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A B S T R A C T

The spread of artificial night lighting is increasingly acknowledged as a major threat to global biodiversity.
Identifying and exploring the impacts of nightlight pollution upon species behavior, ecology and population
dynamics could enhance conservation capacity. Sea turtle hatchlings emerge from nest at night and use visual
cues to direct towards the brightest and lowest horizon, eventually leading them to the sea. Nightlight pollution
could alter the cues perceived, disorienting the fragile hatchlings. We examined the level of artificial lighting and
orientation patterns of sea turtles hatchling, in Zakynthos Island, Greece, one of the main nesting rookeries of the
loggerheads (Caretta caretta) in the Mediterranean Sea. We analyzed movement patterns of 5967 hatchlings from
230 nests, and demonstrate that nightlight pollution could reduce population recruitment by more than 7%,
suggesting that mitigation measures should become a high conservation priority. Our results further suggest that
the responses of sea turtle hatchlings to artificial nighttime lighting could vary significantly depending on
various factors, either anthropogenic or natural. Local conditions operating at the nesting site level determine
the fine scale responses of hatchlings, thus conservation measures should be drawn in respect to site-specific
properties.

1. Introduction

The coastline represents an attractive zone for the establishment of
various economic activities (IPCC, 2007; Halpern et al., 2008). Still, the
development and increased utilization have come together with new
threats for coastal biodiversity (Lotze et al., 2006; Coll et al., 2012) and
for the organisms which temporary use the coastal habitat (e.g. marine
mammals, seabirds, estuarine fish, sea turtles) for resting, foraging or
reproduction. Yet, the ability to quantify the impacts of coastal threats
is critical for prioritizing conservation actions (Beger et al., 2010;
Micheli et al., 2013).

Coastal development has accelerated the spread of artificial night-
lights. As a result, over the last years, an increased number of studies
had explored the impacts of artificial night lighting upon the behavioral
and physiological ecology of amphibian, reptile, bird, mammal, in-
vertebrate and fish species inhabiting the coastal realm (e.g. Rich and
Longcore, 2006; Gaston et al., 2015; Davies et al., 2014, 2015; Troy
et al., 2011; Becker et al., 2013; Luarte et al., 2016). The impacts of
artificial nightlights are often translated as a disruption of foraging,

reproductive, navigation, orientation, dispersal and migration beha-
vior, as an increased risk of predation and fitness reduction (Perry and
Fisher, 2006). Artificial night sky brightness is therefore accounted as
driver affecting population viability and dynamics (Gaston and Bennie,
2014). This is actually the reason why nightlight pollution is increas-
ingly acknowledged as an additional threat for biodiversity and thus
should be treated as a modern challenge for global conservation and
management (Gaston et al., 2014; Davies et al., 2014).

Sea turtles are charismatic megafauna for which the impact of ar-
tificial nighttime lighting has been tested both experimentally and
empirically (e.g. Witherington and Martin, 1996; Tuxbury and Salmon,
2005; Thums et al., 2016). Adult female sea turtles lay their nests in the
coastal beaches at the close vicinity where they were born several
decades ago. The hatchlings emerge from nest at night and use visual
cues which will drive them towards the brightest and lowest horizon,
eventually directing them to the sea (Kawamura et al., 2009; Limpus
and Kamrowski, 2013). As artificial nighttime lighting overrules the
effect of natural visual cues (Witherington and Martin, 1996) it can
directly (light sources visible from the beach) and indirectly (sky-glow
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caused by inland light sources not directly visible from the beach)
disrupt the sea-finding orientation of the hatchlings (e.g. Tuxbury and
Salmon, 2005; Limpus and Kamrowski, 2013; Berry et al., 2013). For
the fragile hatchlings, the loss of orientation could lead to mortality due
to exhaustion, dehydration, and exposure to predators. Nightlight pol-
lution could therefore lead to reduction of population recruitment
(Lorne and Salmon, 2007).

