Modeling Sea Turtle Maturity Age from Partial Life History Records'
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Abstract: In the absence of direct observations, demographic traits such as age
and reproductive status may be modeled through proxies. We examined 35 yr
of over 10,000 captures of Hawaiian green turtles (Chelonia nydas) and compared
results from skeletochronology studies with mark-recapture records. For 109
turtles that were captured as juveniles and later observed nesting, we estimated
maturity age first from skeletochronology-based models of age to length and
second by estimating age at first capture using skeletochronology and then
adding the time elapsed to first nesting. The second method involving mark-
recapture gave younger and less variable age estimates. From these data we de-
veloped a scaling rule that calculates that females first bred at 23 yr (95% inter-
val: 16.8-28.1). This result was corroborated by tag returns in the Caribbean
and Hawai‘i showing that green turtles first nest at 16-20 yr. We validated this
approach using life table models, successfully reconstructing four decades
(1973-2012) of nesting surveys at East Island, French Frigate Shoals. We then
compared our results with observed somatic growth rates, which suggest that
nearshore studies may sample an atypical subset of the population that is chron-
ically sedentary and slow growing. When exact life history traits are unknown,
we recommend consulting multiple lines of evidence and independently validat-

ing proxy studies.

DemocGrAPHIC TRAITS are important for
assessing the long-term viability of wildlife
populations (May 1976, Pimm 1991, Sether
and Bakke 2000, Williams et al. 2001). This is
especially true for sea turtles (Crouse et al.
1987, Chaloupka and Musick 1997, Heppell
1998), whose populations consist of slow-
growing, low-trophic-level consumers that
reportedly take several decades to mature
(Conant et al. 2009, Bjorndal et al. 2010,
Jones et al. 2011, Bjorndal et al. 2013). De-
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scribing these life history characteristics ac-
curately is crucial for understanding how an-
thropogenic and natural forces regulate sea
turtle populations, both historically and today
(Van Houtan and Halley 2011, Van Houtan
and Kittinger 2014).

Despite their demonstrated value, such
data are often difficult to obtain empirically.
For most sea turtle populations, tracking in-
dividuals longitudinally from hatchling emer-
gence to breeding is logistically challenging.
Large geographic distances, sometimes span-
ning an entire ocean basin, may separate juve-
nile foraging grounds and adult breeding sites
(Carr et al. 1978, Bowen et al. 1995, Benson
et al. 2011). In addition, low survivorship to
maturity requires an immense and continuous
hatchling tagging effort monitoring for adult
returns. An ongoing 20-yr project, for exam-
ple, tagged nearly 190,000 turtle hatchlings
before observing mature individuals first re-
turn years later to breed (Zurita et al. 2011).
In Hawai‘i, only one green turtle has been
tracked throughout its development, from
hatching to breeding in the wild. On 7 Sep-
tember 1980, turtle no. 5690 emerged from
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her nest at French Frigate Shoals (FFS) in
the Northwestern Hawaiian Islands (NWHI),
was captively reared for 1 yr, and released into
the wild at 21.7 cm straight carapace length
(SCL). On 17 July 2000, no. 5690 was first
observed nesting on Maui, at 19.9 yr of age
and 92.5 cm SCL (Balazs et al. 2005). Though
immensely important, such direct observa-
tions are unfortunately rare.

Age and reproductive status, as a result, are
often inferred from empirical proxies. Such
methods involve tissue stable isotope analysis,
laparoscopic exams, morphometric measure-
ments, mark-recapture, and skeletal demarca-
tions (Snover 2002, Zug et al. 2002, Miller
and Limpus 2003, Reich et al. 2007), or may
be modeled at the population level from en-
vironmental data (Van Houtan and Halley
2011, Scott et al. 2012). Of these tech-
niques, skeletochronology has been widely
employed to estimate both age and growth
rates for turtles in lieu of direct observations.
For green turtles, skeletochronology methods
suggest that breeding begins at 35-50 yr of
age (Bjorndal et al. 1998, Zug et al. 2002,
Goshe et al. 2010). Maturity estimates based
on growth rates from nearshore captures are
similar (Balazs 1980, Balazs and Chaloupka
20044), with one estimate in the East Pacific
population of 90-200 yr (Green 1993). These
numbers exceed estimates for other sea turtle
species (Zug et al. 1997, Zug et al. 2006, Van
Houtan and Halley 2011, Jones et al. 2012,
Snover et al. 2013) and are many times higher
than estimates for captive green turtle popu-
lations (Bjorndal et al. 2013). Although skele-
tochronology may provide information on
demographic traits that are otherwise diffi-
cult to obtain directly, established concerns
with the method suggest that it should be in-
dependently validated (Chaloupka and Mu-
sick 1997, Bjorndal et al. 1998, Snover 2002,
Snover et al. 2011).

