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Egg translocation and incubation in man-made nests (MMN) are common conservation practices through marine turtle hatcheries worldwide. These measures have been associated with reduced hatching rates, altered hatchling sex ratio, fetal dysmorphic anatomical features, and feeble hatchlings health. Previous studies have shown that MMN and natural nests (NN) provide different incubatory conditions. Therefore, incubatory challenges imposed by MMN conditions on fetal development could induce stress responses affecting hatchlings functional morphology later on life. There is no evidence of incubatory stress associated with conservation measures in turtle fetuses or hatchlings. Thus, in this paper we tested the hypothesis that MMN incubation exposes turtle fetuses to stressing conditions. Given that the hypothalamic-pituitary-interrenal axis begins functioning by day 11 of incubation in reptiles, our experiments explored the effects of incubatory conditions, rather than those associated with translocation, on fetal stress responses. We showed that Lepidochelys olivacea hatchlings incubated in MMN displayed reduced body weight, hypertrophic inter-renal glands, testicular hypotrophy and hypotrophic dorso-medial cortical pyramidal neurons, when compared with hatchlings emerging from NN. Furthermore, MMN hatchlings had higher serum levels of corticosterone at emergence, and displayed an attenuated acute stress response after traversing the beach. Therefore, the relocation of nests to protect them could negatively impact the health and survival of sea turtles. Thus, this action should only be undertaken when no alternative is available.
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INTRODUCTION

Sea turtle populations have been declining through the last century (Sarti et al., 2007; Seminoff and Shanker, 2008). Several conservation strategies aimed at reversing these trends are currently in practice (Eckert et al., 1999). The creation of hatcheries where turtle eggs are translocated from natural nests (NN) and incubated in man-made nests (MMN) is one of the main strategies currently used. Hatcheries protect turtle eggs from poaching, predation, and beach erosion, factor all that could reduce marine turtles' reproductive success (Seminoff et al., 2003; Abreu-Grobois and Plotkin, 2008). However, egg translocation to and incubation in MMN is associated with reduced hatching and emergence success (Limpus et al., 1979; Parmenter, 1980; Eckert and Eckert, 1990; McElroy et al., 2015; Ahles and Milton, 2016), weak hatchling health (Maulany et al., 2012), misbalance sex ratio (Pintus et al., 2009), and increased frequency of fetal dysmorphic anatomical features (Sönmez et al., 2011). Although the precise mechanism underlying these negative outcomes is unclear, it is possible that mechanical, humidity, thermal and microbiological conditions (Chan et al., 1985; Booth and Astill, 2001; Arzola-González, 2007; Tuttle and Rostal, 2010; DeGregorio and Southwood, 2011; Patino-Martinez et al., 2012) in MMN could induce fetal incubatory stress responses.

Stress is a physiological response triggered by stimuli that challenge body homeostasis (Chrousos and Gold, 1992). During the stress response, the hypothalamic-pituitary-adrenal (HPA) axis releases catecholamines and gluco-corticoids into the blood stream. Metabolic adjustments (e.g., increased glucose serum availability) follow the rise of these hormones (Chrousos and Gold, 1992; Tsigos and Chrousos, 2002). Under acute circumstances, all these adjustments subside in a matter of minutes to few hours (McEwen, 2000; Tsigos and Chrousos, 2002), and the organism recovers its homeostatic state (McEwen, 2000). However, when the organism is chronically challenged, it develops sustained, chronic allostatic stress responses, which predisposes the organism to develop different functional and morphological disorders (Avitsur and Sheridan, 2009). This is especially true when exposure to stressing conditions occurs during prenatal development (Kapoor and Matthews, 2008).

Hence, in the present study, we evaluated whether L. olivacea hatchlings produced by eggs translocated and incubated in MMN had functional and morphological signs of stress at emergence, suggesting their exposure to stressing conditions during fetal life. Given that the hypothalamic-pituitary-interrenal (HPI) axis in turtles begins functioning between days 11 and 15 of incubation (Kuntz, 1912; Pearson et al., 1983; Milano, 1991; Jenkins and Porter, 2004), it is probable that our results predominantly reflect the effects of MMN incubatory conditions, rather than effects associated with egg translocation.

