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Abstract

:

Simple Summary


This paper presents important aspects of the life history of the black sea turtle (Chelonia mydas agassizii) population nesting on the beaches of Michoacan, Mexico. Information on morphometric and reproductive traits related to the life history of black sea turtles (body size, clutch size, egg size, fecundity, remigration interval, age at sexual maturity, and growth rate) was studied. An analysis of interannual variations in the life history traits of the species is also carried out, and the results obtained indicate that C. m. agassizii differs from the information reported for other populations of Chelonia mydas mydas distributed pantropically.




Abstract


Sea turtles present strategies that have allowed them to survive and reproduce. They spend most of their lives in the sea, except when they emerge as hatchlings from the nest and when the adult females return to nest. Those moments of their life cycle are vital for their reproductive success, conservation, and knowledge of their biology. This study reports the life history traits exhibited by female black sea turtles from Colola Beach, Mexico using morphometric and reproductive data obtained during 15 sampling seasons (1985–2000, n = 1500). The results indicate that nesting females have a mean body size of 85.7 cm and reach sexual maturity at 24 years old at a minimum size of 68 cm. Females deposit a mean of 69.3 eggs per clutch, and the mean fecundity was 196.4 eggs per female per season. The remigration intervals of 3 and 5 years were the most frequent registered. The life history traits found in the black sea turtle population present the lowest values reported with respect to studies conducted in the Atlantic and Indo-Pacific green turtle populations, which supports the hypothesis that this population is recovering, since morphometric and reproductive data represent young nesting turtles.
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1. Introduction


A species life history traits are coadapted features “designed by natural selection to solve ecological problems” [1]. Studying their annual or geographic variations is crucial to understanding their ecology, how they adapt to a particular environment, and factors that determine their distributional limits and reproductive investment [2]. The life history of an organism is a series of patterns that occur throughout its life: growth, differentiation, energy storage, and principally reproduction. Organisms spend part of their life in phases of growth and differentiation prior to reproduction. Reproduction may occur once or repeatedly and may coincide with the end of the organism’s growth. However, in some cases, growth continues during the reproductive stage [3]. Fecundity and age of sexual maturity have a similar and direct influence on the number of reproductive opportunities: this combination of traits is important in defining an organism’s life history in response to a particular environment [1,4] and can change within the limits of an individual’s genotype (genetic plasticity). This plasticity determines how an organism’s genotype interacts with its environment [5,6,7,8]. When studying an organism’s life history, it is important to consider body size, growth and development rate, reproduction, clutch size, neonate size and reproductive value [1,2,4,9,10].



All sea turtle species share a specific survival strategy; they spend most of their lives in the ocean. Time spent on land is limited to when hatchlings leave the nest and make their way to the ocean and when adult females return to the beach to nest. These two life cycle stages are vital for their reproductive success and key to understanding their biology and implementing effective conservation strategies [11]. Reproduction in sea turtles (Cheloniidae and Dermochelyidae) occurs in three general forms: first, nesting can take place during conditions driven by “adult activity,” second, nesting can occur during conditions that facilitate embryonic development and survival, and third, hatchlings can emerge when conditions “benefit their survival” [12,13].



Sea turtles exhibit similar life cycles with little variation between species and populations. All species migrate from foraging areas to reproductive sites, then males return to foraging areas and females move to nesting sites. After a reproductive period of 4 to 6 months, the females return to the foraging areas and begin to prepare for the next reproductive period, which will occur within one to five years [14,15,16].



Sea turtle reproductive strategies are poorly understood due to the difficulty of conducting research in oceanic habitats where much of their life cycle occurs. Consequently, information on life history parameters such as age at sexual maturity, sexual radius, operational sex ratio, mortality, recruitment, migratory patterns, nesting intervals and philopatry is scarce [14,17,18,19,20].



Neonates have a poorly studied period of pelagic development (known as the “lost years”) [20], during which they feed and grow until they enter the juvenile stage, where they are commonly found in shallow coastal waters. The time between hatching and breeding varies for each species and population, but is probably 7 to 30 years [14,21,22].



In general, female sea turtles do not reproduce yearly, except for the Kemp’s ridley (Lepidochelys kempii) [14]. However, males of some species (e.g., Caretta caretta) can reproduce annually or biannually [23,24]. Therefore, there is no reason to assume that males and females use the same time scale for reproduction. The period between breeding seasons is known as the remigration interval. The mean remigration interval reported for female sea turtles varies by species and ranges between 1 to 9 years or more [14,22].



The remigration interval of a population may be longer than is currently reported; this discrepancy may result from tag loss, extremely long periods of inactivity, or incomplete reporting on survival. Some individuals within the population may have long periods (3–5 years) between reproductive activities [25]. Once turtles begin breeding, mature females travel to nesting beaches every two to five years to lay between two to ten clutches of eggs, at nesting intervals of nine to 15 days, depending on the species. In many populations, males appear to follow the same pattern, with mating commonly reported in waters adjacent to nesting beaches [15,26]. The two- to five-year interval between reproductive periods may be an adaptation to the high energy costs of migrating between foraging areas and nesting sites [16,27,28]. However, this pattern is also maintained in populations with shorter migrations (around 2600 km) [29,30].



Climatic conditions are the leading cause for certain species adopting a particular breeding season. Conversely, favorable conditions encourage the adults to reproduce, resulting in their offspring developing under these conditions. Reproductive cycles during the breeding season are strongly regulated internally through interactions between the hypothalamic-pituitary system and the ovaries and between various ovarian components and the neuroendocrine system of the offspring [14,31,32].