In this study we developed methods that
estimate age at maturity from partial observa-
tion records to calculate population-level esti-
mates of age at first reproduction (AFR).
We examined capture records from Hawaiian
green turtles first captured on their foraging
grounds and then later observed nesting. This
population presents a unique opportunity to
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examine such issues because these turtles are
genetically and geographically isolated in the
archipelago (Dutton et al. 2008) and have
been actively studied since the 1960s. We
employed a variety of analytical techniques
including nonparametric locally weighted
regressions, generalized linear models, maxi-
mum likelihood estimation, and life table
analysis. We compared skeletochronology-
based age estimates with models that incorpo-
rate the elapsed time between the release and
the first observed breeding. Using mark-
recapture records that incompletely span in-
dividual life histories, we were therefore able
to develop a scaling rule that estimates AFR
for the population. Finally, we assessed the
biological realism of our result through ma-
trix simulations, reconstructing the last 40 yr
of empirical nesting observations with differ-
ent AFR values.

MATERIALS AND METHODS

Beginning in 1973, green turtles were cap-
tured on their foraging grounds at nearshore
sites in the Main Hawaiian Islands, NWHI,
and at Johnston Atoll, the geographic extent
of the Hawaiian population (Balazs 1980,
Balazs and Chaloupka 20044). Turtles were
measured and marked variously with flipper
tags, biotelemetry devices, passive integrated
transponders, and shell etchings. Previously
marked turtles were later observed nesting by
National Marine Fisheries Service (NMFS)
survey crews at East Island, FFS (Balazs 1976,
Balazs and Chaloupka 20044), and opportu-
nistically at other sites. From the standardized
monitoring effort (average 29 days yr™') and
the reported island fidelity of nesters (Niet-
hammer et al. 1997) we considered individu-
als never before seen nesting to be putative
neophyte breeders. Further details on moni-
toring and survey efforts are provided else-
where (Balazs 1976, Balazs and Chaloupka
20044, b).

We estimated AFR for each previously
tagged neophyte nester using two formulae:

Y, = Si{x) = aix — x)* + b — x;)°
+clx —xi) + d; 1)

Y;=K+(tz—t1) (2)
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where Y. is age calculated from the
skeletochronology-derived relationship of
SCL (x) and age, a method and model pro-
duced by Zug et al. (2002). Here, Si(x) is a cu-
bic smoothing spline of age in years where the
parameters 4, b, ¢, and d are fit locally in a
piecewise polynomial (Quinn and Keough
2002), and 7 (1, ..., n) represents different
terms in each parameter or variable series. (A
variety of nonparametric regression smooth-
ing techniques [Cleveland and Devlin 1988,
Hirdle 1990] give similar results.) When w is
measured at first nesting, ¥; equals AFR. In
the second method, we calculated AFR (¥;) by
adding the elapsed time between the release
date (#1) and the first nesting (#,) to the age at
release, the latter calculated from the turtle’s
measured length at release and equation (1).
The smaller a turtle is at first capture, the
more its estimated age relies on observed
time. Therefore, because Y, incorporates real
calendar time in estimating AFR it can be
used to assess, at least partially, Vi, which re-
lies wholly on bone-based methods (Plate I).
Next we developed a scaling rule to esti-
mate AFR independent of skeletochronology.
To do this, we first grouped turtles into 10 cm
size classes (measured at initial capture) and
fit probability models to the histograms of
Y;and V.. Detecting a positive skew in the re-
sulting probability distributions, we fit nor-
mal and gamma probability density functions
to the data (Pitman 1993). We selected model
parameters using a maximum likelihood esti-
mator and ranked models using an Akaike
Information Criterion, similar to previous
studies (Van Houtan et al. 2007, Van Houtan
etal. 20104). The highest-ranked models pro-
vided the distribution’s variance and the AFR
values at which 50%, 2.5%, and 97.5% of the
cumulative observations fall below. The latter
two values constitute the 95% credible inter-
val for AFR, the former is the modeled me-
dian. Because Y, apparently increases based
on size at first capture, suggesting an artifact
from skeletochronology, we plotted first cap-
ture size against the 50% probability values
for Y, for each class. Next we extrapolated a
linear model of these data to hatchling size
(Balazs 1980) to achieve a theoretically un-
biased population-level AFR estimate, and
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generated 95% intervals using JMP (SAS In-
stitute Inc. 2012). Considering the data an-
other way, we checked the method just de-
scribed by fitting a curvilinear model through
the raw time elapsed between capture and
nesting (72 — #1) plot against size at first cap-
ture. Here, however, we included the at-large
data (released at 21.7 cm, 18.9 yr in the wild
before observed nesting) from the only female
Hawaiian green turtle tracked throughout
ontogeny. We again extrapolated this model
to hatchling size to infer on population-level
AFR.

