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ABSTRACT: Sea turtles deposit their eggs in beaches at a depth of about 50 cm and leave them to incu-
bate for approximately 60 d. After that time, hatchlings emerge from the sand at night, both to avoid
predation and to prevent overheating. Three hypotheses have been proposed regarding the thermal
cues involved in emergence. Hatchlings emerge (1) after sand temperature falls below a critical thresh-
old, (2) after a negative thermal gradient in the sand above the nest has been created, making upper
sand cooler than sand below, or (3) in response to a rapid decrease in the temperature of the nest col-
umn. This study evaluated the cue(s) that loggerhead sea turtle Caretta caretta hatchlings use to
emerge into a safe thermal environment. We collected thermal data at 5 depths in the sand from 150
loggerhead nests that had been relocated in Broward County, Florida. Hatchlings had a significant
effect on sand temperatures due to metabolic heat. Therefore, to evaluate thermal cues, temperatures
should be measured in nest columns and not adjacent to nests, as in previous studies. A critical thresh-
old temperature existed, above which hatchlings did not emerge. The threshold temperature at 0 cm
was 32.4°C, which is similar to upper thermal thresholds of swimming activity for loggerhead and
green turtle Chelonia mydas hatchlings measured in other studies. Most hatchlings emerged after a
reversal in the thermal gradients between sand depths, but no particular temperature differential
existed between those depths that cued emergence. A delay occurred after both threshold and rever-
sal cues before hatchlings emerged, which may protect hatchlings under rapidly changing environ-
mental conditions. Most hatchlings emerged sooner after the threshold temperature had been reached
than after the temperature gradient had been reversed, but the 2 cues cannot be completely distin-
guished without further research. Rate of temperature decline was not a cue because most hatchlings
emerged when rates were close to zero. We conclude that the critical threshold temperature is the most
probable cue and that the most probable mechanism for controlling time of emergence is physiologi-
cal—that is, a thermal inhibition of coordinated muscle movement so that emergence from the sand is
only possible below a critical temperature threshold. Emergence data from in sifu nests support these
thermal patterns in relocated nests. These results have important implications for management of
beach habitat for nesting sea turtles. Human impacts, such as beach renourishment and beach-front
development, can change the thermal characteristics of the nesting environment, and therefore affect
temporal emergence patterns of hatchlings.
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INTRODUCTION

Emergence from the nest is the culmination of devel-
opment and hatching in many oviparous organisms.
The time of day at which emergence occurs varies
among organisms. However, nocturnal emergence is
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crucial to the survival of most sea turtle hatchlings for
several reasons. Surface-sand temperatures during the
day can be fatal to hatchlings because they cannot reg-
ulate their body temperature in such extreme condi-
tions. High temperatures can also lower activity levels
of hatchlings (Mrosovsky 1968) at a time when they are
most visible to terrestrial predators, particularly birds
(Stancyk 1982).
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Despite the danger of a daytime emergence, sea tur-
tle hatchlings sometimes do complete their ascent from
the nest to the surface of the sand during the day (Bal-
azs & Ross 1974). In such cases, hatchlings usually
reach the top few centimeters of sand and pause
(Caldwell 1959, Bustard 1967), presumably waiting for
favorable conditions before beginning their run to the
sea. Because timing of emergence is so important,
hatchlings may use a series of environmental cues to
guide their emergence. These cues are almost cer-
tainly temperature related (Bustard 1967, Mrosovsky
1968, Witherington et al. 1990, Hays et al. 1992, Gyuris
1993), although visual cues may be useful to hatchlings
that pause at the very surface of the sand. Hatchlings
probably do not depend solely on the absence of light
to emerge because some daytime emergences do
occur, especially after heavy rains.

Three hypotheses have been proposed regarding the
cues that hatchlings use to time their emergence. The
first hypothesis is that hatchlings emerge only after
sand temperatures fall below a critical threshold (Hen-
drickson 1958, Mrosovsky 1968, Bustard 1972). Three
critical temperatures have been proposed for green
turtle Chelonia mydas hatchlings: 33°C in Malaya and
Sarawak (Hendrickson 1958), 28.5°C in Surinam
(Mrosovsky 1968), and 31°C in Australia (Bustard
1972). No information is available on the critical tem-
peratures for emerging loggerhead Caretta caretta
hatchlings, but O'Hara (1980) determined an upper
threshold of 33.0°C for coordinated swimming activity
in loggerhead hatchlings.

