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INTRODUCTION

Global increases in artificial lighting threaten
effective conservation of marine turtles (Withering-
ton & Martin 2000, Pendoley 2005, Salmon 2006,
Hamann et al. 2010, Kamrowski et al. 2014a). Follow-
ing emergence from the nest, hatchling sea-finding is
generally agreed to be the result of a directional pref-
erence for horizon lines that are low and bright
(Daniel & Smith 1947, Mrosovsky & Carr 1967, Mro -
sovsky & Shettleworth 1968, Mrosovsky 1972, Lim-
pus & Kamrowski 2013), and an aversion to darker,
elevated horizon lines, or silhouettes (Limpus 1971,

van Rhijn 1979, van Rhijn & van Gorkum 1983, With-
erington & Bjorndal 1991a, Salmon et al. 1992, With-
erington 1992). Thus, an artificially lit landward hori-
zon at the nesting beach can disrupt sea-finding
(Witherington & Martin 2000, Salmon 2003), result-
ing in increased hatchling mortality (Lutcavage et al.
1997).

Both wavelength and intensity of lighting influence
hatchling sea-finding (Witherington & Bjorndal 1991b):
hatchlings show a marked behavioural re sponse to
shorter wavelengths of light even when the longer-
wavelength light is emitted at heightened intensities
(Mrosovsky & Shettleworth 1968, Witherington &
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Bjorndal 1991b, Witherington 1992). Based on such
findings, efforts to mitigate lighting impacts at nest-
ing beaches have generally focused on modifying or
shielding light sources to make them less attractive to
turtles (e.g. Bertolotti & Salmon 2005, Sella et al.
2006).

Yet, intra- and inter-species differences in turtle
response to different wavelengths of light exist. For
example, loggerheads in Florida were shown to have
an aversion to longer-wavelength light in the yellow
part of the visible spectrum, which did not exist for
green turtles tested in the same experiment (Wither-
ington & Bjorndal 1991b). However, a recent study
using the same methodology demonstrated that Aus-
tralian loggerhead hatchlings do not show the same
aversion to yellow light (Fritsches 2012). These stud-
ies highlight the importance of population-specific
research (e.g. Kamrowski et al. 2014b) to ensure
lighting management is effective at different bea -
ches impacted by lighting issues. Such findings also
indicate that while modifying wavelength character-
istics of light sources may be one useful management
strategy to reduce impacts of light on marine turtles
(e.g. Witherington & Bjorndal 1991b), effective man-
agement of lighting is a complex task which will
likely require multiple management strategies to be
used in combination. Given that hatchlings use both
brightness and horizon line elevation cues in sea-
finding, in coastal areas where lighting cannot be
reduced, modifications to beach topography may be
a useful tool to aid management (Tuxbury & Salmon
2005, Limpus & Kamrowski 2013), particularly since
research suggests that when both cues are present,
elevation functions as the dominant sea-finding cue
(Salmon et al. 1992, Limpus & Kamrowski 2013).

In coastal regions of Australia, globally important
nesting aggregations of turtles (Limpus 2009) are
currently threatened by human population expan-
sion (Hennessy et al. 2007) and rapid industrialisa-
tion (Condie 2007, Greenpeace Australia 2012). The
flatback turtle Natator depressus (Garman), which is
endemic to the Australian continental shelf and is
thought to nest solely on Australian beaches (Limpus
et al. 1984, Parmenter & Limpus 1995), is one of the
least understood species of marine turtle (Sperling
2007, Limpus 2009). The flatback is the only turtle
species listed as ‘Data Deficient’ by the IUCN (IUCN
2014); few published data exist for flatback hatchling
response to wavelengths and intensities of light out-
side of laboratory conditions (Pendoley 2005, Frit -
sches 2012), or for their behavioural response during
exposure to artificial lighting at the nesting beach
(but see Limpus & Kamrowski 2013, Kamrowski et al.

2014b); and additionally, of 4 distinct population
management units of flatback turtles currently recog -
nised (Limpus 2009), published information focused
on Western Australian (WA) flatback turtles is scarce
(Pendoley et al. 2014). Yet, nesting beaches used by
flatback turtles in the North West Shelf of WA were
recently found to be some of the most light-exposed
nesting areas in Australia (Kamrowski et al. 2012,
2014a).

