sa (mean � SD), adult annual sur-

vival; Sbj (mean), benthic juvenile annual survival; Sej (mean), epipelagic juvenile annual survival.

Initial matrix model is shown in italics. The ‘–’ symbol indicates that values are identical to those from the initial matrix model. Bold lambda

values are those comparable with, or which exceed, the lambda estimate obtained from the state-space model (1.02, 0.96–1.09).
a

Mean (1997–2018).
b

Estimated using temperature dataloggers (1997–2006) for this subpopulation (see Fuller et al., 2013).
c

Mean annual survival at age 2 for an ASM of 25 (see Casale and Heppell, 2016).
d

Mean annual survival calculated from 32 estimates presented in Table 1 in Casale et al. (2015).
e

ASM estimates derived for the average SSM for Mediterranean loggerhead turtles.
f

Annual survival calculated by Omeyer et al. (2019a) for this population.
g

Calculated here.
h

Median ECF for remigrant green (Stokes et al., 2014) and loggerhead turtles.
i

Lower end of ASM estimates for Mediterranean loggerhead turtles (Casale et al., 2018).
j

5% increase.
k

Mean between 1997–2003, when more clutches were relocated.
l

7% increase.
m

10% increase.
n

Green turtle mean clutch size (Broderick et al., 2003).
o

Green turtle adult annual survival at the intensive individual-based monitoring site (Omeyer et al., 2019a).
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over the same periods, a mean increase of 700%
(126–1862) (Fig. 4, Table S2).

Recruitment

At the individual-based monitoring site, nest counts and neo-
phyte recruitment were strongly correlated for green turtles
(2000–2019; ρ = 0.81, P < 0.001) but not for loggerhead
turtles (ρ = 0.10, P = 0.687, Spearman’s correlation test).
While nester abundance remained relatively low for logger-
head turtles (1993–2019), the percentage of neophyte nesters
has significantly increased by 20% since 2000 (no autocorre-
lation: χ21 = 0.23, P = 0.629, linear slope:
β = 0.005 � 0.003, F = 8.03, P = 0.011, GLM, Fig. 3a).
The absence of an increase in nest counts despite increased
recruitment for loggerhead turtles at this site is likely due to
low nest site fidelity rather than a decrease in clutch fre-
quency (Appendix S1,2.1 and 2.2) considering the overall
increase in nesting numbers across monitored beaches for
this species (Fig. 1a,c).

Matrix models

Parameter estimates are summarised in Table S3. For logger-
head turtles, female body size, clutch size, clutch frequency
and remigration interval remained stable over the study per-
iod, while HES varied temporally due to changes in translo-
cation practices (Appendix S1,2.2; Figures S2–S8).

Matrix model scenarios and the aim of each scenario are
summarised in Tables 1 and 2. The finite loggerhead

population growth rate obtained from the initial matrix
model was lower (0.94, 95% CI: 0.91–0.97) than that
obtained from the state-space model (1.02, 0.96–1.10) and
suggested the population should be decreasing by 5.6%
annually. Increasing loggerhead clutch frequency to that of
green turtles did not result in comparable λ estimates
between loggerhead turtle models (Scenarios 2–3). Similarly,
λ estimates only slightly increased when both increasing
clutch frequency and decreasing age at sexual maturity (Sce-
narios 4–6). Obtaining comparable λ estimates between the
state-space and the matrix models for loggerhead turtles
required a clutch frequency of 3, an age at sexual maturity
of 21 years, and a 5% increase in benthic juvenile survival
(Scenario 8). For population growth rates to exceed those
currently observed at the individual-based monitoring site for
loggerhead turtles, survival needed to be increased by 5%
across all age classes (Scenarios 10–14). Similarly, obtaining
population growth rates that exceed those observed for green
turtles at this site (1.09 � 0.07, 0.93–1.24; state-space
model) required a 10% increase in survival across all age
classes and a 13% increase in HES (Scenario 15).

