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Artificial lighting disrupts the orientation ability of hatchling sea turtles as they crawl from 

their nest to the sea. Experiments were conducted at night on beaches exposed to artificial 

lighting to determine whether the placement of ground-level nest shields landward of hatchlings 

would act to restore proper orientation. Shielding failed to reduce hatchling disorientation during 

seven of nine testable sampling events. Of the two events with positive results, only one found 

the shield to restore orientation to the majority of hatchlings in the group. Therefore, nest 

shielding is a rather poor technique for managing the impacts of artificial lighting on hatchling 

turtles. 

Management plans should focus on applying methods that reduce light pollution levels, 

rather than manipulating hatchlings and the nest environment. Coastal light management 

practices have darkened many beaches throughout Florida to successfully reduce hatchling 

disorientation rates. As coastal lighting problems become more adequately resolved, attention 

must turn to larger-scale sources of light pollution that affect turtles, such as skyglow emanating 

from more urbanized areas  
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CHAPTER 1 
INTRODUCTION 

For species and ecosystems that have evolved with a nightly allowance of darkness, our 

use of artificial night lighting can serve as a source of ecological disruption.  Scientists are only 

now beginning to realize the impact of the ever-increasing brightening of the nighttime 

environment.  This brightening if often referred to as ecological light pollution, arising from 

man-made sources such as lighted structures (e.g. buildings, bridges, towers), streetlights, 

security lighting, lights on vehicles and boats, and sky glow.  Ecological light pollution is a 

global phenomenon, with consequences impacting a wide range of species (Elvidge et al., 1997).  

It is shown to disrupt the daily movement of plankton, disturb mammal dispersal patterns, delay 

salmon migration and even disorient and cause the death of migratory birds and sea turtles. 

Artificial night lighting produces distinct effects on the behavior and population ecology of 

organisms in natural settings.  These effects derive from changes in orientation, attraction and 

repulsion caused by lights, which in turn, may affect foraging, reproduction, migration and 

communication (Longcore and Rich, 2006).  Orientation is caused by ambient light conditions, 

whereas, attraction and repulsion to luminance, or the brightness of a light source (Health 

Council of the Netherlands, 2000). 

Many diurnal birds and reptiles are known to forage under artificial illumination, with 

seemingly beneficial results to all but their prey.  In addition to foraging, orientation under 

artificial light levels may induce other behaviors such as territorial singing in birds or territorial 

displays in salamanders (Bergen and Abs, 1997).  Artificial lighting may also disorient 

organisms accustomed to navigating in darkness.  The best known example of this is the 

disruption of hatchling sea turtle orientation as they crawl from their nests to the ocean.  Under 

normal circumstances, hatchlings crawl quickly away from tall, dark objects characteristic of a 
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dune landscape, and toward the lower, flatter, and often brighter seaward horizon.  With artificial 

lighting, hatchlings may no longer perceive dark silhouettes and crawl in circuitous paths 

(disorientation) or in direct paths towards light sources, away from the ocean (misorientation) 

(Witherington and Martin, 1996).  The consequences of disrupted seafinding orientation can be 

fatal, and an estimated hundreds of thousands of hatchlings perish each year from dehydration, 

exhaustion, or capture by predators (Witherington, 1997). 

Marine turtles represent a group of species whose life histories can best be described as 

highly vagile.  Hatchling loggerhead sea turtles (Caretta caretta) from southeast Florida use 

three different sets of orientation cues to guide them safely offshore.  After emerging from the 

nest, hatchlings utilize a variety of visual cues to quickly locate and maintain a direct course to 

the sea.  They will generally orient toward the flatter, and often brighter, seaward horizon, and 

away from higher, spatially variable dune profile.  Once they enter the surf zone, hatchling 

loggerheads are able to set their magnetic compass by orienting in response to wave surge (Wang 

et al., 1998) and the orbital motion of waves (Manning et al., 1997).  As the turtle matures, so 

does its ability to incorporate more complex stimuli, as seen in pigeons and migratory birds 

(Wiltschko and Wiltschko, 1998).  Non-neonate sea turtles are known to exhibit site fidelity and 

homing behavior (Dickerson et al., 1995; Lutcavage and Musick, 1985; Mendonca and Ehrhart, 

1982), providing evidence that a more complex map sense develops with age. 

The environmental cues used by seafinding hatchling sea turtles have been extensively 

reviewed.  Earlier studies of these cues remained a matter of controversy (van Rhijn and van 

Gorkom, 1983; Mrosovsky and Kingsmill, 1985), but agreed they are of a visual nature.  This is 

evidenced by observations utilizing blindfolded turtles, in which none could successfully locate 

the sea (Ehrenfeld and Koch, 1967).  Van Rhijn (1979) provided the only exception to this 
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theory, demonstrating that blindfolded hatchlings preferred to descend inclines which simulated 

the downward slope of a beach to the sea.  While beach slope may assist hatchlings in finding the 

sea, no one has demonstrated it to independently aid seafinding (Salmon et al., 1992).  Previous 

experiments by Mrosovsky (1972) suggested that hatchlings locate the sea by orienting and 

moving toward the brightest horizon, a mechanism known as positive phototropotaxis.  The term 

“brightness” has been used in related literature to generally refer to the intensity and wavelengths 

of light visible to these turtles.  Although the positive phototropotaxis hypothesis was the most 

widely held, studies later showed hatchlings responding to cues associated with a horizon’s 

elevation (hatchlings oriented away from the higher silhouette produced by dunes and vegetation 

behind the nest), disregarding the direction of brightest light intensity (Limpus, 1971; Salmon et 

al., 1992).  In conjunction with horizon elevation, Van Rhijn and van Gorkom (1983) revealed 

the importance of its shape as a potential cue.  Turtles presented with a vertically striped horizon 

and an opposing, unmarked horizon consistently oriented away from the horizon displaying 

vertical stripes.  Witherington (1992a) repeated this experiment and also found turtles to orient 

away from a silhouette containing vertical stripes, only to become attracted to it when made five 

times brighter than the open horizon. 

Some understanding of the visual systems of these turtles is required when discussing 

photic response behaviors such as seafinding.  Two separate studies have sought to determine the 

spectral sensitivity of the sea turtle eye using a method known as electroretinography (ERG).  

This technique measures the electrical potential across the animal’s retina upon exposure to 

different wavelengths of light.  Their data show that both loggerhead and green (Chelonia 

mydas) turtles are responsive to wavelengths from 440-700nm, and share similar peak sensitivity 

in the longer wavelength region, at approximately 580nm (Levenson et al., 2004).  Although 
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spectral sensitivity is an important piece of information in discerning the visual circuitry of these 

turtles, its use as an indicator of the animal’s behavioral response should be cautioned.  Spectral 

sensitivity data show limited retinal responses to shorter wavelengths of light, even though this 

region of light will elicit the strongest behavioral responses.  Hatchling loggerhead and green sea 

turtles will orient toward shorter wavelength light of the near-ultraviolet to green region, whereas 

their response to longer wavelength light is minimal (Witherington, 1991).  In addition to the 

characteristics of light such as intensity and wavelength, color has been implicated to elicit 

orientation responses in hatchlings.  Exposure to higher intensities of yellow light was found to 

actually repel loggerhead hatchlings, and display a weak attraction to the colored source when 

the intensity is greatly reduced (Witherington, 1992a).  The naturally occurring light from 

celestial bodies also affects hatchling seafinding ability.  The moon’s phase, position in the sky, 

and temporal visibility can have a tremendous effect on hatchling orientation, especially on 

beaches where artificial landward lighting compromises proper sea-finding ability.    Salmon and 

Witherington (1995) recorded natural and experimental hatchling emergences at sites with 

directly visible artificial light sources, and observed that more turtles fail to orient properly on 

dark nights around the new moon than under full moon illumination.  Upon further analysis, it 

was revealed that background illumination from the moon, and not the moon itself restored 

normal sea-finding orientation as it decreased the opposing anisotropic light gradients. 

The purpose of this present study was to test methods of correcting seafinding behavior 

disrupted by artificial lighting.  The principle objectives of this study were: 1) to determine 

whether the proximity and placement of ground-level barriers (nest shields) landward of 

hatchlings affects their seafinding ability, 2) to evaluate the response of hatchlings to multiple, 

photic stimuli present in a natural environment, and 3) to test an analytical technique for relating 
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the effects of multiple, visual cues on hatchling orientation response.  To meet these objectives, 

hatchling orientation trials were conducted on the beach at night, under a variety of 

environmental conditions.  The first aspect of the orientation trials involved a ground-level nest 

shielding experiment, which is discussed in Chapter 2.  The various light measurements 

associated with these orientation trials are discussed separately in Chapter 3.  Chapter 4 is a 

treatment synthesis of hatchling orientation measurements and the combined effects of visual 

stimuli presented in the previous two chapters.  Chapter 5 summarizes the results of this 

experiment and discusses the management implications of nest shield use. 
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CHAPTER 2 
ORIENTATION AND NEST SHIELDING 

Introduction 

Most biologists agree with the hypothesis that hatchling sea turtles locate the ocean by 

relying on a combination of two sets of visual cues: light intensity gradients (hatchlings orient in 

the direction of highest light intensity) and horizon elevation and shape (hatchlings crawl away 

from high, spatially variable silhouettes, characteristic of dunes and/or vegetation) (Limpus, 

1971; Witherington, 1992b; Salmon et al., 1992, 1995).  Past studies of dune profile and horizon 

shape were predominately conducted under laboratory conditions, and few have examined the 

effects of these conditions on hatchling orientation in their natural environment. 

