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Abstract

Coastal areas provide critical nesting habitat for marine turtles. Understanding how artifi-
cial light might impact populations is key to guide management strategies. Here we assess
the extent to which nesting populations of four marine turtle species—leatherback (Dermo-
chelys coriacea), olive ridley (Lepidochelys olivacea), hawksbill (Eretmochelys imbricata)
and two subpopulations of loggerhead (Caretta caretta) turtles—are exposed to light pollu-
tion across 604 km of the Brazilian coast. We used yearly night-time satellite images from
two 5-year periods (1992-1996 and 2008-2012) from the US Air Force Defense Meteoro-
logical Satellite Programme (DMSP) to determine the proportion of nesting areas that are
exposed to detectable levels of artificial light and identify how this has changed over time.
Over the monitored time-frame, 63.7% of the nesting beaches experienced an increase in
night light levels. Based on nest densities, we identified 54 reproductive hotspots: 62.9%
were located in areas potentially exposed to light pollution. Light levels appeared to have a
significant effect on nest densities of hawksbills and the northern loggerhead turtle stock,
however high nest densities were also seen in lit areas. The status of all species/subpopu-
lations has improved across the time period despite increased light levels. These findings
suggest that (1) nest site selection is likely primarily determined by variables other than
light and (2) conservation strategies in Brazil appear to have been successful in contribut-
ing to reducing impacts on nesting beaches. There is, however, the possibility that light
also affects hatchlings in coastal waters, and impacts on population recruitment may take
longer to fully manifest in nesting numbers. Recommendations are made to further this
work to provide deeper insights into the impacts of anthropogenic light on marine turtles.
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Introduction

The introduction and proliferation of artificial light at night has transformed the night-time
environment over significant portions of our planet’s surface (Longcore and Rich 2004).
Light pollution can affect organisms in different ways, impacting their ecosystems and the
processes that occur within them. The effects on wildlife can include changes in orientation
systems and attraction or repulsion from the altered light environment, which ultimately
might have consequences for foraging, reproduction, migration and communication (Long-
core and Rich 2004).

Remote sensing has been used to measure artificial night-time light (Cinzano et al.
2001) and its effects on wildlife, including invertebrates, birds, reptiles and mammals
(Longcore and Rich 2004; Aubrecht et al. 2008; Kamrowski et al. 2012; Mazor et al. 2013;
Weishampel et al. 2016). Worldwide measurements of artificial light have been collected
by the US Air Force Defense Meteorological Satellite Program (DMSP) Operational
Linescan System (OLS) since 1992 (Elvidge et al. 2007). These data can be downloaded
from the NOAA’s National Geophysical Data Center (NGDC) and represent cloud-free
composite images created from multiple nightly orbits by the DMSP satellites for each year
(Elvidge et al. 2001, 2007).

Light pollution can impact fundamental biological processes for marine turtles. After
emerging from nests, hatchlings are generally guided by several cues to find the ocean,
including beach elevation and natural brightness (Lorne and Salmon 2007; Pendoley and
Kamrowski 2015). The presence of artificial lighting can cause disruption to sea-finding,
increasing predation risk and also possibly causing exhaustion, dehydration and the loss
of energy that is vital to their initial migration towards the open sea, which could result in
higher mortality (Witherington and Bjorndal 1991). Artificial lighting at nesting beaches
is also believed to potentially disrupt adult turtle nesting (Pendoley and Kamrowski 2015;
Silva et al. 2017) with females probably avoiding particularly lit areas (Salmon 2003).
The presence of artificial light at beaches and near shore waters may also alter the preda-
tor—prey dynamics, influencing the behaviour of species that predate on sea turtle egg and
hatchlings (e.g. Silva et al. 2017), as well as attracting hatchlings dispersing from natal
beaches (Thums et al. 2016).

