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Introduction

Abstract

Somatic growth rate data for wild sea turtles can provide insight into life-stage
durations, time to maturation, and total lifespan. When appropriately validated,
the technique of skeletochronology allows prior growth rates of sea turtles to be
calculated with considerably less time and labor than required by mark-—recap-
ture studies. We applied skeletochronology to 10 dead, stranded green turtles
Chelonia mydas that had previously been measured, tagged, and injected with
OTC (oxytetracycline) during mark-recapture studies in Hawaii for validating
skeletochronological analysis. We tested the validity of back-calculating carapace
lengths (CLs) from diameters of LAGs (lines of arrested growth), which mark
the outer boundaries of individual skeletal growth increments. This validation
was achieved by comparing CLs estimated from measurements of the LAG pro-
posed to have been deposited closest to the time of tagging to actual CLs mea-
sured at the time of tagging. Measureable OTC-mark diameters in five turtles
also allowed us to investigate the time of year when LAGs are deposited. We
found no significant difference between CLs measured at tagging and those esti-
mated through skeletochronology, which supports calculation of somatic
growth rates by taking the difference between CLs estimated from successive
LAG diameters in humerus bones for this species. Back-calculated CLs associ-
ated with the OTC mark and growth mark deposited closest to tagging indi-
cated that annual LAGs are deposited in the spring. The results of this
validation study increase confidence in utilization of skeletochronology to
rapidly obtain accurate age and growth data for green turtles.

sea turtles through the technique of skeletochronology
has provided an alternate and comparatively rapid means

Understanding growth rates, life-stage durations, and age
at maturation is critical for modeling sea turtle popula-
tion trends and guiding management decisions for these
threatened and endangered species (Heppell et al. 2003).
However, knowledge of sea turtle length-at-age relation-
ships, growth rates, and the factors influencing their vari-
ability is lacking (NRC 2010). Growth rate data are
usually acquired through long-term capture, mark, recap-
ture studies of wild populations of sea turtles (Heppell
et al. 2002). Mark-recapture studies typically require
years of time and labor after initial tagging to yield
growth-rate calculations because sea turtles are highly
migratory (reviewed by Musick and Limpus 1997),
slow-growing, and long-lived (reviewed by Heppell et al.
2002). Analyzing growth marks retained in the bones of
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of acquiring a record of growth rates throughout life for
individuals (Avens and Snover 2013).

Skeletochronology has been applied to several species
of sea turtles, allowing estimates of life stages, growth
rates, age at maturation, and total lifespan (reviewed by
Avens and Snover 2013). Histological processing of cross-
sections of bones obtained from dead-stranded turtles
typically reveals growth cycles, with each represented as a
wide, light zone of growth followed by a LAG (line of
arrested growth), which is a period of little to no growth
(reviewed by Avens and Snover 2013). The most recent
growth occurs at the outside edge of the bone (Zug et al.
1986). Growth marks are retained in cortical bone and
because the humerus has been shown to retain a high
proportion of cortical bone, it is typically the focus of
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skeletochronology studies (Zug et al. 1986). Previous
somatic rates throughout life can be back-calculated from
LAG dimensions when (1) the frequency of growth mark
deposition has been validated; and (2) a proportional
relationship exists between bone increment and somatic
measurements (Chaloupka and Musick 1997). Individuals
in the wild with tagging histories and injected with a
bone marker, such as OTC (oxytetracycline), have pro-
vided validation of annual growth marks, as this allows
calculation of deposition rate over a known time period
(i.e., between bone marking and death). Such studies have
validated annual growth marks in loggerhead sea turtles
Caretta caretta in the western North Atlantic (Klinger and
Musick 1992; Coles et al. 2001) and Hawaiian green tur-
tles Chelonia mydas (Snover et al. 2011). Because the rela-
tionship between bone and somatic measurements may
change throughout life, the complete size range of all
ontogenetic stages must be represented when developing
an equation that describes the relationship. Establishing
such a relationship has allowed LAG diameters to be con-
verted to previous carapace lengths for Kemp’s ridley
Lepidochelys kempii (Snover et al. 2007b), loggerhead
(Snover et al. 2007a; Casale et al. 2011b; Piovano et al.
2011; Petitet et al. 2012; Avens et al. 2013, 2015), hawks-
bill Eretmochelys imbricata (Snover et al. 2013), olive rid-
ley Lepidochelys olivacea (Zug et al. 2006; Petitet et al.
2015), and green turtles (Zug and Glor 1998; Goshe et al.
2010; Avens et al. 2012; Murakawa 2012). In tagged tur-
tles, agreement between carapace lengths estimated or
back-calculated from the diameter of the LAG thought to
be deposited closest to the time of tagging and those
measured at the time of capture provides indirect valida-
tion of the frequency of LAG deposition because identifi-
cation of the LAG associated with tagging is based on the
assumption that one LAG is deposited each year (e.g.,
Avens et al. 2013). Close agreement between the two
measures also verifies the reliability of back-calculated
carapace lengths. Taking the difference between successive
carapace-length estimates throughout time for each turtle
yields annual somatic growth rates. Growth models can
be applied to skeletochronologically derived growth-rate
data for length-at-age estimates, providing critical data
for managing endangered and threatened sea turtle popu-
lations.