MATERIALS AND METHODS

Study Site and Nesting Conditions

L. olivacea hatchlings were collected and sampled during the 2013 reproductive season. NN hatchlings had an average of 47.66 ± 1.52 incubation days by the time of emergence. MMN hatchlings had an average of 53.5 ± 2.42 incubation days by the time of emergence. All nests were built through the beach “Barra de Pichi” in Lázaro Cárdenas, Michoacán, México (Supplementary Figure 1); MMN hatchlings emerged in the hatchery “La Tortuga” (17°58′23.86″ N; 102°19′24.63″ W; 7 feet altitude; Google earth image @2016 Digital globe @Google; Supplementary Figure 2). Egg translocation and reburial in MMN were performed by hatchery staff and followed protocols recommended by the Mexican official norm (NOM-162-SEMARNAT-2011, http://dof.gob.mx/nota_detalle_popup.php?codigo=5233078). Briefly, hatchery personnel patrolled the beach at night to identify nesting turtles. Once the nesting female was spotted, staff carefully removed the sand and collected the entire clutch after oviposition was completed and the turtle had left the nest; eggs were placed in plastic bags and transported to the hatchery. The complete clutch was reburied with wet sand followed by dry sand. At all times, efforts were made to avoid egg rotation and major mechanical perturbations. Egg translocation and reburial took no more than 2 h. Natural incubation occurred, on the other hand, near the hatchery, 80 m away from the tide line (Supplementary Figure 2). Staff personnel patrolled the beach to locate nesting females. The staff circle-fenced the nesting site using a wire-made meshwork, after the females had left the nest.

Hatchlings Collection

All hatchlings used for the histological and/or the biochemical analyses at emergence or at sea arrival were collected from the same nests.

Seventeen hatchlings from NN (n = 3) and 17 hatchlings from MMN (n = 3) were captured for conducting the anatomical evaluation of the brain, gonads and inter-renal glands, and corticosterone measurements in serum samples at emergence (Supplementary Table 1). During specimen collection, hatchlings were randomly taken, one by one, at 5-min intervals, as they surfaced. Hatchlings were weighed on a roman tubular precision scale, measured using a digital Vernier (snout-vent and carapace lengths) and decapitated. The blood was individually collected in microfuge tubes. Then, the heart was exposed by surgically removing the pectoral scutes; additional blood samples were withdrawn by direct heart puncturing. In the meantime, a second researcher dissected the brains and placed them into light protected vials containing the Golgi's solution (see below). Samples were kept at ambient temperature until further processing. Finally, the rest of the plastron was removed and the inter-renal glands and the gonads were dissected from the abdominal cavity and placed in vials containing buffered paraformaldehyde (4%) and kept at ambient temperature until reaching the laboratory where they were stored at 4°C.

To estimate corticosterone serum levels at sea arrival, we captured 18 hatchlings from NN (n = 3) and 10 hatchlings from MMN (n = 2) (Supplementary Table 1). Hatchlings used for estimating corticosterone serum levels at sea arrival were also taken one by one, transferred to a common departing site located 20 m away from the shoreline, but close to the nest they emerged. Once placed in the “start” site, they were set free to crawl toward the sea. As soon as they reached the ocean shore, they were re-captured, weighted, measured, decapitated and bled as previously described.

Animal handling, sacrifice, and sampling protocols were all approved by the SEMARNAT's Animal Rights Committee, under the License Number SGPA/DGVS/05459/13; Supplementary Presentation 1, and in full accordance to the Mexican Official Norm, NOM-033-ZOO-1995 for humanitarian sacrifice of domestic and wild animals. The comparisons were made by evaluators blind to the experimental conditions.

Corticosterone Serum Levels

Serum samples were obtained after centrifuging the coagulated blood during 15 min at 2,000 rpm and ambient temperature using a portable microfuge (Eppendorf). The samples were stored in liquid nitrogen and, once in the laboratory, were kept frozen at −80°C until further processing. Costicosterone levels were measured using an enzyme-linked immunoabsorbent assay (ALPCO, 55-CORMS-E01), following the manufacturer's instructions. The intra-assay variation coefficient was 2.8–8.3% and the assay sensitivity was 4.1 ng/mL.