Each nesting beach has distinct topographical features (e.g. slope,
width, silhouettes that back the shore) which could alter the cues for
orientation perceived by sea turtle hatchlings. The visual behavior of
sea turtle hatchlings could also differ between populations of the same
species (Fritsches, 2012). Alternatively, sea turtles have shown different
intrinsic abilities with respect to nesting site microenvironment features
[e.g. thermal adaptive differentiation to finer scale nesting conditions
(Weber et al., 2011); varying thermal tolerance of embryos (Howard
et al., 2014); varying pivotal sex determination temperatures (Hays
et al., 2014)]. Yet, the diversity of local conditions along with the fine
scale adaptive potential could lead to differences in the level of ex-
posure, the sensitivity of responses and the vulnerability of different
population to nightlight pollution.

Despite these concerns, there is a lack of estimates regarding how
the impact of hatchlings' disorientation due to artificial nighttime
lighting could be translated to reduced recruitment. Similarly, there is a
gap in the spatial extent of relevant studies along the distribution of sea
turtle nesting sites. For example, in the Mediterranean region that
currently hosts 45 major nesting sites of loggerheads and 13 of green
turtles (Almpanidou et al., 2016; Casale and Margaritoulis, 2010) such
evidence is very scarce (but see Peters and Verhoeven, 1994).

Here, we attempt to contribute to this research, by providing
quantitative evidence on the responses of loggerhead sea turtle
hatchling to artificial night sky brightness in the Mediterranean region.
We investigate hatchling orientation patterns and light pollution level
at both light impacted and naturally dark nesting beaches of the
National Marine Park of Zakynthos (NMPZ), Greece. The NMPZ hosts
one of the most important nesting rookeries of loggerhead turtles in the
Mediterranean, while it is subjected to intense tourism activities an-
nually, with the peak tourist period synchronized with the middle of sea
turtle reproduction period. The objectives of this study are twofold.
First, we aim to provide insights on sea turtle hatchling responses to
lighting from an underrepresented region. Second, we attempt to
identify the degree to which specific measures are needed to be taken
for mitigating potential impacts of nightlight pollution upon this critical
nesting aggregation.

2. Methodology

2.1. Study area

The study was conducted at the nesting beaches of loggerhead sea
turtles, Caretta caretta, located within the boundaries of the NMPZ,
eastern Mediterranean (Fig. 1). The rookery contains 6 nesting beaches
with a total length of approximately 6 km. All beaches are enclosed
within the boundaries of the NMPZ which was established in 1999 as
the first protected area in the Mediterranean focusing mainly on the
protection of sea turtles. Measurements of nighttime lighting and ob-
servations of sea-finding ordination patterns were conducted to the 5
nesting beaches (i.e. Kalamaki, Crystal, Sekania, Gerakas and Mar-
athonisi) which support more than 85% of the nesting activity. These
nesting beaches have different environmental conditions (e.g. beach
slope, width, length) and are subjected to different human use and thus
pressures (Katselidis et al., 2012).

In NMPZ the nesting activity of loggerheads is taking place from late
May to early August with the incubation duration ranging from 51.3 to
69.8 days (Margaritoulis, 2005). The island of Zakynthos is an inter-
national tourist destination; annually more than 800,000 people are
visiting the beaches located within the boundaries of the NMPZ, and use

the facilities (e.g. settlements, hotels, resorts, shops, bars, airport)
hosted along the coastline (Appendix A). Therefore, a high overlap in
the hatchling emergence period and the peak of the tourist period
(during August) is taking place subsequently raising conservation
challenges.

2.2. Field work

2.2.1. Light pollution assessment
Measurements of nighttime lighting were conducted during the

2014 nesting period. In order to ensure comparability of patterns and
processes across the nesting rookery, a strict protocol was followed for
the nighttime light measurements. The nesting beaches were divided
into 12 stations which were identified to share similar topographical
characteristics and level of exposure to artificial light sources
(Management Agency of the NMPZ, 2008). For each one of these sta-
tions, one-off nighttime lighting measurements were taken under the
absence of cloud cover between 11:00 and 12:00 p.m. during the new
moon phase of August (i.e. no moon light) (Kamrowski et al., 2015).
The nests which were laid within the boundaries of a given station were
characterized by its nightlight properties.