Skeletochronology relies on assumptions that must be
validated for each sea turtle species, as well as populations
inhabiting different regions. For green turtles in Hawaii,
annual LAG deposition has been confirmed (Snover et al.
2011) and a proportional relationship between bone and
carapace measurements has been described for size classes
that included juveniles and adults (Murakawa 2012).
However, the accuracy of back-calculated carapace lengths
has yet to be verified for this population. The goal of the
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present study is to validate skeletochronological estimates
of body length for Hawaiian green turtles with a prior
history of tagging, OTC injection, and measurement.
Agreement between the estimated and actual carapace
lengths measured at tagging would validate the ability to
calculate prior growth rates quickly and accurately using
the growth marks retained in bones. Additionally, we
compare OTC mark and LAG placement with the goal of
identifying the time of year of LAG deposition for green
turtles in Hawaii.

Methods

Humeri were recovered from 10 Hawaiian green turtles
from the wild that had previously been measured, tagged,
and injected with the bone marker OTC during mark-re-
capture studies between 1994 and 2000 (Balazs 1999;
Balazs and Chaloupka 2004) or prior to release after
stranding alive. Turtles had either dead-stranded or
stranded alive and were euthanized by a veterinarian if
recovery was not deemed possible (see Snover et al. 2011
for stranding condition and histories for turtles from
which samples were recovered). Observers measured stan-
dard SCL (straightline carapace length; Wyneken 2001)
both at capture (or live stranding) and after dead recov-
ery. Inconel and passive integrated transponder tags
applied at the first encounter allowed individual turtles to
be identified. The presence or absence of fibropapilloma
tumors, which occur externally on green turtles (Herbst
1994), and the severity of the disease was recorded both
at capture and recovery (Snover et al. 2011).

Back-calculation of carapace lengths

Samples in the current study were histologically pro-
cessed for a previous skeletochronological study (Snover
et al. 2011). Following the methods of Snover and Hohn
(2004), humeri were prepared for skeletochronological
analysis of growth marks. Digital images of decalcified,
stained cross-sections were taken sequentially at 4x mag-
nification using an Olympus BX41 trinocular compound
microscope (Olympus America Inc., Melville, New York,
USA), Olympus Colorcube-12 Color CCD digital cam-
era, and Olympus Microsuite Image Analysis software.
These digital images were then manually stitched
together using Adobe Photoshop for a composite image.
MLS, AAH, and when no consensus was reached, LRG,
identified LAGs by tracing them around the circumfer-
ence of each cross-section using the composite digital
images.

Because growth marks are deposited annually in
Hawaiian green turtles (Snover et al. 2011), we assigned
calendar years to each LAG, with the most recent year
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assigned to the LAG closest to the outer circumference of
the bone. The LAG deposited closest to the timing of tag-
ging was identified and LAG diameter was measured
along an axis parallel to the dorsal edge of the cross-sec-
tion using the composite digital images. SCL at tagging
was estimated using the back-calculation equation from
Murakawa (2012) for 167 Hawaiian green turtles ranging
from 36.4 to 97.9 cm SCL, which incorporated the body
proportional hypothesis (Francis 1990):

L= [Lop + b(D - Dop)c] [Lﬁnal][Lop + b(Dﬁnal - DOP)C]71
(1)

The estimated SCL is L, L,, is the average hatchling
SCL, D is the LAG diameter of interest, Dy, is the mini-
mum hatchling humerus diameter, Lg,, is the SCL mea-
sured at dead recovery, Dg,, is the diameter of the
humerus cross-section, b is the slope, and ¢ is the propor-
tionality coefficient. Values from Murakawa (2012, S. K.
K. Murakawa National Marine Fisheries Service, personal
communication) were used for average hatchling SCL
(5.1 cm), hatchling humerus diameter (2.6 mm), slope
(b = 3.127), and proportionality coefficient (¢ = 0.928).

