
ARTIC
LE

 IN
 PRESS

Article in Press

Reproductive strategies of the most 
geographically isolated Trachylepis support 
predictions of the island syndrome

Scientific Reports

Received: 28 July 2025

Accepted: 13 March 2026

Cite this article as: Migliore S.N., 
Braz H.B., Gasparotto V.P.O. et al. 
Reproductive strategies of the most 
geographically isolated Trachylepis 
support predictions of the island 
syndrome. Sci Rep (2026). https://doi.
org/10.1038/s41598-026-44759-z

Serena N. Migliore, Henrique B. Braz, Vinicius P. O. Gasparotto, Cybele S. Lisboa, 
Ricardo A. Dias, Gabrieli S. Araújo, Renan A. Ramalho & Selma Maria Almeida-Santos

We are providing an unedited version of this manuscript to give early access to its 
findings. Before final publication, the manuscript will undergo further editing. Please 
note there may be errors present which affect the content, and all legal disclaimers 
apply.

If this paper is publishing under a Transparent Peer Review model then Peer 
Review reports will publish with the final article.

https://doi.org/10.1038/s41598-026-44759-z

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1038/s41598-026-44759-z
https://doi.org/10.1038/s41598-026-44759-z
https://doi.org/10.1038/s41598-026-44759-z
http://creativecommons.org/licenses/by-nc-nd/4.0


Reproductive strategies of the most geographically isolated 

Trachylepis support predictions of the island syndrome

Serena N. Migliore1,2, Henrique B. Braz1*; Vinicius P. O. Gasparotto3,4, 

Cybele S. Lisboa5, Ricardo A. Dias3, Gabrieli S. Araújo1, Renan A. 

Ramalho1, Selma Maria de Almeida-Santos1

1Laboratório de Ecologia e Evolução, Instituto Butantan, São Paulo, Brazil

2Programa de Pós-graduação em Anatomia dos Animais Domésticos e 

Silvestres, Faculdade de Medicina Veterinária e Zootecnia, Universidade 

de São Paulo, Brazil

3Laboratório de Epidemiologia e Bioestatística, Departamento de Medicina 

Veterinária Preventiva e Saúde Animal, Faculdade de Medicina Veterinária 

e Zootecnia, Universidade de São Paulo, Brazil

4 Tríade - Instituto Brasileiro para Medicina da Conservação, Recife, Brazil

5 Setor de Herpetofauna, Zoológico de São Paulo - Reserva Paulista, São 

Paulo, Brazil

*Corresponding author: h.braz@hotmail.com

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



ABSTRACT

The island syndrome hypothesis predicts that insular organisms exhibit 

phenotypic differences from their mainland counterparts, particularly in 

reproductive strategies. Island populations are expected to have shorter 

breeding seasons, smaller clutches, larger offspring, and lower 

reproductive frequency. Although these patterns are well-documented in 

birds and mammals, evidence from island squamates is conflicting. The 

skink genus Trachylepis, which includes many island endemics in the 

Atlantic and Indian oceans, offers a model for testing these predictions in 

squamates. However, robust reproductive data are scarce for most insular 

Trachylepis. We characterized the reproductive phenology and output of 

the Noronha skink (Trachylepis atlantica), an endemic species to the 

remote Fernando de Noronha Archipelago (northeastern Brazil) and the 

westernmost dispersion of the genus in the Atlantic. We analyzed 

macroscopic and microscopic data from free-ranging, museum, and zoo-

housed individuals, and compared our findings with available data for 

other Trachylepis species. Our results support the predictions of the island 

syndrome. Both sexes show a seasonal breeding pattern concentrated in 

the dry season, lasting approximately seven months—substantially shorter 

than in most tropical mainland congeners. Free-ranging females produce 

the smallest clutches (typically two eggs) and the largest eggs relative to 

body size in the genus. Female reproduction occurs at least biennially, 

which is lower than in most congeners. These reproductive patterns 

primarily reflect evolutionary responses to an insular environment 
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historically characterized by low predation pressure and high intraspecific 

competition. These patterns are further shaped by resource seasonality 

and phylogenetic constraints, illustrating the multifactorial nature of 

reproductive evolution in insular reptiles. However, these same 

reproductive traits may also reduce the species’ resilience to increasing 

threats that are already impacting the population, including invasive 

predators and environmental change. Conservation actions are therefore 

needed to protect this evolutionary unique insular lineage.

Keywords: island syndrome; clutch size–egg size trade-off; reproductive 

cycle; conservation; slow life history

INTRODUCTION

Insular organisms often differ from their mainland relatives in 

demographic, morphological, behavioral, physiological, and ecological 

traits[1,2]. This suite of changes was first described in rodents and termed 

the ‘island syndrome’[3], and has since been documented in other 

mammals, birds, lizards, invertebrates, and plants[4–10]. Its repeated 

occurrence across diverse taxa suggests that islands impose similar 

selective pressures on colonizing species. Due to geographic isolation and 

limited area, islands typically house fewer species than the mainland, and 

therefore, insular species coexist with fewer predators and interspecific 

competitors[2,11]. Insular environments also tend to have milder, more 

predictable climates[2]. These conditions relax anti-predatory behaviors 
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and favor niche expansion, ultimately resulting in high population 

densities and intensified intraspecific competition[3,12,13]. These 

dynamics are thought to drive the convergent phenotypic shifts seen in 

insular populations[1–3].

A central prediction of the island syndrome in vertebrates is reduced 

reproductive output, expressed as delayed maturity, lower reproductive 

frequency, fewer but larger offspring, or shorter breeding seasons[2,4,7]. 

Under high population density and intraspecific competition, these 

reproductive adjustments may increase offspring survival by enhancing 

their ability to cope with conspecific aggression[3,11,14]. The extent of 

these changes is expected to increase on smaller, more isolated 

islands[2,3]. Although lower reproductive frequency and the production of 

fewer but larger offspring are widely documented[3,7,15], the length of 

the breeding season is understudied in the context of the island syndrome. 