In marine turtles, suitable nesting beaches are determined by several environmental fac-
tors that operate at different spatial scales. The range of suitable nesting areas is most likely
determined primarily by temperature (Pike 2013). At regional scales, nest density appears
to be strongly linked to how well the offshore migrations of hatchling marine turtles is
facilitated, that is, coastal areas in close proximity to favourable currents for transporting
hatchlings to nursery habitats would have higher nest densities than other less favourable
areas (Putman et al. 2010a, b; Okuyama et al. 2011; Shillinger et al. 2012; Putman 2018).
At local scales, site-specific topographic features such as vegetation, sand dunes, beach
slope, substrate and lighting become increasingly important (Price et al. 2018).

The Brazilian coast and offshore islands hold nesting grounds for five sea turtle
species: the loggerhead (Caretta caretta), hawksbill (Eretmochelys imbricata), olive
ridley (Lepidochelys olivacea), leatherback (Dermochelys coriacea) and green turtles
(Chelonia mydas) (Marcovaldi and Marcovaldi 1999). Conservation efforts started by
TAMAR (the Brazilian Sea Turtle Conservation Programme) in 1982 (Marcovaldi and
Marcovaldi 1999) have contributed to increasing or stable trends seen in nesting num-
bers for all the five species (da Silva et al. 2007; Marcovaldi et al. 2007; Marcovaldi
and Chaloupka 2007; Bellini et al. 2013; Colman et al. 2019). Despite the possible
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recovery from past exploitation seen for the marine turtles in Brazil, the persistence
of various threats—fisheries bycatch, coastal development, pollution and climate
change—means these populations remain subject of conservation concern. Further-
more, in recent years the human population in Brazil has grown considerably, with
much of the population growth seen along coastal areas (Instituto Brasileiro de Geo-
grafia e Estatistica 2013). The consequent coastal development and associated artificial
lighting represent a potential threat to marine turtles in Brazil.

Here, we assessed the extent that globally important marine turtle nesting habitats
in Brazil are spatially exposed to artificial light at a national scale and how this has
changed over time, considering the proportion of nesting marine turtles that are likely
to be potentially exposed to coastal light pollution (as assessed using satellite images).
We identified reproductive hotspots within Brazilian nesting grounds and assessed
what level of exposure to light pollution they potentially experience. We also investi-
gated correlation between light levels and nest densities for each marine turtle species/
subpopulation.

Methods
Light data

We downloaded yearly night-time stable lights composite images for two different 5-year
periods (1992-1996 and 2008-2012) from the National Geophysical Data Centre (USA;
https://ngdc.noaa.gov/eog/dmsp/downloadV4composites.html). They were created with
data from the Defense Meteorological Satellite Program (DMSP) Operational Linescan
System (OLS) and represent Average Visible, Stable Lights (lights from cities, towns, and
other sites with persistent lighting) and Cloud Free Coverage images. These images are
nominally at 1 km resolution; however, they are re-sampled from data at an equal angle of
approximately 2.7 km resolution at the equator. Each pixel is represented by a digital num-
ber (DN) between 0 and 63, with zero representing total darkness and bright-lit areas gen-
erally saturating at values of 63. Because there is no on-board calibration of the satellites,
the images were inter-calibrated and drift-corrected according to Bennie et al. (2015). This
method for cross-calibration included correcting for geolocation errors between the years
and posterior intercalibration of the images using a sixth order polynomial regression on
the median (for full description of calibration methods see Bennie et al. 2015). Even after
being corrected, the annual light data should be interpreted with caution, especially con-
sidering the variation in sensitivity among years and the saturation in urban areas. A more
precautionary approach is to use average values for 5-year periods. In this way, DMSP/
OLS night-time lights remain a valuable source for detecting long-term trends in the dis-
tribution of artificial light at night (Bennie et al. 2015). The OLS images cover spectral
responses from 440 to 940 nm, having the highest sensitivity within the 500 to 650 nm
region (Freitas et al. 2017). These wavelengths are consistent with those believed to disrupt
adult and hatchling marine turtles (within the 440 to 700 nm range), and although there are
differences in response among species, adults have been shown greater sensitivity to longer
wavelengths (approximately 580 nm; Levenson et al. 2004) and hatchlings more sensitivity
to shorter wavelengths (from 350 to 540 nm; Witherington and Bjorndal 1991; Withering-
ton and Martin 2000).
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Marine turtle nesting areas

