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Offspring survival is a central component in understanding
the life-history of species. With sea turtles, estimates of
hatchling survival to adulthood can be traced back to
theoretical considerations made over 50 years ago and before
key parameters needed in the hatchling survival calculation
had been quantified. Here, using up-to-date figures for
adult survival rates and hence adult longevity and lifetime
reproductive output, we show that the survival rate of
hatchlings to adulthood will generally lie between 1 in 400
and 1 in 2000. We show that this survival rate probably varies
across populations and species in line with variations in adult
survival rates, remigration intervals and clutch frequency and
will likely be impacted by factors such as local management,
resource availability and bycatch pressures. Popular articles
that tend to quote this survival rate as 1 in 1000 are broadly
comparable with our estimates, although the survival rate
likely varies appreciably across populations. We identify the
key parameters that need to be measured for this value to be
determined accurately for individual populations around the
world. This approach of using values for adult reproductive
output to estimate offspring survival rates to adulthood likely
has broad utility across reptiles and other taxa.

1. Introduction
The probability of survival of offspring to adulthood is a
fundamental component of the life-history of species and
variations in this probability will impact the conservation of
endangered species [1]. Sea turtles have long been a group of
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conservation concern due to historic declines, which are often linked to anthropogenic impacts such
as harvesting and bycatch [2], although conservation efforts in recent decades have led to increased
abundance in many populations [3]. Popular news articles often report that around 1 in 1000 to 1 in
10 000 sea turtle hatchlings survive to adulthood (e.g. [4]). Although widely reported, the scientific
basis for this figure is often not clear. Yet this figure is of interest because it helps define how con-
servation efforts to protect eggs and hatchlings might benefit populations by increasing the number
of breeding adults. For example, what might be the benefit of protecting eggs by moving them to
hatcheries, in terms of likely future benefits to adult recruitment?

An approach to estimate the survival of hatchlings to adults in sea turtles was elegantly articu-
lated over 50 years ago [5]. They proposed that from information on adult survival, the lifetime
reproductive output of adult females can be estimated and, if population size is stable, then the
number of hatchlings that need to survive to replace their parents can be estimated. However, at that
time, there were no reliable estimates for adult survival, which precluded Hirth & Shaffer [5] from
moving beyond their theoretical considerations. In the intervening 50 years, many studies have tried
to estimate adult survival rates using mark–recapture techniques (e.g. [6]). In the first instances these
mark–recapture studies used external numbered flipper tags to identify individual turtles (e.g. [7]).
More recently, passive integrated transponder (PIT) tags that are injected subcutaneously are used
alongside traditional flipper tagging since PIT tags are thought to be more durable [8,9]. Despite the
widespread use of these tagging methods, problems remain with their use in survival estimates. A
recent analysis concluded that tag loss remains a problem regardless of the type of tags used [10].
When a turtle loses its tags, two problems arise, namely, the turtle associated with the lost tags is
assumed to have died or emigrated to elsewhere since the tags are never seen again, and when the
turtle is resighted on nesting beaches, it might be incorrectly identified as a first-time nester (termed a
neophyte). In other words, mark–recapture with some types of numbered identification tags may lead
to underestimates of adult survival rate. Further, Pfaller et al. [10] showed that adult survival estimates
vary with tag type, with tag loss of titanium tags being the least likely and hence generating the
highest annual adult survival estimates. More recently mark–recapture estimates based on long-term
photo identification have become available, an alternative approach which has potential to identify
individuals with high accuracy [11].

Given the availability of estimates of adult survival rates and the recent information on which of
these estimates are most reliable, it is timely to revisit the more than 50-year-old question: ‘What is the
survival rate of sea turtle hatchlings to adulthood?’. Here we set out to answer this question using the
best available information.

2. Theoretical framework
We searched the literature for information on adult survival rates for sea turtles and other factors that
drive lifetime reproductive output. Then, developing the logic previously outlined over 50 years ago
[5], we estimated the lifetime reproductive output of females under different scenarios and calculated
the survival rates of hatchlings to adulthood that would be needed to maintain stable populations. The
mean lifetime reproductive output of turtles was calculated using values from the literature for adult
survival rates. From these annual survival rates, the probability of an adult surviving for n years can be
calculated (figure 1). Although it is known that sea turtles can survive for 50+ years [12], the probability
of a turtle having an adult lifespan of decades is exceptionally low given known adult survival rates.
We assumed that the maximum reproductive lifespan of adults was 60 years in our computations.
However, as the calculated proportion surviving for >20 years as adults is so small, this assumption of
a maximum reproductive lifespan of adults of 60 years, rather than say 70 years, does not impact our
key conclusions. For example, with an annual survival rate of 0.89, the probabilities of a female having
a reproductive lifespan of 60 or 70 years are tiny, being 0.0009 and 0.0003, respectively. Calculations
were performed in Minitab v. 8.3 Extended.