Histological Procedures

Inter-renal glands and gonads were weighted with an analytical micro-balance (Mettler Toledo, MX, Max 5.1 g d = 1 μg), embedded in paraffin through conventional methods and sliced (5 μm) using a microtome. Sections were mounted onto gelatin-coated slides, de-waxed, hydrated, and stained with hematoxylin-eosin (Merck). Finally, slides were dehydrated, xylene-cleared and cover-slipped using Cytoseal 60 (Richard Alan Scientific).

The brains, on the other hand, were rapidly dissected, weighed and processed immediately for Golgi impregnation following the manufacturer's instructions (Golgi Staining Kit II Neurotechniques Inc). The brains were cut through the coronal plane (200 μm) using a cryostat. Sections were mounted onto gelatin-coated slides, air-dried, xylene-cleared, and cover-slipped.

Quantitative Organ Cyto-Morphology

Inter-renal Glands

Twelve longitudinal sections (5 μm) per turtle were randomly sampled along each inter-renal gland. Steroid-producing cells per animal (Ray and Maiti, 2001) were counted in all sections and their nuclear area estimated in digital photomicrographs taken at x1,000 (Leica DM3000); cell counts and nuclear tracing were performed manually using the NIH ImageJ software. Cell density was estimated by dividing the number of cell nuclei on the total area sampled.

Testes

As shown in Supplementary Table 1, histological evaluation of the gonads showed that most of the hatchlings captured and sampled happened to be males. Our observation does not necessarily mean that there is a male predominance in all nests analyzed given that in our study (1) hatchling sampling number per nest was small, (2) we did not estimate sex ratio per nest, (3) hatchlings capturing was arbitrary, and (4) capturing only lasted approximately an hour. In addition, several factors may explain male predominance in our samples, including that female hatchlings pip at a slower pace than male ones (Mahmoud et al., 2005), that marine turtles nest emergence is asynchronous (Houghton and Hays, 2001), and that nest emergence is dependent on the development of a time sense by the hatchlings (Salmon and Raising, 2014); this varies among individuals. Therefore, our hypothesis was evaluated in males because they were more numerous.

Two longitudinal slices (5 μm) were taken approximately from the middle section of the gonad and were randomly and digitally photographed at x400 using a Leica DM3000 microscope. The circularity index of the seminiferous cords was estimated with the aid of ImageJ. The 50 cords with the highest circularity index were selected. The average circularity index for hatchlings emerging from NN was 0.990 ± 0.01, and for hatchlings emerging from MMN was 0.991 ± 0.01. The average testicular epithelial cell number per seminiferous cord was then manually counted in both groups of hatchlings using x400 digital images and the ImageJ software.

Neurons

Dorso-medial pyramidal neurons (n = 10 per turtle) were manually drawn with the aid of a camera Lucida adapted to a bright field Leica microscope. Neuron drawings were then scanned and digitized. Dendritic complexity was evaluated using Sholl's analyses (Shankaranarayana Rao et al., 2001); concentric rings were separated from each other by 10 μm intervals. The number of intersections between dendritic processes and concentric rings was counted. In addition, the area of neuronal cell bodies was estimated by digitally creating a mask of each soma that later was automatically measured with the aid of ImageJ.

Statistical Analyses

Data of all variables in both animal groups were normally distributed and had variance homogeneity, with the exception of the number of dendritic intersections (Kolmogorov–Smirnov tests, α > 0.05).

Nested analysis of variance (ANOVA) were conducted to compare all variables (with the exception of serum levels of corticosterone and number of dendritic intersections) among treatments, and to evaluate variability among groups within treatments. For conducting these analyses, we used a generalized lineal model (GLM) that nested hatchlings groups within treatments.

To compare serum corticosterone levels at different times (emergence/sea arrival) and between treatments, a nested ANOVA was conducted nesting groups within sampling condition (at emergence and at sea arrival) or treatments. Additionally, a Fisher LSD multiple comparison post hoc tests with 95% (α ≤ 0.05) confidence was carried out to identify significant differences among groups.