Nonetheless, some studies report shorter breeding seasons in insular 

mammals and birds than in their mainland counterparts[16–18]. Whether 

similar shifts occur in other vertebrates remains an important research 

gap, evidencing the need to include reproductive phenology in studies of 

insular life-history evolution.

In squamates, research on reproductive strategies under insularity 

shows mixed results. For instance, some insular lacertids produce larger 

clutches of smaller eggs, whereas others produce larger clutches of larger 

eggs than their mainland counterparts[19,20], contrary to the prediction of 

reduced reproductive output. However, broader phylogenetic analyses 

mostly support the island syndrome: insular lizards generally produce 
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fewer but larger offspring than mainland relatives, especially on oceanic 

islands[4,21]. Reproductive frequency, however, is higher in insular 

lizards, but this difference disappears when controlling for 

phylogeny[4,21]. Comparative data on reproductive phenology of insular 

lizards are largely underexplored; however, insular lacertids have longer 

breeding seasons than mainland populations[19,20], contrary to the 

expectation of shorter breeding seasons. Given these conflicting findings, 

systematic efforts are recommended to describe the components of the 

insular syndrome more comprehensively, assess their generality across 

taxa, and identify underlying causes[22].

The skink genus Trachylepis offers an excellent system to 

investigate the effects of insularity on reproductive strategies. This genus 

occurs mainly in Africa and includes 97 species[23], about 20 of which 

have independently colonized islands in the Indian and Atlantic 

oceans[24], thus providing multiple replicates for testing evolutionary 

responses to insular environments. One interesting species is the Noronha 

skink, Trachylepis atlantica (Figure 1), endemic to the Fernando de 

Noronha Archipelago off northeastern Brazil. This species represents the 

westernmost distribution of the genus in the Atlantic[24,25]. It likely 

diverged from the 'T. maculilabris group' 18.8–26.4 million years ago and 

colonized the archipelago through long-distance transoceanic dispersal 

(~3000 km) no more than 12 million years ago[24–26]. Trachylepis 

atlantica exhibits several traits consistent with the island syndrome, such 

as high population density, reduced wariness, and omnivory with 

substantial plant consumption[27–31]. Despite these well-documented 
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ecological traits, its reproductive strategies—key components of the island 

syndrome—remain largely unknown, apart from a few isolated 

observations[32–34]. Understanding reproductive strategies may also 

inform assessments of population resilience in insular systems[2]. 

Although T. atlantica is currently listed as Least Concern[35], the 

archipelago has experienced increasing anthropogenic pressures, and the 

species has recently been classified as threatened in a regional 

assessment[36].

We characterized the reproductive phenology and output of T. 

atlantica using macroscopic and microscopic data from free-ranging, 

museum, and zoo-housed specimens. We then compared our findings with 

existing literature on other Trachylepis. Based on the island syndrome 

hypothesis, we predicted that T. atlantica, as an oceanic island endemic, 

produces smaller clutches of larger eggs with longer intervals between 

reproductive events than its mainland and continental-island congeners. 

We also predicted a shorter breeding season than that of its tropical 

mainland relatives. Finally, we discuss the implications of these 

reproductive traits for conservation amid ongoing anthropogenic threats to 

the species' habitat.
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Figure 1. Map showing the location of the Fernando de Noronha 
Archipelago in northeastern Brazil and the collection sites of the examined 
specimens of the Noronha skink (Trachylepis atlantica). Mapped localities 
include free-ranging individuals collected for the present study as well as 
preserved museum specimens for which specific collection localities were 
available. (1) Ilha da Rata, n = 5; (2) Ilha do Meio, n = 2; (3) Ilha São José, 
n = 2, (4) Pedra da Cebola, n = 4, (5) Casa da Polícia, n = 2, (6) ICMBio, n 
= 1, (7) Boldró, n = 5; (8) Praia do Americano, n = 21; (9) Praia do Sancho, 
n = 2; (10) Trilha do Golfinho, n = 1; (11) Baía dos Golfinhos, n = 1; (12) 
Capim Açu, n = 1; (13) Praia do Leão, n = 1; and (14) Ilha do Chapéu, n = 
2. In addition, 17 preserved museum specimens from Fernando de 
Noronha lacked specific locality information and are therefore not 
represented on the map.

RESULTS

Male reproductive cycle

Of the 39 dissected males, 33 (84.6%) were sexually mature. The 

smallest sexually mature male measured 80 mm SVL.  We identified three 

testicular stages: quiescence (n = 7), spermiogenesis (n = 12), and 

regression (n = 4). No individuals showed testicular recrudescence. 

Quiescence was observed in both seasons, including the wet–dry transition 
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(Figure 2A, B). Spermiogenesis was recorded from mid- to late dry season 

(Figure 2A, C). Testicular regression was observed in both seasons, 

including the wet–dry transition (Figure 2A, D).

Figure 2. (A) Seasonal variation in testicular activity in the Noronha skink 
(Trachylepis atlantica) and representative histological sections 
(hematoxylin-eosin) of the testes of in (B) quiescence, (C) spermiogenesis, 
and (D) regression. 

Males undergoing spermiogenesis had epididymides and ductus 

deferentia packed with sperm, and hypertrophied SSKs (Figure 3A-C). In 

contrast, males with regressed testes had moderate to sparse sperm in 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



the epididymides and ductus deferentia, as well as hypertrophied to 

regressed SSKs. During quiescence, epididymides were empty and SSKs 

regressed. Only one quiescent male had vestigial sperm in the ductus 

deferentia; all others had empty ducts (Figure 3D-F).