All sea turtle species have adults with large body sizes (65–180 cm), a long period of development ranging from 10 to 35 years and lay large clutches of relatively small (3–7 cm) eggs compared to other aquatic turtles [9,33,34,35,36,37,38]. Presumably, sea turtles evolved this reproductive pattern in response to high and unpredictable mortality rates during the egg and neonate life stages [9]. In addition, laying many small eggs in different clutches avoids allocating a large proportion of the female’s reproductive effort to a single progeny, which would be detrimental as individuals are likely to perish [9].



The populations of the green turtle, Chelonia mydas, are widely distributed throughout the Atlantic, Pacific and Indian oceans. Geographically this species is not uniform in morphological features. Carr [39] recognized two valid regional names and considered C. mydas as formed by two subspecies: mydas mydas (Atlantic, Mediterranean, Pacific and Indean oceans) and mydas agassizii (eastern Pacific, originally described as a full species by Bocourt [40]). This taxonomic arrangement has been supported by some authors [41], whereas other authors [42] consider agassizii a full species. The Chelonia populations of the east Pacific show unique morphological features, such as dark carapace pigmentation, gray plastron, narrow and high vaulted carapace and carapace indentations above the back flippers [43,44,45,46]. The adults are markedly smaller. For instance, SCL of adults in Playa Naranjo, Costa Rica is 82.9 cm, Galapagos, Ecuador 81.9 cm, and Michoacan, Mexico 77.3 cm, whereas the size of adults of populations outside the east Pacific ranges from a low of 92.2 cm in French Frigate Shoals, Hawaii to a high of 112.9 cm in Maziwi Island, Tanzania [9]. Kamezaki and Matusi [45] showed that the agassizii form also differ from other populations in skull morphology, and Alvarado [47] indicated differences in breeding behavior.



In spite of these differences, the results of mitochondrial DNA (mtDNA) analysis of various Chelonia populations do not support the distinctiveness of the agassizii form [48]. According to mtDNA results, the Chelonia populations are grouped in two clusters that correspond to the major oceanic basins: Atlantic–Mediterranean and Indo-Pacific. According to Bowen’s [48] phenogram, the samples of the eastern Pacific (Michoacan, Mexico and Galapagos, Ecuador) are included within the group of Hawaii and Oman samples.



Black Turtle Life History Traits (Chelonia mydas agassizii)


Some of the life history traits of the black turtle (C. m. agassizii) have been reported for some nesting seasons of the C. m. agassizii population nesting at the Colola beach sanctuary, Mexico [49,50,51,52], for example, during the 1984–1985 season the average clutch size in a sample of 397 black turtle nests was 76 eggs per nest, ranging from 96 to 112 eggs. The mean number of nests laid by 379 black turtle females was 2.8 nests (range 1–9) and, the mean number of eggs laid per female per season was 213 eggs [51,52].



Based on the analysis of 907 recurrent black turtle nesters, renesting intervals of 12–14 days were reported to be the most frequent (38.5%) for the season 1984–1985 [49,50]. The mean size at which females reached sexual maturity differed between seasons within a limited range: the data suggest that black turtles reach sexual maturity at 68 cm straight carapace length. The age of sexual maturity is uncertain, and some authors suggest it occurs at 8 or 9 years. However, further research is needed with more reliable data [23,24,52]. For animals with long life cycles, such as sea turtles, delaying the start of reproduction to concentrate on growth and reaching a large size may be an effective strategy to ensure long-term reproduction. For a female, egg production and long migratory routes to and from nesting sites significantly reduce their energy reserves; therefore, growth must be slowed or suspended. If obtaining a large size translates into more efficient protection against natural predation, then female C. m. mydas may sacrifice early reproduction to reach a larger size in less time [51].



In this study, we provide updated information on the life history traits (body size, clutch size, egg size, fecundity, remigration interval, sexual maturity and growth rate) of the largest eastern Pacific black turtle population nesting in Colola Beach, Michoacan, Mexico. Updating information on life history traits makes it possible to identify changes in reproductive and morphological traits over time that characterize a given population that may be caused by variations in selection pressures that affect it (changes in habitat, food availability, environmental stochasticity, etc.) to support management decisions and conservation measures of this morphologically and reproductively unique C. m. agassizii population.





2. Materials and Methods


To determine black turtle life history traits for the nesting population in Colola, Mexico (18°30′0′-18°0′0′N, 103°40′0′-102°50′0″W) (Figure 1), morphometric and reproductive annual data from 15 nesting seasons (1985–2000) which included between 3 and 5 remigratory events (the 1992 season was not included due to insufficient data) were obtained from the Black Turtle Ecological Recovery Projects database for Colola Beach, Mexico.



Data collection during the 15 study seasons began in September of each year and ended in January of the following year. Nesting females were tagged with plastic and Monel steel tags [53]. The mean annual values were obtained for carapace size (CCL), clutch size, egg size, fecundity, remigration interval, age of sexual maturity and growth rate. These life history traits were selected as they are the most commonly studied for sea turtles.