The second hypothesis is that hatchlings waiting in
the sand are negatively thermotaxic (Gyuris 1993).
According to this hypothesis, hatchlings emerge after a
negative thermal gradient develops in the sand col-
umn above the nest (i.e. surface-sand temperature is
cooler than that below). Normally, sand is much
warmer at the surface than below during the day. As
the sun sets, the temperature of surface sand drops
rapidly and falls below that of deeper sand, which
cools more slowly.

The third hypothesis is that hatchlings emerge after
temperature répidly decreases in the nest column
(Witherington et al. 1990). A rapid decrease in sand
temperature might stimulate an earlier hatchling
emergence than a slow decrease (Hays et al. 1992).

When testing thermal hypotheses about hatchling
emergence, the amount of metabolic heat in the nest
column and distribution of pre-emergent hatchling
groups are critical in determining the appropriate loca-
tion at which to measure temperature and the depths
at which thermal cues play a role in hatchling emer-
gence. Hatchlings generate metabolic heat in the nest
(Maloney et al. 1990, Godirey et al. 1997), but no infor-
mation is available on the extent to which hatchlings

raise sand temperature in the nest column immediately
prior to emergence. Orientation of hatchlings as they
ascend through the sand (Carr & Ogren 1960) and
shape of hatchling groups as they pause near the sur-
face before emerging are poorly known.

In this study, we evaluated the specific thermal
cue(s) that trigger loggerhead hatchling emergence by
correlating timing of emergence with thermal environ-
ment at various depths in the sand above nests. We
quantified the thermal effect of hatchlings in the nest
neck prior to and during emergence and characterized
dimensions and orientations of pre-emergent hatch-
ling groups.

MATERIALS AND METHODS

Study site. Field work was conducted in Broward
County, Florida, USA. Loggerhead nests were marked
at 4 protected sites in the Ft. Lauderdale metropolitan
area (26.0° to 26.3°N, 80.2°W). This area has been
extensively developed for human use, and most
stretches of beach have heavy pedestrian traffic and
are brightly lit. Because sea turtle hatchlings become
disoriented and suffer increased mortality on artifi-
cially lit beaches, all nests deposited in Broward
County are relocated to areas where they are moni-
tored daily throughout incubation. Relocated nests
were buried at least 1 m apart into sand from the beach
in which they were originally deposited, and the loca-
tion of each nest was marked. Employees, through
intensive training, recreated natural nest dimensions
as closely as possible.

Analysis of thermal regime in nests. Placement and
monitoring of thermocouples: Five thermocouples
(Copper/Constantan Connectors SMP-T-M/F  and
Teflon Neoflon PFA High Performance Wire TT-T-245,
Omega Engineering Inc., Stamford, CT) were attached
to a length of PVC pipe that had been cut in half
lengthwise. Holes were drilled at 5 cm intervals in the
pipe, which was 30 cm long and 1.3 cm in external
diameter. The ends of the thermocouples were in-
serted through the holes, and the rest of the thermo-
couple was fastened along the pipe with tape.

One pipe was inserted into the sand in the neck of a
nest with thermocouples at depths of 0, 5, 10, 15, and
20 cm approximately 24 to 48 h before emergence was
expected. In addition, one pipe was inserted approxi-
mately 0.5 m from the neck of the nest as an adjacent
array. Because of the distribution of nests, several nests
shared each adjacent array.

We read thermocouples using a digital thermometer
(HH-25TC, Omega Engineering Inc., Stamford, CT),
with a range of —-80 to 199.9°C, a resolution of 0.1°C,
and an accuracy of £(0.4 % + 0.6°C). The male end of
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each thermocouple was stored in a film canister, and
the 5 canisters of each array were protected in a plastic
bag. We read each thermocouple in an array every
15 min. Daily monitoring of nests began between 16:45
and 18:00 h, when gradient reversals occurred in the
upper layers of sand. Nests that were expected to
emerge were monitored each night until at least mid-
night; all of the cues under investigation had occurred
well before that time.