At each sampling station the following parameters were recorded: a)
360° bearing of the coastal lighting and the brightest sources of light
visible from the beach, b) 360° bearing of sky-glow (degrees) and its
strongest sources and c) light intensity (average of 4 successive point
measurements) at each station. Given that hatchlings are oriented by
using a visual ‘cone of acceptance’ from 0 to 30° in the vertical level,
light intensity at each sampling station was measured at an elevation of
15° from the beach surface (Limpus and Kamrowski, 2013). The mean
light intensity at a nesting beach level was then produced as the average
of the measurements taken at each station. Measurements were con-
ducted by means of a portable light meter (WETEKOM ST-8820),
compass and GPS.

2.2.2. Orientation patterns and nest environment
To delineate the potential impact of nighttime lighting upon

hatchling sea-finding orientation, we reported movement patterns of
hatchlings emerged from 230 nests by visiting the nesting beaches
during the dawn from August to October 2014. Hatchling tracks were
counted and their routes were recorded by using a GPS (at 5 m inter-
vals).

When more than 15 hatchling tracks were found to originate from
the same nest we used the fan mapping method (Salmon and
Witherington, 1995; Pendoley, 2005) (Fig. 2). In this respect, we
measured the angle (North direction was used as reference point) of the
right and left outer tracks of the fan, the modal direction and the direct
line from the nest to the sea (shortest route to the sea). Bearings were
recorded by means of a compass at distance of 5 m from the nest
(Kamrowski et al., 2015). These measurements were used to provide a
set of hatchling sea-finding orientation metrics for each nest: a) fan
spread defined as the difference of compass bearings between the out-
side arms of the track fan, b) offset angle defined as the difference
between the modal direction and the bearing of the most direct line to
the sea (i.e. shortest distance from the nest to the sea bearing), and (c)
mean offset from the sea direction defined as the difference between the
bearings of the two outer arms of the track fan and the direct line to the
sea (indicating skew pattern of the tracks). To list a sea-finding or-
ientation behavior as disturbed we used two alternative thresholds (see
Salmon and Witherington, 1995): the offset angle been higher than 30°
and/or the fan spread angle been higher than 90°.

Irrespectively of the number of tracks found at each nest (i.e. both
for the cases of more or less than 15 tracks), bearings and routes of the
stray tracks (i.e. hatchling tracks found in a different direction to the
bulk of the nest) were reported, but they were not included in the fan
mapping method (Pendoley, 2005). The routes of the stray tracks were
recorded individually when they were less than 5 while their main
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direction (i.e. average direction of the tracks) was recorded in cases of
more than 5 stray tracks per nest.

For each nest a series of parameters which can have a potential
effect on the perception of nighttime lighting by hatchlings were re-
corded, including the exact geographic position of the nest, the straight
distance to the sea (m), the presence of vegetation, sand dunes and
other beach furniture in a radius of 20 m around the nest. Beach slope
was also reported, at the onset of the hatching period, at various dis-
tance intervals for each nesting beach (38 transects traversing beach
width placed according to beach morphology changes and length) by
using a digital theodolite (LEICA SPRINTER 100). Finally, for each
hatched nest the moon phase at the night of hatchlings' emergence was
also reported.

2.3. Data analyses

We used the non - parametric Kruskal-Wallis test to investigate for
any potential differences in the night light intensity measurements
between the nesting beaches. Pair-wise comparisons were performed by
applying post-hoc tests after Nemenyi (package PMCMR in R; Pohlert,
2014).