The georeferenced location of nesting areas in Brazil were obtained from TAMAR and
included areas between latitudes 10° 34’ 29” S and 22° 05’ 32" S (n=604~1 km seg-
ments). The coast of four Brazilian states were encompassed, from north to south: Sergipe
(SE), Bahia (BA), Espirito Santo (ES) and Rio de Janeiro (RJ) (Fig. 1). The northern part
of the area, along the coasts of Sergipe and northern Bahia, represents key nesting areas
for the northern loggerhead turtle stock, olive ridley and hawksbill turtles, across 347 km
(da Silva et al. 2007; Marcovaldi et al. 2007, 2016; Reis et al. 2010). The southern part of
the area holds important nesting grounds for the genetically distinct southern loggerhead
turtle stock, across 257 km of the northern coast of the states of Rio de Janeiro and Espirito
Santo (Baptistotte et al. 2003; Lima et al. 2012). Leatherback turtles have their only known
regular nesting area in Brazil in the northern coast of Espirito Santo, along 159 km (Col-
man et al. 2019) (Fig. 1). Green turtles have their major nesting areas restricted to the
offshore oceanic islands, with only a small number of nests seen per year on continental
beaches (Almeida et al. 2011; Bellini et al. 2013), thus this species was not considered in
the analysis.

Nesting data

To determine the proportion of nesting marine turtles that are likely to be potentially
exposed to coastal light pollution, we used data on nest counts collected by Projeto
TAMAR. During the nesting seasons (September to March), morning patrols were con-
ducted daily to quantify nesting activity from the preceding night, following standard meth-
odology (Marcovaldi and Marcovaldi 1999). We used the average annual nesting numbers
per species during the most recent period (5-year average of nest location; 2008-2012)
as being representative of current nesting levels and because the monitoring effort over
the nesting areas was constant throughout the period (TAMAR unpublished data). Species
was determined during nest excavation, after hatchling emergence. As it was not possible
to determine species from all nests in the field, we estimated the total number of nests per
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Fig.1 Distribution of turtle nesting. a Map of Brazil with marine turtle nesting areas considered in this
study denoted by black lines (inset shows Brazil and study region within the context). b Proportional spa-
tial distribution of nests by species (n=15 areas in 4 regions). We considered the estimated annual aver-
age number of recorded nests per area and species during 2008-2012. Labels: Sergipe (SE), Bahia (BA),
Espirito Santo (ES) and Rio de Janeiro (RJ). For C. caretta, BA + SE represent the northern stock (NS) and
ES +RIJ represent the southern stock (SS)
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species laid in each season at each site. The number of observed nests from a given species
was added to the number of nests from unknown species (ni), multiplied by the ratio of the
number of observed nests from a given species to the total number of nests of known spe-
cies, according to the formula below:

Estimated species x = observed species x + [ni X (obs species x/total nests with known species)]

This is based on the assumption that the nests for which the species was known repre-
sented a random sample of the nests laid in the station area (Marcovaldi et al. 2007).

Nest densities

Nest density per species/subpopulation was calculated as nests km™! year™!. An indica-
tor to measure the relative importance of each section of the beach in terms of their nest
density was created. As part of TAMAR standard methodology, the entire 604 km of the
study area are divided by permanent marker posts at each kilometre. The average annual
number of nests per species/subpopulation on each one of the kilometres during the period
2008-2012 (5 years of data) was calculated. Each kilometre of the beach was then classi-
fied in terms of nest density as either high, medium or low, by locating the average annual
number of nests on that kilometre in comparison with the total ~1 km segments (n=604),
relative to each species or subpopulation: high-density sections were those with average
annual number of nests in the top 25% of the distribution; low-density sites were those in
the lowest 25% of the distribution; and sites with densities in-between the two previous
categories were classified as medium-density. A very high-density category was assigned
to the top three beach segments for each species/subpopulation (Fuentes et al. 2016). Each
species had its own value of density per segment, irrespective if the segment was used by
multiple species (i.e. one segment could have both a low nest density for one species and a
very high nest density for another).