Secretory granules in the apical portion of hypertrophied SSK cells 

reacted positively to Coomassie blue (proteins) but negatively to Alcian 

blue (acidic carbohydrates) and PAS (neutral carbohydrates) (Figure 3G-I). 

Collecting ducts reacted negatively to Coomassie blue but positively to 

Alcian blue and PAS (Figure 3G-I). No positive reactions were found in the 

testes, epididymides, and ductus deferentia for any histochemical tests.
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Figure 3. Histological and histochemical analysis of the male urogenital 
tract of the Noronha skink (Trachylepis atlantica). Individuals with (A) 
epididymides and (B) ductus deferentia densely packed with sperm also 
showed (C) hypertrophied sexual segment of the kidney (SSK). In contrast, 
individuals with (D) epididymides and (E) ductus deferentia with few or no 
sperm in the lumen showed (F) regressed SSKs. Panels A–F: hematoxylin–
eosin. The secretion granules in the apical portion of hypertrophied SSK 
cells reacted positively to (G) Coomassie blue, indicating protein content, 
but negatively to (H) Alcian blue and (I) PAS, indicating the absence of 
acidic and neutral carbohydrates, respectively. The collecting ducts 
reacted (G) negatively to Coomassie blue but positively to (H) Alcian blue 
and (I) PAS. Abbreviations: AB, Alcian blue; CB, Coomassie blue; Cd, 
collecting ducts; Lu, lumen; PAS, Periodic Acid–Schiff; Sp, spermatozoa.
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Female reproductive cycle

Of the 28 dissected females, 27 (96.4%) were sexually mature. The 

smallest sexually mature female measured 71 mm SVL.  Ovarian follicles 

ranged from 0.95 to 8.54 mm in diameter. The smallest vitellogenic follicle 

(4.14 mm) was recorded in a female captured in the early to mid-wet 

season but showed signs of degeneration (heterogeneous central region 

and disrupted yolk vesicles), unlike the typical vitellogenic pattern. This 

female also had reduced uterine glands. The largest follicle (8.54 mm) was 

observed in the late dry season. Vitellogenic follicles had a granulosa layer 

thinner than non-vitellogenic follicles (W = 73, p = 0.0014). Vitellogenic 

females had taller infundibular epithelium (W = 18, p = 0.0507) and larger 

uterine glands (W = 4, p = 0.0001) than non-vitellogenic ones, but uterine 

epithelial height was similar in both reproductive stages (W = 55, p = 

0.8907). In vitellogenic females, the luminal epithelium of the glandular 

uterus stained uniformly positive with Alcian blue (carboxylated 

glycosaminoglycans) and PAS (neutral carbohydrates) (Supplementary 

Figure S1A-B). Uterine glands stained positively with Coomassie blue for 

proteins (Supplementary Figure S1C). In the nonglandular uterus, staining 

with Alcian blue and PAS was restricted to secretory cells (Supplementary 

Figure S1D-E).

Nonvitellogenic females occurred in all sampled months (Figure 4A). 

Most vitellogenic females (85.7%) were captured during the dry season, 

and two gravid females were collected during mid- and late dry season 

(Figure 4A). No sperm were detected in any oviducts. The zoo-housed 

female laid seven infertile clutches between October and May and seven 
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fertile clutches between November and June (Table 1). Fertile clutches 

were produced only after she was paired with the male. Three eggs laid on 

29 March 2015 hatched on 12-13 July 2015, after 105-106 days of 

incubation. One egg from a clutch laid on 16 November 2015 hatched on 8 

February 2016 (84 days of incubation); another egg from the same clutch 

contained a full-term but malformed and dead young. All other incubated 

eggs spoiled. A hatchling male (50 mm SVL) was collected in mid-wet 

season (31 May 2016).

Figure 4. (A) Seasonal variation in the diameter of the largest ovarian 
follicle and occurrence of gravid females of the Noronha skink (Trachylepis 
atlantica) from the Fernando de Noronha Archipelago. (B) A copulatory 
plug (Cp) observed in the non-glandular uterus of a vitellogenic female 
collected during the mid–late dry season, providing direct evidence of 
mating during this period. hematoxylin and eosin. Inset shows AB+ 
staining, indicating acidic carbohydrates; spermatozoa were absent within 
the plug.
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Mating season

Courtship was observed in the wild on 8 November 2019 (mid-dry 

season), at 12:30 p.m., at Praia do Sancho (D. Granville, pers. comm.; 

Supplementary Figure S2). We found a copulatory plug in the non-

glandular uterus of a female in early vitellogenesis (follicle = 5.64 mm) 

collected during mid- to late dry season (23 November 2016; Figure 5). 

The plug stained positively with Alcian blue (Figure 4B), but no 

spermatozoa were detected in it. The zoo-housed lizards were seen 

copulating on 31 January 2016, 18 March 2016, and 30 October 2016.

Reproductive output

Ten of 27 females (37%) were reproductive. Considering the period 

during which reproductive females were observed (October–April), 8 of 17 

females (47%) were reproductive. No female had vitellogenic follicles and 

oviductal eggs simultaneously. All seven vitellogenic females had two 

developing follicles, one per ovary. Three gravid females carried two 

shelled eggs each, one per oviduct. Over ~6.5 years, the zoo-housed 

female laid 14 clutches (averaging 2.6 clutches per year) of 2–3 eggs, with 

three-egg clutches occurring more frequently (64%, Table 1).

In free-ranging females, eggs averaged 19.66 ± 0.76 mm in length, 

8.41 ± 1.19 mm in width, 0.64 ± 0.08 g in mass, and 735.27 ± 182.00 

mm3 in volume (n = 6 eggs from 3 clutches). In the zoo-housed female, 

eggs averaged 21.06 ± 1.67 mm in length, 11.15 ± 0.61 mm in width, 

1.35 ± 0.22 g in mass, and 1375.62 ± 184.03 mm3 in volume (n = 12 eggs 
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from 5 clutches). Egg volume in free-living females (measured from 

oviductal eggs) was significantly smaller than that produced by the zoo-

housed female (measured from freshly laid eggs; W = 72, p = 0.0009).