To ensure consistent temperature readings, we cali-
brated each array of thermocouples every time it was
removed from the sand. Each thermocouple was sus-
pended in water and its reading was compared with
that of an NBS-certified mercury thermometer, accu-
rate to +0.01°C between 27 and 35°C (serial no.
7F7747, Parr Instrument Company, Moline, IL). For
each thermocouple, a reading was taken on each of the
4 digital thermometers in use on the beach. Each
evening, we noted which nests were monitored with
which digital thermometer. Neck and adjacent tem-
perature data from each nest were adjusted, based on
daily calibration data.

Monitoring of emergences: Emergences from 150
nests in the study took place from 15 June to 11 August
1997. Beginning and ending times of each emergence
were recorded, as was the number of hatchlings that
emerged. An emergence was defined as any group of
10 or more hatchlings emerging continuously (Wither-
ington et al. 1990). In the event of emergences over
multiple nights, only the first emergence from each
nest was monitored. As hatchlings emerged, they were
placed in a 20 ] plastic bucket and released according
to Broward County guidelines. We recorded tempera-
tures until 15 to 30 min after the emergence had
ended.

Data analyses: Effect of hatchlings on temperature in
the nest neck was determined by comparing neck and
adjacent temperatures at corresponding times and
depths. We conducted paired sample ¢t tests on neck
and adjacent temperatures for each depth at the time
of emergence. Because of metabolic heat produced by
hatchlings in the nest neck, neck temperatures were
used to analyze thermal cues.

Temperatures at the exact time of emergence in the
neck array were interpolated from temperatures
recorded at the beginning and end of the 15 min inter-
val during which emergence occurred. A histogram
was constructed showing the number of emergences
that occurred at each temperature for each depth. The
critical threshold temperature for emergence was de-
termined by split-line regression (Yeager & Ultsch
1989) that calculates the transition point between
slopes of 2 regression lines. We defined the threshold
temperature as the temperature above which emer-
gence by most hatchlings was inhibited.

Times of gradient reversals between pairs of depths
(0 and 5 ¢cm, 0 and 10 cm, and 5 and 10 cm) in the nest
neck were designated as the earlier boundary of the
15 min period in which the reversal occurred. These
pairs of depths, with ranges of only 5 and 10 cm, were
chosen to standardize our results with those of other
studies (Mrosovsky 1968, Witherington et al. 1990,
Gyuris 1993) and because loggerhead hatchlings, with
mean straight carapace lengths of 4.5 cm (Dodd 1988),
could not individually sense temperatures between a
range of depths greater than the length of their bodies
from head to flipper. Because most hatchlings waited
in the top 10 cm of sand, gradient reversals between
these pairs of depths were the most likely candidates
for use in emergence. Histograms of emergence pat-
terns in relation to gradient reversal were plotted.

Rate of temperature decline at a depth of 5 cm in the
nest neck was calculated for 15, 30, 60, and 120 min
prior to emergence. The temperature reading taken at
the interval closest to the actual time of emergence
was designated as the temperature at the time of emer-
gence. The relationship between rate of temperature
decline and emergence was evaluated visually.

Data analyses were conducted using SPSS software
version 7.5 and Microsoft Excel 97. In all cases, alpha =
0.05.

Pre-emergent hatchling groups. Sizes and shapes of
pre-emergent groups of hatchlings were assessed at
night in 15 nests on Hillsboro Beach, FL, from 18 July
to 13 August 1997. Waiting hatchlings, which were not
monitored with thermocouple arrays, were visible in
these nests. Number of visible turtles in the group was
recorded as was length, width, and depth of any
depression in the sand above the nest. Sand was
brushed away in a wide circle from around the turtles,
and sand was removed from one side of the group.
Length, width, and depth of the group were measured,
and positions, orientations, and total number of hatch-
lings in the group were recorded.

