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Determining the life history and population parameters of sea turtles typically involves the live capture of ani-
mals. Photo-identification (photo-ID) of free-ranging individuals is a cost-effective alternative to conventional
tagging for mark-recapture studies that also minimises the risk of injury or stress to the animals. Paired laser-
photogrammetry (photogrammetry) is a minimally invasive technique to size animals and has been proven ef-
fective in a range of different taxa. Photo-ID and photogrammetry were combined as minimally invasive tech-
niques to determine life-history parameters of free-ranging green sea turtles Chelonia mydas at a site in Oslob,
Cebu, Philippines. The pattern-recognition software I3S Pattern was used to validate results and confirm visual
matching. A total of 38 individuals were identified at the site through photo-ID. Facial scutes remained un-
changed for a min. of 3.6 years. Photogrammetry was employed to measure straight carapace lengths (SCLs) of
a sample of 17 individuals, with a mean straight carapace length of 52.5 ± SD 1.1 cm. Modified maximum like-
lihoodmethodswere used tomodelmean residency of 873 d at the site, with c. 12 individuals present at any one
time. Based on photogrammetry measurements, individuals at the site were found to be of immature age class.
This, along with the extended residency times, indicates that the site could be an important developmental hab-
itat. Photo-ID is a validminimally invasive technique for identifying individual C. mydas for mark-recapture anal-
yses. The use of paired laser photogrammetry for categorising the life-history stage of an aggregation of sea
turtles is demonstrated for the first time. Identification of such developmental habitats through the employment
of these minimally invasive techniques is useful for conservation of the species.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Identification of individuals within a population is essential for eco-
logical and demographic studies (Marshall and Pierce, 2012). For sea
turtles, individual identification has typically relied on the attachment
of plastic or metal tags to the flippers on purposely captured or inciden-
tally caught animals (Balazs, 1999). However, thismethodology typical-
ly involves the live capture and handling of the animals, which could
result in injury and stress (Reisser et al., 2008). Additionally, tag reten-
tion is an important variable in mark-recapture studies (e.g. residency),
which depends onmultiple factors such as proper attachment, material,
fouling, and placement amongst others (Limpus, 1992). Poor tag reten-
tion can consequently lead to limited usable data or interfere with long-
term conservation studies (Rowat et al., 2009; Sibly et al., 2005).

Photographic identification (photo-ID) of individuals is a useful al-
ternative to conventional tagging used on a wide array of marine and
terrestrial species (Marshall and Pierce, 2012). This minimally invasive
technique relies on identifiable features ormarkings that can be visually
Poblacion, Oslob 6025, Cebu,
attained and captured. Inwhale sharks Rhincodon typus for example, the
movement, residency and site fidelity can be investigated through pho-
tographic capture and recapture of individuals through the use of their
unique dorsal spot patterns (Araujo et al., 2014; Holmberg et al.,
2009). Certain assumptions need to be met in order for photo-ID to be
used as a mark-recapture tool: individuals can be reliably distinguished
amongst others, and individuals can be re-identified over time i.e. dis-
tinguishable features or markings do not change over time (Marshall
and Pierce, 2012). Using photo-ID over conventional tagging omits the
live capture of the animals, reducing the risk of injury and stress, and as-
suming that identifiable features are stable over time, eliminates the
risk of ‘tag loss’ or lost identifications (Barrowman and Myers, 1996;
Hammond et al., 1990). Photo-ID studies can also enlist the public as cit-
izen scientists to broaden identification databases (Araujo et al., 2016;
Germanov and Marshall, 2014).

