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EXECUTIVE SUMMARY 

 

Artificial lighting on sea turtle nesting beaches repels adult females searching for nest 

sites and disrupts hatchling seafinding, with potentially substantial effects on nesting 

activity and hatchling survival. Artificial lighting is one of a host of anthropogenic threats, 

including intentional harvest, bycatch in fisheries, interaction with marine debris, and 

habitat degradation, that have contributed to global sea turtle population declines. Because 

artificial light on nesting beaches has the potential to impact sea turtle life history stages 

that are essential to reproductive success, managing artificial lighting is a vital component 

of nesting beach protection. Furthermore, identifying nesting beach habitat vulnerable to 

the effects of artificial lighting is critical to guiding conservation efforts that aim to protect 

sea turtle populations. 

Green turtles (Chelonia mydas) are classified as endangered globally by the 

International Union for Conservation of Nature (IUCN). Tortuguero Beach in Costa Rica 

supports the largest green turtle nesting population in the Western Hemisphere, with more 

than one hundred thousand green turtle nests laid on the beach every year. The Sea Turtle 

Conservancy (STC) has monitored and worked to protect the nesting population since 

1959, and since 2004, the organization has conducted surveys to monitor artificial lighting 

on the beach. The primary objective of this project was to support the Sea Turtle 

Conservancy’s efforts by: 

1) Assessing the effect of artificial lighting from adjacent development on green turtle 

nesting in Tortuguero, 

2) Mapping artificial lighting on the beach in order to identify the brightest areas as 

appropriate targets for light pollution reduction efforts, and 

3) Developing a geographic information system (GIS) database to facilitate future 

monitoring and beach protection by STC. 

Between June and August 2014, I conducted walking surveys to map the nesting beach 

and light sources using a Trimble Juno SB GPS unit, and I developed a GIS database that 

formed the basis for subsequent analyses and data visualization. I built STC’s monitoring 

data from 2004 through 2014 into a polygon layer of the beach subdivided into mile 

sections defined by mile markers erected by STC. During the new moon in June and July 

2014, I conducted brightness surveys in concert with STC’s light surveys and measured 

brightness in units of luminance at 50-meter intervals along the beach using a Unihedron 

Sky Quality Meter. Using spatial data of the beach and light sources, luminance data from 

brightness assessments, and monitoring data from STC, I determined a mean luminance 

value for each mile section, examined the relationship between luminance and nesting 

activity, and mapped light pollution on the beach. 
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I found that mean luminance and the total number of green turtle emergences per mile 

section were significantly negatively correlated. Mean luminance exceeded the minimum 

threshold for light pollution in 6 of the 43 mile sections, and there were significantly fewer 

emergences in mile sections experiencing light pollution. Mean luminance was highest in 

mile sections adjacent to Tortuguero Village, where sources of artificial light were 

concentrated. These findings were consistent with STC’s light survey data, and mean light 

count and the total number of green turtle emergences per mile section from 2004 to 2014 

were also significantly negatively correlated. Cumulatively, these results suggest that 

artificial lighting from adjacent development impacts green turtle utilization of nesting 

habitat and changes the spatial distribution of green turtle nesting activity on Tortuguero 

Beach. 

These results were consistent with the findings of previous studies conducted on sea 

turtle nesting beaches and support the need for a turtle-friendly lighting initiative in 

Tortuguero. Successful management of light pollution on Tortuguero Beach will require a 

coordinated effort between the Sea Turtle Conservancy, the Costa Rican Electricity Institute 

(ICE), and local stakeholders. I made the following recommendations for addressing light 

pollution in Tortuguero: 

1) Light pollution management efforts should focus on Tortuguero Village, where the 
majority of light sources are found and luminance was highest. 

2) Light pollution management should involve both restoration of native beachfront 
vegetation and improvements in lighting technology. 

3) Future brightness surveys to document reduction of light pollution in response to 
STC’s efforts could focus on mile sections adjacent to Tortuguero Village. Brightness 
data from this study provide a baseline against which to compare future brightness 
levels on the beach. 

4) Targeted monitoring of hatchling disorientation near Tortuguero Village would 
provide additional insight into artificial lighting impacts on the nesting population 
and help identify specific lights that continue to be problematic after management 
actions are taken. 
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INTRODUCTION 

Ecological Light Pollution and Global Sea Turtle Populations 

Humans have altered nighttime light levels around the world, with an estimated 

twenty percent of land surface affected by light pollution (Bird, Branch, & Miller, 2004; 

Cinzano, Falchi, & Elvidge, 2001). Artificial sky brightness has increased with growing 

human population and development, and light pollution is increasing globally at 

approximately six percent every year (Gaston, Davies, Bennie, & Hopkins, 2012; Hölker, et 

al., 2010). The term ecological light pollution refers to artificial light that changes natural 

light-dark cycles in ecosystems (Longcore & Rich, 2004). Because light regimes provide 

important spatial and temporal orientation cues to animals, ecological light pollution can 

alter animal behavior (Hölker, et al., 2010; Longcore & Rich, 2004). The varied effects of 

light pollution on wildlife have been widely documented and may critically influence 

fitness (Gaston, Davies, Bennie, & Hopkins, 2012; Kyba, Ruhtz, Fischer, & Hölker, 2011; 

Longcore & Rich, 2004). Alteration of natural light regimes impacts species migration, 

communication, reproduction, foraging behavior, habitat utilization, predation and other 

interspecies interactions, and rates of mortality (Gaston, Davies, Bennie, & Hopkins, 2012; 

Longcore & Rich, 2004). Consequences of light pollution have been particularly well-

documented for sea turtle species (Bird, Branch, & Miller, 2004; Longcore & Rich, 2004). 

Artificial lighting on sea turtle nesting beaches repels adult females searching for 

nest sites and disrupts hatchling seafinding, with potentially substantial effects on nesting 

activity and hatchling survival (Witherington & Martin, 2003; Witherington, 1992). 

Artificial lighting is one of a host of anthropogenic threats, including intentional harvest, 

bycatch in fisheries, interaction with marine debris, and habitat degradation, that have 

contributed to global sea turtle population declines (Salmon, 2003; Witherington & Martin, 

2003; Eckert, 1995). Because stages of sea turtle life history essential to reproductive 

success occur on nesting beaches (Limpus & Kamrowski, 2013), the increasing exposure of 

this habitat to artificial light due to intensifying coastal development around the world has 

critical implications for sea turtle conservation (Salmon, 2003; Salmon & Witherington, 

1995; Witherington, 1992). 
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Artificial Lighting and Sea Turtle Hatchlings 

Artificial lighting disrupts orientation of sea turtle hatchlings on the beach and once 

they reach the ocean (Lorne & Salmon, 2007; Witherington, 1991). In the absence of 

artificial light, hatchlings typically emerge from their nests at night and crawl rapidly to the 

ocean, using visual cues to guide seafinding behavior (Tuxbury & Salmon, 2005; 

Witherington & Martin, 2003). Sea turtles are sensitive to light in the spectral range of 350 

to 700 nm and are most attracted to shorter wavelengths, particularly blue, violet, and 

near-ultraviolet light (Berry, Booth, & Limpus, 2013; Karnad, Isvaran, Kar, & Shanker, 

2009; Sella, Salmon, & Witherington, 2006; Witherington & Martin, 2003; Witherington & 

Bjorndal, 1991). In natural conditions, short wavelength light is most intense in the 

direction of the sea, allowing hatchlings to find the water (Berry, Booth, & Limpus, 2013; 

Kawamura, Naohara, Tanaka, Nishi, & Anraku, 2009). Once hatchlings reach the water, they 

begin a frenzied offshore swim guided by the direction of their travel down the beach, wave 

orientation, magnetic cues, and brightness (Lorne & Salmon, 2007; Salmon & Wyneken, 

1987). 

