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ABSTRACT
1.	 Abundance estimates are difficult to obtain for many animal groups, yet essential for endangered species management and 

conservation. For sea turtles, estimates are made from ground counts of nesting females, tracks, and nests, but these are chal-
lenging at remote locations. Here we explore the applicability of using camera traps to monitor and estimate sea turtle nesting 
tracks at a green turtle (Chelonia mydas) rookery in the Western Indian Ocean.

2.	 Camera traps (n = 13) were deployed to photograph turtle tracks daily along a 2.8 km beach in Diego Garcia, Chagos 
Archipelago in 2021 and 2022. Foot patrol surveys were conducted in April and May 2021 and August 2022 (14, 13 and 
20 days, respectively). Track counts were compared from both methods to validate the use of cameras.

3.	 From foot patrol surveys, we observed an increase in track counts around neap tides (mean ± SD: 5.0 ± 4.0 tracks per day; 
n = 131 tracks) compared to spring tides (2.4 ± 1.8 tracks per day; n = 51 tracks). Mean track longevity was similar during neap 
(2.9 ± 2.0 days; n = 39 tracks) and spring tides (2.7 ± 2.6 days; n = 20 tracks). Mean daily track counts were comparable during 
neap tides (camera traps: 7.3 ± 12.9 tracks cf. patrols: 5.0 ± 4.0 tracks) and across the tidal cycle (camera traps: 5.5 ± 13.1 tracks 
cf. patrols: 3.9 ± 3.4 tracks). Using simulated data, we found track count variability decreased in a power-law relationship 
with increasing coverage by cameras. The disparity in track counts between methods would likely decrease if beach coverage 
increased from 5% to 20%.

4.	 Camera traps provide a complementary tool to fill data gaps at remote sites that would otherwise have little to no assessments. 
Furthermore, the increased temporal coverage from cameras can help identify changes in nesting phenology and trends in 
nesting numbers.

1   |   Introduction

Population abundance estimates are essential to make informed 
and effective management decisions (Nichols 2014), yet accurate 
estimates are difficult to obtain for many animal groups that are 
elusive or rare (McDonald 2004). Many studies rely on capture-
mark-recapture (Labonne and Gaudin  2005), ground surveys 
(Udevitz et  al.  2005), or aerial counts (McCarthy et  al.  2022), 

which can be labour-intensive, expensive, or logistically chal-
lenging. Additionally, capturing animals can influence sam-
pling and potentially bias results (Fieberg et  al.  2015). Hence, 
non-invasive techniques that simultaneously reduce effort and 
cost are of interest (Pauli et al. 2010). Populations are often as-
sessed using a single method, but the benefit of combining tech-
niques to complement and enhance data quality is increasingly 
acknowledged in conservation (Zwerts et  al.  2021) to create a 
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broader perspective and increase spatial and temporal coverage 
(Rahman and Rahman 2021).

Marine megafauna populations are often particularly difficult 
to assess given that most of their time is spent offshore (Hays 
et al. 2016). However, abundance estimates are possible for some 
species when individuals come ashore to breed or rest (e.g., seals; 
Southwell et  al.  2008 and turtles; Lasala et  al.  2023). For sea 
turtles, ideally nesting beaches would be surveyed frequently 
and systematically to intercept all nesting females, but this is 
not possible at many sites with limited resources or remote loca-
tions, and so in these cases, estimates are made from infrequent 
track and nest counts (Whiting et al. 2013).

Camera traps are used to answer a wide range of ecological ques-
tions (Hamel et al. 2012). Cameras can remain in the field for 
months, reducing resources and disturbance (McCallum 2013), 
and operate day and night in harsh conditions (Rowcliffe 
et al. 2014). While initially expensive, camera traps are econom-
ical long-term as they can be used for multiple seasons and spe-
cies (Welbourne et al. 2020). Camera trap research often focuses 
on elusive terrestrial mammals using the trigger function to 
capture animals passing by (Fisher et al. 2011; Lyet et al. 2023), 
sometimes identifying individuals, such as tigers, by their 
unique stripe pattern (Royle et al. 2009).