We used Rao's spacing test that checks for significant directionality
of movement patterns (circular data) to examine whether the hatchling
movements uniformly directed around the nest. This analysis was
performed for offset and fan spread angles. We also used Watson
Williams test which can compare mean angles in two or more samples,
to investigate for significant displacements and directional patterns of
the spread of tracks in relation to the direct line to the sea (mean offset
from the sea). To investigate for any significant association between the
offset angle and the spread of tracks, we used the circular correlation
for angular variables. Prior to the implementation of parametric tests
(i.e. Watson-Williams test) data fit to von Mises distribution was
checked by the use of Watson's U2 test’. The former analyses were
performed at the nest level and then aggregated to nesting beach level
while all circular statistics were carried out in R by using the package
Circular (Agostinelli and Lund, 2017). Spearman's rank - order corre-
lation coefficient was employed to check for any significant association
between the number of stray tracks and the light intensity measure-
ments (derived by each sampling station) at rookery level.

We used Generalized Additive Models (GAM) to test the relationship
between the basic directional pattern of hatchings, as been defined by
the offset angle, and beach features, at a rookery level. GAMs were
implemented by using the mgcv library in R, version 3.3.0. The GAM
applied non-parametric smoothers to predictor variables and additively
calculated the response upon the dependent variable. A Gaussian dis-
tribution was selected using an identity link function. Predictor vari-
ables included in the models were: exposure to artificial nightlight,
distance of nest to the sea, moon phase, beach slope, presence of sand
dunes backing the nest and existence of beach furniture between nest
and light source. For the analyses, barriers identified between the nest
and the light sources were grouped together. After a preliminary ana-
lysis on the non-linear effects, smoothing terms were applied to dis-
tance of nest to the sea, beach slope and moon phase.

3. Results

We found significant differences in the intensity of artificial night-
time lighting between nesting beaches (Kruskal - Wallis test, Η = 36.6,
p < .01), with the values of light measurement ranging from 0.01 to
0.08 LUΧ (Fig. 3). Pairwise comparisons revealed that the longer

Fig. 1. Map of the marine protected area (MPA)
of the National Marine Park of Zakynthos (NMPZ)
indicating the nesting beaches that were surveyed
and the main sources of night lights at regional
level.

Fig. 2. Diagram of the fan mapping method for hatched nests indicating the measured
and calculated angles and bearings (modified from Berry et al., 2013).
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nesting beach (i.e. Kalamaki) was the most exposed to nightlight than
the other nesting beaches (p < .05 in all cases) while the second
smaller and most isolated nesting beach (i.e. Gerakas) was a naturally
dark beach during nighttime (p < .05 in all cases).

In total we reported movement patterns of 5967 loggerhead
hatchlings. For all study beaches, Rao's spacing test demonstrated sig-
nificant deviation of movement patterns from uniformity (in all cases,
for both offset and fan spread angle p < .01). The significant or-
ientation was not however always directed towards the sea, with evi-
dence on significant displacements detected when comparing Modal vs
Sea bearing direction and Sea bearing vs the left and right outer arms of
the fan for nests located at the most nightlight polluted beaches (i.e.
Kalamaki, Marathonisi and Cyrstal) (in these cases Watson Williams test
p < .01). In these nesting beaches hatchling orientation patterns were
skewed towards the brightest sources of light (i.e. westward at
Kalamaki and Crystal beach, northward at Marathonisi beach) (Fig. 4,
Table 1). On the other hand, orientation patterns did not significantly
departure from the sea direction for nests located at beaches with
limited or null exposure to nightlight pollution (i.e. Sekania and Ger-
akas, respectively) (in these cases Watson Williams test p > .05).
According to the metrics used (Table 1), the higher disruption of sea-
finding was detected at the most light impacted beaches (Fig. 3). In this
respect at the lightest nesting beach (i.e. Kalamaki) offset and fan
spread angle presented values over the acceptable threshold of sea-
finding disruption for the 28.5% and 19% of the nests studied, re-
spectively.

Circular correlation analyses revealed a significant positive re-
lationship between mean offset of the straight line to the sea and the
spread of tracks (p < .01), at the three nesting beaches with the in-
creased light intensity (i.e. Kalamaki, Marathonisi and Crystal). No
significant relationship between the two variables, was detected in the
two beaches (i.e Gerakas and Sekania) with the limited or null exposure
to nightlight pollution (in both cases p > .05).