In disturbed beach environments, hatchling orientation is determined by the 

competitive interaction of natural and artificial cues (Tuxbury & Salmon, 2005). High 

intensity, short-wavelength artificial light disrupts hatchling perception of natural cues, 

thereby interfering with their seafinding ability (Karnad, Isvaran, Kar, & Shanker, 2009; 

Lorne & Salmon, 2007). Hatchlings may become misoriented (oriented toward artificial 

light) or disoriented (incapable of orienting) in the presence of artificial light (Lorne & 

Salmon, 2007). Misorientation is predicted with intense, discrete sources of light and 

weakly perceived natural cues (Tuxbury & Salmon, 2005; Salmon, Tolbert, Painter, Goff, & 

Reiners, 1995). Both direct point sources visible from the beach and indirect light sources, 

visible as sky-glow from inland light reflecting off clouds and sea spray, can affect 

hatchlings (Berry, Booth, & Limpus, 2013; Karnad, Isvaran, Kar, & Shanker, 2009). 

Disrupted orientation increases rates of hatchling mortality (Salmon & 

Witherington, 1995; Peters & Verhoeven, 1994; Witherington & Bjorndal, 1991). Rates of 

hatchling survival are higher when movement from nest to water is rapid and direct, 

reducing likelihood of mortality due to dehydration, exhaustion, or predation (Bourgeois, 
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Gilot-Fromont, Viallefont, Boussamba, & Deem, 2009; Witherington & Bjorndal, 1991). In 

the presence of artificial light, hatchlings may wander for extended periods prior to 

reaching the sea or they may crawl landward and die (Berry, Booth, & Limpus, 2013). 

Circling behavior associated with disorientation results in expenditure of limited energy 

stores and increased exposure to hazards (Limpus & Kamrowski, 2013). Disrupted 

orientation on the nesting beach also influences the survival and behavior of hatchlings 

once they reach the sea (Harewood & Horrocks, 2008). Disorientation depletes energy 

stores typically utilized in the energetically costly offshore swim, resulting in slower 

swimming speeds and increased vulnerability to predation in nearshore areas where the 

concentration of aquatic predators is high (Berry, Booth, & Limpus, 2013; Harewood & 

Horrocks, 2008). These effects have been documented across sea turtle species and 

geographic regions (e.g. loggerheads in Australia, Berry, Booth, & Limpus, 2013; 

leatherbacks in Gabon, Bourgeois, Gilot-Fromont, Viallefont, Boussamba, & Deem, 2009; 

olive ridleys in India, Karnad, Isvaran, Kar, & Shanker, 2009; hawksbills in Barbados, 

Harewood & Horrocks, 2008). 

Artificial Lighting and Sea Turtle Nesting 

Artificial lighting alters the nesting behavior of sea turtles (Salmon, Reiners, Lavin, & 

Wyneken, 1995; Witherington, 1992). Sea turtles nest on sandy beaches and deposit their 

eggs above the high-tide line (Witherington & Martin, 2003). Nesting occurs predominantly 

at night (Witherington & Martin, 2003; Hendrickson, 1995). Nesting is seasonal, and 

females will emerge on the beach to nest repeatedly during a single nesting season 

(Witherington & Martin, 2003; Hendrickson, 1995). The nesting process is similar across 

sea turtle species and occurs in a series of characteristic stages: 1) emerging from the sea, 

2) searching for a nesting location, 3) preparing the nest site by digging a body pit, 4) 

digging an egg chamber, 5) laying eggs, 6) covering the eggs with sand, 7) camouflaging the 

nest by flinging sand, 8) orienting toward the water, and 9) returning to the sea 

(Witherington & Martin, 2003; Hendrickson, 1995). Nesting behavior may vary by site of 

emergence from the sea, where nest construction occurs, whether the attempt to nest is 

abbreviated or abandoned, and orientation of return to the sea (Witherington & Martin, 

2003; Witherington, 1992). Changes in nesting behavior can impact the success of the 
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nesting attempt, hatchling production, and the condition of the nesting turtle 

(Witherington & Martin, 2003). External stimuli, including artificial lighting, can alter the 

accuracy, duration, and timing of nesting behaviors (Witherington & Martin, 2003). Adult 

sea turtles use visual cues for navigation on land and likely use similar seafinding cues to 

hatchlings (Limpus & Kamrowski, 2013; Witherington, 1992). Consequently, artificial 

lighting can result in disorientation and failure to find the sea (Limpus & Kamrowski, 2013; 

Witherington & Martin, 2003; Witherington, 1992). 

Furthermore, artificial lighting disrupts nest site selection, most commonly by 

deterring nesting attempts in brightly lit areas (Witherington & Martin, 2003). The 

presence of artificial lighting deters females from emerging from the water to nest and can 

cause females to leave the beach before depositing eggs (Witherington & Martin, 2003; 

Woody, Horrocks, & Vermeer, 1998). Nesting activity is inversely correlated with the 

presence of artificial light, with females preferentially nesting on dark beaches (Mortimer, 

1995; Salmon, Reiners, Lavin, & Wyneken, 1995; Witherington, 1992). The impacts of 

artificial light on sea turtle nesting have been directly tested through experimental 

manipulation of beach brightness (Witherington & Martin, 2003; Witherington, 1992). In 

the absence of other anthropogenic disturbance, artificial light reduces nesting activity, and 

this effect is dose-dependent (Salmon, Tolbert, Painter, Goff, & Reiners, 1995; 

Witherington, 1992). Additionally, on heavily developed beaches with high levels of 

artificial lighting, the distribution of nests is correlated with the presence of tall structures 

that serve as a barrier to light from development adjacent to the beach (Salmon, Reiners, 

Lavin, & Wyneken, 1995). This preferential nesting behavior has not been observed on 

undisturbed beaches (Salmon, Reiners, Lavin, & Wyneken, 1995). 

Assessment of potential nesting locations using visual cues is likely an important 

component of nest site selection by females (Witherington, 1992), and nest site selection is 

influenced by beach conditions (Salmon, Reiners, Lavin, & Wyneken, 1995). Physical and 

biological characteristics associated with productive sea turtle rookeries include beaches 

that are easily accessible from the sea, are composed of sand that fosters optimal 

incubation conditions, experience little erosion or wave action, have low levels of 

terrestrial predation, and are near oceanic currents that facilitate hatchling migration to 



N. Constant  5 

nursery habitat (Mortimer, 1995; Salmon, Reiners, Lavin, & Wyneken, 1995). Nest site 

selection represents a tradeoff between these variables, with females selecting locations 

that have favorable conditions for safe nesting and hatchling production (Witherington & 

Martin, 2003; Mortimer, 1995; Salmon, Reiners, Lavin, & Wyneken, 1995). By deterring 

nesting emergences, artificial lighting can cause females to reemerge in less appropriate 

nesting areas when making subsequent nesting attempts in unlighted areas (Witherington 

& Martin, 2003). Because artificial lighting may lead to utilization of otherwise suboptimal 

nesting habitat, artificial lighting on nesting beaches constitutes loss of sea turtle habitat 

(Witherington & Martin, 2003). 
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Study Objective 

Because artificial light on nesting beaches has the potential to impact sea turtle life 

history stages that are essential to reproductive success, managing artificial lighting is a 

vital component of nesting beach protection (Limpus & Kamrowski, 2013; Witherington & 

Martin, 2003). Furthermore, identifying nesting beach habitat vulnerable to the effects of 

artificial lighting is critical to guiding conservation efforts that aim to protect sea turtle 

populations (Kamrowski, Limpus, Moloney, & Hamann, 2012; Witherington & Martin, 

2003). Green turtles (Chelonia mydas) are classified as endangered globally by the 

International Union for Conservation of Nature (IUCN) (Seminoff, 2004). Global annual 

female nesting populations have declined between 48 and 67 percent over the past 100 to 

150 years (Troëng, Evans, Harrison, & Lageux, 2005; Seminoff, 2004). Tortuguero Beach in 

Costa Rica supports the largest green turtle nesting population in the Western Hemisphere, 

and the Sea Turtle Conservancy (STC) has monitored and worked to protect the nesting 

population since 1959 (Sea Turtle Conservancy, 2014; Troëng & Rankin, 2005; Carr, Carr, & 

Meylan, 1978). 