Only those turtles with measureable LAG diameters
deposited closest to the time of tagging and measure-
ments taken in the field at tagging were included. The
estimated and actual SCLs at tagging were compared
using a paired-sample Wilcoxon rank sum test (Zar
2010). Turtles with and without visible OTC marks were
included because the visibility of an OTC mark in the
bone was irrelevant to this analysis.

Straightline carapace lengths were back-calculated using
the OTC mark diameters (as described below) for those
turtles with measurable OTC marks. These back-calcu-
lated SCLs were compared to those measured by obser-
vers at the time of OTC injection and the difference and
standard error were calculated.

Timing of growth-mark deposition

Establishment of a back-calculation equation (Murakawa
2012), validation that LAGs are annual (Snover et al.
2011), ability to back-calculate SCLs from growth mark
diameters (see Back-calculation of carapace lengths section,
above), and OTC injection made it possible to examine the
timing of LAG deposition in Hawaiian green turtles. OTC
injection is typically recorded in the bones as a fluorescent
line visible in cross-sections viewed under ultraviolet light
(Milch et al. 1958). Because turtles were previously injected
with OTC, it was possible to associate a fluorescent mark in
their bones with a known date. The time of year that LAGs
were deposited could then be inferred by examining where
the yearly LAGs were deposited in the bone relative to the
OTC mark.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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To determine the placement of LAGs associated with
specific years relative to the OTC mark, we measured
LAG diameters and back-calculated SCLs as previously
described. Unprocessed humerus cross-sections from
each turtle were examined for OTC marks, as described
by Snover et al. (2011). Like the stained sections, digital
images were stitched together for composite images of
the unprocessed bones viewed under ultraviolet light.
OTC mark diameters were measured on the calibrated
digital composite images using Olympus Microsuite
(Olympus America Inc.) and corresponding SCLs were
back-calculated using eqn 1. The back-calculated SCLs of
both the OTC marks and LAG diameters representing
the years closest to OTC injection dates were then
compared to determine if LAGs had been deposited
before, after, or at approximately the same time as OTC
injection.

In a previous study (Snover et al. 2011), placement of
these marks was determined by finding landmarks along
the perimeters of both the stained and OTC sections to
identify matching regions, photographing those regions,
and measuring the distance from the outer margin of the
bone to the OTC mark. This distance was then noted on
the image of the stained section to identify where the
OTC mark was deposited in relation to the LAGs. Our
current methods differed from Snover et al. (2011) in
that we acquired and compared LAG and OTC diameter
measurements, which allowed for a greater level of accu-
racy and precision in determining the exact placement of
the marks relative to each other.

Results

Back-calculation of carapace lengths

Ten turtles had been measured at the time of tagging and
had measureable LAG diameters deposited close to the
time of tagging. Prior to recovery, turtles spent between
0.58 and 9.35 years at large. The sample included turtles
with (n = 6) and without (n = 4) fibropapilloma tumors
(see Snover et al. 2011).

At the time of tagging, their SCL measurements ranged
from 44.7 to 83.8 cm (mean + SD = 58.8 £ 12.3). Their
back-calculated SCLs at tagging ranged from 44.3 to
84.6 cm (mean £ SD = 59.0 + 12.3). There was no sig-
nificant difference between SCLs measured at tagging and
estimated SCLs back-calculated from LAGs deposited
closest to the date of tagging (Table 1, Wilcoxon rank
sum test, T =285 N =7, P>0.20). This validation
allows prior growth rates to be calculated from successive
LAG diameters of Hawaiian green turtles. The close
agreement between back-calculated SCLs and those
measured at tagging also provides indirect validation that
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Table 1. Comparison of carapace lengths measured at tagging with those back-calculated from growth mark diameters within stained humerus
cross-sections from Hawaiian green turtles Chelonia mydas. Date is day-month-year. SCL = straightline carapace length (cm). LAG = line of

arrested growth.