Interspecific comparison of reproductive traits in Trachylepis

We compiled data for 51 species of Trachylepis from mainland (n = 

38) and island environments (n = 13; Supplementary Table S2). After 

accounting for female body size, T. atlantica showed the smallest relative 

clutch size and the largest relative egg size among congeners (Figure 5). 

Mainland species showed a broad range of relative clutch and egg sizes, 

whereas island endemics tended to cluster toward smaller relative clutch 

sizes and larger relative egg sizes. These patterns place T. atlantica, an 

oceanic island endemic, at the extreme end of the clutch size–egg size 

continuum within the genus.
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Figure 5. Relative clutch/litter size and egg size in mainland and island 
Trachylepis species. (A) Relative clutch/litter size; (B) Relative egg size. 
Relative values were calculated as residuals from log–log regressions of 
mean clutch/litter size and mean egg volume (a proxy for egg size), 
respectively, on mean female body size (SVL). The focal species, 
Trachylepis atlantica, an oceanic island endemic from the Fernando de 
Noronha Archipelago (Brazil), shows the smallest relative clutch size (A) 
and the largest relative egg size (B) among congeners. Data were 
compiled from published sources (see Methods and Supplementary Table 
S2). The comparison is descriptive, and values show substantial overlap 
between groups.

DISCUSSION

We present the first comprehensive investigation of the reproductive 

strategies in an insular species of Trachylepis, focusing on T. atlantica 

from the Fernando de Noronha Archipelago, the westernmost-dispersed 

lineage of the genus in the Atlantic Ocean. Based on the island syndrome 

hypothesis, we predicted that T. atlantica would exhibit a shorter breeding 

season than its tropical congeners, as well as smaller clutches with larger 

eggs and lower reproductive frequency than its mainland and continental-

island congeners. The reproductive traits of T. atlantica are largely 

consistent with these predictions. The species shows a shorter breeding 

season than most tropical congeners. It also exhibits the smallest relative 

clutch size, the largest relative egg size, and one of the lowest 

reproductive frequencies reported for the genus.
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Reproductive strategies of Trachylepis atlantica 

Male reproductive activity in T. atlantica is seasonal and 

concentrated in the dry season (Figure 6). During the wet season, males 

had quiescent testes, empty ducts, and regressed SSKs, indicating 

reproductive inactivity. The absence of recrudescent testes suggests that 

testicular activation occurs rapidly and synchronously, likely at the onset 

of the dry season. During the dry season, males showed full mating 

capacity, as evidenced by spermiogenesis, sperm-filled ducts, and 

hypertrophied SSKs. Mating coincides with sperm production (Figure 6). 

Most matings and all mating-related behaviors have been recorded during 

the dry season (present study; see also [34]). The presence of a 

copulatory plug in a female captured during the dry season further 

confirms mating during this period. These plugs are common in lacertid 

lizards[37] but appear to be rare in scincids, and their role in T. atlantica 

warrants further investigation. Some males showed residual sperm and 

partially functional SSKs into the early wet season, which may explain the 

mating event observed during this time[28], outside the spermiogenesis 

period.
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Figure 6. Overview of the reproductive events in the Noronha skink 
(Trachylepis atlantica) from the Fernando de Noronha Archipelago. 
Observations from the present study are complemented with published 
data on courtship and mating[28,34], hatching[32], and the record of a 
hatchling-sized individual[38]. Hatched areas represent inferred periods 
based on the available evidence. 

Female reproductive activity was also concentrated in the dry 

season, although vitellogenesis and oviposition may extend into early wet 

months (Figure 6). Based on laboratory incubation duration (3–4 months), 

hatching is expected from late dry to mid-wet season (Figure 6), 

consistent with a field record[32]. The pronounced size gap between the 

largest vitellogenic follicles (~8.5 mm) and mean oviductal eggs (~ 21 

mm) means that these follicles would have to almost double in size before 

they were ready for ovulation. Histological and histochemical analyses 

confirmed the vitellogenic status of these females by revealing 

morphological and secretory patterns consistent with a reproductive tract 
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preparing for egg reception[39,40]. Two hypotheses may explain the 

absence of late-vitellogenic or preovulatory females in our sample. First, 

the final phase of yolk deposition may occur rapidly. This explanation is 

partially supported by observations of the zoo-housed female, which laid 

successive clutches over a short time frame, suggesting rapid follicular 

maturation, at least under favorable conditions. Second, females nearing 

ovulation may reduce activity and become less detectable in the field. 

However, we find this less likely, as vitellogenesis coincides with the 

mating season, and females must remain active to access male 

territories[34]. We found no evidence of female sperm storage. Because 

mating and vitellogenesis/ovulation are synchronous, sperm storage may 

be unnecessary. Supporting this interpretation, the zoo-housed female 

only produced fertile eggs after a male was introduced.

All reproductive females carried either two vitellogenic follicles or 

two shelled eggs, matching previous records[29,32]. These data suggest a 

fixed clutch size of two eggs in free-ranging females. However, the zoo-

housed female laid multiple clutches of 2−3 eggs, most often three. This 

higher reproductive output likely reflects favorable captive conditions (see 

below). Nonetheless, clutch size in T. atlantica is consistently small and 

appears to vary little. Oviductal eggs from free-ranging females were 

smaller than those laid by the zoo-housed female, probably due to greater 

food availability in captivity, pre-laying water uptake, or both. Their 

smaller size compared with eggs from a near-hatching clutch found in the 

wild (31 × 17 mm; [32]) likely reflects post-laying water uptake. 