Several studies have validated the use of remote techniques for 
sea turtle research, for example, stereo-video cameras to remotely 
measure body size (Piacenza et al. 2022) and satellite imagery to 
assess nesting activity (Casale and Ceriani  2019). Camera traps 
have been used specifically to address a key threat to sea turtles: 
predation (Fuentes et  al.  2023). Recent studies have identified 
predators of nesting turtles, for example, Jaguar (Panthera onca) in 
Costa Rica (Fonseca et al. 2020), invasive rat (Rattus rattus) preda-
tion of turtle hatchlings in French Polynesia (Gronwald et al. 2019) 
and nest predation by yellow spotted goannas (Varanus panoptes) 
and red foxes (Vulpes vulpes) in Australia (Lei and Booth 2017). 
Predator behaviour patterns (Guilder et al. 2015) and strategies for 

nest protection (Lovemore et al. 2020) have also been investigated 
using camera traps. There are no published studies on the use of 
camera traps for estimates of nesting turtle numbers.

Given the increase in camera trap use and the need to assess sea 
turtle populations at remote (e.g., Chandeleur Islands; Lamont 
et al. 2023) or dangerous locations (e.g., presence of large pred-
ators; Whiting and Whiting 2011) with increased temporal cov-
erage, we investigate how camera traps can be used to estimate 
numbers of nesting turtles at a key green turtle (Chelonia mydas) 
nesting site within a Marine Protected Area in the Western 
Indian Ocean. Additionally, we use simulated data to determine 
suitable camera trap coverage, which could be applied to nesting 
sites with different beach lengths and track density. Further, we 
show how camera traps can be used to assess inter-annual vari-
ation, including temporal shifts in nesting seasons as a potential 
result of climate change.

2   |   Materials and Methods

2.1   |   Study Area

Diego Garcia (7.42° S, 72.45° E) is the largest and only inhabited 
island in the Chagos Archipelago and has 72.1 km of coastline, of 
which 40.5 km (56%) is categorised as suitable nesting habitat. Our 
study was undertaken along a 2.8 km stretch of beach (Index Beach) 
identified as one of the highest nesting density areas (Figure 1a). 
In the Chagos Archipelago, green turtles nest year-round, mostly 
between June and October, with a peak in August, whilst hawks-
bills (Eretmochelys imbricata) mainly nest between October and 
February, with a peak in December (Mortimer et al. 2020).

2.2   |   Foot Patrol Surveys and Track Counts

Turtle tracks, defined as the imprint a turtle leaves in the sand, 
were counted during foot patrol surveys. The surveys were 

FIGURE 1    |    (a) Diego Garcia and inset map showing the location of the Chagos Archipelago (black rectangle). The study took place on the Index 
Beach (between red lines) on the southeast of Diego Garcia (source: GEBCO, 2021). (b) Camera trap locations from camera trap (CT) 1 to 13 are indi-
cated by white circles. Numbers represent the total track count from each camera trap between April and September 2021 and 2022 (Basemap Google 
satellite imagery sourced through QGIS3). (c) Camera trap image of a green turtle (Chelonia mydas) track.
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conducted during the months of April and May 2021 and August 
2022 (14, 13 and 20 survey days within each month, respec-
tively). For every survey, all tracks were counted, and a line was 
drawn through the track to avoid double counting. Mean track 
width was recorded from three measurements using a flexible 
tape measure and used along with track characteristics to iden-
tify species. Green turtles leave a symmetrical track (usually > 
100 cm wide) in the sand, while hawksbills leave an asymmet-
rical track (typically < 95 cm; see Pritchard and Mortimer 1999 
and Mortimer et al. 2020). Mean track count per day was calcu-
lated using the number of fresh tracks recorded on survey days 
(n = 47 days).

2.3   |   Tidal Influence on Track Count

To understand the influence of tides on track counts, we as-
sessed the number of track counts from foot patrol surveys 
along the tidal cycle as the number of days after spring tide, 
spring tide being the highest tide with the greatest tidal range 
on or after the most recent full or new moon. Days of the tidal 
cycle were split into days around spring tide (Days 0–3; 12–14) 
and neap tide (Days 4–11). We used one full tidal cycle in the 
middle of each month. On the days where there was no sur-
vey the day before a survey day, any tracks visibly > 24 h old 
were recorded on the ‘no survey day’ and any tracks < 24 h 
were recorded on the survey day. If there were 2 days between 
surveys, then tracks > 24 h were split evenly across the 2 days 
or if there was an odd number then more tracks were added 
to the day before the survey (e.g., if there were three visibly 
old tracks and 2 days since the last survey, two tracks were 
assigned to the previous day and one to the day before that). In 
the instance of 3 days between survey days over neap tides, the 
same principle was used, for example, if there were four tracks 
to cover 3 days of no surveys then two tracks were assigned to 
the day before the survey and one track to 2 days before the 
survey and one track to 3 days before the survey. Mean track 
count was calculated across 2 days of the tidal cycle (i.e., mean 
of Day 0 and Day 1, Day 2 and Day 3; Figure 2).