Adamany et al. (1997) studied the behavior of hatchling loggerhead turtles orienting from 

within “open” and “shielded” cages, in the presence of artificial landward light.  Hatchlings 

emerging under an uncovered, or open, cage stayed within the confines of the cage for long 

periods of time until ambient light levels returned to normal until the brightest direction was 

seaward approaching dawn.  When the cages were shielded on the landward side, hatchlings 

were less likely to become trapped.  Although the shielded cage reduced cage trapping, 

hatchlings oriented toward the landward artificial light upon exiting the confines of the cage. 

I would hypothesize that there would be similar results with the use of ground-level 

barriers.  To test this, I conducted orientation trials on the beach at night to determine if 

placement of ground-level artificial barriers (nest shields) landward of orienting hatchlings 

affected their ability to locate the sea.  In addition, I attempted to assess whether a turtle’s 

proximity to the shield was a contributing factor.  Light intensity readings were taken in 

conjunction with these orientation trials, and are examined separately in Chapter 3. 
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Materials and Methods 

Study Area 

The study was conducted on beaches owned by Tyndall Air Force Base (TAFB) in Bay 

County, FL and Boca Raton in Palm Beach County, FL (Figure 2-1).  Artificial lighting has been 

known to disrupt hatchling orientation in both areas.  TAFB spans approximately 25 kilometers 

of south-facing coastline along the Gulf Coast of Florida.  These shores support turtles from the 

relatively small matrilineal stock of loggerheads known to nest throughout Northwestern Florida 

(Encalada et al., 1998).  TAFB consists of (from east to west) Crooked Island East Beach (CIE), 

NCO Beach (NCO), and Shell Island (Figure 2-2).  Three additional sites in Boca Raton, FL 

were chosen for this study due to their high loggerhead nesting density, unique exposure to 

artificial lighting (Figure 2-3).  These sites, adjacent to Red Reef Park, North Boca Inlet, and 

Spanish River Park, are within of a 5-mile stretch of beach that has been monitored for sea turtle 

activity by the City of Boca Raton since 1976. 

Orientation Trials 

Experimental trials were conducted in 2004 at four sites on TAFB beaches, and at three 

additional sites in Boca Raton, the following year.  Trials were carried out during the night at 

pre-selected sites, which were chosen for their various dune profiles and exposure to light 

sources.  At each site, two concentric circles (arenas) were drawn in the sand, with radii of two 

and eight meters (Figure 2-4).  The circumference of each arena was marked off at 10º intervals, 

with the 0º mark corresponding to the most direct route to the ocean.  Prior to release, turtles 

were placed in a shallow wooden bowl, covered with a lid, and set flush with the sand surface in 

the middle of the arena center.  Trials began by removing the lid via a pull cord operated by the 

observer.  Trials began with the release of hatchlings, in groups of 3-10, in the center of the 

arenas, and concluded when all hatchlings exited the outer, 8m arena.  An observer monitored 
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the release in a prone position, at least 1 meter from arena periphery, creating a silhouette no 

higher than 1 foot from the beach surface.  Orientation angles (two per turtle) were recorded for 

each hatchling, and individual turtles were used only once.  Hatchlings that failed to orient 

seaward upon completion of a trial were retrieved and released at a nearby, darker area of beach. 

Nest Shields 

Nest shields consisted of black “silt screen,” also referred to as shade fencing, which was 

supported by wooden stakes, reaching a height of 1 meter.  A double layer of fabric was used and 

coated in “flat” black paint to minimize reflectance.  Shields were successful at blocking the 

majority of incident light, but were not completely opaque.  During treatment releases, shields 

were positioned in a 180º arc on the landward side of the arena, one meter from the release point, 

with the arc opening facing the ocean (Figure 2-4).  Nest shields were erected immediately 

preceding hatchling trials and taken down later that night. 

Sample Gathering (Caretta caretta hatchlings) 

Hatchlings were gathered in the early evening from loggerhead nests approaching their 

estimated date of emergence (approximately 55 days following deposition).  Only turtles located 

just below the sand surface were gathered and kept light-naive in Styrofoam coolers before 

transport to an experimental arena site.  Hatchlings from multiple clutches were pooled together 

when possible to reduce sampling bias.  Sample sizes for orientation trials were largely 

dependent upon the availability of nearly emergent hatchlings on a given sampling night and 

location. 

Data Analysis 

Orientation data were analyzed (1) to determine if groups of turtles were significantly 

oriented, (2) to assess whether groups of turtles were significantly oriented toward the most 

direct route to sea (0º), (3) to determine if orientation significantly differed between control and 
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shielded treatment groups, and (4) between 2m arena and 8m arena data sets.  Circular statistical 

methods were used to analyze these data (Fischer, 1993).  Exit angles for individual turtles were 

plotted in circular histograms for visual comparison among groups.  Measurements of dispersion 

(group mean angle and r-vector) were calculated for each group.  Rayleigh’s test was used to 

meet the first objective.  A circular V-test was used to determine if groups of turtles were 

significantly oriented toward a pre-defined direction, in this case, directly seaward (0º).  

Watson’s U2 nonparametric test and Watson-Williams F-tests (pair-wise comparisons) were used 

to determine whether significant differences exist among treatment and arena groups. 

Results 

During the summers of 2004 and 2005, 273 loggerhead hatchlings from 19 separate 

clutches were used in orientation trials at seven sites on TAFB and Boca Raton beaches (Table 2-

1).  Of these 273 turtles, 128 were released in front of a nest shield (treatment) and 145 were 

released as control subjects (Table 2-2).  Orientation trials conducted on a single night are given 

a sampling event ID (ex. B2=second sampling event at site B).  Circular raw data plots of 

individual hatchling exit angles were constructed and sorted by sampling event, arena size, and 

treatment (Figures 2-5–2-15). 

Of the forty distributions tested, all but seven were significantly oriented as groups 

(Rayleigh’s test, p<0.05).  These groups involved sampling events B2 (2m and 8m control and 

treatment groups), B3 (2m treatment group), and G (2m and 8m control groups) (see Figs. 2-7, 2-

8, 2-15).  A similar test, more suited for bimodal distributions, determined that all groups are 

significantly oriented (Rao’s spacing test, p<0.05).  Only eight groups failed to significantly 

orient toward the most direct route to sea (V-test, p<0.05).  These included the same sampling 

events B2 (2m and 8m control groups), B3 (2m and 8m control and treatment groups), and G 

(2m and 8m control groups).   There were no significant differences between distributions of exit 
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angles measured from the 2m and 8m arenas (Watson’s U2 test, p<0.05), with exception of 

sampling event B3 (Figure 2-8).  It is unclear whether this result is caused by the very small, 

group sample size in B3 (n=6).  Since distributions of exit angles taken at the 2m arenas matched 

those taken at the 8m arenas, I chose to use the 2m arena distributions in subsequent multi-

sample comparisons. 

Distributions of hatchlings orienting in the presence of a ground-level nest shield appear to 

be significantly different from their control groups during four of the nine paired 

control/treatment sampling events.  This result is dependent upon the type of statistical test used.  

These events are: B2 (Watson’s U2 and Watson-Williams F-test, p<0.05), B3 (Watson’s U2 and 

Watson-Williams F-test, p<0.05), C (Watson-Williams F-test only, p<0.05), and G (Watson’s U2 

test only, p<0.05) (Figures 2-7, 2-8, 2-9, and 2-15). 

Discussion 

Nest shielding trials were conducted at multiple sites under natural conditions.  Conditions 

in the natural environment are complex, and different sites varied with regard to dune profile, 

exposure to artificial light, and levels of lunar illumination.  Natural and artificial lights, 

discussed in the following chapter, will likely have some influence on hatchling orientation.  For 

this reason, shielding effects were ascertained on a site-by-site and night-by-night basis, in an 

attempt to reduce the likelihood of light cues acting as overriding, confounding factors when 

comparing distributions. 

With the exception of three sampling events (B2, B3, and G; Figures 2-7, 2-8, and 2-15), 

all groups of hatchlings were found to have directed orientations toward the sea.  The statistical 

test used, Rayleigh’s test, determined that even strongly bimodal distributions (ex. groups 

directed seaward and landward) are not significantly oriented.  To account for possible 

bimodality, an additional test known as Watson's non-parametric two-sample U2 test was used.  
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As with most analytical techniques, caveats such as these should be kept in mind when 

evaluating data. 

Individual hatchlings used in orientation trials tended to crawl in rather directed paths, with 

very little wayward or circuitous movement.  Hatchling exit angles measured at the 2m and 8m 

arenas were not found to be significantly different in pair-wise or grouped comparisons.  These 

data imply that hatchling orientation does not significantly change with respect to a turtle’s 

distance from a visual barrier such as a nest shield, although caution should be taken when 

making this assumption.  When exit angles are used as measures of hatchling orientation, one 

must keep in mind that orientation between arena perimeters is unaccounted for and could 

change drastically, even if the recorded 2m and 8m exit angles are alike.  This was a factor when 

hatchlings crawling directly landward reoriented to evade the nest shield, only to continue its 

landward heading after clearing the shield (event B3; Figure 2-8).  Judging strictly by the exit 

angles, it appears the turtle crawled under the shield, which was not possible under these 

conditions.  Another assumption of this hypothesis regards the initial distance of hatchlings to 

ground-level barriers.  Hatchlings were released at the same distance from a shield (1 meter) 

during all trials, and allowed to crawl before headings were recorded from both arenas.  Past 

research has suggested that a hatchling’s initial crawl heading may affect or “set” its direction of 

orientation.  Therefore, this experiment does not quite discern between a hatchling’s initial crawl 

and a hatchling’s distance from the shield upon release as separate entities influencing further 

orientation. 