Estimated
SCL at SCL at SCL at Year LAG Difference

ID Date stranded stranding Date tagged tagging tagging deposited in SCL
CM-1 8-2-99 58.5' 23-4-97 55.1 55.1 1997 0.0
CM-4° 10-12-99 69.6 21-12-98 69.4 69.6 1999 -0.2
CM-6 9-5-00 56.3 5-10-99 55.9 56.3 2000 -0.4
CM-8 20-2-01 70% 24-4-00 70.6 70.0 2000 0.6
CM-9° 23-4-01 44,52 14-4-00 44.7 44.3 2000 0.4
CM-10° 11-12-01 85.5 25-4-00 83.8 84.6 2000 -0.8
CM-11° 28-3-02 57.2 8-7-97 54.8 54.8 1997 0.0
CMm-12° 17-10-02 60.2 12-5-98 57.4 57.7 1998 -0.3
CM-13 19-10-03 69.5 17-6-94 45.5 47.0° 1994 -1.5
CM-14° 14-7-04 53.7 16-5-00 51 51.0 2000 0.0

Mean absolute difference: 0.4 (0.3

'SCL at stranding was not measured. SCL is that measured when turtle was captured 3 months before death.
2Possible observer measurement error (SCL) or shrinking turtle; SCL measured at stranding was less than that measured at tagging.
3SCL back-calculated using the oxytetracycline mark diameter; 1994 LAG within resorption core and not measurable in stained cross-section.

“Mean absolute difference calculated without CM-13.
SFibropapilloma tumors were present.

LAGs are deposited annually in green turtles between 44.7
and 85.5 cm SCL.

Straightline carapace lengths were back-calculated for
the five turtles (51-69.4 cm SCL) that retained measur-
able OTC mark diameters and were compared to the
SCLs measured by observers at the time of OTC injection.
We found a mean absolute difference of 0.3 cm SCL

between measures with a standard error of 0.1 cm SCL
(Table 2).

Table 2. Comparison of back-calculated straightline carapace lengths
(SCLs) of OTC (oxytetracycline) marks and corresponding LAG (line of
arrested growth) diameters representing the years closest to OTC
injection dates to assess the timing of LAG deposition in Hawaiian
green sea turtle Chelonia mydas humeri. Date is day-month-year.
Parentheses indicate the difference and direction of error between
SCLs measured at OTC injection and back-calculated from the diame-
ter of the OTC mark with the mean absolute difference and SE
(standard error).

OTC section Stained section

back-calculated back-calculated LAG
ID OTC date SCL SCL year
CM-1 23-4-97 55.9 (-0.8) 55.1 1997
CM-4 21-12-98 69.4 (0.0) 69.6 1999
CM-11 8-7-97 55.0 (-0.2) 54.8 1997
CM-12 12-5-98 57.7 (-0.3) 57.7 1998
CM-14 16-5-00 51.0 (0.0 51.0 2000

Mean difference + SE 0.3 +£0.1

Timing of growth-mark deposition

Both the diameters of the OTC mark and the LAG depos-
ited closest to tagging were measureable for five turtles
ranging from 51 to 69.4 cm SCL at the time of tagging
(mean £ SD = 57.5 & 7.0). These turtles were injected
with OTC between the months of April and December.
The back-calculated SCLs indicated that annual LAGs
were deposited after December (CM-4) and before mid-
May, as the diameters of the OTC mark and annual LAG
were equivalent for both of the turtles injected with OTC
in May (CM-12, CM-14; Fig. 1, Table 2). However, the
exact timing of LAG deposition varied by individual,
sometimes occurring prior to May (CM-1). These results
support the assumption that LAG deposition occurs in
the spring for Hawaiian green turtles.

Discussion

Our results indicate that prior carapace lengths can be
reliably back-calculated from growth marks retained in
the humeri of Hawaiian green turtles. The mean differ-
ence of 0.4 cm SCL between carapace lengths measured at
tagging and those back-calculated using LAG diameters
was less than that reported in similar studies (Snover
et al. 2007a; Goshe et al. 2010; Avens et al. 2012, 2013,
2015). As Snover et al. (2007a) speculated, the difference
might be explained by observer measurement error as well
as a difference in the timing of when LAGs were depos-
ited and carapace lengths were measured. OTC marking
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OTC section

Figure 1. Green turtle humerus cross-section
for CM-12 viewed under ultraviolet light with
fluorescent OTC (oxytetracycline) mark visible
(indicated by black dotted line) next to stained
cross-section with years assigned to growth
marks. Turtle was OTC injected on 12 May
1998 and measured 57.4 ¢cm SCL (straightline
carapace length). 1998 LAG (line of arrested
growth) was a closely spaced double
interpreted as 1 annual LAG according to
Goshe et al. (2010) and Snover et al. (2011).
Both the diameter of the OTC mark and 1998
LAG yielded a back-calculated SCL of 57.7 c¢m,
indicating that the timing of deposition for
each was similar. White bar indicates 1 mm.

offered a rare opportunity to examine the difference
between back-calculated and measured SCLs, because the
OTC mark was deposited at the same time as observers
collected a SCL measurement. The mean difference
between these measures was low, at 0.3 cm SCL, for the
turtles with measureable OTC mark diameters. Nonethe-
less, these small differences will not appreciably affect
rapid and accurate calculation of growth rates through
the conversion of successive LAG diameters to prior cara-
pace lengths using skeletochronology.

