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2000 

Sea turtle nests were compared to determine the effects of nest depth on 

hatchling anaerobic metabolism in Juno Beach, Florida , USA. In situ nests of 3 

species (Caretta caretta , Chelonia mydas and Dermochelys coriacea) were 

compared . Relocated loggerhead nests were studied under an experimental 

regime. Nest temperatures and oxygen concentrations were monitored . On the 

night of fi rst emergence, blood samples were taken from hatchlings resting at the 

nest chamber bottom and sand surface, and digging to the sand surface. 

Samples were analyzed for lactate concentrations. Blood lactate levels were 

high in hatchlings actively digging and low for those resting . Lactate levels 

differed among species and nest depths. Within in situ nests, actively digging 

green turtle hatchlings had the highest lactate, followed by loggerhead hatchlings 

and leatherbacks (lowest). Loggerhead hatchlings digging from deeper 

relocated nests had higher lactate than those digging from shallower depths. 
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CHAPTER 1 

ANAEROBIC METABOLISM IN LOGGERHEAD, GREEN AND 

LEATHERBACK SEA TURTLE HATCHLINGS DURING NEST 

EMERGENCE 

INTRODUCTION 

Nest emergence by sea turtle hatchlings involves periods of high 

intensity digging up through the sand, followed by periods of rest before 

. crawling to the surf (Carr and Ogren, 1959; Dial , 1987; Baldwin eta/., 1989). 

Hatchlings progress through periods of activity and inactivity to reach the sand 

surface (Carr and Hirth, 1961 ). Because of periodic intense digging behavior 

and/or because of a low diffusion rate of oxygen into the nest chamber, 

anaerobic metabolism during emergence may be necessary (Ackerman, 1977; 

Dial, 1987). Once at the sand surface, hatchlings may rest for minutes to 

hours before crawling to the water. 

Supplementing aerobic with anaerobic metabolism greatly increases 

the total metabolic power (the sum of aerobic and anaerobic components) 

which reptiles may use during periods of intense activity. Total metabolic 

input is correlated with energetic capacity (metabolic scope) among groups of 

reptiles (Bennett, 1982). Reptiles generally have a limited metabolic scope 

although they can utilize anaerobic metabolism for short periods of intense 

activity (Bennett, 1982). The aerobic component of sea turtle hatchling 

metabolism has been studied in greater detail than the anaerobic component. 



This study investigates the anaerobic portion of hatchling metabolism during 

nest emergence in 3 sea turtle species. 

Lactic acid is the major anaerobic end-product in reptiles and other 

vertebrates. Accumulation of large amounts of lactic acid following intense 

activity is documented in alligators, turtles, lizards, and snakes (Bennett, 

1982). In a study of the lizards Sceloporus occidentali and Xantusia vigilis , 

anaerobic end-products other than lactic acid accounted for less than 4% of 

the ATP formation associated with lactic acid production (Bennett, 1982). 

Lactic acid is therefore, a reasonable means for identifying anaerobic activity 

in reptiles. Dial (1987) reported elevated whole body lactate concentrations in 

loggerhead hatchlings actively digging out of the nest and after crawling 

across the beach. Baldwin eta/. ( 1989) reported elevated levels of blood 

lactate in green (Chelonia mydas) and loggerhead (Caretta caretta) sea turtle 

hatchlings digging up through the sand column during nest emergence. 

Once anaerobic activity ceases, anaerobic end-products are 

metabolized aerobically. The amount of oxygen consumption attributed to the 

aerobic metabolism of anaerobic end-products is termed the oxygen debt. 

The rate of repayment of an oxygen debt varies greatly among organisms and 

depends upon an organism's anaerobic capacity and ability to metabolize 

lactate (Burggren and Roberts, 1991). After digging, loggerhead and green 

turtle hatchlings appear to rest just below the sand surface for a time sufficient 

to reduce lactate levels before emergence (Baldwin eta/. , 1989). Baldwin et 
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at. (1989) found that in loggerhead and green turtle hatchlings, blood lactate 

levels began to fall within 5 minutes following beach locomotion, but require at 

least an hour to return to that of resting levels. 

Over the course of incubation, nest 0 2 partial pressures decrease as 

embryos grow and consume 0 2 at a faster rate. Since oxygen concentrations 

in nests near hatching may be as low as 12% (Prange and Ackerman, 1974), 

actively digging hatchlings may deplete available 0 2 and thus proceed 

anaerobically until reaching an oxygen debt limit. Ackerman (1977) found that 

P02 in loggerhead and green nests decreased to about 12 to 14 kPa ( -90 -

105 Torr) near the end of incubation. Oxygen concentrations in leatherback 

sea turtle (Dermochelys coriacea) nests near hatching may be as low as 13% 

(-92 Torr; Reina, unpub. data). Hatchlings exposed to conditions such during 

as these may need to employ anaerobic metabolism during nest emergence. 

Gas exchange in loggerhead and green sea turtle nests depends on 

diffusion of gases between spaces in the surrounding sand grains (Ackerman, 

1980a). The amount of air-filled space between sand grains (pore spacing) is 

affected by sand grain size and moisture. A decrease in pore spacing implies 

a decrease in gas diffusion rates. 

As incubation proceeds and embryos grow, nest temperature increases 

as the clutch gives off more metabolic heat. By the time of hatching, the 

temperature in the middle of the clutch is typically 2-3°C warmer than the 

surrounding sand at the same depth. Temperature is important because as 

ectotherms, hatchling sea turtles cannot regulate their body temperature 
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above ambient temperatures and metabolic rate (measured by 02 

consumption) is correlated with temperature. As ambient temperature 

increases, metabolic rate increases. 

Green turtle hatchlings have higher blood lactate levels after digging up 

through the sand than loggerhead hatchlings (-2x), perhaps because of the 

deeper nests constructed by Chelonia (Baldwin eta/. , 1989). Green turtle 

nests are typically deeper (-85cm) than loggerhead nests (-65 em). The 

increased distance of digging required of green turtle hatchlings may account 

· for their higher lactate levels or it may be a product of their species-specific 

activity level. The Baldwin et a/. study could not distinguish between these 

causes. 

Leatherback nests are typically deeper ( -1 OOcm; Deraniyagala, 1939), 

smaller in clutch size (88.2 eggs, SO = 20.15; Hirth et al, 1993) and have 

lower hatching success (52.4%, SE = 4.0) than loggerhead and green turtle 

nests (80.4%, SE = 1.5; Whitmore and Dutton, 1985). Therefore, leatherback 

nests typically have fewer hatchlings emerging per nest. 
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This study investigated the relationships among anaerobic metabolism 

in hatchlings of 3 sea turtle species, and nest 0 2 concentrations, nest depth 

and temperature. Hatchling recovery rates from anaerobic metabolism were 

documented. The following questions were addressed: 

1. Do blood lactate levels differ among species during similar 

emergence activities (resting at the bottom of the nest, actively 

digging and resting at the sand surface)? 

2. Are blood lactate levels in emerging hatchlings related to nest depth 

and/or 0 2 availability? 

3. Do hatchlings emerging from the nest immediately have higher 

blood lactate than those resting at the surface for longer periods 

(i.e. is the oxygen debt repaid quickly in hatchlings)? 
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METHODS 

Study species 

The 3 most common species of sea turtles nesting in Florida were 

studied: Caretta caretta L. (the loggerhead turtle), Chelonia mydas L. (the green 

turtle) and Dermochelys coriacea V. (the leatherback turtle) . Nests were 

sampled in Juno Beach, FL 26°, 52' N, 80°, 02' W . 

Twelve in situ nests of each species were used in the study. In situ nests 

were located during morning beach surveys. Each nest chamber was located 

then marked using off-set wooden stakes. 

Oxygen Measurements 

Gas sampling tubes made from 1/8" Tygon® tubing (polyethylene) were 

used to collect gas samples in the nest throughout incubation. Tubes placed in 

nests were 50 em long (loggerheads), 65 em long (green turtles) and 80 em long 

(leatherbacks). Each tube had a stopcock at the beach surface end of the tube 

and an air stone at the nest end to prevent sand from entering the tube. Gas 

probes were placed in the center of the clutch. Gas samples were taken once a 

week for the first 3 weeks of incubation, then every other day thereafter. 

Samples were taken using 1 Occ air-tight syringes and then injected into a blood

gas analyzer (PHM71 MK Blood and Gas Analyzer, Cameron Instruments) 

calibrated with 99.9% pure nitrogen and room air. The air samples were 

measured for 02 partial pressures in Torr. 
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Temperature measurements 

Temperature was monitored to account for nest temperature effects on 

gas diffusion rates and hatchling activity. Nest temperatures were monitored 

throughout incubation using temperature probes constructed from a 

Physitemp BAT-12 probe kit. Each temperature probe consisted of copper

constatin wire that was soldered at one end then sealed with silicon sealant to 

protect the metal from corrosion (Spotila eta/., 1983). This end was placed in 

the center of each clutch near the 0 2 tube. The other end of the 

thermocouple consisted of a plug attached to the wire designed to fit a 

Physitemp BAT -12 recording unit. The plug was placed in a small plastic 

canister sealed with silicon sealant to prevent metal corrosion. The 

temperature probes and oxygen probes were taped together using duct tape 

then placed in the center of each clutch. Temperatures were measured on 

the same schedules as nest gas samples. 

Blood lactate measurements 

On the night of first emergence, a blood sample of 50~1 was taken from 

an external jugular vein of each hatchling using disposable heparinized insulin 

syringes (after Bennett, 1986; Wibbels, 1998). Blood samples were then 

mixed with 150~1 cold 8% perchloric acid and centrifuged for 10 minutes. The 

supernatant was separated and frozen at -70°C. The samples were later 

thawed and blood lactate levels were measured using a Sigma Diagnostic 

Lactate Kit (#735-10) and a Beckman spectrophotometer set at 540 nm. 
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Emergence activities were defined as: (i) hatchlings found at the nest 

chamber bottom (to determine resting metabolism before digging 

commences) , (ii) hatchlings digging to the sand surface of each nest (to 

determine the relative level of anaerobic metabolism used while digging), and 

(ii i) resting at the sand surface (to determine if blood lactate returns to resting 

levels before crawling to the surf). Time spent at the surface for each 

hatchling was recorded to determine if hatchlings of different species recover 

from anaerobic conditions at the same rate. After blood samples were taken, 

hatchlings were released near the surf where they could crawl to the water. A 

total of up to 15 hatchlings (range= 5-15) were sampled from each nest. 

Nest Excavations 

Nests were excavated 3 days after first emergence to evaluate nest 

success and to measure nest depth. Nest excavations were done according 

to Marine Turtle Conservation Guidelines by the Florida Department of 

Environmental Protection (FDEP, 1996). 