The primary objective of this project was to support the Sea Turtle Conservancy’s 

efforts in Tortuguero by: 

1) Assessing the effect of artificial lighting from adjacent development on green turtle 

nesting in Tortuguero, 

2) Mapping artificial lighting on Tortuguero Beach in order to identify the brightest 

areas as appropriate targets for light pollution reduction efforts, and 

3) Developing a geographic information system (GIS) database to facilitate future 

monitoring and beach protection by STC. 
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METHODS 

Study Area 

Tortuguero Beach spans twenty-two miles of the northern Caribbean coast of Costa 

Rica and supports the largest and most important green turtle nesting colony in the 

Western Hemisphere (Figure 1) (Sea Turtle Conservancy, 2014; Troëng & Rankin, 2005). 

More than one hundred thousand nests are laid on the beach every year by an estimated 

17,402 to 37,290 female green turtles (Troëng & Rankin, 2005).1 The beach also supports 

leatherback (Dermochelys coriacea), hawksbill (Eretmochelys imbricata), and loggerhead 

(Caretta caretta) sea turtle nesting (Harrison & Meletis, 2010). The entire nesting beach 

and much of the adjacent land is protected from coastal development by Tortuguero 

National Park (Sea Turtle Conservancy, 2014).2 However, the northern 3 3/4 miles of 

nesting beach are exposed to artificial lighting from Tortuguero Village and associated 

development (Gordon & Harrison, 2012; Prieto & Harrison, 2012). 

                                                 
1 An estimated total of 104,411 green turtle nests are laid on Tortuguero Beach annually, based on mean nesting from 
1999 to 2003 (Troëng & Rankin, 2005). 
2 Tortuguero National Park was declared by executive decree in 1970 and protected by law in 1975 (Troëng & Rankin, 
2005). 
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Figure 1. Map of study area: Tortuguero, Costa Rica. 
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The founder of the Sea Turtle Conservancy, Dr. Archie Carr, initiated the sea turtle 

research program in Tortuguero in 1955, and the organization has been monitoring the sea 

turtle nesting population on Tortuguero Beach since 1959 (Carr, Carr, & Meylan, 1978; Sea 

Turtle Conservancy, 2014).3  Presently, STC monitors approximately eighteen miles of the 

nesting beach, extending from the mouth of the Tortuguero River in the north to the Jalova 

Lagoon in the south (Sea Turtle Conservancy, 2013). Research is conducted under a permit 

from the Tortuguero Conservation Area (ACTo) of the Ministry of Environment and Energy 

of Costa Rica (MINAET) (Prieto & Harrison, 2012). The STC has erected mile markers that 

divide the beach into monitoring units defined by the nearest mile marker to the north, 

beginning with -3/8 at the Tortuguero River and ending with 18 at the Jalova Lagoon 

(Figure 2) (Gordon & Harrison, 2012).4 The beach is divided into eighths of a mile until 

mile maker 5, half miles from 5 to 15, and eighths of a mile beyond mile marker 15 (Gordon 

& Harrison, 2012). The STC conducts daily track surveys and nightly tagging patrols over 

the northern 5 3/8 miles of beach and weekly track surveys over the entire eighteen miles 

(Sea Turtle Conservancy, 2013). Long-term monitoring has yielded a historical database of 

the spatial and temporal distribution of nesting activity, nest survivorship and hatching 

success, and level of illegal take (Sea Turtle Conservancy, 2013). 

                                                 
3 The Sea Turtle Conservancy is an international nonprofit 501(c)(3) based in Gainesville, Florida. It is the oldest sea 
turtle research and conservation organization. http://www.conserveturtles.org/about.php 
4 The negative mile value at the river mouth is due to accretion of sand occurring after the mile marking system was 
established. 

http://www.conserveturtles.org/about.php
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Figure 2. Map of study area: Tortuguero Beach. 
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Since 2004, STC has conducted regular light surveys to monitor artificial lighting 

and document human impacts over the northern 5 3/8 miles of nesting beach (Figure 3). 

Artificial lighting in Tortuguero is a concern because of the high conservation value of 

Tortuguero Beach and the exposure of the beach to artificial light from adjacent 

development. More than one hundred thousand tourists visit Tortuguero yearly, many 

drawn by the opportunity to observe nesting sea turtles (Harrison & Meletis, 2010; Prieto 

& Harrison, 2012). Rapid growth of the ecotourism industry, from a few hundred visitors in 

the 1990s to present annual visitation rates, is largely responsible for the expansion of 

Tortuguero Village and supporting infrastructure, including a number of tourist lodges and 

cabinas adjacent to the beach (Harrison & Meletis, 2010). Artificial lights are concentrated 

near Tortuguero Village, and additional lights from tourist lodges are distributed to the 

north of the village (Gordon & Harrison, 2012; Prieto & Harrison, 2012). There are no lights 

within Tortuguero National Park, which starts in mile section 3 3/8 and continues south 

past mile 18 (Gordon & Harrison, 2012; Prieto & Harrison, 2012). 
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Figure 3. Map of mile sections included in Sea Turtle Conservancy light surveys. 



N. Constant  13 

Mapping Tortuguero Beach 

To develop a GIS database that formed the basis for subsequent analyses and data 

visualization, I mapped Tortuguero Beach from the mouth of the Tortuguero River 

(10°35’14.822”N, 83°31’23.022”W) to the Jalova Lagoon (10°21’15.07”N, 83°23’23.498”W). 

Between 02 June and 11 August 2014, I collected geospatial data during walking surveys 

using a Trimble Juno SB Handheld GPS unit (2 to 5 meter accuracy)5 running ArcPad 10 

(Esri) and the Trimble GPScorrect extension.6 Data were referenced to the WGS 1984 

datum to minimize datum shift error. I conducted differential post-processing in Trimble 

GPS Pathfinder 5.40 using the VERA Continuously Operating Reference Station (CORS) 

from the National Geodetic Survey.7 Using ArcGIS 10.2 (Esri), I imported data into a 

personal geodatabase with UTM Zone 17N projection referenced to the WGS 1984 datum. 

Long-term monitoring data from STC are associated with mile sections but not with 

specific point locations. Thus, a polygon layer of the beach was needed to build this dataset 

into a geodatabase. I created a polygon layer of the study area divided into mile sections, 

with each alongshore section of the beach between mile markers recorded as an individual 

polygon. Upper polygon boundaries were defined by the vegetation line, lower polygon 

boundaries were defined by the low water line, and alongshore divisions were defined by 

STC’s mile markers.8 I also collected reference layers of mile markers, artificial light 

sources, beach exits and trails, and other relevant landmarks.9 I digitized reference layers 

of the region and Tortuguero Village using ArcGIS 10.2 (Esri) World Imagery basemap, and 

I obtained boundaries for Tortuguero National Park from ArcGIS Online.10 

Brightness Surveys 

To assess the distribution and intensity of artificial lighting on Tortuguero Beach, I 

conducted brightness surveys in June and July 2014 from mile -3/8 at the mouth of the 

                                                 
5 See Trimble Juno Series User Guide. http://trl.trimble.com/docushare/dsweb/Get/Document-
437119/JunoSeries_UserGuide_v1_RevB_USGU5239_ENG.pdf 
6 See Trimble GPScorrect Extension Datasheet. http://trl.trimble.com/docushare/dsweb/Get/Document-
132235/12991AD_GPScorrect_DS_0613_HR_nc.pdf 
7 See National Geodetic Survey CORS Map. http://www.ngs.noaa.gov/CORS_Map/ 
8 The vegetation line was determined by the seaward edge of stable vegetation (Boak & Turner, 2005). 
9 Beach exits and trails are maintained by Tortuguero National Park. 
10 Áreas de conservación de Costa Rica Map Package by daguilar. 
http://www.arcgis.com/home/item.html?id=a769b169f4ec4833ab5e27058a638a0f 

http://trl.trimble.com/docushare/dsweb/Get/Document-437119/JunoSeries_UserGuide_v1_RevB_USGU5239_ENG.pdf
http://trl.trimble.com/docushare/dsweb/Get/Document-437119/JunoSeries_UserGuide_v1_RevB_USGU5239_ENG.pdf
http://trl.trimble.com/docushare/dsweb/Get/Document-132235/12991AD_GPScorrect_DS_0613_HR_nc.pdf
http://trl.trimble.com/docushare/dsweb/Get/Document-132235/12991AD_GPScorrect_DS_0613_HR_nc.pdf
http://www.ngs.noaa.gov/CORS_Map/
http://www.arcgis.com/home/item.html?id=a769b169f4ec4833ab5e27058a638a0f
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Tortuguero River (10°35’14.822”N, 83°31’23.022”W) to mile marker 5 in Tortuguero 

National Park (10°31’1.134”N, 83°29’21.978”W). This survey area includes the entire 

extent of beach exposed to artificial lighting from adjacent development in addition to a 

portion of unlighted beach in Tortuguero National Park. This survey area also matches the 

spatial extent of the light surveys STC conducts every month to obtain a light count by mile 

section (Sea Turtle Conservancy, 2013). I conducted the brightness surveys in concert with 

STC’s light surveys, which begin at the mouth of the Tortuguero River at 8:00 pm during 

the new moon (Sea Turtle Conservancy, 2013). Bright natural light can mitigate the effects 

of artificial light on sea turtles because background illumination is increased, thereby 

reducing the perceived intensity of artificial light (Salmon & Witherington, 1995; Tuxbury 

& Salmon, 2005). Thus, artificial lighting assessments are most effective during the new 

moon, when levels of natural light are at a minimum (Witherington & Martin, 2003). 