In comparing carapace lengths at live capture and dead
recovery, two turtles appeared to have decreased in length
(CM-8 and CM-9). Both were noted as emaciated at
stranding. Negative growth rates have been documented
in sea turtles (Braun-McNeill et al. 2008; Bjorndal et al.
2013) and may be the result of observer measurement
error of SCL, damage to the carapace, or a decrease in
carapace length between the two events. Shrinking body
length has also been observed in marine iguanas Amblyr-
hynchus cristatus under low-food conditions (Wikelski
and Thom 2000) and in tortoises (Field et al. 2007; Loehr
et al. 2007).

Annual LAG deposition was directly verified in Hawai-
ian green turtles ranging from 45.5 to 69.6 cm SCL in a
previous study (Snover et al. 2011). Van Houtan et al.
(2014) identified the need for validation of annual marks
outside of this size range. The current study extends the
carapace length in which annual LAGs have been verified

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Stained section

to 85.5 cm SCL, as we were able to indirectly validate
annual LAG deposition in CM-10, which was not
included in Snover et al.’s (2011) direct validation due to
the lack of a visible OTC mark. Under the assumption of
one mark per year, close agreement of back-calculated
and measured carapace lengths at tagging offered indirect
validation of annual growth marks in CM-10, which mea-
sured 83.8 cm SCL at tagging and 85.5 cm SCL at strand-
ing. Through indirect validation, we demonstrated not
only that annual LAGs were present in humeri but also
that the carapace lengths estimated using LAG diameters
were comparable to those measured during mark-recap-
ture studies. In the Hawaiian green turtle population,
length at maturation ranges from 75 to 106 cm SCL
(Balazs et al. 2015). Therefore, skeletochronology can
now be used to provide back-calculated annual growth
rates for Hawaiian green turtles that are within the size
range of mature individuals.

Double LAGs were identified in CM-14 and interpreted
by Snover et al. (2011) as annual. These LAGs typically
appeared as a dark, continuous line with a closely spaced
lighter line when tracked around the circumference of the
section. Our results support Snover et al.’s (2011) inter-
pretation of double LAGs as an annual mark, as we found
no difference between the SCL measured at tagging in
May 2000 and the back-calculated carapace length from
the LAG assumed to have been deposited in 2000 for
CM-14. Other turtles in this sample also had double
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LAGs that were interpreted as representing a single year.
Our SCL back-calculation results support this interpreta-
tion in those turtles and suggest that double LAGs may
be common in Hawaiian green turtles. Double LAGs
deposited in a single year have been described in other
vertebrates (Klevezal 1996) and although the present
study cannot explain why these marks are deposited, our
results indicate that this is the correct interpretation of
such marks in Hawaiian green turtles.

Line of arrested growths were deposited in turtles with
and without varying degrees of fibropapilloma. Because
severe fibropapilloma is known to result in lower growth
rates in green turtles (Chaloupka and Balazs 2005), this
slowed growth would be expected to result in LAGs that
are spaced closer together. Our results suggest that LAG
deposition is not otherwise affected by fibropapilloma, as
SCL was reliably back-calculated for these turtles
(Table 1).

Understanding of the time of year that LAGs are
deposited is important in the application of skele-
tochronology, as this allows calendar years to be assigned
more accurately to individual LAGs based on the time of
year a turtle stranded dead. For example, if LAG deposi-
tion is known to occur in the spring, the calendar year
assigned to the final LAG deposited in spring-stranded
turtles would be the same as the year of stranding if there
is little to no differentiation between the final LAG and
outer edge of the bone; the previous calendar year would
be assigned if the amount of growth between the final
LAG and outer edge is >0 (see supplement of Avens et al.
2013). In the present study, we found that two turtles
that had been OTC injected in May (CM-12 and CM-14)
deposited a LAG at approximately the same time as the
OTC mark, while the results from Snover et al. (2011)
indicated that the same LAGs were deposited slightly
before the OTC marks. The technique we used in the pre-
sent study to determine the placement of the OTC mark
relative to LAGs was different in that we were able to
measure and compare total diameters of both the OTC
mark and LAG of interest, which should offer more accu-
rate results than the method previously used (Snover
et al. 2011). This difference did not affect the conclusion
of either study that one LAG per year was deposited after
OTC marking.