Sampling events with paired control and treatment trials (all except B1, E2) may provide 

some indication of a nest shield’s influence on orientation.  Events A, C, D, E1, F1, and F2 

consisted of groups of turtles which were directly oriented toward the sea, and, therefore did not 
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display significant treatment effects (Figures 2-5, 9, 10, 11, 13, and 2-14).  Events B2, B3, C, and 

G were found to have differences in mean vector length (Watson-Williams F test) or other 

distributive properties (Watson’s U2 test) between control and treatment groups. 

Of vital importance when dealing with circular data is the need to incorporate visual 

assessments of raw data plots into one’s analytical framework to ensure that statistical 

assumptions are not violated.  When relying on statistical tests alone, one may assume that the 

shielding treatment in sampling event C had a considerable effect on hatchling orientation.  

Statistically, shielding did have a measurable effect on the mean vector length (r).  Upon 

inspection of the raw data plots, it is obvious that shielding did not have a significant 

“biological” effect on orientation at site C (Figure 2-9).  The ability of a shield to restore seaward 

orientation in hatchlings would be considered a significant biological effect.  More research is 

needed to determine the suitability of testing for differences in mean vector length in such cases.  

Sample size is also a concern of statistical analyses and caution must be taken when interpreting 

results involving events B1 and B3.  Both events have group sample sizes of 6 turtles.  Event B1 

was shown to have a statistically significant orientation toward the sea (0o), although judging 

from the raw plot this may not be the case (Figure 2-6).  When sample size, statistical method, 

and visual review of raw data are all taken into account, one can make a more accurate judgment 

of a nest shield’s effect on orientating hatchlings.  With all tests considered, it is likely that 

events B2 and G displayed relevant nest shielding effects on orientation (Figures 2-7, 2-15).  

Additional factors affecting the orientation trial distributions are discussed in Chapter 3. 
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Table 2-1.  Hatchling orientation trial site description, 2004-2005 

 
 

Site ID Location Beach Latitude Longitude Artificial Light Source 

A TAFB Crooked Island 29 58 18.75 85 30 32.68 PC glow, TAFB glow 
B TAFB NCO Beach 30 03 14.08 85 36 01.45 PC glow, TAFB lights 
C TAFB Shell Island 30 03.475 85 36.541 PC glow 
D TAFB Crooked Island 29 57 21.01 85 27 03.32 Mexico Beach, TAFB glow 
E Boca Raton Red Reef Park 26 21 59.28 80 04 05.27 Boca glow 
F Boca Raton N Boca Inlet 26 20 36.42 80 04 13.66 Boca spotlight 
G Boca Raton Spanish River 26 23 11.29 80 04 00.01 SR Road/A1A streetlight 
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Table 2-2.  Summary of experimental design, 2004-2005 

 

# Hatchlings Date Event ID Control Shield Total 
18-Aug-04 A 9 9 18 
23-Aug-04 B1 6 0 6 
25-Aug-04 C 23 23 46 
29-Aug-04 B2 12 12 24 
04-Sep-04 D 20 20 40 
08-Sep-04 B3 6 6 12 
20-Jul-05 E1 20 20 40 
21-Jul-05 F1 10 10 20 
02-Aug-05 F2 14 14 28 
03-Aug-05 E2 15 0 15 
04-Aug-05 G 10 14 24 
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Figure 2-1.  Map of Florida displaying Tyndall Air Force Base (TAFB) and Boca Raton 
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Figure 2-2.  Aerial image of Tyndall Air Force Base (TAFB), located in Bay County on the 

northwestern coast of Florida.  TAFB consists of (from east to west) Crooked Island 
East Beach (CIE), NCO Beach (NCO), and Shell Island.  Orientation trials were 
conducted at the four locations indicated by the bullets on the map, and designated by 
site name 
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Figure 2-3.  Aerial image of Boca Raton, located in Palm Beach County, FL on the southeastern 

coast of Florida.  Orientation trials were conducted at the three locations indicated by 
the bullets on the map, and designated by site name 
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Figure 2-4.  Hatchling orientation arenas (2m and 8m radii). Displays hatchling release point, 

exit angles, and placement of nest shield (shown as bold arc). 
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A 

B 
 
Figure 2-5. Orientation of hatchling loggerhead turtles in sampling event A.  Each triangle within 

a circular diagram represents the exit angle for a single turtle.  Each turtle had 2 exit 
angles, corresponding to the 2m and 8m arenas.  Control groups are represented in 
blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 20º (n=9, r=0.897, p<0.05 Rayleigh’s 
test).  The 2m treatment group was significantly oriented with a mean angle of 30º 
(n=9, r = 0.774, p<0.05 Rayleigh’s test).  B) 8m arena exit angles from the same 
groups of turtles.  The distribution for the 8m control group was significantly oriented 
with a mean angle of 22º (n=9, r=0.906, p<0.05 Rayleigh’s test).  The distribution for 
the 8m treatment group was significantly oriented with a mean angle of 20º (n=9, 
r=0.863, p<0.05 Rayleigh’s test). 
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A 

B 
 
Figure 2-6. Orientation of hatchling loggerhead turtles in sampling event B1.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles. The 2m control group 
was significantly oriented with a mean angle of 322º (n=6, r=0.914, p<0.005 
Rayleigh’s test).  B) 8m arena exit angles from the same groups of turtles.  The 
distribution for the 8m control group was significantly oriented with a mean angle of 
319º (n=6, r=0.913, p<0.001 Rayleigh’s test).  Treatment trials were not conducted 
due to lack of hatchlings or inclement weather. 
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B 
 
Figure 2-7. Orientation of hatchling loggerhead turtles in sampling event B2.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group. A) 2m arena exit angles.  The 2m control group 
failed to significantly orient with a mean angle of 149º (n=12, r=0.446, p<0.05 
Rayleigh’s test).  The 2m treatment group was not significantly oriented with a mean 
angle of 359º (n=12, r =0.459, p<0.05 Rayleigh’s test).  B) 8m arena exit angles from 
the same groups of turtles.  The distribution for the 8m control group was not 
significantly oriented with a mean angle of 168º (n=12, r=0.436, p<0.05 Rayleigh’s 
test).  The distribution for the 8m treatment group was not significantly oriented with 
a mean angle of 14º (n=12, r=0.385, p<0.05 Rayleigh’s test). 
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B 
 
Figure 2-8. Orientation of hatchling loggerhead turtles in sampling event B3.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group. A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 176º (n=6, r=0.986, p<0.001 
Rayleigh’s test).  The 2m treatment group was not significantly oriented with a mean 
angle of 198º (n=6, r=0.228, p>0.05 Rayleigh’s test). B) 8m arena exit angles from 
the same groups of turtles.  The distribution for the 8m control group was 
significantly oriented with a mean angle of 172º (n=6, r=0.974, p<0.001 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 181º (n=6, r=0.893, p<0.05 Rayleigh’s test). 
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B 
 
Figure 2-9. Orientation of hatchling loggerhead turtles in sampling event C.  Each triangle within 

a circular diagram represents the exit angle for a single turtle.  Each turtle had 2 exit 
angles, corresponding to the 2m and 8m arenas.  Control groups are represented in 
blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 10º (n=23, r=0.973, p<0.001 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 1º (n=23, r=0.98, p<0.001 Rayleigh’s test).  B) 8m arena exit angles from the 
same groups of turtles.  The distribution for the 8m control group was significantly 
oriented with a mean angle of 9º (n=23, r=0.957, p<0.001 Rayleigh’s test).  The 
distribution for the 8m treatment group was significantly oriented with a mean angle 
of 1º (n=23, r=0.97, p<0.001 Rayleigh’s test). 
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Figure 2-10. Orientation of hatchling loggerhead turtles in sampling event D.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group. (A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 352º (n=20, r=0.952, p<0.001 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 349º (n=20, r=0.909, p<0.001 Rayleigh’s test).  (B) 8m arena exit angles 
from the same groups of turtles.  The distribution for the 8m control group was 
significantly oriented with a mean angle of 353º (n=20, r=0.98, p<0.001 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 351º (n=20, r=0.971, p<0.001 Rayleigh’s test). 
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Figure 2-11.  Orientation of hatchling loggerhead turtles in sampling event E1.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 358º (n=20, r=0.954, p<0.001 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 358º (n=20, r=0.974, p<0.001 Rayleigh’s test).  B) 8m arena exit angles from 
the same groups of turtles.  The distribution for the 8m control group was 
significantly oriented with a mean angle of 0º (n=20, r=0.956, p<0.001 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 0º (n=20, r=0.962, p<0.001 Rayleigh’s test). 
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Figure 2-12. Orientation of hatchling loggerhead turtles in sampling event E2.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group. A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 11º (n=15, r=0.976, p<0.001 
Rayleigh’s test).  B) 8m arena exit angles from the same groups of turtles.  The 
distribution for the 8m control group was significantly oriented with a mean angle of 
12º (n=15, r=0.986, p<0.001 Rayleigh’s test).  Treatment trials were not conducted 
due to lack of hatchlings or inclement weather. 
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Figure 2-13. Orientation of hatchling loggerhead turtles in sampling event F1.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 4º (n=10, r=0.963, p<0.001 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 357º (n=10, r = 0.949, p<0.001 Rayleigh’s test).  B) 8m arena exit angles 
from the same groups of turtles.  The distribution for the 8m control group was 
significantly oriented with a mean angle of 3º (n=10, r=0.971, p<0.001 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 9º (n=10, r=0.964, p<0.001 Rayleigh’s test). 
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Figure 2-14. Orientation of hatchling loggerhead turtles in sampling event F2.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was significantly oriented with a mean angle of 337º (n=14, r=0.875, p<0.001 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 354º (n=14, r = 0.977, p<0.001 Rayleigh’s test).  B) 8m arena exit angles 
from the same groups of turtles.  The distribution for the 8m control group was 
significantly oriented with a mean angle of 342º (n=14, r=0.958, p<0.001 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 349º (n=14, r=0.984, p<0.001 Rayleigh’s test). 
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Figure 2-15. Orientation of hatchling loggerhead turtles in sampling event G.  Each triangle 