2.1. Statistical Analyses


Body size was recorded by measuring with a flexible tape measure (scale 0–150 cm) the curved carapace length (CCL) of 100 nesting females per season (n = 1500), with a caliper (scale 0–127 centimeters), straight carapace length (SCL) from a sample of 100 females, and an analysis of variance (ANOVA) and Tukey’s test of differentiation of means were used to analyze the interannual variations in female body size. Samples of 100 females per season were randomly selected considering nesting females throughout the nesting season (September–January). In both, the CCL and the SCL, the standardized measurements of standard carapace length, were recorded.



Clutch size was determined through the analysis of 1,500 clutches corresponding to 15 black turtle nesting seasons, with a random sample of 100 clutches of the same number of females taken for each season (September–January). The interannual clutch size variation for the same period was also determined through analysis of variance (ANOVA). Maximum egg diameter and egg weight (wet mass) after oviposition were examined with a mechanical caliper for a random sample of 20 eggs per nest from 100 nests (28.8% of total of clutch size). Pearson’s correlation coefficient and linear regression analysis were applied to determine the relationship between the diameter and weight of the egg and the female size (CCL).



Mean fecundity was estimated based on a sample of 700 females that nested from 1986 to 2000 (n = 50 per season). Significant differences between seasons were analyzed using a Kruskal–Wallis analysis of variance. In addition, Tukey’s test of differentiation of means was used to identify differences between years.




2.2. Mathematical Calculations


Female remigration intervals were determined for a total of 460 females from 1985 to 2000, for which renesting information was available in years after they were first tagged on Colola Beach, Mexico. All annual records (1985–2000) of remigrant turtles tagged from 1985 and recaptured in later years were analyzed.



To determine age of sexual maturity, the following equation was used: SM = ((SCL − 40 cm)/1.4 cm)) + 10 years, where SM is the age of sexual maturity reached at a given size considering a constant growth rate of 1.4 cm/year from the age of recruitment of juveniles to coastal development habitats. SCL is the straight length of the carapace in centimeters. Forty corresponds to the centimeters of SCL that a turtle reaches at the age of 10 years when juveniles are recruited from pelagic habitats to coastal habitats. The 1.4 cm is equivalent to the rate of growth presented by the turtles per year in the feeding areas. Finally, 10 years are added, which is equivalent to the estimated recruitment age from the pelagic stage to coastal habitats at a size of 40 cm SCL.



The mean growth value (1.4 cm × year−1) reported for this species in Baja California [44] was used to determine the sexual maturity of the C. m. agassizii population that nests in Colola, Mexico, and the mean growth data reported for other populations of C. m. mydas in the world. Growth data were extrapolated to the nesting population of Colola, Mexico, from which carapace length values were previously obtained (n = 1500), referring to females nesting for the first time. Also, the minimum size and mean SCL (n = 194) were estimated to determine the minimum size at which females laid their first clutch. The mean yearly growth rate was determined (n = 25) using the mark–recapture method for remigrant females of 3–11 years.



The mean growth of reproductive females was estimated based on information from 25 remigrant females measured in seasons prior to the recapture date.





3. Results


The average number of nesting females per season for the study period was 430 and the annual sample of 100 females corresponded to 23.2% of the nesting females.



3.1. Body Size


The mean size of the nesting females was 85.71 cm CCL (range = 60–110 cm; SD ± 6.831; n = 1500) (Figure 2). The mean of SCL was 77.9 cm (range = 64.2–93.4 cm; SD ± 5.31; n = 100 females).



The analysis of variance showed significant differences in the CCL (F = 14 gl,1485 = 15.04, p = < 0.05). Tukey’s mean difference analysis showed significant differences between turtle sizes in 1999 and all other years (p = < 0.05) (Figure 3).




3.2. Clutch Size


A mean clutch size of 69.3 eggs per clutch (n = 1500; range: 3–150; SD ± 23.01) was found (Table 1).



The analysis of variance (ANOVA) showed that during the study period (1985-2000), there were significant differences in clutch size between seasons (F = 14,1485 = 7.685, p < 0.0001).



Tukey’s mean differentiation analysis showed significant differences between the mean clutch size of 1999 and the rest of the seasons (p < 0.001) except for 1985 and 1988, for which there were no significant differences (p > 0.001). The 1988 season also presented significant differences (p < 0.001) from 1989 and 1987 (Figure 4).




3.3. Egg Size


The mean egg diameter found for the population of C. m. agassizii was 42.1 mm (range = 36.0–49.0 mm; SD ± 19.0 mm) (n = 2000 eggs, 28.8% of total of eggs). No correlation was found between egg diameter and female curved carapace length (p > 0.05). The mean egg weight was 41.5 g (range = 30.5–53.7 g; SD ± 4.62 g). No significant relationship was found between mean egg weight and female curved carapace length (p > 0.05). A linear relationship was found between clutch size and curved carapace length (R2 = 0.4231; r2 = 0.1790; p < 0.0001). Although the correlation is positive, the relationship between carapace size and clutch size should be taken with caution due to the low value of R2 (Figure 5).




3.4. Fecundity


Mean fecundity was 196.4 ± 91.2 eggs per female per season (range 38–784 eggs per female per season). The Kruskal–Wallis test showed significant differences between the interannual average fertility of 1986–2000 (H-test = 61.1, df = 13, p = 0.0001). Tukey’s mean differentiation test showed significant differences between the mean fecundity of the 1999 season and the fecundity of the following nesting seasons: 2000 (p = < 0.05); 1997 (p = 0.001); 1995 (p = < 0.05); 1993 (p = 0.001); 1988 (p = < 0.05); 1986 (p = < 0.05). The 1994 season presented significant differences from the 2000 season (p = < 0.05) (Figure 6).