Several studies on green turtles, Cheloniamydas, have focused on the
use of photo-ID and validated it by comparing it to conventional tagging
(Chew et al., 2015; Reisser et al., 2008; Schofield et al., 2008). Individual
green turtles can be identified by the shape and arrangement of their fa-
cial scutes (Reisser et al., 2008). This methodwas tested and showed no
changes in the arrangement and shape of the facial scutes for up to
11 years (Carpentier et al., 2016). This makes photo-id suitable for
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mark-recapture studies on green turtles, though caution should be
taken when exploring longer datasets (Speed et al., 2007). Computer-
aided recognition systems have been developed and are currently
used in other marine species, such as whale sharks (Arzoumanian et
al., 2005) and spotted raggedtoothed sharks Carcharias taurus (Van
Tienhoven et al., 2007). These systems not only validate visual matches,
but can also facilitate and therefore speed-up the matching process
(Reisser et al., 2008).

Sizing animals is important to determine several life-history param-
eters necessary for their management. It is important to obtain accurate
measurements of individual animals in order to determine size-at-ma-
turity (Rohner et al., 2015), growth rates (Pilcher, 2010a) and possible
signs of overexploitation (Bianchi et al., 2000). Size segregation is
known to occur in sea turtles (Bowen et al., 1992), and it is therefore
possible to infer the developmental stage of individuals based on size.
Paired-laser photogrammetry (photogrammetry) has been used to ac-
curately measure and determine life-history parameters of marine
mammals (Webster et al., 2010) and elasmobranches (Deakos, 2010;
O'Connell and Leurs, 2016; Rohner et al., 2015). Photogrammetry
removes the need to physically capture an animal in order to measure
it, and has been suggested as a suitable method to measure sea turtles
(Williams et al., 2015).

In the Philippines, sea turtles are protected under the Wildlife Re-
sources Conservation and Protection Act of 2001 (Republic Act No.
9417). Thousands of female green turtles nest yearly at the Turtle
Islands Heritage Protected Area (TIHPA), a bilaterally protected area in
the southwestern Sulu Sea with the Government of Malaysia (Pilcher,
2007). C. mydas is widely distributed across the country although
most studies have focused on nesting sites (Cruz, 2002). Pilcher
(2010a) however, conducted a survey at the Tubbataha Reefs Natural
Park, a UNESCO Heritage site within the Sulu Sea, and found N80% of
~250 C. mydas were immature. Similarly, Pilcher (2010b) confirmed
that all individuals at a nearby site in Pulau Mantani, Sabah, Malaysia,
were immature. Following a pelagic developmental stage, C. mydas re-
cruits to neritic habitats after reaching a size of c. 20 cm (Meylan et al.,
2011). The developmental, post-pelagic stage of green turtles in the
Philippines remains unclear, as is their recruitment to foraging grounds.
Fig. 1. Study site with detail of the demarked area and its substrate. Study site
Addressing this lack of knowledgewill help protect developmental hab-
itats during the lesser-known years of C. mydas.

In the present study, the suitability of photo-ID and photogramme-
try asminimally invasive techniques on free-swimming C. mydas to de-
termine life-history parameters at a site in Oslob, Cebu, Philippines, is
explored. Photo-ID data validated by the pattern-matching software
I3S Pattern (Van Tienhoven et al., 2007) was used to model residency
patterns using maximum likelihood methods (Whitehead, 2001). The
use of photogrammetry to obtain accuratemeasurements of free-swim-
ming sea turtles, and determine maturity status, is tested for the first
time.

2. Materials and methods

2.1. Study site

The study site is located in the village of Tan-awan, Oslob, on the
south of Cebu Island. It is a demarked area and covers an extent of
approx. 65,000m2. It contains extensive seagrass beds, which represent
themajority of the substrate coverage between 3 and 7 m deep (Fig. 1).
The deeper end of the demarked area is dominated by coral rubble and
sparse reef between 8 and 11m, after which older reef structures dom-
inate, offering resting spaces for C. mydas from 12 to 16 m deep. Re-
searchers snorkelled from shore and haphazardly surveyed for turtles
within a demarked area (Fig. 1). Dedicated turtle photo-ID surveys for
this study took place between July 1st 2014 and November 30th 2015.
The site is also used for an extensivewhale shark provisioning operation
(see Araujo et al., 2014). Opportunistically taken turtle photo-ID images
were also collected from researchers studying whale sharks, who had
been onsite for N3 years.