During brightness surveys conducted on the nights of 27-28 June and 26-28 July,11 I 

collected point layers of brightness values along the beach. I took brightness measurements 

perpendicular to the vegetation using a Unihedron Sky Quality Meter (SQM) from the 

waterline at 50-meter intervals along the beach. This corresponded to taking five 

brightness measurements for each mile section (at the mile markers at each section 

endpoint and at three equidistant points within each section), for a total of 173 brightness 

sampling locations per survey (see Appendix A).12 At each sampling location, I recorded 

three brightness readings to obtain a mean brightness value,13 and I collected a point 

location using the Trimble GPS unit. 

The SQM is a handheld brightness meter that averages brightness over an 

approximately 84 degree arc.14 This is a wide field of view, which is appropriate for 

assessing the impact of artificial light on sea turtles because sea turtles integrate brightness 

over a wide horizontal range (Witherington & Martin, 2003; Witherington, 1995). Because 

                                                 
11 Surveys required two nights to complete: one for the northern portion (mile section -3/8 to 2 4/8) and a second for the 
southern portion (mile section 2 5/8 to 4 7/8). Due to a storm on 27 July, mile sections 4 6/8 and 4 7/8 were completed 
on a third night. 
12 I recorded brightness at four rather than five locations in mile section -3/8, located at the Tortuguero River Mouth, 
because it is shorter than the other mile sections. 
13 Standard Error of the mean brightness value at each sampling point averaged  4.96%. 
14 See Unihedron SQM FAQ. http://www.unihedron.com/projects/darksky/faqsqm.php 

http://www.unihedron.com/projects/darksky/faqsqm.php
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brightness is a measure of the intensity of light relative to the spectral sensitivity of the 

detector, the spectral sensitivity of a light meter should match the target species in order to 

provide relevant measurements that are meaningful in the context of evaluating impacts of 

light pollution on a particular species (Witherington & Martin, 2003). The SQM sensor is 

filtered to detect wavelengths within the visible light spectrum from approximately 300 to 

750 nm,15 and this spectral response curve is similar to the wavelength sensitivity of sea 

turtles (Witherington & Martin, 2003). The SQM reports brightness in magnitudes per 

square arcsecond (mag/arcsec2) with a precision of  0.10 units.16 I converted all SQM 

measurements into candelas per square meter (cd/m2) in Microsoft Excel using the 

conversion provided by Unihedron17. These are the standard units of luminance, or the 

intensity of visible light emitted over a unit area (Witherington & Martin, 2003). 

Sea Turtle Conservancy Light Survey and Track Survey Data 

To assess the effect of artificial lighting from adjacent development on green turtle 

nesting in Tortuguero and characterize trends in light counts and nesting activity, I used 

luminance data from brightness surveys and obtained light survey and track survey data 

from 2004 to 2014 from STC.18 Light surveys are conducted monthly during the new moon 

from June through October (Sea Turtle Conservancy, 2013). Observers walk the northern 5 

3/8 miles of beach and record lights and light sources by mile section (Sea Turtle 

Conservancy, 2013). Track surveys are conducted daily during the green turtle nesting 

season from June through November (Sea Turtle Conservancy, 2013). Observers walk the 

northern 5 3/8 miles of beach and record nests and false crawls from the previous night by 

mile section (Sea Turtle Conservancy, 2013).19 I built these data into the attribute table of 

the Tortuguero Beach mile sections polygon in ArcGIS 10.2 (Esri). 

To examine the relationship between brightness and green turtle nesting activity in 

June and July 2014, I used regression analysis in Microsoft Excel. I calculated a mean 

                                                 
15 See Unihedron SQM FAQ. http://www.unihedron.com/projects/darksky/faqsqm.php 
16 See Unihedron SQM Instruction Sheet. http://www.unihedron.com/projects/darksky/Instruction_sheet.pdf 
17 Conversion: [luminance value in cd/m2] = 10.8 * 104 * 10-0.4 * [SQM value in mag/arcsec2]. 
http://unihedron.com/projects/darksky/magconv.php 
18 Light survey and track survey data were provided by the Sea Turtle Conservancy under a Data Use Agreement. Data 
remain the property of STC and may not be used without written consent. 
19 A false crawl is an emergence that does not lead to nesting (Witherington & Martin, 2003). 

http://www.unihedron.com/projects/darksky/faqsqm.php
http://www.unihedron.com/projects/darksky/Instruction_sheet.pdf
http://unihedron.com/projects/darksky/magconv.php
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luminance value for each mile section by averaging the five brightness measurements 

taken for each section for both months. The resulting mean luminance for each mile section 

corresponded closely to values on a luminance surface interpolated using the Geostatistical 

Wizard in ArcGIS 10.2 (Esri),20 which accounted for spatial autocorrelation of the 

brightness data (see Appendix B).21 I used the total number of green turtle emergences 

(the sum of nests and false crawls) per mile section for both months in this regression. 

Ratios of nests and false crawls, including nesting success,22 are not reliable indicators of 

the effects of artificial lighting because artificial lighting reduces both nesting and non-

nesting emergences (Witherington & Martin, 2003). I also mapped the spatial distribution 

of luminance and emergences in ArcGIS 10.2 (Esri). 

To compare the mean number of emergences between mile sections that exceed and 

are below the brightness threshold for light pollution, I used a t-test assuming unequal 

variance in Microsoft Excel. When sky brightness exceeds natural background radiation by 

more than ten percent of natural night sky brightness, then light pollution is occurring  

(Schreuder, 2008; Cinzano, Falchi, & Elvidge, 2001). The accepted average value for natural 

background radiation, or a reference night sky brightness expected from natural light 

sources excluding the moon, is 0.000352 cd/m2 (Narisada & Schreuder, 2004). Thus, I used 

a value of 0.0003872 cd/m2 as a minimum threshold to define mile sections experiencing 

light pollution. 

To characterize temporal trends in light counts and nesting activity, I analyzed 

emergences and light count data from 2004 to 2014 using single factor ANOVAs in 

Microsoft Excel. To characterize spatial trends in light counts and nesting activity, I 

analyzed emergences and light count data from 2004 to 2014 using t-tests assuming 

unequal variance in Microsoft Excel. I also mapped the spatial distribution of light counts 

                                                 
20 The Kriging interpolation method in ArcGIS 10.2 (Esri) uses values from a set of input points to produce a surface of 
estimated values. This method models the statistical correlation between sample point location and value in order to 
estimate the surface. http://resources.arcgis.com/en/help/main/10.1/index.html#//00q90000001t000000 
21 Spatial autocorrelation or dependence occurs when values of nearby points are more similar than values of distant 
points. The match between the interpolated luminance surface and the mean luminance values for each mile section 
suggests that calculating average brightness using the five sampling points was an appropriate method for producing a 
representative brightness value for each section. 
http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html#//003100000036000000 
22 Nesting success is the proportion of emergences that result in nests (Witherington & Martin, 2003). 

http://resources.arcgis.com/en/help/main/10.1/index.html#//00q90000001t000000
http://help.arcgis.com/en/arcgisdesktop/10.0/help/index.html#//003100000036000000
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and emergences in ArcGIS 10.2 (Esri). To confirm that luminance values from brightness 

surveys and STC’s light counts were correlated and that changes in light count 

corresponded to changes in brightness on the beach, I used regression analysis and a t-test 

assuming unequal variance in Microsoft Excel. I then examined the relationship between 

mean light count and total number of emergences per mile section from 2004 to 2014 

using regression analysis in Microsoft Excel. 