Reproductive frequency was low. No females were simultaneously 
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vitellogenic and gravid, and only 37–47% of sampled females were 

reproductive, implying biennial or even triennial reproduction under 

natural conditions.

The reproductive strategies of Trachylepis atlantica are consistent 

with island syndrome predictions

Consistent with island syndrome predictions, the 7-month breeding 

season of female T. atlantica is shorter than the year-round breeding 

reported for most tropical mainland congeners, including T. maculilabris 

(its closest mainland relative), T. affinis, T. striata, and T. varia[41–44]. 

Only two tropical mainland species, T. quinquetaeniata and T. mlanjensis, 

have similar breeding season durations[44,45]; however, T. mlanjensis 

inhabits high-elevation regions (~2080 m a.s.l.) where lower temperatures 

likely influence its seasonal breeding[45]. The only tropical congener with 

a shorter breeding season is T. buettneri, which reproduces over just two 

months[43]. Overall, the female breeding season in T. atlantica resembles 

that of subtropical congeners such as T. capensis, T. margaritifer, T. 

punctatissima, and T. spilogaster (7–8 months)[46–52], and is longer than 

that of T. sulcata, T. variegata, and T. occidentalis (4–6 months)[48,52–

56]. However, these comparisons are secondary, as the climate of 

Fernando de Noronha resembles lowland tropical environments. Similarly, 

the 7-month breeding season of male T. atlantica is shorter than the year-

round breeding reported for tropical mainland males of T. striata and T. 

quinquetaeniata[44] and for tropical-subtropical T. variegata[57], and 
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shorter than the 9-month season of tropical-subtropical T. sparsa[58], 

while closely matching that of subtropical T. capensis and T. 

spilogaster[50,52]. These comparisons support the inference that T. 

atlantica has evolved a shorter breeding season than its tropical mainland 

relatives.

In line with island syndrome predictions, T. atlantica also exhibits 

lower reproductive output than its mainland congeners. Free-ranging 

females produce two-egg clutches—the smallest relative to body size 

among Trachylepis species. The occasional three-egg clutch recorded in 

the zoo-housed female does not alter this pattern. In contrast, T. atlantica 

lays the largest eggs relative to body size in the genus, consistent with the 

expected egg size–clutch size trade-off in island populations. Its biennial 

(perhaps triennial) reproduction is markedly lower than the annual or 

multi-annual clutches reported for its closest mainland relative (T. 

maculilabris) and oviparous mainland congeners (T. affinis, T. striata, and 

T. mlanjensis)[42–45]. Among Trachylepis, only the viviparous T. 

spilogaster reproduces less than annually[52], likely due to the high 

energetic cost of gestation[59]. These patterns indicate that T. atlantica 

has evolved a suite of reproductive adjustments typical of insular 

environments. The extremity of these traits likely reflects the species’ 

exceptional biogeographic context as the most geographically isolated 

species in the genus, restricted to a small oceanic archipelago over 2,500 

km from the African center of radiation. This combination of low 

reproductive frequency, small clutch size, and large eggs—although 

adaptive in historically stable insular environments—is generally 
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associated with reduced demographic resilience and may limit recovery 

from abrupt environmental changes, with potential consequences for long-

term persistence[60–62]. In this context, these biological constraints, 

combined with escalating anthropogenic threats, corroborate the 

suggestion that T. atlantica is more threatened than currently 

recognized[36]. 

Selective drivers of reproductive adjustments in Trachylepis 

atlantica and other island congeners

The reproductive strategies of T. atlantica likely reflect adaptations 

to long-term island isolation. As documented in various vertebrates, such 

adaptations are primarily driven by ecological release from predation and 

interspecific competition, combined with intensified intraspecific 

competition[2–4,15,63–65]. Under these conditions, low extrinsic mortality 

and high population density tend to favor life histories that prioritize 

offspring quality over quantity[11,65,66]. This appears to apply to T. 

atlantica. The species has no confirmed native predators, indicating 

historical ecological release from predation[67,68], and interspecific 

competition is likely minimal, as the only other native lizard, Amphisbaena 

ridley, is fossorial and ecologically distinct[69,70]. On the other hand, 

intraspecific competition appears intense, particularly early in life, as 

evidenced by frequent reports of adults attacking or consuming eggs and 

juveniles[34,38,67]. These pressures may favor larger eggs and hatchlings 

that are more competitive in crowded environments[11,65,66].
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In addition to ecological release and intraspecific competition, 

resource seasonality may also contribute to shaping the reproductive 

strategies in T. atlantica. The Fernando de Noronha Archipelago has a 

short, intense wet season followed by a prolonged dry period[71], 

restricting resource abundance to a narrow temporal window. In other 

tropical oceanic islands, arthropod abundance peaks during the wet 

season (e.g., [72]), a pattern also presumed for Fernando de Noronha[68]. 

Because arthropods are a key energy source for lizards[73,74], this 

resource seasonality is ecologically significant. During the dry season, T. 

atlantica faces nutritionally constrained conditions, with individuals relying 

heavily on ants and plant material—resources with lower energetic yields 

that are rarely exploited by mainland congeners[29,31]. These constraints 

likely intensify selection for energy-efficient reproductive strategies and 

contribute to reduced clutch size and extended inter-clutch intervals. 

Females probably accumulate energy reserves during the wet season to 

fuel reproduction early in the dry season, thereby timing hatching with the 

subsequent resource peak. Similar reliance on stored energy has been 

reported in another long-lived skink[75]. Seasonal food availability may 

also influence clutch frequency, size, and egg size. Although the broad 

dietary niche of T. atlantica may buffer prey fluctuations[29,31,67,68], this 

remains uncertain because dietary data are currently restricted to dry-

season sampling. 