within a circular diagram represents the exit angle for a single turtle.  Each turtle had 
2 exit angles, corresponding to the 2m and 8m arenas.  Control groups are represented 
in blue and treatment (shielded) groups are in red.  Solid arrows represent the mean 
resultant vector (r) for each group.  A) 2m arena exit angles.  The 2m control group 
was not significantly oriented with a mean angle of 132º (n=10, r=0.516, p<0.05 
Rayleigh’s test).  The 2m treatment group was significantly oriented with a mean 
angle of 38º (n=14, r = 0.609, p<0.005 Rayleigh’s test).  B) 8m arena exit angles from 
the same groups of turtles.  The distribution for the 8m control group was not 
significantly oriented with a mean angle of 124º (n=14, r=0.53, p<0.05 Rayleigh’s 
test).  The distribution for the 8m treatment group was significantly oriented with a 
mean angle of 30º (n=14, r=0.609, p<0.005 Rayleigh’s test). 
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CHAPTER 3 
ORIENTATION AND LIGHT CUES 

Introduction 

Upon emerging from the nest, visual cues appear to be an important orientation tool used 

by hatchling sea turtles. Loggerhead and green turtle hatchlings are particularly sensitive to 

short-wavelength light, such as that reflected from a blue ocean or sky; this sensitivity is thought 

to allow them to orient towards the ocean under most conditions. Conversely, long-wavelength 

light has been found to be less attractive to these hatchlings.  In addition to wavelength, hatchling 

turtles also respond to light intensity, orienting towards the brightest area on the horizon if placed 

in a highly directed light field (Witherington, 1992b). “Brightness” in this case is defined as light 

intensity and wavelength as a function of the spectral sensitivity of hatchling turtles (Lohmann et 

al., 1997). Often the brightest area on the horizon is the ocean due to the reflectance of moon and 

starlight.  Artificial light sources are not as intense as celestial sources, but they are located 

closer to the hatchlings and create intense, directed light fields. Artificial light sources can attract 

the hatchlings and lead them back towards the land, even if they were previously oriented 

towards the ocean (Lohmann et al., 1997; Witham, 1982). 

Light pollution refers to man-made sources of light having consequences impacting a wide 

range of species (Elvidge et al. 1997).  Developed areas with excessive amounts of artificial 

illumination can produce non-point sources of light and what is known as a “skyglow”, which 

may be visible on nesting beaches many miles away.   Artificial light fields alter critical 

nocturnal behaviors involving adult nest-site selection, how they return to the sea after nesting, 

and, to a much greater extent, the ability of hatchlings to locate the sea quickly after exiting the 

nest (Witherington and Martin, 1996).  Artificial lighting can disrupt a hatchling’s seafinding 
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ability and greatly increase its risk of mortality by predation, exhaustion, or dehydration (Mann, 

1978). 

To investigate the effects of artificial and natural light on hatchling orientation, directional 

light intensity measurements and lunar illumination were assessed in relation to trials conducted 

in the previous chapter. 

Materials and Methods 

Study Area 

The study was conducted at four sites on Tyndall Air Force Base (TAFB) in Bay County, 

FL and three sites in Boca Raton, FL (Figures 3-1, 3-2).  Both sites were exposed to a variety of 

artificial light sources (Table 3-1).  TAFB spans approximately 25 kilometers of south-facing 

coastline.  TAFB consists of (from east to west) Crooked Island East Beach (CIE), NCO Beach 

(NCO), and Shell Island.  Numerous areas along NCO are exposed to point sources of 

illumination originating from TAFB facilities.  Visible from the eastern sections of CIE are point 

source luminaires of beachfront development within the neighboring city of Mexico Beach, FL.  

Both of TAFB’s beaches, including Shell Island, are exposed to a pronounced urban glow on the 

western horizon emanating from the urbanized Panama City, FL vicinity.  Three additional sites 

in Boca Raton, FL, were chosen for this study due to their high loggerhead nesting density and 

exposure to artificial lights.  These sites, in Red Reef Park, North Boca Inlet, and Spanish River 

Park, are part of a 5-mile stretch of beach that has been monitored for sea turtle activity by the 

City of Boca Raton since 1976.  Visible from Red Reef Park is a prominent glow from the 

urbanized areas of Boca Raton, and sites adjacent to the North Boca Inlet and Spanish River Park 

were within close proximity to direct lighting, emanating from a condominium spotlight and a 

streetlight, respectively. 
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Light Intensity Measurements 

Light intensity measurements (irradiance) were taken using an International Light IL 1700 

research radiometer with a SHD033 high gain silicon detector and L30 high gain lens.  The 

“angle of acceptance” of the lens is approximately 30º.  Light readings were recorded in 

watts/cm2.  The receiving lens was positioned horizontally in the arena center, approximately 2 

inches from the sand surface, and readings were taken every 30 degrees beginning with the 0º 

bearing (most direct route to the sea).  Readings were taken using two filters to measure two 

spectral bandwidths: wavelengths of 300-500 nm, a spectral band of light more attractive to 

loggerhead hatchlings, and wavelengths of 545-700 nm, a spectral band less attractive to 

loggerhead hatchlings. 

Orientation trials 

A full description of orientation trial procedure is referenced in Chapter 2.  Orientation 

trials were conducted on nights characterized as having either low or high levels of ambient light 

(Table 3-2).  Nights on or around the new moon phase were considered to have low levels of 

ambient light.  High ambient light conditions occurred on nights when over half of the moon was 

visible. 

Light intensity measurements were recorded during hatchling orientation trials.  Two sets 

of measurements were taken for each sampling event (i.e. two sets per night).  One set of 

measurements was recorded prior to releases of turtles in control trials (no shield), and another 

set was taken before shielded trials. 

TAFB Lighting and Dune Evaluation 

Artificial lighting and dune evaluations were conducted by request of TAFB Department 

of Natural Resources, and are discussed independently from experiments in this study. 
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Lighting surveys were conducted at night on TAFB’s beaches to identify visible sources of 

artificial illumination that had the potential to interfere with sea turtle nesting and hatchling 

behavior.  Information was gathered on the number, location, facility ID, and fixture type of each 

source of light visible from areas on the beach (Table 3-3).  Bulb and fixture type were 

approximated based on color and shape when information was not available. 

As part of a dredging project to reopen East Pass on Tyndall Air Force Base, a large 

primary dune was constructed using the spoil, extending approximately one-half miles on either 

side of the dredge area.  The construction of this manmade dune provided an opportunity to 

study the ability of such a structure to block the visibility of artificial lights from the beach.  

Prior to dredging of the old pass, two sites were identified for comparing pre- and post-dune 

construction measurements of artificial light levels.  Light measurements were taken May 2 and 

5, 2002 from two sites on TAFB: Site 1 (N30 04.003, W85 37.605), located approximately one-

half miles west of the projected pass area, and Site 2 (N30 03 31.0, W85 36 34.8), one-half miles 

east of the projected pass on.  Post-dune construction measurements were taken from locations 

within close distance of Sites 1 and 2, on August 17 and 18, 2004 (Tables 3-4, 3-5). 

Data Analysis 

Orientation and light intensity data were analyzed to (1) assess whether groups of turtles 

were significantly oriented in directions of highest light intensity, (2) determine if significant 

differences exist between groups of turtles orienting under high and low levels of lunar 

illumination, and (3) investigate the role of light intensity gradients as orientation cues. 

Circular statistical methods were used to analyze these data (Fischer, 1993).  A circular V 

test was used to determine if groups of turtles were significantly oriented toward the brightest 

directions.  Watson’s U2 tests were used to determine if significant differences exist between 

groups. 
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Results 

Of the 273 turtles (collected from 19 clutches) used in orientation trials, 79 were released 

on nights with low ambient moonlight and 194 hatchlings were tested under high intensities of 

lunar light.  Each set of light intensity measurements was scaled according to highest intensity of 

that set and plotted along with individual, 2m arena hatchling exit angles (Figures 3-3 – 3-13).  