Compared to loggerhead turtles at this site, green turtles
had higher adult survival and produced more eggs and more
emergent hatchlings (Table S3; Fig. 5; Appendix S1,2.1).
Increasing loggerhead turtle reproductive output to mirror
that of green turtles did not result in comparable λ estimates
between the matrix model results for loggerhead turtles (Sce-
narios 16–19) and the state-space model for green turtles
(1.09 � 0.07, 0.93–1.24). In contrast, increasing loggerhead
turtle adult survival to equal that of green turtles resulted in

Table 2 Summary of the aim of each matrix model scenario presented in Table 1

Scenario Aim of the scenario

1 Initial scenario using known parameter estimates for this population

2 Increase clutch frequency to that of remigrant loggerhead turtles to account for potential bias of population-wide estimate

3 Increase clutch frequency towards upper range of clutch frequency estimates to account for potential bias of population-wide estimate

4 Decrease ASM to the lower of estimates to account for potential bias

5 Combination of aims from Scenarios 2 and 4

6 Combination of aims from Scenarios 3 and 4

7 Combination of aims from Scenarios 2 and 4 and increase annual survival by 5% to investigate effect on λ

8 Same as Scenario 7 but different life stage

9 Same as Scenario 7 but different life stage

10 Same as Scenario 7 but across juvenile and adult life stages

11 Same as Scenario 10 but also increasing egg survival

12 Combination of aims from Scenarios 2 and 4 and increase annual survival by 7% across juvenile and adult life stages to investigate

effect on λ

13 Same as Scenario 12 but also increasing egg survival

14 Combination of aims from Scenarios 2 and 4 and increase annual survival by 10% across juvenile and adult life-stages to investigate

effect on λ

15 Same as Scenario 14 but also increasing egg survival

16 Increase clutch size to that of green turtles to investigate effect of difference in life-history traits between species on λ

17 Increase clutch size and frequency to that of green turtles to investigate effect of difference in life-history traits between species on λ

18 Combination of aims from Scenarios 4 and 16

19 Combination of aims from Scenarios 4 and 17

20 Combination of aims from Scenarios 4 and 16 and increase adult annual survival to that of green turtles to investigate effect of

difference in life-history traits between species on λ

Abbreviations: ASM, age at sexual maturity; λ, finite population growth rate.
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comparable growth rates between the state-space and the
matrix models for loggerhead turtles (Scenario 20), although
this scenario is unrealistic.

Discussion

After the interruption of legal trade globally and over a quar-
ter of a century after the commencement of intensive nest
protection in North Cyprus (Broderick and Godley, 1996;

Demetropoulos and Hadjichristophorou, 1989), green and
loggerhead turtles nesting in North Cyprus have shown dif-
fering recovery rates. Six additional years of monitoring have
confirmed the suggested initial recovery phase for green tur-
tles described in Stokes et al. (2014), and growth in nesting
numbers continues exponentially. In contrast, loggerhead tur-
tle nesting numbers have seen a slight increase; this differ-
ence cannot be attributed to temporal changes in monitoring
practices or reproductive parameters. However, it is possible

Figure 1 Loggerhead (a and c) and green turtle (b and d) clutches laid across all long-term nesting beaches (a and b) and at the individual-

based monitoring site, Alagadi Beach, North Cyprus (c and d) between 1993 and 2019. Data from Panels (c) and (d) are included in Panels

(a) and (b). Coloured lines denote generalised least squares model predictions and associated 95% confidence intervals.

Figure 2 Density plots (primary y axes) of the percentage change in nest count between the oldest and most recent time periods calculated

as per International Union for Conservation of Nature (IUCN) Marine Turtle Specialist Group (MTSG) Red List assessment method across all

28 beaches for loggerhead (a) and green (b) turtles, also shown as frequency distributions (secondary y axes). Note that two beaches could

not be included in Panels (b) and (d) for green turtles as percentage change could not be calculated due to the absence of clutches being

laid in the earliest time period. The IUCN MTSG Red List assessment method compares change between oldest and most recent 3- to 5-

year averages, from count data. Black vertical lines in Panels (a) and (b) denote the mean percentage change for all beaches combined.

Panels (c) and (d) show the recent average nest count against the oldest average nest count at the same beaches, for loggerhead and green

turtles respectively. Dashed lines in Panels (c) and (d) delineate no change in average nest count between time periods. Blue stars (a and b)

and blue dots (c and d) denote Alagadi Beach, the individual-based monitoring site (North Cyprus).
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these populations are recovering from different levels of
depletion.