3.5. Remigration Interval


A total of 528 nesting female remigration events were registered between 1985 to 2000 with intervals of 1 to 11 years. The most frequent interval was three years (23.2%), followed by intervals of four years (18.9%), five years (17.4%) and six years (11.7%) (Figure 7), with the rest having remigration intervals of one, two, seven, eight, nine and ten years (21.2%).



Female carapace size (CCL) presented significant differences between individuals with reproductive cycles of two to six years (F = 3.213 DF:4288, p = 0.013). Females with remigration intervals of two years presented a mean size of 89.2 cm (n = 37), whereas females with remigration intervals of three and five years presented a mean size of 85.6 cm (n = 74) and 85.0 cm (n = 66), respectively. Regarding fecundity, there were no significant differences between females with remigration intervals of two to six years (statistical test = 3.589 DF = 4.289 p = 0.464). Similarly, the mean clutch size did not present significant differences between reproductive cycles (F = 1,366 DF = 4292, p = 0.246). Table 2 presents the remigration events for each year (1985–2000).




3.6. Sexual Maturity


The mean curved carapace length (CCL) of the black turtle in Colola, Mexico, was 85.7 cm, with a minimum size of 60 cm (n = 1500). Straight carapace length (SCL) was 80.0 cm. Using the mean growth rate (1.4 cm × yr−1) and minimum size (SCL 40 cm) reported in Baja California for juveniles [45] and considering that at least ten years is required to reach this size [46], then the minimum age at which female black turtles reach sexual maturity is 24.2 years if the growth rate remains constant. Using the same growth rate (1.4 cm × yr−1) and the mean SCL of 80.0 cm, female turtles at Colola Beach have a mean age of 38.6 years.



Based on the differences in size found in 25 remigrant females, mean growth was 0.55 ± 0.67 cm year−1 (range 0–1.9 cm × year−1 n = 25).





4. Discussion


According to the results obtained in this work, the black turtle population presents the lowest life history traits compared to those reported in the literature in populations outside the eastern Pacific region. Female black turtles (C. m. agassizii) from the eastern Pacific nesting population are the smallest when compared to other green turtle populations worldwide [16]. As with other populations of C. m. mydas, the eastern Pacific black turtle presents a positive relationship between body size and clutch size; however, this correlation should be taken with caution due to the low value of r2. This coincides with Buskirk and Crowder’s [9] findings for all sea turtle species. The majority of nesting females (n = 60%) presented a CCL ranging from 80 to 90 cm, which is relatively large, yet smaller than those for other green turtle populations reported by Hirt [16]. As many life history traits are related to body size, the reduction in the mean size of black turtles in the nesting population due to the consumption of large adults in northern Mexico could have affected fecundity, clutch size, and hatchling size. It has been reported that larger turtles generally produce more nests per season [21]. On the other hand, Buskirk and Crowder [9] report that in the seven species of sea turtles, many of the reproductive characteristics vary with body size: large species tend to lay large eggs that produce large hatchlings. Large species also lay more clutches per year and invest significant reproductive effort. In addition, the demographic bottleneck caused by intense exploitation in the 1960s and 1970s could have, in turn, created a genetic bottleneck in the population [54,55,56], which may be determining the life history traits of the breeding population in the eastern Pacific.



The mean clutch size for turtles nesting at Colola is lower than that of the 26 C. m. mydas populations reported by Buskirk and Crowder [9]. Clutch size is one of the most important life history traits, affecting the species’ survival and hatchling fitness. The clutch size for C. m. agassizii is the smallest reported for C. m. mydas populations globally. The eggs’ mean maximum diameter was lower than that reported by Hirt [16] for 18 populations of C. m. mydas, which presented a maximum diameter of 58.7 mm, almost 10 mm greater than that found for the black turtle population in Colola, Mexico (mean: 45 mm; range = 33.8–58.7 mm). The mean egg weight reported for 16 populations of C. m. mydas is 47 g. (range = 21–66 g).



It was observed that the body size of the females influenced fecundity. In the 1999 season, the average size of the females was 92.4 cm CCL and this was reflected in the increase in the fecundity of the females.



We found that larger females exhibit shorter remigratory periods (two years) and those of smaller size exhibit longer remigratory periods (three and five years). It is likely that larger turtles have a greater ability to obtain energy resources for reproduction that allows them to perform reproductive migrations in short periods. Among the morphological adaptations of herbivorous reptiles is body size. Iverson [57] has suggested a number of hypotheses to explain this phenomenon: 1. a large body has greater mechanical strength for the utilization of food of fibrous consistency, 2. this reduces competition and predation, 3. as the metabolic rate is lower the larger the reptile is, it allows them to survive using a difficult-to-digest and energy-poor food source (vegetable products), 4. large animals can use more of an ephemeral food source that is only available for short periods, and 5. large animals can store more food during periods of abundance and can probably withstand longer periods of food shortage. According to the results of this work, in relation to the variations in body size and the remigration periods of three and five years, it can be hypothesized that female black turtles have differential access (qualitatively and quantitatively) to food resources in feeding areas in northwestern Mexico (Baja California) and Central America. It is likely that females feeding in Central America have more restrictions in food abundance due to environmental variations caused by the El Niño current (ENSO), which would cause lower growth rates in juveniles and longer remigratory periods (five years) in relation to females feeding in Baja California; however, detailed studies are needed to verify this hypothesis.