Light measurements taken during control trials were used to calculate intensity gradients (mean 

landward/mean seaward intensity) to better represent site-specific lighting conditions (Table 3-

2). 

Circular V tests showed that, of the eleven control treatment distributions tested, five were 

significantly oriented in the direction of highest light intensity.  These groups involved events B2 

(long wavelength light only), B3, C, D (short wavelength light only), and G (see Figs. 3-5, 6, 7, 

13).  Events B2, B3 and G consisted of groups orienting towards bright landward directions, 

whereas, events C and D were oriented toward the brighter seaward horizon. 

Trial sites replicated under both lunar conditions were compared to test the effect of lunar 

phase on hatchling orientation (sites B, E, and F).  Exit angles for control groups in events B1 

and B2 (both high lunar light conditions) were combined and found to be significantly different 

from those in event B3 (Watson’s U2 test, p<0.01).  Hatchlings crawling under low lunar 

illumination at this site were significantly oriented as a group in the landward direction (mean 

174º, n=6; Rayleigh’s test, p<0.01), whereas hatchlings under high amounts of lunar light were 

not oriented as a group, but also tended to follow landward paths (mean 247º, n=18; Rayleigh’s 

test, p<0.05).  Shielded groups at site B were also found to be significantly different (Watson’s 

U2 test, p<0.01).  When shielded trials were conducted at site B, the majority of hatchlings under 

high lunar light crawled seaward, compared to shielded trials under low lunar light, in which no 

hatchlings crawled in seaward directions.  Control groups tested at site E directed seaward and 
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were not significantly different with respect to levels of lunar light (Watson’s U2, p<0.05).  

Lunar groups at site F were not found to be significantly different from each other during 

shielded trials, but did differ during control tests (Watson’s U2 test, p<0.05). 

Discussion 

Before evaluating hatchling orientation in response to photic cues, it is important to assess 

the characteristics of light and the logistics of its measurement at the variety of sites and 

conditions involved in this experiment.  In Figures 3-3 through 3-13, each bandwidth of light is 

graphed in proportion to the highest measured intensity per site, night and treatment, giving a 

more qualitative view of the light fields present at the time of each trial.  With exception to one 

set of measurements, atmospheric conditions remained relatively stable throughout the trial 

duration.  During event A, cloud cover sporadically obscured the moon’s illumination as light 

intensity measurements were taken.  Another lighting anomaly involves site F, where a landward 

spotlight was illuminated during one sampling event (F1; Figure 3-11) and was found off during 

the other (F2; Figure 3-12).  Quantitatively, energy of long wavelength light was, on average, 8.7 

times higher than shorter wavelength light readings.  Average landward (90º-240º) levels of short 

and long bandwidths of light exceeded seaward (270º-60º) levels at every sampling event, with 

exception to events B2, C, and D. 

Lunar illumination played a significant role in characterizing light fields during 

experimental trials.  On nights with lower levels of lunar illumination, the proportion of long to 

short-wavelength light was 6.4 times greater than that measured during nights with high lunar 

illumination, suggesting that moonlit nights increase the amount of shorter-wavelength light 

which hatchlings are most attracted to.  Directional attributes of light intensity are also important 

to note.  In general, the distributions of shorter wavelength light (300-500nm) are rather similar 

to those of longer wavelength light (545-700nm).  At replicated sites, the proportion of landward 
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short-wave light to seaward short-wave light decreased by an average magnitude of 1.8 times 

when exposed to high levels of moonlight than with lower lunar levels.  This implies that higher 

levels of moonlight can significantly shift the directionality of light fields.  A similar effect is 

seen when nest shields are used.  Nest shields were effective at blocking the majority of 

landward light, altering the brightest direction from landward to seaward, or in directions parallel 

to the sea. 

It was difficult to generalize hatchling orientation in relation to brightest direction or lunar 

phase, as nearly half of the distributions tested showed significant responses to either condition.  

Five of the eleven distributions were found to be significantly oriented with respect to brightest 

direction, and an equally varied response was seen when distributions were tested for lunar 

effect.  This may be the result of low sample size relating to the conditions tested, and the fact 

that lighting, dune landscape, presence of a shield, and other factors are simultaneously used as 

cues by orienting hatchlings.  Chapter 4 will attempt to relate these cues, in combination, to 

hatchling orientation distributions. 
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Table 3-1.  Artificial light sources visible from experimental sites 
Site ID Location Artificial light source Light source bearing 
A TAFB  Panama City (PC) and TAFB glow 85º, 110º 
B TAFB  PC glow, TAFB lights 90º, 170º 
C TAFB  PC glow 90º 
D TAFB  Mexico Beach and TAFB glow 280º, 110º 
E Boca Raton Boca glow 90º through 270º 
F Boca Raton Spotlight*, Boca glow 180º, interspersed** 
G Boca Raton Streetlight 160º 
*spotlight was turned ON during event F1, and OFF during event F 
**dune silhouette alternated between darkened, high-rise condominiums and urban glow 
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Table 3-2.  Summary of sampling event light conditions 

*Land/sea gradient = proportion of landward to seaward light intensity per bandwidth (i.e.  how 
much brighter the direction of land is than sea) 

EventID Lunar 
illumination 

Land/sea 
gradient* 
(300-500nm) 

Land/sea 
gradient* 
(545-700nm) 

Brightest 
direction 
(300-500nm) 

Brightest 
direction 
(545-700nm) 

A High 2.3 1.8 120o 90o 
B1 High 5.3 5.8 180o 120o 
B2 High 0.9 1.4 270o 150o 
B3 Low 6.3 8.9 180o 180o 
C High 0.5 1.0 0o 0o 
D High 0.7 0.8 60o 270o 
E1 High 1.2 1.1 150o 90o 
E2 Low 2.6 1.5 120o 120o 
F1 High 4.2 5.7 180o 180o 
F2 Low 3.2 4.2 150o 120o 
G Low 8.1 18.5 150o 150o 
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Table 3-3.  Artificial light sources observed from TAFB beaches 

*lights appeared clustered together and were grouped accordingly 

Light  ID Lighting type Bulb Fixture type Qty Location 

Drone launch wall-mounted 
area lighting MH open 

bottom 6 subscale drone launch 
facility  

TAFB 
lights* 

stadium 
lighting HPS multi-bulb 6 football field (Mississippi 

Road) 
TAFB 
lights* parking lot  HPS Cobra head 5-10 parking lots of Burger King 

and Commissary 
TAFB 
lights* 

roadway 
lighting MH open 

bottom 9 Mississippi Road  

TAFB 
lights* 

roadway 
lighting MH open 

bottom 5 unknown roadway at NCO 
Beach entrance 

TAFB 
lights* 

wall-mounted 
area lighting LPS wall pak 4 Commissary: south facing 

wall   
TAFB glow glow n/a n/a n/a TAFB vicinity 

PC glow glow n/a n/a n/a west of TAFB (Panama City 
vicinity) 

Mexico 
Beach various various various unk. east of TAFB (Mexico 

Beach vicinity) 

Marina parking lot, 
wall-mounted unk. unk. unk. Beacon Beach Road 
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Table 3-4.  Light intensity measurements at Site 1, Tyndall Air Force Base 
Pre-dune construction  Post-dune construction Bearing 300-500nm 545-700nm 300-500nm 545-700nm 

0° 0.47 1.74 0.87 3.20 
45° 0.81 3.90 1.18 6.82 
90° 0.68 2.95 0.85 4.70 
135° 0.37 1.29 0.16 0.75 
180° 0.34 1.15 0.26 1.13 
225° 0.41 1.45 0.32 0.25 
270° 0.85 3.47 0.96 4.76 
315° 0.75 3.42 1.25 6.20 
Light intensity units = watts/cm2 
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Table 3-5.  Light intensity measurements at Site 2, Tyndall Air Force Base 
Pre-dune construction Post-dune construction Bearing 300-500nm 545-700nm 300-500nm 545-700nm 

0° 11.45 22.40 9.67 16.30 
45°   5.08 56.50 8.32 28.50 
90°   0.75   3.90 0.48   3.10 
135°   0.55   3.03 0.32   3.65 
180°   0.54   3.25 0.52   1.50 
225°   0.55   3.41 0.27   2.74 
270°   1.10   5.34 1.52 10.40 
315°   2.70   9.67 7.58 13.10 
Light intensity units = watts/cm2 
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Figure 3-1.  Aerial image of Tyndall Air Force Base, located in Bay County on the northwestern 

coast of Florida.  TAFB consists of (from east to west) Crooked Island East Beach 
(CIE), NCO Beach (NCO), and Shell Island.  Orientation trials were conducted at the 
four locations indicated by the bullets on the map, and designated by site name.  
Numerous areas along NCO are exposed to point sources of illumination originating 
from TAFB facilities.  Visible from the eastern sections of CIE are point source 
luminaires of beachfront development within the neighboring city of Mexico Beach, 
FL.  Both of TAFB’s beaches, including Shell Island, are exposed to a pronounced 
‘skyglow’ on the western horizon emanating from the urbanized Panama City, FL 
vicinity.  Site A, located on CIE, was exposed to artificial lights originating from 
Panama City to the west (skyglow), and the landward skyglow from TAFB facilities.  
Site B, located on NCO, was exposed to westward Panama City skyglow, and a 
variety of directly visible TAFB luminaires.  Site C, located on Shell Island, also 
received artificial light as skyglow from the west.  Site D, on the eastern end of CIE, 
was exposed to direct lighting from the neighboring city of Mexico Beach, and 
skyglow originating from TAFB. 
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Figure 3-2.  Aerial image of Boca Raton, located in Palm Beach County, FL on the southeastern 

coast of Florida.  Orientation trials were conducted at the three locations indicated by 
the bullets on the map, and designated by site name.  Site E, adjacent to Red Reef 
Park, receives artificial light exposure as skyglow from the city of Boca Raton.  Site 
F, located just north of the Boca Inlet, was exposed to a seaward facing spotlight, and 
mounted at the base of a condominium.  Site G, was exposed to a street light mounted 
at the intersection of Spanish River Road and A1A. 
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A 