2.4   |   Camera Trap Survey Design and Settings

Camera traps (Apeman H70; n = 13) were attached to tree trunks 
or large branches (e.g., Tournefortia argentea; Appendix  S1: 
Figure A1a) lining the nesting beach. Cameras were positioned 
to be equally spaced along the survey area as far as possible and 
to capture the length of the beach. Camera placement was af-
fected by (a) vegetation available for attachment and avoidance 
of (b) vegetation obstructing the camera's field of view and (c) 
overlap of images (Appendix S1: Figure A1b). There was equal 
potential for cameras to be placed in areas of higher or lower 
nesting activity. The distance observed from each camera trap 
was measured by creating ‘turtle tracks’ in the sand every 5 m 
until the tracks were no longer visible (range from a single cam-
era trap = 5–30 m; Appendix S1: Table A1). The number of ‘turtle 
tracks’ visible from each camera was counted both in person and 
from images (Appendix S1: Figure A1b). Estimated distances of 
beach coverage differed from each camera (e.g., due to variabil-
ity in vegetation obstruction along the beach) and from the same 
camera over time (e.g., due to the camera falling slightly and 

altering the angle and view from the camera; Table A1; for more 
detail see Appendix S1).

Trigger settings were disabled, and camera traps were set to take 
daily images on time-lapse with 30 min intervals between 0700 
and 0800 h. In 2022, ten of the cameras were set to take images 
every 30 s from 0700 to 0830 h starting July 13.

2.5   |   Camera Trap Image Processing 
and Track Count

Images were processed using a 4 k monitor and data recorded 
from image analysis (e.g., Figure  1c) included camera trap 
ID, date, track count, track longevity and estimated distance 
observed from the camera trap. An emergence was recorded 
if there was a single track or an up- and down-track on the 
beach. Reasons for a single track in the camera trap image 
could be because (a) the turtle had not returned to the sea be-
fore the photographs were taken or (b) the down track was out 
of the camera trap field of view (e.g., behind the camera trap). 
We assumed all tracks observed in camera trap images were 
from green turtles as surveys took place outside of the peak 
hawksbill nesting season, and although possible, very few 
hawksbills nest in the Chagos Archipelago during this time 
of the year (see Mortimer et  al.  2020). Additionally, tracks 
were allocated to species and confirmed during foot patrol 
surveys that were conducted simultaneously with camera trap 
surveys.

For each day during camera trap surveys in April and May 2021 
and August 2022 (n = 91 days), raw camera trap track counts 
were extrapolated to the whole beach, assuming that the density 
of tracks on the camera-monitored sections reflected the density 
across the entire beach using the following formula:

(������������������∕��������������� �� �����������) × ��
 ���������������������

FIGURE 2    |    Track counts were higher during days around neap tide 
(Days 4–11) compared to days around spring tide (Days 0–3 and 12–14) 
shown from foot patrol surveys in April and May 2021, August 2022. 
Spring tide (Day 0) is the highest tide with the greatest tidal range on or 
after the most recent full or new moon. Across some tidal cycles, track 
counts show a bimodal distribution with a peak in counts either side of 
the neap tide (~Day 7).
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To calculate track longevity (the number of days a turtle track 
persists on the beach), we used camera trap images from April 
to September 2021 and July to August 2022, which coincided 
with our frequent (April and May 2021 and August 2022) and 
infrequent foot patrol surveys on the Index Beach around the 
green turtle nesting season. Track longevity was recorded for 
each track unless the track was already present on the first 
day cameras started recording, or if the camera stopped work-
ing when a track was still present. Longevity was also not 
counted if the vegetation line where the track enters the vege-
tation was out of view from the camera trap, as the track could 
remain just in front of the vegetation line, but this would not 
be captured in the image. Mean track longevity was calculated 
across the full tidal cycle as well as separately for neap and 
spring tide.