RESULTS

Thermal data were collected from 150 emergences,
which occurred between 17:40 and 01:04 h and in-
volved between 10 and 115 hatchlings. Timing of
emergence was not affected by hatchling group size
(p =0.771, Pearson r = —-0.024, n = 150). Similarly, size
of the first emergence was not related to total number
of eggs in the clutch (p = 0.456, r = 0.062, n = 148).
Larger clutches did not produce larger first groups of
hatchlings.

The relationship between group size and emergence
duration was weak but significant (slope = 0.020,
p = 0.049, Pearsonr = 0.161, n = 150). Larger groups of
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Table 1. Number of hatchlings in a group, number of visible hatchlings
in a group, depression dimensions (cm), and hatchling group dimen-
sions (cm) from 15 nests in Broward County, Florida, 1997

No. of nests Mean Standard Range
observed deviation

No. of hatchlings in group 15 26.7 21.2 6-66
Visible hatchlings in group 15 9.8 8.6 2-35
Depression length 10 15.4 13.9 0-31.0
Depression width 10 14.4 13.1 0-31.0
Depression depth 15 4.8 3.9 0-10.5
Hatchling group length 15 14.5 7.4 6.0-30.5
Hatchling group width 15 12.6 7.5 4.5-30.5
Hatchling group depth 15 16.7 7.4 7.5-32.0

gence, possibly because some hatchling
groups waited very close to the surface for
more than 2 h before they emerged. Mean
temperatures in the neck at 15, 10, and 5 cm
rose, in that order, as hatchlings approached
the surface from the nest chamber.

Results of timing of emergences relative to
thermal cues are shown in Figs. 2 to 6. Most
hatchlings did not emerge immediately after
either the threshold was reached or the gradi-
ent reversal occurred. Only at 0 and 5 cm and
0 and 10 cm did all emergences occur after
the reversal. A rapid rate of temperature de-

cline did not occur at any depth within the2h

hatchlings took longer to emerge. However, group size
was negatively related to emergence duration per
hatchling (p < 0.001, r = -0.479, n = 150), indicating
that larger groups of hatchlings took less time per
hatchling to emerge. This quicker emergence of indi-
vidual hatchlings in larger groups may reflect social
facilitation; that is, through group action, individuals
can exit the nest more rapidly.

Variations in dimensions and numbers of waiting
hatchling groups revealed significant relationships
(Table 1). A significant positive relationship existed
between group size and number of visible hatchlings
in the waiting group (p = 0.009, Pearson r = 0.648,
n = 15). However, there were no significant relation-

prior to emergence; in fact, many rates of
decline were negative, denoting an increase in tem-
perature as hatchlings approached or waited at the
surface. At most depths and time periods, rates of
decline clustered around 0°C h™!, indicating very small
rates of change prior to emergence. Hatchlings may
have delayed their emergence after both the threshold
and gradient reversal because of the very slow decline
in temperature immediately prior to emergence. Be-
cause temperatures decrease so slowly, hatchlings
may emerge in response to a temperature that is only
slightly lower than the threshold, but may still not react
very quickly in terms of time.
All correlations between temperatures at each pair
of depths from 0 to 20 cm were highly significant

ships between group size and any dimensions
of the sand depression in the nest neck: length
(p=0.406,r = -0.296, n = 10), width (p = 0.476,
r = -0.255, n = 10), or depth (p = 0461,
r = -0.206, n = 15). Both length of hatchling
group (p < 0.001, r = 0.838, n = 15) and group
width (p = 0.001, r = 0.776, n = 15) were posi-
tively related to group size, but not group
depth (p = 0.311, r = 0.280, n = 15). Therefore,
as group size increases, hatchlings ascend as
close to the surface as possible, thus creating
a wide, shallow mass from which they can
escape quickly.