Observations from the zoo-housed female support the role of food 

availability and reduced intraspecific competition in shaping reproductive 

output. Under food-rich, non-competitive conditions, this female produced 
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larger and more frequent clutches over an extended period—far exceeding 

the output inferred for free-ranging individuals. Although based on a single 

individual, these observations suggest that reproductive traits in T. 

atlantica are phenotypically plastic and respond flexibly to local 

conditions. Similar plasticity has been documented in other lizard species, 

in which enhanced food availability increases reproductive output[76,77].

How broadly do these patterns apply to other insular Trachylepis? 

Comparative data from other insular Trachylepis are heterogeneous and 

often restricted to few species and small samples to provide robust 

comparisons, but they still provide useful context for evaluating insularity-

driven reproductive trends in the genus. Differences in clutch size between 

island and mainland species show substantial overlap (Figure 5A), whereas 

relative egg size tends to be larger in island species (Figure 5B). These 

descriptive patterns should be interpreted cautiously, given uneven data 

availability. Formal phylogenetically informed analyses will be needed to 

assess the generality of these trends as additional data accumulate. Like 

T. atlantica, low reproductive frequency has been reported in T. 

sechellensis and T. wrightii from Cousin Island, Seychelles, where 50% and 

21% of females, respectively, were reproductive[78], suggesting biennial 

and triennial (or lower) reproduction. In contrast, T. lavarambo from 

Madagascar may produce multiple clutches per season, as one female 

carried vitellogenic follicles and oviductal eggs[79]. However, given its 

large size and ecological complexity, Madagascar is expected to resemble 

mainland systems more than typical oceanic islands, which may explain 

this deviation. Data on breeding season length in insular Trachylepis are 
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scarce. In T. sechellensis, reproduction has been proposed to occur year-

round, yet "developed eggs" were recorded over only five months[78], 

implying a shorter breeding season than in mainland congeners.

While resource seasonality may influence breeding cycle length, 

phylogenetic history may constrain seasonal timing. Besides T. atlantica, 

several island species within the maculilabris clade (T. albotaeniata, T. 

principensis, and T. thomensis) reproduce during the dry 

season[24,80,81]. The same pattern occurs in T. sechellensis and T. 

wrightii[78], members of the Seychelles clade sister to maculilabris[24]. In 

contrast, Malagasy clade species (T. vato, T. boettgeri, and T. 

gravenhorstii) reproduce exclusively during the wet season[82,83].

In summary, the reproductive adjustments of T. atlantica likely result 

from the combined effects of ecological release, strong intraspecific 

competition, seasonal resource dynamics, and phylogenetic constraints. 

Its reproductive strategies align with island syndrome predictions and 

illustrate the multifactorial nature of reproductive evolution in insular 

reptiles. Future studies integrating seasonal variation in diet, body 

condition, and reproductive endocrinology will help clarify the relative 

importance of these selective pressures.

METHODS

Study area

Fernando de Noronha (3° 51' S, 32° 25' W; elevation: 0–323 m a.s.l.; 

Figure 1) is a volcanic archipelago in the Atlantic Ocean, located 
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approximately 545 km off the coast of Pernambuco state (northeastern 

Brazil) and 2,600 km from Africa[84]. The archipelago spans 26 km2 and 

consists of a main island (~17 km2) surrounded by 20 

smaller islands, islets, and rocks (Figure 1). Only the main island is 

inhabited, with approximately 3,167 residents[84]. The vegetation is 

primarily xeromorphic and seasonally deciduous, comprising herbaceous, 

shrub, and forest formations[85]. 

The climate is tropical wet and dry ("As" type in the Köppen-Geiger 

system), with consistently high annual temperatures averaging 27 °C 

(range: 26.0−27.5 °C; [71]). Annual rainfall averages 1,260 mm, and two 

well-marked seasons are evident: a dry season from August to February 

(mean monthly rainfall = 37 mm) and a wet season from March to July, 

which accounts for approximately 80% of the annual precipitation (mean 

monthly rainfall = 200 mm; [71]). Fernando de Noronha is recognized for 

its ecological importance and is protected as a Marine National Park and 

UNESCO World Heritage Site.

Specimens

We dissected 67 specimens (28 females and 39 males) of T. 

atlantica collected in the Fernando de Noronha Archipelago (Figure 1), 

including two previously reported gravid females[33]. Of these, 35 were 

collected between 2014–2018 for this study. These lizards were captured 

using nooses, anesthetized with an intramuscular injection of 10% 

ketamine hydrochloride (50 mg/kg) combined with 2% xylazine 
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hydrochloride (2 mg/kg), and euthanized by an intracranial injection of 1% 

lidocaine hydrochloride. All these procedures were conducted in 

accordance with relevant institutional and national guidelines and 

regulations, with approval from the Ethics Committee on Animal Use of the 

School of Veterinary Medicine and Animal Science at the University of São 

Paulo (protocol 1827250515), and collection authorized by the Instituto 

Chico Mendes de Conservação da Biodiversidade (Brazilian Ministry of 

Environment, SISBio 41682-1 to 41682-5). The remaining 32 specimens 

were obtained from museums and dissected as available (Supplementary 

Material, Table S1).