In total we detected 450 stray tracks (7.5% of the total reported
tracks). The number of stray tracks was found to be significantly related

with light intensity levels (Spearman's rs = 0.79; p < .001) at rookery
level with the most light impacted nests resulting in a higher number of
stray tracks (Fig. 3). Moreover, at the most light polluted nesting bea-
ches (i.e. Kalamaki, Marathonisi), the majority of the stray tracks was
orientated towards the brightest sources of light (westward and
northward, respectively). In some extreme cases, hatchlings (108 stray
tracks) were found to move directly to the back of the beach towards
the sand dunes or to crawl in circular/irregular paths, lacking any kind
of orientation pattern (i.e. central part of Kalamaki beach) (Fig. 5).

Offset angle was significantly affected by the nightlight intensity,
moon phase and beach slope (GAM: adjusted R2 = 0.34, deviance ex-
plained 36.3%). The offset angle increased at higher nightlight in-
tensities (estimate: 113, p < .01). Likewise, offset angle was sig-
nificantly related to the smoothed variable describing moon phase
(F = 4.25, p < .05), decreasing while moving from new to full moon.
The relationship of offset angle with slope, even though significant
(F = 10.963, p < .01) did not show a clear relationship; spread angle
declined as moving from negligee to slight slopes and increased at
stepper slopes (Fig. 6).

4. Discussion

Overall, our analyses revealed strong evidence on a significant im-
pact of artificial nighttime lighting upon hatchling sea-finding or-
ientation. As far as we are aware, our study is the first to provide
quantitative evidence on the impact of nightlight upon sea turtle
hatchlings in the Mediterranean region. Protected areas are expected to
be highly vulnerable to the increasing global threat of artificial night-
time lighting (Gaston et al., 2015), a finding that seems to hold for the
only Marine Protected Area in the Mediterranean that was established
with the main objective to protect sea turtles and their nesting habitats
and it is managed by a Management Agency. It is therefore imperative
to transfer this outputs into management initiatives and policy deci-
sions.

The prioritization of conservation efforts and the political pressure
towards the application of specific measures largely depend on the
ability to quantitatively assess the impact of any threat of interest. So a
critical question for sea turtle conservation is whether the hatchling
sea-finding disruption due to nightlight pollution could have any effect
on the recruitment of the populations. Assuming a mean number of 106
eggs per nest in Zakynthos rookery, 73.6% of them will be hatched
(defined as hatching success) and 68.9% will successfully emerge the
nest (defined as hatching emergence success) (Margaritoulis et al.,
2011). This means that from a clutch of 106 eggs, less than 54
hatchlings might eventually manage to face the last step before entering
the sea. In our analyses we found that 7.5% of hatchling tracks studied
were heavily disoriented (stray tracks), thus having a limited potential
to enter the sea. Considering this 7.5% of stray tracks, we find that less
than 40 (∼38%) of the eggs laid will have the chance to result to
hatchlings which will manage to enter the sea. This estimate is rather
conservative since it ignores that almost 20% of the mass nest emer-
gences (more than 15 hatchlings) at rookery level resulted to hatchlings'
crawls that can be reported as disrupted from sea-finding (i.e. offset
angle< 30°). The prolonged crawling duration on the beach weakens
the ability to respond to cues used for sea-finding while it also com-
promises their swimming orientation away from the shore (Lorne and
Salmon, 2007), thus further impairing survival probability.

