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Tortuguero beach in Costa Rica is one of the last major nesting 

sites in the western Atlantic for green turtles. During 1986, 1988 

and 1989, I studied temporal and spatial nest distribution, egg 

survivorship, and sex ratio of hatchlings in two thermal zones: the 

vegetation/border zone (within 2 m of the border of dense 

vegetation) and the open zone (between the vegetation/border zone 

and the sea). Although the distribution of nests between the two 

zones differed significantly from year to year, it was biased toward 

the vegetated area of the beach throughout each season. 
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I analyzed the emergence success of 49 clutches in 1986, 88 in 

1988, and 113 in 1989. Emergence success from these nests showed 

a bimodal distribution (0% and > 70%) and did not differ significantly 

between the zones. Abiotic factors including surf, freshwater 

inundation, and hurricane killed approximately 20% of sample eggs. 

Biotic factors including predation and turtle digging killed 5% of 

sample eggs in the open zone and 19% of sample eggs in the 

vegetation/border zone. The relative importance of each factor 

varied from year to year. Mammals destroyed four times as many 

nests in the vegetation/border zone as in the open zone. My 

estimation of hatchling emergence success was 57.2% (1986), 45.7% 

(1988) and 66.6% (1989). 

A sample of hatchlings was collected for direct sexing from 

each of 12 nests in 1986 and 56 in 1988. The sex ratios of 

hatchlings fluctuated intra-seasonally in 1988, but not in 1986. The 

estimated overall proportion of female hatchlings was 10.1 % in 

1986 and 40.6% in 1988. used single and multiple logistic 

regression models to test environmental and clutch variables for the 

prediction of sex ratio. The pivotal temperatures were 29.4°C for 

mean nest temperature, and 28.5°C for mean sand temperature. Mean 

nest temperature during the middle third of development was the 

best fit model (pseudo R2=0.20) in the single regression analysis . 

Mean nest temperature, incubation period, rainfall, and nesting zone 

were significant parameters for multiple regression (pseudo 

R2=0.24). However, even the model with the best fit was still not 

reliable for predictive purposes. 
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CHAPTER 1 
INTRODUCTION 

Recently it has become apparent that there are two types of 

sex determination mechanisms in reptiles: genotypic and 

environmental. In the latter case, sex of the offspring is decided 

after fertilization by environmental factors. The common form of 

environmental sex determination in turtles is temperature

dependent sex determination (TSO), in which incubation temperature 

during a critical portion of embryonic development controls gonadal 

differentiation. The physiological mechanism involved in this 

phenomenon is not understood (reviewed in Bull, 1983: Ewert and 

Nelson, 1991 ; Janzen and Paukstis, 1991 ). 

At present, seven of eight species of sea turtles are known to 

show the TSO phenomenon. These species are: Caretta caretta 

(Yntema and Mrosovsky 1980), Chelonia mydas (Miller and Limpus 

1981 ), Chelonia agassizi (Alvarado and Figueroa, 1989), Dermochelys 

coriacea (Mrosovsky et al., 1984), Eretmochelys imbricata 

(Dalrymple et al., 1985), Lepidochelys olivacea (McCoy et al., 1983), 

and Lepidochelys kempi (Shaver et al., 1988). 

There are three patterns of TSO in reptiles (Bull, 1983). Type 

A pattern results in females at lower temperatures, males at higher 

temperatures and both sexes at intermediate temperatures (most 

crocodilians and lizards); Type B pattern results in females at 

1 
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warmer temperatures, males at lower temperatures and both sexes 

at intermediate temperatures (most turtles); Type C pattern results 

in females at warmer and lower temperatures and males at 

intermediate temperatures (three crocodile species, one lizard 

species and three freshwater turtle species) (see list of species in 

Janzen and Paukstis, 1991 ). All seven species of sea turtles with 

TSO show the Type B pattern. 

At present, no species with heteromorphic sex chromosomes is 

known to show TSO. Karyotypes of five species of sea turtles have 

been examined microscopically, but no discernible heteromorphic 

sex chromosomes have been confirmed (Caretta caretta, Bickham, 

1981; Chelonia mydas, Bickham et al., 1980; Oermochelys coriacea, 

Medrano et al., 1987; E retmochelys imbricata, Kamezaki, 1990; 

Lepidochelys olivacea, Bhunya and Mohanty-Hejmadi, 1986). 

However, there is evidence that the two sexes of sea turtles are 

genetically different at the molecular level. In adults of Caretta 

caretta and Chelonia mydas, males had a higher level of H-Y antigen 

in their blood cells than did females (Wellins, 1987). 

A series of experiments on a European freshwater turtle, Emys 

orbicularis (Zaborski et al., 1982, 1988), which shows Type B TSO, 

indicated that genetic and environmental factors can operate 

simultaneously. It appears that incubation temperatures at both 

extremes can overide genotypic influence, whereas at intermediate 

temperatures the genetic factor can influence the sex of turtles to 

some extent. There was a strong correlation between sexual 

phenotype of gonads and H-Y antigen phenotype of blood cells (male -

negative / female - positive) from eggs incubated at the 
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intermediate temperature. Girondot and Pieau ( 1990) proposed a 

similar mechanism to explain the variation of the pivotal 

temperatures observed in loggerhead turtles (Limpus et al., 1985; 

Mrosovsky, 1988). Further investigation of the effect of genetic 

factors over TSD in species of sea turtles has not been conducted. 

Tortuguero beach on the Caribbean coast of Costa Rica is one 

of the last major nesting sites in the western Atlantic for green 

turtles, Chelonia mydas. Spotila et al. (1987) found that the 

temperatures of the nest during the middle third of development 

influenced the sex ratio of Tortuguero green turtles in natural nests. 

Mean temperatures less than 28.5°C produced mainly males, mean 

temperatures greater than 30.3°C produced only females, and mean 

temperaturess between 28.5 and 30.3°C produced both sexes. They 

also found that the different thermal zones at the beach yielded 

different sex ratios; nests under vegetation produced a high 

percentage of male hatchlings, whereas nests in the open beach 

produced mainly females. No seasonal trend of sand temperature 

was apparent during their monitoring period (24 July - 22 September 

1980). Assuming no seasonal fluctuation of sex ratio, and using 

1977 data for the distribution of nests between the shady zone and 

the open sand zone at Tortuguero (Fowler, 1979), they estimated 

that 67% of the hatchlings were females in the 1977 season. 

However, their study did not cover the full seasonal profile at 

Tortuguero, and the sample size was very limited (15 nests). The 

main incubation season of the green turtle colony at Tortuguero 

extends from July through November (Fowler, 1979). The rainfall at 

Tortuguero is extremely variable from year to year (Myers, 1981 ). 
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During the middle of the season, a short dry period occurs (usually in 

September). Carr (1979) described the June - August period, the 

early incubation season, as "monsoonlike, with many consecutive 

days of heavy overcast and rain". In general, rainfall and sand 

temperature are inversely related on the beach. Therefore, it is very 

probable that seasonal fluctuation of sand temperature, and 

consequently seasonal fluctuation of sex ratios, can occur regularly 

at Tortuguero. Therefore, in addition to evaluating whether the 

1980 season is typical or atypical, it is essential to examine the 

entire season over several years to document seasonal and yearly 

variation for a better estimation of the primary sex ratio at 

Tortuguero. 

All species of sea turtles are considered to be threatened or 

endangered because of over-exploitation and destruction of their 

habitats. The green turtle, a circumtropical large species, is a 

valuable food source for many coastal people, and thus has been 

harvested for a long time. Current management practices for sea 

turtles focus on conservation of each population. Among the 

conservation practices, protection of incubating eggs in several 

forms of artificial hatcheries is presently the most common 

measure. However, little regard has been given to the incubation 

temperature until recently. Incubation of sea turtle eggs in 

styrofoam boxes subjected the eggs to a different thermal 

environment from that experienced on a natural beach and showed a 

masculinizing effect on the embryos (Mrosovsky, 1982; Dutton et al., 

1985). Because of this incubation method, the early years of the 

Kemp's ridley head starting project unintentionally produced male 
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dominated turtles much of the time (Shaver et al., 1988). On the 

other hand, the hatchery on a Sarawak beach produced highly female 

biased green turtle hatchlings for many years (Leh et al., 1985). 

Location and type of artificial hatchery can easily alter the sex 

ratio of hatchlings produced. Currently there is no consensus on the 

best sex ratio to produce in hatcheries because the sex ratios of sea 

turtle populations and their dynamics are uncertain. 

Therefore, to understand better the ecological and 

conservation implications of TSO among sea turtles, it is critical to 

know the process of sex determination and the primary sex ratio of 

hatchlings on a natural beach. However, natural sex ratios of 

hatchling sea turtles have been studied in only a few populations, 

and estimation of primary sex ratio of a population has not been 

feasible, partially because of small sample sizes and limited 

seasonal coverage (Lim pus et al., 1983; Maxwell et al., 1988; 

Rimblot-Baly et al., 1987; Spotila et al. , 1987). Quantitative 

investigations that cover the full seasonal profile exist only for the 

Suriname green turtle and leatherback turtle colonies (Mrosovsky et 

al., 1984) and a Florida loggerhead turtle colony (Mrosovsky and 

Provancha, 1989; Provancha and Mrosovsky, 1992). However, these 

studies do not include information on egg survivorship on the beach. 

To estimate reliably the primary sex ratio, egg survivorship is an 

essential factor because survivorship might differ in different 

thermal zones on the beach or within seasons. 

Fowler (1979) found that the nest position affected survival 

rate of green turtle nests at Tortuguero because of differential 

mammal predation and inundation rates. Nests near or in the beach 
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border vegetation suffered greater predation than did nests on the 

lower part of the beach. However, because introduced dogs 

destroyed about one fourth of the nests in the 1977 season, Fowler's 

results do not represent natural survivorship of the green turtle 

nests at Tortuguero. Recently, due to success of a dog control 

program by Tortuguero park guards, the beach has almost returned to 

the natural condition so that the coati, Nasua narica, has become the 

main predator. No quantitative study of egg survivorship in the 

green turtle colony has been conducted since the dogs have been 

controlled. There is a large yearly fluctuation in the number of 

nesting green turtle females at Tortuguero; 1977 was a year with 

relatively few nesting females (Bjorndal et al., 1985). Nest density 

might affect selection of nest sites on the beach by turtles and also 

influence spatial and temporal predation patterns. Therefore, a 

prolonged study to cover several years is needed to understand fully 

the reproduction of Tortuguero green turtles and to document the 

biotic and abiotic factors contributing to their natural mortality. 

A combination of (1) distribution of nests among thermal 

zones; (2) egg survivorship; and (3) seasonal trend of sand 

temperature and its consequence - the seasonal trend of sex ratio in 

the different thermal zones, are recognized as major factors in 

determining primary sex ratios. 

The primary objective of this study was to estimate the 

primary sex ratios of the green turtle population at the Tortuguero 

beach and to obtain information concerning egg survivorship and sex 

ratio of the nests throughout the entire season for three years. An 

additional objective was to accumulate information on the physical 
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characteristics of natural nests on the beach , on which the TSO 

phenomenon operates , and to assess the predictability of sex ratio 

from environmental factors. 

This parameter, primary sex ratio, is not only necessary for 

improving conservation practices, but it also will increase our 

understanding of the dynamics of the most important population of 

green turtles in the western Atlantic Ocean. Furthermore, I believe 

that information on primary sex ratio will also give us a key to 

assess adult sex ratio of all sea turtles. 



CHAPTER2 
METHODS 

Study Area 

My study area was located at Tortuguero, Costa Rica. The 

Tortuguero beach extends 22 miles (35.4 km) from the mouth of the 

Rio Tortuguero south to the Rio Parismina on the Caribbean coast of 

Costa Rica (Figure 1 ). The beach is located on a long, narrow island 

that is separated from the mainland by a freshwater lagoon and 

estuaries of the rivers . 

Tortuguero beach is the nesting beach for the largest surviving 

nesting population of green turtles in the Atlantic Ocean 

(Groombridge and Luxmoore, 1989). Leatherback turtles, 

Dermochelys coriacea, and hawksbill turtles, Eretmochelys 

imbricata, also nest on the same beach, but are much less abundant 

than green turtles. 

The shoreline is composed of a continuous series of spits and 

guts . The shape of the shoreline shifts considerably with surf 

erosion and rebuilding, sometimes in a short period of time. High 

waves occur almost throughout the nesting and incubation season of 

green turtles (June to December). The beach is classified as a high 

energy beach because of constant high wave activity. 

The beach was divided into 22 one-mile sections from the 

northern end to the southern end. The central area of the beach (mile 

8 
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3 to mile 18), has been protected as a part of Parque Nacional 

Tortuguero since 1975. 

To investigate egg survivorship and primary sex ratio of the 

Tortuguero population of green turtles, I selected two miles of 

beach (mile 6 to mile 8) for my study area. This area is one of the 

most highly utilized areas by nesting green turtles. Approximately 

17% of nests laid on the beach are deposited in this two-mile 

section (Carr et al., 1978). The beach shape, vegetation, and animals 

in the central area remain undisturbed because the area is 

successfully protected as part of the national park. There is no 

human habitation in the park area. 

Railroad vine, lpomoea pes-caprae, and beach lily, 

Hymenocallis littoralis, predominate on the rear of the open beach. 

Behind the beach, cocoplum, Chrysobalanus icaco, seagrape bushes, 

Cocoloba uvifera, and coconut palms, Cocos nucifera, are common. 

Inland, there is a well developed and largely undisturbed tropical 

wet forest. The dense canopy of the inland forest is high (> 8 m). 

Weather Record and Ground Water 

Ambient temperature and rainfall data were collected with 

standard meteorological instruments. In 1986 and 1989, data were 

collected at the Green Turtle Research Station adjacent to the 

beach, located about 9 km north of the study area. During the 1988 

season, data were taken at the study area from July through the 

middle of October, and later at the station. Rainfall and maximum 
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and minimum air temperatures were taken daily around 0900. Also 

at this time, height of shore waves was estimated by eye. 

Seasonal fluctuations of ground water level on the beach were 

monitored during the incubation season from July through 10 

December in 1986 and 1989. During the 1988 season, the wells were 

stolen several times during the study, therefore only very scattered 

data were taken. Plastic PVC pipes (diameter 5 cm) were placed to 

a depth of 140 cm in 1986 and 150 cm in 1989. Two wells were set 

in places of 50% shade for the border/vegetation zone and three 

wells in places of 0% shade for the open zone for each year. This 

measurement revealed the level of ground water only when it was 

above the depth of the well. 

Beach Zones 

The beach was divided into two zones (Figure 2). The 

vegetation/border zone lies within 2 m of the border of dense 

vegetation; there is 5-100% cover, usually of sea grapes and coconut 

palms. The open sand zone lies below the vegetation/border zone, 

with <5% cover, usually of sparse herbaceous vines. 

Nesting Census 

To obtain information concerning the seasonal distribution of 

nests within the two zones, I conducted a census within the study 

area throughout most of the nesting season during 1986, 1988 and 

1989. I recorded the number and zone of all nests deposited from 
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the previous night. Crawl tracks and nest marks were used to locate 

nests and to identify species (Pritchard et al., 1983). 

In 1986 the census was carried out from 2 July through 29 

November at an interval of once every two to four days. Two surveys 

on 1 O and 14 July were not completed because high waves and strong 

wind erased most of the tracks before the surveys began. Therefore, 

these surveys were eliminated from analysis. In 1988, the census 

was carried out from 16 June through 30 November. The interval 

between surveys was two to five days; most were two to three days. 

No survey was conducted during the evacuation for Hurricane Joan 

between 19 and 23 October. In 1989, the census was conducted from 

17 June through 30 November. The interval between surveys was 

two to three days; most were two days. 

The census data were pooled into half month periods (1st to 

15th, and 16th to 30th or 31st). The daily mean number of nests 

deposited per period was calculated by dividing the total number of 

nests counted by the number of censuses during each period. The 

total number of nests deposited during each period was calculated 

by multiplying the daily mean number of nests by the number of days 

during the period. Total number of nests over the season was the 

sum of the numbers of nests during each period. 

The proportion of nests deposited in the vegetation/border 

zone and in the open sand zone was calculated for each half month 

period. The proportion of nests in the two zones for the entire 

season was calculated from pooled numbers of nests counted during 

the censuses . 



12 

Sampling of Egg Survivorship Nests 

A representative sample of nests deposited within the study 

area was marked and followed throughout the incubation period. As 

much as possible, I attempted to sample equal numbers of nests in 

the two zones and for each half month period of time to analyze 

seasonal and spatial variances of egg survivorship. 

Sampling at night was conducted seven to 1 O times during each 

half month period to locate nesting females. During 1986 and 1988, 

only females found during the early stage of nesting behavior (before 

digging the egg chamber) were sampled; for these females I counted 

the number of eggs during deposition. Because fewer females nested 

during 1989 than during 1986 and 1988, it was necessary to include 

nesting females that were already in the process of depositing eggs; 

thus during 1989 the number of eggs was not counted. Sample nests 

were marked with a numbered stake placed 1 m from the egg 

chamber. I also placed two pieces of vinyl tape in the vegetation to 

triangulate the location. A piece of numbered flagging tape was 

placed in the egg chamber to confirm the location in the event of 

nest destruction. 

Due to the difficulty of finding nesting females in a specific 

zone during a specific period, the numbers of marked nests in each 

block are not equal. I omitted from analysis several marked nests (1 

in 1986, 2 in 1988 and 1 in 1989) that were located so close to 

other egg chambers that I was unable to determine hatching success 

for the individual nests because the eggshells were inseparable. 
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Furthermore, in spite of intensive marking, some marked nests (2 in 

1986, 3 in 1988 and 7 in 1989) were lost. Some of these lost nests 

may have been completely excavated by other nesting females. 