Emergence success 

Nests were evaluated to record hatched, unhatched, pipped containing 

live hatchling or pipped containing dead hatchlings, and the number of live 

and dead hatchlings remaining in the nest. Emergence success was 

calculated as the number of hatched eggs, minus any live or dead hatchlings 

remaining in the nest, then divided by clutch size. 
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Estimated clutch volume 

Egg diameter was measured with vernier calipers using a random 

sample of up to 1 0 unhatched eggs from each nest. Mean egg volume was 

calculated by dividing mean egg diameter by 2 (=r) and using the equation for 

sphere volume ( 4/3rrr\ Estimated clutch volume was calculated by 

multiplying mean egg volume by clutch size. 

Nest Depth 

Mean maximum nest depth of each species (n = 12 nests/spp.) was 

· characterized. Maximum depth was measured from sand surface to nest 

chamber bottom and to the top of the eggs using a meter stick level with the 

surrounding beach and perpendicular to the nest cavity. A plumb line 

attached to the meter stick was lowered to the bottom of the nest. The length 

of the plumb line was then measured (after earthy, 1996). Nest depth was 

measured in in situ nests upon excavation. 

Pore Spacing 

Since pore spacing may affect gas exchange within nests, bulk density 

(proportional to pore spacing) was measured to quantify any variability in gas 

exchange characteristics. Sand core samples (49.1 cm3
) were taken at 

depths between 35-45 em (loggerhead nests), 55- 65 em (green nests) and 

70 - 80 em (leatherback nests) using a PVC pipe (2.5 em in diameter x 10 em 

long). Each sample was dried in a 38°C oven for 24 h, then weighed. Dry 

sand weight was divided by the volume of the core sampler to determine bulk 
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density (g/cm\ Calculated bulk density was divided by particle density, then 

multiplied by 100 (Brady, 1990). This percentage was subtracted from 100% 

to determine what percentage of the core sample was air(% pore spacing). 

Statistical Analysis 

Values are expressed as means ±1 S.D. I used ANOVA and Tukey

Kramer post-hoc tests to determine if hatchlings of different species digging 

from deeper nests have higher blood lactate levels and/or are relying on 

anaerobic metabolism to a greater extent than those from shallower nests. 

Nest oxygen concentrations and nest temperatures were compared with blood 

lactate levels using ANCOVA, correlation analysis and Tukey-Kramer post 

hoc tests. Blood lactate levels of hatchlings were compared as a function of 

maximum nest depth by ANCOVA tests and correlation analyses. For surface 

resting hatchlings, lactate levels were compared with time spent at the surface 

using unpaired t-tests to determine the relative time needed to reduce lactate 

levels. Emergence success and pore spacing were reported as percent data, 

then proportions were arcsine transformed and analyzed using ANOVA. 

Analyses were done using StatView ®statistical software (SAS Institute Inc., 

1999). To reject the null hypothesis, alpha levels set for tests were= 0.05. 
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RESULTS 

Blood lactate levels in hatchlings from in situ nests 

Blood lactate levels within species: Mean blood lactate levels of each 

species are summarized in Table 1-1 . Blood lactate levels of hatchlings 

during each activity stage (bottom resting, actively digging and surface 

resting) were compared using ANOVA (Appendix A). Within each species 

blood lactate levels differed significantly with activity (Figure 1-1). Post hoc 

tests showed that hatchlings resting at the nest chamber bottom and at the 

sand surface had blood lactate levels that did not differ from one another but 

were significantly lower than those from hatchlings actively digging to the 

surface. 

Blood lactate levels among species: Using ANOVA, significant 

differences were found among species in hatchling blood lactate levels during 

emergence activities (Appendix B). Blood lactate levels in hatchlings resting 

at the nest chamber bottom differed among species. Comparisons (of means 

±1 S.D. ; Figure 1-1, Table 1-1) show that C. mydas accumulates higher 

lactate levels even while resting at the bottom of the nest. Lactate levels in D. 

coriacea did not differ from those of C. caretta while resting at the nest 

bottom. There were significant differences in blood lactate among species 

actively digging out of the nest chamber. Blood lactate levels were 

significantly higher in C. mydas hatchlings while actively digging than C. 

caretta and 0 . coriacea hatchlings. C. caretta and D. coriacea hatchlings did 
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green turtle nests were significantly lower in 0 2 concentration than loggerhead 

and leatherback nests. On the night of emergence, Dermochetys coriacea 

mean nest 0 2 concentrations were the highest (145.3 ± 9.33 Torr) of the 3 

species, Caretta nest 0 2 concentrations were intermediate (142.1 ± 4.60 Torr) 

and those of Chelonia were the lowest (132.3 ± 7.30 Torr; Table 1-2). Mean 

oxygen concentration in sand (controls) at corresponding nest depths were 

154.1 ± 0.44 Torr (C. caretta) , 153.7 ± 0.54 Torr (C. mydas) and 152.7 ± 0.57 

Torr (D. coriacea). Oxygen concentrations in nests on night of first 

· emergence were an average of 12.0 Torr (C. caretta), 21.4 Torr (C. mydas) 

and 7.4 Torr (0. coriacea) lower than sand at corresponding depth. 

To determine how gas composition and gas exchange properties of the 

nest were related to hatchling metabolism, blood lactate levels were compared 

with nest oxygen levels on the night of emergence. Data were analyzed using 

correlation z-tests and ANCOVA. ANCOVA tests showed a significant 

interaction between blood lactate levels and nest 0 2 concentrations for 

hatchlings from in situ nests resting at the nest chamber bottom and actively 

digging (Appendix D). Correlation z-tests showed that anaerobic metabolism 

in hatchlings was negatively correlated with nest 0 2 concentrations of in situ 

nests (z = -4 .094, p = < 0.0001). 

Nest temperature measurements: Nest temperatures increased during 

incubation (Figures 1-4A-1-4C). Nest temperatures on the night of first 

emergence are summarized in Table1-2. Blood lactate levels among species 
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were compared as a function of nest temperature on the night of emergence 

using ANCOVA tests (Appendix E) and correlation z-tests. Blood lactate 

differs among species, but not as a function of nest temperature in animals at 

the bottom of the nest chamber and between actively digging for green turtle 

and leatherback hatchlings (Figures 1-SB and 1-SC). While there were 

differences in lactate among species while actively digging, temperature was 

not influencing lactate accumulation in a detectable manner. Loggerhead 

hatchlings had lactate levels that were positively correlated with mean nest 

· temperatures (Figure 1-6A). As temperatures increased, blood lactate levels 

in loggerhead hatchlings resting at the nest chamber bottom and actively 

digging increased. For surface resting hatchlings of all species, there were no 

detectable differences in lactate among species or as a function of sand 

surface temperature (Appendix F) and (z = -1.589, n.s.). On night of first 

emergence, nest temperatures were on average 2-3°C warmer than sand at 

corresponding nest depth. 

Nest and Clutch Characteristics 

Clutch size: Mean clutch sizes are summarized in Table 1-3. Mean 

clutch size differed among species (Appendix G). Post hoc tests showed 

clutch sizes of loggerhead and green nests did not differ from one another but 

both differed significantly from those of leatherbacks. 

Estimated clutch volume: Mean clutch volumes for each species are 

found in Table 1-3. Clutch volume did not differ among species (Appendix H). 
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Emergence success: Emergence success (Table 1-3) did not differ 

among species for nests (Appendix 1). Similarly, emergence success was not 

correlated with hatchling blood lactate levels. 

Nest depth: Using ANOVA, significant differences in nest depth were 

found among species (Appendix J). Nest depths for species are shown in 

Table 1-3. Nest depths ranged from 53-69 em (Caretta) , 69-96 em (Chelonia) 

and 75-105 em (Dermochelys) . Post hoc comparisons showed significant 

differences between mean loggerhead and leatherback nest depths and 

between loggerhead and green nest depths. Depths of leatherback and green 

nests did not differ. 

Blood lactate and mean nest depth of each species were compared 

using ANCOVA and correlation analyses to determine if hatchlings digging 

from deeper depths have higher lactate levels (Appendix K) . No significant 

interactions were found between nest depth and blood lactate among each 

species (z = 1.606, n.s.) or within each species (C. caretta, z = 0.369, n.s. ; C. 

mydas, z = 1.527, n.s.; D. coriacea, z = 1.396, n.s.). 

Pore spacing: Using ANOVA, the arcsin of the mean proportions of 

pore spacing were found to differ significantly among species (Appendix L). 

Mean percent pore spacing was highest for Caretta nests (44.4%; range= 

41.8-45.6%), intermediate for Chelonia (35.8%; range= 32.9-40.8%) and 

lowest for Dermochelys nests (33.3%; range= 29.3-37.6%). ANCOVA tests 
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showed no significant interaction between pore spacing and blood lactate in 

hatchlings (Appendix M). 
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DISCUSSION 

Hatchling Blood Lactate Levels 

Results of this study indicate that loggerhead, green and leatherback 

sea turtle hatchlings use anaerobic metabolism during nest emergence, 

although they differ in the amount of blood lactate accumulated during some 

emergence activities. Among species, there are gross similarities in the 

patterns of anaerobic activity during nest emergence. In each species, blood 

lactate levels were low in hatchlings resting at the nest chamber bottom and 

· resting at the sand surface. Both interspecific and intraspecific comparisons 

showed that hatchlings which were actively digging up through the nest 

chamber had the highest lactate levels. 

Low lactate levels indicate that hatchlings are relying primarily on 

aerobic metabolism and that conditions are favorable to support aerobic 

metabolism (low energy expenditure and sufficient oxygen availability). In 

actively digging hatchlings, lactate levels were elevated about 4x that of 

resting levels for each species, indicating that hatchlings must supplement 

their energy needs with anaerobic metabolism. 

The results from this study are consistent with those obtained by both 

Dial (1987) and Baldwin eta/. (1989). Dial measured whole body lactate in C. 

caretta and found elevated levels in actively digging loggerhead hatchlings. 

He found low levels of lactate in hatchlings resting at the nest chamber bottom 

as well as at the sand surface. Baldwin eta/. (1989) measured blood lactate 
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and found a similar pattern of lactate accumulation in loggerhead and green 

turtle hatchlings during nest emergence. In their study, both loggerhead and 

green turtle hatchlings had low mean levels of lactate while at rest in the nest 

chamber bottom (0.56 ~mol/ml and 1.61 ~mollml , respectively) and at the 

sand surface (2.17 ~mollml , green turtle hatchlings). Their study showed 

elevated levels of blood lactate during digging behavior, with green hatchlings 

having higher mean levels (9.15 ~mol/ml) than loggerhead hatchlings (5.48 

~mollml) . The mean blood lactate levels in Baldwin et a/. 's study were within 

· the ranges found in my study. Blood lactate has been shown to be a sufficient 

indicator of anaerobic metabolism in other reptiles (Bennett, 1982), and my 

results support this conclusion for sea turtles. 