Furthermore, artificial lighting generated by indus-
trial activities is recognised to be a major pressure on
marine turtles in WA (Pendoley 2000, 2005, Environ-
ment Australia 2003, Department of Environment
and Conservation 2007), and recent and future de -
velopments located in close proximity to turtle nest-
ing beaches are expected to manage lighting to pre-
vent luminaires being directly visible from the beach
(i.e. by shielding lights, mounting lights low, etc.;
Environmental Protection Agency 2010). However,
industrial facilities often have numerous lights which
create a conspicuous light glow visible over large dis-
tances despite shielding of individual light sources
(authors’ pers. obs.). Although glow from indirect
sources of light have been shown to influence turtle
behaviour (Salmon et al. 1995, Salmon 2006), few
studies have assessed flatback hatchling response to
light glow at the nesting beach (but see Pendoley
2005, Kamrowski et al. 2014b).

Consequently, studies assessing impacts of coastal
and industrial light glow on flatback turtles are both
crucial and timely. We present data from 2007
which investigated the orientation of flatback hatch-
lings at the nesting beach when exposed to light
glow produced at 3 light intensities by 3 types of
standard artificial light typically used in industrial
settings (Pendoley 2005). The light sources were po -
sitioned either behind a high dune (producing a
high, dark silhouette) or to the side in a low creek
bed (producing a low silhouette and bright horizon
line). Our overarching aims were twofold: (1) to pro-
vide population- specific information regarding flat-
back response to artificial lighting, and (2) to deter-
mine the value of changes in horizon elevation as
a management strategy anywhere where artificial
lighting disrupts hatchling sea-finding.

MATERIALS AND METHODS

Study site

The Barrow, Lowendal, Montebello (B-L-M) Island
complex emerges from the North West Shelf of WA
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between 20° 21’ S and 20°57’ S, and 115° 35’ E and
115° 18’E (Fig. 1). Barrow Island is the largest of
315 islands in the group, roughly 28 600 hectares. It
is a Class A nature reserve with no permanent
 residences, managed by the Western Australian
Department of Parks and Wildlife. Bar-
row Island has been the site of an oper-
ating onshore oil field for the past 50 yr
and is currently also home to the Gor-
gon Project (liquified natural gas devel-
opment). The present study was carried
out 2 yr prior to commencement of con-
struction on the Gorgon liquefied natu-
ral gas (LNG) plant.

All trials were conducted in February
2007 on Yacht Club Beach (Fig. 1), 1 of
6 important flatback nesting beaches
on Barrow Island, chosen due to its re -
moteness from artificial light sources.
The beach flat was approximately 10 m
wide from the base of the dune to the
high-tide line, and the supra-tidal zone
was backed by vegetated dunes that
were 10.7 m tall, with the beach grass
Spinifex longifolius growing in a band
at their base. A circular pitfall arena,
3 m in diameter with a 30 cm deep col-
lection trench at the perimeter, was
constructed midway between the high-
tide line and the vegetated dunes
(Fig. 2). The arena was similar to that
used in previous studies (e.g. Wither-
ington & Bjorndal 1991a, Kamel &
Mrosovsky 2005, Pendoley 2005) and
based on the design first described by
Mrosovsky (1972). The same arena was
used for all trials, and was restored
by sweeping the sand smooth between
trials. The reference line at 0° was
along the most direct ray to the ocean.

Hatchlings

Flatback hatchlings were collected
from Yacht Club Beach or the adjacent
Terminal Beach (Fig. 1) on the same
evening each trial was run. Hatchlings
were only used if they had been col-
lected after emerging naturally from
the sand or if they were found with a
flat plastron and within 10 cm of the
sand surface. This ensured that poorly

developed, less fit turtles or those still in the process
of hatching were not used.