Hatchlings raise the mean temperature at
each depth in the nest neck prior to emer-
gence (Fig. 1). At the time of emergence,
mean temperature at each of the 5 depths was
significantly higher (paired sample t-tests,
p < 0.001, n = 149 or 150) in the neck array
than in the adjacent array. During the 2 h prior
to emergence, mean temperature at 20 cm
remained most constant, but increased first
due to hatchlings moving to the surface from
the nest chamber. At 0 cm, mean neck tem-
peratures were warmer than those adjacent
to the nest during the entire 2 h before emer-
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Fig. 1. Mean difference between neck and adjacent temperatures at 0, 5,
10, 15, and 20 cm for 9 intervals prior to and during emergence in 150
loggerhead nests laid in Broward County, Florida in 1997. Values >0
indicate that neck temperatures are warmer than adjacent temperatures
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{p < 0.001), but Pearson's r values ranged from 0.394
(between 0 and 20 cm) to 0.971 (between 15 and
20 cm). Temperatures at 0 and 5 cm varied more than
those at greater depths, due to both environmental
changes and activity of waiting hatchlings. Because
temperatures at different depths are closely correlated,
temperature cues at one depth are representative of
those at other depths.

DISCUSSION
Thermal emergence cues

Group shape and thermal impact
of pre-emergent hatchlings

255

old and some emergences occurred well after the
threshold. We offer 2 explanations for these delays.
First, some delay between the cue and emergence
would result from variation in the physiological
response of waiting hatchlings to the cue and may pro-
tect hatchlings in rapidly changing environmental con-
ditions. Second, and probably most importantly, some
hatchling groups arrived at the surface well after the
threshold temperature occurred and thus would
emerge immediately, at lower temperatures. We can
dismiss an effect of seasonal temperature changes on
the distribution in Fig. 2 because there was no seasonal
effect on temperature at 10 cm at time of emergence in

24 oom
Both position of waiting hatchlings and o 20
effect of metabolic heat from hatchlings must § ﬂ
be considered when evaluating thermal © 16 -
cues. Sizes and shapes of hatchling groups, E 12
as well as orientation of hatchlings within %5
those groups, determine the depths at which g 8
hatchlings wait. Most hatchlings that we § 4 || “
observed waited within the top 10 cm of sand
prior to emergence and were oriented verti- 0 ll ALE ALLE ”l A T - —r—r
cally as they waited. Because larger numbers 26.25 29.25 3225 3525 38.25 41.25 4425
of hatchlings formed waiting groups of 24 -
greater diameter, but not necessarily of
greater depth, many hatchlings near the sur- g 20 Scm
face may initiate emergence. Upper, middle, §,16 , ﬂ
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threshold temperature is a probable cue. At
a depth of 0 cm, the number of emergences
significantly increased below the threshold
temperature (32.4°C), indicating that a ther-
mal threshold does exist above which hatch-
lings do not emerge. Emergences, in most
cases, did not immediately follow the thresh-

Temperature at Time of Emergence (°C)

Fig. 2. Relationship between temperatures at 0, 5, and 10 cm in the nest
neck and number of emergences occurring at each temperature (n = 150).
Arrows indicate critical temperatures (32.4°C at 0 ¢cm, 36.4°C at 5 cm, and
37.4°C at 10 cm) determined by split-line regression (Yeager & Ultsch
1989) below which the number of emergences significantly increases. The
x-axis represents the full range of temperatures measured at 0, 5, and 10 cm
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0cm them to move. In the second case, the cue is

behavioral; hatchlings must associate a safe
emergence with a particular temperature.
The first case is more probable, because
emergence patterns can be explained more
simply through physiological inhibition than
through behavioral mechanisms.

Studies of upper thermal tolerances of sea
turtle hatchlings have revealed that above
28.5°C in green turtles (Mrosovsky 1968)
and 33.0°C in loggerheads (O'Hara 1980)
coordinated swimming activity ceases.
Mrosovsky (1968) related the upper thermal

g 10 - tolerance of swimming green turtle hatch-
& 9 - lings to the thermal threshold of emerging
£ 3 ] hatchlings based on temperatures recorded
% 6 at a depth of 2 cm in 2 emerging nests. His
g i ] reported threshold of 28.5°C is much lower
€ 2 ‘ than the threshold temperatures at our
z 2 depths of 0 and 5 cm. O’'Hara (1980) con-
; _’ l_ - ducted his study on Florida loggerhead
75 125 175 225 9275 225 375 425 475 hatchlings, and his threshold of 33.0°C,
above which hatchling swimming activity
1:23 ] 10 em was disrupted, was similar to our threshold
8 }(1) } at 0 cm in the nest neck (32.4°C). Withering-
é’ 9 ton et al. (1990) also found that 97 % of log-
o 8 ‘ gerhead hatchlings on a Florida beach
EEf g i emerged when temperatures at 5 cm in the
g 5 | nesting area were below 33°C. That temper-
£ g | ature is similar to our threshold at a depth of
zZ 2 5 cm in the array adjacent to the nest
TITITY | 11 1 1 PP PR 5t
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Fig. 3. Relationship between time that the threshold occurred at 0, 5, and
10 cm in the nest neck and time that emergences occurred (n = 150). Time