Finally we ran population simulations to
reconstruct the observed 40 yr nesting time
series from East Island, FFS (Balazs and Cha-
loupka 2004b), given the different AFR esti-
mates. We built discrete stage-structured life
tables based on egg production and consider-
ing annual survival uniquely for hatch year,
pelagic juveniles, neritic juveniles, neritic sub-
adults, and breeding adult turtles:
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where the above population projection matrix
incorporates fecundity, survival, and growth
(Lefkovitch 1965). Here, s is the number of
distinct life stages (for our study s=35), and
n, is the total abundance of individuals in all
life stages at time 7. Because we are interested
in AFR, our models compared 75/2 (the total
abundance of breeding females) with the
nesters observed at East Island for each cal-
endar year.

To do this we used Monte Carlo tech-
niques to optimize neritic survival rates for
each AFR estimate, produce a time series of
ns/2, and rank the model results as an Akaike
Information Criterion (AIC.) corrected for
small samples:

1+ (k—1)/n

1-(k+1)/n @

AIC. =n- [z In(D) +

where # is the number of model parameters,
nis the series length, and D is the mean square
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deviation between the data and the model
(Hurvich et al. 1998). We used nest survey
counts from 1973 to 2012 from East Island,
FFS (e.g., Balazs and Chaloupka 20045), and
estimated nesting from 1900 to 1972 as an an-
nual 4% decrease given chronic harvest pres-
sure (Kittinger et al. 2013, Van Houtan and
Kittinger 2014). For our models, we consid-
ered clutch size of 92.4 eggs, clutch frequency
of 4, 0.71% emergence success rates, and a
50:50 population sex ratio (Balazs 1980, Niet-
hammer et al. 1997, Tiwari et al. 2010). Life
stage transitions were from the skeletochro-
nology of age to size (Plate I) and were pro-
portionally adjusted for the earlier onset of
maturity.

Because no empirical values are available
for survival rates of Hawaiian green turtles,
we set hatch year survival at 0.35 and pelagic
juvenile survival at 0.80. Hatch year survival
is the literature average, but pelagic juve-
nile survival was slightly higher than previ-
ous estimates (Crouse et al. 1987, Snover
2002, Jones et al. 2012) because Hawaiian
green turtles have negligible interactions
with pelagic fisheries, in comparison with
other sea turtle species (Wallace et al. 2010).
We considered two survivorship regimes for
neritic stages: before and after federal and
state protections went into effect in Hawai‘i
in 1978. Before protection, Hawaiian green
turtles were harvested for subsistence and
in a small-scale commercial fishery (Van
Houtan et al. 2013). Because all demo-
graphic stages were harvested (Van Houtan
and Kittinger 2014) we equated all neritic
survival rates across stages before 1978 (and
capped those at 0.80) but allowed all neritic
survival rates to vary after legal protec-
tion. We optimized the model for each
AFR scenario (i.e., Y:=41 and Y,=23) but
ran each AFR scenario for each optimiza-
tion. This yielded four model outputs: both
AFR scenarios optimized for Y, and both
scenarios optimized for Y,. Green turtles in
Hawai‘i have a 4-yr remigration interval
(G.H.B., unpubl. data) so we compared 7s/2
as described earlier with the total nesters ob-
served in the most recent 4 yr of East Island

surveys: a population running sum (Holmes
2001).
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RESULTS

From 1984 to 2011, we documented 109 neo-
phyte nesters that were previously tagged
on their foraging grounds during 1977-2004
(four of these turtles were not measured at
first nesting). At first capture 42 % of these re-
captures were juveniles, 49% were subadults,
and 9% were nonbreeding adults, according
to established size categories (Balazs 1980).
Average size at first nesting was 89.7 cm
(SD =3.9, range =80.5-100.1) SCL. Nine
of the nesters were opportunistically docu-
mented at irregularly surveyed locations in
the NWHI (two at Lisianski Island, seven at
Tern Island, FFS), and one was located in a
heavily populated area on Maui. Simple com-
parisons of the two methods for estimating
age reveal differences that prompt more de-
tailed analysis. Using skeletochronology (Y,
Method 1), the average AFR was 41.3 yr
(var. = 69, range = 27-60), similar to previous
estimates for this population (Balazs and Cha-
loupka 20044). However, the mark-recapture
technique (Y,, Method 2) gave an average of
36.2 yr (var.=19, range = 28-45). Table 1
provides the full list of model results includ-
ing parameters and 95% intervals.