After collection, hatchlings were held in the dark in
a black plastic crate at the test site for 2−4 h until
needed. A minimum of 20 hatchlings were selected
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Fig. 1. Study location

Fig. 2. Experimental setup on Yacht Club Beach (not to scale). The same
arena was used in all trials, located 150 m from the light array. Expt 1: light
array positioned behind a 10.7 m dune; Expt 2: light array positioned in 

a nearby shallow creek bed
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for each experimental trial, and were released in a
group from a bag at the centre of the arena by a
string controlled from outside the arena. The point
where each hatchling track terminated at the collec-
tion trench was marked with a flag and the angle
between the 0° reference ray and that of the flag was
measured using a laser-level mounted on a rotating
base capable of discriminating 1° increments. Hatch-
lings were allowed 2 min following release to reach
the collection trench at the arena perimeter. Hatch-
lings that did not reach the arena perimeter in the
allotted time were excluded from the data analysis.
Hatchlings were only used once and then immedi-
ately released on a dark section of the test beach.

Artificial light

Trials occurred over 5 consecutive nights, from
February 17−21, during the new moon period. The
sky was dark and clear every night, with sparse
clouds present only on the night of February 20. The
artificial light sources were assembled on a metal
frame in an array consisting of 3 types of bulbs: high-
pressure sodium vapour (HPS), metal halide (MH),
and fluorescent white light (FW). Each light type has
a very different standard spectral power curve (see
Figs. S1−S3 in Supplement 1 at www.int-res.com/
articles/ suppl/m529p279_supp.pdf). Within the vi -
sible spectrum, MH light is enriched in short wave-
length light between 400−500 nm relative to FW and
HPS, but emits light in wavelength peaks between
400 and 600 nm. FW is dominated by a wavelength
peak between 550−650 nm, and spans 400−650 nm,
while HPS is characterised by a single peak spanning
560−600 nm, but in total spans 500−630 nm (Pendo-
ley 2005, Elvidge et al. 2010). Total output for the dif-
ferent light sources was restricted to combinations of
250 and 400 W bulbs for MH and HPS, and multiples
of 36 W bulbs for FW.

The light intensities we tested were 500 W (low
intensity), 1000 W (medium intensity), and 1300 W
(high intensity) for MH and HPS, while the closest
approximation to these intensities was 504, 1008, and
1296 W, respectively, for FW. These intensities closely
match lights (both types and wattages) which have
been observed at industrial installations in WA
located as close as 100 m to adjacent turtle nesting
beaches (Pendoley 2005).

In Expt 1, the light array was positioned approxi-
mately 150 m from the arena, 180° from the most
direct route to the ocean, behind a 10.7 m tall vege-
tated sand dune (Fig. 2) such that the glow was visi-

ble above the dune at an elevation of 16° from the
arena on the beach flat. In the second experiment,
the same light array was set up approximately 150 m
from the arena in a shallow creek bed at 95° from the
most direct route to the ocean. A band of low vege-
tated sand mounds along the creek edge was be -
tween the arena and the light source such that the
glow from the light array was visible at 2° elevation
from the arena on the beach flat (Fig. 2). The angle of
elevation was manually calculated using the distance
from the arena centre to the highest point immedi-
ately in front of the light array, and the height of the
beach in front of the light array. These elevations
were confirmed the following year using a laser incli-
nometer (Leica Geosystems). The light array itself
(i.e. the frame/bulbs) was not visible in either exper-
iment from the arena site, as viewed by researchers
lying prone at beach level; only the glow was visible.
The light array was powered by a 5 kVa ‘silent’
 running diesel generator placed a further 25 m from
the arena. Control trials without artificial light were
also run.

Data analysis

Data were analysed manually and using the statis-
tical software program Oriana 3 for Windows. The
orientation recorded for each hatchling track was
used to determine the direction of the mean vector
(μ), its 95% CI, the length of the mean vector (r),
and the circular standard deviation (circular SD) for
each treatment group. The value of r indicates the
strength of the orientation; r = 0 if the individual track
vectors are spread evenly around the circle, and r = 1
if all individual track vectors are oriented in the same
direction. For both control and experimental trials,
Rayleigh tests were used to calculate a probability
that the data were randomly distributed. That hypo -
thesis was rejected when p < 0.05. For the treatment
trials, hatchlings were considered either ‘sea-finding’
or ‘misoriented’. We considered hatchlings to be ‘sea-
finding’ if they were significantly oriented and the
95% CI of the mean bearing fell within 1 circular SD
of the control mean. We considered hatchlings to be
‘misoriented’ if they had a significant orientation but
the 95% CI of the mean bearing did not fall within 1
circular SD value of the control mean. Comparisons
were also made between hatchling orientation in the
2 experiments (1: ‘lights behind dune’ versus 2:
‘lights in creek bed’) under the 3 different light inten-
sities, for each light type, using Watson’s U2 tests
(Mardia & Jupp 2000).