My study is the first to document anaerobic metabolism in leatherback 

sea turtle hatchlings during nest emergence; there are no published lactate 

values available with which to compare my results. Leatherback hatchlings 

follow a similar pattern of anaerobic activity during nest emergence to those of 

loggerhead and green hatchlings, although they show smaller increases in 

blood lactate relative to the cheloniid species. 

Blood lactate levels while resting in the nest chamber: Although 

similar patterns of anaerobic metabolism were found across species during 

each of the emergence activities, hatchlings differed in the levels of blood 

lactate accumulated. Green turtle hatchlings had the highest resting levels 

(2.27 ~mollml) . Blood lactate levels of loggerhead and leatherback hatchlings 

were significantly lower than those of green hatchlings. These differences 
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may be due to the amount of oxygen available in the nest chamber 

(Ackerman, 1977), and/or each species behavior while "resting" in the nest 

chamber. When swimming and crawling, green hatchlings are more vigorous 

in their activity than loggerhead and leatherback hatchlings (Wyneken and 

Salmon, 1992). Hence, while resting at the nest chamber bottom, green turtle 

hatchlings may exhibit more vigorous behavior than loggerhead and 

leatherback hatchlings. Although these animals were classified as resting , 

another possible source of differences in lactate levels among hatchlings 

might be due to pipping activity which could cause lactate levels to rise (Dial, 

1987). 

Blood lactate levels while actively digging: Actively digging 

hatchlings of all species had elevated lactate levels, although to differing 

degrees. Green hatchlings had significantly higher mean lactate levels than 

loggerhead and leatherback hatchlings while actively digging out of the nest 

chamber. Their values are similar to those measured in other species of 

turtles during activity, although they are low relative to other small reptiles 

(Bennett, 1982). In Baldwin eta/. 's (1989) study, green turtle hatchlings also 

had lactate levels that were almost twice that of loggerhead hatchlings. They 

suggested that green turtle hatchlings have higher blood lactate levels after 

digging up through the sand because green nests are deeper. However, they 

did no manipulation to separate any species differences from nest depth 

effects. The higher levels of lactate seen in green turtle hatchlings may also 

be due to the intensity at which they dig. 
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The degree of anaerobic metabolism used by each species during nest 

emergence follows a similar overall pattern to that of the aerobic scope, 

measured by Wyneken (1996). Green hatchlings have the broadest aerobic 

scope and also accumulate the highest lactate levels among the 3 species, 

indicating higher overall metabolic costs . Loggerhead hatchlings are 

intermediate in the levels of blood lactate accumulated and have an intermediate 

aerobic scope. Leatherback hatchlings have the narrowest aerobic scope and 

also accumulate the lowest levels of lactate during nest emergence. 

Leatherback adults accumulate low levels of lactate after exercise (2.0-2.4 times 

that of resting levels; Paladino eta/., 1996). Since the metabolic processes are 

likely to be similar, it is not surprising that hatchlings also accumulate little 

lactate (-2 times that of resting levels). This relationship between aerobic scope 

and anaerobic metabolism may be a result of each species' energetic capacity 

and/or relative activity level. 

Blood lactate while resting at the sand surface: Hatchlings resting at 

the sand surface had low lactate levels, indicating that turtles are resting for a 

time long enough to repay all or part of the oxygen debt accrued by anaerobic 

activity during nest emergence (Baldwin eta/., 1989). Hatchlings resting at the 

surface for 20 minutes or longer had lower lactate levels than hatchlings at the 

surface for shorter periods of time. Although hatchlings had lower lactate levels 

after 20 minutes, a period of about 1 hour was necessary to reduce lactate levels 

to resting levels in C. caretta, C. mydas and D. coriacea. In Baldwin eta/. 's 

20 



study (1989) , hatchling lactate levels began to decline after about 5 minutes, but 

also needed a time period of about 1 hour to return to resting levels. 

Blood lactate recovery: All 3 species had similar anaerobic recovery 

times, although initial lactate levels (in hatchlings just reaching the sand surface) 

differed among species. This difference suggests that hatchlings of different 

species are not repaying the oxygen debt at similar rates. The higher initial 

lactate levels but similar recovery times seen in green turtle hatchlings suggests 

that they are metabolizing lactate at a faster rate than loggerhead and 

leatherback turtles. Loggerhead and leatherback turtles had similar initial 

lactate levels, as well as similar recovery times, suggesting that these turtles 

repay their oxygen debt at a similar rate, but not at the same rate per unit mass 

(leatherback hatchlings are 2.5-3x the mass of loggerhead hatchlings). Lutz and 

Dunbar -Cooper ( 1987) found that adult loggerheads took several hours to 

recover from metabolic acidosis. However, these values were from larger turtles 

with reduced body temperatures and were subjected to forced dives. 

It would be an advantage for hatchlings to rest at the surface and repay 

their oxygen debt before proceeding to the water. Studies with loggerhead and 

green hatchlings show that the hatchling frenzy is also partially supported by 

anaerobic metabolism. It would be a disadvantage for the hatchling to proceed 

straight from the nest to the water with high levels of lactate, only to accumulate 

more lactate during the frenzy. High levels of lactic acid in reptiles are 

correlated with diminished behavioral capacities and lethargy (Bennett, 1982). If 
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a hatchling accumulated extreme levels of blood lactate, it may reduce its 

locomotor performance and hence, increase its risk of mortality. Hatchlings 

staying in the nearshore waters longer may be at an increased risk of predation. 

Lactic acid build up may also have negative physiological implications for 

hatchlings. Metabolic acidosis may cause decreases in blood calcium levels 

and disruptions in hemoglobin and enzymatic function in vertebrates (Ruben and 

Bennett, 1981 ). Adult freshwater turtles (Chrysemys picta bel/it) have shown an 

ability to buffer against decreases in blood pH by taking calcium from their shells 

(Jackson , 1997). Buffering capacity has not been studied in hatchling turtles. 

Hatchlings' shells are not heavily calcified and therefore may not yet have an 

extensive capacity to buffer their blood. Thus, hatchlings may be resting at the 

surface to restore blood lactate to minimal levels and avoid additional 

physiological stress before proceeding to the water. 

Ideally, one might predict that hatchlings would rest at the sand surface 

until blood lactate has decreased to resting levels. However, there are other 

factors to consider such as social facilitation and thermal inhibition. The 

movement of hatchlings to the sand surface is typically a group effort (Carr and 

Ogren, 1959). Most of the hatchlings emerge in one night, although multiple 

emergence events are common over a period of several nights (Hendrickson, 

1958; Witherington eta/., 1990). Carr and Hirth (1961) suggested that a group 

emergence may reduce energy costs and would therefore be advantageous. 

Physical stimulation for hatchlings just arriving at the surface may induce 
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emergence by those already there. This social component may supersede any 

physiological predisposition to repay the oxygen debt. Mrosovsky ( 1968) found 

that thermal inhibition of activity is a major factor in limiting the emergence of 

green turtles. Therefore, hatchlings may not be resting in order to reduce lactate 

levels, but a reduction in lactate may be a consequence of hatchlings waiting for 

other emergence cues (e.g. social facilitation and/or temperature) . Despite the 

advantages of beginning their offshore migration with low lactate levels, 

prolonged resting at the surface could also represent a cost, since hatchlings 

may be at a higher risk of terrestrial predation. 

Aerobic and anaerobic differences among species: 

Since sea turtle hatchlings rely upon aerobic metabolism primarily then 

switch to anaerobic pathways, it is appropriate to look at studies of hatchling 

aerobic activity in order to understand the limits of aerobic metabolism and the 

need for anaerobic metabolism during nest emergence. Sea turtle hatchling 

species differ in aerobic scope. Wyneken (1996) found that during swimming, 

green hatchlings have the broadest aerobic scope, loggerhead hatchlings are 

intermediate and leatherback hatchlings have the narrowest aerobic scope. 

Although leatherback hatchlings have a narrow aerobic scope, their metabolic 

rate is high compared to hatchlings of other sea turtle species. Metabolic rate is 

often measured by the volume of oxygen an organism consumes (V02). Maximal 

V02 values found by Prange and Ackerman (1974; during struggling activity) for 

green (0.337 lkg-
1
h-1) and by Lutcavage and Lutz (1986) for loggerhead (0.296 
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lkg-1h-1
; while struggling) hatchlings are similar to routine leatherback V02 values 

(0.286 lkg-1h-1). At rest, loggerhead V02 values are significantly higher than in 

leatherback and green turtles (Wyneken, 1996). 

Interestingly, when comparing aerobic scope from Wyneken 's study 

(1996) and blood lactate levels from this study, as indicated above there are 

similarities. The similarities in the aerobic and anaerobic energetic pathway 

suggest that green turtles require the greatest amount of energy during intense 

activity, loggerheads require intermediate levels and leatherback turtles are the 

most efficient, requiring the least amount of energy. 

Factors Influencing Blood Lactate 

Nest oxygen concentrations and lactate: Dial (1987) suggested that 

high levels of lactate seen in loggerhead hatchlings during emergence activities 

may be a result of low oxygen concentrations and/or low oxygen diffusion rates 

within the nest chamber. Mean oxygen concentrations within green and 

loggerhead nests were significantly lower than in leatherback nests on night of 

first emergence. However, these differences may not be physiologically 

significant. Oxygen must be present for aerobic metabolism to occur, so in 

theory the lower oxygen levels in green and loggerhead nests may have 

influenced anaerobic metabolism in hatchlings. However, these 0 2 

concentrations may not represent hypoxic conditions for sea turtles. Conditions 

for freshwater turtles are not considered hypoxic until 0 2 levels are around 30 

Torr. 
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In this study there was a significant interaction between hatchling blood 

lactate and nest oxygen concentration . Blood lactate and nest 0 2 concentrations 

were weakly correlated in loggerhead and green hatchlings. Perhaps 

loggerhead and green hatchlings consume more oxygen and/or are more active 

than 0 . coriacea while in the nest chamber. Since 0 . coriacea represents a 

separate family (Dermochelyidae) from C. caretta and C. mydas (Cheloniidae) , 

this difference may also be due to a phylogenetic bias as well as behavioral 

differences in the species (Garland eta/. , 1999). Alternatively, larger clutches 

have exhibited a lower emergence success (Mortimer eta/., 1993), and may 

require an increased digging effort by hatchlings as more sand is disturbed 

around the nest. Nests with larger clutch volumes in my study had lower 0 2 . 

Thus the correlation between lactate levels and oxygen may actually be due to 

the larger number of hatchlings emerging rather than the amount of 0 2 available 

to the nest. 

Pore spacing and lactate: Oxygen diffusion in the nest chamber is 

dependent upon the amount of air space found in the surrounding sand (pore 

spacing; Ackerman, 1981 ). Pore spacing tends to decrease with increasing soil 

depth (Brady, 1990). In this study, pore spacing significantly decreased as 

depth increased. The sand may not have differed in grain size but may have 

been more compact at greater depths. earthy (1996) found that at a depth of 

55cm, beach sand composition changes in Brevard County, FL. In my study the 
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sand also appeared to be stratified . Pore spacing measurements show that 

the sand was not uniform in composition with depth. 