During image processing, it was evident that the total observ-
able distance in images from some camera traps had changed 
over time. We therefore reanalysed and estimated new distances 
from each camera trap using images with marked distances 
(e.g., Appendix S1: Figure A1b).

2.6   |   Simulation to Assess Optimal Beach Coverage 
by Camera Traps

We assessed how the extent of beach coverage by camera traps 
might be expected to affect the confidence in the estimate 
of the mean number of tracks per day. To do this, we ran a 
simulation parameterised by the length and typical number 
of tracks on our study beach. We assumed a beach length of 
2.8 km and that the mean number of tracks per day was six. 
Then, for each 1 m section of beach for each day, we randomly 
picked if that 1 m would include a track from a binomial dis-
tribution with the probabilities of no track (p) and a track (q), 
being p = 0.9978572 and q = 0.0021428. Then, we randomly 
selected a percentage of the beach surveyed by camera traps 
and assessed how many of the tracks would be captured by the 
cameras each day. We ran the model for 90 days and worked 
out the mean number of tracks counted by the cameras for 
each of those 90 days, and then extrapolated up to the mean 
number of tracks for the whole beach. For each value of beach 
coverage by the cameras, we ran 100 simulations of 90 days 
each and then, from those 100 simulations, worked out the 
standard deviation (SD) of the estimated track count for the 
entire beach. We varied the percentage of the beach covered 
by the cameras (n = 13) from 2% to 40%.

2.7   |   Data Analyses

The relationship between camera trap beach coverage and track 
count variability was explored using linear modelling on log-
transformed data (Appendix S2: Figure A2). Model coefficients 
were back-transformed for plotting on linear scales. A t-test 
was used to test the significance between the model simulated 
mean track counts and the assumed mean number of six tracks 
per day. To compare camera trap track counts across the Index 
Beach, we ran a Kruskal-Wallis rank-sum test and a post hoc 
Dunn's test with Benjamini-Hochberg (FDR) correction for pair-
wise comparisons of track counts between cameras. All plots 

were created, and statistical analyses conducted in R (R Core 
Team 2024; version 4.4.2). Data are presented as mean ± SD.

3   |   Results

Across 91 camera trap survey days during April and May 2021 
and August 2022 (when camera trap and foot patrol surveys were 
running parallel), the mean number of cameras working was 
11.0 per day (±2.8, range: 2–13 per day) resulting in a mean of 
5.0% (±1.3, range: 0.2%–5.9%) or 124.9 m (±35.5, range: 5–165 m) 
of the Index Beach surveyed by camera traps each day. The mean 
number of cameras not working was 2.0 per day (±2.8, range: 
0–11 per day) due to fog on the camera lens (0.3 ± 0.6, range: 0–2 
per day), the camera falling and pointing downwards (0.6 ± 0.8, 
range: 0–2 per day), or because the camera had stopped working 
most often due to reaching memory card storage capacity when 
cameras were set to take images every 30 s (1.1 ± 2.9, range: 0–11 
per day).

3.1   |   Tidal Influence on Nesting Emergences

From foot patrol surveys, we observed a bimodal distribution 
of tracks with peaks either side of neap tide across some tidal 
cycles (May 2021 and August 2022, Figure 2). Mean track count 
was 5.0 per day (±4.0; n = 131 tracks) over neap tides, which was 
higher than 2.4 per day (±1.8; n = 51 tracks) during spring tides 
(Figure 2).

3.2   |   Tidal Influence on Track Longevity

Mean track longevity was similar during neap tides 
(2.9 ± 2.0 days, range: 0–8 days, n = 39 tracks), spring tides 
(2.7 ± 2.6 days, range: 0–9 days; n = 20 tracks), and across the full 
tidal cycle (2.8 ± 2.2 days, range: 0–9 days, n = 59 tracks).

3.3   |   Track Distribution

Tracks were not distributed evenly across the Index Beach; 
we found a significant difference in track counts from the 13 
cameras positioned along the length of the beach (X2

(12) = 34.61; 
p < 0.001). Cameras 4, 5 and 6 recorded the highest overall track 
counts (Figure 1b), with camera trap 5 (n = 17 tracks) having a 
significantly higher track count than five other cameras spread 
along the beach (cameras 3, 7, 8, 9 and 13, range: 2–3 tracks, 
p < 0.05).