http://www.int-res.com/articles/suppl/m529p279_supp.pdf
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Data for each of the 2 experiments were also ana-
lysed using a variant of the Rayleigh test (Mardia &
Jupp 2000), following methods described in Limpus
& Kamrowski (2013). In each experiment, data were
pooled across light type and intensity, and Eqs. (1)
and (2) used to determine if hatchling travel direction
was uniformly distributed or whether hatchlings
travelled in a preferred, specific direction (i.e.
towards the ocean, m1, or towards the
light array, m2). If model m is true,
then C2

(m)
should be near 1; if it is false,

then C2
(m)

should be closer to 0. How-
ever, if C2

(m)
is closer to −1, it suggests

the model is ‘anti-true’, i.e. in the
opposite direction. The results of this
analysis are reported in the format
(T (C2 , n)). T indicates the test statistic
used to determine if model m is
 significantly different to a uniform
 distribution.

(1)

(2)

where: n = sample size; θj = the mean
hatchling bearing for jth experimental
trial, j = 1,…, n; m = model describing
the expected θj if hatchlings orient
towards a particular cue (m1 = direct
route to ocean, m2 = direct route to
light array); φj

(m) = the hypo thesised
average angle for the j th group under
the mth model; and critical values of
N(0,1) were ob tained from Mardia &
Jupp (2000).

RESULTS

In total, 595 flatback hatchlings
were used. Fourteen hatchlings failed
to leave the arena within 2 min and
were thus removed from further ana -
lysis. Control trials without artificial
lights were run on 3 days (n = 23, 30,
and 18 hatchlings per trial), and
hatchlings were found to be signifi-
cantly oriented (Rayleigh test: Z =
65.5, p < 0.001). The mean orientation
vector (μ) was 358.1° ± 16.3 (circular
SD), and the r-vector was 0.96 (Figs. 3
& 4). Thus, for the experimental trials,

a ‘sea-finding’ outcome was considered to have
occurred when r was close to 1, and 95% CI of μ
overlapped the range of the circular SD for the con-
trol, i.e. between 341.8° and 14.4°. A ‘misorientation’
outcome was considered to have occurred when r
was close to 1 and hatchlings were significantly ori-
ented, but 95% CI of μ were outside the range of
341.8° and 14.4° (Figs. 3 & 4)
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Fig. 3. Expt 1. Flatback hatchling orientation in response to different light types
(HPS: high-pressure sodium vapour; FW: fluorescent white; MH: metal halide)
and intensities (low, medium, high) when the light array was positioned 150 m
distant behind a 10.7 m high dune (direction denoted by ), producing a sil-
houette of 16° elevation. Each grey dot represents 1 hatchling exit point; the
straight black line and μ denote mean hatchling bearing. Curved black line
shows 95% CI for the mean. Black triangles outside each circle represent the
mean (centre) hatchling bearing and 1 circular SD (left and right) obtained 

during control trials. r: length of the mean vector
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When the artificial light array was illuminated and
situated behind the dune, producing light glow above
the dune silhouette at 16° elevation, hatchlings were
significantly oriented (Rayleigh test: p < 0.001) and
tracks consistently ended in a ‘sea- finding’ outcome,
regardless of the presence of light type and/or light
intensity (Fig. 3; Table S1 in Supplement 2 at www.
int-res.com/ articles/suppl/ m529 p279_ supp.pdf).

When the light array was in the creek bed (behind a
2° horizon), hatchlings continued to show significant
orientation (Rayleigh test: p < 0.001). However, their
mean dispersion angles in all experiments were dis-
placed to the left of the most direct route to the ocean.
Hatchlings were ‘misoriented’ at the medium and
high intensities of all light types, and at the low inten-
sity of the MH light. In contrast, the leftward

deviation of the distribution in re-
sponse to low- intensity HPS and FW
light fell within the 95% CI of the con-
trol trials i.e. a ‘sea- finding’ response
(Fig. 4; Table S2 in Supplement 2 at
www.int-res.com/ articles/ suppl/ m529
p279_supp. pdf).