Recruitment of neophytes has driven the increase in nest-
ing numbers for green turtles (Stokes et al., 2014) and is an
indicator for population growth (Heppell et al., 2003;
Richardson et al., 2006). Although previous genetic examina-
tion has shown high philopatry among female loggerhead
turtles nesting within Cyprus (Carreras et al., 2006), recent
satellite tracking from North Cyprus has revealed within-
season multicountry nesting for loggerhead turtles (Snape
et al., 2016). Thus, the high proportion of neophyte logger-
head turtles that were recorded laying only one clutch and that
were never resighted raises questions: Are these females truly
first-time nesters and/or to which rookery do they belong? The
relatively low coverage of capture–mark–recapture pro-
grammes in the Mediterranean currently prevents these ques-
tions from being answered, yet they are key to refining
estimates of reproductive parameters and determining rookery-

specific population sizes. Genetic analysis could reveal the ori-
gin of individuals and whether these are new founders as has
been observed in Spain (Carreras et al., 2014), although previ-
ous data suggest no evidence of genetic bottleneck and foun-
der effect for Mediterranean loggerhead turtles nesting within
the species’ known range (Carreras et al., 2006). Additionally,
it suggests tag returns likely overestimate remigration interval
and underestimate clutch frequency (Pfaller et al., 2013; Rees,
Theodorouand, and Margaritoulis, 2020; Tucker, 2010), there-
fore influencing rookery-specific and regional population size
estimates (Weber et al., 2013; Esteban, Mortimer, & Hays,
2017; Casale and Ceriani, 2020). As such, while nest counts
are most often used as a proxy of sea turtle population size, it
is ideal, although logistically challenging, to count nesting
females to estimate population abundance within each regional
management unit (Casale and Ceriani, 2020; Shamblin et al.,
2017, 2021).

Given the interannual variation in sea turtle nesting num-
bers (e.g. Broderick, Godley, and Hays, 2001), long-term
data series are required for meaningful population assess-
ments (Mazaris et al., 2017; Valdivia, Wolf, and Suckling,
2018). The IUCN MTSG Red List assessment method aims
to provide a coarse measure of population trends when long-
term data are not available; however, it largely underesti-
mated the increase in nester abundance for both species com-
pared to the state-space model. Additionally, its sensitivity to
small deviations resulted in opposing trends in nest counts
for loggerhead turtles when comparing results for the indi-
vidual-based monitoring site and the wider island. Thus,
when available, entire time series should be used to account
for long-term fluctuations and to accurately reflect observed
trends (D’Eon-Eggertson, Dulvy, and Peterman, 2015). Simi-
larly, single monitoring sites cannot be used in isolation to
assess population trends for species with low site fidelity,
such as loggerhead turtles in the current study.

Figure 4 Annual estimated female population size for loggerhead

(orange) and green (green) turtles, based on a Bayesian state-space

model fit (coloured lines) to observed female counts (circles) at the

individual-based monitoring site (Alagadi Beach, North Cyprus).

95% Bayesian Credible Intervals shown as coloured polygons.

Figure 3 Nesting (a) loggerhead and (b) green turtles (solid lines,

filled circles) and the proportion of those that are neophytes (first-

time nesters; dashed lines, open symbols) at the individual-based

monitoring site (Alagadi Beach, North Cyprus) between 1993 and

2019. Triangles represent a period of lower certainty before the

introduction of passive integrated transponder tags in 1997.

Coloured lines denote model predictions (generalised least squares

for female counts and generalised linear modelling for proportion of

neophytes) and associated 95% confidence intervals.
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Our matrix model scenarios suggest that the difference in
recovery rates between sea turtle species in North Cyprus is
driven by variation in mortality rates of all age classes rather
than reproductive output (Scenarios 5 and 7–15 vs. 16–19).
Survival estimates for loggerhead turtles are consistently
lower than for green turtles globally (e.g. adult survival, see
Omeyer et al., 2019b; Pfaller et al., 2019), likely due to dif-
ferences in movement patterns and interactions with fisheries.
These matrix scenarios reiterate that population trends in sea
turtles are heavily driven by juvenile survival (Crouse,
Crowder, and Caswell, 1987; Crowder et al., 1994; Mazaris,
Fiksen, and Matsinos, 2005; see also Casale and Heppell,
2016). The absence of clear signs of recovery for loggerhead
turtles at the individual-based monitoring site, despite stable
reproductive parameters, suggests mortality could be hinder-
ing the recovery of this population. This is substantiated by
the far greater increase in nest counts for green turtles com-
pared to loggerhead turtles when considering the broader
scale beach datasets.