3.4   |   Foot Patrol and Camera Trap Track Count 
Comparison

We compared track counts from foot patrols and camera traps 
conducted only during neap tides, to align with standard foot 
patrols most often completed at this site, and across the full 
tidal cycle. Across the whole tidal cycle, from fresh tracks re-
corded during foot patrol survey days (n = 47 days) we recorded 
182 tracks, of which 33 tracks were recorded in April 2021, 30 
tracks in May 2021 and 119 tracks in August 2022. Across the 
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47 days (full tidal cycle) the mean number of tracks was 3.9 per 
day (±3.4, range: 0–15 per day, n = 182 tracks), whereas during 
neap tides (26 days) the mean number of tracks was 5.0 per day 
(±4.0, range: 0–15 per day, n = 131 tracks). All tracks were from 
green turtles.

From camera traps, a total of 21 tracks were observed between 
April and May 2021 and August 2022. For each day (n = 91 days) 
across the full tidal cycle, raw camera trap track counts were 
extrapolated to the whole Index Beach, and the mean track 
count was 5.5 per day (±13.1, range: 0–80 per day; n = 499.9 
tracks). When solely looking at track counts during neap tides 
(n = 49 days) the mean track count was 7.3 per day (±12.9; range: 
0–50.9 per day, n = 356.0 tracks).

3.5   |   Camera Settings

From functioning cameras (excluding cameras that had stopped 
working or had fallen) across 91 days, we obtained 1029 photos 
with a clear image on 1002 occasions (97%). Cameras operated 
for a maximum of 12 months when set to capture images every 
30 min between 0700 and 0800 h each day. When the camera trap 
time-lapse interval was set to 30 s between 0700 and 0830 h in 
July and August 2022, cameras stopped working due to reaching 
memory card storage capacity after 36 to 40 days (37.6 ± 1.4 days; 
n = 9 cameras, battery level still high), with each camera captur-
ing 180 images per day, totaling a minimum of 6480 images over 
36 days before reaching storage capacity. Given these findings, 
theoretically an image could be captured every 2 h for 12 months 
in future studies.

3.6   |   Simulation to Assess Optimal Beach Coverage 
by Camera Traps

We explored the effect of increasing the number of camera traps 
and found a significant decrease in track count variability (SD, 
tracks per day) as the extent of beach coverage by cameras in-
creased. This decrease was best described by a power-law model 
(Figure 3a); log transformed variables showed a strong straight-
line relationship (R2 = 0.99; F1,4 = 1443; p < 0.0001; Appendix S2: 
Figure  A2). For example, if camera traps covered 10% of the 
beach, while the mean number of tracks for the 90-day simu-
lations (6.08) was not significantly different from 6 (t99 = 0.95; 
p = 0.34), the SD was 0.8618, that is, 95% of the estimated mean 
daily number of tracks were between 4.393 and 7.771 tracks per 
day (Figure 3b). Optimal beach coverage would be around 20% 
(Figure 3a) and so the coverage (5%) at our study site was low. 
The maximum distance observed from a single camera at our 
study site was 30 m. If we were to place cameras along the beach 
with minimal obstructions so each camera could capture 30 m, 
then we could assume that 18.6, rounded to 20 camera traps 
would cover 20% (in this case 560 m) of the 2800 m Index Beach.

4   |   Discussion

By applying the novel approach of camera traps alongside foot 
patrol surveys on sea turtle nesting beaches, we demonstrate 
how camera traps can be used to count tracks and determine 

track longevity. This finding is noteworthy given that many 
sea turtle nesting datasets are temporally fragmented (Omeyer 
et al. 2022) due to varying efforts within and across years and 
locations, particularly at remote or extensive sites (Shimada 
et  al.  2021). Camera trap surveys can fill this temporal gap 
through the collection of data in the field long-term. Moreover, 
as nesting numbers (Broderick et al. 2003; Hays et al. 2024) and 
beach length vary (Kikukawa et al. 2001), we explain how cam-
era traps could be applied to other sea turtle nesting sites around 
the world.