To gain insights into the reproductive patterns of the species under 

controlled conditions, we also obtained data from a pair of T. atlantica kept 

at São Paulo Zoo. These individuals were inadvertently transported from 

the archipelago by tourists in their luggage, an event that occurs relatively 

frequently due to the species’ docile and curious behavior[86]. The female 

(snout-vent length [SVL] = 87 mm) was received on 23 September 2010, 

and the male (SVL = 103 mm, measured on 20 March 2020) on 15 January 

2015. The female was initially housed alone and later paired with the male 

in a fiberglass terrarium (90 × 60 × 60 cm) furnished with sand, rocks, 

logs, and vegetation for environmental enrichment. A heating rock was 

provided year-round, and ceramic heaters were used additionally during 

winter. The mean air temperature in the enclosure averaged 22.6 ± 2.6 °C 

(range = 21.0–24.4 °C), and relative humidity averaged 66.1 ± 11.3% 

(range = 59.8–72.1%). The animals were fed crickets twice weekly and 

fruits and vegetables once weekly. The male is still alive after ten years, 
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but the female died on 26 March 2017, after ~ 6.5 years in the zoo. Fertile 

eggs (determined via candling) were incubated in moistened sand inside 

plastic containers (23 × 15 × 6 cm) with perforated lids in a heated room 

(mean = 23.6 ± 2.4 °C; range = 18.9–28.3 °C). All methods involving live 

animals are reported in accordance with the ARRIVE guidelines 

(https://arriveguidelines.org).

Data collection

In free-ranging and museum specimens, we measured SVL for all 

individuals. In females, we then recorded (1) the number of ovarian 

follicles; (2) the diameter of the largest ovarian follicle; and (3) the length, 

width, and mass of oviductal eggs. In males, we recorded whether the 

testes were undeveloped or turgid. Next, we sampled the right side of the 

reproductive tract for histological analyses. We collected the testis, 

epididymis, distal ductus deferens, and anterior kidney from males and the 

ovary, infundibulum, glandular uterus, and non-glandular uterus from 

females. Tissues were processed using standard paraffin protocols for light 

microscopy[87], cut at 5 μm thick with a rotary microtome, and stained 

with hematoxylin and eosin.

Histological sections of testes were examined to assess 

spermatogenic activity, including the presence and relative abundance of 

spermatogonia, spermatocytes, spermatids, and spermatozoa, as well as 

the structure of the germinal epithelium. Epididymides and ductus 

deferentia were examined to evaluate sperm content within the lumen. 
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Kidney sections were evaluated for hypertrophy and secretory activity of 

the sexual segment of the kidney (SSK), known to play a role in male 

reproductive physiology[88]. The infundibulum and uterus were checked 

for sperm presence. Secretory activity was assessed using histochemical 

stains: Alcian blue (pH 2.5) for carboxylated glycosaminoglycans, Periodic 

Acid–Schiff (PAS) for neutral carbohydrates, and Coomassie blue for 

proteins.

Photomicrographs were taken with an Olympus Q-Color5™ digital 

camera mounted on an Olympus BX51 light microscope (Olympus 

Corporation, Tokyo, Japan) using Image-Pro Express, version 5(Media 

Cybernetics, 2004). Photomicrographs were minimally processed for 

brightness and contrast using Microsoft PowerPoint (Microsoft 365). To 

assess female reproductive status, we measured granulosa layer 

thickness, infundibular and uterine epithelial height, and uterine gland 

diameter[39]. For each structure, 10–20 measurements were taken using 

cellSens software (Olympus Corporation, Tokyo, Japan). Uterine gland 

diameter was calculated as the average of two measurements taken along 

perpendicular axes.

Comparative data and interspecific comparisons

We conducted an interspecific descriptive comparison within the 

genus Trachylepis. We compiled data on female SVL, clutch or litter size, 

and egg size (length and width) from published sources for mainland 

species and island endemics (Supplementary Table S2). When mean 
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values were not explicitly reported, they were calculated from available 

published data. We then calculated egg volume (V) using the prolate 

spheroid equation: V = 4/3π(width/2)(length/2)2. Cases reporting a single 

egg dimension were excluded. To account for body size effects, relative 

clutch/litter size and relative egg size were calculated as residuals from 

log–log regressions of mean clutch/litter size and mean egg volume, 

respectively, on mean female SVL. Species were classified according to 

geographic context as mainland, continental island, or oceanic island 

endemics. These comparisons were intended as descriptive and 

exploratory, given the heterogeneity of data sources, variation in sample 

sizes among species, and the absence of formal phylogenetic correction.

Data analysis

Males were considered sexually mature if they had enlarged, turgid 

testes, and sperm in the seminiferous ducts. Testicular sections were 

categorized into four activity stages: (1) quiescence (no spermatogenic 

activity, only Sertoli cells and sparse spermatogonia), (2) recrudescence 

(presence of spermatogonia, spermatocytes, and spermatids), (3) 

spermiogenesis (metamorphosing spermatids and spermatozoa in the 

lumen), and (4) regression (thin germinal epithelium, few germ cells and 

Sertoli cells)[89]. Epididymides and ductus deferentia were classified 

based on sperm content as empty, sparsely to moderately filled, or 

densely packed[90]. Females were considered sexually mature if they had 

sperm in the oviducts, vitellogenic follicles, oviductal eggs, or folded 
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oviducts. Ovarian follicles were categorized as non-vitellogenic (small, 

whitish follicles with thicker granulosa layer) or vitellogenic (enlarged, 

yellowish follicles with a thinner granulosa layer)[91,92]. Enlarged uterine 

glands, typically observed during vitellogenesis[93], were also used to 

determine the vitellogenic stage. Egg volume (V) was calculated using the 

prolate spheroid equation: V = 4/3π(width/2)(length/2)2. We used R 

v4.4.2[94] in RStudio 2024.09.1 (RStudio Inc., Boston, MA, USA) to perform 

Mann-Whitney U tests to compare the volume of eggs produced by free-

ranging females and the zoo-housed female, as well as histological 

variables (granulosa thickness, infundibular and uterine epithelial height, 

and uterine gland diameter) between reproductive stages. Values are 

presented as mean ± standard deviation, with significance at α = 0.05.