Identifying Light Pollution Management Targets 

To identify the brightest areas on Tortuguero Beach as appropriate targets for light 

pollution reduction efforts by STC, I mapped the intensity of artificial lighting on 

Tortuguero Beach using ArcGIS 10.2 (Esri). I averaged luminance values from June and July 

2014 to obtain a mean brightness value for each mile section, and I mapped luminance with 

a reference overlay of artificial light sources. To compare mean luminance between mile 

sections that are adjacent to Tortuguero National Park and land outside Tortuguero 

National Park, I used a t-test assuming unequal variance in Microsoft Excel. To compare 

mean luminance between mile sections that are adjacent to Tortuguero Village and other 

land outside Tortuguero National Park, I used a t-test assuming unequal variance in 

Microsoft Excel.
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RESULTS 

Brightness and Nesting Activity 

Mean luminance from June to July 2014 ranged from 0.00007 cd/m2 to 0.00746 

cd/m2 (Figure 4; Figure 6) and total number of green turtle emergences per mile section 

ranged from 2 to 123 emergences (Figure 5; Figure 6). Mean luminance was highest in 

mile sections adjacent to Tortuguero Village, from mile section 2 6/8 to 3 2/8 (Figure 4; 

Figure 6). Total number of emergences was highest in mile sections adjacent to 

Tortuguero National Park, from mile section 3 3/8 to 4 7/8 (Figure 5; Figure 6). Mean 

luminance and the total number of green turtle emergences per mile section from June to 

July 2014 were significantly correlated, with total number of emergences decreasing as 

mean luminance increased (n = 43, R2 = 0.103, p = 0.036) (Figure 7). 

Of the 43 mile sections, 6 exceeded the minimum threshold for light pollution 

(Figure 4; Figure 8). Mile sections 2 7/8, 3, 3 1/8, and 3 2/8 adjacent to Tortuguero Village 

and mile sections -3/8 and -2/8 near the mouth of the Tortuguero River exceeded the 

minimum threshold for light pollution (Figure 4; Figure 9). For the 37 mile sections not 

experiencing light pollution, the total number of green turtle emergences per mile section 

did not vary significantly with mean luminance (n = 37, R2 = 0.00004, p = 0.97) (Figure 

10). Mean from June to July 2014 of total number of emergences was significantly lower in 

mile sections experiencing light pollution than in mile sections that did not exceed the 

minimum threshold for light pollution (t41 = 6.73, p < 0.0001) (Figure 11). Mean total 

number of emergences was 6.33  1.41 SE in mile sections experiencing light pollution and 

36.38  4.23 SE in mile sections that did not exceed the minimum threshold for light 

pollution (Figure 11). 
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Figure 4. Mean luminance by mile section from June to July 2014 on Tortuguero Beach. 
Mile sections adjacent to Tortuguero Village in red. Mile sections adjacent to Tortuguero 
National Park in green. Dashed horizontal bar corresponds to the minimum threshold for 
light pollution (0.0003872 cd/m2). 

 

 

Figure 5. Total number of green turtle emergences by mile section from June to July 
2014 on Tortuguero Beach. Mile sections adjacent to Tortuguero Village in red. Mile 
sections adjacent to Tortuguero National Park in green. 
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Figure 6. Map of mean luminance and total number of green turtle emergences from 
June to July 2014 on Tortuguero Beach. 
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Figure 7. Total number of green turtle emergences per mile section as a function of 
mean luminance from June to July 2014 on Tortuguero Beach (n = 43, p = 0.036). 

 

 

Figure 8. Total number of green turtle emergences per mile section as a function of 
mean luminance from June to July 2014 on Tortuguero Beach. Dashed vertical bar 
corresponds to the minimum threshold for light pollution (0.0003872 cd/m2). 
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Figure 9. Map of light pollution (mean luminance > 0.0003872 cd/m2) and total 
number of green turtle emergences from June to July 2014 on Tortuguero Beach. 
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Figure 10. Total number of green turtle emergences per mile section not experiencing 
light pollution as a function of mean luminance from June to July 2014 on Tortuguero 
Beach (n = 37, p = 0.97). 

 

 

Figure 11. Mean from June to July 2014 of total number of green turtle emergences  SE 
in mile sections experiencing light pollution (n = 6) and mile sections that did not exceed 
the minimum threshold for light pollution (n = 37) on Tortuguero Beach. Mean total 
number of emergences per mile section was significantly lower in mile sections 
experiencing light pollution (p < 0.0001). 



N. Constant  24 

Light Count and Nesting Activity 

Mean monthly light count from 2004 to 2014 on Tortuguero Beach did not vary 

significantly by month (single factor ANOVA, F4,43 = 0.12, p = 0.98) (Figure 12) or year 

(single factor ANOVA, F9,33 = 1.31, p = 0.27) (Figure 13).23 The mean monthly light count 

averaged from June to October was 104.78 lights (Figure 12), and the mean monthly light 

count averaged from 2004 to 2014 was 104.70 lights (Figure 13). Mean monthly number 

of green turtle emergences from 2004 to 2014 on Tortuguero Beach varied significantly by 

month (single factor ANOVA, F4,50 = 29.50, p < 0.0001) (Figure 14) but not by year (single 

factor ANOVA, F10,44 = 0.66, p = 0.76) (Figure 15). Mean number of green turtle 

emergences peaked in August and September (Figure 14). 

                                                 
23 No light surveys were conducted in 2009. 
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Figure 12. Mean monthly light count  SE from 2004 to 2014 on Tortuguero Beach. No 
significant difference in mean light count between months (p = 0.98). Dashed horizontal 
bar corresponds to the mean monthly light count averaged from June to October (104.78 
lights). 

 

 

Figure 13. Mean monthly light count  SE from June to October on Tortuguero Beach. 
No significant difference in mean light count between years (p = 0.27). Dashed horizontal 
bar corresponds to the mean monthly light count averaged from 2004 to 2014 (104.70 
lights). 
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Figure 14. Mean monthly number of green turtle emergences  SE from 2004 to 2014 
on Tortuguero Beach. Mean number of emergences varied significantly between months (p 
< 0.0001). 

 

 

Figure 15. Mean monthly number of green turtle emergences  SE from June to October 
on Tortuguero Beach. No significant difference in mean monthly number of emergences 
between years from 2004 to 2014 (p = 0.76).
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Mean light count from 2004 to 2014 was highest in mile sections adjacent to 

Tortuguero Village, from mile section 2 6/8 to 3 2/8 (Figure 16; Figure 18). Total number 

of green turtle emergences from 2004 to 2014 was highest in mile sections adjacent to 

Tortuguero National Park, from mile section 3 3/8 to 4 7/8 (Figure 17; Figure 18). Mean 

light count from 2004 to 2014 was significantly lower in mile sections adjacent to 

Tortuguero National Park than in mile sections adjacent to land outside Tortuguero 

National Park (t29 = -3.79, p = 0.0003) (Figure 19).  Mean from 2004 to 2014 of total 

number of emergences was significantly higher in mile sections adjacent to Tortuguero 

National Park than in mile sections adjacent to land outside Tortuguero National Park. (t30 

= 11.91, p < 0.0001) (Figure 20). Mean light count was significantly higher in mile sections 

adjacent to Tortuguero Village than in mile sections adjacent to other land outside 

Tortuguero National Park (t4 = -5.95, p = 0.002) (Figure 21). Mean total number of 

emergences was significantly lower in mile sections adjacent to Tortuguero Village than in 

mile sections adjacent to other land outside Tortuguero National Park (t9 = 5.94, p = 

0.0001) (Figure 22). 
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Figure 16. Mean light count by mile section from 2004 to 2014 on Tortuguero Beach. 
Mile sections adjacent to Tortuguero Village in red. Mile sections adjacent to Tortuguero 
National Park in green. 