This is the first study to confirm the assumption that
LAG deposition occurs in the spring for green turtles.
The five turtles with measureable OTC mark diameters
and corresponding LAGs indicated that like Kemp’s ridley
and hawksbill sea turtles in the Northern Hemisphere,
LAG deposition also occurs in the spring for this species
(Snover and Hohn 2004; Snover et al. 2013). Although
we were not able to determine the exact timing, our
results suggest that annual LAG deposition occurs after
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December and before mid-May, with individual variabil-
ity. The timing of LAG deposition is likely influenced by
endogenous cycles driven by environmental factors (Cas-
tanet et al. 1993). While evidence suggests that seasonal
changes in photoperiod influence LAG deposition in pri-
mates (Castanet et al. 2004), similar studies on reptiles
are needed.

Conclusions

To understand sea turtle population trends, data are
required on basic biological parameters such as age at
maturation and growth rates throughout life (NRC 2010).
Skeletochronology is one of several methods available to
accurately estimate these parameters. Estimates of sea
turtle age at maturation using skeletochronology demon-
strated the utility of this approach in the Mediterranean,
as they converged with estimates yielded by mark-recap-
ture studies and length-frequency analysis (Casale et al.
2009, 2011a,b). Avens et al. (2015) also demonstrated that
sea turtle growth rates estimated using skeletochronology
converged with those from mark-recapture studies in the
western North Atlantic. The results of the present study
indicate that skeletochronology produces reliable esti-
mates of prior carapace lengths and provides additional
validation for annual LAG deposition, which allows future
studies to use this technique with confidence to fill gaps
in the current knowledge of growth rates of Hawaiian
green turtles.

Acknowledgments

We thank Shawn K. K. Murakawa and Marc Rice for col-
lecting the humeri and providing field assistance. We are
also grateful to Larisa Avens, Calandra Turner Tomasze-
wicz, Patti Marraro, Alex Chester, and two anonymous
reviewers for providing comments and suggestions that
improved this manuscript. This study was conducted in
compliance with USA ethics standards for animal experi-
mentation. Use of trade products in this study does not
imply endorsement by the authors or National Marine
Fisheries Service.

Conflict of Interest

None declared.

References

Avens, L., and M. L. Snover. 2013. Age and age estimation in
sea turtles. Pp. 97-134 in J. Wyneken, K. J. Lohmann and J.
A. Musick, eds. The biology of sea turtles, volume III. CRC
Press, Boca Raton, FL.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



L. R. Goshe et al.

Avens, L., L. R. Goshe, C. A. Harms, E. T. Anderson, A. G.
Hall, W. M. Cluse, et al. 2012. Population characteristics,
age structure, and growth dynamics of neritic juvenile green

turtles (Chelonia mydas) in the northeastern Gulf of Mexico.

Mar. Ecol. Prog. Ser. 458:213-229.

Avens, L., L. R. Goshe, M. Pajuelo, K. A. Bjorndal, B. D.
MacDonald, G. E. Lemons, et al. 2013. Complementary
skeletochronology and stable isotope analyses offer new
insight into juvenile loggerhead sea turtle oceanic stage
duration and growth dynamics. Mar. Ecol. Prog. Ser.
491:235-251.

Avens, L., L. R. Goshe, L. Coggins, M. L. Snover, M. Pajuelo,
K. A. Bjorndal, et al. 2015. Age and size at maturation and
adult-stage duration for loggerhead sea turtles in the
western North Atlantic. Mar. Biol. 162:1749-1767.

Balazs, G. H. (1999) Factors to consider in the tagging of sea
turtles. Pp. 101-109 in K. L. Eckert, K. A. Bjorndal, F. A.
Abreu-Grobois, and M. Donnelly, eds. Research and
management techniques for the conservation of sea turtles.
IUCN/SSC Marine Turtle Specialist Group Publication No.
4, Washington, DC.

Balazs, G. H., and M. Chaloupka. 2004. Spatial and temporal
variability in somatic growth of green sea turtles (Chelonia
mydas) resident in the Hawaiian archipelago. Mar. Biol.
145:1043-1059.

Balazs, G. H., K. S. Van Houtan, S. A. Hargrove, S. M.
Brunson, and S. K. K. Murakawa. 2015. A review of the
demographic features of Hawaiian green turtles (Chelonia
mydas). Chelonian Conserv. Biol. 14:119-129.