Processing

We created an average calibrated image for both the first (1992-1996) and the last
(2008-2012) 5 years of data, as well as one with the difference or change between them.
Pixels were considered potentially exposed to detectable artificial light when they had val-
ues higher than 5.5 DN units. Observed changes in brightness were considered when pixels
increased or decreased by more than a threshold of 3 DN units of difference between the
mean of each of the first and last five years of the surveyed periods. Values of 5.5 and
3 can be used as reliable thresholds for exposure and change in artificial light, consider-
ing the noise within the dataset (Bennie et al. 2015; Duffy et al. 2015). We then overlaid
the information on nesting areas with the DMSP data for both periods (1992-1996 and
2008-2012). We used the ‘spatial analyst sample tool’ in ArcMap 10 to determine the
nearest pixel value associated to each monitored segment (n=604~1 km segments). The
proportion of nesting areas potentially exposed to artificial light, or changes in brightness,
was calculated dividing the number of exposed pixels or pixels with observed change by
the total number of pixels within each area. We then compared the two periods (1992-1996
and 2008-2012) to assess potential changes and trends in brightness.
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Nest densities and relationship with light levels

The relationship between nest densities (nests km™! year™') by species/subpopulation and
the average light levels during 2008-2012 was analysed using a generalised additive model
(GAM) and the function gamm (generalised additive mixed modelling) of the R-package
nlme (Pinheiro et al. 2018). The response variable (nest density) was determined as a func-
tion of two continuous covariates: average light levels and latitude. Each ~ 1 km beach seg-
ment contributed to the distribution only once (n=347 km for the northern loggerhead tur-
tle stock, hawksbill and olive ridley turtles, n=257 km for the southern loggerhead turtle
stock, n=159 km for leatherback turtles). Statistical analyses were carried out using the
software R 3.5.1 (R Core Team 2018) and we used a significance level of a=0.05.

Reproductive hotspots

Based on nest densities (nests km™" year‘l) during the most recent period (2008-2012), we
identified two types of reproductive hotspots for each species/subpopulation: (1) nesting
areas with very high- or high-nest density and high exposure to artificial light (> 5.5 DN)
and (2) nesting areas with very high- or high-nest density and low exposure to artificial
light. Those areas were grouped into beaches with variable extents (2 to 37 km), accord-
ing to standard methodology adopted by TAMAR. A given beach was considered poten-
tially exposed or to have had observed changes in brightness when more than 50% of the
hotspot segments were located in areas potentially exposed to light pollution (>5.5 DN)
or had observed changes in brightness (>3 DN, Table 1). We used TAMAR’s dataset
(2008-2012) to classify these beaches according to (1) the type of management strategy
used: clutches could be either left in situ, relocated to another section of the beach or, on a
lesser extent, to open-air hatcheries. Nest relocations are required in some areas to protect
clutches from beach erosion, risk of flooding, fox predation or illegal egg take by humans,
or other anthropogenic impacts such as light induced misorientation, in places where there
is extensive coastal development (Marcovaldi et al. 2005); (2) the existence of documented
cases of hatchling orientation problems (a disruption in the ability of hatchlings to detect
or to respond to the cues needed for an oriented crawl towards the sea; Lorne and Salmon
2007), identified during beach patrols through examination of hatchling tracks. The hotspot
sites were classified regarding the existence of recorded hatchling orientation problems
according to the scores: 0=no cases or 1=recorded cases of hatchling orientation prob-
lems. The proportion of sites with hatchling orientation problems was calculated consider-
ing the sites that had recorded orientation problems divided by the total number of sites
and (3) if the presence of artificial light influences the management strategy used locally,
defined as whether clutches on a given beach or section of a beach needed to be relocated
because of the presence of light or not.