We found that track counts from foot patrol surveys and cam-
era trap surveys were comparable, validating the use of camera 
traps. Digitised surveys are increasingly trialled at sea tur-
tle nesting sites (e.g., aerial photogrammetry surveys; Tucker 
et al. 2021). Like our findings, in the Pilbara region of Western 
Australia, a significant positive relationship was found between 
track counts from photographs taken from an aeroplane and 

FIGURE 3    |    Camera trap beach coverage influences the reliabili-
ty of track counts. (a) The standard deviation for the estimated mean 
number of tracks per day over a 90-day simulation with different ex-
tents of beach coverage by cameras. Track count variability decreased 
in a power-law relationship as beach coverage increased (SD = 2.477475/
Coverage0.47902; black line). (b) An example frequency distribution for 
the mean track count per day over a 90-day simulation, repeated 100 
times. In this case 10% of the beach was covered by cameras, and the 
mean ± SD track count was 6 ± 0.86.
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ground-based surveys, suggesting aerial photogrammetry as 
an effective method to collect nesting turtle distribution and 
abundance data (Fossette et al. 2021). Though our findings from 
camera traps and foot patrol surveys were comparable, camera 
trap counts were higher, likely due to unintentional camera 
placement at potential “hotspots” or underestimating the dis-
tance covered by camera traps. Total distance observed from 
cameras varied for each camera and the same camera over time, 
an important factor to consider, as the accuracy of the estimated 
distance of the beach covered by cameras can greatly impact 
the track count estimate. The disparity between track counts 
from foot patrols and cameras was likely due to low coverage 
of the Index Beach (5%) and would be less if 20% coverage was 
attained at this study site. Track counts between the two meth-
ods were within the same order of magnitude, making camera 
trap counts a reliable proxy for assessing population trends. In 
a similar manner, several well-designed studies have assessed 
trends in sea turtle populations from foot patrol time series 
data (Weber et al. 2014; Medeiros et al. 2022). Sea turtles do not 
generally breed every year and are likely to skip years of unfa-
vourable environmental conditions when food availability is low 
(Broderick et  al.  2003) and so there is often substantial inter-
annual variability in sea turtle nesting numbers, as much as 
60-fold between successive years (Hays et al. 2022), that influ-
ences trend assessments. Given the naturally high inter-annual 
variability in nesting numbers, the difference between camera 
trap and foot patrol track counts is negligible. For populations 
where inter-annual variability greatly influences the ability to 
detect trends, data across two or three consecutive years can be 
averaged (Mazaris et al. 2017) and so the same could be applied 
for data obtained from camera traps.

Three key factors considered for optimal experimental design 
were (i) the number of camera traps; (ii) the duration of monitor-
ing; and (iii) timing of surveys (Kays et al. 2020). Firstly, to as-
sess the number of camera traps needed for optimal coverage, we 
investigated track count variability in relation to sampling effort 
using simulated data and found that by increasing the number 
of camera traps along the nesting beach, track count variability 
decreased in a power-law relationship with beach coverage. This 
means there are large gains initially while increasing % beach 
coverage, and this quickly changes to diminishing returns after 
a certain amount of beach coverage has been reached. Similarly, 
Luo et al. (2020) found variance in estimates decreased when in-
creasing the number of camera traps and monitoring duration. 
At our study site, mean beach coverage per day was 5% due to 
camera lens fogging, cameras falling or vegetation obstruction, 
and reaching memory card storage capacity. For future work, 
20% (in this case 560 m) beach coverage would be optimal for 
beaches with relatively low track density, and so if each camera 
was set to capture 30 m each of the beach, then we would rec-
ommend 20 camera traps. Our model can be extended to ensure 
coverage is optimal on beaches of differing lengths and nesting 
densities. Many sea turtle studies include power analyses to de-
termine the minimum temporal sampling effort needed to detect 
similar population trends when compared to continuous sam-
pling (Sims et al. 2008; Girondot 2017; Whiting et al. 2020, 2021). 
Whiting et al.  (2021) found that coverage of 5% provided rela-
tively accurate estimates of annual nesting activity, highlighting 
that annual studies, even with low coverage, are important to 
estimate sea turtle abundance. To detect terrestrial animals in 

an enclosed park with camera traps, the effort (i.e., number of 
camera traps and duration) needed to obtain a sufficient sam-
ple size varied by density and range (Rowcliffe et al. 2008). For 
long-term monitoring of sea turtle nesting beaches in Northwest 
Australia, aerial surveys are ideal for higher density nesting, 
whilst Traditional Ecological Knowledge is vital to understand 
sparse and infrequent nesting (Tucker et al. 2021). In our case, 
camera traps are likely best suited to beaches that support low to 
moderate nesting activity, as high-density nesting with overlap-
ping tracks could decrease the accuracy of track counts.