Similarly, statistical comparisons be -
tween trials in Expts 1 and 2 (Table 1)
indicated significant differences in
hatchling orientation at medium and
high intensities of all 3 light types, and
also at low light intensities of the MH
light. At low intensities of FW and HPS
lights, there was no significant differ-
ence in orientation between hatchlings
in Expt 1 (light be hind dune) compared
to Expt 2 (light in creek bed).

The Rayleigh test variant confirmed
that hatchlings exposed to light be -
hind the high dune (Expt 1) exhibited
seemingly unaffected sea-finding be -
haviour. Hatchlings were significantly
oriented towards the ocean (T (0.99, 9)
= 4.2, p < 0.05), and were significantly
oriented directly away from the light
array behind the dune (the ‘anti-true’
direction) (T (−0.99, 9) = −4.2, p < 0.05).
In contrast, hatchlings exposed to light
from the creek bed at a much lower
angle of elevation (Expt 2), although
found to be significantly oriented
towards the ocean (T (0.8, 9) = 3.4, p <
0.05), were also found to be signifi-
cantly oriented towards the light array
(T (0.5, 9) = 2.1, p < 0.05).
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Light type           Intensity     Comparison between 
                                               Expts 1 and 2

High-pressure       Low         U2(20, 27) = 0.073, p > 0.05
sodium                 Med        U2(20, 28) = 0.396, p < 0.001

                               High        U2(21, 31) = 0.702, p < 0.001
Fluorescent           Low         U2(18, 29) = 0.178, p > 0.05
white                    Med        U2(20, 30) = 0.276, p < 0.01

                               High        U2(22, 30) = 0.28, p < 0.01
Metal                     Low         U2(30, 39) = 0.778, p < 0.001
halide                   Med        U2(30, 34) = 0.59, p < 0.001

                               High        U2(22, 59) = 1.14, p < 0.001

Table 1. Comparisons between mean hatchling bearing in
Expt 1 (lights behind elevated dune) and Expt 2 (lights in
shallow creek bed), for each combination of light intensity
and light type, using Watson’s U2 tests (Mardia & Jupp 

2000). Significant differences are in bold

Fig. 4. Expt 2. As in Fig. 3, but with light array positioned 150 m distant in a 
shallow creek bed, producing a silhouette of 2° elevation

http://www.int-res.com/articles/suppl/m529p279_supp.pdf
http://www.int-res.com/articles/suppl/m529p279_supp.pdf
http://www.int-res.com/articles/suppl/m529p279_supp.pdf
http://www.int-res.com/articles/suppl/m529p279_supp.pdf
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DISCUSSION

This study focused on the importance of an elevated
dark horizon for sea-finding in flatback hatchlings ex-
posed to light glow produced by standard industrial
light sources, at distances and intensities present at
nesting beaches in WA (Pendoley 2005). We found
that flatback hatchlings released on the dark beach in
the absence of artificial lighting consistently oriented
directly towards the ocean and away from the high
dark dune behind. The sea-finding ability of hatch-
lings exposed to artificial light glow visible behind a
high dune (at 16° elevation from the beach flat), which
produced a high, dark silhouette, was not disrupted;
however, hatchlings exposed to light glow visible at a
low elevation from the beach flat (2°) displayed re-
duced sea-finding ability. Our findings thus support
previous research which found horizon cues to be
more influential than brightness cues for guiding
hatchling sea-finding (Limpus 1971, Salmon et al.
1992). Our results also provide support for the propo-
sition that hatchlings primarily respond to horizons
that are low and bright, rather than simply orienting
away from an elevated horizon (Limpus & Kamrowski
2013), since, when the light was positioned at 95° from
the arena, hatchling travel direction shifted around
towards the low, bright horizon (the glow from the
light array), and away from the most direct route to
the ocean, rather than remaining directly away from
the elevated dune behind the arena.