Finally, we also used a nested ANOVA to compare the number of dendritic intersections between hatchling groups. The number of dendritic intersections was then nested within groups and treatments, using a generalized non-lineal model (GNLM) with a Poisson's distribution and a Log function. Statistica 7 software was used to perform all analyses. Means and standard errors are presented.

RESULTS

Macroscopic Measures

MMN hatchlings displayed significantly lower body weights (15.84 + 0.43 g) than NN hatchlings [17.02 ± 0.17 g. Nested ANOVA F(1, 30) = 6.341, *p = 0.017; Supplementary Figure 3A]. In contrast, other parameters were similar, including:

a) Body length [Nested ANOVA F(1, 30) = 1.97, p = 0.171. MMN 66.76 ± 0.42 and NN 67.48 ± 0.59 cm. Supplementary Figure 3B],

b) Carapace length [MMN, 42.35 ± 0.40 and NN 42.76 ± 0.34 cm] and width [MMN 35.06 ± 0.25 and NN 34.38 ± 0.37 cm],

c) Plastron length [MMN 32.71 ± 0.36 and NN 33.02 ± 0.32 cm] and width [MMN 29.40 ± 0.41 and NN 29.16 ± 0.55 cm],

d) Brain weight [MMN, 11.20 ± 0.55 and NN, 10.61 ± 0.51 mg],

e) Interrenal gland weight [MMN 6.5 ± 0.92 and NN, 7.83 ± 0.77 mg].

In addition, MMN hatchlings had significantly lighter testicles (1.95 ± 0.19 mg) than NN hatchlings [2.79 ± 0.36 mg. Nested ANOVA F(1, 18) = 4.59, *p = 0.046].

Glucocorticoid-Producing Cells

Qualitative observations showed that MMN hatchlings display glucocorticoid producing cells with hypertrophied cytoplasm (compare Figures 1A,B). This explained why these cells' nuclear density was significantly reduced in MMN hatchlings (1,582 ± 69.10 cells/mm2) with respect to NN turtles [1993.69 ± 136.88 cells/mm2; Nested ANOVA F(1, 28) = 7.77, *p = 0.009, Figure 1C]. In addition, glucocorticoid producing cells had significantly larger nuclei (33.42 ± 1.43 μm2) than those observed in NN hatchlings [29.50 ± 0.87 μm2, ANOVA F(1, 28) = 11.14, *p = 0.002, compare Figure 1A and Figure 1B; also Figure 1D].
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FIGURE 1. Photomicrographs of histological sections stained with hematoxylin-eosin showing glucocorticoid-producing cells in the interrenal gland of hatchlings that emerged from NN (A) or MMN (B). Notice the enlarged cell nuclei (asterisks and outlines) and hypertrophied cytoplasm in MMN hatchlings. Since lipids were extracted during histological processing, the cytoplasm is observed as a white space surrounding the cell nuclei. Scale bar = 20 μm. Bar graphs that show the nuclear cell density [C; Nested ANOVA F(1, 28) = 7.77, *p = 0.009] and cell nuclear area [D; Nested ANOVA F(1, 28) = 11.14, *p = 0.002] of glucocorticoid-producing cells in NN and MMN hatchlings. (E) Graph showing corticosterone serum levels in hatchlings from NN or MMN at nest emergence and at sea arrival [Nested ANOVA F(2, 51) = 5.58, p = 0.006]. At emergence, serum basal levels were significantly higher in MMN than in NN hatchlings (Fisher LSD means comparison test, *p = 0.044); no differences were observed between groups at sea arrival. At sea arrival, the magnitude of the evoked release of corticosterone was significantly lower MMN than in NN hatchlings (intragroup comparisons; Fisher LSD means comparison test, ξp = 0.003).



Corticosterone Serum Levels

At emergence, corticosterone serum levels in MMN hatchlings were significantly higher (30.96 ± 1.57 ng/mL) than those estimated in NN hatchlings (27.27 ± 0.79 ng/mL, Fisher LSD means comparison test, *p = 0.044, Figure 1E).