In 1986, 49 marked nests were successfully sampled from the 

latter half of July through the early half of September. Although the 

actual sampling period was longer, only these periods contained 

adequate numbers of sample nests in both zones for analysis. In 

1988, 88 marked nests were successfully sampled from July through 

September. In 1989, 113 marked nests from the latter half of July 

through the early half of October were sampled. The difference in 

sampling periods was due to the adjustment for the shift of 

temporal nest distribution between the two years. 

Marked nests were examined during the beach census for signs 

of emergence, depredation, inundation, and any disturbance. When the 

nests were predated, the species of predator was identified by 

tracks. Emergence success reported in this study was the fraction 

of eggs that resulted in hatchlings that emerged from the sand. 

After emergence of hatchlings, the marked nest was excavated. 

The numbers of hatched and unhatched eggs, and the numbers of dead 

or live hatchlings remaining underground were determined. 

Unhatched eggs were opened to check for development; if 

development had occurred, size of the embryos was recorded. 

Unhatched eggs lacking visible embryos or blood formation were 

classified as infertile eggs. Evidence of underground disturbance 

such as by ghost crabs and flooding, and the number of eggs affected, 

were determined. 
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During 1986 and 1988, clutch size was counted during 

deposition, and emergence success was determined directly. In 

1989, when the clutch size was not counted, clutch size was 

estimated by the number of remaining eggshells. In most 

undisturbed nests, the hatched shells remained in one piece. If the 

shells were fragmented, the pieces were put together to represent 

one shell. Fowler (1979) used this method to estimate the clutch 

size of green turtles in Tortuguero and found that the error was no 

more than ± 8 eggs. In the 1989 season, for nests that were 

partially destroyed or completely lost by any disturbance, the mean 

clutch size from 1989 (107.1) was used as the clutch size to 

calculate emergence success. 

Sampling of Nests to Determine Sex Ratio 

originally planned to obtain five nests to determine sex ratio 

in each zone and for each half month period in the nesting season. 

Night sampling was conducted seven to 10 times during each half 

month period to locate nesting females. Only females during the 

early stage of nesting behavior (before digging the egg chamber) 

were sampled. During the deposition of eggs, a thermocouple probe 

was placed at the approximate center of the nest. For comparison, 

and to allow measurement of metabolic heat from the eggs, another 

thermocouple probe was placed at the same depth 1 m along the 

beach from the egg chamber. 

To protect the temperature-monitored nests from activities 

of other nesting females, several logs found on the beach were 
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placed around the nest; these logs were placed in such a way as to 

avoid creating shade on the sand surface above the egg chamber. The 

temperatures of nests and the sites 1 m away from the nests were 

monitored once a day at an interval of two to four days in 1986 and 

at an interval of two days in 1988 and 1989. 

During the 1986 and 1988 seasons, I collected samples of eggs 

to be sexed; during 1989, I monitored temperatures of the nests, but 

did not collect any eggs. After 50 - 60 days of incubation, I 

uncovered the nests and randomly selected 20 developing eggs. The 

distance from the bottom of the egg chamber to the sand surface 

was measured. The numbers of developing eggs and dead eggs were 

counted, and dead eggs were opened to check for any sign of 

development. Remaining developing eggs were reburied in the egg 

chamber, and eventually the day of emergence was recorded. 

In 1986, 24 nests were equipped with thermocouples, but 

subsamples of embryos to be sexed were collected from only 12 of 

these nests. In 1988, 92 nests were equipped with thermocouples, 

and sub-samples were collected from 42 of these nests. Loss of the 

sample nests was due to destruction by nesting females, drowning 

of whole clutches by flooding or hurricane, and depredation by 

animals. Nest temperature data were obtained from all the nests 

intended for future sexing of the hatchlings, except one nest in 

1986. In 1989, 74 nests were set up only for temperature 

monitoring; nest temperature data were collected from 69 of these 

nests. Sand temperature data near each sample nest were 

unobtainable for some of the nest temperature monitored nests in 

all years: 3 nests in 1986, 8 nests in 1988, and 13 nests in 1989. 
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Histology and Sexing 

Sample eggs were kept in plastic bags with holes until pipping. 

Hatchlings were killed, and the gonads were fixed in 10% neutral 

buffered formalin. The gonads were transferred to the University of 

Florida for histological analysis. Collection permission was issued 

by Servicio de Parques Nationales, Costa Rica through Mr. Fernando 

Cortes; the CITES permit number is 092-88 in Costa Rica, PRT-

725607 in United States. Transverse serial paraffin sections, 5-8 

µm thick, were prepared from the median portion of each left gonad. 

Harris' haematoxylin and eosin were used for staining. Criteria for 

sexing green turtle hatchlings were the same as those reported by 

Spotila et al. (1983). 

Sand Temperatures 

To investigate the seasonal thermal profile of sand 

temperatures at the same depths as egg chambers of green turtles 

on the beach, temperatures at depths of 60 cm (all three years) and 

80 cm (1988, 1989) in each zone were monitored along two (1986) 

or four (1988 and 1989) transect lines from July through early 

December in all three years. These transect lines included both 

relatively wide and narrow portions of the beach. I placed a set of 

thermal probes at the border (50% shade) in the vegetation/border 

zone and at two to three points (0% shade) in the open sand zone: 5 m 

from the border point and others at 5 m intervals along the transect. 
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The temperature readings were taken once every two to three 

days, with a Bairly BAT12 thermocouple meter. To determine the 

amount of diurnal fluctuation, several monitoring sessions lasting 

24 h each, at 2 h intervals, were conducted during the study: 13 

August and 29 September 1988, and 12 August and 14 October 1989. 

Statistical Analysis 

Both parametric and nonparametric statistical tests were used 

for data analysis. The arcsine transformation was applied to the 

percentage data (e.g ., emergence success and sex ratios). Whenever 

the required assumption of homogeneity of variance was met by 

using the Fmax test, parametric statistical tests were utilized. If 

the assumption was not met, nonparametric tests were substituted. 

To test binomial data (e.g ., nest site selection between the two 

zones), Chi-Square tests were utilized. The rejection level for the 

null hypothesis in all tests was alpha = 0.05. For those nests where 

complete data sets were not available, the existing data were 

included in analyses whenever possible. Each statistical test is 

mentioned in the results section. 



CHAPTER 3 
RESULTS 

Physical Environment Surrounding Nests 

Air Temperatures 

Monthly minimum and maximum air temperatures from July 

through November in the 1986, 1988 and 1989 seasons are shown in 

Figure 3. Whereas minimum temperatr es varied little throughout 
O· the season (between 23.3 and 24.1 cc), maximum temperatures 

showed slight increases in August and September for the three 

years. The ranges of monthly maximum temperatures for each year 

were 28.4cc (July) - 29.9cc (September) in 1986, 29.2cc (July and 

November) - 30.scc (September) in 1988 and 28.7cc (November) -

30.8cc (August) in 1989. 

The highest daily air temperatures occurred during September 

of each year: 35.occ on 1 September 1986, 34.occ on 23 September 

1988 and 33.occ on 2 and 3 September 1989. The lowest daily air 

temperatures were recorded as 22.1 cc on 10 July 1986, 20.scc on 7 

July 1988 and 22.scc on seven occasions throughout the 1989 

season, except in September. 

Yearly variation in mean temperature throughout each season 

among three years was very low. The mean minimum and maximum 

temperatures during each five-month period were 23.9 and 29.3cc in 

1 8 
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1986, 23.4 and 29.7°C in 1988 and 23.7 and 29.8°C in 1989, 

respectively. Overall mean three-year minimum and maximum 

temperatures during the same period were 23.7 and 29.8°C, 

respectively. 

Rainfall 

Daily rainfall records from 16 June through 10 December 

during 1986, 1988 and 1989 are shown in Figure 4. The sampling 

period covered the entire incubation season of green turtle eggs in 

Tortuguero. For all three years, heavy rain events sporadically 

occurred. Rainfall greater than 100 mm during 24 hours was 

recorded on seven occasions in 1986, five occasions in 1988 and five 

occasions in 1989. The heaviest 24-hour precipitation each year 

was 186 mm on 21 October in 1986, 221 mm on 6 October 1988 and 

155 mm on 25 October 1989. Among those intense rainfall events , 

at least two events in 1986 (5 August, 141 mm/day; 6 December, 

178 mm/day) , one event in 1988 (6 October, 221 mm/day) and one 

consecutive three-day event in 1989 (30 October-1 November, total 

367 mm for three days) caused freshwater flooding on the beach and 

consequently damaged some green turtle nests (see section on 

ground water). 

The 1986 season overall was the wettest among the three 

years. The total rainfall during the nearly six month period (16 

June-10 December, 178 days) was 3871 mm in 1986, 2578 mm in 

1988 and 2896 mm in 1989. Mean rainfall taken at the Tortuguero 

park station during the same period from 1978 through 1989 (I have 
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om_itted 1984 data because of an incomplete data set, lnstituto 

Meteorogico Nacional) was 2882 mm (SE=622, n=11 ). The rainfall 

(3871 mm) in the 1986 season was the second highest on record; the 

greatest rainfall (3929 mm) was recorded in 1982. 

Figure 5 shows seasonal variation of monthly rainfall taken at 

the Tortuguero National Park Station from 1978 through 1989 

(lnstituto Meteorogico Nacional, Costa Rica). The major incubation 

season of green turtles (July through November) includes several of 

the wettest months (July and November) during the year. September, 

however, which was the middle of the incubation period, had the 

least rain. Within the five-month comparison (July through 

November), the monthly rainfall during September was significantly 

less than that during July and November, but not significantly less 

than in August and October ( one-way ANO VA, df=4, p=0.064; Fisher's 

procedure of least significant difference, alpha=0.05). These data 

indicate that a drier period normally occurs during the middle of the 

incubation season of green turtles at Tortuguero. 

The monthly rainfall for the three study years and the mean 

rainfall from 1978 through 1989 are shown in Figure 6. During the 

1986 season, the monthly rainfall during the early to middle 

incubation season well exceeded the mean values. The rainfall in 

August (846 mm) and in September (514 mm) during 1986 were the 

highest monthly records. As a result, the 1986 season did not 

experience a dry period in the middle of the season, and the monthly 

rainfall exceeded 500 mm throughout the entire season. On the other 

hand, the 1988 and 1989 seasons were much drier than the 1986 

season during the middle of the incubation season. The rainfall in 
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August 1988 (256 mm) and in September 1989 (157 mm) were the 

lowest ones since 1978. The rainfall in October of both years 

exceeded the average values. Consequently the 1988 and 1989 

seasons showed distinctive seasonal fluctuation in rainfall. 

Vertical Position of Clutches 

A total of 344 sample nests (including both egg survivorship 

samples and sexing/temperature monitoring samples) during the 

three seasons was measured for the distance between the bottom of 

the egg chamber and the level of the sand surface on the beach at the 

time of excavation. Nest mounds above the clutches made by 

females were generally flattened to the level of the beach surface 

by the time of excavation. In addition, 43 sexing/temperature 

monitoring sample nests in the 1988 season were measured for the 

height of the clutch mass (a distance between the bottom and the 

top of egg mass) when 20 sub-sample eggs were taken for sexing at 

around 50-60 days of incubation. Bottom depth of green turtle 

clutches during the three years averaged 76.8 cm (SE=0.8, range=52-

105, n=176) in the open zone and 79.0 cm (SE=0.8, range=45-120, 

n=168) in the vegetation/border zone. The difference between the 

two zones was almost significant (t=1.93, p=0.0549). Overall 

bottom depths of green turtle clutches (two zones combined) 

averaged 77.9 cm (SE=0.6, range=45-120, n=344; Figure 7). Mean 

height of the clutch mass was 19.8 cm (SE=0.9, range=8-33, n=43). 

If the center of the clutch is assumed to be located at half of the 

height of the clutch (about 8.9 cm from the bottom), mean vertical 
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position of the center of the clutch is 69.0 cm below the sand 

surface. The top of the clutch is 58.1 cm below the sand surface. 

Ground Water 

Figures 8 and 9 show seasonal fluctuations of the ground 

water table and rainfall during the 1986 and 1989 seasons. During 

the 1988 season, the wells were stolen several times during the 

study, therefore only very scattered data were available. The level 

of the water table on the beach was affected by rainfall. Continuous 

rainfall and occasional heavy rainfall were associated with a rise in 

the ground water table. During the 1986 season, which was very wet 

throughout, the level of the water table frequently rose close to the 

general depth of the clutches in both zones ( overall mean bottom 

depth of clutches was 77.9 cm; Figure 7). On the other hand, the 

level of ground water during the 1989 season rose close to the depth 

of clutches only early and late during the incubation season when 

rainfall was heavy. 

On several occasions, excessive rainfall caused freshwater 

flooding on the beach. Flooding events were confirmed by water 

marks that remained at the margin of a depression area on the beach 

that recorded the highest level of water pools during the excessive 

rain events. However, only one event (5 August 1986; 141 mm/day) 

was actually recorded on the well as a sharp increase of the water 

table much above the general depth of clutches on the beach. 

Because the measurements of the water table at the time of other 

excessive rain events were taken 6 to 9 hours after the rain had 
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stopped, the levels of the water table recorded were probably much 

lower than the actual maximum level. The water marks remaining in 

the depression area suggested that the water tables on 6 December 

1986 (178 mm/day), and on 1 November 1989 (total 367 mm for 

three days) also rose above the general depth of the clutches. During 

the 1988 season, freshwater flooding was observed on one occasion, 

associated with a heavy rain event on 6 October (221 mm/day) . 

In addition to rainfall, high waves probably raised the water 

table. While the amount of rainfall was relatively small (28.5 to 

37.0 mm) on 19 and 20 November 1989, the water table showed a 

substantial high level on 20 November. At the same time, very high 

waves (>2 m) were recorded. This height of waves rarely occurred in 

Tortuguero during the study. Except on this one occasion, waves of 

this height only occurred during the time that Hurricane Joan passed 

near Tortuguero on 21-22 October 1988. Data on the water table 

during the hurricane are not available. 

Waves 

Figure 1 O shows frequency distributions of relative heights of 

waves throughout each incubation season in 1986, 1988 and 1989. 

On the Tortuguero beach, heights of waves were primarily 

associated with the size of swells from offshore rather than with 

the wind speed over the beach. Wave actions were generally high in 

Tortuguero during most of each season. Less than one third of the 

days were identified as calm throughout each season (wave height :::; 

0.5 m; 17. 7% in 1986, 31.4% in 1988 and 31.5% in 1989). Wave 
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activity varied considerably with a similar seasonal trend 

throughout each season. Generally, there were more calm days 

during the middle of the season. For the three years combined, 

September was the month most likely to have a calm day. The 

amount of monthly rainfall was negatively related to the number of 

calm days (wave height :s:; 0.5 m) in the month (Y=17.147-1.656X, 

R=0.663, n=15; t=3.19, p=0.007; Figure 11 ). The greater the rainfall, 

the higher were the waves on the beach. 

Continuous days of calm waves resulted in sand accretion on 

the lower part of the beach, and the entire beach widened gradually. 

On the other hand, when the wave activity was higher (> 0.5 m), 

beach erosion was apparent and the shape of the beach changed 

rapidly. Heavy beach erosion frequently constructed beach platforms 

(up to 1.5 m height) along part of the beach. Green turtles either 

gave up trying to nest in these areas, or they crawled over the 

platforms and laid their clutches in a site protected from waves. 

Very few females nested below the platforms at the time of high 

waves. However, nests that had been deposited before the high 

platforms were formed or advanced well inland were washed away 

or completely inundated. 

Daily Fluctuations of Sand and Nest Temperatures 

To determine the extent of daily fluctuation of sand and nest 

temperatures, temperatures along two transects (two points in the 

vegetation/border zone, five points in the open zone) and 

temperatures at the center of clutches (14 nests in each zone) were 
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monitored at two-hour intervals for 24 hours for four days during 

the study. Those clutches monitored averaged 23.0 days from 

deposition (SE=2.2, range=3-54, n=28) at the time of temperature 

measurement. Two of the days (13 August and 29 September 1988) 

had no rainfall and two days ( 12 August and 14 October 1989) had 

minor rainfall (2 mm and 25 mm, respectively) during the 24-hour 

monitoring period. In general, these four days are within the range 

of normal weather in Tortuguero. 

The sand temperatures at depths of 60 cm and 80 cm were 

relatively stable in both zones {Table 1 ). Mean ranges of daily 

fluctuation in these four categories were from 0.41 °c to 0.49°C. 

The range of individual monitoring points on the transects was from 

0.1 °c to 0.8°C. The daily fluctuations in temperatures were not 

significantly different between the two zones, or between depths of 

60 cm and 80 cm (two-factor ANOVA; zone, p=0.3515; depth, 

p=0.4716). 

The daily fluctuation of temperatures in the center of the 

clutches showed low ranges similar to the fluctuation in sand 

temperatures along the transects (Table 1 ). The range of daily 

fluctuation averaged 0.46°C in the open zone and 0.49°C in the 

vegetation/border zone with the same individual range (0.2-0.8°C). 

The mean daily fluctuations of nest temperatures were not 

significantly different between the two zones (unpaired t-test, 

t=0 .377, p=0. 710). 

Although daily temperature profiles varied with different 

weather, mean temperature profile among the four separate days 

showed a general trend of daily fluctuation (Figure 12). Sand 
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temperatures at depths of 60 cm and 80 cm and nest temperatures in 

both zones showed a similar trend of daily profiles. While the 

period of highest temperatures was not distinct, the lowest 

temperatures were recorded from 1000 to 1200 in the morning. 