Results

All species/subpopulations showed an increase in the proportion of nesting areas potentially
exposed to light pollution (>5.5 DN) between the periods (1992-1996 and 2008-2012).
The overall proportion of nesting areas potentially exposed increased from 34.1% during
the first period (1992-1996) to 61.1% during the most recent period (2008-2012; Fig. 2
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Fig.2 Change in brightness seen across nesting areas in Brazil. A digital number (DN) between 0 and 63
represents each pixel. Zero represents darkness, while brightly lit areas saturate at values of 63. a Bahia
and Sergipe, nesting grounds for the northern Caretta caretta stock (NCc), Eretmochelys imbricata (Ei)
and Lepidochelys olivacea (Lo) turtles. b Espirito Santo, nesting grounds for the southern Caretta caretta
stock (SCc) and Dermochelys coriacea (Dc) turtles, and ¢ Rio de Janeiro, nesting grounds for the southern
Caretta caretta stock (SCc)

and Table 2). Overall, increase in brightness (>3 DN) was experienced in 63.7% of the
area. None of the nesting areas experienced a decrease in brightness (>3 DN). Considering
the annual nesting numbers during the most recent period (2008-2012), a variable pro-
portion of nests for the different species/subpopulations were located in areas potentially
exposed to light pollution (Table 2; 28.7-80.5%).

We identified 253 ~ 1 km segments which had either very high- or high-nesting density
for any of the species/subpopulations. Those reproductive hotspots were grouped into 54
sites, important for one or more marine turtle species (Table 1). Of those very high- and
high-nesting density sites, 37.1% were located in areas with no/low exposure to light, the
remaining 62.9% were in areas potentially exposed to light pollution and 64.8% of hot-
spots had experienced increasing light levels. The proportion of reproductive hotspots
potentially exposed to light pollution varied among each species/subpopulation, ranging
from 26.7% in olive ridley turtles to 75.9% in hawksbill turtles (Table 3). In 55% of repro-
ductive hotspots there are documented cases of hatchling orientation problems (classified
either as ‘misorientation’, when the hatchlings crawl towards the lights; or ‘disorientation’,
when hatchlings are incapable of crawling in any specific direction; Verheijen 1985) and in
42.6% the presence of artificial light influences local management strategies, however in
most cases it means a small proportion of nests located in specific areas, rather than those
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Table 3 Nest densities (nests km™' year™) based on average nesting numbers per year (2008-2012,
range <0.1-190.8 nests km™! year™!) per species/subpopulation

Species/subpopula- ~1km  Average density Very high High Medium Low Hotspots
tion segments exposed
(%)

Northern logger- 347 12.3 155.4-190.8 12.0-109.8 1.3-119 <1.1 73.6
head

stock

Olive ridleys 13.8 124.6-169.9 15.5-111.7 09-154 <09 26.7

Hawksbills 4.06 41.0-52.7 4.2-39.8 0.64.1 <05 759

Southern logger- 257 10.1 42.6-46.1 124414 3.7-122 <36 714
head

stock

Leatherbacks 159 0.5 1.8-2.9 1.0-1.8 02-09 <0.1 537

Nest density classifications of low, medium, and high were created according to quartile ranks. A very high-
nesting density classification was assigned to the three beaches for each species/subpopulation with the
highest values within the range

across an entire beach or whole ~ 1 km segment (n=>54; Table 1). The proportion of repro-
ductive hotspots potentially exposed to light pollution also varied considering the different
states, being 46.1% in Sergipe, 60.7% in Bahia, 50% in Espirito Santo and 100% in Rio de
Janeiro.

