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Abstract 26 

In captivity, reptiles often experience unnatural incubation and rearing conditions due to limited 27 

nest site choices, which can negatively impact individual development and welfare. Incubation 28 

temperature and humidity are especially critical for reptile development, influencing factors 29 

such as sex, growth, and morphology. However, the conditions experienced after hatching, 30 

such as social housing, are far less often considered. Here, I studied the effects of both the 31 

incubation environment (temperature and humidity) and social rearing compared to isolation 32 

rearing on the development of captive bred tokay geckos (Gekko gecko). I find that incubation 33 

temperature but not humidity are associated with phenotypic sex, hatchling size and 34 

incubation duration. Furthermore, females selected nest sites with higher temperature and 35 

lower humidity. After hatching, rearing group size did not affect snout vent length, growth or 36 

body condition. My findings indicate an association between incubation temperature and 37 

phenotypic sex despite the presence of sex chromosomes in this species. Therefore, care 38 

should be taken when raising tokay geckos in captivity to provide nest site options and ensure 39 

optimal development of all offspring. 40 

 41 
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Introduction 45 

In captivity, reptiles often only have limited choice as to the environment their offspring will 46 

incubate in and juveniles are raised in isolation to ensure healthy growth and easy health 47 

monitoring (Burghardt and Layne-Colon 2023). How deviations from natural conditions before 48 

and after hatching or birth affect the development of captive individuals, and in turn, their 49 

welfare and suitability for reintroduction programs, remains poorly understood (Crates et al. 50 

2023). 51 

 52 

One of the most important factors shaping development in reptiles is incubation 53 

temperature. Suboptimal thermal incubation environments, either too low or too high, can 54 

influence incubation time and lead to reduced survival as well as body deformities at birth and 55 

after hatching (Burghardt and Layne-Colon 2023; Noble et al. 2018). Importantly, suboptimal 56 

incubation temperatures can have long-term effects on morphology and growth rate for up to 57 

one year after hatching (Noble et al. 2018). Apart from temperature, incubation humidity has 58 

also been shown to influence development in egg laying species with a similar effects on 59 

morphology and survival at suboptimal levels, too wet or dry (Bell et al. 2025). Incubation 60 

mimicking natural condition in captivity has been shown to improve development (Hall and 61 

Warner 2020), produce important phenotypic variation (Shine et al. 1997a) and should, 62 

therefore, be considered important in captive breeding.  63 

 64 

Incubation temperature also plays an important role in sex-determination in many 65 

reptile species. Lizards exhibit a large diversity in sex chromosomes and sex determining 66 

modes which indicates a high lability in sex determination mechanisms (Ezaz et al. 2009). 67 

Within lizards, even closely related species might demonstrate genotypic sex determination 68 

(GSD) or temperature dependent sex determination (TSD), and some research suggests a 69 

high presence of transitional stages between GSD and TSD (Ezaz et al. 2009; Shine et al. 70 

2002; Quinn et al. 2007). For example, central bearded dragons (Pogona vitticeps; Ahl 1926) 71 
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have ZZ/ZW micro-sex chromosomes. At most incubation temperatures, equal numbers of 72 

males and females are hatching. However at incubation temperatures above 32°C, more 73 

females are hatching due to sex reversal (feminised males; Ezaz et al. 2005; Holleley et al. 74 

2015; Quinn et al. 2007). A second mechanism that might lead to hatchling sex bias, apart 75 

from sex reversal, is sex biased mortality (Burghardt and Layne-Colon 2023; Gutzke and 76 

Crews 1988; Nemesházi and Bókony 2025). If environmental conditions override genotypic 77 

sex or affect pre-natal mortality are still unanswered questions in most species of lizards 78 

(Holleley et al. 2016). Such information is important to incorporate into captive breeding 79 

programs to ensure the produced animals are healthy. 80 

 81 

In mammals and birds, it is generally assumed that natural rearing in social groups is 82 

more beneficial for the development of offspring compared to hand rearing by humans 83 

(Burghardt and Layne-Colon 2023). While in reptiles it is common to separate neonates after 84 

birth or hatching to be raised in simplified environments that facilitate cleaning and welfare 85 

checks (Burghardt and Layne-Colon 2023). In lizards, group living after hatching is uncommon 86 

but not absent and should, therefore, be considered when raising individuals of such social 87 

species in captivity (Burghardt and Layne-Colon 2023). On the one hand, rearing in isolation 88 

can negatively influence development of behaviour such as in juvenile veiled chameleons 89 

(Chamaeleo calyptratus; Duméril and Duméril 1851) which showed deficits in social and 90 

feeding behaviour when raised alone compared to group rearing (Ballen et al. 2014). However, 91 

on the other hand, it should be noted that social housing might also have negative effects. 92 