Among nests, pore spacing was lowest in sand surrounding D. 

coriacea nests, intermediate in C. mydas nests and highest in C. caretta 

nests. These patterns are consistent with other studies (Mortimer, 1990; 

Broadwell, 1991 ). Broadwell (1991) found pore spacing values ranging from 

38-46% in a study of loggerhead nests in southern Palm Beach County, FL, 

and Mortimer ( 1990) found pore spacing values ranging from 26-39% in a 

study of green nests on Ascension Island. A decrease in pore spacing would 

also decrease the rate of oxygen diffusion into the nest chamber, which could 

indirectly affect hatchling anaerobic metabolism. However in this study, pore 

spacing did not significantly relate to lactate levels in hatchlings. 

The amount of available 0 2 in the nest chamber depends upon both 

the amount of 02 consumed and the diffusion rate of 02 into the nest 

chamber. Green turtle nests had the lowest 0 2 concentrations of the 3 

species and intermediate values of percent pore spacing, which may have 

decreased 02 diffusion and caused lactate levels to rise. Although 

leatherback nests had low pore spacing, 0 2 concentrations in these nests 

were the highest of the 3 species. This incongruity may be explained by the 

fact that leatherbacks have a low resting V02 (Wyneken, 1996). These turtles 

may not consume as much oxygen while resting in the nest chamber. 

Loggerhead nests have intermediate nest 0 2 concentrations and the highest 

pore spacing of the 3 species. Although loggerhead hatchlings have the 
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highest resting V02 of the 3 species, high pore spacing would allow for a 

higher diffusion of 0 2 into the nest chamber and increase available oxygen. If 

each species had the same resting V02 , then we would expect to see nest 02 

decreasing with depth, as pore spacing decreased, but this was not the case. 

Instead, it appears that each species' metabolism (V02) takes precedence 

over the range of pore spacing (i.e. rate of 0 2 diffusion) found in this study. 

Nest temperature and lactate: Temperature is important because as 

ectotherms, hatchling sea turtles cannot regulate their body temperature 

·above ambient temperatures and metabolic rate (measured by 02 

consumption) is correlated with temperature. Although metabolic rate is 

correlated with temperature, anaerobic metabolism is less dependent on 

temperature than aerobic metabolism (Bennett, 1982). Bennett found that 

burst speeds and running capacities are essentially thermally independent 

between 30 and 40°C in 6 species of lizards. Blood lactate levels in subadult 

loggerheads (in the range of 15-30°C) are also temperature independent (Lutz 

eta/., 1989). 

The ranges of in situ nest temperatures observed in my study are 

relatively narrow (27.9- 34.4°C). This temperature range is consistent with 

those found in other studies on Florida beaches (Milton eta/., 1997). Mid

nest temperatures in green and leatherback nests were significantly lower 

than those of loggerhead nests on night of first emergence. When compared 

with lactate, temperature showed no significant interaction in green and 
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leatherback nests, perhaps because anaerobic metabolism is not influenced 

by the lower temperature ranges found in these nests. Loggerhead nests had 

warmer temperatures on night of first emergence and lactate levels were 

correlated with temperature. The temperatures in loggerhead nests may have 

been high enough to influence activity and hence also the anaerobic 

metabolism in hatchlings, however these experiments cannot demonstrate 

that definitively. Alternatively, loggerhead hatchlings may simply switch to 

anaerobic metabolism more rapidly at warmer temperatures. 

Nest success and lactate: Although leatherback nests reported in 

literature typically have lower hatching and emergence success than 

loggerhead and green nests (Whitmore and Dutton, 1985), this was not the 

case in my study. Emergence success was not significantly correlated with 

hatchling blood lactate accumulation or depth. So this means that hatchlings 

that fail to emerge are probably not doing so because of metabolic constraints. 

Clutch volume and lactate: Green and loggerhead nests had 

significantly larger clutch sizes than leatherback nests, although due to the 

larger size of leatherback eggs, clutch volumes were not significantly different 

among species. Within species, larger clutches tended to have lower 0 2 

levels, although the relationship was not strong enough to influence blood 

lactate levels. 

Nest depth and lactate: Mean nest depths were significantly different 

among species. Overall, nest depth did not influence hatchling anaerobic 
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activity within each species. Although hatchling blood lactate levels differ 

among species, lactate levels were not significantly different in hatchlings of 

the same species digging from deeper depths. However, the range in nest 

depths within each species was relatively narrow so it is not unexpected to 

find such similarities. Among species, leatherback hatchlings (which dig from 

the deepest nests on average) had lower lactate levels than loggerhead and 

green sea turtle hatchlings which typically dig from nests that are shallow and 

intermediate in depth, respectively. Experimental manipulation of nest depths 

within a species would provide an opportunity to tease out the species effects 

of anaerobic activity and investigate the effect of depth on anaerobic 

metabolism. 

29 



CONCLUSIONS 

I found that sea turtle hatchlings use anaerobic metabolism to provide 

sufficient energy above and beyond that supplied by aerobic metabolism for 

nest emergence. Anaerobic metabolism is primarily used during periods of 

digging by hatchlings in all species tested, although it's relative levels are 

influenced by available nest oxygen. Temperature appeared to only influence 

metabolism in loggerhead hatchlings, either due to species effects or because 

these nests were exposed to the highest range of temperatures. Hatchlings of 

all 3 species resting at the sand surface had lower lactate levels than those 

that emerged immediately. Since hatchling emergence is influenced by 

temperature and social facilitation, lactate alone may not be a limiting factor in 

triggering a nest emergence. However, the turtles that are able to rest and 

reduce lactate levels may decrease predation risks during the swim frenzy, 

and therefore have an advantage. This study adds to our understanding of 

sea turtle emergence behavior and the physiological processes that help 

govern it. 
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Figure 1-1. Blood lactate levels in hatchlings from in situ nests. Values are means± 
1SD. 
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Figure 1-2A. Time spent resting at the sand surface versus blood lactate 
levels in loggerhead hatchlings from in situ nests. R2 = 0.239. 
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Figure 1-28. Time spent resting at the sand surface versus blood lactate 
levels in green turtle hatchlings from in situ nests. R2 = 0.249. 
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Figure 1-58. Nest temperatures on night of first emergence versus lactate levels in 
green turtle hatchlings from in situ nests. 
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Figure 1-SC. Nest temperature on night of first emergence versus 
lactate levels in leatherback hatchlings from in situ nests. 



Table 1-1 . Mean lactate levels{± 1 SO} in hatchlings from in situ nests during emergence activities. 
Blood Lactate {~mol/ml} 

Bottom Resting Hatchlings Actively Digging Hatchlings Surface Resting Hatchlings 

x n so x n so x n so 
In situ nests (species) 

Caretta caretta 1.36 21 0.94 5.06 33 1.99 2.20 21 0.90 

Chelonia mydas 2.27 20 0.89 7.66 37 3.05 2.34 22 1.19 

Dermochelys coriacea 1.61 18 0.52 4.36 47 2.00 1.72 17 0.96 

~ 
00 



Table 1-2. Mean in situ nest temperatures and oxygen concentrations on 
night of first emergence. 

Temperature (°C) Oxygen (Torr) 
x ±SO x ±SO 

In situ nests (species) 

Caretta caretta 32.9 1.45 142.1 4.60 
(n = 11) 
Chelonia mydas 31 .5 0.74 132.3 7.30 
(n = 1 0) 
Dermochelys coriacea 31 .2 2.11 145.3 9.33 
(n = 11) 
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Table 1-3. Characteristics of in situ nests. Values are means ±SO. 
Species clutch size clutch volume (m ) %emergence depth (em) 

success 
Caretta caretta 
(n = 11) 116.3±18.1 4.51 X 10-3±7.02 X 10-4 77.8±17.5 60.9±6.1 

Chelonia mydas 
5.50 X 10-3±1 .09 X 10-3 

\Jl (n = 10) 129.8±25.4 75.1±19.3 81 .5±8.6 
0 

Dermochelys coriacea 
4.96 X 10-3±1.54 X 10-3 

(n = 11) 64.5±19.9 65.8±16.8 89.7±7.9 



CHAPTER 2 

ANAEROBIC METABOLISM IN LOGGERHEAD HATCHLINGS 

FROM EXPERIMENTALLY MANIPULATED NESTS 

INTRODUCTION 

Loggerhead sea turtles (Caretta caretta L.) lay their eggs in nests 

constructed on sandy beaches. These nests require approximately -50 days of 

incubation for the embryo to develop to hatching. During nest emergence, 

loggerhead sea turtle hatchlings utilize anaerobic metabolism and accumulate 

lactic acid in their blood (Dial1987; Baldwin eta/., 1989; Redfearn, 2000) . 

Anaerobic metabolism may be necessary during emergence due to intense 

digging activities. As hatchlings reach the sand surface, lactate levels are 

typically high. After digging, hatchlings rest just below the sand surface for 

minutes to hours and during this time lactate levels fall (Baldwin eta/., 1989; 

Redfearn, 2000). 

Once anaerobic activity ceases, anaerobic end-products are metabolized 

while aerobic metabolism continues. Those turtles resting at the surface longer 

than 20 minutes have blood lactate levels close to that of resting levels (-1.55 

~mollml; Redfearn, 2000). Baldwin eta/. (1989) found that lactate levels in 

green (Chelonia mydas L.) and loggerhead hatchlings fell within 5 min. following 

beach locomotion, but require at least an hour to return to that of resting levels. 
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As incubation proceeds in sea turtle nests, 0 2 partial pressures 

decrease due to the increased 0 2 consumption of growing embryos 

(Ackerman, 1980b). Loggerhead and green turtle nests on night of first 

emergence have average 0 2 partial pressures of 142.1 (± 4.6) and 132.3 (± 

7.3) Torr, respectively (Redfearn, 2000). Ackerman (1980a) found that gas 

exchange in loggerhead and green sea turtle nests depends on diffusion of 

gases between spaces in the surrounding sand grains (pore spacing). In 

theory, the lower 0 2 partial pressure seen in green turtle nests may be due to 

lower pore spacing in these deeper nests. 

Compared to green and leatherback sea turtle (Dermochelys coriacea 

V.) hatchlings, loggerheads accumulate intermediate levels of blood lactate 

during nest emergence (Baldwin eta/. , 1989; Redfearn, 2000). Baldwin eta/. 

suggested that green turtle hatchlings had nearly twice the blood lactate levels 

as loggerhead hatchlings after digging up through the sand, because of the 

deeper nests constructed by Chelonia. 