The population of black turtles that nests in Michoacán reaches sexual maturity at a minimum size of 60 cm SCL and age of approximately 24 years. However, the mean age at which females nest is 38.6 years, considering a mean growth rate of 1.4 cm/year, as reported for the population found on foraging grounds in Baja California [10].




5. Conclusions


The study of the life history of the black sea turtle and its interannual variations contributes to the understanding of the biology of C. m. agassizii, which allows definition of the mechanisms (differences in reproductive investment in sea turtles depending on numerous endogenous factors (genetics, age, body size, health status, and reproductive history) and exogenous factors (migratory distances, latitude of feeding grounds, and quality of foraging areas) that have shaped its life strategy and allows us to prevent a decline in populations and design conservation strategies according to the increasingly rapid and unpredictable changes in the development and reproductive habitats of this population. According to the values of life history traits found in the breeding population of Michoacan, the morphometric and reproductive traits are the smallest compared to those reported in the literature for different populations of C. m. mydas in their pantropical distribution. The particularities of the life history traits found in the black turtle population seem to be a consequence of adaptive processes to the particular environmental variations of the region, such as those caused by the El Niño phenomenon (ENSO), which have shaped the life history strategies of the population, Therefore, we consider it important to continue monitoring these traits in order to identify variations in morphological and reproductive aspects (e.g., body size, clutch size and fecundity) that could affect the recovery and survival of the population in the long term. Therefore, the black turtle population should be considered a conservation priority in the eastern Pacific region.







Author Contributions


Conceptualization, B.-O.C. and D.-T.C.; methodology, B.-O.C. and D.-T.C.; software, R.-L.M.A. and R.-G.H.; validation, D.-T.C., B.-O.C. and R.-L.M.A.; formal analysis, B.-O.C., R.-L.M.A. and D.-T.C.; investigation, B.-O.C., R.-L.M.A., D.-T.C. and R.-G.H.; resources, B.-O.C. and D.-T.C.; data curation, B.-O.C.; writing—original draft preparation, B.-O.C., R.-L.M.A., D.-T.C. and R.-G.H.; writing—review and editing, B.-O.C., R.-L.M.A., D.-T.C. and R.-G.H.; visualization, B.-O.C.; supervision, D.-T.C. and R.-L.M.A.; project administration, B.-O.C. and D.-T.C.; funding acquisition, D.-T.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the US Fish and Wildlife Service, grant F19AP00496.




Institutional Review Board Statement


The research registered morphometric and reproductive data and at no time was the survival and integrity of the individuals put at risk. No ethical approval was required. The management protocols established in the Official Mexican Standard NOM-059 regarding the management of sea turtles on nesting beaches were followed.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to thank the turtle camp Colola: Capital Mundial de la Tortuga Negra AC for their support in carrying out the fieldwork and for their efforts to continue protecting the black sea turtle. We would also like to thank the US Fish and Wildlife Service for funding to carry out conservation and research activities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stearns, S.C. Life history evolution: Successes, limitations, and prospects. Sci. Nat. 2000, 87, 476–486. [Google Scholar] [CrossRef]

	



Wapstra, E.; Swain, R. Geographic and Annual Variation in Life-History Traits in a Temperate Zone Australian Skink. J. Herpetol. 2001, 35, 194. [Google Scholar] [CrossRef]

	



Begon, M.; Parker, G.A. Should Egg Size and Clutch Size Decrease with Age? Oikos 1986, 47, 293. [Google Scholar] [CrossRef]

	



Stearns, S. Life-History Tactics: A Review of the Ideas. Q. Rev. Biol. 1976, 51, 3–47. [Google Scholar] [CrossRef] [PubMed]

	



Pascual, M.; Rives, B.; Schunter, C.; Macpherson, E. Impact of life history traits on gene flow: A multispecies systematic review across oceanographic barriers in the Mediterranean Sea. PLoS ONE 2017, 12, e0176419. [Google Scholar] [CrossRef]

	



Jensen, M.P.; FitzSimmons, N.N.; Dutton, P.H.; Michael, P. Molecular genetics of sea turtles. In The Biology of Sea Turtles; Wyneken, J., Lohmann, J., Musick, J.A., Eds.; CRC Press: Boca Raton, FL, USA, 2013; pp. 135–161. [Google Scholar]

	



Bowen, B.W.; Karl, S.A. Population genetics and phylogeography of sea turtles. Mol. Ecol. 2007, 16, 4886–4907. [Google Scholar] [CrossRef] [PubMed]

	



Karl, S.A.; Bowen, B.W. Evolutionary Significant Units versus Geopolitical Taxonomy: Molecular Systematics of an Endangered Sea Turtle (genus Chelonia). Conserv. Biol. 1999, 13, 990–999. [Google Scholar] [CrossRef]

	



Van Buskirk, J.; Crowder, L.B. Life-History Variation in Marine Turtles. Copeia 1994, 1994, 1446672. [Google Scholar] [CrossRef]

	



Seminoff, J.A.; Resendiz, A.; Nichols, W.J.; Jones, T.T. Growth Rates of Wild Green Turtles (Chelonia mydas) at a Temperate Foraging Area in the Gulf of California, México. Copeia 2002, 2002, 610–617. [Google Scholar] [CrossRef]

	