 

 

Figure 17. Total number of green turtle emergences by mile section from 2004 to 2014 
on Tortuguero Beach. Mile sections adjacent to Tortuguero Village in red. Mile sections 
adjacent to Tortuguero National Park in green. 
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Figure 18. Map of mean light count and total number of green turtle emergences from 
2004 to 2014 on Tortuguero Beach. 
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Figure 19. Mean light count  SE in mile sections adjacent to Tortuguero National Park 
(n = 13) and outside Tortuguero National Park (n = 30) from 2004 to 2014. Mean light 
count was significantly lower in mile sections adjacent to Tortuguero National Park (p = 
0.0003). 

 

 

Figure 20. Mean from 2004 to 2014 of total number of green turtle emergences  SE in 
mile sections adjacent to Tortuguero National Park (n = 13) and outside Tortuguero 
National Park (n = 30). Mean total number of emergences was significantly higher in mile 
sections adjacent to Tortuguero National Park (p < 0.0001). 
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Figure 21. Mean light count  SE in mile sections adjacent to Tortuguero Village (n = 5) 
and other land outside Tortuguero National Park (n = 25) from 2004 to 2014. Mean light 
count was significantly higher in mile sections adjacent to Tortuguero Village (p = 0.002). 

 

 

Figure 22. Mean from 2004 to 2014 of total number of green turtle emergences  SE in 
mile sections adjacent to Tortuguero Village (n = 5) and other land outside Tortuguero 
National Park (n = 25). Mean total number of emergences was significantly lower in mile 
sections adjacent to Tortuguero Village (p = 0.0001). 
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Mean light count from June to July 2014 was significantly correlated to mean 

luminance from June to July 2014, with luminance increasing as light count increased (n = 

43, R2 = 0.555, p < 0.0001) (Figure 23; Figure 24). Mean light count was significantly 

higher in mile sections experiencing light pollution than in mile sections that did not 

exceed the minimum threshold for light pollution (t5 = -3.45, p = 0.009) (Figure 25; Figure 

26). Mean light count was 10.08  2.66 SE in mile sections experiencing light pollution and 

0.97  0.32 SE in mile sections that did not exceed the minimum threshold for light 

pollution (Figure 26). Mean light count and the total number of green turtle emergences 

per mile section from 2004 to 2014 were significantly correlated, with number of 

emergences decreasing as light count increased (n = 43, R2 = 0.379, p = < 0.0001) (Figure 

27). 

 

 

Figure 23. Mean luminance as a function of mean light count per mile section from June 
to July 2014 on Tortuguero Beach (n = 43, p < 0.0001). 
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Figure 24. Map of mean luminance and mean light count from June to July 2014 on 
Tortuguero Beach. 
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Figure 25. Mean luminance as a function of mean light count per mile section from June 
to July 2014 on Tortuguero Beach. Dashed horizontal bar corresponds to the minimum 
threshold for light pollution (0.0003872 cd/m2). 

 

 

Figure 26. Mean light count  SE in mile sections experiencing light pollution (n = 6) and 
mile sections that did not exceed the minimum threshold for light pollution (n = 37) from 
June to July 2014 on Tortuguero Beach. Mean light count per mile section was significantly 
higher in mile sections experiencing light pollution (p = 0.009). 
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Figure 27. Total number of green turtle emergences per mile section as a function of 
mean light count from 2004 to 2014 on Tortuguero Beach (n = 43, p < 0.0001). 
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Light Pollution Management Targets 

Mean luminance from June to July 2014 was highest in mile sections adjacent to the 

mouth of the Tortuguero River (Figure 28) and Tortuguero Village (Figure 29).  Mean 

luminance was lowest in mile sections adjacent to Tortuguero National Park, where there 

are no sources of artificial light adjacent to the beach (Figure 30). San Francisco Village, 

located on the landward side of Tortuguero River, is the light source nearest to mile 

sections at the mouth of the Tortuguero River (Figure 28). Between the river mouth and 

Tortuguero Village, there are three businesses (Tortuga Lodge, All Rankin’s Lodge, Laguna 

Lodge, and Mawamba Lodge) and one private residence (Villa Nova) that are sources of 

artificial light (Figure 28; Figure 29). Sources of artificial light are concentrated in 

Tortuguero Village (Figure 29; Figure 31). Major light sources in Tortuguero Village are a 

mix of businesses, private residences, and public streetlights (Figure 31). 

Mean luminance from June to July 2014 was significantly lower in mile sections 

adjacent to Tortuguero National Park than in mile sections adjacent to land outside 

Tortuguero National Park (t29 = -2.28, p = 0.015) (Figure 32).  Mean luminance was 

0.00014  0.00002 cd/m2 in mile sections adjacent to Tortuguero National Park and 

0.00093  0.00035 cd/m2 in mile sections adjacent to land outside Tortuguero National 

Park (Figure 32). Mean luminance from June to July 2014 was significantly higher in mile 

sections adjacent to Tortuguero Village than in mile sections adjacent to other land outside 

Tortuguero National Park (t4 = 3.27, p = 0.015) (Figure 33). Mean luminance was 0.00435 

 0.00125 cd/m2 in mile sections adjacent to Tortuguero Village and 0.00025  0.00008 

cd/m2 in mile sections adjacent to other land outside Tortuguero National Park (Figure 

33). 
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Figure 28. Map of mean luminance from June to July 2014 on Tortuguero Beach from 
mile section -3/8 to 1 4/8 with reference overlay of artificial light sources. 
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Figure 29. Map of mean luminance from June to July 2014 on Tortuguero Beach from 
mile section 1 4/8 to 3 3/8 with reference overlay of artificial light sources. 
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Figure 30. Map of mean luminance from June to July 2014 on Tortuguero Beach from 
mile section 3 1/8 to 4 7/8 with reference overlay of artificial light sources. 
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Figure 31. Map of mean luminance from June to July 2014 on Tortuguero Beach 
adjacent to Tortuguero Village with reference overlay of artificial light sources. 
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Figure 32. Mean luminance  SE in mile sections adjacent to Tortuguero National Park 
(n = 13) and outside Tortuguero National Park (n = 30) from June to July 2014. Mean 
luminance was significantly lower in mile sections adjacent to Tortuguero National Park (p 
= 0.015). Dashed horizontal bar corresponds to the minimum threshold for light pollution 
(0.0003872 cd/m2). 

 

 

Figure 33. Mean luminance  SE in mile sections adjacent to Tortuguero Village (n = 5) 
and other land outside Tortuguero National Park (n = 25) from June to July 2014. Mean 
luminance was significantly higher in mile sections adjacent to Tortuguero Village (p = 
0.015). Dashed horizontal bar corresponds to the minimum threshold for light pollution 
(0.0003872 cd/m2).
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DISCUSSION 

This study aimed to support the Sea Turtle Conservancy’s efforts in Tortuguero by 

assessing the effect of artificial lighting from adjacent development on green turtle nesting, 

identifying areas on Tortuguero Beach as targets for light pollution reduction efforts, and 

developing a GIS database to facilitate future monitoring and beach protection. I found that 

mean luminance and the total number of green turtle emergences per mile section were 

significantly negatively correlated in June and July 2014. Mean luminance exceeded the 

minimum threshold for light pollution in 6 of the 43 mile sections, and there were 

significantly fewer emergences in mile sections experiencing light pollution. Mean 

luminance was highest in mile sections adjacent to Tortuguero Village and near the mouth 

of the Tortuguero River, and light sources were concentrated in Tortuguero Village. These 

findings were consistent with STC’s light survey data, and mean light count and the total 

number of green turtle emergences per mile section from 2004 to 2014 were also 

significantly negatively correlated. Cumulatively, these results suggest that artificial 

lighting from adjacent development impacts green turtle utilization of nesting habitat and 

changes the spatial distribution of green turtle nesting activity on Tortuguero Beach. 