Of the 3 species that commonly nest in Florida, leatherback and green 

turtle nests are typically deepest (x = 89.7 em and x = 81 .5 em, respectively; 

Redfearn , 2000). Loggerhead nests are the shallowest (x = 60.9cm; 

Redfearn, 2000). Comparisons of anaerobic metabolism in emerging 

hatchlings showed that loggerhead hatchlings have intermediate levels of 

lactate in spite of digging from the most shallow nests, green hatchlings have 

the highest levels of lactate, and leatherback hatchlings have the lowest levels 
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of lactate while emerging from the deepest depths. The differences seen in 

blood lactate accumulation among species may be related to: (i) the depth 

from which hatchlings are digging, (ii) species-specific activity levels (iii) 

metabolic characteristics, or some combination of both. 

This study investigated the relationship of anaerobic metabolism in 

emerging loggerhead hatchlings with nest depth. By looking at a single 

species emerging from nests at different depths, interspecific factors were 

eliminated. Hatchling recovery rates from anaerobic metabolism, nest 0 2 

· concentrations and nest temperatures were documented. Specifically, the 

following questions were addressed: 

1. Do blood lactate levels differ in Caretta caretta hatchlings among 

nest depths during similar activities? 

2. Are blood lactate levels in emerging hatchlings related to nest 0 2 

and/or nest temperature? 

3. Do hatchlings emerging immediately have higher blood lactate than 

those resting at the surface for longer periods? 
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METHODS 

Study species 

In order to factor out species effects on anaerobic activity, hatchlings 

from one species (the loggerhead turtle, Caretta caretta) were compared from 

nests in Juno Beach , FL (26°, 52' N, 80°, 02' W). Thirty-six loggerhead nests 

were relocated to 3 depths (see below) to determine if loggerhead hatchling 

blood lactate levels are related to nest depth. Experimental nest depths were 

set using typical nest depths for species commonly nesting in Florida (C. 

caretta, C. mydas and D. coriacea) . Experimental nest depths were 

determined from literature and a small sample of natural nests measured in 

Juno Beach. The loggerhead nests (n = 12 nests per treatment) were 

relocated to 65 em, 85 em and 100 em depths, reflecting a control , 

approximate green nest depth and approximate leatherback nest depth, 

respectively. Nests were placed in plots of 3, one at each of the 3 relocation 

depths. 

Oxygen Measurements 

An oxygen/temperature probe combination was placed at the center of 

each clutch during relocation (Redfearn, 2000). 0 2 sampling tubes made from 

1/8" Tygon tubing (polyethylene) were used to measure gas concentration 

levels in the nest chamber before and after pipping. Tubes placed in nests 

were 45cm long (nests at 65 em depth) , 65cm long (nests at 85 em depth) and 

80cm long (nests at 100 em depth). Each tube had a stopcock at the end of 
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the tube above the sand and an air stone at the other end to prevent sand 

from entering the tube. Gas measurements were taken once a week for the 

first 3 weeks of incubation, then every other day thereafter. 

Nest air samples were taken using 1 Occ air-tight syringes and then 

injected into a blood-gas analyzer (PHM71 MK Blood and Gas Analyzer, 

Cameron Instruments, calibrated with 99.9% pure nitrogen and room air) . The 

air samples were measured for 0 2 partial pressures in Torr. 

Temperature measurements 

Nest temperatures were monitored throughout incubation using 

temperature probes constructed from a Physitemp BAT -12 probe kit. 

Temperature was monitored to account for nest temperature effects on gas 

diffusion rates and hatchling activity. Probe construction and use was as 

described in Redfearn (2000). Temperatures were measured once a week 

during the first 3 weeks of incubation then every other day thereafter. 

Blood lactate measurements 

To determine the extent to which loggerhead hatchlings use anaerobic 

metabolism during emergence, blood lactate levels were measured using 

Sigma Diagnostic lactate kit (#735-10). Blood samples of 50 J.tl were taken 

from an external jugular vein of each hatchling using disposable heparinized 

insulin syringes (after Bennett, 1986; Wibbels, 1998). Blood samples were 

then mixed with 75 ~I cold 8% perchloric acid and centrifuged for 10 minutes. 

The supernatant was frozen at -70 C, then later thawed and assayed with 
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lactate reagent for lactate using a Beckman spectrophotometer set at 540 nm. 

Blood lactate levels were measured in a total of up to 15 hatchlings/nest 

(range= 5- 15). Hatchlings were separated into different activity groups or 

stages (up to 5 hatchlings per activity stage) as described in Redfearn 2000. 

In addition the time spent at the surface for each hatchling was recorded to 

determine if hatchlings digging from different depths recover from anaerobic 

conditions at the same rate. After blood samples were taken, hatchlings were 

released near the surf where they could crawl to the water. 

Nest Excavations 

Nests were excavated 3 days after first emergence to evaluate 

hatching and emergence success. Nest excavations were done according to 

Marine Turtle Conservation Guidelines by the Florida Department of 

Environmental Protection (FDEP, 1996). 

Nest su~cess 

To determine the effects of depth on nest success, emergence success 

were measured. Each egg was evaluated and counted as hatched, 

unhatched, pipped containing live hatchling or pipped containing dead 

hatchling. Live and dead hatchlings remaining in the nest were also counted. 

Emergence success was calculated by adding the number of hatched eggs, 

subtracting any live or dead hatchlings left in the nest, then dividing by clutch 

size. 
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Estimated clutch volume 

Mean egg diameter was measured with vernier calipers using a random 

sample of up to 1 0 unhatched eggs from each nest. Mean egg volume was 

calculated by dividing mean egg diameter by 2 and using the equation for 

sphere volume (4/3rrr\ Estimated clutch volume was calculated by 

multiplying mean egg volume by clutch size. 

Pore Spacing 

Because pore spacing may affect gas exchange within nests, bulk 

density of the sand (proportional to pore spacing) was measured. Variability 

in gas exchange characteristics of the sand surrounding nests is related to 

pore spacing. Sand core samples (49.1 cm3
) were taken at depths between 

35- 45 em (nests at 65 em depth), 55- 65 em (nests at 85 em depth) and 70-

80 em (nests at 100 em depth) using a PVC pipe (2.5 em in diameter x 10 em 

long). Each sample was dried in a 38°C oven for 24 h, then weighed. Dry 

sand weight was divided by the volume of the core sampler to determine bulk 

density (g/cm\ Calculated bulk density was divided by particle density, then 

multiplied by 100 (Brady, 1990). This percentage was subtracted from 100% 

to determine the percentage of the core sample that was air (% pore spacing) . 

Statistical Analysis 

I used ANOVA and Tukey-Kramer post-hoc tests to determine if 

hatchlings digging from deeper nests have higher blood lactate levels and/or 

are relying on anaerobic metabolism to a greater extent than those from 
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shallower nests. Nest oxygen concentrations and nest temperatures were 

compared with blood lactate levels using correlation analysis, ANCOVA and 

Tukey-Kramer post hoc tests. Blood lactate levels of hatchlings were 

compared as a function of maximum nest depth (maximum distance 

hatchlings had to dig to the surface) by correlation analyses and ANCOVA 

tests. Surface resting hatchlings were divided into two groups, those resting 

for less than 20 min and those resting greater than 20 min. Lactate levels 

were compared with time spent at the surface using unpaired t-tests to 

determine the relative time needed to reduce lactate levels. Emergence 

success and pore spacing were reported as percent data, then data were 

arcsine transformed and analyzed using ANOVA. Analyses were done using 

StatView ®statistical software (SAS Institute Inc., 1999). To reject the null 

hypothesis, alpha levels set for all tests were set at 0.05. 

58 



RESULTS 

Blood lactate levels in hatchlings from relocated loggerhead nests 

Blood lactate levels within treatment depths: Within each treatment 

depth, blood lactate levels differed significantly by activity (Figure 2-1, Table 

2-1 ). Post hoc tests showed that hatchlings resting at the nest chamber 

bottom and at the sand surface had similar (low) blood lactate levels, but 

those actively digging to the surface had higher levels (Appendix N). 

Blood lactate levels among treatment depths: Blood lactate levels for 

loggerhead nests incubated at the 3 treatment depths are summarized in 

Table 2-1. There were no significant differences in resting hatchling blood 

lactate levels among treatment depths (Appendix 0). However, blood lactate 

levels in actively digging hatchlings differed among treatment depths. Post 

hoc tests showed that hatchlings digging from 85cm and 1 OOcm depths had 

significantly higher mean blood lactate levels (7 .10 ± 3.45 !Jmol/ml, and 6.71 ± 

3.26 !Jmol/ml, respectively) than those digging from 65cm depth (5.22 ± 2.09 

!Jmol/ml). There were no significant differences between hatchlings digging 

from 85cm and 100cm depth. 

Blood lactate recovery: For surface resting hatchlings, lactate levels 

were compared with time spent at the surface. Figures 2-2A and 2-2B show 

that hatchlings resting at the surface for longer periods of time have lower 

lactate levels. Hatchlings of all treatments resting at the surface for periods 

longer than 20 minutes, had significantly lower lactate levels than those at the 
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surface less than 20 minutes (65cm depth: p<0.001 ; 85cm depth: p<0 .05; 

100cm depth: p<0.001). 

Relocated versus in situ nests blood lactate: When compared with 

results (Redfearn, 2000) using ANOVA, hatchlings digging from the shallower 

relocated loggerhead nests (65 em and 85 em) have similar lactate levels to 

loggerhead hatchlings from in situ nests. Hatchling turtles digging from the 

deepest relocated treatment depth (1 OOcm) have lactate levels that are 

significantly higher than those emerging from in situ loggerhead nests. 

Nest 02 concentration and temperature effects on blood lactate 

Nest oxygen concentrations: Nest 0 2 concentrations from 50 days 

before to the night of emergence were compared using ANOVA to determine 

if nest 0 2 differs among treatment depths. Nest 0 2 concentrations during 

incubation (Figure 2-3) and on the night of first emergence (Table 2-2) were 

not significantly different among treatment depths, although nests at deeper 

depths had lower mean 0 2 concentrations. 

To determine how gas composition and gas exchange properties of the 

nest relate to hatchling metabolism, blood lactate levels were compared with 

nest oxygen levels on the night of emergence. Data were analyzed using 

correlation z-tests and ANCOVA (Appendix P). Anaerobic metabolism in 

digging hatchlings differed among treatment depths and differed with oxygen. 

Overall , blood lactate levels were negatively correlated with nest 0 2 

concentrations (z = -3.054, p = 0.0023). 
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Nest temperature measurements: Nest temperatures throughout 

incubation are shown in Figure 2-4. Blood lactate levels were compared with 

mean nest temperatures on night of first emergence (Table 2-3) among 

treatment depths using ANCOVA (Appendix Q) and correlation z-tests. 