In the simplest case, for population abundance to be stable, requires an adult female turtle to
produce two offspring surviving to adulthood: one male and one female. From this axiom, proposed
by Hirth & Shaffer [5], the hatchling survival required for a stable population can be assessed by
calculating the mean lifetime reproductive output of mature females. For example, if the annual adult
survival is known, then the proportion of individuals living as adults for 1, 2, 3, etc. years can be
estimated. If the annual survival is known and a turtle breeds every 2 years, the probability that it is
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still alive after 2 years to breed again is: p = annual survival2. Likewise, the probability of being alive
after 3 years is: p = annual survival3.

From these proportions of adults surviving for different numbers of years, the proportion dying in
each year can then be estimated and hence the mean longevity calculated. If (i) the interval between
breeding seasons (termed remigration interval), (ii) the mean number of clutches per nesting season
and (iii) the mean clutch size are known, then the mean lifetime reproductive output (total eggs
produced) of adult females in a population can be calculated. With information on the percentage of
eggs surviving to emerge as hatchlings from the nest (termed emergence success), the proportion of
hatchlings surviving to adulthood can then be calculated in order to produce one adult male and one
adult female for a population where adult abundance is stable and the hatchling sex ratio is balanced
(figure 1). We then conducted sensitivity analyses by altering various parameters in the model, in
line with parameter estimates reported in the literature. In this way, we set out not to simulate
every possible scenario, but rather to give an indication of whether the survival rate of hatchlings to
adulthood is likely to vary appreciably or not. Using literature values, in our model we varied the
annual adult survival rate from 0.89 to 0.9482, the mean number of clutches per season from 2 to 6, the
remigration interval (interval between successive breeding seasons) from 2 to 5 years and the adult sex
ratio from 50% to 90% female.

3. Case example
The easiest place to start the parametrization of this theoretical framework is with populations
where the abundance is stable, hatchling sex ratios are balanced and there is good information on
reproductive output. An example of where adult female survival rate is well documented is for

Figure 1. A schematic of the drivers of the reproductive output of adult female sea turtles and a summary of key drivers of adult
female sea turtle lifetime reproductive output that underpin calculations of survival rates of hatchlings to adulthood. The range of
annual adult survival estimates (0.89–0.98) comes from the literature [10,11]. If for example, the remigration interval (termed B in the
schematic) was 2 years, and a turtle bred in 2026, then it would be expected to breed again in 2026 + 2 years = 2028, but at that time
it could be dead (and so no breeding occurs) or alive, as represented in the alternatives on the right-hand side of the schematic.
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loggerhead turtles (Caretta caretta) nesting in Zakynthos, Greece. This is one of the largest loggerhead
turtle rookeries in the Mediterranean [13]. The survival rate of adult females has been estimated from
long-term mark–recapture studies based on photo identification as 0.89 (95% confidence interval 0.87–
0.90) , i.e. if a female is alive at time t, then the probability she is alive at time t + 1 year is 0.89 [11].
From this value, we can estimate the proportion of turtles surviving different lengths of time once they
are adults. For example, the probability of a female surviving for 2 years is 0.892, for 3 years is 0.893, etc.
So there is, for example, a small probability that a female might survive as an adult for 15 years (i.e.
0.8915, which equals 0.174), with this probability being supported by empirical observations [11] (figure
2a).

Loggerhead turtles nesting in Greece typically nest every 2 years (i.e. the modal remigration is 2
years) [11], the reported mean clutch size is 120 eggs [14], and the estimated mean clutch frequency
in the Mediterranean in each year that an individual nests is 2 clutches per season [15]. So we can
estimate the number of clutches laid by nesting females over their lifetimes. For example, of all females
reaching adulthood, 0.11 (i.e. 1–0.89) are expected to breed in only 1 year before they die and so they
will lay a mean of 2 clutches and 240 eggs, while a female surviving for 15 years as an adult (the
probability of this occurring is 0.174) will be expected to breed in 7 seasons and lay 14 clutches and
1680 eggs. So some females will lay relatively few eggs before they die while others will live for longer
as adults and lay more eggs. Across this range of adult lifespans we calculated both the mean and
median number of eggs laid. Under this scenario, the mean number of eggs produced by a female
in her lifetime is calculated as 1147 eggs, while the median number is 720 eggs (figure 2b), i.e. many
turtles lay relatively few eggs while a few that survive for longer produce far more. The emergence