0 indicates time the threshold was reached

our study (Fy 149 =3.15,p=0.078, r =0.145, n = 150). In
addition, support for the explanation that there is vari-
ation in the arrival of hatchling groups at the surface is
provided by Witherington et al. (1990), who found that
the pattern of hatchling emergences on Melbourne
Beach, Florida, assumed a normal distribution be-
tween 19:30 and 06:30 h, with a peak between 23:00
and 24:00 h.

Temperatures above a critical threshold could cue
hatchlings, either by physiologically inhibiting hatch-
lings, or by representing a dangerous environment
above the sand without physically affecting hatchlings.
In the first case, hatchlings play a passive role in initi-
ating emergence because they are able to emerge only

176 225 275 325 375 425 475

Based on his observations of green turtle
hatchlings, Hendrickson (1958) believed
that, 'upon encountering temperatures much
above 33°C, the hatchlings cease activity
in their escape chamber." Bustard (1972)
hypothesized that green turtle hatchlings
did not emerge above a threshold of approx-
imately 31°C, a value lower than our lowest
threshold. Unfortunately, neither Hendrickson nor
Bustard clarified the depth at which they measured
temperatures or the number of nests in which they
monitored hatchling activity. However, the threshold
given by Hendrickson for green turtles is more similar
both to the threshold presented by O'Hara (1980) and
to our values for loggerheads than to that of
Mrosovsky. Perhaps the data that Mrosovsky (1968)
obtained from only 2 emerging nests were not suffi-
cient to determine the threshold above which hatch-
lings do not emerge. Because hatchlings change their
thermal environment in the nest neck, critical thresh-
olds determined using temperatures taken adjacent to
sea turtle nests might not be accurate.
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that night is approaching. In a study of emer- Z 24

gence patterns in green turtle hatchlings on 0

Heron Island, Australia, Gyuris (1993) ob-
served emergences over seven 24 h periods 16
and compared her observations with patterns
of emergences expected in response to either a
threshold or a gradient reversal. She con-
cluded that the hatchling emergence pattern
on Heron Island was more similar to a pattern
predicted by response to a gradient reversal
than to a threshold. Visual inspection of Figs. 3
& 4 reveals that more hatchlings emerged in
the 100 min after the threshold was reached
than in the 100 min after the gradient reversal
occurred. No particular temperature differen-
tial between gradient reversal depths seems to
prevent hatchlings from emerging (Fig. 5). The
extent to which temperatures have reversed is
apparently not a cue.

One possible reason for the dissimilarity
between our results and those of Gyuris is that
the studies involved hatchlings of different sea
turtle species. In addition, our study was con-
ducted over the span of 2 mo, instead of 2 wk,
so that emerging hatchlings were exposed to a
varlety of thermal regimes over the season.
Thermocouples in our study were also placed
directly into the nest neck instead of in a ran-
domly chosen location in the nesting area; this
facilitated more accurate monitoring of the
hatchling environment. However, our study
revealed similar patterns of hatchling emergence in
response to gradient reversals in both neck and adja-
cent thermocouples (Moran 1998).
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Rate of temperature decline

The third hypothesis regarding thermal cues sug-
gests that hatchlings emerge in response to a rapid
decrease in temperature, presumably indicating sun-
set. This cue can only apply to upper layers of sand (i.e.
depths of 10 cm or less), because when the sun sets and
upper sand cools, deeper sand temperatures remain
constant or increase slightly, and do not begin to drop
slowly until a few hours later. Rate of temperature
decline might be an easy cue for hatchlings to use
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Fig. 4. Relationship between time that the gradient reversal occurred
between 0 and 5, 0 and 10, and 5 and 10 cm in the nest neck and time
that emergences occurred (n = 150). Time 0 indicates time of gradient

reversal

because rapid decreases in temperature are easier to
detect than subtle declines. However, rate would prob-
ably not be used as the only cue because only hatch-
lings waiting at or near the surface during the day
would feel that rapid temperature decline. Hatchlings
ascending later at night when layers of sand are no
longer cooling rapidly would have to rely on another
cue to ascertain whether they have reached a hos-
pitable thermal environment.