Housing lizards in groups of siblings or with parents can increase competition and if dominant 93 

or larger individuals exclude subordinates from resources, it might affect the development of 94 

neonates and juveniles. For example, housing neonatal chameleons (Chamaeleo spp.) in 95 

groups with limited vertical space caused smaller individuals to be forced to the ground, where 96 

they reduced their feeding and drinking, to keep their distance from others (Castle 1990). 97 

Furthermore, in tree skinks (Egernia striolata; Peters 1870) housing with a social partner 98 

reduced growth and subordinate individuals were more likely to suffer tail loss (Riley et al. 99 
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2017). Consequently, group housing can be beneficial, but care should be taken in captivity 100 

that all individuals have enough space and access to important resources such as food, water, 101 

shelter and a thermal and humidity gradient (Burghardt and Layne-Colon 2023).  102 

 103 

While the importance of temperature and humidity for captive breeding are well known 104 

in reptiles (Burghardt and Layne-Colon 2023; While et al. 2018), far less attention has been 105 

given to the social environment, both pre- and post-hatching. Tokay geckos (Gekko gecko; 106 

Linnaeus 1758) are a large, nocturnal gecko species in which adults perform biparental care 107 

towards offspring (Grossmann 2007). Nonetheless, due to their facultative social nature, 108 

offspring can be raised isolated from adults. However, it is yet unclear what consequences 109 

such socially deprived rearing has on the development of offspring or if different levels of 110 

competition (number of siblings) might influence growth. Additionally, tokay geckos exhibit 111 

XX/XY sex chromosomes (Solleder and Schmid, 1984). However, incubation temperature can 112 

affect sex development in some lizard species with genetic sex determination. So far, studies 113 

looking at a potential influence of incubation temperature on hatchling phenotypic sex-ratio 114 

are missing in this species (Holleley et al. 2016; Nemesházi and Bókony 2022; 2025) and so 115 

is information on how the incubation environment influences developmental time and post 116 

hatching growth. 117 

 118 

Therefore, the aim of the current study was to quantify the effects of the pre-natal 119 

incubation environment (humidity and temperature) and the post-natal social environment 120 

(group size) on the development of tokay geckos in captivity. Consequently, this study fills an 121 

important gap regarding best practice in tokay gecko captive rearing that takes their social 122 

organisation into account, to ensure best possible welfare in captive bred individuals of this 123 

species (Burghardt and Layne-Colon 2023). Additionally, this study provides important new 124 

data on the effect of the incubation environment on the development of phenotypic sex in a 125 

species with sex chromosomes, data that is scarce in the literature (Holleley et al. 2016; 126 

Nemesházi and Bókony 2025). I hypothesise that both the pre- and post-natal environment 127 
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will have an effect on development. I predict that (1) incubation temperature will be associated 128 

with a phenotypic sex-ratio bias towards females at low temperatures (Gamble 2010; Quinn 129 

et al. 2011; Viets et al. 1994), similar to what was found in Gekko japonicus (Duméril and 130 

Bibron 1836; Tokunaga 1985). (2) Higher incubation temperatures will be associated with 131 

shorter incubation time (e.g. Elphick and Shine 1998; Noble et al. 2018; Shine et al. 1997b) 132 

and (3) smaller hatchling size due to shorter incubation time (e.g. Van Damme et al. 1992). 133 

Furthermore, I predict that rearing in social isolation will have a positive effect on growth due 134 

to reduced competition (e.g. Riley et al. 2017). 135 

 136 

Methods 137 

Animals 138 

33 captive bred tokay geckos, 21 females and 12 males, were included in this study. 139 

Phenotypic sex was determined by looking at the presence (for males) or absence (for 140 

females) of femoral glands (Grossmann 2007). All animals originated from 16 breeding pairs 141 

(see details below) and hatched between May 2022 and March 2023 (first round of breeding) 142 

and May and November 2024 (second round of breeding) at the Ethological Station, University 143 

of Bern, Bern, Switzerland. 144 

I established 16 breeding pairs from our captive population of 39 adult, captive bred 145 

geckos. All adults were purchased from different breeders or bred in house and were between 146 

2 and 8 years old (average = 3.17 years, two females were 8 years old). Adults were randomly 147 

paired in January 2022 (first round of breeding) and December 2023 (second round of 148 

breeding) and stayed in pairs for a minimum of one year. Females produced their first clutches 149 