In relevant studies, the level of the disrupted seaward orientation
due to artificial lighting is often reported offering the basis for com-
parisons. For example, in comparison to our findings a higher percen-
tage of loggerhead hatchling were found to deviate from seaward di-
rection in Florida nesting sites (Salmon and Witherington, 1995), while
a lower percentage was detected at the Australian rookeries (Berry
et al., 2013; Kamrowski et al., 2014). Still, given the differences in the
reproductive features (i.e. performance and output) obtained at a po-
pulation or even at a nesting rookery level, any such comparison could

Fig. 3. (a) Percentage of hatchling tracks with a disrupted sea-finding behavior (fan
spread and offset angle greater than 90° and 30°, respectively) and (b) mean light in-
tensity measurements (error bars represent 99% confidence intervals of mean) and
number of stray tracks at each nesting beach.
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offer only limited conservation information. On the contrary, given that
models developed to assess population trends and dynamics require
accurate estimates on survival rates (Chaloupka, 2002; Mazaris et al.,
2005; Mazaris and Matsinos, 2006), the inclusion of disrupted seaward
orientation trends into an overall recruitment rate could serve such
modeling efforts often used to prioritize and direct conservation in-
itiatives.

Maintaining naturally dark conditions at the nesting sites is the best
and most highly recommended management strategy against light
pollution impacts on sea turtles (Rivas et al., 2015). Still, any such
target might not be realistic particularly in highly touristic or industrial
areas. Alternatively, mandatory mitigation measures could include the
elimination of the unnecessary lights, the reduction of the luminaire
wattage to the minimum required for function, the use of long wave-
length lights, the shielding of light sources that are directly visible from
the beach and the elimination of all upward-directed lighting (Salmon,
2003). Complementary measures may also include the shading of the
nests from night lights, the preservation and enhancement of sand
dunes and beach vegetation (e.g. Bourgeois et al., 2009; Karnad et al.,
2009; Pendoley and Kamrowski, 2016) as well as the active engagement
and participation of the local society, visitors and stakeholders in ar-
tificial nighttime lighting reduction initiatives (Kamrowski et al., 2014).
The recurrent monitoring and evaluation of artificial nighttime lighting
impacts particularly on the most light-polluted nesting beaches is also
highly recommended.

Our results suggested that orientation ability of sea turtle hatchlings
is determined by synergistic interactions and joint effects of multiple
drivers. Therefore, analyzing orientation patterns or drawing mitigation
measures by relying solely on nighttime lighting, offers an epi-

phenomenological approach which disregards the complexity of other
critical natural or artificial cues. In this respect the moon light has
previously been reported, as it was also the case in our study, to be
among the factors that are influencing the sea finding ability of the
hatchlings (e.g. Tuxbury and Salmon, 2005; Berry et al., 2013). Simi-
larly, the environmental heterogeneity at a nesting beach level (e.g.
nest position and beach morphology) does actually compose a complex
but unique mosaic of ordination cues, suggesting that effective mea-
sures should be designed at a local scale (Limpus and Kamrowski, 2013;
Kamrowski et al., 2014). For example even if we recognized that the
slope of the nesting beach significantly altered orientation behavior of
loggerheads hatchlings in Zakynthos, this relationship was not linear,
gradually leading to different responses. A plausible explanation of this
pattern could be that nesting beaches in this rookery have rather gentle
slopes and thus other factors operating at smaller spatial scales might
further alter hatchling' sea-finding ability.

Micro-topographic beach features such as depressions that parallel
the tide line (e.g. Marathonisi nesting beach) might act as traps for
hatchlings (since the perceived lowest horizon elevation for a hatchling
in the bottom of the depression is in a parallel direction to the sea line)
forcing them to wander for long distances along the sea line (Fig. 5b)
(Limpus and Kamrowski, 2013). Such local effects on hatchling' sea-
finding ability also suggest that mitigation measures should be taken
even if artificial night lighting is not the primary reason of a disrupted
sea-finding behavior.

In some nesting rookeries, the effect of night light pollution seemed
to be highly detrimental (e.g.Witherington and Martin, 1996), while in
others it has been reported as moderate or minor (e.g. Bourgeois et al.,
2009; Kamrowski et al., 2014; Rivas et al., 2015). To cover all factors

Fig. 4. Average bearings of the fan mapping method metrics (1 and 4: left and right outer arm of the fan, respectively; 2: modal direction of hatchlings and 3: shortest sea bearing) in
conjunction with the bearings of direct sources of lights visible from the beach and the sky glow (the bearings of the brightest sources of light are also presented along with the average
light level intensity per nesting beach).