Previous modelling of loggerhead turtles in the South-east-
ern United States found the ‘proportional sensitivity’, or
potential to alleviate population decline through increased
survival of each particular life stage, to be ‘unresponsive’ for
eggs (Crouse, Crowder, and Caswell, 1987; Crowder et al.,
1994). High predation levels in the Mediterranean necessitate
active clutch protection (Casale et al., 2018) and contrary to
results from the United States (Crouse, Crowder, and Cas-
well, 1987; Crowder et al., 1994), our matrix models indi-
cate a clear effect on population growth rates when further
increasing nest success through relocation away from the
shoreline for this species (loggerhead turtles only; see also
Mazaris, Fiksen, and Matsinos, 2005). While a less powerful
driver of growth than increasing benthic juvenile survival by
5%, for example (with around one third of the effect on pop-
ulation growth, Scenarios 5, 8, 10 and 11), this could be
seen as an emergency, immediately attainable measure to
ameliorate the unavoidable delay in effecting the more com-
plicated task of protecting juveniles and adults in benthic

Figure 5 Estimated number of eggs laid by (a) loggerhead and (b) green turtles at the individual-based monitoring site (Alagadi Beach, North

Cyprus) and resulting emergent offspring (c and d) between 1993 and 2019. Triangles in Panels (a) and (b) denote period of high uncertainty,

as only nests that had visibly hatched were excavated prior to 1997; thus, analyses of emergent offspring were performed from 1997.

Coloured lines denote generalised least squares model predictions and associated 95% confidence intervals.
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and pelagic habitats. However, we re-emphasise the conclu-
sion that increased egg survival should not be seen as a sub-
stitute for protection of juveniles and adults at sea (Crouse,
Crowder, and Caswell, 1987; Crowder et al., 1994). Addi-
tionally, green turtle nest success was reduced in relocated
nests compared to natural nests. In contrast, loggerhead nest
success benefitted from relocation (Table S3). This likely
reflects a lower tendency to lay very close to the shoreline
due to the larger size and deeper digging habits of green tur-
tles compared to loggerheads at this location (Mediterranean
loggerhead turtles are smaller than their global conspecifics).
Relocated nests from green turtles are more likely to be from
the ‘marginal’ zone where they may survive inundation and
actually benefit from the cooling effects of non-catastrophic
washover. These opposing responses to the same conserva-
tion management practice from two sympatrically nesting sea
turtle species highlight the need for prudent monitoring of
hatch success rates and regular review of intervention prac-
tices. Nest relocation practices are controversial as they are
likely to alter nest temperature and moisture levels, may
additionally interfere with natural selection (see Mrosovsky,
2008), and should therefore be viewed as an emergency and
temporary measure to safeguard populations at risk of
collapse.

The contradicting population growth rates obtained from
the two modelling approaches highlight the limitations of pop-
ulation modelling when key parameters and their variations
are unknown. Accounting for potential biases in estimates for
age at sexual maturity, clutch frequency and survival did not
explain the discrepancy between modelled growth rates. The
constant survival estimates used for the juvenile age classes in
the matrix models are unrealistic, with survival probabilities
gradually increasing throughout development with body size,
through effects on foraging efficiency (e.g., Marshall et al.,
2012), thermal physiology (Spotila et al., 2017) and predation
susceptibility (e.g. Salmon and Scholl, 2014), for example.
However, age at sexual maturity and survival estimates are
scarce for Mediterranean loggerhead and green turtles (Casale
et al., 2018), limiting the modelling exercise in the current
study. Obtaining population- and size-specific estimates are
hindered by the complicated geopolitical context of the
region, preventing in-water research in some areas, and arti-
sanal fishing fleets present challenges to establishing onboard
observer programmes.