2.2. Photographic identification and validation

Turtle photo-ID sessions were conducted four times a week for the
duration of the study period. Each session lasted 1 hwith two early ses-
sions (6 to 9 am) and two later sessions (10 am to 1 pm). However, tur-
tle photo-ID images were opportunistically collected on most days.
at Tan-awan, Oslob, Cebu, Philippines. Bathymetry numbers are in metres.
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Upon sighting a turtle, researchers approached the left side of the indi-
vidual and photographed their facial scutes parallel to the animal. The
right facial scutes, carapace, and other distinguishable features (e.g.
bite marks) were also photographed when possible. Estimated size
and behaviour were also noted by photographing hand signals. An en-
counter is defined here as the successful identification of an individual
within the study site at a specific time and date. Three camera models
were used inside their corresponding underwater housings: Panasonic
Lumix DMC-TS3, DMC-TS4 and DMC-TS5.

Photographswere sorted into individual folders for each turtle iden-
tified during a session by visually matching them to a catalogue. A sec-
ond researcher confirmed the identity of each individual before
preparing the photographs for further validation. The software I3S Pat-
tern was used to validate researchers' visual matches on a monthly
basis to confirm individual identifications and ensure that facial scutes
did not evolve during that period (http://www.reijns.com/i3s; Van
Tienhoven et al., 2007). This computerized pattern-matching software
helps validate visual matches and reduces matching time. Following
this validation, individual presence data was inputted into a spread-
sheet for further analyses. A successful ‘capture’ photograph was de-
fined as a photograph of sufficient quality to run through the
identification catalogue on I3S. This consisted of photographs taken
from an angle of b20° from the side of the turtle's head and in which
the scutes were clearly visible. Poor quality images were omitted to re-
move bias towards easily identifiable individuals.

2.3. Paired laser photogrammetry

Paired laser photogrammetry was used to obtain accurate measure-
ments and validate researchers' visual estimates. Two parallel green la-
sers (Sea Turtle Scuba Inc.; http://www.seaturtlescuba.us/) were
mounted on individual arms on a metal frame, 30 cm apart, with a
Panasonic Lumix DMC-TS5 camera in its underwater housing placed
in the centre (Fig. 2). Alignment of the lasers was tested regularly by
measuring the distance between the two projected laser dots on a par-
allel surface placed at 1, 2.5 and 5 m away. Photogrammetry photo-
graphs for analyses were consistently taken at a distance of 3–4 m
from the turtles ensuring that alignments were accurate. Researchers
haphazardly surveyed the demarked area for C. mydas and
photographed their carapace from above. Best photographs were
taken when turtles were either foraging or resting. Only pictures
taken from directly above the animals were used for analyses to reduce
parallax (see 2.3.1).

2.3.1. Parallax error
Parallax error occurs when the projected lasers are not perpendicu-

lar to the surface being measured (Deakos, 2010). To test the parallax
error of the photogrammetry setup, two dots were drawn 30 cm apart
on a flat surface, and five measurements were taken from 4 m away at
Fig. 2. Paired laser photogrammetry set-up. Paired laser photogrammetry set-up used in
the present study. A, paired green lasers; B, adjustment screws; C, Panasonic Lumix
DMC-TS5 in Underwater Housing; D, 30 cm parallel metal arms.
10°, 20°, 30° and 40°. The obtained percentage error was 1.43%, 6.15%,
15.22% and 29.89%, respectively. Due to the difficulty of accurately
assessing the angle of the photographs in-water all photographs that
appeared to be N10° were excluded from the analyses.