Table 1
Hatchlings orientation indices at Zakynthos nesting rookery and night light intensity levels during the 2014 nesting season.

Nesting beach

Kalamaki Marathonisi Crystal Sekania Gerakas

Mean Light Intensity (LUX) ± standard deviation 0.055 ± 0.017 0.030 ± 0.007 0.017 ± 0.009 0.015 ± 0.005 0.010
Mean fan spread angle (95% confidence intervals of mean) 68.7 (60.0–77.5) 52.8 (40.9–64.7) 64.1 (51.3–76.9) 41.8 (34.8–48.9) 46.6 (32.2–54.9)
Range of fan spread angle 30–135 30–105 35–85 20–75 20–65
Mean offset angle (95% confidence intervals of mean) 16.1 (13.6–18.5) 45.7 (35.6–55.7) 17.9 (16.1–19.8) 11.4 (9.2–13.6) 5.7 (5.7–5.7)
Range of offset angle 0–65 20–85 0–50 0–50 0–20
Orientation Skew Pattern West North West Sea Sea
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affecting the seaward orientation of sea turtles hatchlings adequately,
experimental and field work studies need to be expanded. For example,
night light's characteristics such as their wavelength and polarization
might also have an impact on the sea-finding orientation ability of sea
turtle hatchlings (Witherington and Bjorndal, 1991; Rivas et al., 2015).
From an evolutionary perspective, the intra-nest synchronous emer-
gence of sea turtles hatchlings has been considered as an adaptive
mechanism against predation (Santos et al., 2016); thus it might be
worthy to detect whether a potential differentiation in orientation
patterns between consecutive emergences from the same nest could
hinder an adaptive value of reproductive synchrony. Further research is
also required to evaluate the in-water performance and survival prob-
abilities of hatchings entering water from different angles. Yet, under
the complexity that inherent the evaluation of the synergetic or an-
tagonistic impacts of different environmental features and nightlight
properties upon hatchling orientation, and while a pile of information
gaps need to be compiled, we suggest that site-specific studies could
serve as the first step towards a more effective protection and con-
servation (e.g. Simões et al., 2017).

Artificial nighttime lighting is expanding worldwide while it is even
prevalent and increasing within the Marine Protected Areas (Davies
et al., 2016), subsequently raising conservation challenges for a variety

of protected species and valuable habitats. In the case of the NMPZ, one
of the main nesting rookeries of the loggerhead sea turtles in the
Mediterranean region, the reduction of recruitment caused by artificial
night lights raise the need for immediate and proactive conservation
initiatives. Recent evidence on the recovery of many sea turtle popu-
lations around the globe, suggests that conservation efforts taken at the
nesting beaches could be highly effective (Mazaris et al., 2017). We
suggest that mitigation measures towards reducing the impacts of ar-
tificial nightlight upon hatchings or adult turtles must be embedded
within the recurrent protection activities and planning undertaken at a
nesting site level.
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Appendix A

Table A

Fig. 5. Directional paths of the stray tracks found in the two most light - impacted nesting beaches of Zakynthos (a: central part of Kalamaki beach and b: Marathonisi beach) (blue dots
indicate nests and red lines the routes of the stray tracks). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Relationships, derived from GAMs, illustrate responses between smoothed components of the predictors used (a: moon phase and b: slope) against offset angle; shaded area
indicates 95% confidence intervals.
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List of the main artificial nightlight sources that are directly (indicated as ‘+’) or indirectly (indicated as ‘−’) (as night sky glow) visible from the
nesting beaches.

Main sources of light Nesting beach

Kalamaki Marathonisi Crystal Sekania Gerakas

Laganas Settlement (bars, hotels, shops etc) +, − +, − − +, −
Airport − − − −
Kalamaki road and settlement − − − −
Agios Sostis port and village +, − +, − +, −
Keri port and village − +, − −
Zakynthos town (−) − −
Hotels, taverns (+) + +
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