The successful recovery of green turtle populations (e.g.,
Chaloupka et al., 2008) is thought to be facilitated by their
highly localised inshore foraging and nesting grounds, which
are more readily and effectively protected than those of spe-
cies with less predictable habitat use (Broderick et al., 2006).
While this distribution makes green turtles relatively easy to
protect, it also makes them vulnerable because inadequate
protection at major sites can result in population crashes.
Loggerhead turtles, in contrast, generally have a complex
movement pattern during (Snape et al., 2016, 2018; Tucker,
2010) and outside of the breeding season (Dujon et al.,
2018; Haywood et al., 2020a; Snape et al., 2016), which
may make them particularly susceptible to anthropogenic
activities (Lewison et al., 2014; Wallace et al., 2008).

Additionally, loggerhead turtles recruit to neritic foraging
habitats at a larger size than green turtles and continue to
transition between pelagic and neritic feeding and among
neritic feeding areas as juveniles (Snape et al., 2020).

Incidental capture is highly variable within the Mediter-
ranean (Casale, 2011) and likely impacts nesting aggregations
differently based on the genetic origin of individuals within
each of the various fishing areas. For example, bycatch
(Casale et al., 2010a; Casale, 2011; Nada and Casale, 2011;
Turkozan et al., 2018) and intentional killing for meat (Nada
and Casale, 2011) result in high sea turtle mortality in the
Adriatic Sea, Egypt, the Tunisian Plateau and Turkey: all
areas hosting foraging grounds for loggerhead (Bertuccio
et al., 2019; Haywood et al., 2020b; Snape et al., 2016) and
green turtles nesting in Cyprus (Bradshaw et al., 2017; Stokes
et al., 2015) and for other populations and life stages (Casale
et al., 2018). North Cyprus itself has high bycatch rates
(Casale, 2011; Snape et al., 2016), and it appears that small
juvenile green turtles, likely from mixed stocks, are heavily
impacted in the local area. Only a few subadults and non-
breeding adults of this species are observed in the local
small-scale fisheries (Snape et al., 2013) or use foraging sites
in Cyprus despite their proximity (Bradshaw et al., 2017;
Stokes et al., 2015). Differential bycatch among foraging
areas may also explain differential rates of recruitment among
foraging areas (Bradshaw et al., 2017).

For many marine vertebrate species, conservation actions
have been focussed on terrestrial breeding aggregations
where individuals are readily accessible. While this has suf-
ficed for some populations to recover, for others more
importance needs to be placed on distant management
beyond breeding colonies. Mortality in juvenile life stages
has also been shown to have important population-level
effects in seabirds (Genovart, Oro, and Tenan, 2018; Sherley
et al., 2017). For Mediterranean loggerhead and green turtles,
we reiterate the acute need to address anthropogenic mortal-
ity rates as a priority to increase survival of post-pelagic
individuals (Casale and Heppell, 2016; Casale, 2011; Levy
et al., 2015; Snape et al., 2013; Wallace et al., 2008). While
increasing reproductive success is undeniably essential for
some conservation-dependent species, increasing survival
across all age classes, and particularly for juvenile life
stages, would have the most profound impact on population
growth rates for sea turtles and other long-lived marine ver-
tebrates (Cortés, 2002; Halley, Van Houtan, and Mantua,
2018; Ward-Paige et al., 2012).

Although the increase in green turtle nesting across North
Cyprus is encouraging, complacency would be counterpro-
ductive. Sustained and more holistic monitoring and conser-
vation efforts, on land and at sea, are required to restore
populations to abundances where they can fulfil their ecolog-
ical roles (Heithaus et al., 2014; Lazar et al., 2011). Many
marine vertebrate populations have shown the potential to
rebound faster than previously thought (Mazaris et al., 2017;
Speed, Cappo, and Meekan, 2018; Valdivia, Wolf, and Suck-
ling, 2018); however, with the exception of Greece (Casale
et al., 2018), the recovery of Mediterranean loggerhead tur-
tles is likely to remain compromised until bycatch in the
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region is adequately addressed in the long term. Extensive
individual-based population monitoring datasets are invalu-
able in assessing changes in population vital rates and popu-
lation trends. Nevertheless, additional efforts need to be
directed towards a better understanding of the threats faced
by juveniles in order to target conservation actions and to
accurately parameterise population models necessary for the
effective management of many threatened species.
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