The GAM models suggested that light had a significant effect on nest densities of
hawksbills and the northern loggerhead turtle stock (approximate significance of the
smooth term: estimated degrees of freedom=1.05, F=11.58, p=0.0001 and estimated
degrees of freedom=5.39, F=15.34, p<0.0001, respectively, Fig. 3). Latitude had a
significant effect on nest densities of all species (olive ridley turtles estimated degrees
of freedom="7.7, F=18.30, p<0.0001; leatherback turtles estimated degrees of free-
dom=6.51, F=38.98, p<0.0001; southern loggerhead turtle stock estimated degrees of
freedom=5.31, F=18.47, p<0.0001, northern loggerhead turtle stock estimated degrees
of freedom=2.88, F=29.49, p<0.0001, hawksbill turtles estimated degrees of free-
dom=38.38, F=25.70, p <0.0001; Fig. 3).

Discussion

The majority of turtle nesting areas analysed here experienced increases in brightness
between 1992-1996 and 2008-2012 (Fig. 2), suggesting the increasing trend in artificial
lighting has the potential to represent a significant anthropogenic impact for coastal habi-
tats and marine turtles in Brazil. The human population in Brazil has grown considerably
throughout the study period and much of the population growth was seen in coastal areas,
where the largest urban centres are currently located (Instituto Brasileiro de Geografia e
Estatistica 2013). With an extensive and diverse coastline, coastal development and arti-
ficial lighting have evolved distinctly among regions in Brazil, mostly driven by tourism
(Lopez et al. 2015), industrial activities or the development of the communities themselves.

Long-term conservation efforts started by TAMAR in the 1980s is thought to have
contributed to recent increases in nesting numbers for all four mainly continentally nest-
ing species, indicating signs of population recovery (Baptistotte et al. 2003; da Silva et al.
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Fig.3 Graphical summary of GAMM model fits for nesting densities. Covariates are shown on x-axis:
average light levels in DN (left side) and latitude (right side) for a, b olive ridley turtle (n=347), c, d leath-
erback turtle (n=159), e, f hawksbill turtle (n=347), g, h northern loggerhead turtle stock (n=347) and i,
j southern loggerhead turtle stock (n=257). Note different x and y-axis scales. In j, the region between the
two vertical lines represent latitudes where no nesting data was collected

2007; Marcovaldi et al. 2007; Marcovaldi and Chaloupka 2007; Colman et al. 2019). This
is in parallel with many other marine turtle populations globally (Mazaris et al. 2017). In
Brazil, the estimated annual population growth rate is variable among species/subpopula-
tions, ranging from 4 to 12% per year (TAMAR, unpublished data). The fact, however, that
both variables (annual nesting numbers and average light levels) are increasing suggests
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that if light is managed well, turtles and humans can co-exist in Brazil. As coastal develop-
ment continues to progress, future conflicts could arise, and continued management of arti-
ficial light will be key. In northern Bahia, high marine turtle nesting densities are observed
where relatively high average light levels were recorded by the satellite images. Identifying
the impact of one disturbance when a population is recovering from the alleviation of oth-
ers is a challenging task.

Other studies have highlighted the importance of detecting temporal changes in artificial
light exposure of marine turtle nesting areas (Kamrowski et al. 2012, 2014). Additionally,
here we identified hotspots (Table 1), areas with high reproductive importance, which may
either be impacted by artificial light, thereby representing zones requiring management
attention (since light levels have been increasing in Brazil), or dark areas which are likely
candidates for future and continued protection (Fuentes et al. 2016). The majority of the
reproductive hotspots identified here are located in areas considered potentially exposed to
artificial light, however, those areas are generally bright as a result of skyglow, which is the
scattering of upwardly reflected artificial light in the atmosphere and reflection by clouds
(Davies et al. 2014). Specific legislation prohibits direct light incidence on nesting beaches
(IBAMA normative no. 11, from 31 January 1995) in Brazil. However, across globally
important nesting areas for hawksbill and loggerhead turtles such as northern Bahia (Mar-
covaldi and Chaloupka 2007; Marcovaldi et al. 2007) and Rio de Janeiro coasts (Lima et al.
2012), relocation is still used as a strategy for managing nests in lit areas. Nest relocation
can, however affect hatchling sex ratios (Godfrey and Mrosovsky 1999) and could cause
long-term genetic consequences (Mrosovsky 2006).