Mean luminance and total number of green turtle emergences per mile section in 

June and July 2014 were significantly negatively correlated, suggesting that artificial 

lighting decreases nesting activity. However, a linear model was not a good fit for the 

relationship. For mile sections with very low luminance values (<0.00035 cd/m2), total 

number of emergences ranged from 5 to 123, and there was no significant correlation 

between luminance and emergences. In contrast, for all mile sections with higher 

luminance values, total number of emergences were uniformly low and did not exceed 11 

emergences. Using the luminance threshold for light pollution provided a meaningful way 

to quantify the impact of artificial lighting on nesting activity. Total number of emergences 

was almost six times lower in mile sections experiencing light pollution than in mile 

sections with luminance values below the threshold. Furthermore, the threshold value used 

in this analysis was a conservative estimate of light pollution. The value for natural 

background radiation (0.000352 cd/m2) used to calculate the light pollution threshold 
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(0.0003872 cd/m2) is an accepted global average value for the lower observational limit of 

luminance (Schreuder, 2008; Narisada & Schreuder, 2004). Not only were 37 of the 43 mile 

sections below the light pollution threshold, but they were also below the average natural 

background luminance value, suggesting that natural background radiation on Tortuguero 

Beach is darker than the average value. Furthermore, the impact of light pollution is not 

constant, and a source of light pollution in a protected area is predicted to cause a greater 

level of disturbance than a source of light pollution in a developed area (Schreuder, 2008). 

Tortuguero Beach has been protected as part of Tortuguero National Park since the 1970s 

(Troëng & Rankin, 2005), and intensified development adjacent to the beach is relatively 

recent (Harrison & Meletis, 2010). Consequently, the number of mile sections experiencing 

the impacts of light pollution likely exceeds the 6 mile sections identified as priority 

management targets. 

The negative correlation between luminance and emergences in June and July 2014 

is consistent with the relationship between light counts from STC’s light surveys and 

emergences from 2004 to 2014. Mean light count and the total number of green turtle 

emergences per mile section from 2004 to 2014 were significantly negatively correlated, 

again suggesting that artificial lighting decreases nesting activity. The correlation between 

light counts and emergences from 2004 to 2014 was stronger than the correlation between 

luminance and emergences in 2014. The difference in strength between the correlations 

might have been due to the timing of the surveys. Due to logistic constraints, brightness 

surveys were conducted in June and July rather than throughout the nesting season, while 

light surveys are conducted from June through October. An examination of temporal trends 

in light counts revealed that light counts did not vary significantly between months, 

suggesting that surveying luminance in June and July provided a representative measure of 

brightness on the beach throughout the nesting season. However, nesting activity is lower 

in June and July, and this might have contributed to the difference between the two 

correlations. 

As expected, mean luminance and light count in June and July 2014 were 

significantly positively correlated, and the spatial distribution of luminance and light 

counts were similar, with the highest light counts recorded in mile sections adjacent to 
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Tortuguero Village. Number of lights did not perfectly predict luminance, and this is 

unsurprising given the differing ability of light counts and luminance measurements to 

capture variation in brightness on the beach and their differing susceptibility to sources of 

error. Luminance measurements are potentially impacted by the presence of lightning or 

cloud cover, though brightness surveys in this study were halted during storms. Light 

counts do not provide an indication of variation in the intensity of the lights counted, and 

not all light sources emit the same intensity of light. Light counts do not distinguish 

between lights based on their proximity to the beach, and distance from the beach alters 

the contribution of a light source to brightness on the beach. Light counts do not capture 

brightness contributions from lights that are not directly visible from the beach, and these 

lights may still contribute to sky-glow. Lights counts also do not capture the influence of 

lights on brightness in other mile sections, which was evident when comparing the spatial 

distribution of light counts and luminance. Even though there are no lights adjacent to the 

beach within Tortuguero National Park, luminance values within the park reveal an 

increase in brightness moving northward towards the limit of Tortuguero Village. Similarly, 

there were two mile sections, -3/8 and -2/8, in which light counts were relatively low yet 

luminance values exceeded the threshold for light pollution. Because these mile sections 

are located at the mouth of the Tortuguero River, adjacent land is free of vegetation. 

Consequently, these mile sections have very little protection from light sources located 

adjacent to other mile sections, on the other side of the river, or to the north of the study 

area. Despite these potential sources of error, there was a significant difference in the 

number of lights in mile sections experiencing light pollution and in mile sections that did 

not exceed the threshold for light pollution, and when mean light count exceeded 10 lights 

within a mile section, mean luminance predictably exceeded the light pollution threshold. 

The negative correlation between brightness and nesting activity on Tortuguero 

Beach is consistent with the findings of previous studies investigating the impact of 

artificial lighting on sea turtle nesting beaches (Witherington & Martin, 2003; Woody, 

Horrocks, & Vermeer, 1998; Mortimer, 1995; Witherington, 1992). However, nest 

placement has been associated with a number of beach characteristics (Salmon, Reiners, 

Lavin, & Wyneken, 1995; Mortimer, 1995), and correlative studies do not separate the 
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impact of artificial lighting from other anthropogenic activities or environmental variables. 

Sea turtles nesting in mile sections near Tortuguero Village are not only exposed to more 

artificial light, but they are also more likely to be exposed to human activity on the beach. It 

was not uncommon to see tourists and locals on the beach near the village during nightly 

tagging patrols, when the beach is legally closed to the public. Human movement can 

disturb sea turtle nesting behavior and increase rates of abbreviation and abandonment 

(Witherington & Martin, 2003). However, even if human traffic on the beach was part of the 

reason fewer emergences were recorded adjacent to the village, artificial lighting increases 

the likelihood that a nesting turtle will see and be disturbed by movement (Witherington & 

Martin, 2003). Whether artificial lighting repels females by increasing sea turtle perception 

of human movement or directly by increasing brightness, artificial light may have negative 

consequences on fitness and hatchling production. If depressed nesting activity adjacent to 

Tortuguero Village is indicative of females selecting alternative nesting locations, females 

may be emerging and nesting in areas with less appropriate nesting and incubation 

conditions (Witherington & Martin, 2003). Thus, the possibility that human traffic is also 

deterring emergences does not diminish the importance of addressing light pollution in 

Tortuguero Village. 

Furthermore, Witherington (1992) manipulated brightness in order to directly test 

the effect of artificial lighting on nesting activity in the absence of other human impacts, 

and he conducted these experiments on Tortuguero Beach in addition to a beach in Florida. 

In order to avoid the confounding effects of human disturbance from Tortuguero Village, he 

selected a site within Tortuguero National Park approximately nine miles south of the 

village (Witherington, 1992). He randomly assigned one of three consecutive nights to one 

of three treatments and repeated this for fourteen three-night trials (Witherington, 1992). 

From sunset to sunrise, he subjected a 350-meter central area within a 1450-meter portion 

of beach to one of three treatments: illumination with mercury vapor luminaires (broad-

spectrum white light), illumination with low pressure sodium vapor luminaires (long 

wavelength yellow light), or an unlighted control condition (Witherington, 1992). The 

following morning, he totaled tracks and nests in 50-meter intervals to assess green turtle 

nesting activity (Witherington, 1992). He demonstrated that illumination of the beach with 
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broad-spectrum white light significantly reduced both nesting and non-nesting emergences 

in the absence of other human impacts (Witherington, 1992). Ultimately, Witherington’s 

study provides strong support for the ability of broad-spectrum white artificial lighting to 

alter the spatial patterns of green turtle nesting activity on Tortuguero Beach and 

corroborates the findings of the assessment I conducted. 

Addressing Light Pollution in Tortuguero 

The findings of this study emphasize the need to address the problem of artificial 

lighting on Tortuguero Beach. Tortuguero Beach supports one of the two largest green 

turtle nesting populations in the world, and protection of this nesting population has the 

potential to benefit marine ecosystems throughout the wider Caribbean region (Troëng, 

Evans, Harrison, & Lageux, 2005; Troëng & Rankin, 2005). The Sea Turtle Conservancy’s 

long-term beach protection efforts in Tortuguero have met with remarkable success. From 

1971 to 2003, STC documented a 471% increase in nesting on Tortuguero Beach, 

suggesting that conservation efforts are contributing to the recovery of this green turtle 

nesting population (Troëng & Rankin, 2005). Managing artificial lighting is a vital 

component of nesting beach protection (Limpus & Kamrowski, 2013; Witherington & 

Martin, 2003), and continued protection of the Tortuguero nesting population will include 

measures to reduce the impact of artificial lighting on Tortuguero Beach. I recommend the 

following actions to address light pollution in Tortuguero. 