Although nest temperature was highest in nests at 65cm depth, intermediate 

in nests at 85cm depth and lowest in nests at 1 OOcm depth, no significant 

interactions were found in nest temperature and lactate levels among 

treatment depths (Figures 2-SA-C). Although blood lactate levels in hatchlings 

differ among activities, temperatures in the ranges found in these nests do not 

significantly influence anaerobic metabolism (z = -0.728, n.s.). For surface 

resting hatchlings, there were no detectable differences in lactate when 

compared among sand surface temperatures (Appendix R; z = 1.154, n.s.) . 

On the night of first emergence, nest temperatures were an average 2-3°C 

warmer than sand temperatures at corresponding depth. 

Nest and Clutch Characteristics 

Clutch size: Mean clutch sizes (summarized in Table 2-4) did not differ 

among treatment depths (Appendix G). 

Estimated clutch volume: Similarly, there were no differences found 

among clutch volumes (Appendix H). Mean clutch volumes for relocated 

treatments are summarized in Table 2-4. 

Emergence success: Emergence success for relocated loggerhead 

nests (Table 2-4) did not differ among treatment depths of relocated nests 
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(Appendix 1) . Emergence success for relocated nests also did not differ from 

that of in situ loggerhead nests (Redfearn, 2000; Appendix S) 

Pore spacing: Arcsin mean proportions of pore spacing differed 

significantly among treatment depths by ANOVA (Appendix L). Percent pore 

spacing was the highest in nests relocated to 65cm depth (43.2%; range= 

40.9-45.5%), intermediate in nests relocated to 85cm depth (39.7%; range= 

37.2-42.5%) , and lowest in nests relocated to 100cm depth (32.4%; range= 

28.1-35.8%). ANCOVA tests showed no significant interaction between pore 

spacing and hatchling blood lactate levels in relocated nests (Appendix T) . 

After removing the interaction term, the test showed that the blood lactate of 

emerging hatchlings differed as a function of depth, but not as a function of 

pore spacing. 
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DISCUSSION 

Blood lactate levels within treatment depths 

Results of this study indicate that loggerhead sea turtle hatchlings 

digging from deeper depths accumulate higher levels of lactate than those 

digging from more shallow depths during nest emergence. Although the 

amount of lactate accumulated from anaerobic metabolism differs, hatchlings 

digging from all treatments follow similar patterns of anaerobic activity during 

nest emergence. Hatchlings from all nests had low lactate levels while resting 

at the nest chamber bottom and at the sand surface, but had high levels in 

digging hatchlings. 

Blood lactate levels among treatment depths 

Blood lactate levels of hatchlings resting in the nest chamber: 

Hatchlings resting at the bottom of the nest chamber did not differ in lactate 

levels. These turtles had low lactate levels and hence, probably were similar 

in their activity levels. These data, along with the 0 2 and temperature 

measurements for the 3 nest depths, suggests that resting loggerhead 

hatchlings consume 02 at a rate that does not exceed 02 diffusion rates into 

and out of the nest chamber even when pore spacing decreases. 

Blood lactate levels in actively digging hatchlings: High levels of 

blood lactate in hatchlings that are actively digging up through the sand 

column indicate that intense digging requires hatchlings to supplement aerobic 

with anaerobic metabolism. Blood lactate levels were significantly higher in 
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hatchlings digging from 85cm depth and 1 OOcm depth, suggesting that an 

increased distance (and perhaps time) of digging requires hatchlings to rely on 

anaerobic metabolism to a greater extent when emerging from deep nests. 

Blood lactate while resting at the sand surface: Hatchlings resting 

at the sand surface had lower lactate levels than digging turtles, indicating that 

turtles are resting for a time long enough to repay some of the oxygen debt 

accrued by anaerobic activity during nest emergence (Baldwin et at., 1989). 

Blood lactate recovery: Hatchlings resting at the sand surface 20 

minutes or longer had lower lactate levels than hatchlings at the surface for 

shorter periods of time. Although hatchlings had lower lactate levels after 20 

minutes, a period of about 1 hour was necessary to reduce lactate levels to 

resting levels in C. caretta. Even though hatchlings digging from deeper 

depths (85 and 100 em) had higher lactate levels initially, those resting at the 

surface greater than 20 minutes had lactate levels similar to those from the 

more shallow depth (65 em). The recovery times found in hatchlings from 

relocated loggerhead nests were similar to those of hatchlings from in situ 

nests. 

Hatchlings resting at the sand surface may be waiting for other cues 

such as social facilitation or temperature, and not limited by their accumulation 

of lactate. Although it may benefit hatchlings to rest and reduce lactate levels 

before beginning their offshore migration, hatchlings resting at the sand 

surface may at an increased risk of terrestrial predation. 
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Blood lactate from relocated nests versus in situ nests: The blood 

lactate levels in loggerheads digging from in situ nests (Redfearn , 2000) were 

similar to those found in hatchlings digging from the 65 and 85 em deep 

relocated nests. This is not surprising since the relocated nests were on the 

same beach as the in situ nests, and the 65 em depth represents the common 

loggerhead depth, while the 85 em depth nests are very close to the maximum 

depth (79 em) found for the in situ loggerhead nests from which hatchlings 

were sampled (Redfearn, 2000). 

Turtles digging from the deepest relocated treatment depth (1 00 em) 

have lactate levels that are significantly higher than in situ loggerhead nests. 

A depth of 1 00 em is not within the range of in situ loggerhead nests 

measured in this study, however it is approximately the depth of natural 

leatherback nests. Depth increases the compression of the sand through 

which hatchlings must dig and the time that it takes to reach the sand surface. 

Hence, nest depth probably increases blood lactate levels beyond normal 

levels when turtles are digging from unnaturally deep nests (with excessively 

compressed sand). Under natural conditions it is unlikely that an adult 

loggerhead would dig such a deep nest, although it is possible that a nest 

located on a beach with accreting sand could accumulate additional sand 

during incubation. If managed nests are subject to sand accretion of more 

than 15 em, this study suggests that the excess sand should be removed. 
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Factors Influencing Blood Lactate 

Nest oxygen concentrations and lactate: Nest oxygen 

concentrations did not differ with depth among relocated loggerhead nests, 

hence the differences seen in in situ C. caretta, C. mydas and D. coriacea 

nests (Redfearn, 2000) are probably due to species-specific differences in 

metabolism and/or activity. 

Oxygen diffusion in the nest chamber is dependent upon the amount of 

air space found in the surrounding sand (pore spacing). However, in this 

study, pore spacing significantly decreased as depth increased. This pattern 

is similar to the pore spacing associated with in situ nests (Redfearn, 2000) 

and is consistent with that of other studies (Brady, 1990; Mortimer, 1990; 

Broadwell, 1991). A decrease in pore spacing can decrease the rate of 

oxygen diffusion into the nest chamber (and C02 out of the nest chamber) . 

The range of pore spacing found in this study did not result in significantly 

different nest 02 levels among treatment depths. Therefore, 0 2 must be 

diffusing at a sufficient rate even at deeper depths. 

Nest temperature and lactate: Blood lactate accumulation was not 

temperature dependent for relocated loggerhead nests. Although overall 

metabolic rate is correlated with temperature, anaerobic metabolism is less 

dependent on temperature than aerobic metabolism (Bennett, 1982). Bennett 

found that burst speeds and running capacities, which depend upon anaerobic 

metabolism are essentially thermally independent between 30 and 40°C in 6 
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species of lizards ( Cnemidophorus murinus, Dipsosaurus dorsalis, Eumeces 

obsoletus, Gerrhonotus multicarinatus, Sceloporus occidentalis, Uma notata) . 

A study by Lutz eta/. ( 1989) found that blood lactate accumulation in subadult 

loggerhead turtles is temperature independent in the range of 15-30°C. This 

study of relocated loggerhead nests suggests that anaerobic metabolism may 

be thermally independent in sea turtle hatchlings during nest emergence. The 

ranges of temperatures observed in my relocated nests (as well as in other 

studies, e.g. Milton eta/., 1997) are relatively narrow (29.7- 34.2°C), so the 

lack of correlation with temperature is not surprising. Perhaps over a wider 

range of temperatures anaerobic metabolism would show a significant 

correlation with temperature. 

Temperature was correlated with blood lactate levels in hatchlings from 

in situ loggerhead nests (Redfearn, 2000), although not in hatchlings from 

relocated nests. This incongruity may be explained by the higher mean nest 

temperature (32.9°C) of the in situ nests when compared to the relocated nest 

temperatures (65cm depth= 31.4°C, 85cm depth= 31 .1°C, 100cm depth= 

30.4°C). However, if this is the case then there is a metabolic transition 

associated with the roughly 31.7- 32.9°C range. 

Nest success and lactate: Emergence success was not significantly 

correlated with hatchling blood lactate accumulation or depth. This is not 

surprising since emergence success did not differ among nest treatments. 

Although hatchlings digging from deeper depths had higher lactate levels, they 
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were able to emerge as successfully as those digging from more shallow 

depths. So this means that hatchlings that fail to emerge are probably not doing 

so because of metabolic constraints. 

Clutch volume and lactate: Clutch volume did not differ significantly 

among treatment depths. Clutch volume can influence available oxygen and 

ease of emergence for hatchlings (Mortimer, 1993). In this study nests with 

larger clutches tended to have lower levels of oxygen , although this was not a 

significant relationship , perhaps because of a small range in clutch volumes. 

Hatchlings from these larger nests were also able to emerge as successfully as 

those from smaller nests. In this study, blood lactate showed no significant 

relationship with clutch volume. However, the weak correlation seen between 

blood lactate and nest oxygen, may actually be due to differences in clutch 

volume. Larger clutches may require a greater effort by individual hatchlings 

while emerging . 

Nest depth and lactate: Within the ranges of depths measured, nest 

depth did not influence anaerobic activity for loggerhead, green and leatherback 

hatchlings from in situ nests (Redfearn, 2000), but it did influence blood lactate 

in loggerhead hatchlings from relocated depths. Blood lactate levels were 

higher in hatchlings digging from the deeper (85 and 100 em depth) relocated 

nests than the more shallow nests (65 em depth). The extreme depths of these 

nests (85 and 100 em depth), and therefore increased distance of digging 

required of hatchlings may cause them to rely on anaerobic metabolism for 
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longer time periods and increase blood lactate. Hatchlings from in situ nests 

were digging from a more narrow range of depths (Caretta : 53-69cm; Chelonia: 

69-96, Dermochelys: 75- 1 05cm), than relocated loggerhead nests (1 00- 65 

em), so within each species hatchlings were not digging as great a range of 

distance. The differences between the in situ nest blood lactate results and 

those seen in relocated loggerhead nests could be due to hatchlings digging 

from a wider range of prescribed depths in this experimental study. 
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CONCLUSIONS 

Experimentally manipulating the nest depth provided an opportunity to 

separate physical characteristics of nests and interspecies factors of anaerobic 

metabolism. Once these factors were separate, I found that nest depth appears 

to be most strongly linked to loggerhead hatchling anaerobic metabolism. From 

this experimental study, it can be inferred that there are probably species

specific differences in anaerobic metabolism during nest emergence. Since 

leatherback turtles do not accumulate levels of lactate as high as loggerheads 

and greens while digging from deeper depths, it would be informative to 

manipulate the depth of leatherback nests. 