Mrosovsky, N. Conserving Sea Turtles (No. C/333.95716 M7); British Herpetological Society: London, UK, 1983. [Google Scholar]

	



Kobayashi, S.; Aokura, N.; Fujimoto, R.; Mori, K.; Kumazawa, Y.; Ando, Y.; Matsuda, T.; Nitto, H.; Arai, K.; Watanabe, G.; et al. Incubation and water temperatures influence the performances of loggerhead sea turtle hatchlings during the dispersal phase. Sci. Rep. 2018, 8, 11911. [Google Scholar] [CrossRef]

	



LeBlanc, A.M.; Rostal, D.C.; Drake, K.K.; Williams, K.L.; Frick, M.G.; Robinette, J.; Barnard-Keinath, D.E. The Influence of Maternal Size on the Eggs and Hatchlings of Loggerhead Sea Turtles. Southeast. Nat. 2014, 13, 587. [Google Scholar] [CrossRef]

	



Miller, J.D. Reproduction in sea turtles. The Biology of Sea Turtles; CRC Press: Boca Raton, FL, USA, 2017; pp. 51–81. ISBN 9780203737088. [Google Scholar]

	



Owens, D.W.; Morris, Y.A. The Comparative Endocrinology of Sea Turtles. Copeia 1985, 1985, 723. [Google Scholar] [CrossRef]

	



Hirth, H.F. Some Aspects of the Nesting Behavior and Reproductive Biology of Sea Turtles. Am. Zoöl. 1980, 20, 507–523. [Google Scholar] [CrossRef]

	



McClellan, C.M.; Braun-McNeill, J.; Avens, L.; Wallace, B.P.; Read, A.J. Stable isotopes confirm a foraging dichotomy in juvenile loggerhead sea turtles. J. Exp. Mar. Biol. Ecol. 2010, 387, 44–51. [Google Scholar] [CrossRef]

	



Whiting, S.D.; Murray, W.; Macrae, I.; Thorn, R.; Chongkin, M.; Koch, A.U. Non-migratory breeding by isolated green sea turtles (Chelonia mydas) in the Indian Ocean: Biological and conservation implications. Sci. Nat. 2007, 95, 355–360. [Google Scholar] [CrossRef]

	



Bolten, A.B.; Lutz, P.L.; Musick, J.A.; Wyneken, J. Variation in sea turtle life history patterns: Neritic vs. oceanic developmental stages. Biol. Sea Turt. 2003, 2, 243–257. [Google Scholar]

	



Carr, A.; Meylan, J.A.; Mortimer, K. Surveys of sea turtles populations and habitats in the Western Atlantic. NOAA Tech. Memo. 1982, 82, 1. [Google Scholar]

	



Broderick, A.C.; Glen, F.; Godley, B.J.; Hays, G.C. Variation in reproductive output of marine turtles. J. Exp. Mar. Biol. Ecol. 2003, 288, 95–109. [Google Scholar] [CrossRef]

	



Hirth, H.F. Synopsis of Biological Data on the Green Turtle, Chelonia mydas (Linnaeus 1758); FAO Fisheries Synopsis: Roma, Italy, 1971; FIRM/S85:1-75; ISBN 2-8317-0364-6. [Google Scholar]

	



Casale, P.; Mazaris, A.D.; Freggi, D. Estimation of age at maturity of loggerhead sea turtles Caretta caretta in the Mediterranean using length-frequency data. Endanger. Species Res. 2011, 13, 123–129. [Google Scholar] [CrossRef]

	



Omeyer, L.C.M.; Godley, B.J.; Broderick, A.C. Growth rates of adult sea turtles. Endanger. Species Res. 2017, 34, 357–371. [Google Scholar] [CrossRef]

	



Read, T.C.; Wantiez, L.; Werry, J.M.; Farman, R.; Petro, G.; Limpus, C.J. Migrations of green turtles (Chelonia mydas) between nesting and foraging grounds across the Coral Sea. PLoS ONE 2014, 9, e100083. [Google Scholar] [CrossRef]

	



Tiwari, M.; Bjorndal, K.A. Variation in morphology and reproduction in the Loggerheads, Caretta caretta, nesting in the United States, Brazil, and Greece. Herpetologica 2000, 56, 343–356. [Google Scholar]

	



Casale, P.; Ceriani, S. Sea turtle populations are overestimated worldwide from remigration intervals: Correction for bias. Endanger. Species Res. 2020, 41, 141–151. [Google Scholar] [CrossRef]

	



Hendrickson, J.R. The Ecological Strategies of Sea Turtles. Am. Zoöl. 1980, 20, 597–608. [Google Scholar] [CrossRef]

	



Limpus, C.; Miller, J.; Paramenter, C.; Reimer, D.; McLachlan, N.; Webb, R. Migration of green (Chelonia mydas) and loggerhead (caretta caretta) turtles to and from eastern Australian rookeries. Wildl. Res. 1992, 19, 347–357. [Google Scholar] [CrossRef]

	



Hamann, M.; Limpus, C.J.; Owens, D.W.; Lutz, P.L.; Musick, J.A.; Wyneken, J. Reproductive cycles of males and females. In The Biology of Sea Turtles; Lutz, P.L., Musick, J.A., Wyneken, J., Eds.; CRC Press: Boca Raton, FL, USA, 2003; pp. 135–161. [Google Scholar]

	