Times when the temperature was closest to the 24-hour mean were 

around 0600 and 1500. Most of my temperature readings were 

conducted during the two periods between 0700 to 1000 and 

between 1500 and 1700. Overall, the temperatures collected for 

this study were probably not far from the values of 24 hour means. 

Seasonal Fluctuation of Sand Temperatures 

In Tortuguero, local meteorological conditions affected the 

fluctuations of sand temperatures. Rainy days resulted in lower 

sand temperature, while sunny days resulted in higher temperatures. 

In general, amount of rainfall was inversely related with sand 

temperatures. Being associated with variable rainfall (Figure 4), 

the sand temperatures showed considerable seasonal fluctuations 

for the three years (Figure 13). 

Occasional heavy rain events, particularly those that caused 

freshwater flooding on the beach (Figure 4), resulted in rapid and 

substantial short-term declines of sand temperatures along the 

entire beach (Figure 13). In addition to such flooding rain events, 

overcast days with moderate rainfall sometimes resulted in a 

substantial decline of sand temperatures. A continuous rainy event 

from 21 through 25 July 1988 accumulated 165 mm of rainfall, and 

lowered the sand temperature up to 2.9°C at 60 cm depth in the open 
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zone. During the entire five days, the sky was overcast during the 

daytime. Prolonged rainy days kept sand temperatures low for the 

duration and caused long-term fluctuation. The continuous low 

temperature during July through August in 1986 was one such 

situation. 

Table 2 shows overall mean sand temperatures throughout each 

season at depths of 60 cm and 80 cm ( only 1988, 1989) in the two 

zones. For all three seasons, the trends of spatial thermal profiles 

were identical. Sand temperatures at depths of 60 cm and 80 cm in 

the open zone were significantly higher than those in the 

vegetation/border zone. Within the same zone, sand temperatures at 

a depth of 60 cm were significantly higher than those at a depth of 

80 cm ( one-way ANO VA with repeated measure; 1986, 1988, 1989, 

all tests p < 0.0001; one-way ANOVA of repeated measure with 

Bonferroni adjustment of P for multiple comparison, overall alpha = 

0.05, 1988, 1989, all tests p<0.008). For overall mean sand 

temperatures throughout the season, the differences between the 

two zones ranged from 0.8°C (1986) to 1.5°C (1989) at a depth of 60 

cm and from 1.1°C (1988) to 1.3°C (1989) at a depth of 80 cm. The 

differences between the depths of 60 cm and 80 cm ranged below 

0.4°C in both zones in 1988 and 1989. For overall mean sand 

temperatures throughout the season, the 1988 season showed the 

highest, the 1989 season the intermediate, and the 1986 season the 

lowest sand temperatures at a depth of 60 cm in both zones during 

the study. 

Figure 14 shows seasonal fluctuations of mean monthly sand 

temperatures at a depth of 60 cm for the three years in both zones. 
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Mean monthly sand temperatures from July through November 

differed among years in both zones ( one-way ANOV A for each depth 

and zone; same results for all six tests, df=4, p<0.0001 ). Fisher's 

procedure of least significant difference identified those months 

where mean temperatures are significantly different from each 

other (Table 3). Although the seasonal trends of monthly sand 

temperatures varied from year to year, September's sand 

temperatures in both zones resulted in the highest rank within each 

season for all three years. Figure 15 shows the negative 

relationship between the amount of monthly rainfall and mean 

monthly sand temperatures at a depth of 60 cm on transects along 

the beach during the study (the open zone, Y=30.020-0.003X, 

R=0.718, n=15, 1=3.718, p=0.003; the vegetation/border zone, 

Y=28.524-0.002X, R=0.665, n=15, t=3.210 p=0.007). 

Seasonal Nest Distribution and Nest-Site Selection 

By the first censuses, minor nesting activity already had 

occurred in all three years. At least 16 nests in 1988 and five nests 

in 1989 were counted at the study area before the censuses started 

in the middle of June. Because the census in 1986 started in July, at 

least a half month of nesting activity at the beginning of the season 

was missed. The number of unchecked nests in 1986 was not known 

but was probably very minor relative to the whole season. 

Most nesting activity occurred from July through the first 

half of October in all three years (Figure 16). However, the seasonal 

distribution shifted among the years. Peak nesting activity occurred 
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during the latter half of August in 1986 and the first half of 

September in 1988. In 1989, nesting activity reached a plateau from 

the latter half of August through September. The last nest in the 

study area was observed on 27 November 1986, 15 November 1988 

and 20 November 1989. An insignificant amount of nesting activity 

was observed during November of all three years. 

Approximately 11,724 nests in 1986, 10,509 nests in 1988, 

and 4,491 nests in 1989 were deposited in the two-mile study area 

of the beach during the census period. The density of nests along the 

beach was 7.3 nests/m in 1986, 6.5 nests/m in 1988, and 2.8 

nests/m in 1989. 

The proportion of nests deposited in the vegetation/border 

zone and in the open sand zone across the season was, respectively, 

51.1 % and 48.9% in 1986 (n=3,543), and 58.0% and 42.0% in 1988 

(n=3,521) and 63.2% and 36.8% in 1989 (n=2,041) (Figure 17). The 

proportions among these three years were significantly different 

(df=2, X2=81.8, P<0.0001 ). Tukey-type multiple comparison tests for 

proportional data revealed that the proportion of clutches deposited 

in the vegetation/border zone in 1989 was significantly the highest, 

intermediate in 1988 and the lowest in 1986 among the three years 

[q 0 .05, 00 , 3 = 3.314, q=24.883 (86 vs 89), 16.226 (86 vs 88), 10.976 

(88 vs 89)]. [Data were transformed by the equation: 

p'= 1 /2(arcsin✓ (X/(n+ 1 )+arcsin✓(X+ 1 )/(n+ 1 )), Zar ( 1984 ).] 

Figure 17 also shows the seasonal fluctuation of nest site 

selection. The proportions of nests found in each zone were 

significantly different at each half-month period in each year (df=7, 

X2=31.7, P<0.0001 in 1986, df=8, X2=41.2, P<0.0001 in 1988 and df=8, 
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X2=19.9 P<0.01 in 1989). Tukey-type multiple comparison tests for 

the proportional data (Zar, 1984) identified the differences among 

each seasonal period. There was no common seasonal trend among 

the three years. In 1986, the proportion of clutches deposited in the 

vegetation/border zone was significantly higher early in the season 

than during the rest of the season, and the proportion decreased as 

the season progressed. In 1988 and 1989, the proportion of nests in 

the two zones oscillated throughout each season in a similar way. 

The proportions of clutches deposited in the vegetation/border zone 

shifted from high to low, and then again from high to low throughout 

each season. 

Analysis of Egg Survivorship Samples 

Fates of Sample Nests 

The fates of 49 nests in 1986, 88 nests in 1988 and 113 nests 

in 1989 were determined. Mean clutch size for the sample nests 

was 116.9 eggs (SE=3.4, range=28-165 , n=49) in 1986, 109.1 eggs 

(SE=2.1, range=53-148 , n=88) in 1988, and 107.1 eggs (SE=2.1, range 

53-152 , n=89) in 1989. The frequency distributions of the 

emergence success rate of these nests were far from a normal curve 

and instead showed concave bimodal shapes in each year (Figure 18). 

For all three years, most of the sample nests fell into one of two 

extremes: highly successful emergence percentage (>70%) or entire 

dead clutches. No hatchlings emerged from 24.0% and 25.0% of 

sample nests deposited in the open zone and in the vegetation/border 
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zone respectively in 1986, 21.6% and 39.2% in 1988, 9.4% and 28.3% 

in 1989. Total nest loss was caused by beach erosion , inundation by 

excessive rain or Hurricane Joan, depredation by coatis (Nasua 

narica) and ghost crabs (Ocypode guadrata) , and excavation by 

nesting female turtles (Figure 19). 

For each nest, emergence success was defined as the 

percentage of its egg clutch that produced hatchlings that 

successfully emerged from the sand column. Mean emergence 

success throughout each season was 54.8% (SE=7.3, n=25) in 1986, 

57.8% (SE=6.2, n=37) in 1988, and 74.7% (SE=4.8, n=53) in 1989 in 

the open zone ; emergence success was 47.3% (SE=8.1, n=24) in 

1986, 42.7% (SE=S.6, n=51) in 1988, 60.0% (SE=S.4, n=60) in 1989 in 

the vegetation/border zone. Although the mean emergence success 

in the open zone was slightly higher than that in the 

vegetation/border zone during each year, the differences between 

the two zones were not significant (Mann-Whitney U test, p=0.778 in 

1986, p=0.069 in 1988, p=0.061 in 1989). With pooling the two 

zones, overall mean emergence success of sample nests throughout 

each season was 51.2% (SE=S.4, n=49) in 1986, 49.1% (SE=4.2, n=88) 

in 1988 and 66.9% (SE=3.7, n=113) in 1989. The overall mean 

emergence success in 1989 was significantly higher than that in 

either 1986 and 1988 [Kruskal-Wallis Test, df=2, H=21.372, 

p<0.0001; nonparametric multiple comparison test with unequal 

sample sizes (Zar, 1984), 1989 vs 1988, 0=4.121 , 1989 vs 1986, 

0=3.465, 0 0.05,3=2.394]. 

Emergence success exhibited · a different seasonal trend for 

each year (Figures 20, 21 and 22). For analyzing the effects of 
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seasonal period (half-month interval) and nest location (open zone 

vs vegetation/border zone) on egg survivorship, nonparametric two

way factorial ANOVA with unequal replication (Zar, 1984) was 

applied for each year's data (Table 4). The ranks of the data, rather 

than the raw data, were used. The analysis revealed a significant 

difference in seasonal emergence success in 1988, but not in 1986 

or 1989. There were no significant effects of Zone or Zone x Period 

interaction in any of the three years. These results agree with an 

analysis carried out with a parametric ANOV A in which case the 

data were transformed to their arcsine, but the assumption of 

homogeneity was not satisfied. 

For the 1988 data, a nonparametric multiple comparison test 

with unequal sample sizes (Zar, 1984) identified a significant 

seasonal difference of emergence success between the clutches 

deposited in the latter half of July (79.7%, SE=4.6, n=16) and ones in 

the latter half of August (16.9%, SE=9.2, n=14)(O=4.10 > Qo.os,6=2.94; 

Figure 21, total). The other comparisons between each period were 

not significant. The significant seasonal difference in the 1988 

season was mainly accounted for by two heavy inundations that 

occurred close together in October. These inundations caused by 

excessive rain on 6 October (221 mm/day) and by the surf of 

Hurricane Joan on 21-22 October caused substantial loss of nests 

deposited after the latter half of the three month nesting season. 

The sample nests deposited in the latter half of July in 1988 

hatched before these inundations, and all these clutches produced 

hatchlings. However, the inundations caused the complete loss of 

seven of 14 nests deposited during the latter half of August 1988. 
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In addition, predation loss of three nests by mammals and one nest 

by ghost crabs further decreased the emergence success during this 

period. 

Abiotic and Biotic Factors Affecting Egg Survivorship 

Fate of eggs from sample nests 

Table 5 and Figures 23-24 show the fate of green turtle eggs 

from sample nests in 1986, 1988 and 1989. The emergence success 

of eggs from the sample nests throughout each season was 54.6% 

(n=2915) in 1986, 59.5% (n=3899) in 1988, and 75.5% (n=5890) in 

1989 in the open zone; comparable figures for the vegetation/border 

zone are 46.4% (n=2801) in 1986, 43.0% (n=5715) in 1988, and 58.5% 

(n=6216) in 1989. 

Criteria for assessing the cause of egg mortality 

The category of "Destroyed by mammals" includes all eggs lost 

because of initial damage by mammals. For example, when coatis 

excavated green turtle nests, they rarely consumed all the eggs. 

However, soon other animals such as black vultures, ghost crabs and 

ants often destroyed the remaining eggs in the half excavated nest. 

In this case, I categorized the entire clutch as lost under "Destroyed 

by mammals." If the partially depreciated nest successfully produced 

hatchlings, the numbers of missing egg shells (clutch size minus 

counted egg shells at excavation), which were assumed to be 

removed from the nests by mammals, were classed under this 

category. The same principle was applied to the category of 

"Destroyed by female turtles." 
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For assessing the cause of embryonic death, when the timing 

of inundation reasonably matched the stage of the arrested embryos, 

I assumed these eggs were killed by the inundation event. In the 

1988 season, because two inundations (6 October excessive rain and 

21-22 October Hurricane) occurred so close to each other, I could 

not determine how much of egg mortality was caused by each 

inundation. 

Abiotic factors 

Among abiotic factors, erosion and inundation by surf, 

excessive rainfall resulting in inundation from ground water, and 

Hurricane Joan were mainly responsible for reducing egg 

survivorship. These abiotic extremes, as a whole, were responsible 

for loss of 18.5% of eggs in the open zone and 20.0% of eggs in the 

vegetation/border zone throughout the three years (the percentages 

of egg loss for the three years were calculated as the weighted 

mean in each zone). In addition to these abiotic extremes, artificial 

debris prevented a few hatchlings from emerging. 

Beach erosion washed away 5.7% (open zone) and 2.9% 

(vegetation/border zone) of the eggs throughout the three years. The 

damage from erosion showed considerable yearly variation, and the 

1986 season suffered the highest loss (15.3% of eggs in open zone, 

8. 7% in vegetation/border zone in the 1986 season). Surf inundation 

did relatively minor damage to the eggs throughout the three years 

(1.4% in open zone, 1.3% in vegetation/border zone). 

Hurricane Joan, whose center passed about 180 km off the 

coast of the Tortuguero beach in the Caribbean Sea during the night 
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of 21 through the morning of 22 October 1988, caused substantial 

damage to green turtle nests. When Hurricane Joan passed, the 

Tortuguero beach was at the outer margin of a 70 km/h wind speed 

zone (lnstituto Meteorologico Nacional, Costa Rica) . During the first 

beach census after the hurricane, I confirmed that the waves 

apparently washed up to the vegetation area along most of the beach 

and that all developing sample nests were covered by waves to 

various extents. However, beach erosion was not severe and none of 

the sample nests was washed away. All damage by Hurricane Joan 

on the sample nests was caused by surf inundation. Hurricane Joan 

brought only a little rainfall to the Tortuguero beach (total 25 mm 

during 21 to 24 October 1988). It is not known whether the ground 

water raised by the high waves or the surf salt water itself 

suffocated the eggs. 

The extent of damage caused by Hurricane Joan in 1988 was 

not accurately assessed because the damage to several nests was 

inseparable from that caused by excessive rain on October 6. The 

minimum estimated damage by Hurricane Joan was 1.6 % egg loss in 

the open zone and 10.8% egg loss in the vegetation/border zone. 

However, if I include the undetermined dead eggs killed by either the 

hurricane or the excessive rain, the figures increase to 9.5% egg loss 

in the open zone and 13.3% egg loss in the vegetation/border zone. 

No other hurricane threatened the Caribbean coast of Costa Rica 

during the three-year study. 

Freshwater inundation by ground water, mainly associated 

with excessive rainfall, was a major and constant abiotic factor 

causing mortality of eggs throughout all three years. All developing 
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stages, including emerging hatchlings, were vulnerable to 

suffocation. Clutches in both zones were vulnerable to flooding. 

Excluding eggs that died from unknown causes between the flooding 

and Hurricane Joan in 1988, freshwater inundation was responsible 

for 8.4% of egg loss in the open zone and 11.3% of egg loss in the 

vegetation/border zone throughout the three years. When eggs of 

undetermined fate are included, the figures increase to 11.0% and 

12.1 %, respectively. The risk of mortality by flooding between the 

two zones was not consistent among years. The percentages of eggs 

lost by freshwater inundation are as follows: 13.6% and 17 .8% in 

1986, 3.0-10.7% and 12.5-15.0% in 1988, 8.5% and 3.8% in 1989 for 

eggs deposited in the open zone and in the vegetation/border zone, 

respectively. In 1986 and 1988, significantly more eggs were 

killed by flooding in the vegetation/border zone than in the open 

zone (X2=18.7, p<0.0001, 1986; X2=7.3, p=0.0068, using possible 

closest rate in 1988), while the opposite trend occurred in 1989 

(X2= 116.5, p<0.0001, 1989). 

Artificial debris, such as tangled fishing nets and ropes were 

frequently seen on the beach. On one occasion, a buried tangled rope 

physically prevented 1 O hatchlings of a sample nest from emerging 

to the surface, although the remaining 119 hatchlings escaped 

through the rope. Fishing nets and ropes have a high potential to 

cause substantial damage to emerging hatchlings. 

Biotic factors 

Predation by several types of animals and excavation by 

female turtles were major factors responsible for mortality of 
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green turtle eggs. Altogether, 5.4% of the eggs in the open zone and 

20.5% of eggs in the vegetation/border zone were destroyed 

throughout the three years by these causes. Significantly more eggs 

in the vegetation/border zone were destroyed than in the open zone 

for all three years (3.7% vs 14.0% in 1986, 6.2% vs 15.9% in 1988, 

6.2% vs 31.4% in 1989; X2=188.9, p<0.0001, 1986; X2=209.4, 

p<0.0001, 1988; X2= 1246.0, p<0.0001, 1989). 

Coatis, Nasua narica, were responsible for the majority of nest 

loss by mammal predation. However, because it was sometimes 

difficult to confirm the mammal species on the sample nests only by 

their footprints, all nests excavated by mammals were classed as 

"Destroyed by mammals." 