This study showed that as hatchlings rest at the sand surface, blood 

lactate levels decrease. The costs and benefits of such behavior represent 

physiological , behavioral and ecological tradeoffs. 
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Figure 2-1. Blood lactate levels in loggerhead hatchlings from each treatment depth. 
Values are means± 1 SD. 
*indicates these values were significantly higher than resting treatments 
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Figure 2-2A. Time spent at the sand surface versus lactate in loggerhead 
hatchlings digging from 65 em depth. 
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Figure 2-28. Time spent at the sand surface versus lactate in loggerhead 
hatchlings digging from 85cm depth. 
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Figure 2-2C. Time spent at the sand surface versus lactate in loggerhead 
hatchlings digging from 1 OOcm depth. R2 = 0.409 
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Figure 2-3. Relocated loggerhead nest oxygen partial pressures (Torr) at each 
treatment depth during incubation. Values are means± 1 SO. 
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Figure 2-4. Relocated loggerhead nest temperatures at each treatment depth throughout 
incubation. Values are means± 1 SO. 
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Figure 2-SA. Nest temperature versus lactate levels on night of first emergence in 
loggerhead hatchlings digging from 65cm nest depth. 
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Figure 2-58. Nest temperature on night of first emergence versus lactate levels in 
loggerhead hatchlings digging from 85cm nest depth. 
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Figure 2-5C. Nest temperature on night of first emergence versus lactate levels in 
loggerhead hatchlings digging from 1 OOcm nest depth. 



Table 2-1. Mean lactate levels(± 1 SO) in loggerhead hatchlings from relocated nests during emergence 
activities. 

Blood Lactate {~mollml} 
Bottom Resting Hatchlings Actively Digging Hatchlings Surface Resting Hatchlings 

x n so x n so x n so 
Relocated Cc nests 
(treatment depths) 

65cm 2.05 27 1.38 5.22 38 2.09 2.16 30 0.85 

85cm 1.63 21 1.01 7.10 25 3.45 2.71 19 2.13 

00 
N 100cm 2.38 18 1.24 6.71 35 3.26 2.49 22 1.77 
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Table 2-2. Comparisons of mean relocated nest 0 2 partial pressures (Torr) and 
controls (s<m_d Q2 _p(!rti9l pressures) on night of first emergence. 

Control Nest Difference 
x ±SO x ±SO 

Relocated Cc nests 
(treatment depths) 

65 em depth 154.1 0.44 140.7 10.60 13.4 
(n = 16) 
85 em depth 153.7 0.54 138.9 6.61 14.8 
(n = 15) 
100 em depth 152.7 0.57 138.5 6.70 14.2 
(n = 15) 



Table 2-3. Mean relocated loggerhead nest temperatures 
on night of first emergence. 

Relocated Cc nests 
(treatment depths) 

65 em depth 
(n = 16) 
85 em depth 
(n = 15) 
100 em depth 
(n = 15) 

Temperature (°C) 
x ±SO 

31.4 1.48 

31 .1 0.98 

30.4 0.85 
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Table 2-4. Characteristics of relocated loggerhead nests. Values are means ±SO. 
Treatment Depth clutch size clutch volume (m3

) %emergence 

65 em Depth 
(n = 11) 

85 em Depth 
(n = 10) 

100 em Depth 
(n=11) 

101.1±23.3 

103.4±20.5 

99.4±23.2 

success 

3.87 x 1 o-3±8.68 x 104 75.9±21 .2 

3.99 X 1 0-3±7.98 X 10-4 80.0±9.1 

3.84 X 10-3±8.98 X 10-3 80.0±15.0 



Appendix A. ANOVA of hatchling blood lactate levels within species from in 
situ nests. 
Source of Variance OF ss MS F p 

Caretta caretta 
(n = 75) 

Between Activity Stages 2 206.165 103.082 46.329 <0.001 
Residual 72 160.202 2.225 
Total 74 366.367 

Chelonia mydas 
(n = 79) 

Between Activity Stages 2 564.795 282.397 56.690 <0.001 
Residual 76 378 .592 4.981 
Total 78 943.387 

Dermochelys coriacea 
(n = 82) 

Between Activity Stages 2 145.885 72.943 28.428 <0.001 
Residual 79 202.702 2.566 
Total 81 348.587 
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Appendix B. ANOVA comparisons of hatchling blood lactate levels among 
species from in situ nests. 
Source of Variance OF ss MS F p 

Bottom Resting 
Hatchlings (n = 59) 

Between Species 2 9.000 4.500 6.800 <0.002 
Residual 56 37.059 0.662 
Total 58 46.059 

Actively Digging 
Hatchlings (n = 117) 

Between Species 2 239.480 119.740 21 .200 <0.001 
Residual 114 643.892 5.648 
Total 116 883.372 

Surface Resting 
Hatchlings (n = 60) 

Between Species 2 3.889 1.944 1.830 <0.170 
Residual 57 60.546 1.062 
Total 59 64 .435 
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Appendix C. ANOVA of nest oxygen concentrations from night of first 
emergence . 
Source of Variance OF ss MS F p 
Nest Oxygen 
(n = 20) 

Between Species 2 684 .19 342 .09 4.84 <0.05 
Residual 17 1202.08 412 .80 
Total 19 1886.27 
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Appendix D. ANCOVA comparisons of hatchling blood lactate levels versus 
nest oxygen concentrations among species from in situ nests. 
Source of Variance OF ss MS F p 

Bottom Resting 
Hatchlings (n = 58) 

Species 2 4.559 2.279 3.947 <0 .025 
Oxygen 1 4.824 4.824 8.352 <0.006 
Species *Oxygen 2 4.404 2.202 3.813 <0.029 
Residual 52 30.034 0.578 
Total 57 43.821 

Actively Digging 
Hatchlings (n = 116) 

Species 2 35.346 17.673 3.659 <0.029 
Oxygen 1 59.952 59.952 12.414 <0.001 
Species *oxygen 2 32.940 16.470 3.410 <0.037 
Residual 110 531.251 4.830 
Total 115 659.489 
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Appendix E. ANCOVA comparisons of blood lactate levels as a function of 
nest temQerature in hatchlings from in situ nests. 
Source of Variance OF ss MS F Q 

Bottom Resting Hatchlings 
(n =59) 

Species 2 0.833 0.417 0.0745 >0.480 
Nest Temperature 1 1.757 1.757 3.142 >0.082 
Species"Nest Temperature 2 0.792 0.396 0.708 >0.497 
Residual 53 29.633 0.559 all n.s. 
Total 58 33.015 

Species 2 14.127 7.063 12.769 <0 .001 
Nest Temperature 1 6.634 6.634 11 .994 <0.001 
Residual 55 30.425 0.553 
Total 58 51.186 

Actively Digging Hatchlings 
(n=117) 

Species 2 16.669 8.335 1.481 >0.232 
Nest Temperature 1 0.357 0.357 0.064 >0.802 
Species"Nest Temperature 1 15.865 7.933 1.410 >0.249 
Residual 111 624.643 5.627 all n.s. 
Total 116 657.534 

Species 2 240.845 120.423 21.245 <0.001 
Nest Temperature 1 3.384 3.384 0.597 >0.441 n.s. 
Residual 113 640.508 5.668 
Total 116 884.737 
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Appendix F. ANCOVA comparisons of blood lactate levels in hatchlings (from 
in situ nests) resting at the sand surface as a function of temperature. 
Source of Variance OF SS MS F p 

Surface Resting Hatchlings 
(n = 57) 

Species 2 
Sand Temperature 1 
Species*Sand Temperature 2 
Residual 51 
Total 56 

Species 2 
Sand Temperature 1 
Residual 53 
Total 56 

3.290 
0.053 
3.218 
54.553 
61 .114 

2.010 
0.771 
57 .771 
60.552 
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1.645 
0.053 
1.609 
1.070 

1.005 
0.771 
1.090 

1.539 
0.050 
1.504 

0.922 
0.707 

>0.225 
>0.824 
>0.232 
all n.s. 

>0.404 
>0.404 
all n.s. 



Appendix G. ANOVA comparisons of clutch sizes among species from in situ 
nests and among relocated nest treatments. 
Source of Variance OF ss MS F p 

In situ nests 
(n = 32) 

Between Species 2 25383.96 12691 .98 28.30 <0.001 
Residual 29 13006.51 448.50 
Total 31 38390.47 

Relocated nests 
(n = 46) 

Between Treatments 2 120.79 60.40 0.12 >0.887 
n.s. 

Residual 43 21504.95 500.12 
Total 45 21625.74 
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Appendix H. ANOVA comparisons of clutch volume (m3
) among species from 

in situ nests and among relocated nest treatments. 
Source of Variance OF SS MS F p 

In situ nests 
(n = 32) 

Between Species 
Residual 
Total 

Relocated nests 
(n = 46) 

2 
29 
31 

Between Treatments 2 
Re~dual 43 
To~l 45 

5.20 X 10-6 
3.91 X 10-5 

4.43 X 10-6 

1.95 x 1 o·7 

3.15 x 1 o-5 

3.17 x 1 o·5 

93 

2.60 X 10-6 
1.35 X 10-6 

9.76 X 10-8 

7.30X10-6 

1.927 >0.164 
n.s. 

0.133 >0.877 
n.s. 