Jones, S.M. Hormonal Regulation of Ovarian Function in Reptiles. In Hormones and Reproduction of Vertebrates; Academic Press: Cambridge, MA, USA, 2011; pp. 89–115. [Google Scholar] [CrossRef]

	



Fitzsimmons, N.N.; Tucker, A.D.; Limpus, C.J. Long-term breeding histories of male green turtles and fidelity to a breeding ground. Mar. Turt. Newsl. 1995, 68, 2–4. [Google Scholar]

	



Wilbur, H.M.; Morin, P.J. Life history evolution in turtles. Biol. Reptil. 1988, 16, 387–439. [Google Scholar]

	



Blanvillain, G.; Owens, D.W.; Kuchling, G. Hormones and Reproductive Cycles in Turtles. In Hormones and Reproduction of Vertebrates; Academic Press: Cambridge, MA, USA, 2011; pp. 277–303. [Google Scholar] [CrossRef]

	



Bjorndal, K.A.; Schroeder, B.A.; Foley, A.M.; Witherington, B.E.; Bresette, M.; Clark, D.; Herren, R.M.; Arendt, M.D.; Schmid, J.R.; Meylan, A.B.; et al. Temporal, spatial, and body size effects on growth rates of loggerhead sea turtles (Caretta caretta) in the Northwest Atlantic. Mar. Biol. 2013, 160, 2711–2721. [Google Scholar] [CrossRef]

	



Gatto, C.R.; Robinson, N.J.; Spotila, J.R.; Paladino, F.V.; Tomillo, P.S. Body size constrains maternal investment in a small sea turtle species. Mar. Biol. 2020, 167, 1–11. [Google Scholar] [CrossRef]

	



Bjorndal, K.A.; Bolten, A.B. Comparison of straight-line and over-the-curve measurements for growth rates of green turtles, Chelonia mydas. Bull. Mar. Sci. 1989, 45, 189–192. [Google Scholar]

	



Bjorndal, K.A.; Bolten, A.B. Growth Rates of Immature Green Turtles, Chelonia mydas, on Feeding Grounds in the Southern Bahamas. Copeia 1988, 1988, 555. [Google Scholar] [CrossRef]

	



Carr, A. Handbook of Turtles; Cornell University Press: Ithaca, NY, USA, 1952. [Google Scholar]

	



Bocourt, M. Description de quelques cheloniens nouveaux appartenant a la Faune Mexicaine. Ann. Sci. Nat. Zool. 1868, 10, 1–3. [Google Scholar]

	



Ernst, C.H.; Barbour, R.W. Turtles of the World; Smithsonian Institution Press: Washington, DC, USA, 1989. [Google Scholar]

	



Pritchard, P.; Bacon, F.; Berry, A.; Carr, J.; Fletmeyer, R.; Gallagher, S.; Hopkins, R.; Lankford, R.; Marquez, L.; Ogren, W.; et al. Manual Sobre Técnicas de Investigación y Conservación de Las Tortugas Marinas; Center for Environmental Education: Washington, DC, USA, 1983; 134p. [Google Scholar]

	



Rainey, W.E.; Cornelius, S.E. The Sea Turtles of Santa Rosa National Park; Fundación de Parques Nacionales: San Jose, Costa Rica, 1987. [Google Scholar] [CrossRef]

	



Marquez, R. Sea Turtles of the World. An Annotated and Illustrated Catalogue of Sea Turtle Species Know to Date; FAO Fisheries Synopsis: Roma, Italy, 1990; Volume 11, 81p. [Google Scholar]

	



Kamezaki, N.; Matsui, M. Geographic Variation in Skull Morphology of the Green Turtle, Chelonia mydas, with a Taxonomic Discussion. J. Herpetol. 1995, 29, 51. [Google Scholar] [CrossRef]

	



Okamoto, K.; Kamezaki, N. Morphological variation in Chelonia mydas (Linnaeus, 1758) from the coastal waters of Japan, with special reference to the turtles allied to Chelonia mydas agassizii Bocourt, 1868. Curr. Herpetol. 2014, 33, 46–56. [Google Scholar] [CrossRef]

	



Alvarado, J.; Figueroa, A. The Ecological Recovery of Sea Turtles of Michoacan, Mexico. Special Attention: The Black Turtle, Chelonia agassizii; Final Report 1988–1989; US Fish & Wildlife Service: Albuquerque, NM, USA, 1989. [Google Scholar]

	



Bowen, B.W.; Meylan, A.B.; Ross, J.P.; Limpus, C.J.; Balazs, G.H.; Avise, J.C. Global population structure and natural history of the green turtle (Chelonia mydas) in terms of matriarchal phylogeny. Evolutionary 1992, 46, 865–881. [Google Scholar]

	



Alvarado, J.; Figueroa, A. Recapturas post-anidatorias de hembras de tortuga marina negra (Chelonia agassizii) marca-das en Michoacán, Mexico. Biotropica 1992, 24, 560–566. [Google Scholar] [CrossRef]

	



Alvarado-Díaz, J.; Delgado-Trejo, C.; Suazo-Ortuño, I. Evaluation of black turtle project in Michoacán, México. Mar. Turt. Newsl. 2001, 92, 4–7. [Google Scholar]

	



Figueroa, A.; Alvarado, J.; Hernández, F.; Rodríguez, G.; Robles, J. The ecological recovery of sea turtles of Michoacán, México. Special attention to the black turtle (Chelonia agassizii); Final Report to WWF-USFWS; US Fish & Wildlife Service: Albuquerque, NM, USA, 1993. [Google Scholar]