B 
 
Figure 3-3.  Orientation and light intensity at sampling event A.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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Figure 3-4.  Orientation and light intensity at sampling event B1.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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B 
 
Figure 3-5.  Orientation and light intensity at sampling event B2.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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A 

B 
 
Figure 3-6.  Orientation and light intensity at sampling event B3.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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A 

B 
 
Figure 3-7.  Orientation and light intensity at sampling event C.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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A 

B 
 
Figure 3-8.  Orientation and light intensity at sampling event D.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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A 

B 
 
Figure 3-9.  Orientation and light intensity at sampling event E1.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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Figure 3-10.  Orientation and light intensity at sampling event E2.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle. 
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B 
 
Figure 3-11.  Orientation and light intensity at sampling event F1.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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A 

B 
 
Figure 3-12.  Orientation and light intensity at sampling event F2.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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B 
 
Figure 3-13.  Orientation and light intensity at sampling event G.  Each triangle within a circular 

diagram represents the 2m arena exit angle for a single turtle.  Control groups are 
represented in blue and treatment (shielded) groups are in red.  Directional 300-
500nm (blue bars) and 545-700nm (blue arrows) light intensity readings (watts/cm2) 
are shown radiating from the arena center.  The solid line represents the orientation 
group’s mean angle.  A) Control group orientation angles and light intensities. B) 
Treatment group orientation angles and light intensities. 
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CHAPTER 4 
ORIENTATION AND MULTIPLE CONFLICTING CUES 

Introduction 

The response of hatchlings to light cues has been studied in much more depth than has 

their ability to orient with respect to shape cues.  The principal reason for this paucity of data is 

revealed in the inherent characteristics of the coastal environment.  A natural dune profile is 

typically higher, with a more variable silhouette than the lower, “flatter” seaward horizon, and 

tends to absorb more light than would the surface of the sea.  Herein lies the problem with 

experimentally assessing the relative importance of shape and light cues; under natural 

conditions these cues are rather complex.  When a hatchling orients away from the darker, higher 

dune horizon, and crawls toward the often brighter and flatter seaward direction, it is difficult to 

determine whether the hatchling’s response was dominated by its attraction to the brightest 

direction (light cue) or, a result of being repulsed by the higher, spatially variable dune (shape 

cue).  Scientists have regarded shape and light stimuli as conflicting cues, suggesting that a 

hatchling’s overall reaction depends on the relative strength of the cues.  This was evidenced 

when hatchlings were found to initially orient away from vertically striped horizons until light 

intensity of the opposing, unmarked horizon was made five times brighter (Witherington, 

1992a). 

Experiments involving naturally occurring cue conflicts (light intensity vs. horizon profile) 

have provided significant results, as the coastal environment consists of a multitude of coexisting 

environmental cues.  This chapter will evaluate the use of a logistic regression model to 

determine the probability of a hatchling failing to orient properly when exposed to multiple, 

visual cues in a natural environment. 
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Materials and Methods 

A biased-reduced logistic regression approach was applied to data gathered during 

hatchling orientation trials referenced in the previous chapters.  Individual hatchling exit angles 

were transformed to create the binary response variable, disoriented (y/n).  Hatchlings were 

considered disoriented if their angle upon exiting the 2m arena fell outside of a 90º range 

directed toward the sea (315º – 45º).  If the exit angle was greater than 45º from the most direct 

route to sea, the hatchling was categorized as “yes” under the response variable, disoriented.  

Independent variables used in this test were both categorical and continuous, including site, 

shielding treatment (control or treatment), lunar illumination (low or high), 300-500nm intensity 

gradient, 545-700nm intensity gradient, and wavelength gradient (Appendix A).  Calculation of 

intensity gradients is discussed in Chapter 3.  Wavelength gradient was calculated by 

determining the ratio of mean 545-700nm intensity readings to mean 300-500nm readings at 

each site.  The slope and intercept of the best-fitting equation in the logistic regression were 

found using the penalized maximum-likelihood method.  Analyses were conducted using the 

statistical program R. 

Results 

The intensity and wavelength gradients were dropped from the analysis, as they were 

considered replicates of the site, treatment, and lunar illumination variables.  Due to lack of 

replication and small sample sizes, the variables site, treatment, and lunar illumination had to be 

combined to run the reduced-bias logistic regression model.  Probability estimates for the 

combined parameters site/treatment/lunar illumination, including estimates of regression error 

variance and confidence intervals are given in Table 4-1.  The test results suggest that it is 

probable a hatchling will disorient at site G under low lunar illumination, with or without a 

shield present, and at site B under most conditions (p-values in bold, Table 4-1). 



 

67 

Discussion 

In this example, we categorized individual hatchlings as “disoriented” or “not disoriented” 

by whether or not they deviated from the seaward route (0º) by 45º or more.  We chose our 

disorientation criteria arbitrarily, as our main goal was to test the applicability of using the 

logistic regression approach. 

The separation of interrelated environmental cues and their effects on hatchling orientation 

continues to be a difficult task.  For this reason, attempts were made to identify an analytical 

technique that would take into account the influence of multiple variables on orientation 

response.  I decided to use a bias-reduced logistic regression approach, which would allow for 

testing the relationship of disorientation probability to a variety of factors, such as site, treatment, 

lunar illumination, and lighting gradient.  Applying this approach to the data gathered in this 

study allowed us to determine the probability of a hatchling disorienting in relation to the single, 

combined variable, site/treatment/lunar illumination.  This test fails to account for multiple 

variables at once due to the a posteriori analytical approach used in this study.  A more 

appropriate research design would allow for greater sample sizes by replicating sampling events 

on both high and low moonlit nights, and incorporate fewer experimental sites. 
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Table 4-1.  Logistic regression output for the combined site/treatment/lunar variable. 
Site/treatment/lunar variable combinations in bold are significantly correlated with 
the disorientation of a hatchling.  For example, there is a high likelihood that a 
hatchling will disorient at Site G under low ambient lunar light, with or without a nest 
shield present. 

Site/treatment/lunar 
variable coef se(coef) lower 

0.95 
upper 
0.95 Chisq P-value 

(Intercept) -3.714 1.467 -8.559 -1.733 24.387 0.000001 
E, Control, Low  0.280 2.086 -4.965  5.525   0.019 0.890518 
E, Treatment, High  0.000 2.074 -5.241  5.241   0.000 1.000000 
F, Control, High  0.669 2.111 -4.583  5.922   0.106 0.744444 
F, Control, Low  2.524 1.597  0.069  7.459   4.092 0.043085 
F, Treatment, High  0.669 2.111 -4.583  5.922   0.106 0.744444 
F, Treatment, Low  0.346 2.090 -4.900  5.593   0.029 0.864808 
G, Control, Low*  4.937 1.649  2.467  9.918 21.508 0.000004 
G, Treatment, Low*  3.445 1.563  1.141  8.358 10.215 0.001393 
A, Control, Low  1.979 1.739 -1.050  7.004   1.652 0.198740 
A, Treatment, Low  3.095 1.625  0.589  8.047   6.167 0.013015 
B, Control, High*  4.612 1.556  2.350  9.522 24.206 0.000001 
B, Control, Low*  6.279 2.160  3.139 12.053 23.163 0.000001 
B, Treatment, High*  3.714 1.576  1.378  8.635 11.827 0.000584 
B, Treatment, Low*  6.279 2.160  3.139 12.053 23.163 0.000001 
C, Control, High -0.137 2.069 -5.376  5.103   0.005 0.946186 
C, Treatment, High -0.137 2.069 -5.376  5.103   0.005 0.946186 
D, Control, High  1.149 1.704 -1.843  6.156   0.548 0.459033 
D, Treatment, High  1.712 1.621 -0.879  6.664   1.558 0.211940 
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CHAPTER 5 
SUMMARY 

Results 

The effects of nest shielding were ascertained on a site-by-site and night-by-night basis, in 

an attempt to reduce the likelihood of light cues acting as overriding, confounding factors when 

comparing distributions of hatchling orientation angles.  The nest shield appeared to significantly 

restore seaward orientation in groups of hatchlings during two of the nine testable sampling 

events.  The most discernible effect was observed at a site where hatchlings were previously 

observed misorienting toward a single, landward NEMA-head streetlight, located directly behind 

the dune.  Shielding created a shadow stretching toward the sea, within which hatchlings crawled 

until reaching the shoreline.  In most cases, however, nest shielding failed to restore proper 

orientation. 