No rapid rate of decline was seen in our nests within
the 2 h prior to emergence. If there was a drastic
decrease in temperature, it occurred more than 2 h
prior to emergence, possibly because of the presence
of buildings directly behind the beach that shaded the
nests (Mrosovsky et al. 1995). If a rate of decline was
the cue to which hatchlings responded, they delayed
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W, ] hatchlings may use is light. Because hatch-
; 10 lings are more vulnerable to predation dur-
£ 58; | ing the day, there is strong selective pres-
Z 4/ sure for them to wait until dark before

g ' - 1 emerging. Waiting for darkness also helps
crorrrrrr LT T ' ' "7 hatchlings emerge into an acceptable
-8 -725 65 55 475 4 325 25 -175 -1 -05 025

Temperature Differential (°C)

thermal environment. Evidence indicates,
however, that hatchlings do not emerge

Fig. 5. Relationship between temperature differential between 0 and 5, 0 based solely on the presence or absence
and 10, and 5 and 10 cm in the nest neck and number of emergences occur- of light. Hatchlings have been observed

ring at each differential (n = 150)

their emergence for more than 2 h, a greater delay
than that following threshold cues or gradient reversal
cues. Because of the lack of a dramatic rate of decline
prior to emergence, it was probably not an important
cue for hatchlings.

Comparisons with natural nests

Potential impacts of relocation on hatchling activity
should be considered, especially during studies involv-
ing the thermal nest environment. Differences be-
tween emergences from relocated and natural nests
may be expected if sand in the 2 types of nests has dif-

emerging while it is light (Witzell & Banner

1980), sometimes in the middle of the after-
noon (pers. obs.). Some daytime emergences occur
during or after rainshowers (Witherington 1986) that
lower sand temperatures. Also, it is unlikely that
hatchlings are negatively phototaxic as they wait in the
sand, and then become positively phototaxic moments
later as they use natural lighting to help them find the
sea.

Hatchlings could also time their emergence by regu-
lating the timing of their departure from the nest
chamber. Hatchlings waiting at the surface are vulner-
able to predators. Therefore, a mechanism by which
hatchlings reach the surface during nighttime hours
would be advantageous. Hatchlings may respond to a
cue in the nest itself when they begin their ascent,
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increasing their chances of reaching the sur- 48
face at an appropriate time. g :g 15 min
Such a cue may be thermal or develop- 2 36
mental in nature. Hatchlings may use tem- & 32 4
perature changes at nest depth to gauge & 28-
corresponding surface temperatures. For % gg
example, by beginning their ascent when E 16 -
nest temperatures are lowest, hatchlings & 12
may reach the surface when surface temper- < 3 I I I
atures are lowest. Temperatures at depths of 0 ) . .
25 and 30 cm are lowest between 09:00 and 55 -4 25 -1 05 2 3.5 5 6.5 8 95 11 125
12:00 h (Neville et al. 1988, Mrosovsky & 48 -
Provancha 1989). Depending on the length 44 30 min
of time required for hatchlings to move from  § 40
the top of the nest chamber to the sand sur- E’; gg
face, hatchlings that begin their ascent at E 28
noon may reach the surface at night. No evi- w24 4
dence exists that time of night when hatch- ; ?2 7
lings emerge is critical to their safety, aslong ¢ 45 .
as they emerge after dark. Temperature dit- 2 8
ferences between nests and sensitivity varia- 41 . s I | l 1. . 1
tion among hatchlings could result in a 0_5‘5' 4 '_':;Sr 1 rTrTTTT '5’ ; '8' 95 'jﬁ' '1'2'5' '
roughly normal temporal distribution of d ’ ' ' ’
emergences from a single beach over the 48 4 .
course of a night or a season, as seen in g :g 60 min
Witherington et al. (1990). S 3p |
Hatchlings might also use developmen- & 32 -
tally-based cues to time their ascent. Pre- g 28 1
ovipositional development is suspended in % gg ‘
sea turtle embryos at or near Miller's 6th E 16
stage of blastopore development (Miller — E 124
1982) and resumes following oviposition. z §L I I
Because loggerheads nest at night, re- 0 ﬁIjTj
initiation of hatchling development also 55 4 25 0.5 65 8 95 11 125
begins at night. Deposition could trigger a 48 -
biological clock, which might act as the g 44 | 120 min
endogenous component of their circadian e gg
rhythm. Post-emergent green turtle hatch- S 32 |
lings have been shown to exhibit circadian £ 28 1
rhythms in swimming activities (Dalton 1979) hu5 gg |
and might also rely on those rhythms, in the 3 16 -
absence of exogenous cues, to time their E 13
departure from the nest chamber. z 4. I L,
[ e S S e o o A e A e e o e o e e s
55 4 25 1 05 2 35 5 65 8 95 11 125