Hatchling response to glow resulting from medium
to high light intensities of 1000 W and above did not
significantly differ between the 3 different types of
standard lighting (HPS, MH, and FW) in either ex -
periment. In Expt 1 (light behind elevated dune),
hatchlings remained ocean-oriented in all trials
(Fig. 3), whereas in Expt 2 (light in shallow creek
bed), all types of light reduced the sea-finding ability
of hatchlings (Fig. 4). However, at the lower intensity
(500 W), light from HPS and FW lights did not signif-
icantly interfere with hatchling sea-finding behav-
iour, whilst MH light remained disruptive. Flatback
hatchlings in laboratory studies have been found to
preferentially respond to shorter wavelengths of
 visible light (Pendoley 2005, Fritsches 2012), thus
this finding can be explained by the spectral cha -
racteristics of HPS, FW, and MH light (Pendoley
2005, Elvidge et al. 2010): MH emits more short-
 wavelength light between 390−500 nm relative to
FW and HPS (Figs. S1−S3 in Supplement 1 at www.
int-res. com/ articles/suppl/m529p279_supp.pdf).

This finding also suggests that hatchlings were
sensitive to all tested intensities of MH light at a dis-

tance of 150 m, whereas hatchling sensitivity to HPS
and FW lighting located 150 m distant appears to
originate at an intensity between 500 and 1000 W.
This information can be used to refine future studies,
and we suggest that future research investigates
multiple species’ hatchling sensitivity to light glow
from standard light sources under a greater range of
light intensities.

Recent research has demonstrated that although
longer-wavelength ‘turtle-friendly’ lights are less dis -
ruptive than standard light sources, some hatchling
sea-finding remained disrupted in the presence of
such light (Sella et al. 2006, Robertson 2013). Conse-
quently, until lighting can be developed which cau -
ses zero disruption to hatchling sea-finding be ha -
viour, we suggest that at flatback nesting beaches
where standard lighting types are deemed neces-
sary, low intensities of HPS or FW lighting should be
used in preference to higher intensities of these
lights, or to MH lights of any intensity.

Overall, our findings imply that the degree of dis-
ruption that artificial light glow poses to hatchling
sea-finding is highly dependent upon beach topogra-
phy and horizon elevation (see also Kamrowski et al.
2014b). Consequently, we support the view that mo -
difying beach profile at sites where hatchlings show
disruption from artificial light may be a valuable
strategy for management purposes (Tuxbury &
Salmon 2005, Limpus & Kamrowski 2013). This is of
particular importance at nesting beaches in Australia
at present, since rapid industrialisation and coastal
development are likely to significantly alter the light
horizons of numerous marine turtle nesting beaches
(Condie 2007, Greenpeace Australia 2012, Kam-
rowski et al. 2012, 2014a).

We are not, however, advocating that altering beach
topography should be used instead of managing and
reducing artificial light levels. Further research is
necessary to fully understand the potential manage-
ment benefit of modifying beach topography to
reduce lighting impacts. For example, it is not cur-
rently clear how high a silhouette must be before it
functions as a cue to guide hatchlings away. In addi-
tion, as observer distance from an elevated beach
area increases, the lower the perceived angle of ele-
vation will become; thus lights which may be ob -
scured by dunes close to the beach may become visi-
ble to hatchlings emerging from nests at greater
distances along the beach or to hatchlings swimming
away from the beach during the offshore migration.
Since swimming hatchlings may orient towards light
cues in the absence of wave cues (e.g. Lorne &
Salmon 2007, Harewood & Horrocks 2008), onshore
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lights ‘appearing’ as hatchlings travel further from
shore could potentially cause them to head back
inland until the lights are once again obscured (see
Limpus & Reed 1985 for a similar observation of dis-
oriented adult turtles on land). An increased time
spent swimming in near-shore waters would likely
increase hatchling predation risk (Gyuris 1994, Stew-
art & Wyneken 2004, Whelan & Wyneken 2007), as
well as use up stored energy hatchlings require to
swim quickly out of predator-rich, shallow coastal
areas (Hamann et al. 2007, Booth & Evans 2011,
Pereira et al. 2012). Hatchling mortality at sea is
much less visible to managers than that occurring on
land. Thus, while beach profile modifications may be
useful in combination with efforts to reduce light and
technical modifications to light sources, it is critical
that beach profile modifications are not used as the
sole management measure where nesting beaches
are exposed to artificial lighting. Further research
which assesses the potential modifying influence of
horizon elevation on artificial lighting impacts for
swimming hatchlings would also be highly valuable.