(Fig. 1A) in February 2022/ 2023 and continued to produce clutches approximately every 30 150 

days. All eggs and their location were recorded upon discovery of a clutch. Across breeding 151 

pairs, 19 offspring hatched from a first clutch, six offspring from a second clutch, one from a 152 

fourth clutch, two from a sixth clutch, two from a seventh clutch, and one each from an eighth, 153 

tenth and eleventh clutch. This distribution was based on hatching success (some eggs did 154 
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not develop and were removed by females). More specifically, egg mortality occurred in 8 out 155 

of 23 clutches. In 6 of these cases the sex of the individual that successfully hatched from the 156 

clutch was female, in two cases it was male. After hatching, three offspring died, two (both 157 

female) in the first breeding of 22 offspring total (20 surviving) and one (sex undetermined) in 158 

the second breeding of 11 offspring total (10 surviving). All clutches incubated within the home 159 

enclosure (see below) in the presence of the parents to ensure natural incubation. 160 

 161 

Isolation and group rearing 162 

From around 90 days of incubation, I started checking for hatchlings daily. Offspring started 163 

hatching after 78 to 138 days (range) of incubation. After hatching, offspring were allocated to 164 

either stay within the home enclosure to be raised with their parents (Figure 1B) or were 165 

removed immediately to be raised alone without adults or siblings. Offspring that stayed with 166 

the parents either had no siblings, one sibling or two siblings. Therefore, group sizes ranged 167 

from one (isolation, N = 7), three (adult parents only, N = 7), four (adult parents plus one 168 

sibling, N = 13) to five (adult parents and two siblings, N = 6). Offspring were raised with 169 

parents until they were six months of age and then moved to be housed alone. 170 

 171 
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 172 

Figure 1. A) Female tokay gecko curling around eggs attached to the cork back wall of the 173 

enclosure (shelter removed). B) Male tokay gecko next to one of his offspring (social rearing 174 

condition). C) Tank set up showing shelters on the back wall, branches, life plants and a water 175 

bowl (picture from 2021). Bottom enclosure for group rearing, top enclosures for single housed 176 

females (outside of breeding). 177 

 178 

Captive condition 179 

Offspring single housing 180 

Animals were housed in terraria of the size 30 L × 45 W × 45 H cm (only suitable for short 181 

term housing in scientific contexts), made of rigid foam slabs with a net top and glass front 182 

doors. Terraria were fitted with a compressed cork wall fixed to the back, cork branches cut in 183 

half that were hooked on the back (functioning as shelters and nests), cork branches allowing 184 

lizards to climb, and life plants as enrichment. Each terrarium was equipped with a drainage 185 
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layer of expanded clay, separated by a mosquito mesh from the soil placed on top (organic 186 

tropical forest soil; Dragon BIO-Ground). I spread sphagnum moss and autoclaved red oak 187 

leaves on the soil as shelter and food for the isopods that decompose the faecal material of 188 

the lizards. Terraria were organized on shelves in three layers. To simulate natural 189 

environmental conditions, the room environment was controlled by an automatic system. 190 

Animals were exposed to a reversed 12h:12h photo period (i.e. light from 6 pm to 6 am, dark 191 

from 6 am to 6 pm) and the system imitated sunrise and sunset, which were accompanied by 192 

changes in temperature reaching approximately 25 °C during night and 31°C during day. In 193 

addition, an UVB light (Exo Terra Reptile UVB 100, 13 W) was provided on top of the terraria 194 

during the daylight phase. A red light (PHILIPS TL-D 36W/15 RED) invisible to geckos (Loew 195 

1994) was kept on for 24h to provide minimal visibility and enable experimenters to work with 196 

the lizards. Furthermore, lizards were able to thermoregulate to their optimal body temperature 197 

at any time by means of a heat mat (TropicShop) attached to the right outer wall of each 198 

enclosure which locally increased the temperature by 4-5 °C. Humidity was kept at 50 %, but 199 

every 12 hours, at 5pm and 4am, 30 seconds of rainfall (with reverse osmotic water) briefly 200 

increased humidity to 100 %. 201 

 202 

Offspring group housing 203 

Terraria for group housing measured 90 L × 45 B × 100 H cm in size (only suitable in scientific 204 

contexts; Fig. 1C). Except for their size, they were set up exactly the same as described above. 205 

Additionally, large enclosures included a larger number of branches and shelters on the back 206 

wall, larger plants as well as larger water bowls proportional to the larger enclosure size (Fig. 207 

1C). To prevent small offspring from drowning in these water bowls, I added a large stone to 208 

ensure easy escape of small individuals. 209 

 210 



RUNNING HEAD: Tokay gecko development 

 10 

Husbandry 211 

Offspring were fed five times per week, with 10-15 small to large sized house crickets (Acheta 212 

domesticus) using scatter feeding. The size of the crickets was adjusted to the changing head 213 

size while growing. Adult geckos were fed 3-5 adult house crickets (first round of breeding) or 214 

cockroaches (Nauphoeta cinereal; second round of breeding) using 25 cm long forceps to 215 

monitor food intake. In order to provide optimal nutrition to our animals (vitamin D and 216 

calcium), the insects were fed with high protein dry cat food (various brands, e.g. Purina, 217 