2.3.2. Image distortion
Light refracts when it passes from water to air inside the camera

housing, and distortion might occur by the time it reached the lens of
the camera. Such distortion for the camera system used in the present
study was quantified underwater. A metal grid was photographed un-
derwater containing squares 2.7 cm in diagonal length. The pixels of
the diagonal length of the central squares were counted and used as
the expected, non-distorted dimension of the squares. These were mul-
tiplied to extend to 2, 4, 6, 8 and 10 squares respectively. The
photographed pixels were plotted against the expected values, and a
linear regression was fitted to the data to obtain the image distortion
formula: Lexpected= 0.9324 × Lobserved+ 63.576. This distortion was ap-
plied to all photogrammetry images used for measurements (Rohner et
al., 2015).

2.4. Lagged identification rate and residency

The photo-ID collected through dedicated surveys and from other
researchers at the site, spanned over 3 years. We used maximum likeli-
hood methods to model residency of C. mydas at the study site. The
lagged identification rate (LIR), defined as the probability that a marked
individual will be recaptured following a certain time lag at the study
site, was investigated using the software SOCPROG 2.4 (Whitehead,
2009). Differentmodelswere tested against the empirical datawith var-
ious combinations of emigration, reimmigration and mortality parame-
ters. The Akaike information criterion (AIC) was used to evaluate each
model's results (Whitehead, 2007). The best-fit model was
bootstrapped for 100 repetitions to estimate standard error and provide
95% confidence intervals. The overall residency of individuals at the
study site was also calculated by investigating the LIR.

2.5. Data analyses

AWilcoxon–Mann–Whitney (WMW) test was run to test for signif-
icance between visual estimates and photogrammetry measurements
of free-swimming C. mydas (Fay and Proschan, 2010). Statistical signif-
icance was tested at P=0.01. Statistical analyses were conducted using
the software R version 3.0.1 (http://www.R-project.org).

3. Results

3.1. Turtle encounters and individuals

Therewere a total of 1724 encounterswith C.mydas at the study site
between Jul. 1st 2014 and Nov. 30th 2015. Of these encounters, 91
(5.6%) were unidentifiable due to poor image quality. Consequently,
1633 encounters were validated and used for analyses. An additional
123 encounters were obtained from whale shark researchers working
at the study site, bringing the total number of encounters to 1756. Of
these encounters, 38 individual C. mydas were identified through their
unique facial scutes. No variation in the facial scutes was observed for
the duration of the study.

3.2. Daily sighting variation

The number of individual C. mydas encountered per day for the du-
ration of the study period ranged from 0 to 14 (mean 3.7 ± 2.6 SD).
Newly identified individuals per year showed no sign of asymptote, in-
dicating an open aggregation within the study period (Fig. 3). Nine tur-
tleswere only sighted once (24%) and 6 turtles were resighted across all
years (16%). Two individuals were encountered on 187 different days,

http://www.reijns.com/i3s;
http://www.seaturtlescuba.us
http://www.R-project.org


Fig. 3. Discovery curve. Discovery curve of C. mydas identified at the study site.
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spanning 1285 and1270 days, respectively. The longest period recorded
at the study sitewas 1297 days by individual COST-07. Individual turtles
were encountered on amean of 46.2± 62.8 SD different days (range 1–
187) throughout the duration of the study.

3.3. Photogrammetry

A total of 710 photographswere used for photogrammetrymeasure-
ment of 17 individual C. mydas between October and December 2015. A
minimum of 11 photographs was used per individual for measurement
(mean 42 ± 24 SD). These individuals had a mean ± SD straight cara-
pace length (SCL) of 52.5± 1.1 cm, ranging from 36.5 to 75.8 cm. Visual
estimates of carapace length for these 17 individuals ranged from 33.3
to 90.0 cm (mean 55.0± 14.3 SD, n=17), indicating a primarily imma-
ture aggregation. There was no significant difference between visual es-
timates and laser photogrammetry measurements of free-ranging C.
mydas (WMW, P = 0.705).