Plate II shows that when compared
with skeletochronology, our mark-recapture
method consistently gave a younger and less
variable estimate of age. From skeletochro-
nology, the 50% cumulative probabilities of
the highest-ranked models of AFR were 43,
41, 40, 41, and 44 yr, respectively, for the size
at first capture groups of 40, 50, 60, 70, and
80 cm. From the mark-recapture method, the
same results were 31, 35, 36, 38, and 41 yr,
respectively. Based on comparisons within
size class of these results alone, skeletochro-
nology methods appear to overestimate AFR
by 3-12 yr. Our AFR estimates that incorpo-
rate real time are not only younger, they are
also less variable. The average width of the
95% confidence intervals for the skeleto-
chronology distributions of AFR was 33 yr
(range = 29-43), but it was less than half that
(14yr [range = 10-21]) for the mark-recapture
distributions of AFR. This is illustrated in
Plate II: the distributions of ¥, have more dis-
tinct peaks than the distributions of Y. These
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TABLE 1
Full Results from the Maximum Likelihood Estimation Parameters and Probability Models
Parameters

Ist Capture Fitted AFR 95%

Size (cm) n Aging Method Model (yr) Interval Scale  Shape  Var  AAIC
40-49 14 Skeletochronology =~ Gamma  43.2 25.2-68.1 16.0  2.70 121 -2.5
50-59 21 Skeletochronology ~ Gamma 413 28.0-58.0 296 141 59 -0.9
60-69 27 Skeletochronology ~ Gamma  39.9  27.2-56.0 299 135 54 -2.5
70-79 31 Skeletochronology =~ Gamma  40.7  27.8-57.0 30.3 1.36 56 -1.1
80-89 11 Skeletochronology =~ Gamma  43.8  28.5-63.7 24.3 1.83 81 -1.1
40-87 104  Skeletochronology ~ Gamma 413 27.1-59.5 255 164 69  -10.8
40-49 14 Mark-recapture Gamma 314 26.6-36.6 1499  0.21 7 0.5
50-59 21 Mark-recapture Gamma 34.8 28.9-41.3 1214 0.29 10 0.1
60-69 29 Mark-recapture Gamma 35.5 29.7-41.9 130.7  0.27 10 0.1
70-79 34 Mark-recapture Gamma 38.2 31.7-454  119.8  0.32 12 -14
80-89 11 Mark-recapture Gamma 40.7 30.9-52.3 56.3 0.73 30 -1.1
40-87 109 Mark-recapture Gamma 36.2 28.3-45.2 70.2 0.52 19 =52

Note: This table provides technical details from the probability model fits to the age at first reproduction (AFR) estimates shown in
Plate II. “Ist Capture Size” is the straight carapace length (SCL) of the turtles when first captured on foraging grounds, “»” is the
number of individuals in this size class, and “Aging Method” refers to the aging techniques described in Plate I. “Fitted Model” refers
to the probability distribution used in the MLE estimator. AFR here is the 50% inverse cumulative distribution function value, and

“95% Interval” is the 2.5% and 97.5% values. We list the scale (6) and shape (k) parameters for each model fit. Though we have 109

turtles for comparison, five were not measured when first seen nesting.

narrower AFR ranges more accurately reflect
the observed phenotypic plasticities for matu-
rity age across taxa (Stearns and Koella 1986).
So although individuals born the same year
might vary in their times to maturity, it is un-
likely that variation would span 40 yr.
Because our mark-recapture models
still contain a skeletochronology component
(Plate I), they require further interpreta-
tion. Highlighted by the gray box in Plate II,
mark-recapture AFR estimates increase in
proportion to their size at release. In other
words, nesters appear older simply because
they are larger when previously caught.
Because age at first capture is based on skel-
etochronology models, these data indicate
mark-recapture-based age estimates increase
proportionally to how much skeletochronol-
ogy is used. Plate III4 formally tests this
by plotting the mark-recapture AFR estimate
for each size class against average first cap-
ture length. A linear model of these data
(F14=78.1, R=0.98, P=10.003) confirms this
concern. The scaling rule developed from this
model (Plate IT11A) calculates that turtles first
captured as hatchlings would first nest at
22.5 yr. The scaling rule theoretically pro-

vides an unbiased population-level inference
on AFR. (An analogous model developed
from a model of first capture size and Y inci-
dentally has no statistical relationship [Fi4=
0.0003, R=0.01, P=0.99].)