	



Alvarado, J.; Figueroa, A. Comportamiento reproductivo de la tortuga negra Chelonia agassizii. Ciencia desar-rollo 1991, 17, 43–49. [Google Scholar]

	



Alvarado, J.; Figueroa, A.; Delgado, C.; Sanchez, M.T.; Lopez, E. Differential retention of metal and plastic tags on the black sea turtle (Chelonia agassizii). Herpetological. Rev. 1993, 24, 23–24. [Google Scholar]

	



Guzman, H.M.; Rogers, G.; Gomez, C.G. Behavioral States Related to Environmental Conditions and Fisheries During Olive Ridley Turtle Migration From Pacific Panama. Front. Mar. Sci. 2019, 6, 770. [Google Scholar] [CrossRef]

	



Jensen, M.P.; FitzSimmons, N.N.; Dutton, P.H.; Michael, P. Molecular genetics of sea turtles. Biol. Sea Turt. 2013, 3, 135–161. [Google Scholar]

	



Peery, M.Z.; Kirby, R.; Reid, B.N.; Stoelting, R.; Doucet-Bëer, E.; Robinson, S.; Vásquez-Carrillo, C.; Pauli, J.N.; Palsbøll, P.J. Reliability of genetic bottleneck tests for detecting recent population declines. Mol. Ecol. 2012, 21, 3403–3418. [Google Scholar] [CrossRef] [PubMed]

	



Iverson, J.B. Adaptations to herbivory in Iguanine lizards. In Iguanas of the World: Their Behavior, Ecology and Conservations; Burghardt, G.M., Rand, A.S., Eds.; Noyes Publisher: New York, NY, USA, 1982; pp. 60–76. [Google Scholar]








[image: Animals 13 00406 g001 550] 





Figure 1. C. m. agassizii nesting area in Colola, Mexico. 
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Figure 2. Curved carapace length (CCL) of 1500 nesting females (1985–2000). 
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Figure 3. Temporal changes in body size (CCL) of black turtles (1985–2000). 
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Figure 4. Mean clutch size per year 1985 to 2000 (n = 1500). The letters indicate significant differences between the years analyzed. 
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Figure 5. Linear regression between female curved carapace length and clutch size for C. m. agassizii (n = 1500) at Colola Beach, Mexico. 
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Figure 6. C. m. agassizii mean fecundity during 14 nesting seasons (1986–2000) at Colola Beach, Mexico. The letters indicate significant differences between the years analyzed. 
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Figure 7. C. m. agassizii female remigration interval (1985–2000). 
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Table 1. Statistical data for clutch size from 1985 to 2000 (n=100 nests per season).
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	Season
	2000
	1999
	1998
	1997
	1996
	1995
	1994
	1993
	1991
	1990
	1989
	1988
	1987
	1986
	1985





	N
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100



	Minimum
	10.0
	12.0
	20.0
	4.000
	17.0
	17.0
	11.0
	20.0
	16.0
	25.0
	3.0
	21.0
	5.0
	11.0
	18.0



	Maximum
	130.0
	148.0
	146.0
	118.0
	113.0
	123.0
	153.0
	118.0
	124.0
	120.0
	130.0
	136.0
	111.0
	127.0
	118.0



	Average
	72.6
	85.6
	72.6
	63.8
	68.4
	66.6
	69.6
	68.6
	64.6
	67.6
	61.7
	76.5
	62.8
	65.5
	73.6



	Standard deviation
	25.2
	26.9
	25.5
	18.3
	21.7
	17.8
	25.3
	19.7
	18.4
	17.9
	24.5
	24.6
	19.4
	23.8
	21.9
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Table 2. Remigration events of 528 female C. m. agassizii tagged in Colola, Mexico and recaptured in subsequent years (n = females recaptured per season).
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	1985
	1986
	1987
	1988
	1989
	1990
	1991
	1992
	1993
	1994
	1995
	1996
	1997
	1998
	1999
	2000





	1985
	
	5
	5
	8
	10
	7
	1
	
	
	
	
	
	
	
	
	



	1986
	
	
	11
	5
	14
	17
	2
	
	
	
	3
	
	
	
	
	



	1987
	
	
	
	5
	10
	30
	24
	21
	9
	8
	9
	3
	
	5
	
	



	1988
	
	
	
	
	1
	18
	4
	5
	2
	3
	3
	3
	1
	
	
	



	1989
	
	
	
	
	
	3
	5
	9
	10
	23
	36
	6
	7
	4
	
	



	1990
	
	
	
	
	
	
	2
	1
	6
	11
	27
	10
	3
	
	
	



	1991
	
	
	
	
	
	
	
	1
	2
	10
	11
	6
	3
	3
	
	



	1992
	
	
	
	
	
	
	
	
	
	1
	1
	3
	1
	1
	
	



	1993
	
	
	
	
	
	
	
	
	
	2
	6
	11
	4
	
	
	



	1994
	
	
	
	
	
	
	
	
	
	
	1
	4
	14
	3
	
	



	1995
	
	
	
	
	
	
	
	
	
	
	
	3
	4
	2
	2
	



	1996
	
	
	
	
	
	
	
	
	
	
	
	
	1
	5
	
	1



	1997
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	1
	



	1998
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	3



	1999
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	2000
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