Appendix I. ANOVA comparisons of emergence success (arcsin of mean 
emergence proportions) among species from in situ nests and among 
relocated nest treatments. 
Source of Variance OF ss MS F p 

In situ nests 
(n = 32) 

Between Species 2 0.213 0.106 1.437 >0.254 
Residual 29 2.147 0.074 n.s. 
Total 31 2.360 

Relocated nests 
(n = 46) 

Between Treatments 2 0.004 0.002 0.031 >0.969 
Residual 43 2.570 0.060 n.s . 
Total 45 2.574 
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Appendix J. ANOVA comparisons of nest depth among species from in situ 
nests. 
Source of Variance OF ss MS F p 

In situ nests 
(n = 32) 

Between Species 2 4846.765 2423.382 42.343 <0.001 
Residual 29 1659.727 57.232 
Total 31 6506.492 
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Appendix K. ANCOVA comparisons of blood lactate levels versus nest depth 
in hatchlings from in situ nests. 
Source of Variance OF ss MS F Q 
Species 

Caretta caretta (n = 75) 

Emergence Activity 2 0.269 0.135 0.058 >0.943 
Nest Depth 1 0.408 0.408 0.177 >0.675 
Emergence Activity*Nest Depth 2 1.149 0.575 0.249 >0.780 
Residual 69 158.982 2.304 all n.s. 
Total 74 160.808 

Emergence Activity 2 205.541 102.771 45.567 <0.001 
Nest Depth 1 0.070 0.070 0.031 >0 .860 n.s. 
Residual 71 160.131 2.255 
Total 74 365.742 

Chelonia mydas (n = 79) 

Emergence Activity 2 2.434 1.217 0.244 >0.784 n.s. 
Nest Depth 1 6.760 6.760 1.353 >0.249 n.s. 
Emergence Activity*Nest Depth 2 9.229 4.615 0.924 >0.402 n.s. 
Residual 73 364 .585 4.994 
Total 78 383.008 

Emergence Activity 2 541 .228 270.614 54 .294 <0.001 
Nest Depth 1 4.777 4.777 0.959 >0.331 n.s. 
Residual 75 373 .815 4.984 
Total 78 919 .82 

Dermochelys coriacea (n = 82) 

Emergence Activity 2 7.853 3.927 1.502 <0.229 
Nest Depth 1 1.497 1.497 0.573 <0.452 
Emergence Activity*Nest Depth 2 3.797 1.898 0.726 <0.487 
Residual 76 198.682 2.614 
Total 81 211.829 

Emergence Activity 2 137.647 68.823 26.513 <0.0001 
Nest Depth 1 0.224 0.224 0.086 <0.770 
Residual 78 202.479 2.596 
Total 81 340.35 
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Appendix L. ANOVA comparisons of pore spacing (arcsin of mean pore 
spacing proportions) among in situ nests and among relocated nest treatments. 
Source of Variance OF SS MS F p 

In situ nests 
(n = 32) 

Between Species 
Residual 
Total 

Relocated nests 
(n = 46) 

Between Treatments 
Residual 
Total 

2 
29 
31 

2 
43 
45 

0.087 
0.016 
0.103 

0.107 
0.016 
0.123 
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0.043 
0.001 

77.851 <0.001 

0.054 141.413 <0.001 
3.79X 10-4 



Appendix M. ANCOVA comparisons of blood lactate levels versus% pore 
spacing in hatchlings among species from in situ nests. 
Source of Variance OF ss MS F p 

Bottom Resting 
Hatchlings (n = 58) 

Between Species 2 0.468 0.234 0.337 0.7157 
Pore spacing 1 0.588 0.588 0.846 0.3621 
Species*Pore Spacing 2 0.407 0.203 0.292 0.7477 
Residual 52 36.149 0.695 
Total 57 37.612 

Between Species 2 4.785 2.393 3.534 0.0361 
Pore Spacing 1 0.209 0.209 0.309 0.5807 
Residual 54 36.555 0.677 
Total 57 41 .549 

Actively Digging 
Hatchlings (n = 117) 

Between Species 2 6.288 3.144 0.560 0.5726 
. Pore Spacing 1 18.622 18.622 3.319 0.0712 

Species*Pore Spacing 2 9.283 4.641 0.827 0.4399 
Residual 111 622.788 5.611 
Total 116 656.981 

Between Species 2 250.978 125.489 22.435 <.0001 
Pore Spacing 1 11 .821 11 .821 2.113 0.1488 
Residual 113 632.071 5.594 
Total 116 894.87 
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Appendix N. ANOVA comparisons of blood lactate levels in loggerhead 
hatchlings at 3 nest de12ths. 
Source of Variance OF ss MS F p 

Bottom Resting 
Hatchlings 

Between Treatments 2 5.489 2.745 1.802 >0.173 n.s. 
Residual 63 95.968 1.523 
Total 65 101.457 

Actively Digging 
Hatchlings 

Between Treatments 2 65.526 32 .763 3.843 <0.025 
Residual 95 809.998 8.526 
Total 97 875.524 

Surface Resting 
Hatchlings 

Between Treatments 2 3.695 1.848 0.7470 >0.477 n.s. 
Residual 68 168.099 2.472 
Total 70 171 .794 
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Appendix 0. ANOVA comparisons of hatchling blood lactate levels in 
relocated loggerhead nests within treatment depths. 
Source of Variance OF ss MS F p 

65 em Depth Hatchlings 
(n = 95) 

Between Activity Stages 2 220.961 110.481 43.791 <0.001 
Residual 92 232.106 2.523 
Total 94 453.067 

85 em Depth Hatchlings 
(n = 65) 

Between Activity Stages 2 390.074 195.037 31 .188 <0.001 
Residual 62 387.717 6.253 
Total 64 777.791 

1 00 em Depth Hatchlings 
(n = 75) 

Between Activity Stages 2 340.207 170.104 26.962 <0.001 
Residual 72 454.242 6.309 
Total 74 794.449 
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Appendix P. ANCOVA comparisons of blood lactate levels versus nest 
oxygen in loggerhead hatchlings among relocated treatment depths. 
Source of Variance OF ss MS F p 

Bottom Resting 
Hatchlings (n = 66) 

Treatment Depth 2 1.687 0.844 0.562 >0.573 
Oxygen 1 1.131 1.131 0.754 >0.389 
Treatment Depth"Oxygen 2 1.455 0.727 0.485 >0.618 
Residual 60 90.007 1.5 all n.s. 
Total 65 94.280 

Treatment Depth 2 5.782 2.891 1.960 >0.150 
Oxygen 1 4.506 4.506 3.054 >0.086 
Residual 62 91.462 1.475 all n.s. 
Total 65 101 .750 

Actively Digging 
Hatchlings (n = 98) 

Treatment Depth 2 0.6630 0.3310 0.040 >0.961 
Oxygen 1 17.497 17.497 2.097 >0.151 
T reatment"Oxygen 1 0.446 0.223 0.027 >0.977 
Residual 92 767.735 8.345 all n.s. 
Total 97 786.341 

Treatment Depth 2 51 .047 25.523 3.123 <0.047 
Oxygen 1 41.817 41 .817 5.117 <0.026 
Residual 94 768.81 8.172 
Total 97 861 .674 
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Appendix Q. ANCOVA comparisons of blood lactate levels versus nest 
temQerature in hatchlings from relocated loggerhead nests. 
Source of Variance DF ss MS F p 

Bottom Resting Hatchlings (n = 66) 

Treatment Depth 2 2.112 1.056 0.675 >0.513 
Nest Temperature 1 0.584 0.584 0.373 >0.544 
Treatment Depth*Nest Temperature 2 2.036 1.018 0.650 >0.526 
Residual 60 93.931 1.566 all n.s. 
Total 65 98.663 

Treatment Depth 2 5.292 2.646 1.709 >0.189 
Nest Temperature 1 8.278 8.278 5.348 >0.998 
Residual 62 95.968 1.548 all n.s. 
Total 65 109.538 

Actively Digging Hatchlings (n = 98) 

Treatment Depth 2 3.588 1.794 0.205 >0.815 
Nest Temperature 1 0.462 0.462 0.053 >0.817 
Treatment Depth*Nest Temperature 1 4.143 2.072 0.237 >0.789 
Residual 92 803.397 8.733 all n.s. 
Total 97 811.590 

Species 2 55.000 27.500 3.201 <0.045 
Nest Temperature 1 2.457 2.457 0.286 >0.594 
Residual 94 807.541 8.591 n.s. 
Total 97 864 .998 
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Appendix R. ANCOVA comparisons of blood lactate levels in hatchlings (from 
relocated loggerhead nests) resting at the sand surface versus sand surface 
temperature. 
Source of Variance DF SS MS F p 

Surface Resting Hatchlings (n = 71) 

Treatment Depth 2 11.635 5.817 2.450 >0.094 
Sand Temperature 1 0.442 0.442 0.186 >0.668 
Treatment Depth*Sand Temperature 2 12.062 6.031 2.540 >0.087 
Residual 65 154.335 2.374 all n.s. 
Total 70 178.474 

Treatment Depth 2 2.074 1.037 0.418 >0.660 
Sand Temperature 1 1.702 1.702 0.685 >0.411 
Residual 67 166.398 2.484 all n.s. 
Total 70 170.174 
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Appendix S. ANOVA comparisons of in situ loggerhead and relocated 
loggerhead nest emergence success. 
Source of Variance OF SS MS F p 

In situ nests 
(n = 27) 

Nest Treatment 
Residual 
Total 

1 
25 
26 

0.016 
0.937 
0.953 
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0.016 
0.037 

0.416 0.5247 
n.s. 



Appendix T. ANCOVA comparisons of blood lactate levels as a function of% 
QOre SQacing for loggerhead hatchlings among relocated treatment deQths. 
Source of Variance OF ss MS F !2 

Bottom Resting Hatchlings 
(n = 66) 

Between Treatment Depths 2 5.405 2.702 1.897 >0.159 n.s. 
Pore spacing 1 7.468 7.468 5.244 <0.026 
Treatment Depth*Pore 2 4.528 2.264 1.589 >0 .213 n.s. 
Spacing 
Residual 60 85.457 1.424 
Total 65 102.858 

Between Treatment Depths 2 8.382 4.191 2.887 >0.063 n.s. 
Pore Spacing 1 5.983 5.983 4 .122 <0.047 
Residual 62 89.985 1.451 
Total 65 104.35 

Actively Digging Hatchlings 
(n = 98) 

Between Treatment Depths 2 45.195 22.597 2.841 >0.064 n.s. 
Pore spacing 1 73 .267 73.267 9.210 <0 003 
Treatment Depth*Pcre 2 38.769 19.384 2.437 >0.093 n.s. 
Spacing 
Residual 92 731 .895 7.955 
Total 97 889 .126 

Between Treatment Depths 2 57.613 28.807 3.514 <0.034 
Pore Spacing 1 39.334 39.334 4 .798 <0 .031 
Residual 94 770.664 8.199 
Total 97 867.611 

105 




	00001
	00002
	00003
	00004
	00005
	00006
	00007
	00008
	00009
	00010
	00011
	00012
	00013
	00014
	00015
	00016
	00017
	00018
	00019
	00020
	00021
	00022
	00023
	00024
	00025
	00026
	00027
	00028
	00029
	00030
	00031
	00032
	00033
	00034
	00035
	00036
	00037
	00038
	00039
	00040
	00041
	00042
	00043
	00044
	00045
	00046
	00047
	00048
	00049
	00050
	00051
	00052
	00053
	00054
	00055
	00056
	00057
	00058
	00059
	00060
	00061
	00062
	00063
	00064
	00065
	00066
	00067
	00068
	00069
	00070
	00071
	00072
	00073
	00074
	00075
	00076
	00077
	00078
	00079
	00080
	00081
	00082
	00083
	00084
	00085
	00086
	00087
	00088
	00089
	00090
	00091
	00092
	00093
	00094
	00095
	00096
	00097
	00098
	00099
	00100
	00101
	00102
	00103
	00104
	00105
	00106
	00107
	00108
	00109
	00110
	00111
	00112
	00113
	00114
	00115