HPA axis over-activation may be inferred by exposing already stressed organisms to additional stressful challenges (Jones and Bell, 2004). Under these circumstances, a discrete increase in corticosterone must be observed in chronically stressed organisms since they already have augmented basal levels of serum corticosterone. This is precisely what happened when MMN hatchlings were subjected to a stressful challenge. Indeed, at the sea arrival, the increase in corticosterone serum levels was significantly reduced in MMN hatchlings (32.43 + 1.44 ng/mL, Fisher LSD means comparison test, p = 0.479, Figure 1E) as compared to their NN counterparts (32.75 + 1.87 ng/mL, Fisher LSD means comparison test, ξp = 0.03, Figure 1E).

Testicular Cytology

Qualitative observations showed that MMN hatchlings have reduced numbers of epithelial cells in the seminiferous cords and a poorly developed testicular stroma, as compared to NN hatchlings (Figures 2A,B). Quantitative analyses confirm this impression [MMN: 7.22 ± 0.25 cells and NN: 8.39 ± 0.41 cells per seminiferous cord, nested ANOVA F(1, 23) = 4.844, *p = 0.038, Figure 2C].
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FIGURE 2. Photomicrographs of histological sections showing epithelial cells of seminiferous cords in NN (A) and MMN (B) hatchlings. Notice that testicles of MMN hatchlings have hypotrophic epithelial (*) and interstitial cells (arrows). The connective tissue surrounding seminiferous tubules is more compact in NN than in MMN hatchlings. Hematoxylin-Eosin staining. Scale bar = 20 μm. (C) Bar graph that depicts epithelial cell number per seminiferous cord in NN and MMN hatchlings [Nested ANOVA F(1, 23) = 4.84, *p = 0.038].



Morphology of Pyramidal Neurons

Neurons in the dorso-medial cortex of MMN hatchlings showed a reduced cell area [Nested ANOVA F(1, 13) = 11.998, *p = 0.004, Figures 3A,B] and decreased dendritic arbor complexity [Nested ANOVA Wald [image: image] = 539.900, *p < 0.001, Figure 3C] when compared to those observed in NN hatchlings.
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FIGURE 3. (A) Representative camera Lucida drawings of Golgi-impregnated pyramidal neurons located in the dorso-medial cortex of an NN (upper panel) and of an MMN (lower panel) hatchling. Scale bar = 100 μm. (B) Bar graph depicting the average total area of pyramidal neurons located in the dorso-medial cortex of hatchlings that emerged from NN or MMN [Nested ANOVA F(1, 13) = 11.99, *p = 0.004]. (C) Graph depicting the average number of dendritic intersections relative to the distance from the geometric center of the cell soma of pyramidal neurons of the dorso-medial cortex in NN and MMN hatchlings [Nested ANOVA Wald [image: image] = 539.90, p < 0.001].



DISCUSSION

Incubation in MMN is frequently associated with reduced emergence rate, misbalanced sex ratio, weaker hatchling health, and increased frequency of congenital malformations. It is possible that MMN exposes turtles to an incubatory environment that induces stress in developing fetuses. It has been reported that MMN humidity, temperature (e.g., Reece et al., 2002; Arzola-González, 2007) possibly and microbiological (Bézy et al., 2014) conditions differ from those recorded for NN. In this study, we conducted preliminary experiments that explored whether MMN incubatory conditions induce stress in fetal turtles. Our results support this hypothesis. At emergence, MMN L. olivacea hatchlings displayed, lower body weight, hypertrophied glucocorticoid producing cells, hypotrophic testicles, and hypotrophic dorso-medial cortical pyramidal neurons, as well as increased basal corticosterone serum levels. In addition, after crawling through the beach, MMN hatchlings showed an attenuated rise of corticosterone levels. In conjunction, these results suggest that MMN hatchlings developed a stress response during incubation. Because HPI axis begins functioning by day 11 of incubation, it is possible that the functional morphological changes observed in MMN hatchlings predominantly reflect stress induced by incubatory conditions, rather than by translocation. We cannot rule out, however, the possibility that egg translocation could have conditioned HPI axis development through epigenetic mechanisms before the 11th day of incubation. This issue could be addressed by removing eggs from sham NN, holding them out for the time taken to relocate a nest, and finally placing them back into the same sham NN to complete their incubation. If, under these circumstances, hatchlings produced by sham NN had similar functional morphological attributes to those observed in NN hatchlings, it may be concluded that incubatory environment stresses turtle embryonic/fetal development. If, on the other hand, sham NNs and MMNs hatchlings were similar to one another, but differ from NN hatchlings, then the differences among groups could be attributed to translocation. Future studies must be performed to assess both possibilities.