Coatis are diurnal predators on green turtle nests in 

Tortuguero. In the protected park area, solitary or more often a band 

of coatis were frequently sighted walking along the upper part of 

the beach during the daytime. The band membership typically 

consisted of two to six cubs and several adults. They generally 

excavated a series of adjacent nests along the border of the 

vegetation. Although they rarely consumed all the eggs in a nest, the 

rest of the eggs were soon eaten by other animals. For the sample 

depredated nests, 72.7% of nests depredated by mammals (n=33) did 

not produce any hatchlings. 

Raccoons, Procyon lotor, were also responsible for destruction 

of nests, but to a lesser extent. The extent of damage was not 

accurately obtained because of the difficulties of species 

identification. For the depredated sample nests, only one nest in the 

vegetation/border zone in 1989 was confirmed to be damaged by 
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raccoons. The density of raccoons in Tortuguero was probably much 

lower than that of coatis, because I sighted only two adult raccoons 

at night and one juvenile during the daytime during the three years 

of study. The juvenile was seen eating several eggs of an unsampled 

nest under the vegetation. 

In addition to the above two predator species, one skunk and a 

few feral dogs were sighted excavating several unsampled nests in 

the study area. It is not known whether some of the sample nests 

were depredated by these species. A skunk (unknown species) was 

seen excavating an unsampled nest in 1986; this was the only time a 

skunk predator was sighted during the study. Four unsampled nests 

in 1988 were predated by feral dogs. Feral dogs were rarely seen in 

the park area throughout the study because of a successful dog 

control program on the beach by personnel of Parque Tortuguero. 

Predation by mammals was responsible for loss of 3.0% of the 

eggs in the open zone and 17.3% of the eggs in the vegetation/border 

zone throughout the three years. Only four of 115 (3.5%) sample 

nests in the open zone were partially or completely preyed upon 

during the three years as compared to 29 of 135 (21.5%) sample 

nests in the vegetation/border zone (X2=16.0, p<0.0001 ). 

There was considerable yearly variation in predation by 

mammals. In the 1989 season when the number of nests deposited 

was about half that of the 1986 and 1988 seasons, predation by 

mammals increased to the highest percentage in both zones ( egg loss 

of 5.0% in the open zone, 30.9% in the vegetation/border zone in the 

1989 season). The 30.9% egg loss by mammal predators in the 
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vegetation/border zone in the 1989 season was the highest loss 

factor among all the categories throughout the three years. 

The mean time of predation for the sample nests for which the 

predation date was confirmed was 41.1 days after deposition 

(range=Day O to Day 72, SE=4.0, n=26) (Figure 25). The distribution 

of predation days was composed of two groups: before 11 days and 

after 32 days. Most (79.2%) of the egg depredation occurred between 

32 and 68 days of incubation. One nest was de predated at Day 72 

when the hatchlings were emerging to the surface. 

For a supplemental observation on mammal predation, 

recorded the number of recently depredated nests in the study area 

during the beach census. For all three years, more nests depredated 

by mammals were observed in the vegetation/border zone than in the 

open zone (X2=82.9, p<0.0001, n=233, 1986: X2=152.0, p<0.0001, 

n=330, 1988: X2= 174.3, p<0.0001, n=456, 1989) (Figure 26). 

Although nest predation by mammals was observed throughout the 

incubation period, the seasonal trend of predation intensity varied 

considerably among the three years (Figure 27). The trend in 1988 

showed an almost opposite trend to that in 1989. While predation 

intensity in the 1988 season increased to the highest rate in the 

early part of the season and gradually decreased as the season 

progressed, nest predation in the 1989 season steadily increased as 

the season progressed almost to the end. The peak of nesting 

activities occurred between the latter half of August and September 

for the three years (Figure 16). The seasonal fluctuation of 

predation intensity did not match the seasonal fluctuation of nesting 

activities. 
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Although ghost crabs, Ocypode guadrata, were very common on 

the Tortuguero beach, predation by ghost crabs was not a serious 

factor affecting egg survivorship (mean egg loss of 0.8% in the open 

zone and 1.3% in the vegetation/border zone throughout the three 

years) . Only three sample nests were confirmed to have been 

damaged by ghost crabs during the three-year study. Two of them 

were completely destroyed, and the other was partially destroyed by 

ghost crabs. For those nests that were completely destroyed, 

numerous crab burrows were observed around the nests during the 

incubation period; at the time I excavated the nests to check on the 

eggs, only the flagging tape marker and many scattered torn shells 

remained at the bottom of the nest. For the partially destroyed nest, 

I used a characteristic nipped hole on the egg shells for identifying 

the eggs damaged by ghost crabs. However, my ~§.s.e.s_~ment rate of 
.---·-- " 

ghost crab predation for this study might bf conserv-~t~~~) In cases 

where only a few eggs from a clutch were d~'dated by crabs and 

the typical nipped holes were not clear enough to identify, torn 

shells were classed under the "Rotten intact or ruptured eggs" 

category. 

Predation by termites, unknown species, was a very minor 

factor causing mortality of eggs. Eight sample nests were found to 

be partially included in termite nests, but generally only small 

numbers of eggs from each clutch (mean 3.7 eggs, SE=2.1, range=1 to 

16, n=7) were killed by surrounding clay materials. The insides of 

most eggs were stuffed by the clay material through a few tiny 

holes. The termite nests were typically constructed under washed-
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out logs on the beach, and all sample nests depredated by termites 

were located near such logs. 

An unidentified animal was responsible for minor damage on 

eggs (mean egg loss of 0.9% in the open zone, 0.2% in the 

vegetation/border zone throughout the three years). Typically, there 

were a few tiny holes (diameter 1-2 mm) on the egg shells, which 

were different from the nipped holes by ghost crabs, and the insides 

of the shells were often partially stuffed with dry sand. There were 

no visible animals in the shells at excavation. Mean number of eggs 

damaged by this cause was 6.2 per clutch (SE=2.1, range=1-47, 

n=23). I suspect that fire ants, which were very common on the 

Tortuguero beach, might be responsible for these damages, but I have 

no confirmation. 

Excavation of sample nests by nesting female turtles occurred 

twice in the 1986 season and six times in the 1988 season, but 

never in the 1989 season. The extent of damage by this cause (egg 

loss of 1 .1 % in the open zone and 4.8% in the vegetation/border zone 

throughout the three years) was minor relative to predation by 

mammals. Generally the damage occurred when a female dug an egg 

chamber overlapping a previously laid clutch. In such a case, 

numerous eggs were excavated to the surface. Two of the damaged 

sample nests did not produce any hatchlings because mammal and 

other predators destroyed the rest of the eggs. Another six sample 

nests produced some hatchlings; those nests were well covered by 

sand from another or the same female turtle's activities before 

predators invaded the nests. 
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As a supplemental observation on excavation by female 

turtles, I recorded the number of recently excavated nests by turtles 

in the study area during the beach census. In total, 238 nests in 

1986 (48 surveys), 123 nests in 1988 (56 surveys), and 19 nests in 

1989 (80 surveys) were observed to be excavated by female turtles. 

The percentage of the excavated nests of total nests in each season 

was calculated as 6.5% in 1986, 3.5% in 1988, and 0.9% in 1989, 

respectively. In the 1989 season when nest density was the lowest 

among three years, the intensity of excavation by turtles decreased 

to a very low level relative to the other two years (Figure 28), and 

none of the sample nests was excavated. The seasonal fluctuation of 

excavation by turtles was positively related to the extent of nesting 

activities (Figure 29). 

Only one sample nest was damaged by plant roots. A bundle of 

young coconut tree roots infiltrated three eggs of a sample nest, 

which was located close to the trunk of the tree. Several unsampled 

nests were found to be partially tangled by roots of sea oats, but no 

apparent damage by the roots was recognized. These roots did not 

penetrate any egg shells, and those nests had high emergence 

success. Natural damage by plant roots was probably minimal on 

green turtle eggs at Tortuguero. 

Other Categories of Mortality 

Over the three years, a mean of 3.6% of eggs in the open zone 

and 3.1 % of eggs in the vegetation/border zone ceased embryonic 

development from no apparent cause. Actual causes of mortality of 

these eggs, whether genetically inherent or environmentally induced, 
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are not known. Possibly, some previous physical disturbance, such 

as a minor inundation, caused the arrested development of some of 

these eggs at a later stage. 

Over the three years, 3.3% of the eggs in the open zone and 

1.9% of the eggs in the vegetation/border zone did not show any sign 

of visible embryos or blood formation. I did not use a white circle 

or patch on the egg shell as a criterion of development. Therefore, 

the above figures probably overestimate the percentage of 

infertility. 

Over the three years, 5.3% of the eggs in the open zone and 

4.3% of the eggs in the vegetation/border zone were rotten with 

intact shells or were ruptured at the time of excavation. Most late 

stage embryos were not included in this category because the 

remaining shell and bones were detectable even in a ruptured shell. 

However, some of the earlier stage developing eggs and infertile 

eggs were possibly included in this category. 

Analysis of Sex Ratio 

Sexed Samples 

A total of 55 nests ( 12 in 1986 and 43 in 1988) were sampled 

for sexing (Table 6), and the temperatures of 52 of those nests were 

monitored successfully. Twenty eggs were collected as a subsample 

from each clutch during 50-60 days except from one sample nest in 

1986. Because I missed sampling eggs in this nest before the 

emergence of the clutch, only the two remaining hatchlings in the 
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nest were collected for sexing. Some embryos were not fully 

developed and some tissues deteriorated before being fixed, thus the 

number of sexed gonads was reduced to an average of 17 .8 gonads 

per clutch (SE=0.4, range=2 to 20, n=55 nests, total turtles=979). 

Undetermined gonads, which possessed both germinal epithelium 

(female component) and seminiferous tubules (male component), 

were found in seven of the 979 individuals (0.7%). 

Sex Ratio vs Temperature 

To date no laboratory experiment to determine accurately the 

critical period of green turtle eggs in sex determination has been 

conducted. Spotila et al. (1987) found that mean incubation 

temperatures during the middle third of development explained the 

observed sex ratio in green turtles on the natural beach in 

Tortuguero. Results of temperature shift experiments in the 

laboratory with loggerhead turtles, Caretta caretta. (Yntema and 

Mrosovsky, 1982) also suggested that the thermosensitive period for 

sex determination occurs during the middle third of development. 

The middle third of development is also the critical period in 

freshwater turtle species (e.g., Bull and Vogt, 1979). Thus, I used 

the middle third of the development period as a critical period in 

green turtles for this study. 

Emergence lag (interval between pipping and emergence) in 

green turtles is believed to take from 3 to 7 days (Balazs and Ross, 

1974), but no quantitative data are available. Recently, Christens 

(1990) found the mean lag period to be 5.4 days for loggerhead 
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turtles. For this study, I assumed 5 days as the emergence lag in 

Tortuguero green turtles, and I subtracted 5 days from the 

deposition to emergence period to obtain an approximate 

developmental period for each clutch. Mean temperature during the 

middle third of the development period was calculated for each 

clutch. Figure · 29 shows the relationship between sex ratios of 

sample nests and mean nest temperatures in the center of the clutch 

and mean sand temperature (1 m away from the clutch, at the same 

depth) during the critical period. The proportions of females were 

positively correlated with ambient temperatures. Both sexes were 

produced over the entire temperature range of the sample nests 

(mean nest temperature range=27.0-30.7°C, mean sand temperature 

range=26.4 - 30.2°C}. Because metabolic heat is produced during the 

middle of development, the mean nest temperatures were slightly 

higher than the sand temperatures at the same nest during the 

critical period (mean difference=0.71 °c, SE=0.05, range=0.18-1.48, 

n=41 ). As a result, the regression of sex ratios and mean sand 

temperature was shifted down approximately 0.7°C on the function 

of temperatures, as compared to mean nest temperature data. The 

pivotal temperatures (expected equal sex ratio) were calculated by 

logistic regressions as 29.4°C for the mean nest temperatures, and 

28.5°C for the mean sand temperatures (see Prediction of Sex Ratio 

from Independent Variables for a detailed explanation of the logistic 

regression model). For both data sets, there was a substantial 

amount of variation in sex ratio over the range of incubation 

temperatures. 
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Seasonal Variation and Zone Effect in 1988 

In 1988, the sex ratios varied from O to 100% female for the 

sample nests in the open zone and from O to 89.5% female for the 

sample nests in the vegetation/border zone (Table 6). Figure 30 

shows the seasonal variation of sex ratios in the 1988 season. The 

extent of seasonal fluctuation was more apparent in the open zone 

than in the vegetation/border zone. For analyzing the effects of 

seasonal period (half-month interval) and nest location (the open 

zone vs the vegetation/border zone) on sex ratio throughout the 

season, two-way factorial ANOVA with unequal replication was 

applied (Table 7) . Data were transformed 

(p'=1/2(arcsin✓(X/(n+ 1 )+arcsin✓(X+ 1)/(n+ 1 )) (Zar, 1984 ). An Fmax 

test showed homogeneity of variances of the transformed data. The 

analysis revealed significant differences in seasonal fluctuation of 

sex ratio and in effects of Zone, but no significance in Period x Zone 

interaction. Fisher's procedure of least significant difference 

revealed a significant seasonal difference of sex ratios in the open 

zone (Figure 31), but not in the vegetation/border zone. In the open 

zone, the sample nests deposited in the latter half of July had 

significantly more females than during other periods within the 

season except for the nests deposited in the first half of August. 

From the end of August through September 1988, the sand 

temperatures, at least in the open zone, rose above the pivotal 

temperature (28.5°C), associated with less rainfall (Figure 6, Figure 

13). Most sample nests in the open zone deposited from the latter 
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half of July to the middle of August encountered a higher sand 

temperature period during the critical stage and produced female

biased sex ratios. However, the nests in the vegetation/border zone 

during the same period showed only a slight increase towards a 

female-biased ratio. The difference in sex ratios between zones 

during the high sand temperature period was significant (the open 

zone, mean=82.1%, SE=7.9, range=25.0-100.0, n=10; the 

vegetation/border zone, mean=31.7%, SE=11.3, range=7.1-89.5, n=7, 

one-way ANOVA, df=1, F=14.24, p=0.018, sample nests deposited 

from the latter half of July to the first half of August). A heavy rain 

event on 6 October (221 mm/day) and inundation by Hurricane Joan 

during 21 to 22 October decreased the sand temperatures (Figure 

13). In both zones, two of eight sample nests deposited during the 

latter half of August and all 11 sample nests in September were 

affected during the temperature sensitive period by this cooling. 

Eleven of those 13 sample nests showed male-biased sex ratios in 

both zones (the open zone, mean=20.9%, SE=8.5, range=0.0-60.0, n=7; 

the vegetation/border zone, mean=20.7%, SE=10.2, range=0.0-56.3, 

n=6), and there was no significant difference between the zones 

(one-way ANOVA, df=1, F=0.01, p=0.923). 

Overall Sex Ratio in 1988 

To estimate overall sex ratio, frequency of temporal nest 

distribution was combined with egg survivorship and sex ratio data 

by half month intervals. Because a significant effect was found in 

the seasonal factor, but not in the zone factor on egg survivorship 
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(Table 4), the egg survivorship data in both zones were pooled. Since 

both the seasonal and zone factors significantly affected sex ratio 

(Table 8), each factor was treated separately. Because multiple 

comparison tests on both egg survivorship and sex ratio data for 

seasonal analysis failed to assign each half-month period to 

significantly different subsets, mean values on each bimonthly base 

were applied. Table 8 shows the value of each parameter applied and 

the process of estimation. Overall sex ratio was calculated to be 

40.6% females in the 1988 season. 

Seasonal Variation and Zone Effect in 1986 

In 1986, numerous rainy days and sporadic heavy rains kept 

sand temperatures lower than the pivotal temperature for most of 

the season (Figure 13). Eight of 12 sample nests produced only 

males (Table 6). The proportion of females in sample nests varied 

from O to 4 7 .1 % in the open zone and from O to 68.8% in the 

vegetation/border zone. Because of the small sample size and 

sampling bias, assessing the difference between sex ratios between 

the zones was not possible. To analyze the seasonal factor, data in 

both zones were pooled by monthly intervals. Figure 32 shows the 

seasonal variation of sex ratios in the 1986 season. Throughout the 

season, sex ratios were strongly biased toward males. There was no 

significant difference in the sex ratios observed throughout the 

season (Kruskal-Wallis test, df=2, Hc=0.983, p=0.612; because of 

heterogeneity of variance, nonparametric analysis was applied). 
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Overall Sex Ratio in 1986 

Because a significant seasonal effect was not detected (as 

mentioned above), overall proportion of females was calculated as a 

mean value of all sexed sample nests to be 10.1% (n=11) in the 1986 

season. The number of sexed sample nests was biased towards nests 

in the open zone (8 of 12, 66.7%) as compared to the observed nearly 

1 :1 distribution between the two zones (Figure 17). Because the 

open zone showed higher sand temperatures than the 

vegetation/border zone (Figure 13), the 10.1 % proportion of females 

may be an over-estimate. 