Results suggest that hatchling orientation does not drastically change with respect to a 

turtle’s distance from a nest shield, although more work is needed to determine the effects of a 

hatchling’s “initial” distance from such a barrier.  It appeared as though nest shields act more as 

visual barriers than physical obstructions to crawling hatchlings.  Hatchlings were never 

observed coming in contact with the shielding material and crawling along its length.  Hatchlings 

attracted to landward light were able to avert the shield by crawling around it without becoming 

physically blocked by it. 

It was difficult to generalize hatchling orientation in relation to brightest direction or lunar 

phase, as nearly half of the distributions tested showed significant responses to either condition.  

Five of the eleven distributions were found to be significantly oriented with respect to brightest 

direction, and an equally varied response was seen when distributions were tested for lunar 

effect.   Testing the effect of combinations of environmental variables on orientation response 
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was attempted, revealing the need for further study into similar statistical models, including the 

bias-reduced logistic regression approach. 

Management Implications 

Current management strategies fall into one of two groups based on their approach to 

protect hatchlings from artificial lighting.  One strategy uses a hatchling-centered approach, 

seeking to prevent hatchlings from being affected by artificial lighting.  This involves 

manipulation of the nest and/or hatchlings and includes management practices such as nest 

relocation, and nest caging.  The use of nest shields would also fall under this category.  These 

strategies tend to be the least successful methods of management.  In efforts to remove 

hatchlings from artificially lit areas or prevent them from responding to the lights, new problems 

are often created for the hatchlings and the cause of the problem is not addressed. 

This study has shown that nest shielding is a poor technique for managing the impact of 

artificial lighting on hatchling turtles.  Shielding failed to reduce hatchling disorientation during 

seven of nine testable sampling events.  Of the two events with positive results, only one found 

the shield to restore orientation to the majority of hatchlings in the group.  Conditions of this trial 

involved the blocking of light from a single, landward luminaire that was close enough to the 

release site and in alignment with the shield such that a shadow was cast nearly all the way to the 

sea.  Additional shielding tests under similar conditions are needed.  In cases where optimal 

management techniques are not an option, alternative methods may be justified.  However, the 

very limited success of shielding nests to prevent hatchling disorientation is evidence enough to 

exclude it from the list of possible, alternative methods of light management. 

The other approach to the lighting predicament seeks to directly manage the cause of the 

problem, often involving the attenuation, redirection, or replacement of individual light sources.  

Light management techniques have been used throughout Florida with varying success, and 
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serve to not only reduce the impact on hatchlings, but on nesting adults as well.  In Florida, 

artificial light pollution from on-going coastal development will continue to cause problems to 

wildlife, but cooperation from government agencies, environmental groups, county regulators, 

and the concerned public has been quite evident.  Public awareness of the effects of lighting on 

sea turtles has grown, and most coastal counties have adopted strict lighting ordinances.  

Although the enforcement of coastal lighting restrictions is a problem in some areas more than 

others, positive strides continue to be made. 

In localized areas, comprehensive light management plans have been applied within 

reasonable bounds of time, funding, and effort to significantly reduce disorientation.  Additional 

levels of difficulty exist with managing light pollution produced by more urbanized areas, often 

resulting in skyglow, or with artificial light originating from areas farther inland.  Light pollution 

from these areas can cause problems for nesting and hatching turtles from great distances away.  

Often, the sheer number of luminaires in these regions precludes the use of traditional, light 

management methods.  Larger scale management techniques and statewide compliance would be 

required for effective mediation.  Currently, much work is needed in Florida to resolve the 

lighting problems in coastal areas, but with continued cooperation and public support, successful 

light management practices on a local level could serve as a template for future statewide efforts. 
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APPENDIX 
LOGISTIC REGRESSION TABLE 

Table A-1.  Hatchling orientation data formatted for logistic regression analysis.  Each hatchling 
used in orientation trials was given a sample number.  Intensity gradient refers to the 
ratio of landward to seaward light intensity for a given bandwidth at each site.  
Wavelength gradient is the ratio of mean light intensity at 300-500nm to mean 
intensity at 545-700nm at each site. 

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

1 A C L 2.27 1.80 3.77 N 
2 A C L 2.27 1.80 3.77 N 
3 A C L 2.27 1.80 3.77 N 
4 A C L 2.27 1.80 3.77 N 
5 A C L 2.27 1.80 3.77 N 
6 A C L 2.27 1.80 3.77 N 
7 A C L 2.27 1.80 3.77 N 
8 A C L 2.27 1.80 3.77 N 
9 A C L 2.27 1.80 3.77 Y 
10 A T L 0.49 0.27 2.66 Y 
11 A T L 0.49 0.27 2.66 N 
12 A T L 0.49 0.27 2.66 N 
13 A T L 0.49 0.27 2.66 Y 
14 A T L 0.49 0.27 2.66 N 
15 A T L 0.49 0.27 2.66 N 
16 A T L 0.49 0.27 2.66 N 
17 A T L 0.49 0.27 2.66 N 
18 A T L 0.49 0.27 2.66 Y 
19 B C H 5.32 5.83 4.64 N 
20 B C H 5.32 5.83 4.64 N 
21 B C H 5.32 5.83 4.64 Y 
22 B C H 5.32 5.83 4.64 N 
23 B C H 5.32 5.83 4.64 N 
24 B C H 5.32 5.83 4.64 N 
25 B C H 0.95 1.41 3.02 Y 
26 B C H 0.95 1.41 3.02 Y 
27 B C H 0.95 1.41 3.02 Y 
28 B C H 0.95 1.41 3.02 Y 
29 B C H 0.95 1.41 3.02 Y 
30 B C H 0.95 1.41 3.02 Y 
31 B C H 0.95 1.41 3.02 Y 
32 B C H 0.95 1.41 3.02 Y 
33 B C H 0.95 1.41 3.02 Y 
34 B C H 0.95 1.41 3.02 Y 
35 B C H 0.95 1.41 3.02 Y 
36 B C H 0.95 1.41 3.02 Y 
37 B T H 0.77 0.82 2.46 Y 
38 B T H 0.77 0.82 2.46 Y 
39 B T H 0.77 0.82 2.46 Y 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

40 B T H 0.77 0.82 2.46 N 
41 B T H 0.77 0.82 2.46 N 
42 B T H 0.77 0.82 2.46 N 
43 B T H 0.77 0.82 2.46 Y 
44 B T H 0.77 0.82 2.46 Y 
45 B T H 0.77 0.82 2.46 Y 
46 B T H 0.77 0.82 2.46 N 
47 B T H 0.77 0.82 2.46 N 
48 B T H 0.77 0.82 2.46 N 
49 B C L 6.28 8.94 5.97 Y 
50 B C L 6.28 8.94 5.97 Y 
51 B C L 6.28 8.94 5.97 Y 
52 B C L 6.28 8.94 5.97 Y 
53 B C L 6.28 8.94 5.97 Y 
54 B C L 6.28 8.94 5.97 Y 
55 B T L 0.51 0.59 4.20 Y 
56 B T L 0.51 0.59 4.20 Y 
57 B T L 0.51 0.59 4.20 Y 
58 B T L 0.51 0.59 4.20 Y 
59 B T L 0.51 0.59 4.20 Y 
60 B T L 0.51 0.59 4.20 Y 
61 C C H 0.54 0.99 3.38 N 
62 C C H 0.54 0.99 3.38 N 
63 C C H 0.54 0.99 3.38 N 
64 C C H 0.54 0.99 3.38 N 
65 C C H 0.54 0.99 3.38 N 
66 C C H 0.54 0.99 3.38 N 
67 C C H 0.54 0.99 3.38 N 
68 C C H 0.54 0.99 3.38 N 
69 C C H 0.54 0.99 3.38 N 
70 C C H 0.54 0.99 3.38 N 
71 C C H 0.54 0.99 3.38 N 
72 C C H 0.54 0.99 3.38 N 
73 C C H 0.54 0.99 3.38 N 
74 C C H 0.54 0.99 3.38 N 
75 C C H 0.54 0.99 3.38 N 
76 C C H 0.54 0.99 3.38 N 
77 C C H 0.54 0.99 3.38 N 
78 C C H 0.54 0.99 3.38 N 
79 C C H 0.54 0.99 3.38 N 
80 C C H 0.54 0.99 3.38 N 
81 C C H 0.54 0.99 3.38 N 
82 C C H 0.54 0.99 3.38 N 
83 C C H 0.54 0.99 3.38 N 
84 C T H 0.29 0.59 3.12 N 
85 C T H 0.29 0.59 3.12 N 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