As a reference point, it is worth comparing
this result of AFR=23 to the only female
green turtle in Hawai‘l with a complete life
history record. The scaling rule developed
from our Method 2 estimates that this turtle
is 22.5 yr old, with a 0.075% probability that
it is <20 yr of age. By comparison, the scaling
rule developed from Method 1 (that relies
solely on skeletochronology) estimates that
no. 5690 is 41.7 yr old with a 0.00% probabil-
ity that it would be <20. For this turtle, our
model is 17 yr closer to the actual AFR than
the skeletochronology estimate and suggests
that 1 in 13 turtles would first breed by that
age. The skeletochronology method says that
such a young AFR is basically impossible. As
a comparison with our Method 2, Plate IIIB
plots the curvilinear relationship between the
raw time at large and size at release. Here,
we highlight in red the nesters documented
on irregularly surveyed NWHI locations.
Extrapolating this model to hatchling size
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TABLE 2
Full Results from the Life Table Model Reconstructions
AFR Cohort  Survival = Survival 2009-2012 Model
Aging Method (yr) Life Stage Years 1977 1978— Nesters  RMSE AAIC  Rank
CMR model 23 Hatch year 1 0.350 0.350 2,311 54 0 1
Pelagic juvenile ~ 2-3 0.800 0.800
Neritic juvenile ~ 4-10 0.799 0.524
Subadult 11-22 0.799 0.876
Breeding adult 23— 0.799 0.930
Skeletochronology 41 Hatch year 1 0.350 0.350 2,005 144 90 2
Pelagic juvenile 2-7 0.800 0.800
Neritic juvenile ~ 8-20 0.800 0.967
Subadult 21-40  0.800 0.980
Breeding adult 41— 0.800 0.980
CMR model 23 Hatch year 1 0.350 0.350 29,573 534 480 4
Pelagic juvenile  2-3 0.800 0.800
Neritic juvenile ~ 4-10 0.800 0.967
Subadult 11-22 0.800 0.980
Breeding adult 23— 0.800 0.980
Skeletochronology 41 Hatch year 1 0.350 0.350 58 185 131 3
Pelagic juvenile = 2-7 0.800 0.800
Neritic juvenile ~ 8-20 0.799 0.824
Subadult 21-40 0.799 0.876
Breeding adult 41— 0.799 0.930

Note: Here we present model details and results for four life table analyses assuming two estimates of age at maturity. We incorpo-
rate relevant nesting characteristics from the literature to generate annual egg production at East Island, French Frigate Shoals, from
1900 to 2012 (see Materials and Methods). We model five discrete life stages and provide duration and fitted survival rates for each.
“Survival —1977” is the regime during the harvest period, “Survival 1978-" is during the period of active conservation management.
“2009-2012 Nesters” is the model result for running sum of 2009-2012 nesting, with the actual value being 1,855. RMSE is root-
mean-square error. AAIC values and Model Rankings are provided. Bold italicized values are fitted values; other vital rates are fixed or

dependently related (see Materials and Methods).

(5.3 cm), again simulating a wild hatchling,
estimates AFR is 23.3 yr, close to our esti-
mates using Method 2.

Next we assessed different AFR estimates
by reconstructing 40 yr of nesting observa-
tions at the principal rookery. The highest-
ranked life table model is when neritic sur-
vival is optimized for 23 yr to maturity (Plate
IV). Under this scenario, survival pre-1978 is
0.80 for all neritic stages, and after protec-
tion in 1978 survival increases to 0.82, 0.88,
and 0.93 for neritic juveniles, subadults, and
adults, respectively. These vital rates are real-
istic for an actively protected population with
minimal anthropogenic mortality. In Plate IV
results of this model are plotted against the
observed nesting from 1973 to 2012, demon-
strating remarkable agreement. When models
optimize survival rates for 41 yr to maturity,
neritic survival rates become unrealistically

high. When AFR = 41, neritic survival during
the harvest period is again 0.80 and after con-
servation protection climbs to 0.97-0.98 for
all neritic stages. These values far exceed pub-
lished sea turtle survival rates (Crouse et al.
1987, Snover 2002). Table 2 provides full
model details and results, including vital pa-
rameters and AIC. values.

DISCUSSION

Our analysis of AFR in Hawaiian green tur-
tles provided several significant results. First,
methods using real time from mark-recapture
efforts gave younger and less variable age esti-
mates (Plate II, Table 1). This suggests that
skeletochronology overestimates sea turtle
age, especially in larger turtles. Second, our
mark-recapture records estimated that Ha-
waiian green turtles began nesting at 23 yr
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(Plate III), approximately half the age of pre-
vious estimates for this population. Third,
this younger age at maturity seems to unique-
ly be able to explain the observed 40-yr nest-
ing recovery population trend (Plate IV). We
discuss these results and their implications
here.