Secondly, it is noteworthy that camera traps can operate in 
the field for up to one year. With that in mind, in the Chagos 
Archipelago, 86% of hawksbill nesting activity occurs between 
October and February, and whilst green turtles nest year-round, 
64% of nesting occurs between June and October, and so cam-
eras can be set with no servicing to monitor the peak nesting 
season for both species (Mortimer et al. 2020). Nesting season 
duration can vary year on year (Mrosovsky et al. 1984), by spe-
cies (Mortimer et al. 2020) and location (Dewald and Pike 2013) 
and so camera trap design should be planned accordingly. To 
estimate annual nest abundance for track count foot patrol data, 
Whiting et al. (2013) created simulation models that showed a 
five-to-seven-fold greater monitoring effort was needed for lon-
ger nesting seasons, which is particularly challenging at remote 
beaches monitored by opportunistic foot patrol surveys (e.g., 
Cocos Keeling; Whiting et  al.  2014) or aerial surveys (Marsh 
and Saalfeld 1989). Although snapshot foot patrols provide de-
tailed nesting information and aerial surveys increase spatial 
coverage, there is minimal temporal coverage to detect changes 
within the nesting season, for example, shifts in nesting phenol-
ogy (Hawkes et al.  2007) or between seasons to explore inter-
annual variability (Omeyer et al. 2022). When only part of the 
nesting beach is surveyed by foot patrols, counts can be extrapo-
lated to the whole suitable nesting area (Mortimer et al. 2020). In 
the same way, greater temporal coverage is possible using cam-
era traps, and counts can be extrapolated from camera trapped 
areas to the whole nesting beach. Additionally, a combination 
of snapshot foot patrol surveys, aerial surveys (via Unmanned 
Aerial Vehicles (UAV), Rees et  al.  2018; aeroplanes, Lauriano 
et  al.  2011; or satellite imagery, Casale and Ceriani  2019) and 
camera traps could be used to acquire detailed nesting informa-
tion whilst increasing spatial and temporal coverage.

Thirdly, three images every 30 min taken early in the morning 
were sufficient to obtain one clear image to detect tracks on most 
occasions. For any remote image monitoring technique, steps 
can be taken to capture images with little interference, for exam-
ple, setting cameras to avoid glare (Madsen et al. 2020) from sun-
rise as in our study. As recommended for sea turtle population 
surveys (via ground and aerial surveys), camera traps were set 
to take images at the same time every day in the early morning 
when the sun angle is low (Schroeder and Murphy 1999). From 
the ten cameras set to take images every 30 s, we calculated the 
number of images and the number of days cameras could op-
erate before reaching storage capacity. Theoretically, cameras 
could capture an image every 2 h for one year before reaching 
storage capacity and depleting the battery. An image every 2 h 
would further increase the chances of obtaining a fog-free image 
across the day and could help us understand nesting patterns in 
relation to time of day and tides in more detail. Given hawksbill 
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turtles in the region typically nest in the day and green turtles 
nest at night (Diamond 1976; Evans et al. 2022), more frequent 
images could provide a separation between daytime and night-
time nesting when cameras are set during overlapping nesting 
periods (e.g., October to February; Mortimer et  al.  2020). We 
recommend assessing the battery life while trialling cameras to 
capture images every 2 h as the battery may drain quicker on 
these settings over a longer period.

From camera trap images, we found track counts to be variable 
along the nesting beach, which highlights the importance of the 
number of camera traps and placement for future work. Reef 
and beach geomorphology can influence where a turtle emerges 
from the sea (Cuevas et  al.  2021). For example, at Ascension 
Island, green turtle emergence locations are likely influenced 
by the offshore topography (Mortimer  1982). For sites where 
track distribution is known, the pattern of emergences should 
be highlighted and incorporated into the design of camera trap 
studies to avoid overestimations when cameras are set up solely 
in hotspots and vice versa. Inappropriate camera trap placement 
at Whipsnade Wild Animal Park in the UK led to underesti-
mating the number of mara (Dolichotis patagonum) (Rowcliffe 
et al. 2008). For sites where track distribution is unknown, cam-
era traps can be set up on beaches specifically to evaluate the 
distribution of emergences. Additionally, cameras can be used to 
monitor variations in hotspots as reef and beach geomorphology 
change over time.