Figure 2. For loggerhead turtles in Greece, where mean annual adult female survival has been measured by photo identification
at 0.89, graphs show (a) the proportion of females surviving for different lengths of time as adults and (b) the proportion of adult
females that lay different number of eggs in their lives, assuming that the interval between breeding seasons is 2 years, 2 clutches
are laid per breeding season and the mean clutch size is 120 eggs (see text for supporting references for these values). The mean and
median number of eggs produced by a female in her lifetime can be calculated from the values in (b). The number of bars plotted is
simply a reflection of the width of the bins. For example, the first bar includes more than just the turtles that die after one breeding
season. In the model, the assumed maximum reproductive lifespan of adults was 60 years.
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success in Greece has been measured at 72% [16], so 1147 eggs will translate to 826 hatchlings (i.e.
0.72 × 1147). For two of these hatchlings to survive to adulthood to produce one adult female and one
adult male, a survival of hatchlings to adulthood of 1 in 413 is necessary. With this model, we do not
partition when the mortality occurs between hatching and adulthood, but rather simply the integrated
mortality between these times.

4. Variation in adult survival rates, remigration intervals, clutch frequency
and sex ratios

It might be expected that there are differences in adult survival rates between species and popula-
tions. For example, using titanium tags, from four studies with flatback turtles in Australia, a mean
annual adult survival rate of 0.94 was estimated [10]. By contrast, annual adult survival rates for olive
ridleys nesting in Mexico were estimated to be 0.48 using monel tags [10]. Furthermore, higher clutch
frequencies have been estimated by satellite-tracking turtles, rather than relying on the incomplete
coverage of foot patrols [17]. For example, for loggerhead turtles nesting in Florida and green turtles
nesting in the Chagos Archipelago, modes of five and six clutches per season have been reported,
respectively [17]. From flipper tagging, remigration intervals are well characterized across regions and
populations, with remigration intervals of 2 to 4 years frequently being reported [18,19].

Reparametrizing the calculations for Greece, but assuming a mean of 5 clutches per season (i.e. the
modal value reported for Florida), a survival rate to adulthood of 1 in 1032 hatchlings is generated.
Assuming a mean of 6 clutches per season (i.e. the modal value for green turtles in the Chagos
Archipelago) and a remigration interval of 3 years (i.e. the modal value for green turtles in the Indian
Ocean), produces a survival rate of hatchlings to adults of 1 in 873. Substituting an annual adult
survival value of 0.94 in the calculations for Greece, produces a survival rate of hatchlings to adults of 1
in 661. Another example using values for the southern Great Barrier Reef green turtles of annual adult
survival of 0.9482 [20], a mean of 5.06 clutches per female per nesting season [21] and a remigration
interval of 5 years [22] produces a survival rate of hatchlings to adults of 1 in 790.

For many sites around the world, skewed hatchling sex ratios have been estimated due to the
combination of high incubation temperatures and temperature-dependent sex determination. For
example, often hatchling sex ratios are around 90% female [23]. In this case, in a population when
abundance is stable, each female needs to produce one hatchling that survives to be an adult female
and 1 in 9 females needs to produce a hatchling surviving to be an adult male (i.e. a mean production

Figure 3. Examples of the sensitivity analysis to show how the estimate for the survival of hatchlings to adulthood will vary with
life-history parameters that impact a female’s lifetime reproductive output. From the starting point of parametrization of the model
for loggerhead turtles in Greece, certain parameters in the model were varied in line with those measured for other species and
populations. In each of these cases, the parameter that was changed is indicated. The aim was not to simulate every single possible
combination of life-history parameters, but simply to show the range of hatchling survival estimates under some different scenarios.

5
royalsocietypublishing.org/journal/rsos 

R. Soc. Open Sci. 13: 251563

Downloaded from royalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​251563/​6127468/​rsos.​251563.​pdf
by guest
on 10 September 2026



per female of 0.11 hatchlings surviving to be adult males). So for example, consider a population of
100 adults with 90% females, i.e. 90 adult females and 10 adult males. Together over their lifetimes
those 90 females would then produce another 90 adult females and 10 adult males, keeping both
the population and the sex ratio stable. So in this case, on average, each adult female produces 1.11
hatchlings surviving to adulthood. Reparametrizing the model for Greece with this value gives an
estimated hatchling survival to adulthood of 1 in 751. Likewise, the same logic could be used to
modify the hatchling survival estimate if there is a male bias in the adult population, which, although
rare, might nonetheless occur. But again the survival rate of hatchlings to adulthood would remain
within the same order of magnitude. We can combine some of the values that will produce the lowest
hatchling survival from the above calculations, assuming an annual adult survival of 0.94, 6 clutches
per season and a remigration interval of 2 years. This parametrization produces a mean of 5507 eggs
produced over the lifetime of an adult female and hence 3965 hatchlings and so a survival to adulthood
of hatchlings of 1 in 1983.