First, our results are corroborated in At-
lantic green turtles. Using skeletochronology
to calculate age from measurement data (our
Method 1, Plate I), in a recent paper Goshe
et al. (2010) calculated that females from Yu-
catin, Mexico, population mature at 42 yr
However, a recent study by Zurita etal. (2011)
reported that hatchlings from that population
return on average at 16 yr (range: 12-20 yr),
26 yr earlier than the skeletochronology esti-
mate. A similar mark-recapture project in the
Cayman Islands also observed green turtles
first nesting at 15-19 yr (Bell and Parsons
2002, Bell et al. 2005). In both the Cayman
and Yucatdn projects, hatchlings captively
reared for 1 yr before release returned 2-3 yr
in advance of released hatchlings. This earlier
maturity equals the 3-yr difference in Hawai‘i
between turtle no. 5690 and our Y, of 23 yr
(Plate IIL4). For green turtles in the Carib-
bean and Hawai‘i, then: (1) mark-recapture-
based estimates of maturity are near 20 yr,
(2) skeletochronology estimates are 40 yr or
more, and (3) 1 yr captive rearing minimally
advances AFR.

To first breed at 23 yr Hawaiian green
turtles would grow on average 3.8 cm yr'.
We make this calculation by dividing the
growth from hatchling (5.3 em SCL) to first
breeding size (89.7 cm SCL) by Y. This value
exactly equals the 3.8 cm yr' growth of
no. 5690 observed from its release from cap-
tivity to its first observed nesting (including
the captive year, cumulative growth was 4.4
cm yr ). Similar calculations from the Carib-
bean studies mentioned earlier give growth
rates for Yucatin and Cayman neophyte
nesters of 6.2 and 6.3 cm yr, respectively.
A subsequent analysis of the Cayman project
data calculated average growth rates of wild
turtles at 6-7 cm yr' over development,
but as high as 13-14 cm yr™' (Bell et al. 2005).
A separate study of 47 captive female Atlantic
green turtles from distinct populations
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yielded higher growth rates of 7-13 cm yr'
throughout ontogeny (Bjorndal et al. 2013).
Further, four captively reared Hawaiian green
turtles reached 53.0 cm SCL in 6.0 yr, averag-
ing 9.0 cm yr' growth during that time
(Balazs 1980).

Although it is unsurprising that Hawaiian
turtles may grow more slowly than Caribbean
populations (Balazs 1980, Van Buskirk and
Crowder 1994), such wild growth rates ex-
ceed those observed in Hawai‘i (Balazs 1980,
Balazs and Chaloupka 20044). There are at
least four explanations for these differences.
First, neritic studies miss the earliest life stage
where growth rates are highest (Chaloupka
and Musick 1997, Jones et al. 2011). Though
such growth rates do not persist throughout
development, neritic studies a priori omit the
rapid growth in early juvenile development.
Second, 83% (91/109) of the putative neo-
phyte nesters we report here were captured
only once before nesting. In-water surveys
in Hawail, by contrast, repeatedly capture
the same individuals at local foraging grounds
for decades. Growth rates are calculated from
such chronically recaptured turtles (Balazs
1980, Balazs and Chaloupka 20044). We pro-
pose that such studies may sample a unique
subset of chronically sedentary and slow-
growing turtles that are not indicative of the
entire population. Less sedentary turtles or
those that do not reside in the shallow back-
reef habitat where surveys occur (Van Houtan
and Kittinger 2014), by contrast, are not well
represented. Third, several neritic capture
sites in Hawai‘i are in poor-quality habitat
(Balazs 1980, Wabnitz et al. 2010) causing
particularly slow growth rates (Balazs and
Chaloupka 20044). These habitats are not in-
dicative of the Hawaiian archipelago and pop-
ulation as a whole. Fourth, neritic studies in-
clude turtles afflicted with the tumor- -forming
disease fibropapillomatosis (Van Houtan
et al. 20104), which can inhibit growth (Cha-
loupka and Balazs 2005, Goshe 2009). Nest-
ing turtles, however, are almost entirely dis-
ease free (Balazs and Chaloupka 2004%).
Given these issues, our estimate of 3.8 cm yr™!
growth from hatchling to maturity is plausible
and was observed in the only Hawaiian green
turtle tracked throughout ontogeny.
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Forty years of nesting monitoring in
Hawai‘i also supports our results. If our AFR
estimate is accurate, models that optimize vi-
tal rates to first breeding age to 23 yr will pro-
duce realistic survival rates and outperform
models fitted to the later-onset maturity as
suggested by skeletochronology studies. This
is exactly what happens. Our life table analysis
calculates neritic survival rates between 0.82
and 0.93 from 1978 to 2012, assuming females
begin breeding at 23 yr. This model also pro-
duces a nesting time series consistent with ob-
served counts (Plate IV). Models with sexual
maturity at 41 yr do not perform as well
(Table 2) but, crucially, require unrealistically
high neritic survival rates (0.97-0.98) never
before seen. Of note, our life table models do
not consider density dependence factors.
However, if increased population density re-
stricted available resources and inhibited de-
velopment, we would expect slowed growth
and delayed maturity over the course of our
study. We found no evidence to support this.
No statistical relationship exists between first
nesting date and either Y, [Fi103=0.9, R=
-0.09, P=0.34] or Y, [F1103=0.9, R=-0.09,
P =0.35]. As it stands, the population of green
turtles in Hawai‘i rebounded from its near ex-
tinction more quickly than anticipated. This
may be a result of the younger AFR we report
here and seems improbable given a later onset
of maturity. For example, if this population
matured at 41 yr, the first fully protected pop-
ulation cohort would not breed untl 2019.
This means the population recovery observed
at East Island to date (Plate IV) would be
completely from increased survivorship of ne-
ritic juveniles and subadults and bears no re-
cursive relationship to the observed increase
in nesting. This achievement requires un-
precedented annual survival.