Furthermore, it must be borne in mind that flatback
hatchlings were previously found to be less sensitive
to short-wavelength light compared to hatchlings of
green and hawksbill turtles (Pendoley 2005). Both of
these latter species occasionally nest on beaches
dominated by breeding flatback turtles in WA
(K. Pendoley pers. obs.), and would thus likely show
greater disruption to the types of light glow produced
by the light array employed in this study than we
observed with the flatback hatchlings. Future work is
necessary to expand on our study and test hatchlings
of other species to light glow from standard industrial
light sources behind different horizon elevations,
under natural conditions.

We did not independently measure the visible
intensity of the light array from the arena site, nor did
we measure the brightness of each direction from the
arena (as has been done in previous studies, e.g.
Bertolotti & Salmon 2005, Kamrowski et al. 2014b).
However, we do not believe this would have signifi-
cantly affected our findings or the conclusions we
have drawn. At the time of data collection, there
were no standardised methods for measuring light
emissions and glow (Narisada & Schreuder 2004).
Recognition of this fact subsequently led to the
development of a novel method for measuring light
close to turtle nesting beaches, and future hatchling
orientation work around the world will benefit from
measurements of sky glow and light emissions using
modified astronomical cameras (Pendoley Environ-
mental 2011, Pendoley et al. 2012). Instead, in the

present study, we chose to measure hatchling behav-
ioural response to standard light sources, of known
intensities, which currently exist close to nesting
beaches in WA (Pendoley 2005).

In addition, we used the same beach location in
each experiment to control for potential differences
in brightness as a result of possible variations in sub-
strate characteristics between sites affecting sand
reflectance qualities (Emslie 1966, Aronson et al.
1967). Keeping the arena in the same location for
both experiments meant that in order to change the
elevation at which the glow was visible, it was neces-
sary to position the light array at different bearings
from the centre of the arena in each experiment.
However, we do not consider that the ‘direction’ of
the light source would have affected our findings or
conclusions, because hatchlings do not respond to
‘direction’ per se. The direction in which hatchlings
must crawl to reach the ocean is not innate knowl-
edge; e.g. hatchlings from nests translocated from
the eastern coast of Costa Rica to the west coast
immediately crawled westward towards the ocean
upon emergence in the new location despite the fact
that such a heading would have led inland from the
original nest site (Carr & Ogren 1960). Moreover,
previous arena studies have shown that hatchlings
tested in the same arena over multiple trials will
change their direction of travel in response to differ-
ent brightness or elevation cues (Mrosovsky & Shet-
tleworth 1968, Mrosovsky 1970, Limpus & Kam-
rowski 2013), i.e. the direction a hatchling chooses is
dependent upon the environmental cues present at
that time, not the ‘direction’ itself. Yet in our study,
when the light array was positioned in the creek bed
at 95° from the shortest route to the ocean, the pre-
vailing environmental cues influenced hatchlings so
that although they were significantly oriented to -
wards the light array, they also remained signifi-
cantly oriented towards the ocean. Future work
would therefore benefit from selection of a site, if
possible, where the landward horizon topography
differed enough so that that light array could be posi-
tioned at equal bearings from the most direct ocean
bearing, but behind beach topographical features of
different heights.

CONCLUSIONS

Our study adds to limited published data focused
on orientation of flatback turtle hatchlings. We have
demonstrated that flatback hatchlings are able to see
and respond to sky glow produced by standard light

286



Pendoley & Kamrowski: Light glow and elevation influence flatback sea-finding

sources used in industry, namely high-pressure
sodium vapour, metal halide, and fluorescent white
lights, at intensities ranging from 500 to 1300 W over
a distance of 150 m.

We also found that the sea-finding ability of
flatback hatchlings exposed to light glow visible at 2°
elevation from the beach flat was significantly re-
duced compared to hatchlings exposed to light glow
at 16° elevation. All species of marine turtle have
highly similar sea-finding behaviour as hatchlings.
We thus recommend that in areas where arti ficial
lighting is deemed necessary close to turtle nesting
beaches, beach profile alteration should be consid-
ered as a management measure together with other
management measures, including light-reduction
strategies and modifications to light sources. As
coastal development continues to encroach on nes -
ting beaches worldwide, this combination of manage-
ment tools will help to provide the greatest possible
protection of breeding turtles.
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