Prediction of Sex Ratio from Independent Variables 

To assess predictability of sex ratios of Tortuguero green 

turtle hatchlings from independent variables, simple and multiple 

logistic regression models were applied. Linear correlations 

between nest temperature, an assumed main environmental factor, 

and other variables were also analyzed. For the independent 

variables, mean nest temperatures and mean sand temperatures 

during both the critical period and the incubation periods, three 

different sets of rainfall data, bottom depth of nests, and zone of 

the nests were included. The data set included 52 nests consisting 

of 944 sexed turtles, for which nest temperatures were collected in 

1986 and 1988. The data set on sand temperatures was reduced to 

41 nests consisting of 728 sexed turtles from the above data set. 
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Logistic Regression Model 

For dichotomous dependent variables (i.e., female or male), a 

logistic model (F(Z)=exp(Z)/(1 + exp(Z)), z=B1 +B0*X) is an attractive 

alternative to the linear probability model because the logistic 

model satisfies 0-1 constraint on probability unlike the linear 

specification, and provides a smooth symmetric S-shaped curve 

(Aldrich and Nelson 1984). Because this model is one of the most 

widely used nonlinear models, the availability and flexibility of 

computer programs are better. The logistic models were calculated 

with maximum likelihood estimation, and pseudo R2 was computed 

as (-loglikelihood for Model) / (-loglikelihood for C Total) (JMP 

version 2.02, SAS Institute Inc., 1989). 

Logistic Regression with a Single Variable 

Nest and sand temperatures 

Mean nest temperatures were highly correlated with mean sand 

temperatures during the critical period (mean nest 

temperatures=0.99 + 1.02 mean sand temperatures, R2=0.92, n=41, 

p<0.001 ). Mean nest temperature data showed the best fit (pseudo 

R 2=0.20) to a logistic model among the variables for a single 

regression model (Table 9, Figure 33). However, the variability of 

sex ratios with mean nest temperatures was still very high. 

Particularly at the middle range of temperatures, residuals spread 

up to ± 0.4 probability (Figure 33). Mean sand temperature data 
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showed a slightly lower fit to the logistic model (pseudo R2=0 .17, 

Table 9) than did mean nest temperature data. 

Incubation period 

Incubation periods of the sexed sample nests varied from 51 to 

74 days (mean=61.7, SE=0.7, n=52). Incubation periods were 

negatively correlated with mean nest temperatures (mean nest 

temperatures=38.3 - 0.15 incubation days, R2=0.49, n=52, p<0.001, 

Figure 34). Therefore, female sex ratio was also negatively 

correlated with incubation period (Figure 35). Only males were 

observed in nests that had over 68 days of incubation, whereas both 

sexes were found in nests that had incubation periods of between 56 

and 66 days. Incubation period data were the second best fitted 

regression model (pseudo R2=0.18, Table 9). However, the variability 

of sex ratio for the middle range of incubation days was so high that 

the observed ratios almost covered the entire range of sex ratios. 

Therefore, predictability of sex ratio by incubation period was poor. 

Rainfall 

The amount of rainfall recorded at each sample nest was 

calculated three ways for statistical testing: R-l=mean daily 

rainfall throughout the critical period, R-ll=m~an daily rainfall 

throughout the critical period plus the previous 1 O days, R-Ill=mean 

daily rainfall from the deposition of eggs throughout the critical 

period. 

Rainfall decreased the sand temperature at the depth of nests. 

All three data sets of rainfall were negatively correlated with the 

mean sand temperatures (R2=0.16 (R-I), 0.33 (R-11), 0.47 (R-11I), all 
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models, n=52, p<0.05). As expected, the proportion of females 

decreased with an increase of mean daily rainfall (Figure 36). This 

trend was the most apparent for the nests in the open zone and as a 

whole in the data set of R-111, which showed the highest correlation 

with mean nest temperatures. There seemed to be an interaction 

between rainfall data and zones. When the mean daily rainfall was 

low ( < 8 mm/day), the nests in the open zone showed higher female 

sex ratios than ones in the vegetation/border zone in general. On the 

other hand, as the mean daily rainfall increased, there was no 

apparent difference of sex ratios between the zones. R-111 pooled 

zone data (pseudo R2=0.17) fit a regression model almost as well as 

incubation period and mean sand temperature data did. If only data 

for the nests in the open zone were used, the pseudo R2 increased to 

0.27. However, variation of the data was still high for the whole 

range. 

Bottom depth of clutch 

Bottom depth of sample nests varied from 59 to 105 cm 

(average=78.3, SE=1.4, n=52). In general, sand temperatures 

decreased with depth of the nest. However, no significant 

correlation between mean nest temperatures and bottom depth was 

observed (p=0.215, n=51 ). As expected, there was no apparent trend 

between the sex ratios and the bottom depth of the sample nests 

(Figure 37). 
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Multiple Logistic Regression Model 

Because of a strong correlation between mean nest 

temperatures and mean sand temperatures (R2=0.92), only mean nest 

temperature was used for the multiple regression model to avoid a 

problem of multi-colinearity. Mean nest temperature, incubation 

period, three sets of rainfall data, bottom depth of nests, and zone 

of the nests (the open zone=1, the vegetation/border zone=0) were 

entered into logistic multiple regression models. Backward 

elimination (Table 10) and stepwise regression procedures were 

used to eliminate nonsignificant variables (alpha=0.05). For both 

procedures, the same model was selected, in which mean nest 

temperatures, incubation period, mean daily rainfall from deposition 

through the critical period (R-I11), and zone significantly explained 

some variation of sex ratios (pseudo R2=0.24, Table 11 ). Figure 38 

shows residuals on this selected model. Although the selected 

model was slightly improved from the best single variable model of 

mean nest temperatures (Figure 33), fitness of the model was still 

low. 

All first order interactions of the selected variables were 

tested individually by a likelihood ratio test (Hosmer and Lemesho, 

1989) to determine their significant contribution to the selected 

model. Two interactions, between incubation period and zone 

(G=10.42, df=2, p<0.025) and between mean daily rainfall (R-11I) and 

zone (G=7.44, df=2, p<0.01 ), were significant. However, in both 

cases when each interaction was included in the selected model, the 
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variable of incubation period became insignificant. Moreover, 

improved fitness was negligible (pseudo R2=0.25 for both models). 

Finally, two easily measured parameters--mean daily rainfall 

(R-11I) and zone--were entered into a multiple regression model to 

assess their predictive ability relative to that of nest temperature 

data. Because there seems to be an interaction between rainfall 

data (R-III) and zones in affecting the sex ratios (Figure 36), their 

interaction was also included. Mean nest temperature is biologically 

the primary factor for determining sex of green turtle hatchlings 

and the single regression model showed it to be the best single fit 

model among the applied independent factors. The fitness of the 

multiple regression model using rainfall and zone (pseudo R2=0.23) 

(Table 12) was slightly better than that of the single regression 

model using mean nest temperatures (pseudo R2=0 .20). 



CHAPTER4 
DISCUSSION 

Nesting Density and Temporal Nest Distribution 

High yearly fluctuation of nesting density is known for 

Tortuguero green turtles (Bjorndal et al., 1985). The 1986 and 1988 

seasons were two of the highest density years since 1956, whereas 

the 1989 season was in the middle of the range according to the long 

term monitoring project at the northernmost 8.1 km section (K. 

Bjorndal, pers. comm.). My study site was part of the highest nest 

density area along the beach (Carr et al., 1978), and this trend was 

observed throughout the study (Horikoshi, unpublished data). Thus, 

the recorded densities in 1986 (7.3 nests/m) and in 1988 (6.5 

nests/m) throughout each season were probably among the highest 

existing at the Tortuguero beach since 1956. As far as I know, 

nesting densities of green turtles of this magnitude are only known 

on an Australian island, an Oman beach, and an Ascension beach 

(Groombridge and Luxmoore, 1989; Mortimer, 1981; Mortimer and 

Carr, 1987). 

Temporal distribution of green turtle nests varied greatly in 

the frequency pattern and slightly in the range of season among the 

three years. Carr et al. ( 1978) noted that the main breeding activity 

takes place in July, August and September, although a few turtles 

nest throughout the year. The 1988 season in general agreed with 

55 
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this trend, but substantial nesting activity was extended at least 

until the middle of October in the 1986 and 1989 seasons. The 

number of nests deposited in October (662) exceeded that in July 

(389) in the 1989 season. Carr et al. (1978) presented data on the 

mean seasonal profile of nesting arrivals between 1956-1976, in 

which the peak of nesting arrival occurred at the end of August. 

However, because green turtles deposit multiple nests ( 1-7) within 

a season (Carr et al., 1978), the pattern of nest number profile 

cannot be clearly estimated from their figure. So far, the only 

available information on the full seasonal profile of green turtle 

nests at Tortuguero is for the 1977 season taken by Fowler (1979). 

She noted that nesting began in June, peak activity occurred in early 

August, and only a few turtle nests were found by late November in 

1977; she showed the actual nest profile only from 13 July through 

14 September. The three years of this study also showed the 

beginning of nesting activity to be sometime in June, and minimum 

activity to be in November, but the timing of peak activity was 

different; in this study the peak was in the latter half of August in 

1986, in the first half of September in 1988, with a plateau from 

the latter half of August through September in 1989. The principal 

nesting season in Tortuguero green turtles seems to be confined to 

June through October, with peak activity sometime between August 

and September, but the actual dates vary from year to year. 
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Seasonality of Environmental Parameters 

Because the Tortuguero beach is located in the equatorial zone, 

seasonal fluctuation in air temperatures is very low relative to the 

high fluctuation in rookeries in the temporal zone. However, there is 

predictable seasonal change in several environmental factors that 

are important in influencing egg survivorship, sex ratio, and possibly 

nest site selection between different thermal zones in Tortuguero 

green turtles during their incubation period (June through December). 

The rainfall record indicated that there are two cycles of 

rainy/dry seasons in Tortuguero and that a high level of rainfall 

fluctuation occurs at the middle of the green turtle incubation 

period; rainfall decreases in September. Since sand temperature 

was inversely related to rainfall, the warmer sand temperature on 

the beach was expected to occur in September relative to the rest of 

the season. This tendency was observed during all three years of 

this study. 

Although seasonal trends of wave activity varied among the 

three study years, the wave activity was relatively low in 

September for each season. The positive correlation found between 

wave activity and rainfall suggests that fluctuation of wave 

activity also has a general seasonal trend; September has the most 

calm days at Tortuguero. At Tortuguero, the mean tidal range is 0.2 

m (Limon/Bluefield, Tide Table 1986: East Coast of North and South 

America). Therefore, the high fluctuation of wave size (almost none 

to >2.0 m) has more influence on the width of the beach than the tide 



58 

does on the emergence time of nesting females. In addition, the 

extent of erosion is generally also correlated with activity of 

waves. 

Spatial Distribution between the Zones 

It is interesting to compare the spatial distribution of green 

turtles in 1986, 1988, 1989 at this study site with similar data 

collected in a different area of the Tortuguero beach (northern-most 

8 km) in 1986, 1987, 1988 (Bjorndal and Bolten, 1992). Although 

there was a slight difference in definition of the zonation of the 

beach (my vegetation/border zone is probably slightly larger than 

their combined vegetation zone and border zone), both studies 

revealed significant yearly variation of spatial distribution between 

the shaded area and open area over years, and that there was no 

common seasonal trend of fluctuation among the years. Comparison 

between the common years ( 1986 vs 1988) reveals that the yearly 

fluctuation of the spatial distribution showed the same trend: a 

higher proportion of nests in the open area in 1986 than in 1988. 

Bjorndal and Bolten (1992) hypothesized that the 1986 

season's higher rainfall during their study period (July to 

September), and consequently the higher sand moisture, may have 

physically facilitated nest digging in the open area relative to the 

drier years in 1987, 1988, and that the wetter sand may be partially 

responsible for the high proportion of nests in the open area in the 

1986 season. When I compared the relationship between the 

proportion of nests deposited in the open zone versus the 
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vegetation/border zone and the mean daily rainfall from July through 

October with half month intervals for my 1986, 1988 and 1989 data 

sets, the proportion of nests in the shaded zone was lower as a 

function of the amount of rainfall, but the relationship was not 

statistically significant (P'=arcsin✓P; Y=0.899-0.003X, R

squared=0.12, n=24, p=0.10). 

Although the spatial distribution between the zones fluctuates 

seasonally and yearly, the extent of fluctuation was consistently 

limited to a small range around the middle value: the proportion of 

nests in the shaded zone was nearly equal or a little higher ( 42-60% 

in 1986, 51-67% in 1988, 48-71% in 1989) relative to nests in the 

open area throughout each season. This general trend agreed with 

the results at the northern section of the Tortuguero beach in 1987 

(47%-50%) and 1988 (49-62%) but not in 1986 (28-38%). The 

constant low proportion (around 30%) of nests in the shaded area 

throughout the 1986 season at the northern section was unique 

among all other data sets in both studies. However, four additional 

surveys over the central part of 18 miles of the 22 mile Tortuguero 

beach in 1986 season by the author (7 and 23 August, 5 and 17 

September) showed similar spatial distributions around the middle 

range (respectively 55.4, 54.1, 45.7, 49.7% of nests in shaded area), 

and the proportions of the 18 miles were more similar to the data of 

the two miles of this study area than to those of the northern 

section. Thus, although spatial distribution of Tortuguero green 

turtles varies among both seasons and years, the extent of variation 

might be rather conservative on a population level. 
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The area available to nesting turtles in the vegetation/border 

zone (about 3 m wide) is much smaller relative to the nesting area 

in the open zone (up to about 30 m wide) at the Tortuguero beach. 

Therefore, the slightly higher or equal distribution of nests in the 

vegetation/border zone means that the vertical distribution of green 

turtle nests is biased toward the upper part of the vegetated beach. 

Similar preference of nest site selection for this species is 

reported in other regions. Bustard ( 1972) noted that in the 

Australian cays, green turtles show some tendency to nest close to 

substantial vegetation. Cornelius (1986) noted that green turtles in 

Pacific Costa Rica have a tendency to nest beneath the vegetation of 

the upper beach and rarely in the mid beach. In an island of 

Ogasawara Islands, Japan, 21 of 28 green turtle nests were 

deposited near or under the dense vegetation on the upper beach 

during June (Horikoshi, unpublished data). In Surinam, green turtles 

deposit more nests (63%) in the border and vegetation area than in 

the open area, whereas leatherbacks predominantly lay in the open 

area (87%) (Whitmore and Dutton, 1985) . In Florida, green turtles 

nested in a higher location near the beach dune than did loggerhead 

turtles (Witherington, 1986). Whitmore and Dutton (1985) suspected 

that the interspecific difference may be due to interspecific 

competition: green turtles are pushed up to the upper beach because 

leatherback nests were deeper and the risk of destruction of nests 

of green turtles is higher than that of leatherbacks. In Tortuguero, 

leatherback turtles also use the same beach as green turtles, but 

their nesting season rarely overlaps with the green turtle's season. 

However, the nest distribution of leatherbacks is highly skewed to 
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the open area (Leslie et al., in press). Without co-ocurrence of the 

two species, the trend of nest site selection of each species at 

Tortuguero agreed with that at Surinam. Witherington (1986) 

suspected that the preference of green turtles to nest near dunes 

may be a strategy to avoid inundation although he could not detect 

significant differences of emergence success between the two 

species during the year. 

Topography and vegetation of green turtle beaches show 

extreme variation: from low profile naked islands (e.g., French 

Frigate Shoals) to beaches backed by tropical jungle (e.g., Tortuguero 

and Sarawak). However, preference for the upper beach might be 

characteristic of green turtles. It would be interesting to 

investigate the geographic variation of nest site selection in 

relation to the thermal profile and egg survivorship factors on each 

beach. 

Overall Reproduction Rate 

To date, very few studies have assessed overall egg 

survivorship of green turtle nests on natural beaches. Although 

several studies have investigated mortality factors on natural 

beaches, their sample seasons were rather limited or the analysis 

included only those nests that successfully produced some 

hatchlings (Mortimer, 1981; Balazs, 1980; Schulz, 1975). In 

Surinam, a detailed quantitative study by Whitmore and Dutton 

(1985) showed a relatively high hatching success of green turtle 

nests (mean 80.4% in 1981 and 1982). However, their samples were 
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collected only from nests above the spring high tide. Mrosovsky 

(1989) calculated the overall hatching success in Surinam to be 

63.5% by adjusting the spatial distribution data. Recently, a long

term quantitative investigation has been conducted for green turtles 

on Florida beaches, although the beaches were more heavily utilized 

by loggerhead turtles than by green turtles. Mean emergence success 

of green turtle nests at the Melbourne beach varied from 54.6 to 
I 

75.2% (overall mean=65.6%) from 1985 through 1988 (Redfoot and 

Ehrhart, 1989). At a nearby beach, Horton (1989) did a similar study 

and reported 40.1 % for mean emergence success for 20 green turtle 

nests deposited in 1988 and 1989. 

Mean emergence success of sample nests of this study was 

51.2% (1986), 49.1% (1988) and 66.9% (1989). By adjusting the 

temporal and spatial distribution of nests for each year, overall 

hatching success is estimated as 57 .2% (1986), 45.7% (1988) and 

66.6% (1989). Overall hatching success at Tortuguero under natural 

conditions falls within the range reported by the above quantitative 

studies in other parts of the world. 

In the 1977 season when dog predation was serious, 42% of 

350 monitored nests produced hatchlings and 83% of the eggs of 

those hatched nests emerged (Fowler, 1979). Thus, the 1977 

season's overall hatching success is roughly estimated to be 34.8% 

(0.42 X 0.83). The success of green turtle nests at Tortuguero was 

apparently improved by the dog control program even though the 

natural predator, coatis, still depredate a substantial proportion of 

nests in some years, such as 1989. 
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Spatial Effects on Mortality Factors 

For the three years of this study, no significant difference in 

emergence success of green turtle nests between the two zones was 

found. Both abiotic factors (surf, freshwater flooding, hurricane) 

and biotic factors (predation, turtle digging) affected egg 

survivorship in Tortuguero turtles, while the extent of damage from 

each mortality factor varies from year to year. Among the mortality 

factors, only mammal predation varied significantly between the 

zones. It is surprising that damage by surf was not very different 

between the zones; the open zone was 7.1% (egg loss for three year 

weighted mean), whereas the vegetation/border zone was 4.2%. This 

is probably because on several occasions heavy erosion cut the beach 

up to the vegetation area and all nests in the section were damaged, 

regardless of their zone. 