Focus light pollution management efforts on Tortuguero Village 

Luminance was highest in mile sections adjacent to Tortuguero Village, and this is 

where the majority of light sources are located. According to Witherington & Martin 

(2003), “if light from an artificial source is visible to a person standing anywhere on a 

beach, then that light is likely to cause problems for the sea turtles that nest there” (p. 1). 

Though all light sources visible on Tortuguero Beach are a potential threat, managing light 

pollution can be both time-intensive and expensive (Kamrowski, Limpus, Moloney, & 

Hamann, 2012). Therefore, allocating limited time and financial resources to the brightest 

areas will increase the effectiveness of management efforts. 
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The STC engages in environmental education and community outreach activities in 

Tortuguero Village, typically through a dedicated Outreach and Education Coordinator 

(Prieto & Harrison, 2012). A preliminary step in reducing light pollution on the beach will 

be compiling a list of key facts about the negative impacts of light pollution and the 

environmental and economic benefits of turtle-friendly lighting and disseminating that 

information in the community as part of a turtle-friendly lighting initiative. Because light 

sources in Tortuguero Village are a mix of businesses, private residences, and public 

streetlights, successful management of light pollution will require a coordinated effort 

between STC and a number of local stakeholders. In particular, the Costa Rican Electricity 

Institute (ICE), which is responsible for the public streetlights in the village, has supported 

STC’s efforts to address this problem in the past (Gordon & Harrison, 2012; Prieto & 

Harrison, 2012). 

Restore native beachfront vegetation and improve lighting technology 

Detailed information on effective methods for managing light pollution on sea turtle 

nesting beaches is widely available (Witherington & Martin, 2003). Two critical aspects of 

light pollution management on sea turtle nesting beaches are improving lighting 

technology and restoring native beachfront vegetation (Witherington & Martin, 2003). 

Improving lighting technology generally involves 1) replacing white lights with amber, 

yellow, or red lights that emit long wavelengths and are less attractive to sea turtles, 2) 

shielding lights so they focus specifically on areas humans want illuminated, 3) using the 

lowest-wattage bulb that serves the intended function of the light, and 4) mounting lights 

lower to the ground to reduce the area illuminated (Barshel, et al., 2014; Witherington & 

Martin, 2003). These methods are employed by STC in lighting retrofits conducted in 

Florida and have proven highly effective at reducing impacts on sea turtles (Barshel, et al., 

2014; Oberholtzer, 2014). However, the initial investment required to replace existing 

lights with alternative lighting technology is a potential barrier to implementation in 

Tortuguero. 

Protecting and restoring native beachfront vegetation is a potential alternative to 

retrofits, though a combination of improved lighting technology and vegetation restoration 

would be most effective (Witherington & Martin, 2003). Vegetation growing between 
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developed land and nesting beaches serves as a natural barrier to light pollution and 

reduces the visibility of lights on the beach (Witherington & Martin, 2003). Vegetation 

clearing by beachfront property owners is a persistent problem in Tortuguero, and 

outreach efforts should be made to discourage this practice (Prieto & Harrison, 2012). 

Salmon et al. (1995) suggested that restoring vegetation could be used to increase nesting 

densities in areas experiencing light pollution. This method could be employed in 

Tortuguero as an activity coordinated by STC with the cooperation of ICE staff, who have 

expressed an interest in supporting a revegetation program (Prieto & Harrison, 2012). 

Document reduction of light pollution in response to management efforts 

This assessment not only identifies targets for light pollution reduction efforts, but it 

also provides baseline data against which to compare future brightness levels on the beach. 

Because conducting brightness surveys on the entire northern 5 3/8 miles of nesting beach 

is time-intensive, incorporating brightness surveys into regular monitoring efforts is not 

logistically feasible. However, future brightness surveys could focus on mile sections 

adjacent to Tortuguero Village in order to assess changes in light pollution in response to 

management efforts and confirm that methods used in the most problematic areas have 

been effective. Additionally, demonstrating the effectiveness of management actions can be 

used to garner support from the community and motivate continued participation in 

conservation efforts. 

Monitor impacts of light pollution on sea turtle hatchlings 

This study focused on impacts of artificial light on nesting female sea turtles. 

Nesting females are less sensitive to artificial lighting than hatchlings, but the impacts of 

light pollution on nesting females are easier to document as part of regular track surveys 

(Witherington & Martin, 2003). Though there are significantly fewer emergences in mile 

sections experiencing light pollution on Tortuguero Beach, nesting activity is not reduced 

to zero in these areas, and hatchlings emerging from nests in these mile sections face 

elevated mortality risk (Bourgeois, Gilot-Fromont, Viallefont, Boussamba, & Deem, 2009; 

Witherington & Bjorndal, 1991). The STC records data on hatchling disorientation events, 

but this information is collected incidentally (Sea Turtle Conservancy, 2013) (Appendix C). 
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Targeted monitoring of hatchling disorientation near Tortuguero Village would provide 

additional insight into artificial lighting impacts on the nesting population and help identify 

specific lights that continue to be problematic after management actions are taken. 

Documenting hatchling mortality has also been used as a powerful tool to gain public 

support for light pollution reduction efforts (Witherington, 2002). 
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Conclusion 

Artificial light on nesting beaches has the potential to impact sea turtle life history 

stages that are essential to reproductive success, and managing light pollution is a critical 

component of protecting nesting beaches and conserving sea turtle populations (Limpus & 

Kamrowski, 2013; Witherington & Martin, 2003). On Tortuguero Beach, increased 

brightness associated with artificial lighting from adjacent development is correlated with 

reduced green turtle emergences, suggesting that light pollution is altering the spatial 

distribution of green turtle nesting activity. Of the anthropogenic threats facing sea turtles, 

light pollution is one of the most manageable because it does not persist in the 

environment once the source has been addressed (Witherington & Martin, 2003). 

Continued protection of the Tortuguero green turtle nesting population will include 

measures to reduce the impact of artificial lighting on Tortuguero Beach. Successful 

management of light pollution on Tortuguero Beach should be a coordinated effort 

between the Sea Turtle Conservancy and local stakeholders that focuses light pollution 

management efforts on Tortuguero Village, restores native beachfront vegetation and 

improves lighting technology, documents reduction of light pollution in response to 

management efforts, and monitors impacts of light pollution on sea turtle hatchlings.
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APPENDIX A: Map of Brightness Survey Sampling Locations 

This map shows sampling locations from brightness surveys conducted in June and July 

2014. I surveyed mile sections -3/8 to 2 4/8 on 27 June and 26 July and mile sections 2 5/8 

to 4 7/8 on 28 June and 27-28 July. During each brightness survey, I recorded three 

brightness readings at each sampling location using a Unihedron Sky Quality Meter (SQM) 

to obtain a mean brightness value at each point. Sampling locations are located at 50-meter 

intervals along the waterline. There are a total of 173 sampling locations and 346 sampling 

points.
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APPENDIX B: Map of Interpolated Luminance and Mean Luminance 

The following map shows the luminance surface predicted using the Ordinary Kriging 

interpolation method in the Geostatistical Wizard in ArcGIS 10.2 (Esri) and the mean 

luminance (cd/m2) per mile section calculated by averaging the five brightness 

measurements taken for each mile section during June and July 2014 brightness surveys. 

The interpolated surface is clipped to the extent of the mile sections for ease of comparison. 
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APPENDIX C: Map of Hatchling Disorientation Events 

The following map shows hatchling disorientation events recorded from 2004 to 2014. 

These data are recorded opportunistically by STC, and no hatchling disorientation events 

were reported in four of the eleven years: 2005, 2006, 2010, or 2014. A total of 23 

disorientation events were reported, none of which occurred in mile sections adjacent to 

Tortuguero National Park. The majority (73.91%) of events occurred in mile sections 

adjacent to Tortuguero Village. 
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