3.4. Residency and lagged identification rate

The emigration and re-immigration Model G (Table 1) best de-
scribed the empirical dataset. The LIR showed little decline from 0 to
Table 1
Model parameters and comparison for lagged identification rate of C. mydas at the study
site.

Model
name Model parameters ΔAIC

A Closed (1 / a1 = N) 869.6
B Closed (a1 = N) 869.6
C Emigration/mortality (a1 = emigration rate; 1 / a2 = N) 190.2
D Closed: emigration + reimmigration (a1 = emigration rate; a2

/ (a2 + a3) = proportion of population in study area at any
time)

379.5

E Emigration/mortality (a1 = N; a2 = mean residence time) 190.2
F Emigration + reimmigration + mortality 189.3
G Emigration + reimmigration (a1 = N; a2 = mean time in

study area; a3 = mean time out of study area)
0.0

H Emigration + reimmigration + mortality (a1 = N; a2 = mean
time in study area; a3 = mean time out of study area; a4 =

mortality rate)

143.8

Maximum likelihood models tested for closed population and various combinations of
emigration, reimmigration and mortality for C. mydas in Tan-awan. N = population size
in the study area. Model G (in bold) tested for emigration and reimmigration and was
the best fit model as explored through the AIC. These parameters were preset by White-
head (2009) for the program SOCPROG 2.4.
94.9 days, after which it slowly declined from 0.078 to 0.063 from 94.9
to 1115.5 days (Fig. 4). The model estimated there was a mean ± SE
11.7 ± 2.1 C. mydas present at the study site at any one time, residing
within the area for a mean ± SE of 873.2 ± 347.6 days (95% CI 455.6–
1937.3). They were then absent from the study site for amean± SE pe-
riod of 324.0 ± 1.212 days (95% CI 90.2–3.112). The SE of the estimated
mean time outside the study area was very large (N1 M days), which
could indicate that some individuals spend variable time outside the
demarked area and/or the study period has not been able to sample a
large number of exits and re-entries to the site (Gowans et al., 2000).

4. Discussion

Photo identification and paired laser photogrammetry of marine an-
imals has become a standard onmany species asminimally invasive re-
search techniques (Marshall and Pierce, 2012; Rohner et al., 2015).
Capturing and measuring individual animals through photographs
avoid the need to physically capture the animal, which minimises the
risk of injury, stress, as well as being cost-effective. Few studies to
date (Carpentier et al., 2016; Reisser et al., 2008; Schofield et al., 2008;
Chew et al., 2015) have focused on the use of photo-ID on C. mydas
and success has been proven on studies identifying individuals up to
11 years (Carpentier et al., 2016). This study adds to this literature on
the use of photo-ID as a valid research tool on C. mydas, and shows
the suitability of paired laser photogrammetry to accurately measure
free-swimming individuals.

No change in the facial scutes pattern of C. mydaswas observed for a
min. period of 1297 days (c. 3.6 years), as positively identified through
photo-ID and validated through the automated matching software I3S
Pattern. In this study, the software was tested for 38 individuals and a
min. of 11 photographs per individual as recommended by the software
developers (see http://www.reijns.com/i3s/about/I3S_Pattern.html).
The software proved to be reliable and matched the correct turtle on
every occasion when photographs were of sufficient quality. Therefore,
only photos where the scutes were clear and angling of the camera was
within 20° of the side of the turtle's headwere used. The use of photo-ID
on free-swimming turtles is suitable as a validminimally invasivemark-
recapture tool, when its assumptions and limitations are addressed. I3S
Pattern was recommended for a sample size of 30–40 individuals,
which limits its usefulness for studies with larger sample sizes.