86 C T H 0.29 0.59 3.12 N 
87 C T H 0.29 0.59 3.12 N 
88 C T H 0.29 0.59 3.12 N 
89 C T H 0.29 0.59 3.12 N 
90 C T H 0.29 0.59 3.12 N 
91 C T H 0.29 0.59 3.12 N 
92 C T H 0.29 0.59 3.12 N 
93 C T H 0.29 0.59 3.12 N 
94 C T H 0.29 0.59 3.12 N 
95 C T H 0.29 0.59 3.12 N 
96 C T H 0.29 0.59 3.12 N 
97 C T H 0.29 0.59 3.12 N 
98 C T H 0.29 0.59 3.12 N 
99 C T H 0.29 0.59 3.12 N 
100 C T H 0.29 0.59 3.12 N 
101 C T H 0.29 0.59 3.12 N 
102 C T H 0.29 0.59 3.12 N 
103 C T H 0.29 0.59 3.12 N 
104 C T H 0.29 0.59 3.12 N 
105 C T H 0.29 0.59 3.12 N 
106 C T H 0.29 0.59 3.12 N 
107 D C H 0.67 0.78 3.48 Y 
108 D C H 0.67 0.78 3.48 N 
109 D C H 0.67 0.78 3.48 N 
110 D C H 0.67 0.78 3.48 N 
111 D C H 0.67 0.78 3.48 N 
112 D C H 0.67 0.78 3.48 N 
113 D C H 0.67 0.78 3.48 N 
114 D C H 0.67 0.78 3.48 N 
115 D C H 0.67 0.78 3.48 N 
116 D C H 0.67 0.78 3.48 N 
117 D C H 0.67 0.78 3.48 N 
118 D C H 0.67 0.78 3.48 N 
119 D C H 0.67 0.78 3.48 N 
120 D C H 0.67 0.78 3.48 N 
121 D C H 0.67 0.78 3.48 N 
122 D C H 0.67 0.78 3.48 N 
123 D C H 0.67 0.78 3.48 N 
124 D C H 0.67 0.78 3.48 N 
125 D C H 0.67 0.78 3.48 N 
126 D C H 0.67 0.78 3.48 N 
127 D T H 0.46 0.52 2.74 Y 
128 D T H 0.46 0.52 2.74 Y 
129 D T H 0.46 0.52 2.74 N 
130 D T H 0.46 0.52 2.74 N 
131 D T H 0.46 0.52 2.74 N 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

132 D T H 0.46 0.52 2.74 N 
133 D T H 0.46 0.52 2.74 N 
134 D T H 0.46 0.52 2.74 N 
135 D T H 0.46 0.52 2.74 N 
136 D T H 0.46 0.52 2.74 N 
137 D T H 0.46 0.52 2.74 N 
138 D T H 0.46 0.52 2.74 N 
139 D T H 0.46 0.52 2.74 N 
140 D T H 0.46 0.52 2.74 N 
141 D T H 0.46 0.52 2.74 N 
142 D T H 0.46 0.52 2.74 N 
143 D T H 0.46 0.52 2.74 N 
144 D T H 0.46 0.52 2.74 N 
145 D T H 0.46 0.52 2.74 N 
146 D T H 0.46 0.52 2.74 N 
147 E C H 1.23 1.13 3.67 N 
148 E C H 1.23 1.13 3.67 N 
149 E C H 1.23 1.13 3.67 N 
150 E C H 1.23 1.13 3.67 N 
151 E C H 1.23 1.13 3.67 N 
152 E C H 1.23 1.13 3.67 N 
153 E C H 1.23 1.13 3.67 N 
154 E C H 1.23 1.13 3.67 N 
155 E C H 1.23 1.13 3.67 N 
156 E C H 1.23 1.13 3.67 N 
157 E C H 1.23 1.13 3.67 N 
158 E C H 1.23 1.13 3.67 N 
159 E C H 1.23 1.13 3.67 N 
160 E C H 1.23 1.13 3.67 N 
161 E C H 1.23 1.13 3.67 N 
162 E C H 1.23 1.13 3.67 N 
163 E C H 1.23 1.13 3.67 N 
164 E C H 1.23 1.13 3.67 N 
165 E C H 1.23 1.13 3.67 N 
166 E C H 1.23 1.13 3.67 N 
167 E T H 0.45 0.25 2.59 N 
168 E T H 0.45 0.25 2.59 N 
169 E T H 0.45 0.25 2.59 N 
170 E T H 0.45 0.25 2.59 N 
171 E T H 0.45 0.25 2.59 N 
172 E T H 0.45 0.25 2.59 N 
173 E T H 0.45 0.25 2.59 N 
174 E T H 0.45 0.25 2.59 N 
175 E T H 0.45 0.25 2.59 N 
176 E T H 0.45 0.25 2.59 N 
177 E T H 0.45 0.25 2.59 N 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

178 E T H 0.45 0.25 2.59 N 
179 E T H 0.45 0.25 2.59 N 
180 E T H 0.45 0.25 2.59 N 
181 E T H 0.45 0.25 2.59 N 
182 E T H 0.45 0.25 2.59 N 
183 E T H 0.45 0.25 2.59 N 
184 E T H 0.45 0.25 2.59 N 
185 E T H 0.45 0.25 2.59 N 
186 E T H 0.45 0.25 2.59 N 
187 E C L 2.61 1.47 6.41 N 
188 E C  L 2.61 1.47 6.41 N 
189 E C L 2.61 1.47 6.41 N 
190 E C  L 2.61 1.47 6.41 N 
191 E C L 2.61 1.47 6.41 N 
192 E C  L 2.61 1.47 6.41 N 
193 E C L 2.61 1.47 6.41 N 
194 E C  L 2.61 1.47 6.41 N 
195 E C L 2.61 1.47 6.41 N 
196 E C  L 2.61 1.47 6.41 N 
197 E C L 2.61 1.47 6.41 N 
198 E C  L 2.61 1.47 6.41 N 
199 E C L 2.61 1.47 6.41 N 
200 E C  L 2.61 1.47 6.41 N 
201 E C L 2.61 1.47 6.41 N 
202 F C H 4.23 5.66 7.17 N 
203 F C H 4.23 5.66 7.17 N 
204 F C H 4.23 5.66 7.17 N 
205 F C H 4.23 5.66 7.17 N 
206 F C H 4.23 5.66 7.17 N 
207 F C H 4.23 5.66 7.17 N 
208 F C H 4.23 5.66 7.17 N 
209 F C H 4.23 5.66 7.17 N 
210 F C H 4.23 5.66 7.17 N 
211 F C H 4.23 5.66 7.17 N 
212 F T H 0.16 0.28 8.19 N 
213 F T H 0.16 0.28 8.19 N 
214 F T H 0.16 0.28 8.19 N 
215 F T H 0.16 0.28 8.19 N 
216 F T H 0.16 0.28 8.19 N 
217 F T H 0.16 0.28 8.19 N 
218 F T H 0.16 0.28 8.19 N 
219 F T H 0.16 0.28 8.19 N 
220 F T H 0.16 0.28 8.19 N 
221 F T H 0.16 0.28 8.19 N 
222 F C L 3.18 4.18 11.20 Y 
223 F C L 3.18 4.18 11.20 N 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

224 F C L 3.18 4.18 11.20 N 
225 F C L 3.18 4.18 11.20 N 
226 F C L 3.18 4.18 11.20 N 
227 F C L 3.18 4.18 11.20 N 
228 F C L 3.18 4.18 11.20 N 
229 F C L 3.18 4.18 11.20 N 
230 F C L 3.18 4.18 11.20 N 
231 F C L 3.18 4.18 11.20 N 
232 F C L 3.18 4.18 11.20 Y 
233 F C L 3.18 4.18 11.20 Y 
234 F C L 3.18 4.18 11.20 N 
235 F C L 3.18 4.18 11.20 N 
236 F T L 0.52 1.09 11.48 N 
237 F T L 0.52 1.09 11.48 N 
238 F T L 0.52 1.09 11.48 N 
239 F T L 0.52 1.09 11.48 N 
240 F T L 0.52 1.09 11.48 N 
241 F T L 0.52 1.09 11.48 N 
242 F T L 0.52 1.09 11.48 N 
243 F T L 0.52 1.09 11.48 N 
244 F T L 0.52 1.09 11.48 N 
245 F T L 0.52 1.09 11.48 N 
246 F T L 0.52 1.09 11.48 N 
247 F T L 0.52 1.09 11.48 N 
248 F T L 0.52 1.09 11.48 N 
249 F T L 0.52 1.09 11.48 N 
250 G C L 8.06 18.51 43.29 Y 
251 G C L 8.06 18.51 43.29 Y 
252 G C L 8.06 18.51 43.29 N 
253 G C L 8.06 18.51 43.29 Y 
254 G C L 8.06 18.51 43.29 Y 
255 G C L 8.06 18.51 43.29 Y 
256 G C L 8.06 18.51 43.29 Y 
257 G C L 8.06 18.51 43.29 N 
258 G C L 8.06 18.51 43.29 Y 
259 G C L 8.06 18.51 43.29 Y 
260 G T L 0.33 0.42 16.01 N 
261 G T L 0.33 0.42 16.01 N 
262 G T L 0.33 0.42 16.01 N 
263 G T L 0.33 0.42 16.01 N 
264 G T L 0.33 0.42 16.01 N 
265 G T L 0.33 0.42 16.01 N 
266 G T L 0.33 0.42 16.01 N 
267 G T L 0.33 0.42 16.01 N 
268 G T L 0.33 0.42 16.01 Y 
269 G T L 0.33 0.42 16.01 Y 
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Table A-1.  Continued      

Sample # Site Treatment Lunar
300-500nm 
intensity 
gradient 

545-700nm 
intensity 
gradient 

Wavelength 
gradient Disoriented

270 G T L 0.33 0.42 16.01 Y 
271 G T L 0.33 0.42 16.01 Y 
272 G T L 0.33 0.42 16.01 Y 
273 G T L 0.33 0.42 16.01 Y 
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