5. Discussion
Understanding how many hatchlings survive to adulthood is crucial for understanding sea turtle
population dynamics. Our calculations based on empirical data for adult survival rates suggest the
proportion of eggs surviving to adulthood for one well studied site is around 1 in 400. At sites where
mature females produce more eggs during their lifetime this proportion might be as low as around
1 in 2000. Hence, we conclude that the popular reports of around 1 in 1000 hatchlings surviving to
adulthood are broadly supported by empirical data.

The population trajectories of different species and populations of sea turtles around the world are
highly variable with some stable populations, some increasing in size and some decreasing [24]. It
might be expected that different survival rates of hatchlings to adulthood might contribute to these
different population trajectories, but establishing this link has not yet been possible. Alternatively, it
might be that the survival rate of adults might be a key driver of population trajectories, with for
example, mortality of adult leatherbacks in fisheries bycatch thought to be a major contributor to their
population declines in several parts of the world [2]. Identifying the life-history stages where high
mortality is driving downward trajectories in nesting numbers, would clearly help triage key areas for
conservation efforts.

The adult survival rate is clearly a huge driver in calculations of hatchling-to-adult survival rates.
Put simply, if adults live for a shorter length of time, i.e. their reproductive lifespan is shorter, then
a greater proportion of hatchlings need to survive to adulthood for population abundance to remain
unchanged. We acknowledge that estimates of adult survival rates are often not robust. Others caution
that survival rates are heavily impacted by methodological artefacts, with, for example, tags being
lost leading to underestimates of adult survival [10]. In addition, even when tags are retained, mark–
recapture studies may still underestimate annual survival because individuals may emigrate out of
the study area. Emigration may happen from nesting beaches, since adults may nest on more than
one beach (e.g. [17,25]) and also on foraging grounds, since individuals may relocate to new foraging
grounds if conditions deteriorate [26]. Adult survival rate artefacts from tag loss are likely to be
reduced in the mark–recapture study of loggerhead turtles breeding in Greece, since photo identifica-
tion was used, which has been shown to have long-term reproducibility [11]. Further these estimates
in Greece were derived from in-water studies in the area offshore from nesting beaches, so that any
small changes in nesting beach fidelity (e.g. over the scales of a few 10 s of km) would likely have been
unimportant. However, even in this example, larger scale breakdowns in nesting beach fidelity would
have led to underestimates of adult survival.

In our sensitivity analysis, the highest annual adult survival we used was even higher than that
measured in Greece (0.95 versus 0.89, respectively), suggesting that we were minimizing the underesti-
mation of hatchling-to-adult survival rates. Moving forward, improvements to tagging methodology
to increase tag retention will help improve survival estimates. For example, double (or indeed triple)
tagging individuals and regular maintenance of the tags in the successive sightings will improve
long-term identification of individuals [27]. Furthermore, estimation of tag loss (e.g. [28]) can be
included in survival rate calculations. Recording ‘tag scars’, a sign of previous tagging, from each
turtle will avoid wrongly identifying a turtle, which was previously tagged but the tag went lost, as
a neophyte. Additionally, satellite tracking individuals, which is now reliable and fairly routine, will
allow the extent of emigration from mark–recapture sites to be measured [29]. Long-term studies might
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establish if egg production (e.g. clutch size, clutch frequency and remigration interval) of adult females
continues at a constant level throughout their adult life or whether females start to show reproductive
senescence at some point. If there is reproductive senescence so that the reproductive output of females
declines in their adult lives, then the mean number of eggs produced by adults over their lives will
be less than in our calculations and so the survival rate of hatchlings to adulthood will be higher than
our estimates. However, there are few studies on reproductive senescence in turtles [30]. Future studies
might also establish if there are sex-specific differences in hatchling survival rates to adulthood and
how this rate varies across species and populations and over time (e.g. due to varying levels of threats
[2], density-dependent processes or habitat suitability).