To this point, we have not considered that
our nesting surveys may have missed prior
nesting events, inflating our estimate of the
time between release and first nesting, and Y,
as a result. Plate IIIB highlights 10 of the 109
turtles sighted opportunistically, not at the in-
dex site of East Island, FES. Turtle no. 5690
nested on a popular beach on West Maui, and
it is unlikely that a previous nesting went un-
detected. The other nine, however, nested at
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remote sites in the NWHI. It is likely that
these turtles nested before detection. Six of
these nine points, for example, are above the
model fit line, with two being borderline out-
liers. Although this subset of the data is not
large enough to consider separately, it may
suggest a bias. Nonetheless, it communicates
that field monitoring efforts may have missed
nesting events, especially at irregularly moni-
tored sites but also at the index site. Monitor-
ing at East Island only spanned the entire
nesting season from 1988—1992, and averaged
29 days yr' over the entire monitoring period.
(It is for this reason that raw counts of nester
abundance are statistically corrected for par-
tial effort [Wetherall et al. 1998].) Missing
prior nesting events would bring our AFR es-
timates lower (removing the nine points brings
the AFR estimate down to 22.4 yr), further
away from skeletochronology estimates. Tur-
tles larger than 80 cm SCL are considered
adults, moreover, and could have nested be-
fore they were initially tagged in their forag-
ing grounds in the Main Hawaiian Islands.
Conversely, Plate IIIB does report that the
range of AFR values could include turtles
above 30 yr of age, however improbable.
How do we reconcile our results with skel-
etochronology estimates? One explanation is
that sea turtle bones exhibit subannual mark-
ings. Fish otoliths can accrue daily accretion
marks, and such analyses often validate skele-
tal growth using radiocarbon dating (Andrews
etal. 2011). Latitude could also be influential.
Green turtles are generally restricted to tropi-
cal and subtropical waters, which have less-
pronounced phenologies compared with tem-
perate zones, making environmental stressors
less distinct (Bjorndal et al. 1998, Worbes
1999). A recent analysis sought to address
such concerns, using oxytetracycline to vali-
date annual bone markings (Snover et al.
2011). The results were ambiguous. Of the
seven turtles examined, four had fibropapillo-
matosis. One of these diseased turtles exhib-
ited semiannual bone marks, which the au-
thors attributed to stress from snorkeling
tourists (Snover et al. 2011). Annual marks
were found in the three remaining turtles,
comprising two juveniles and one subadult
(range: 46-70 cm SCL). These three turtles



100

. 80
f’,::_ g 60 |- Y
METHOD =l s
40
== a Size at first nesting S

20

10 20 30 40 50
Age (yrs)

skeletochronology ! observed time Y
’ \ r

MEFHOD Capture-mark, First nesting,
measurement, resight,
and release measurement