In our study, we found that green turtle emergences followed 
the pattern of increasing around neap tides and decreasing 
around spring tides. Likewise, Witt et  al.  (2009) found an in-
crease in nesting effort by leatherbacks during days around 
neap tides in Gabon, yet peak nesting occurs around spring 
tides in French Guiana (Girondot and Fretey 1996). Studies of 
olive ridley (Lepidochelys olivacea) solitary and arribada nesting 
events in Costa Rica reported more females emerge during the 
weaker neap tide phase than any other moon phase (Dornfield 
et  al.  2015; Bézy et  al.  2020). Regional differences may be at-
tributed to site characteristics (e.g., topography of the beach or 
tidal patterns such as diurnal or semidiurnal tides). We high-
light the importance of understanding emergence patterns to ef-
fectively apply correction factors when designing a camera trap 
study to estimate nesting females from limited track counts.

For sea turtle census studies, an understanding of track lon-
gevity at a study site is important to obtain accurate nesting fe-
male numbers and to factor in the number of potentially missed 
tracks. From camera trap images, we found tracks persisted over 
the same number of days during spring and neap tides. Mean 
track longevity from camera traps of 3 days, ranging from 0 to 
9 days, was similar but lower than estimates of 4 days, ranging 
from 1 to 9 days, from foot patrol surveys during another season 
at our site (Mortimer et al. 2020). Tracks can still be observed 
into the vegetation on foot patrols, which is out of sight from 
camera traps, and so we would expect higher track longevity re-
corded from foot patrols at our study site. Another reason for 
this slight difference could be seasonality, as estimates from 
foot patrols were conducted between November and December 
(Mortimer et  al.  2020), and from camera traps between April 
and September. In the archipelago, moderate winds blow gen-
erally from the northwest between October and April, and 

the strong southeast trade winds blow for the rest of the year 
(Sheppard et al. 1999) and so we might expect tracks to persist 
from October to April and disappear quicker between May and 
September, especially given the Index Beach is located on the 
southeast coast. Similarly, in Aldabra, Seychelles, green turtle 
track longevity ranged from 10 days between June and October 
to 14 days across other months (Gibson 1979). The comparison, 
along with the discrepancies known between the two methods, 
validates the use of camera traps to estimate track longevity ef-
fectively. The advantage of using camera traps is the ability to 
assess track longevity across the whole nesting season, covering 
multiple tidal cycles and weather conditions. Future camera trap 
studies should aim to estimate track longevity across the two 
monsoon seasons and by species to confirm these findings.

Our study was conducted over the peak green turtle nesting 
season, outside of the peak hawksbill nesting season (Mortimer 
et al. 2020) and so we were confident (supported by foot patrol 
observations) that all tracks recorded by camera traps were from 
green turtles. For nesting beaches with multiple species, identi-
fying species from tracks in images (e.g., remote sensing imag-
ery and UAV images, Potter et al. 2018; Wang et al. 2019) adds 
an element of complexity. Active deep learning systems have 
been incorporated into camera trap image analysis for terres-
trial animal studies, which decrease the time for observers to 
manually identify animals (Norouzzadeh et al. 2020). Yet, these 
systems differentiate between animals that are distinct from 
one another. Green and hawksbill turtle tracks can be distin-
guished by crawl characteristics and track width on foot patrols, 
as green turtle tracks are wider (> 100 cm wide) than hawksbills 
(Mortimer et al. 2020). However, given the angle of the camera 
traps, it is difficult to obtain positive identification. Stokes et al. 
(2023) compared species length to width ratios from physical 
turtle captures and UAV surveys, and the results were similar 
across the two methods. In a similar approach, nesting season-
ality data and foot patrol counts could be used to assign species 
ratios to tracks in images.

In conclusion, our findings add to the number of studies using 
camera traps to monitor and estimate animal abundance (e.g., 
jaguars Panthera onca, Silver et  al.  2004; ungulates, Taylor 
et al. 2021; red squirrels Sciurus vulgaris; Shannon et al. 2023). 
Our results support the use of camera traps to estimate the num-
ber of sea turtles nesting at a site where nesting success and 
clutch frequency are known and contribute to the application 
of camera traps for sea turtle research. As such, camera traps 
should be considered for monitoring sea turtle nesting sites 
where possible when surveys are temporally fragmented, such 
as remote and inaccessible locations. We encourage the use of 
camera traps for track counts at beaches of different lengths and 
nesting densities to further understand the applicability of cam-
era trap surveys for sea turtle nesting beaches around the world.
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