Light levels and nesting density had variable relationships across the species/subpopu-
lations, reflecting the interactions between nest site selection and the variable patterns of
artificial light along the Brazilian coast. Olive ridley and leatherback turtles have their core
rookeries within long established dark and protected areas—Santa Isabel and Comboios
Biological Reserves, established in 1988 and 1984, respectively. Those species are still of
conservation concern, however, as coastal development continues to pressure the surround-
ings of the protected areas. An increase in nesting numbers caused by population recovery
could also result in broader geographical distributions, as turtles could re-colonise previous
nesting areas, creating conflicts with humans.

For hawksbills and the northern loggerhead stock, the relationship between nest density
and average light levels at the individual beach scale varied, with high nesting density also
seen in areas where there were relatively high average light levels (Fig. 3e, g). This sug-
gests that other drivers for nest site selection, such as temperature gradients, beach and
horizon elevation and sand moisture (Wood and Bjorndal 2000; Pendoley and Kamrowski
2015), may play a more important role than the presence/absence of artificial light. For the
hatchlings, to emerge in areas with relatively high average light levels, the lunar phase can
be an important factor influencing orientation, and also site-specific topographic features
such as vegetation, sand dunes and beach slope, which can help hatchlings in finding their
way to the ocean. Another possibility is that turtles may not be exposed to as much light
as suggested by the satellite data, i.e. it may be due to the coarse scale of the light data not
allowing for differences at the local beach scale to be considered. Loggerhead, green and
leatherback turtle nest densities, however, have been suggested as being negatively influ-
enced by artificial light levels at the individual beach scale at other nesting sites such as
Florida (Weishampel et al. 2016; Hu et al. 2018) and eastern Mediterranean (Mazor et al.
2013). In Brazil, in heavily industrialised coastal areas such as Rio de Janeiro state, all
reproductive hotspots identified are located in areas potentially exposed to light pollution
(Table 1). The existence of high nesting densities in lit areas suggests turtles can tolerate
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quite high levels of disturbance (Kamrowski et al. 2012). Further research should investi-
gate the potential interaction and cumulative effects of other factors affecting the response
variable, in this case nest density, operating in finer scale (e.g. species-specific nest site
selection, physical characteristics of the beaches and spatial autocorrelation of the nesting
data) in comparison to artificial light.

Despite being of great utility to marine turtle management and conservation in Bra-
zil, the interpretation of our findings requires a number of considerations of the spatial,
temporal and spectral resolution limitations of the DMSP OLS sensors data as a proxy to
estimate the effects of light pollution on marine turtles. Firstly, the 1x 1 km pixel scale
is much coarser than the width of most Brazilian beaches, including brightness that can
be inland. Secondly, the measure of light as viewed from the sky might not represent the
light as perceived by turtles from the beach. On-ground assessments of the impacts of light
pollution are needed to confirm the identified levels of exposure (Kamrowski et al. 2014)
and to establish thresholds of exposure at which light affects individual turtles and their
populations (Fuentes et al. 2016; Lara et al. 2016). However, conducting those on-ground
assessments are logistically challenging, especially when considering pan-national scales
such as the present study (604 km across four different states in Brazil). A study conducted
in Rio de Janeiro measured on-ground light intensity using light meters, and highlights the
challenges of measuring artificial light, with results suggesting that hatchlings had orienta-
tion problems evens when the light meters read ‘0 Ix’, which is the measure adopted by the
Brazilian legislation (Lara et al. 2016).