Mammalian predation on green turtle nests was greater on the 

nests in the vegetation/border zone (14.1 %) than on nests in the open 

zone (2.6%) throughout all three years of this study. This spatial 

difference between the zones most strongly influenced the overall 

reproduction rate in the 1989 season when the proportion of 

depredated nests was the highest among three years. After dogs 

were removed from the beach, coatis were responsible for most of 

the predation. Cornelius (1986) noted that coatis are the most 

common predators on olive ridley nests at Nancite, in the Pacific 

coast in Costa Rica, and that a large group of coatis living on the 

nesting beach feed almost exclusively on olive ridley eggs during 
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much of the year. Although raccoons, a common predator on 

loggerhead nests in the southeastern United States (e.g., Stancyk et 

al., 1980), also exist at Tortuguero, their role as a predator on green 

turtle nests seems to be minimal. However, a spatial bias by 

predatory raccoons was observed on a Florida beach. Horton (1989) 

found that raccoon predation on loggerhead nests on a Florida beach 

was negatively related to the distance of the nests from the dune's 

edge in one of his two study seasons. He hypothesized that 

predators search for prey close to the safety of cover, namely near 

the dune in Florida. At Tortuguero, locals occasionally observed 

jaguars, Felis onca, in the protected section of the beach during the 

green turtle nesting season. I occasionally found unidentified foot 

prints of large cats within the study area. Feral dogs were once 

abundant throughout the 22-mile Tortuguero beach (Fowler, 1979). 

Dogs may be a potential threat to coatis, especially young 

individuals. Spatially biased depredation of nests by coatis may be 

partially a result of avoiding the risk from their predators. 

Of the abiotic mortality factors, sporadic freshwater flooding 

was the most consistent factor at the Tortuguero beach throughout 

this study, but probably it is very unusual in sea turtle rookeries 

elsewhere. A single excessive rain event can force the level of 

ground water near or over the depth of the egg mass of green turtles 

and suffocate eggs and emerging hatchlings. Even if the eggs are not 

soaked in water, the nearby water might hinder gas exchange by 

saturating sand space by capillary action. Similar flooding 

phenomena were reported on a loggerhead beach on the Georgia coast 

(Ragotskie, 1959; Kraemer and Bell, 1984). Ragotskie (1959) 
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suggested that because of the higher probability of excessive rain 

late in the incubation season (September) on the Georgia coast, 

successful emergence from nests deposited after the middle of the 

nesting season (1 July) decreases. Kraemer and Bell (1984) found 

that the temporal distribution of loggerhead nests did not avoid the 

excessive rainfall events in September. At Tortuguero, the 

probability of excessive rain events (> 140 mm/day) also increased 

during the latter part of the incubation season (October and 

November) (Table 13). However, most nests deposited during the 

peak nesting period of Tortuguero (August through September) are 

very much affected if flooding occurs in October and November. 

Tortuguero green turtles have not adjusted their nesting season 

relative to excessive rainfall events. Kraemer and Bell (1984) 

proposed a hypothesis that nesting by loggerhead turtles near the 

beach dune at the upper beach may be an adaptive response to escape 

the excessive rains. This is a very tempting hypothesis to explain 

partially the nesting preference for the upper vegetated beach by 

Tortuguero green turtles. However, the difference in damage by 

flooding between the two zones was inconsistent among the study 

years, and the extent of the differences was rather small. 

Seasonal Fluctuation of Emergence Success 

It is not clear to what extent emergence success of green 

turtle nests significantly fluctuates within a season at Tortuguero. 

During the three year study, a significant difference was found only 

in 1988. The main cause of those fluctuations was the two 
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inundation events in close succession in October from excessive rain 

and Hurricane Joan. However, hurricanes on the Caribbean coast of 

Costa Rica are relatively rare. Coen (1983) noted that Hurricane 

Martha, 21-25 November 1969, was the only one to hit the coast 

during the hundred years of records. Therefore, it would appear that 

the influence of hurricanes on the Tortuguero green turtle colony 

would be negligible, and that the 1988 season was an atypical year. 

The extent of damage by Hurricane Joan was not accurately assessed 

because of the overlapping damage by the excessive rain on 6 

October. Therefore it is unknown whether the seasonal fluctuation 

in emergence success in the 1988 season would have occurred 

without Hurricane Joan. Separate flooding events in August 1986 

and in October 1989 affected the sample nests, but these events did 

not result in drastic seasonal changes in emergence success within 

each season. 

This lack of seasonal variation can be partially explained by 

the observation that all stages of embryos and emerging hatchlings 

are susceptible to flooding. One flooding event can affect nests 

deposited over long periods, possibly up to four months, if the 

flooding occurs in the middle of the incubation season. The same 

principle can apply to the damage by surf, and even for predation, 

because mammal predators destroyed the nests at various stages. 

Thus, favorable weather conditions in September (e .g., calm seas, 

less chance of excessive rain) can have a positive effect on 

emergence success of nests deposited over the long period of time 

from July through September, which covers the majority of the 

nesting season. In 1977, Fowler (1979) analyzed emergence 
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success of the nests that produced hatchlings, and she found no 

seasonal differences in the emergence success at Tortuguero. 

Fowler did not report any flooding events. Seasonal fluctuation in 

egg survivorship of Tortuguero green turtle nests might not be 

apparent, except in years of hurricanes and excessive seasonal 

flooding. 

Spatial Effects on Sex Ratio 

At the Tortuguero beach, a distinct thermal difference at the 

depth of green turtle nests between the open zone and the 

vegetation/border zone was very consistent throughout the 

incubation season in the three years of this study. However, the 

effect of these thermal zones on sex ratio depends on the relation of 

sand temperatures in each zone to the pivotal temperature. It 

appears that this spatial effect on sex ratio can be detected only 

during a period of dry weather. Seasonal change in this spatial 

effect was clearly observed in the 1988 season. The mechanism may 

be the following. During prolonged dry weather, sand temperatures 

in the open zone clearly exceed the pivotal temperature, whereas 

sand temperatures in the vegetation/border only approach or slightly 

exceed the pivotal temperature. Consequently, most nests in the 

open zone show female-biased sex ratios, whereas nearly equal or 

moderately female-biased sex ratios occur in the vegetation/border 

zone. On the other hand, during prolonged wet weather, sand 

temperatures in both zones decrease below the pivotal temperature. 

As a result, the difference in sex ratios between zones becomes 
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negligible, and most nests in both zones show male-biased sex 

ratios. The latter case was observed throughout the 1986 season. 

In 1980, Spotila et al. ( 1987) found a distinct spatial 

difference in sex ratios of Tortuguero green turtle nests between 

the open zone (mean 67.4% of females, n=9) and the vegetation zone 

(7.6% of females, n=6) . The rainfall record revealed that the 

weather was very dry (281 mm in August, 313 mm in September) 

throughout the critical periods of their samples. 

In Surinam, the different topographic beach zones showed 

small thermal differences (0.5-1.0°C), and the location had little 

effect on sex ratio of green turtles through the season (Mrosovsky et 

al., 1984). This is probably due to the fact that the vegetation is 

composed of sparse and low shrubs in Surinam, compared to 

Tortuguero's dense vegetation (Schulz, 1975; P. Dutton, pers. comm.). 

The existence of dense vegetation and associated shade is one 

requirement for a spatial effect on sex ratios. The barrier island 

beaches on the east coast of Florida have primary dunes at the upper 

part of the beach, but lack dense vegetation. Witherington (1986) 

noted that the thermal differences on the beach must be slight 

because there is no significant difference in incubation periods 

between beach zones for loggerhead nests. The nesting beaches of 

Ascension Island are virtually without vegetation (Mortimer, 1981), 

but differences in the mineral composition of the various beachs 

(Mortimer, 1990) produce different thermal regimes (Hays and 

Mortimer, MS in prep.) . 

At some island rookeries, a significant effect of the 

orientation of the coast on sex ratio has been reported. At Heron 
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Island, Australia, Limpus et al. (1983) observed that the north facing 

beach on the island was warmer than the beach that faces south. 

Consequently, the northern beach produced a significantly higher 

proportion of green turtle females (63.1 % females) than the cooler 

southern beach (29.5% females). In Barbados, West Indies, the 

warmer west coast beach produced more hawksbill females (80.6% 

females), whereas the cooler south coast produced more males 

(32.7% females) (Horrocks and Scott, 1991 ). 

Temporal Effects on Sex Ratio 

At Tortuguero, a short dry season in September (mean 320 mm) 

usually occurs between the wetter periods of July through August, 

and October through November. For the Tortuguero green turtles, the 

impact of this dry season seems to be very important because a 

large proportion of the nests are deposited during August and the 

most critical period for these nests occurs in September. A dry 

September produces enough females to avoid a highly skewed sex 

ratio for the entire season. 

Seasonal fluctuation in sex ratios resulting from the shift 

between rainy and dry periods was observed at two tropical beaches: 

Surinam for green turtles and leatherback turtles (Mrosovsky et al., 

1984) and French Guiana for leatherback turtles (Rimblot-Baly et al., 

1987). In Sarawak, another tropical beach, incubation periods of 

green turtle nests varied with the rainy - dry weather cycle 

(Hendrickson, 1958). Therefore, Standora and Spotila ( 1985) 

suspected that the sex ratios of green turtles at Sarawak also show 
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seasonal fluctuation. However, the pattern of fluctuation is very 

different from rookery to rookery. At Tortuguero and Sarawak, the 

dry season occurs somewhere in the middle of the nesting season, 

whereas the wet season occurs near the middle of the nesting 

season in Surinam. In French Guiana, the wet season occurs early in 

the nesting season. Regardless of the pattern, these sea turtle 

rookeries probably produce variable sex ratios throughout the 

season. 

Annual Variation in Primary Sex Ratio 

In the 1986 season, the sand temperature in both zones 

remained below the pivotal temperature for most of the season. In 

the open zone, although the sand temperature in September and later 

intermittently rose to the level of the pivotal temperature, these 

periods were too short to produce many females. Therefore, in spite 

of the small sample size, the 10.1 % proportion of females from the 

samples that were sexed directly is probably a good estimate. The 

weather pattern is one way to assess whether the year was a typical 

one for Tortuguero. The rainfall in 1986 in August (846 mm) and in 

September (514 mm) was the highest on record, and the total amount 

of rainfall throughout the incubation season (3871 mm, from 16 June 

through 1 0 December) was the second highest for the last 12 years. 

Thus, it appears that the weather in the 1986 season was atypically 

wet. Therefore the highly male-biased sex ratio is probably atypical 

for the Tortuguero population. 
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In 1988, the total amount of rainfall throughout the incubation 

period was very close to the mean value of the last 12 years, but the 

1988 season had much higher seasonal fluctuation in rainfall than 

the average of the last 12 years. Rainfall in August 1988 (256 mm) 

was the lowest on record whereas rainfall in October (790 mm) was 

the second highest since 1978. Above all , Hurricane Joan greatly 

influenced the survivorship and sex ratio of the nests in the latter 

half of the 1988 season. The weather in 1988 was also atypical for 

the Tortuguero beach. If Hurricane Joan had not occurred in 1988, 

the proportion of females estimated for the primary sex ratio of the 

1988 season (40.6%) probably would have been higher. 

Predictability of Sex Ratio by Environmental Factors 

Mrosovsky et al. (1984) cautioned that accurate estimation of 

the primary sex ratio of sea turtles from a combination of data on 

the pivotal temperature from laboratory experiments and thermal 

profiles on the beach is impossible because of the many thermal 

influences and their possible interactions throughout the season. 

Some of the critical factors are metabolic heat, exact pivotal levels 

and critical periods, nest depth, and spatial factors. This study's 

direct thermal measurement in individual nests is the most accurate 

measure available to obtain the thermal condition of the nest, and 

the thermal data included the variation from metabolic heat, nest 

depth and spatial factors. However, even the thermal data in the 

nest were not sufficient to predict the sex ratio of Tortuguero green 

turtles. 
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The high variability of sex ratio in relation to incubation 

temperature was not surprising. First, even under constant 

temperature in the laboratory, high inter-clutch variation in sex 

ratios was found between two loggerhead clutches from the same 

Florida beach (Mrosovsky, 1988). Limpus et al. (1985) reported a 

similar high variation in sex ratio at the middle range of 

temperature among three loggerhead clutches sampled from Mon 

Repos, Australia, at constant temperature conditions. However, he 

did not find such large variation among the loggerhead clutches from 

Heron Island. Mrosovsky and Pieau (1991) hypothesized that the 

response of gonad differentiation to the incubation temperature 

might be different depending on the genotype of the eggs, and that 

genetic factors can override the temperature effect at the middle 

temperature range . This theory was inferred from the experimental 

results in a freshwater turtle, Emys orbicularis, in which the 

expression of H-Y antigen was strongly correlated with the 

expressed sex of gonads at the middle range of temperature where 

both sexes were produced (Zaborski et al. , 1988). Mean nest 

temperatures during the middle third of development in 1986 and 

1988 at Tortuguero fell within a narrow range (27 .0-30. 7°C) 

compared to the much wider temperature range over which live 

hatchlings of this species can be produced (25-33°C) (Miller, 1985). 

Both sexes were produced throughout the observed range at 

Tortuguero. Thus, the high variation in sex ratio over the observed 

range can be explained if the mechanism of genetic influence 

operates in green turtle eggs. 



73 

Second, because of seasonal fluctuation in sand temperatures 

and the general increase in metabolic heat throughout incubation, 

individual nest temperatures on the beach were rarely constant 

throughout the critical period. The extent and the pattern of 

variance differed greatly among nests. Standora et al. (1982) 

reported spatial variation in sex ratio within natural green turtle 

nests incubated at the pivotal temperature. Due to metabolic 

heating, eggs near the center of the clutch produced females, 

whereas those at the periphery produced males. In the present 

study, I measured nest temperatures at the center of each clutch , 

but determined the sex of eggs collected randomly throughout the 

clutch. Therefore, my nest temperature readings may not have 

accurately represented the incubation temperature of all sampled 

eggs within a nest. Had I collected the sample eggs from only the 

center mass of each clutch near the temperature probe, the variation 

in sex ratio relative to the nest temperatures might have been 

smaller. Furthermore, in this study the critical period was 

calculated based on an assumption that the time from pipping to 

emergence was five days for all sample nests. Hendrickson (1958) 

indicated that heavy rains, which pack the upper layers of beach 

sand, might prolong the emerging period of green turtle hatchlings in 

Sarawak. Because Tortuguero had high seasonal fluctuation in 

rainfall, the emergence period of green turtles might also vary to 

some extent. Thus the calculated critical period of each nest might 

not be accurate, and the mean nest temperature calculated for each 

nest may only roughly represent its thermal environment. 
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Miller (1985) emphasized that temperature, hydric 

environment, and gas exchange interact cooperatively to influence 

embryonic metabolism. Standora and Spotila (1985) suggested that 

while temperature is the primary environmental factor that 

determines sex in sea turtles, other factors , such as osmotic stress, 

and 02 and CO2 levels, could play a role in sex determination in the 

temperature range over which both sexes are produced. The impact 

of those other factors, however, has yet to be demonstrated. The 

influence of hydric conditions on sex determination in painted 

turtles, Chrysemys picta, was inconsistent even within one 

population (Gutzke and Paukstis, 1983; Packard et al., 1991 ). Oxygen 

concentration did not influence the sex ratio of red-eared slider 

turtles, Trachemys scripta (Etchberger et al. , 1991 ). It is highly 

probable however that any environmental influence and their 

possible interactions in determining sexes of green turtle hatchlings 

vary at the inter-clutch level because of the highly heterogeneous 

environment over time at the Tortuguero beach. 

The previous study of the relationship between sex ratio and 

mean incubation temperature of natural nests in the 1980 season at 

Tortuguero (Spotila et al., 1987) showed less variability than did 

this study. This is probably due to their smaller sample size ( 15 

nests) and also their shorter sampling period. Most of their samples 

were collected within a half month period, whereas my sample 

period extended over three months in each of two years. It is 

possible that their mean nest temperature values were better 

correlated with sex ratio than were mine because most of their 
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nests were exposed to less environmental fluctuation than were 

those in my study. 

The first multiple regression model (pseudo R2=0.24) with the 

significant factors selected (mean nest temperatures, incubation 

period, rainfall data, and zone) to predict sex ratio was only a slight 

improvement over the nest temperature model (pseudo R2=0.20) 

because rainfall data, incubation period and zonation are correlated 

with nest temperature data. That is, most factors only provided 

redundant information to various degrees. As I discussed above, the 

genetic factor might also be responsible for the poor fit of the data 

to the model. 

It should be noted that another multiple regression model 

(pseudo R2=0.23) using rainfall data, zone and their interaction 

explained the sex ratios of hatchlings as well as the nest 

temperature model did. Rainfall fluctuation seemed to more 

strongly influence the sex ratio of nests in the open zone than in the 

vegetation/border zone. In the open zone, sex ratios ranged from 

100% male to 100% female, whereas in the vegetation/border zone 

the sex ratios of most nests showed less variation, ranging only 

from 100% male to slightly female biased. My study suggests that 

data describing rainfall and zonation could be a rough predictor of 

sex ratio of green turtle hatchlings at Tortuguero. Furthermore, it 

might be possible to estimate very roughly the primary sex ratio 

using the total amount of rainfall through the entire incubation 

period. To construct a useful model, more data need to be gathered 

on the correlation between rainfall and sex ratio produced in each 

zone. 
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Mrosovsky et al. ( 1984) found as great a variability in the 

relationship between sex ratios and incubation periods for Surinam 

green turtles as I did for Tortuguero green turtles. They suggested 

that if the average of a large number of samples was used, it might 

be possible to make a reasonable prediction of primary sex ratio 

from the above model. However, collecting a large sample in each 

thermal zone in each seasonal segment is very labor intensive. In 

Tortuguero, where thermal zones have a significant effect on sex 

ratio, the number of samples needed is doubled, and the reliability of 

the estimate of primary sex ratio is reduced by adding another 

variable. 