The application of a standardised photo-ID methodology for free-
swimming turtles to researchers in the area expanded the identification
data collected. Expanding databases through citizen science can be very
useful and cost-effective, and has been demonstrated on other studies

http://www.reijns.com/i3s/about/I3S_Pattern.html


Fig. 4. Lagged identification rate for green turtles at the study site. The lagged identification rate was calculated through an emigration and reimmigration model (see Table 1).
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to further understand the species at hand (Araujo et al., 2016; Davies et
al., 2012; Germanov and Marshall, 2014; Williams et al., 2015). Devel-
oping a wider-ranging photo-ID program to cover areas beyond the
present study site will also be useful in identifying individuals across
multiple areas. This is of particular interest for green turtles to under-
stand when individuals emigrate from immature-dominated sites to
subadult- or adult-dominated foraging sites without physically captur-
ing the animals (Meylan et al., 2011).

Green turtles occurring within the demarked area at Tan-awan ap-
pear to be mostly immature with a mean SCL of 52.5 cm as measured
through laser photogrammetry. This is an interesting find in the aim
to fill in the gaps on the ecology of green turtles following recruitment
to neritic habitats. Although our results are based on size alone and
not confirmed through laparoscopy, 52.5 cm is considerably smaller
than reported size-at-maturity in other sites for C. mydas (c. 80 cm;
Meylan et al., 2011; Pilcher, 2010a,b). This corroborates with Meylan
et al.'s (2011) suggestion that an immature-dominated, benthic devel-
opmental stage, indeed exists and can be identified through minimally
invasive techniques. Thus, it is likely that maturation itself happens
away from this developmental habitat, though mature individuals
might return and forage if conditions are favourable (e.g. food availabil-
ity; Santos et al., 2015). The existence of such a stage, requiring specific
developmental habitats, is considerable for the conservation of green
turtles as each key developmental habitat might be of unique impor-
tance for the species. In Tan-awan, the influx of tourists using the area
for whale shark watching activities might have consequences for this
developmental habitat through anthropogenic pressure (Araujo et al.,
2014).

Lagged identification rate has been successfully used across different
taxa (Araujo et al., 2014; Deakos et al., 2011; Wimmer and Whitehead,
2004). Population estimates suggest that there are c. 12 turtles at the
study site at any one time. More interestingly, these turtles reside with-
in the area for c. 873 days, and leave it for 324 days. The LIR remained
steady over time, suggesting that these turtles are using the site for
prolonged periods of time. Although these same methods have not
been used on C. mydas before, extended residency by the species is
well documented (see Meylan et al., 2011: Table 10). For example,
Hart and Fujisaki (2010) used satellite telemetry to explore the move-
ments of six tagged juvenile turtles and all showed strong site fidelity.
The authors attributed the site fidelity to the occurrence of algal pas-
tures along the shallow-water margins. In the present study, the
prolonged residency explored through LIR is attributed to the extensive
sea grass beds where the turtles were regularly observed foraging. This
evidence points to the use of these neritic habitats by immature C.
mydas for a prolonged period of time, before moving to adult-dominat-
ed foraging habitats (Carr et al., 1978). Understanding the residency
patterns of C.mydas at specific sites urges the identification of such loca-
tions for their protection. These are clearly important for the develop-
ment of green turtles, and should therefore be a component of the
conservation strategy for the species. The minimally invasive tech-
niques employed in the present study can be used to address such con-
cerns, and also applied to other sea turtle species.

The results reported here confirm the use of paired laser photogram-
metry for accurately measuring free-swimming sea turtles for the first
time. This minimally invasive technique can be used for determining
the life-history stage of individual turtles at an aggregation. Paired
with photo-ID, these minimally invasive and cost-effective techniques
can be used to determine life-history parameters of sea turtles. Photo-
ID work should continue at sites to monitor turtle site fidelity, and,
coupledwith photogrammetry, aim to establish growth rates of individ-
ual turtles. This should also be complemented by developing photo-ID
programmes in different sites across the Philippines to understand the
movement of individuals, particularly to identify which sites are impor-
tant at which developmental stage. Frequent proximity to green turtles
to obtain photo-ID data and photogrammetry measurements could
have long-term impacts on individual turtles, and should therefore be
addressed by establishing a code of conduct for C. mydas in the water.
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