We have shown how variations in numerous factors such as adult survival rates, remigration
intervals, clutch frequency per nesting season and emergence success influence mean adult reproduc-
tive output and hence the calculation of survival rate of hatchlings to adults. Improvements in the
estimates for these parameters will allow refinements to be made for calculations of the proportion of
hatchling surviving to adulthood. While information on modal remigration intervals and emergence
success is widespread (e.g. [31]), there is still uncertainty over the mean number of clutches females
lay per nesting season in many nesting beaches. This uncertainty stems from the fact that foot patrols,
which are the typical way of observing nesting events, produce incomplete datasets if nesting females
are not observed or identified every time they nest [17]. In this regard, satellite tracking has shown
great utility for identifying nesting events and estimating clutch frequencies [17,32]. Our results also
highlight how the median number of eggs laid over their adult lives by females may be much less than
the mean number (i.e. a few adults that live for longer) contribute hugely to the mean number of eggs
laid by females overall. This finding further highlights the key role of adult survival in driving the
hatchling-adulthood survival estimate and how relatively few very long-lived females may be crucial
to maintaining populations.

The factors that drive lifetime reproductive output of females likely vary across populations and
species, and hence, it is likely that there is real variation in hatchling-to-adult survival rates across
populations. For example, increased predator abundance or light pollution adjacent to nesting beaches
is likely to increase hatchling mortality at some sites [33,34]. Hatchling fitness, and hence survival,
may vary with incubation conditions [35]. Variation in annual adult survival rates are probably linked
to different threats for different population and species. We have assumed that population size is
stable. In many cases, nesting numbers around the world are either increasing or decreasing (e.g. [3]).
Hatchling survival to adulthood may be insufficient to maintain population size where abundance
is declining [36]. Where the adult survival rate is low (e.g. due to high levels of threats), then much
higher survival rates of hatchlings to adulthood would be needed to maintain a stable adult population
size but might be unattainable. For example, mortality of adult leatherback turtles is thought to be
very high in some regions, due to fisheries bycatch [2] driving declines in abundance [24]. In the most
extreme case, it might be that adults only breed in one season before dying. If this were the case for
leatherbacks and their mean clutch size was 69 eggs per clutch and they lay 6 clutches per season [37]
and the emergence success is 49% [38], then a female would only produce a mean of 203 hatchlings in
her reproductive lifetime and so the survival of those hatchlings to adulthood would need to be 1 in
102 for population stability. It might be that such high rates of hatchling survival to adulthood are not
possible, which is why leatherback populations with high adult mortality are in decline.

Conservation interventions can be an effective route to increasing adult survival rates. For example,
conservation actions to reduce the harvesting of nesting loggerhead turtles in Cape Verde (Atlantic)
have been implicated in the massive increase in nesting numbers that have probably made this site
now the largest loggerhead turtle rookery in the world with many tens of thousands of nests each
year [39,40]. In addition, other factors such as improved foraging conditions might drive population
increases.

Where and when mortality occurs as hatchlings grow to adults is poorly known and requires
further research effort. Presumably the risk of predation decreases as hatchlings grow to become
juveniles and certainly hatchlings may be widely consumed by a range of birds and fish (e.g. [33]). Yet
juveniles remain at risk both from predators, such as sharks, as well as anthropogenic mortality, such
as through pollution or bycatch [2]. Furthermore, assembling key demographic parameters including
clutch size, clutch frequency, hatching success and annual adult survival for of all seven marine turtle
species might help improve the estimate of hatchling survival to adulthood across regions and species.
It is important to stress that developing turtles face a large number of anthropogenic threats, such as
pollution, climate warming and fisheries bycatch [2]. Future increases in the mortality might lead to
decreases in the survival rate of hatchlings to adulthood and so contribute to losses of recruitment
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and/or sea turtle declines in abundance. Hence, it is important to mitigate threats as much as possible
[2] so that the survival rate of hatchlings to adulthood does not decline. Clutch size generally increases
with body size in sea turtles, i.e. larger individuals lay bigger clutches and since adult turtles continue
to grow, albeit slowly, older turtles will generally be bigger and so might be expected to lay more
eggs per clutch than younger adults (e.g. [41]) if there is no reproductive senescence. In the future, our
calculations might be improved by taking into account changing reproductive output with turtle age,
but this improvement would not be easy to parametrize accurately with current knowledge.

In summary, while there is still uncertainty regarding the values for some life-history traits (e.g.
annual adult survival rates), the popular reporting that around 1 in 1000 sea turtle hatchlings survives
to adulthood is broadly comparable with our calculations based on the available empirical evidence.
The approach of calculating mean adult reproductive output in order to shed light on offspring
survival rates to adulthood probably has broad utility across reptiles and other taxa.
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