In conclusion, due to the high level of variation, the sex ratio 

of green turtle nests at Tortuguero cannot yet be predicted with 

accuracy from the nest temperature and other environmental 

factors, such as sand temperature, nest depth, incubation period, 

rainfall, and nesting zone. In the future, long term accumulation of 

data correlating rainfall and sex ratios might be used to roughly 

estimate primary sex ratio at Tortuguero. 

Currently, direct sexing of periodic subsamples is the only 

accurate method to investigate primary sex ratio on a natural beach. 

Moreover, an advantage of direct sexing is that any variation 

resulting from genetic influences will be incorporated into the sex 

ratio derived. Unfortunately, immature sea turtles are not sexually 

dimorphic. Because they have homomorphic sex chromosomes, 

reliable sexing of sea turtle hatchlings is only possible by 

sacrificing turtles and performing a time-consuming histological 

examination of their gonads (Jackson et al., 1988). Nonsacrificial 
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methods including laparoscopy and testosterone levels (Wibbels et 

al., 1989) are useful in sexing larger immature sea turtles, but not 

hatchlings. Recently, Demas and Wachtel (1989) reported a sex

specific satellite DNA, called "Bkm", in green turtles and Kemp's 

ridleys. Because only a few drops of blood are needed to detect this 

molecule, it could be used to harmlessly determine the sex of sea 

turtle hatchlings. At the present time, however, this molecular 

method is probably too expensive and labor-intensive to process the 

large numbers of hatchlings needed to estimate the primary sex 

ratio on a beach where many variables affect sex ratio, such as on 

the Tortuguero beach. 



CHAPTER 5 
SUMMARY AND CONCLUSIONS 

The major nesting activity of green turtles occurred from July 

through the first half of October at Tortuguero during the three-year 

study, although the frequency of seasonal distribution shifted among 

years. Nest density also varied among years. The nesting densities 

recorded in 1986 (7 .3 nests/m) and in 1988 (6.5 nests/m) from July 

through November were two of the highest known for this species 

worldwide. 

Tortuguero beach was divided into two zones . The 

vegetation/border zone lies within 2 m of the border of dense 

vegetation, and the open zone lies between the vegetation/border 

zone and the shore line. Nest distribution between the zones varied 

significantly yearly and seasonally, and there was no common 

seasonal trend of fluctuation among the years. The vertical 

distribution of green turtle nests was biased toward the upper part 

of the vegetated beach throughout each season. A preference for 

nest sites on the upper beach may be rather conservative for this 

species . 

Throughout this study, a distinct thermal difference at the 

depth of green turtle nests between the two zones was consistent, 

with nests in the open zone being warmer than those in the 

vegetation/border zone. The differences in overall mean sand 
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temperature at 60 cm depth were 0.8°C in 1986, 1.1 °C in 1988, and 

1.5°C in 1989. This is due to the dense vegetation and associated 

shade at the upper part of the beach. However, the spatial influence 

of distribution on sex ratio probably occurs only during a dry period. 

During the middle part of the 1988 season, under prolonged dry 

weather conditions, sand temperatures in the open zone clearly 

exceeded the pivotal temperature, whereas sand temperatures in the 

vegetation/border zone only slightly exceeded the pivotal 

temperature. Consequently, most nests in the open zone produced 

female-biased sex ratios, whereas nearly equal or moderately 

female-biased sex ratios occurred in the vegetation/border zone. On 

the other hand, during prolonged wet weather, sand temperatures in 

both zones decreased below the pivotal temperatures, causing male

biased sex ratio in both zones. This was observed in the latter part 

of the 1988 season and throughout the 1986 season. 

Tortuguero, with 5400 mm of rain each year, is one of the 

wettest sea turtle rookeries in the world. A short dry period in 

September occurs between the wet months of July through August 

and October through November during the major incubation season of 

green turtle nests. This dry season seems to be very important in 

determining the primary sex ratio of the Tortuguero population. 

Because a large proportion of the nests is deposited during August 

and the most critical period for sex determination in these nests 

occurs in September, a dry September can produce enough females, 

particularly in the open zone, to avoid a highly male-biased sex ratio 

for the season. 
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Overall hatchling emergence success is estimated as 57.2% in 

1986, 45. 7% in 1988, and 66.6% in 1989. No significant difference 

in emergence success between the two zones was found in any year. 

A significant seasonal difference in emergence success was found 

only in 1988, when a rare hurricane hit the Tortuguero beach. Thus, 

egg survivorship probably does not have a great effect on the 

primary sex ratio produced on the Tortuguero beach. Both abiotic 

(surf, freshwater inundation, hurricane) and biotic factors 

(predation, turtle digging) were responsible for reducing the 

survivorship of green turtle nests. The relative importance of each 

mortality factor varied from year to year. 

Freshwater inundation when ground water levels were raised 

by excessive rainfall, was the most consistent mortality factor of 

green turtle nests throughout this study. The probabilities of 

excessive rain events (> 140 mm/day) were highest in the latter part 

of the incubation season (October and November). Thus, most nests 

deposited during the peak nesting period (August through September) 

are affected if the flooding occurs in October and November. 

Tortuguero green turtles have not adjusted their nesting season 

relative to excessive rainfall events. 

Mammalian predation was the only significant mortality 

factor that showed a distinct spatial difference between the zones. 

Mammalian predation, mostly by coatis, was greater on the nests in 

the vegetation/border zone than on nests in the open zone throughout 

each year. The extent of predation was most severe in the 1989 

season when the nest density was about half that in the 1986 and 

1988 seasons. 
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To calculate the primary sex ratio in the 1988 season, 

temporal and spatial nest distribution, emergence success, and sex 

ratio data were combined by half month intervals. The overall 

proportion of females was estimated to be 40.6% in the 1988 season. 

During 1986, because no significant seasonal effect was detected, 

the overall proportion of females was calculated to be 10.1 % from 

the mean value of sample nests. 

The relationship between sex ratio and mean nest temperature 

during the middle third of development, mean sand temperature, 

incubation period, three sets of rainfall records, depth of clutch, and 

nesting zone were analyzed by logistic models. The pivotal 

temperatures were calculated as 29.4°C for mean nest temperature, 

and 28.5°C for mean sand temperature. The primary environmental 

factor in determining sex of green turtles--mean nest temperature-

had the best fit in the single regression model. However, the 

variability of the model was high (pseudo R2=0.20). Mean nest 

temperature, incubation period, rainfall from egg deposition through 

the middle third of development, and nesting zone were significant 

parameters in the multiple regression analysis (pseudo R2=0.24 ). 

Another multiple regression model with mean daily rainfall from the 

time of egg deposition through the middle third of development, 

nesting zone, and their interaction (pseudo R2=0.23) was found to be 

as good as the mean nest temperature model. This rainfall/zone 

model might have value as a conservation tool to estimate roughly the 

sex ratio of green turtle nests. In conclusion, the variability of sex 

ratio by all of the above models was still very high for predictive 
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purposes. Genetic influence and heterogenous environmental 

conditions are probably partially responsible for such high variability. 

To date, we have little knowledge of sex ratio in sea turtle 

populations and its dynamics. Because the character of sexual 

dimorphism, tail elongation, appears just prior to sexual maturity of 

individuals, only gonadal examination or testosterone level can 

identify the sex of immature turtles. Thus, previously reported sex 

ratio data based on external morphology (e.g, Ross, 1984) are 

probably not reliable. Levels of testosterone have been used to 

examine the sex ratios of immature green turtles in several feeding 

grounds (Wibbels et al, 1989; Meylan et al., 1992; Bolten et al., in 

press) . However the definition of each population at the feeding 

grounds is not known. 

The primary sex ratio data obtained in this study for 

Tortuguero is the first reliable information on this subject and also 

is the first stage of the determination of the sex ratio of the entire 

population. However, we need to be cautious in assessing the 

primary sex ratio of the Tortuguero population. The density of 

nests, and thus the number of hatchlings produced each year, varies 

widely at Tortuguero. Because the sex ratio shows yearly variation 

as this study has demonstrated, the primary sex ratio of the 

Tortuguero green turtle population can only be calculated from the 

product of the number of hatchlings and the sex ratio each year for 

many years. To achieve this task, periodic collection of samples for 

sexing for many years is still essential although the procedure is 

labor-intensive. 
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Table 1. Ranges of daily fluctuation of sand and green turtle nest 
temperatures during 24 hours at Tortuguero, Costa Rica. 

Mean± SE 
(OC) 

Sand temperatures on transects 

Open Zone 

60cm depth 0.49 ± 0.03 

80cm depth 0.49 ± 0.04 

Vegetation/border Zone 

60cm depth 0.48 ± 0.03 

80cm depth 0.41 ± 0.07 

Temperatures at the center of clutches 

Open Zone 0.46 ± 0.04 

Vegetation/border Zone 0.49 ± 0.04 

Range 
(OC) 

0.3-0.8 

0 .2-0.8 

0.4-0.6 

0.1-0.8 

0.2-0 .8 

0.2-0.8 

No. Sample 

n=20 

n=20 

n=8 

n=8 

n=14 

n=14 

Samples were collected and pooled from four separate days on 13 
August and 29 September 1988 and 12 August and 14 October 1989. 
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Table 2. Overall mean sand temperatures (°C ± SE) throughout the 
season on transects from 1 July through 10 December in 1986, 1988 
and 1989 at the Tortuguero beach. 

Open Zone 

60cm Depth 

80cm 

Vegetation/border Zone 

60cm Depth 

80cm 

1986 
n=76 

27.6±0.1 

26.8±0.1 

1988 
n=73 

28.8±0.1 

28.5±0.1 

27.7±0.1 

27.4±0.1 

1989 
n=76 

28.6±0.1 

28.2±0.1 

27 .1 ±0.1 

26.9±0.1 
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Table 3. Multiple comparison table of the monthly sand 
temperatures at a depth of 60cm in the open zone and in the 
vegetation/border zone in 1986, 1988 and 1989 (Fisher's procedure 
of least significant difference, alpha=0.05). 

1986 

Open Zone 
3 

JUL 

3 
Vegetation/ JUL 
border Zone 

1988 

Open Zone 
2 

JUL 

2 
Vegetation/ JUL 
border Zone 

1989 

Open Zone 
3 

JUL 

2 
Vegetation/ JUL 
border Zone 

2 
AUG 

2 
AUG 

2 
AUG 

2 
AUG 

2 
AUG 

1 
AUG 

1 
SEP 

1 
SEP 

1 
SEP 

1 
SEP 

1 
SEP 

1 
SEP 

1 
OCT 

1 
OCT 

3 
OCT 

3 
OCT 

1 ,2 
OCT 

1 
OCT 

1 
NOV 

1 
NOV 

3 
NOV 

3 
NOV 

3 
NOV 

3 
NOV 

Those months that do not share a common number have significantly 
different mean temperatures. The numbers are ranked from highest 
to lowest monthly mean temperatures . 
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Table 4. Effects of seasonal period and nest location in the open and 
the vegetation/border zones on egg survivorship at the Tortuguero 
beach in 1986, 1988 and 1989. Analysis is by nonparametric two
factor ANOVA with unbalanced factorial design (Zar, 1984) . 

Source ss df H p 

1986 
Period 1116 .91 3 201.19 0.1 0<p<0.25 
Zone 45.95 1 5.55 0.50<p<0.75 
Period*Zone 1104.67 3 5.49 0.1 0<p<0.25 
Total 9657.00 48 

1988 
Period 11568.96 5 18 .32 **0.001 <p<0.005 
Zone 1812.10 1 2 .87 0.05<p<0.10 
Period*Zone 2800.01 5 4.43 0.25<p<0.50 
Total 54954 .50 87 

1989 
Period 10905.85 5 10.24 0.05<p<0.10 
Zone 3079.23 1 2.89 0.05<p<0.10 
Period*Zone 2781 .27 5 2 .61 0.75<p<0.90 
Total 119296.96 1 1 2 

H=Source SS/Total MS, Total MS= Total SS/df 
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Table 5. Descriptive fate of green turtle eggs from the sample nests 
at the Tortuguero beach during the 1986, 1988 and 1989 seasons. 

1986 1988 1989 

Egg Fate Open Vegetation Open Vegetation Open Vegetation 
border border border 

Unhatched eggs 
Destroyed by mammals 79 19 0 606 296 1920 
Destroyed by ghost crabs 0 109 93 0 0 0 
Destroyed by termits 0 3 2 0 1 20 
Destroyed by ants? 30 6 21 7 67 1 3 
Destroyed by female turtles 0 256 124 296 0 0 
Destroyed by plant roots 0 0 0 0 0 3 
Destroyed by unknown cause 0 0 49 97 0 0 

Washed out by surf 445 244 0 0 107 0 

Embryonic death by surf 37 111 11 2 0 0 0 
Embryonic death by flooding 396 498 118 623 481 221 
Embryonic death by Hurricane Joan 0 0 61 482 0 0 
Embryonic death by flooding or 0 0 299 143 0 0 

Hurricane Joan 

Embryonic death with no 84 86 174 223 202 140 
apparent physical disturbance 

No apparent development 57 36 224 168 133 92 

Rotten intact or ruptured eggs 184 125 294 359 118 133 
Death at pipping 0 0 0 6 2 2 

Total dead eggs 1312 1493 1571 3010 1407 2544 

Unemerged Hatchlings 
Hatchlings in egg chamber 12 7 9 18 8 18 
Hatchlings died above egg 0 0 0 97 20 15 

chamber by flooding 
Hatchlings died above egg 0 0 0 134 0 0 

chamber by Hurricane Joan 
Hatchlings tangled with rope 0 0 0 0 10 0 

above egg chamber 
Hatchlings depreciated by mammals 0 0 0 0 0 

Total hatchlings unemerged 1 2 7 9 249 38 34 

Emerged Hatchlings 1591 1301 2319 2456 4445 3638 

Total eggs 2915 2801 3899 5715 5890 6216 
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Table 6. Characteristics of green turtle sample nests for sex ratio 
analysis. The data were collected at Tortuguero , Costa Rica, during 
the 1986 and 1988 seasons. 

Deposition date Zonea 

18 July 1986 V/B 
18 July V/B 
21 July 0 
28 July V /B 
14 Aug. 0 
21 Aug . 0 
10 Sept. 0 
10 Sept. V/B 
16 Sept. 0 
25 Sept. 0 
28 Sept. 0 
3 Oct. 0 

3 July 1988 
5 July 
6 July 
9 July 
13 July 
14 July 
15 July 
16 July 
21 July 
23 July 
23 July 
27 July 
28 July 
29 July 
30 July 
3 Aug . 
3 Aug. 
5 Aug. 
6 Aug. 
7 Aug. 
8 Aug 

V/B 
0 
0 
0 
V/B 
V/B 
0 
V/B 
V/B 
0 
0 
0 
0 
V/B 
V/B 
V/B 
V/B 
V/B 
0 
0 
0 

Sample sizeb 

1 6 
1 9 

2c 
20 
20 
1 7 
1 9 
20 
20 
20 
1 9 
20 

1 3 
20 
1 9 
20 
20 
1 9 
1 9 
20 
1 9 
20 
14 
20 
20 
1 4 
1 9 
1 2 
19 (1) 
1 8 
1 5 
1 6 
18 (1) 

% Female 

68 .8 
0 
0 
0 
0 
47.1 
0 
0 
0 
0 
5.3 
0 

15.4 
55 .0 
63.2 
10.0 
30.0 
10.5 
73 .7 
55.0 
21 .1 
90.0 
78.6 
100.0 
100.0 
7.1 
10 .5 
16. 7 
89.5 
22 .2 
100 .0 
25.0 
61 .1 



Table 6--continued. 

Date deposited 

8 Aug. 1988 
11 Aug. 
15 Aug. 
17 Aug. 
17 Aug . 
26 Aug. 
27 Aug. 
28 Aug. 
30 Aug . 
30 Aug. 
31 Aug . 
3 Sept. 
8 Sept. 
9 Sept. 
14 Sept. 
15 Sept. 
19 Sept. 
20 Sept. 
22 Sept. 
24 Sept. 
27 Sept. 
27 Sept. 

Zonea 

0 
0 
0 
0 
0 
V/B 
0 
V/B 
V/B 
0 
V/B 
V/B 
0 
V/B 
0 
0 
0 
0 
V/B 
0 
0 
V/B 

89 

Sample sizeb 

20 
1 6 
1 2 
20 
20 
20 
13 (1) 
1 7 
16 (2) 
20 (1) 
1 9 
1 8 
1 8 
1 8 
1 7 
20 
20 (1) 
1 8 
1 7 
1 9 
1 5 
20 

% Female 

100.0 
100.0 
66.7 
60 .0 
5.0 
55.0 
15.4 
47.1 
56.3 
80.0 
0 .0 
44.4 
27.8 
0 .0 
0 .0 
60 .0 
25 .0 
33.3 
23.5 
0.0 
0 .0 
0.0 

a: V/B-the vegetation/border zone, O-the open zone. 
b: values in parentheses are the number of turtles in which gonads 
showed both seminiferous tubles and developed cortex. 
c : missed emergence; two hatchlings remained in the nest. 
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Table 7. Effects of seasonal period and nest location in the open and 
the vegetation/border zones on sex ratios of green turtle hatchlings 
at the Tortuguero beach in 1988. Analysis was by two-factor 
ANOVA with unbalanced design. The ratios of females were 
transformed (p'= 1 /2(arcsin ✓ (X/(n+ 1 )+arcsin ✓(X+ 1 )/(n+ 1)) (Zar, 1984). 
Fmax test showed homogeneity of variances. 