PLATE 1. Methods to estimate sea turtle maturity. We estimated age at first reproduction (AFR) for 109 Hawaiian
green sea turtles that were first captured as juveniles and later recaptured after purportedly first nesting. Method
1 calculates AFR from measured female length at first nesting. The line plot shows the skeletochronology-derived
relationship of length and age from a previous study (Zug et al. 2002). Method 2 uses the skeletochronology plot to
estimate age of turtles at first capture added to the elapsed time to first nesting record to estimate AFR. Because the
second method incorporates real time, it can be used to assess the accuracy of skeletochronology.
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PLATE 11. Mark-recapture based methods give younger and less variable age estimates of AFR. Probability distribu-
tions for mark-recapture (purple) and skeletochronology (orange) estimates of AFR, grouped according to size at first
capture (labeled dark gray boxes). These curves show that mark-recapture estimates are consistently younger and less
variable, suggesting that skeletochronology systematically overestimates age. Because our mark-recapture method
employs both skeletochronology and observed time, the extent to which each is used may reveal a population AFR
estimate. Light gray band across all panels highlights the migration in the peak distribution of Y.
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PLATE 1. Hawaiian green turtles may reach maturity at 23 yr, significantly sooner than previous estimates. 4, The
50% inverse cumulative probabilities for ¥ (purple circles) plotted against the average first capture size, for each size
class shown in Plate II. Solid purple line is a linear model fit, light line is its projection beyond the empirical bounds
to hatchling size, with the shaded area being the 95% interval. This scaling rule proposes that turtles observed over
their entire maturity period will first breed at 22.5 yr. For comparison, we plot no. 5690 (white circle, not included in
the model), the only wild Hawaiian green turtle whose hatching and first nesting date are precisely known. No. 5690
first nested at 19.9 yr, within the confidence limits for our model estimate. The skeletochronology AFR estimate ()
for this turtle was 41.7 yr, more than twice the actual age. B, Alternatively, plotting raw time elapsed between release
and first nesting produces a model that estimates AFR is 23.3 yr. Red circles highlight putative neophyte nesters from
irregularly surveyed locations. Nine of these turtles nested in remote NWHI atolls and could have nested previously
undetected.
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to give a full picture of the standing population of breeding females. For full model results, see Table 2.
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are restricted to one section of the popula-
tion’s growth curve (Plate I), so it is specula-
tive whether the findings translate to either
neonates or breeding adults. Different life
stages are subject to unique physiological
stresses and environments that affect growth.
Young juveniles, for example, reside in pe-
lagic ecosystems whose productivity shows
dramatic spatiotemporal fluctuations (Van
Houtan and Halley 2011). Adults uniquely
face the metabolic demands of migration to
breeding areas, yolk formation, and nesting.

Along these lines, a recent study of Hawai-
ian green turtles found no statistical relation-
ship between turtle length and bone demarca-
tions (Murakawa 2012). In that study 99
turtles from 36 cm to 98 cm SCL were exam-
ined, and it was reported that subadults had
the most growth marks and mature adults
often had fewer than juveniles. This high-
lights the role of bone resorption corrections
in skeletochronology estimates. Aside from
subannual demarcations, skeletochronology
may separately inflate age estimates by over-
correcting for missing growth lines. Skeletal
aging for sea turtles is estimated not simply by
tabulating the number of bone marks but by
supplementing the empirical count to correct
growth marks lost to marrow resorption
(Chaloupka and Musick 1997, Zug et al. 2002,
Goshe et al. 2010). These various correction
factors can account for >95% of the total skel-
etal age estimate for green turtles (Murakawa
2012). Because resorption increases with age,
correction factors are increasingly relevant in
older turtles, perhaps explaining the increas-
ing bias we detected (Plates 11, II1L4).

There is much debate about sea turtle age
to maturity. The evidence presented here
brings maturity age estimates for green turtles
more in line with those for other sea turtle
species. Though estimates vary, most studies
of leatherback (Dermochelys coriacea) and vari-
ous hard-shell species estimate that sexual
maturity occurs at 10-30 yr (Zug et al. 1997,
Zug etal. 2006, Jones etal. 2011, Van Houtan
and Halley 2011, Snover et al. 2013). Our es-
timate of 23 yr for Hawaiian greens and the
15-20 yr reported for Caribbean recapture
studies (Bell and Parsons 2002, Bell et al.
2005, Zurita et al. 2011) are within this range.
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These estimates contrast with the bone-based
estimates of >40 yr (Zug et al. 2002, Goshe
et al. 2010). In a similar comparison with At-
lantic leatherbacks, DNA analyses indicated
that AFR values ranged from 9 to 15 yr
(Dutton et al. 2005), and skeletochronology
estimates were roughly twice that at 25-29 yr
(Avens et al. 2009). We therefore suggest
consulting multiple lines of evidence for life
history parameters of such importance for
management. Bomb radiocarbon dating (An-
drews et al. 2011), stable isotope analysis
(Hatase et al. 2002, Reich et al. 2007), and cli-
mate studies (Van Houtan and Halley 2011)
may also shed light on time to maturity. Our
results should be tempered against the possi-
bility that our study represents only the first
and youngest group of nesters and that sub-
sequent monitoring over longer time scales
may document substantially older neophyte
breeders. Time will tell. However, the younger
age to maturity seems uniquely able to explain
the past four decades of nesting surveys
and recovery (Plate IV, Table 2). Above all,
these results demonstrate once again the criti-
cal importance of long-term monitoring as
the fundamental basis of population ecology
and conservation management (Pimm 1991).
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