Bjorndal, K. A., B. A. Schroeder, A. M. Foley, B. E.
Witherington, D. C. Bresette, R. M. Herren, et al. 2013.
Temporal, spatial, and body size effects on growth rates of
loggerhead sea turtles (Caretta caretta) in the Northwest
Atlantic. Mar. Biol. 160:2711-2721.

Braun-McNeill, J., S. P. Epperly, L. Avens, M. L. Snover, and
J. C. Taylor. 2008. Growth rates of loggerhead sea turtles
(Caretta caretta) from the western North Atlantic. Herpetol.
Conserv. Biol. 3:273-281.

Casale, P., A. D. Mazaris, D. Freggi, C. Vallini, and R. Argano.
2009. Growth rates and age at adult size of loggerhead sea
turtles (Caretta caretta) in the Mediterranean Sea, estimated
through capture-mark-recapture records. Sci. Mar. 73:589-595.

Casale, P., A. D. Mazaris, and D. Freggi. 2011a. Estimation of
age at maturity of loggerhead sea turtles Caretta caretta in
the Mediterranean using length-frequency data. Endanger.
Species Res. 13:123—-129.

Casale, P., N. Conte, D. Freggi, C. Cioni, and R. Argano.
2011b. Age and growth determination by skeletochronology
in loggerhead sea turtles (Caretta caretta) from the
Mediterranean Sea. Sci. Mar. 75:197-203.

Castanet, J., H. Francillon-Viellot, F. J. Meunier, and A.
DeRicqles. 1993. Bone and individual aging. Pp. 245-283 in
B. K. Hall, ed. Bone, bone growth — B, volume 7. CRC
Press, Boca Raton, FL.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Validation of Green Turtle Back-Calculated Lengths

Castanet, J., S. Croci, F. Aujard, M. Perret, J. Cubo, and E. de
Margerie. 2004. Lines of arrested growth in bone and age
estimation in a small primate: Microcebus murinus. J. Zool.
263:31-39.

Chaloupka, M., and G. Balazs. 2005. Modelling the effect of
fibropapilloma disease on the somatic growth dynamics of
Hawaiian green sea turtles. Mar. Biol. 147:1251-1260.

Chaloupka, M. Y., and J. A. Musick. 1997. Age, growth, and
population dynamics. Pp. 233-276 in P. L. Lutz and J. A.
Musick, eds. The biology of sea turtles. CRC Press, Boca
Raton, FL.

Coles, W. C., J. A. Musick, and L. A. Williamson. 2001.
Skeletochronology validation from an adult loggerhead
(Caretta caretta). Copeia 2001:240-242.

Field, K. J., C. R. Tracy, P. A. Medica, R. W. Marlow, and P.
S. Corn. 2007. Return to the wild: translocation as a tool in
conservation of the Desert Tortoise (Gopherus agassizii).
Biol. Conserv. 136:232-245.

Francis, R. I. C. C. 1990. Back-calculation of fish length: a
critical review. J. Fish Biol. 36:883-902.

Goshe, L. R., L. Avens, F. S. Scharf, and A. L. Southwood.
2010. Estimation of age at maturation and growth of
Atlantic green turtles (Chelonia mydas) using
skeletochronology. Mar. Biol. 157:1725-1740.

Heppell, S. S., M. L. Snover, and L. B. Crowder. 2002. Sea
turtle population ecology. Pp. 275-306 in P. Lutz, J. A.
Musick and J. Wyneken, eds. The biology of sea turtles,
volume II. CRC Press, Boca Raton, FL.

Heppell, S. S., L. B. Crowder, D. T. Crouse, S. P. Epperly, and
N. B. Frazer. 2003. Population models for Atlantic
loggerheads: past, present and future. Pp. 255-273 in A. B.
Bolton and B. E. Witherington, eds. Loggerhead sea turtles.
Smithsonian Books, Washington, DC.

Herbst, L. H. 1994. Fibropapillomatosis in marine turtles.
Annu. Rev. Fish Dis. 4:389-425.

Klevezal, G. A.. 1996. Recording structures of mammals:
determination of age and reconstruction of life history. A.
A. Balkema, Brookfield, VT.

Klinger, R. C., and J. A. Musick. 1992. Annular growth layers
in juvenile loggerhead turtles (Caretta caretta). Bull. Mar.
Sci. 51:224-230.

Loehr, V. J. T., M. D. Hofmeyr, and B. T. Henen. 2007.
Growing and shrinking in the smallest tortoise, Homopus
signatus signatus: the importance of rain. Oecologia
153:479-488.

Milch, R. A., D. P. Rall, and J. E. Tobie. 1958. Fluorescence of
tetra-cycline antibiotics in bone. J. Bone Joint Surg. Am.
40:897-910.