Conservation implications

Rate of Temperature Decline (°C/hr)

Effects of the thermal environment on
hatchling emergence may have important

Fig. 6. Relationship between rate of temperature decline at 5 cm and num-
ber of emergences occurring at each rate of decline in the nest neck (n =
150). Rates are presented for 15, 30, 60, and 120 min prior to emergence

management implications in relocated nests.

Thermal influence on hatchling emergence may also
be important on renourished beaches. Renourishment
involves addition of sand to beaches in an attempt to
alleviate erosion and has been widely used on Florida's
beaches (Crain et al. 1995). New non-native sand on

renourished beaches may have different thermal prop-
erties due to color, grain size, moisture content, and
composition. For example, Bahamian aragonite sand
lowered nest temperatures on a Florida beach by as
much as 2.4°C and lengthened incubation times of log-
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gerhead nests by as much as 10 d (Schulman et al.
1994). Cooler beaches could cause hatchlings to
emerge at inappropriate times, unless hatchlings also
use visual cues.

Knowledge of effects of temperature on the temporal
pattern of emergence is also necessary when evaluat-
ing effects of beach development for human use. The
presence of shade from large buildings, such as condo-
miniums, can result in daily mean temperatures that
are 1°C lower at a depth of 30 cm than unshaded sec-
tions of beach {(Mrosovsky et al. 1995). Such decreases
in temperature could have an impact, not only on tim-
ing of hatchling emergence, but also on sex ratios of
hatchlings (Mrosovsky & Yntema 1980).

CONCLUSIONS

A critical threshold temperature exists above which
hatchlings do not emerge. Most hatchlings emerge
after a reversal in the thermal gradients between sand
depths, but no particular temperature differential
exists between those depths that cues emergence. A
delay occurs after both threshold and reversal cues
before hatchlings emerge, which may protect hatch-
lings under rapidly changing environmental condi-
tions. Most hatchlings emerged sooner after the
threshold temperature was reached than after the tem-
perature gradient was reversed, but the 2 cues cannot
be completely distinguished without further research.

The threshold and gradient reversal cues may not be
mutually exclusive. Gradient reversals in the upper lay-
ers of sand may act in conjunction with a threshold tem-
perature as a combined cue. Once the appropriate gra-
dient reversal has occurred, indicating a thermal trend,
hatchlings may wait until the temperature falls below a
critical level before emerging. Some degree of redun-
dancy in thermal cues could help to protect hatchlings
from dangerously high temperatures. However, it may
also be simply coincidental that by the time the thresh-
old temperature has been reached, gradient reversals
in the upper layers of sand have already occurred. After
consideration of both the threshold and gradient rever-
sal hypotheses, we conclude that the most probable
mechanism for controlling time of emergence is physio-
logical —that is, a thermal inhibition of coordinated
muscle movement so that emergence from the sand is
only possible below a critical temperature threshold.
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