DATA AVAILABILITY

The data supporting the findings of this study are available within the 

manuscript or supplementary information files, as well as from the 

corresponding authors upon reasonable request.
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FIGURE LEGENDS

Figure 1. Map showing the location of the Fernando de Noronha 

Archipelago in northeastern Brazil and the collection sites of the examined 

specimens of the Noronha skink (Trachylepis atlantica). Mapped localities 

include free-ranging individuals collected for the present study as well as 

preserved museum specimens for which specific collection localities were 

available. (1) Ilha da Rata, n = 5; (2) Ilha do Meio, n = 2; (3) Ilha São José, 

n = 2, (4) Pedra da Cebola, n = 4, (5) Casa da Polícia, n = 2, (6) ICMBio, n 

= 1, (7) Boldró, n = 5; (8) Praia do Americano, n = 21; (9) Praia do Sancho, 

n = 2; (10) Trilha do Golfinho, n = 1; (11) Baía dos Golfinhos, n = 1; (12) 

Capim Açu, n = 1; (13) Praia do Leão, n = 1; and (14) Ilha do Chapéu, n = 

2. In addition, 17 preserved museum specimens from Fernando de 

Noronha lacked specific locality information and are therefore not 

represented on the map.

Figure 2. (A) Seasonal variation in testicular activity in the Noronha skink 

(Trachylepis atlantica) and representative histological sections 

(hematoxylin-eosin) of the testes of in (B) quiescence, (C) spermiogenesis, 

and (D) regression. 
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Figure 3. Histological and histochemical analysis of the male urogenital 

tract of the Noronha skink (Trachylepis atlantica). Individuals with (A) 

epididymides and (B) ductus deferentia densely packed with sperm also 

showed (C) hypertrophied sexual segment of the kidney (SSK). In contrast, 

individuals with (D) epididymides and (E) ductus deferentia with few or no 

sperm in the lumen showed (F) regressed SSKs. Panels A–F: hematoxylin–

eosin. The secretion granules in the apical portion of hypertrophied SSK 

cells reacted positively to (G) Coomassie blue, indicating protein content, 

but negatively to (H) Alcian blue and (I) PAS, indicating the absence of 

acidic and neutral carbohydrates, respectively. The collecting ducts 

reacted (G) negatively to Coomassie blue but positively to (H) Alcian blue 

and (I) PAS. Abbreviations: AB, Alcian blue; CB, Coomassie blue; Cd, 

collecting ducts; Lu, lumen; PAS, Periodic Acid–Schiff; Sp, spermatozoa.

Figure 4. (A) Seasonal variation in the diameter of the largest ovarian 

follicle and occurrence of gravid females of the Noronha skink (Trachylepis 

atlantica) from the Fernando de Noronha Archipelago. (B) A copulatory 

plug (Cp) observed in the non-glandular uterus of a vitellogenic female 

collected during the mid–late dry season, providing direct evidence of 

mating during this period. hematoxylin and eosin. Inset shows AB+ 

staining, indicating acidic carbohydrates; spermatozoa were absent within 

the plug.
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Figure 5. Relative clutch/litter size and egg size in mainland and island 

Trachylepis species. (A) Relative clutch/litter size; (B) Relative egg size. 

Relative values were calculated as residuals from log–log regressions of 

mean clutch/litter size and mean egg volume (a proxy for egg size), 

respectively, on mean female body size (SVL). The focal species, 

Trachylepis atlantica, an oceanic island endemic from the Fernando de 

Noronha Archipelago (Brazil), shows the smallest relative clutch size (A) 

and the largest relative egg size (B) among congeners. Data were 

compiled from published sources (see Methods and Supplementary Table 

S2). The comparison is descriptive, and values show substantial overlap 

between groups.

Figure 6. Overview of the reproductive events in the Noronha skink 

(Trachylepis atlantica) from the Fernando de Noronha Archipelago. 

Observations from the present study are complemented with published 

data on courtship and mating[28,34], hatching[32], and the record of a 

hatchling-sized individual[38]. Hatched areas represent inferred periods 

based on the available evidence. 

 

TABLES

Table 1. Clutches laid by a zoo-housed female of the Noronha skink 

(Trachylepis atlantica). The asterisk indicates the first clutch laid after 

pairing with a male. For each clutch, date of egg-laying, clutch size, and 
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condition/fate of the eggs are shown.

Clutch ID Date of egg-laying Clutch 
size

Clutch condition and 
fate

1 20 April 2012 3 infertile
2 3-5 October 2012 3 infertile
3 3 December 2012 2 infertile
4 1-2 May 2014 3 infertile
5 28 October 2014 3 infertile
6 2 December 2014 3 infertile
7 21-23 January 2015 2 infertile
8 29 March 2015* 3 fertile, hatched
9 16 November 2015 3 fertile, hatched
10 3 January 2016 2 fertile, spoiled
11 25 February 2016 2 fertile, spoiled
12 15 April 2016 2 fertile, spoiled
13 16-18 June 2016 3 fertile, spoiled
14 21 February 2017 3 fertile, spoiled
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Table 1. Clutches laid by a zoo-housed female of the Noronha skink 

(Trachylepis atlantica). The asterisk indicates the first clutch laid after pairing 

with a male. For each clutch, date of egg-laying, clutch size, and 

condition/fate of the eggs are shown.

Clutch ID Date of egg-laying Clutch 
size

Clutch condition and 
fate

1 20 April 2012 3 infertile
2 3-5 October 2012 3 infertile
3 3 December 2012 2 infertile
4 1-2 May 2014 3 infertile
5 28 October 2014 3 infertile
6 2 December 2014 3 infertile
7 21-23 January 2015 2 infertile
8 29 March 2015* 3 fertile, hatched
9 16 November 2015 3 fertile, hatched
10 3 January 2016 2 fertile, spoiled
11 25 February 2016 2 fertile, spoiled
12 15 April 2016 2 fertile, spoiled
13 16-18 June 2016 3 fertile, spoiled
14 21 February 2017 3 fertile, spoiled
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