A frequent finding reported in mammals is that gestational stress decreases fetal growth rate (Brunton and Russell, 2010; Brunton, 2013), a circumstance that leads to reduced body weight at birth. In mammals, stress-associated fetal growth retardation commonly results from prenatal undernourishment due to placental insufficiency, a process mediated by epigenetic mechanisms (Leigh, 2010). Turtles are not placental animals, and most of the energy used by fetuses to grow is allocated in the yolk (Hewavisenthi and Parmenter, 2002; Venkatesan et al., 2005). In fact yolk mass, with some contribution of egg mass as an estimation mainly of hydrated albumin mass, correlate positively with hatchlings weight at emergence (Wallace et al., 2006). Therefore, it is possible that the reduced body weight observed in MMN hatchlings at emergence may result from stress-related loss of yolk and egg/albumin mass. However, we did not measure yolk mass at emergence and/or egg mass at laying. Our results do not include egg mass because we wanted to leave NN fully undisturbed to reduce as much as possible the potential sources of stress. Hence, future experiments must evaluate whether MMN incubation decreases yolk and egg size and/or if it shifts their biochemical composition. It will be also useful to study expression and methylation patterns of genes that are involved in modulating fetal growth (e.g., hepatocyte growth factor; Kawashima-Ohya et al., 2011). In spite of these limitations, the differential effects (and the absence of them; e.g., carapace length) that MMN incubatory conditions had on various morphological parameters and on corticosterone serum levels still support the general inference of this work, namely, MNN promotes stress in turtle fetuses.

In mammals, individuals subjected to prenatal stress may develop altered behavior (e.g., aggressiveness, depression; Kapoor and Matthews, 2008; Leigh, 2010), reproductive dysfunction (e.g., infertility; Kapoor and Matthews, 2008), metabolic syndrome (Antti-Jussi et al., 2010), immune depression (Martin, 2009), and even degenerative diseases that affect various organ systems (e.g., cardiovascular) at some point of their lives (Engler, 1995). Prenatal stress also reprograms and imprints gamete genome (Chehreie et al., 2013), thus passing diseased states to the progeny through transgenerational epigenetic inheritance (Jablonka and Raz, 2009; Leigh, 2010; Daxinger and Whitelaw, 2012; Heard and Martienssen, 2014). It is thus possible that worldwide hatcheries release numerous specimens that may be carrying heritable, non-adaptive traits. Although in this work, we did not provide evidence in favor of this possibility, the fact that MMN hatchlings showed testicular hypotrophy and a decreased number of epithelial cells in the seminiferous cords support this possibility. In this regard, one may think that relocation not into a designated hatchery, but to sites closer to dunes may prevent stress-associated, gamete genome reprogramming and imprinting. It is known, nonetheless, that incubatory conditions differ significantly at different location of the same beach (e.g., Bézy et al., 2014). In spite of uncertainties, and based upon our results, it is probable that some of the current conservation practices may have a negative impact on adult marine turtle survival and reproductive success in the long term. Thus, this action should only be undertaken when no alternative is available.

Lastly, the present observations are also significant with regard to other conservation activities conducted by the attending personnel, at least in Mexican hatcheries. Staff -retain hatchlings soon after emergence for several hours (Van de Merwe et al., 2013). This practice provides the opportunity for hatchery managers to raise money by charging a fee to attend hatchling release events. Unfortunately, it also furthers post-emergence stress during the frenzy stage (Wyneken and Salmon, 1992), a critical period in which hatchlings try to avoid predation both on land and in the sea (Pilcher and Enderby, 2001; Burgess et al., 2006; Ischer et al., 2009; Van de Merwe et al., 2013). Based on our results, we recommend that hatchery managers be advised to stop this potentially harmful practice.
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