Thirdly, the Stable Light DMSP product represents an annual average, including periods
outside the nesting season. Beach use increases during the Austral summer months, coin-
ciding with the peak of the nesting season (December and January). If the resolution of the
data were finer, those seasonal changes could be captured more precisely. A newer prod-
uct with finer spatial resolution, the Visible Infrared Imaging Radiometer Suite (VIIRS),
has been introduced as a successor to DMSP-OLS in 2012, and used to assess impacts of
light pollution and coastal development on sea turtles in Florida (Fuentes et al. 2016; Hu
et al. 2018). Future assessments of temporal changes in light adjacent to marine turtle nest-
ing areas could use these finer-resolution monthly nightlight data (Kamrowski et al. 2014),
even though the archive only starts in 2012 (Miller et al. 2013), currently preventing the
assessment of long-term changes. However, we recognise that VIIRS also has some limita-
tions, such as not detecting short wavelengths, which are hatchlings usually most sensitive
to, and includes lights from flares and fires, potentially giving a false indication of light.
Finally, in this study we did not use habitat or landscape features other than light and nest-
ing locations. Consequently, some important explanatory variables might have not been
considered, and there is the possibility that light covaries with measures that we are not yet
accounting for. This would be worthy of further investigation.

Coastal artificial light constitutes a potential threat for marine turtles, however offshore
lighting, such as from oil rigs, is known to attract fish of commercial interest (Marchesan
et al. 2005). Research has shown that marine turtle hatchlings could be attracted to coastal
artificial lights while in nearshore waters, increasing predation risk (Thums et al. 2016) and
having potential impacts on population recruitment. There is a need for regional assess-
ments to evaluate the impacts of offshore and near shore lighting (such as light from ports,
jetties and moored vessels waiting to enter ports close to rookeries; Wilson et al. 2018) on
marine turtle hatchlings dispersing from natal beaches in Brazil. Their dispersion routes
are very likely to overlap with productive oil and gas fields, located near Sergipe, Espirito
Santo and Rio de Janeiro coasts (Fig. 2b—e), representing a potential ecological sink for
hatchlings.
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Light pollution can affect marine turtles and their habitats and quantifying the impacts
at a population-level remains a challenge to ecologists (Davies and Smyth 2018). If light-
ing is unsuitable during the hatchling emergence period, hatchlings could have direct fit-
ness consequences, such as reduced energy during their frenzy period offshore, which
appears essential for reaching the “favourable currents” that facilitate reaching nursery
habitats (Scott et al. 2017). A study conducted in Mediterranean nesting sites estimated
that nightlight could result in an additional reduction of recruitment of up to 6% (Dimitri-
adis et al. 2018). For species with late maturity such as marine turtles, with relative uncer-
tainty regarding typical time to reach sexual maturity, the impact on population recruitment
could take many decades to fully manifest in nesting numbers.

Human-wildlife conflicts where coastal development overlaps with nesting areas can be
effectively managed with the establishment of dark and protected areas, the existence and
enforcement of specific legislation or ultimately with nest relocation. The reproductive hot-
spots identified here can be used as guidance in future management decisions considering
marine turtles in Brazil, identifying areas where intervention is needed and those candi-
dates for continued protection. Perhaps most notable is the fact that conservation strategies
used by TAMAR in Brazil during the last 35 years have heavily relied on the involvement
of local communities, with the development of varied environmental awareness activi-
ties, adapted to the socio-environmental evolving contexts of the different locations (da
Silva et al. 2016). Evaluating the effects of anthropogenic factors on sea turtle habitats
was one of the 20 questions pointed out as research priorities for marine turtles (Hamann
et al. 2010), and was considered still insufficiently addressed in a recent review of the peer-
reviewed literature (Rees et al. 2016). As coastal development increases, not only in Brazil,
but worldwide, the use of satellite imagery is still limited in application and scope, how-
ever it has potential and with technological advances it should improve to be a valuable
tool to monitor medium to long-term trends in light and to evaluate potential impacts of
light on marine turtles and their habitats.
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