Source 

Period 
Zone 
Period*Zone 
Total 

ss 

1. 7385 
0.7695 
0.8093 
3.2685 

df 

5 
1 
5 

31 

MS 

0.3477 
0.7695 
0.1619 
0.1054 

F 

3.30 
7.30 
1.54 

p 

0.017 
0.011 
0.208 ns 



Table 8. Estimation of overall sex ratio of green turtle hatchlings at Tortuguero, Costa Rica, in the 
1988 season . 

Period #Nest #Nest %Egg Female% Female% #Hatch ling #Hatch ling #Female #Female 
Survivorship (x109.1) (x109.1) (x109.1) (x109 .1) 

Open V/B Pooled Open V/B Open V/8 Open V/B 

July 1-15 294 489 48.9 50 .5 18.6 144 239 73 45 
July 16-31 725 766 79.7 92.1 23.4 578 610 532 143 
Aug . 1-15 771 885 57.2 75.5 42.8 441 506 333 217 
Aug . 16-31 746 1494 16.9 40 .1 39.6 126 252 50 100 
Sep. 1-15 1182 1566 45.4 29 .3 22 .2 536 710 157 158 
Sep. 16-30 498 645 40.0 14.6 11 .8 199 258 29 30 
------------------------- - ------------------------------------- - ------- - ---- - -------- - ----

Total hatch lings 

Overall female ratio 

Open : open zone. V/B: vegetation/border zone. 
109.1: mean clutch size in 1988. 

2024 2576 117 4 
4600 

Number of hatch lings = Number of nests x mean clutch size (109 .1) x % Egg Survivorship. 
Number of females = Number of hatchlings x % Female. 

692 
1866 

40.6% 

(0 ...... 
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Table 9. Logistic regression models of fluctuation in sex ratio for 
green turtle hatchlings with single independent variables. Data 
collected at Tortuguero, Costa Rica, 1986 and 1988. 

lndependant Variable 

Mean nest temperature 
Mean sand temperature* 
Incubation period 
Rainfall (R-1) 
Rainfall (R-11) 
Rainfall (R-111) 
Bottom depth of nests 

All model, df=1, p<0.001 
*n=728, else n=924 

pseudo R2 

0.202 
0.172 
0.177 
0.079 
0 .114 
0.171 
0.010 

Slope 

1 .1709 
1 .0636 

-0.2630 
-0.0954 
-0 .1290 
-0.1912 

0 .0250 

Intercept 

-34 .4594 
-30.3740 

15.4679 
0.5907 
1.0477 
1 .8052 

-2.5171 
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Table 10. Logistic regression model of fluctuation in sex ratio for 
green turtle hatchlings with all independent variables. Final model 
follows in Table 11 . Data collected on Tortuguero, Costa Rica, 1986 
and 1988. 

Parameters Slope (SE) 

Mean nest temperature 0.5005 (0.1314) 
Incubation day -0.0801 (0.0330) 
Rainfall (R-1) -0 .0136 (0.0234) 
Rainfall (R-11) 0.0510 (0.0454) 
Rainfall (R-111) -0.1359 (0.0585) 
Bottom depth of nest 0.0097 (0.0090) 
Zone 0.4701 (0.1958) 

Intercept -9.9764 (4.8321) 

-2Loglikelihood=292.3, df=7, overall P<0 .001 
pseudo R2=0 .241 , n=924 

ChiSqure p 

14.50 0 .0001 
5.94 0.0149 
0.34 0.5607 ns 
1.26 0.2617 ns 
5.40 0.0202 
1 .16 0.2815 ns 
5.76 0 .0164 

4.26 0.0390 
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Table 11 . Logistic regression model of fluctuation in sex ratio for 
green turtle hatchlings with significant variables. Data collected at 
Tortuguero, Costa Rica, 1986 and 1988. 

Parameters Slope (SE) ChiSqure p 

Mean nest temperature 0.5230 (0 .1250) 17.50 <0.0001 
Incubation day -0.0836 (0.0299) 7.83 0.0051 
Rainfall (R-111) -0.0906 (0.0224) 16.40 0.0001 
Zone 0.5532 (0.1822) 9.21 0.0024 

Intercept -9.8173 (4.6810) 4.40 0 .0360 

-2Loglikelihood=290.1, df=4, overall P<0.0001 
pseudo R2=0.239, n=924 
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Table 12. Logistic regression model in sex ratio for green turtle 
hatchlings with rainfall data and nesting zone variables. Data 
collected at Torttuguero, Costa Rica, 1986 and 1988. 

Parameters Slope (SE) ChiSqure 

Rainfall (R-111) -0.1104 (0.0225) 
Zone 2.7738 (0.4011) 
(R-111) X Zone -0.1510 (0.0310) 

Intercept 0.2680 (0.2870) 

-2Loglikelihood=272.2, df=4 , overall P<0.0001 
pseudo R2=0.225, n=924 

24.03 
47.82 
23 .75 

0.87 

p 

0.0001 
0 .0001 
0.0001 

0 .3503 
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Table 13. Frequency of excessive rainfall events (> 140mm/day) at 
Tortuguero, Costa Rica, from 1978-1989. Data from Institute 
Meteorogico Nacional, Costa Rica. 

Year Jan Feb Mar Apr May Jun Ju I Aug Sep Oct Nov Dec 

1978 n/d n/d n/d n/d 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1 

2 

2 

1 

1 

1 

1 

1 

1 

2 

1 

1 

Frequency of excessive rainfall event per year 

1 

2 

1 

1 

1 

1 

1 

2 

1 

1 

1 

1 n/d 

1 

1 

1 

1 

.36 0 .09 .09 .17 0 .17 .17 .08 .50 .41 .36 

n/d: no data available 
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MILE 0 

Figure 1. The two-mile study area at Tortuguero, Costa Rica. 
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Figure 2. Beach zones at the study area, Tortuguero, Costa Rica. 
The vegetation/border zone lies within 2 m of the border of dense 
vegetation (5-100% cover) . The open zone lies below the 
vegetation/border zone ( <5% cover). 



Figure 3. Seasonal fluctuation of monthly minimum and maximum 
air temperatures from July through November 1986, 1988, 1989 at 
Tortuguero, Costa Rica. 
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Figure 4. Daily rainfall from 15 June through 10 December 1986, 
1988, 1989 at Tortuguero, Costa Rica. Fresh water flooding 
occurred at the rain events marked * . 
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Figure 5. Seasonal relationship between rainfall and green turtle 
nesting. (A) Monthly mean rainfall at Tortuguero, Costa Rica, 
from 1978 through 1989. Months with hatched bars represent the 
major incubation season of green turtle eggs. The bars show one 
standard error for each month. (B) Mean nesting frequency among 
the 1986, 1988, and 1989 seasons. Details for each season are 
presented in Figure 16. 
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Figure 6. Monthly rainfall in the 1986, 1988 and 1989 incubation 
seasons of green turtle eggs at Tortuguero, Costa Rica. Mean 
values from 1978 through 1989 are shown for comparison. 
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Figure 7. Frequency distribution of the bottom depth of green 
turtle clutches at Tortuguero, Costa Rica. 



Figure 8. Seasonal fluctuation of ground water table and rainfall in 
the 1986 incubation season of green turtle eggs at Tortuguero, Costa 
Rica. The line of mean bottom depth of green turtle clutches is 77.9 
cm (S0=11.1) from the surface. The shaded area shows the maximum 
and minimum range of ground water table recorded at two wells in 
the open zone and at three wells in the vegetation/border zone. 
Before 4 August in the open zone and before 14 August in the 
vegetation/border zone, only one well was measured in each zone. 
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Figure 9. Seasonal fluctuation of ground water table and rainfall in 
the 1989 incubation season of green turtle eggs at Tortuguero, Costa 
Rica. The line of mean bottom depth of green turtle clutches is 77 .9 
cm (S0=11.1) from the surface. The shaded area shows the maximum 
and minimum range of ground water table recorded at two wells in 
the open zone and at three wells in the vegetation/border zone. 
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Figure 10. Frequency distribution of wave height in the 1986, 1988, 
and 1989 incubation seasons of green turtle eggs at Tortuguero , 
Costa Rica. 
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Figure 11. Relationship between the number of calm days in a 
month and monthly rainfall from July through November in 1986, 
1988, and 1989 at Tortuguero, Costa Rica. 
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Figure 12. Daily fluctuation of green turtle nest temperatures and 
sand temperatures at the Tortuguero beach, Costa Rica. Data were 
pooled from four separate days; 13 August 1988, 29 September 1988, 
12 August 1989 and 14 October 1989. Each arrow shows the time 
representing the 24-hour mean value. 



Figure 13. Seasonal fluctuation of sand temperatures at a depth of 
60 cm and 80 cm in the open zone and in the vegetation/border zone 
in 1986, 1988, and 1989 at the Tortuguero beach , Costa Rica. 
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Figure 14. Seasonal fluctuation of monthly sand temperatures at a 
depth of 60 cm in 1986, 1988, and 1989 at the Tortuguero beach, 
Costa Rica. 
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Figure 15. Relationship between mean monthly sand 
temperature at a depth of 60 cm and monthly rainfall from July 
through November in 1986, 1988, and 1989 at Tortuguero, Costa 
Rica. Regression analysis (open zone, Y=30.0199-0.0031X, 
R=0.718, n=15, t=3.718, p=0.003; vegetation/border zone, 
Y=28.5249-0.0024X, R=0.665, n=15, t=3.210 p=0.007). 



Figure 16. Seasonal distribution of green turtle nests in 1986, 
1988, and 1989 in the two-mile study area at Tortuguero , Costa 
Rica. Data in the latter half of June 1986 were not available. 
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Figure 17. Yearly and seasonal fluctuation of green turtle nest 
distribution between the open zone and the vegetation/border zone 
in 1986, 1988, and 1989 at Tortuguero , Costa Rica. Within each 
season, Tukey-type multiple comparison test for proportional data 
(Zar, 1984) ranked from the highest to the lowest the proportion of 
nests deposited in the vegetation/border zone. Those months that do 
not share a common number have significantly different proportions. 
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Figure 18. Percentage distribution of green turtle sample nests by 
the emergence success in 1986, 1988, and 1989 at Tortuguero, Costa 
Rica. 



Figure 19. Factors causing total destruction of green turtle sample 
nests in 1986, 1988, and 1989 at Tortuguero, Costa Rica. 
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Figure 20. Seasonal fluctuation of emergence success of green 
turtle sample nests in 1986 at Tortuguero, Costa Rica. Monthly 
mean ± standard error with the sample size are shown. 
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Figure 21. Seasonal fluctuation of emergence success of green 
turtle sample nests in 1988 at Tortuguero, Costa Rica. Monthly 
mean ± standard error with the sample size are shown. 
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Figure 22. Seasonal fluctuation of emergence success of green 
turtle sample nests in 1989 at Tortuguero, Costa Rica. Monthly 
mean ± standard error with the sample size are shown. 



Figure 23 . Fate of green tu rtle eggs from the sample nests in 1986, 
1988, and 1989 at Tortuguero , Costa Rica. 
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Figure 24. Fate of green turtle eggs from the sample nests in 1986, 
1988, and 1989 at Tortuguero, Costa Rica. The category proportions 
were calculated as weighted means among the three years. 
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Figure 25. Timing of mammalian predation on sample green 
turtle nests at Tortuguero, Costa Rica. 
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Figure 26. Relative proportion of green turtle nests depredated 
by mammals that occurred in the open zone and in the 
vegetation/border zone. Data were gathered during the two
mile beach censuses at Tortuguero, Costa Rica; 48 censuses 
were made in 1986, 56 in 1988, and 80 in 1989. 
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Figure 28. Temporal distribution of excavation of green turtle 
nests by female green turtles at Tortuguero, Costa Rica. 
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Figure 29. Relationship between the number of green turtle 
nests excavated by female green turtles per census and the 
number of green turtle nests deposited within the two-mile 
study area of the Tortuguero beach during a half-month period. 
Data were collected in the 1986, 1988, and 1989 incubation 
seasons of green turtle eggs. 



Figure 30. Sex ratio of green turtle hatchlings as a function of mean 
incubation temperatures during the middle third of the development 
period. Data were collected at Tortuguero, Costa Rica during the 
1986 and 1988 seasons. Nest temperatures were taken at the 
approximate center of each clutch, and sand temperatures were 
taken 1 m apart from each clutch at the same depth. The 
superimposed line shows the fit to a logistic regression model. In 
Figure 29A, Y = exp(-34.45 + 1.17X)/(1+ exp(-34.45 + 1.17X)), pseudo 
R2 = 0.20. In Figure 29B, Y = exp(-30.37 + 1.06X)/(1 + exp(-30.37 + 
1.06X)), pseudo R2 = 0.17. The small number indicates the number of 
overplotted data points in the graph. 
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Figure 31. Seasonal fluctuation of sex ratio of green turtle 
hatchlings in 1988 at Tortuguero, Costa Rica . Shown is the 
bimonthly mean ± one standard error; the number above each bar 
indicates sample size . For nests in the open zone, the Roman 
numerals represent a rank from highest to lowest female ratio 
analyzed by Fisher's procedure of least significant difference 
(alpha=0.05). Those bimonthly periods that do not share a common 
figure have significantly different mean sex ratios . For nests in the 
vegetation/border zone, no significant difference was detected 
within the season. 
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Figure 32. Seasonal fluctuation of sex ratio of green turtle 
hatchlings in 1986 at Tortuguero, Costa Rica. Shown is the 
monthly mean ± one standard error. The number on the left side 
above SE bar shows the number of sample nests deposited in the 
open zone and the number on the right side shows ones in the 
vegetation/border zone. 



Figure 33. Logistic regression model and its residuals to explain sex 
ratio fluctuation of green turtle hatchlings as a function of mean 
nest temperature during the middle third of the development period . 
Data were collected at Tortuguero, Costa Rica, in the 1986 and 1988 
seasons. The superimposed line shows a logistic regression line to 
fit: Y = exp(-34.45 + 1.17X)/(1 + exp(-34.45 + 1 .17X)) , pseudo R2 = 
0.20. Closed circles represent the nests deposited in the open zone, 
open circles represent ones in the vegetation/border zone. 
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Figure 34. Relationship between mean nest temperatures during 
the middle third of development and incubation duration of 
green turtle nests. The superimposed line shows a linear 
regression line: Y = 38 .3 - 0.15X, R2 = 0.49, n= 52 , p<0.001 . 
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Figure 35. Sex ratio of green turtle hatchlings as a function of 
incubation duration. Data were collected at Tortuguero, Costa 
Rica in the 1986 and 1988 seasons. The superimposed line 
shows the logistic regression model to fit: Y=exp(15.47 -
0.26X)/(1 + exp(15.47 -0.26X)), pseudo R2=0.18. Closed circles 
represent the nests deposited in the open zone, open circles 
represent ones in the vegetation/border zone. The small 
numbers indicate the numbers of overplotted data points in the 
graph. 



Figure 36. Sex ratio of green turtle hatch lings as a function of 
amount of rainfall. Data were collected at Tortuguero , Costa Rica, 
in the 1986 and 1988 seasons . In Figure 36A, the X axis represents 
mean daily rainfall during the middle third of development. In Figure 
368, the X axis shows mean daily rainfall during the middle third of 
development plus the previous 1 O days. In Figure 36C , the X ax is 
represents mean daily rainfall from the deposition of the clutch 
through the middle third of development. The superimposed line 
shows logistic regression models to fit all plots . In Figure 36A, Y = 
exp(0 .59-0 .1 OX)/(1 + exp(0.59-0 .1 OX)) , pseudo R2 = 0.08. In Figure 
368, Y = exp(1 .05-0.13X)/(1 + exp(1 .05-0 .13X)) , pseudo R2 = 0.11 . In 
Figure 36C , Y = exp(1 .81-0.19X)/(1 + exp(1 .81-0 .19X)) , pseudo R2 = 
0.17. Closed circ les represent the nests deposited in the open zone , 
open circles represent ones in the vegetation/border zone. The 
small numbers indicate the numbers of overplotted data points in 
the graph. 
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Figure 37. Sex ratio of green turtle hatchlings as a function of 
the bottom depth of clutches. Data were collected at 
Tortuguero, Costa Rica, in the 1986 and 1988 seasons. Closed 
circles represent the nests deposited in the open zone, open 
circles represent ones in the vegetation/border zone. The small 
numbers indicate the numbers of overplotted data points in the 
graph. 
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Figure 38. Residuals of the selected logistic model that 
explains sex ratio fluctuation of green turtle hatchlings . Data 
were collected at Tortuguero, Costa Rica, in the 1986 and 1988 
seasons. Y=exp(-9.81 + 0.52X1-0.08X2-0.09X3+0.55X4)/(1+ exp(-
9.81 + 0.52X1-0.08X2-0.09X3+0.55X4)). pseudo R2=0.24. X1 : mean 
nest temperatures during the middle third of development. X2 : 
incubation duration. X3: mean daily rainfall from the deposition 
of the clutch through the middle third of development. X4: zone 
of clutch (1 - the open zone, O - the vegetation/border zone). 
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