Murakawa, S. K. K. 2012. Determination of growth spurts in
Hawaiian green sea turtles using skeletochronology and
histological analysis of gonads. [Master thesis], University of
Hawai’i at Manoa, Honolulu.

Musick, J. A., and C. J. Limpus. 1997. Habitat utilization and
migration in juvenile sea turtles. Pp. 137-164 in P. L. Lutz



Validation of Green Turtle Back-Calculated Lengths

and J. A. Musick, eds. The biology of sea turtles. CRC Press,
Boca Raton, FL.

National Research Council (NRC). 2010. Assessment of sea-
turtle status and trends: integrating demography and
abundance. National Academies Press, Washington, DC.

Petitet, R., E. R. Secchi, L. Avens, and P. G. Kinas. 2012. Age
and growth of loggerhead sea turtles in southern Brazil.
Mar. Ecol. Prog. Ser. 456:255-268.

Petitet, R., L. Avens, J. C. Castilhos, P. G. Kinas, and L.
Bugoni. 2015. Age and growth of olive ridley sea turtles
Lepidochelys olivacea in the main Brazilian nesting ground.
Mar. Ecol. Prog. Ser. 541:205-218.

Piovano, S., M. Clusa, C. Carreras, C. Giacoma, M. Pascual,
and L. Cardona. 2011. Different growth rates between
loggerhead sea turtles (Caretta caretta) of Mediterranean
and Atlantic origin in the Mediterranean Sea. Mar. Biol.
158:2577-2587.

Snover, M. L., and A. A. Hohn. 2004. Validation and
interpretation of annual skeletal marks in loggerhead
(Caretta caretta) and Kemp’s ridley (Lepidochelys kempii) sea
turtles. Fish. Bull. 102:682-692.

Snover, M. L., L. Avens, and A. A. Hohn. 2007a. Back-
calculating length from skeletal growth marks in
loggerhead sea turtles Caretta caretta. Endanger. Species
Res. 3:95-104.

Snover, M. L., A. A. Hohn, L. B. Crowder, and S. S. Heppell.
2007b. Age and growth in Kemp’s ridley sea turtles:
evidence from mark-recapture and skeletochronology. Pp.
89-105 in P. T. Plotkin, ed. Biology and conservation of
ridley sea turtles. Johns Hopkins Univ. Press, Baltimore,
MD.

L. R. Goshe et al.

Snover, M. L., A. A. Hohn, L. R. Goshe, and G. H. Balazs.
2011. Validation of annual skeletal marks in green sea
turtles Chelonia mydas using tetracycline labeling. Aquat.
Biol. 12:197-204.

Snover, M. L., G. H. Balazs, S. K. K. Murakawa, S. K.
Hargrove, M. R. Rice, and W. A. Seitz. 2013. Age and
growth rates of Hawaiian hawksbill turtles (Eretmochelys
imbricata) using skeletochronology. Mar. Biol. 160:37—46.

Van Houtan, K. S., S. K. Hargrove, and G. H. Balazs. 2014.
Modeling sea turtle maturity age from partial life history
records. Pac. Sci. 68:465—477.

Wikelski, M., and C. Thom. 2000. Marine iguanas shrink to
survive El Nino. Nature 403:37-38.

Wryneken, J. 2001. The anatomy of sea turtles. NOAA
Technical Memorandum NMFS-SEFSC-470. Available at
http://www.sefsc.noaa.gov/turtles/TM_470_Wyneken.pdf.
(accessed 18 November 2015)

Zar, J. H. 2010. Biostatistical analysis, 5th ed. Prentice-Hall,
Upper Saddle River, New Jersey.

Zug, G. R, and R. E. Glor. 1998. Estimates of age and growth
in a population of green sea turtles (Chelonia mydas) from
the Indian River lagoon system, Florida: a
skeletochronological analysis. Can. J. Zool. 76:1497-1506.

Zug, G. R., A. H. Wynn, and C. Ruckdeschel. 1986. Age
determination of loggerhead sea turtles, Caretta caretta, by
incremental growth marks in the skeleton. Smithsonian
Contrib. Zool. 427:1-34.

Zug, G. R., M. Chaloupka, and G. H. Balazs. 2006. Age and
growth in olive ridley seaturtles (Lepidochelys olivacea) from
the North-central Pacific: a skeletochronological analysis.
Mar. Ecol. 27:263-270.

© 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.


http://www.sefsc.noaa.gov/turtles/TM_470_Wyneken.pdf