Leonardo), cricket mix (reptile planet LDT), and fresh carrots. Fresh water for geckos was 218 

supplied ad libitum in water bowls. Moreover, adult geckos were weighted ( 1g) every month 219 

and measured (SVL - snout vent length, 0.5 cm) approximately every three months, to track 220 

their body condition. Adult geckos weight (6 month of age and above) was measured by 221 

capturing an individual inside a transparent box (22.5 L × 16.5 W × 7.5 H cm), weighing them 222 

on a scale and subtracting the weight of the box from the total weight of the box with the lizard 223 

inside. Adult geckos SVL was measured by taking a ventral picture while sitting on the glass 224 

front doors of their enclosure next to a ruler as a reference (for more details of how the pictures 225 

were processed see below). 226 

 227 

Measurement of growth and body condition 228 

Every two weeks, offspring (less than 6 months of age) were carefully captured by hand and 229 

placed in a transparent box (22.5 L × 16.5 W × 7.5 H cm). The box was placed on its side to 230 

expose the ventral body surface of each individual. I then placed a ruler next to the offspring 231 

on the outside of the box to take a picture from straight in front (to avoid distortions). These 232 

pictures were then used to measure SVL using ImageJ 1.53k (Schneider et al., 2012) with the 233 

ruler as a reference. In ImageJ, I first drew a line along the ruler of known length (e.g. 14cm) 234 

and then set this measure as the scale. Next, I drew a line from the snout tip of the lizard to 235 

the cloaca along the centre of the body while accounting for bends using the segmented line 236 

tool. Finally, ImageJ calculated the length of the line along the body based on the reference 237 
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resulting in the SVL of the individual. After the picture was taken, offspring were released back 238 

into their home enclosure. Hand capture did not lead to tail autotomy in any of the individuals 239 

included in this study. At six months of age, offspring were switched to the adult schedule of 240 

weighing once a month and measurement of SVL every three months.  241 

 242 

Measurement of incubation temperature and humidity 243 

For 32 out of the 33 individuals included in this study, I determined average incubation 244 

temperature (day and night pooled), average day and night incubation temperature (separate), 245 

average incubation humidity (day and night pooled) as well as average day and night 246 

incubation humidity (separate) using 1-Wire HygrocgronTM iButtons (DS1923#F5) encased 247 

in a waterproof case. iButtons were placed as close to clutches as possible by tying them to 248 

enclosure furnishings with string. Temperature and humidity were automatically recorded for 249 

a minimum of one week and taken every 15 minutes continuously. In those cases in which 250 

measurements were recorded for longer than one week, I extracted averages from a randomly 251 

chosen seven consecutive days. As our system kept the humidity and temperature changes 252 

stable across time, these seven days were close representative values for the whole 253 

incubation period although small changes that might have occurred were not captured with 254 

this method. Finally, I also determined average temperature and humidity in a control location 255 

for 10 breeding pairs in breeding round one that was at the same height as the clutch and 256 

covered by a shelter but where no eggs were deposited. This was done to find out if there are 257 

microclimatic conditions (temperature and humidity) that geckos prefer when selecting an egg 258 

deposition site. iButtons were again tied to enclosure furnishings to match the height of 259 

clutches within the same enclosure. 260 

 261 

Ethical statement 262 

The experimental procedure applied in this study was strictly non-invasive and followed the 263 

guidelines provided by the Association for the Study of Animal Behaviour/ Animal Behaviour 264 



RUNNING HEAD: Tokay gecko development 

 12 

Society for the treatment of animals in behavioural research and Teaching (2023). 265 

Experiments were approved by the Swiss Federal Food Safety and Veterinary Office (National 266 

No. 33232, Cantonal No. BE144/2020, BE9/2024). Captive conditions were approved by the 267 

Swiss Federal Food Safety and Veterinary Office (Laboratory animal husbandry license: No. 268 

BE4/11). Three offspring died of natural causes (pathology was inconclusive) during the 269 

course of this study. One around 16 weeks and two around six weeks after hatching. During 270 

pair formation, we monitored adults closely for 12h to prevent harm. If any aggression 271 

occurred, we immediately separated the male and female to avoid injurie. Males were then 272 

paired with a different female (N = 17 attempted pairings total) until we established stable pairs 273 

that did not show any aggression towards each other. Similarly, after hatching, we monitored 274 

hatchlings that stayed with their parents closely and removed one hatchling (G033; included 275 

in the data as raised in isolation) due to concerns of insufficient parental care.  276 

 277 

Statistical analyses 278 

All statistical analyses were run in R version 4.4.2 (R Core Team 2025). I used Bayesian linear 279 

mixed models (LMM) using the package brms (Bürkner 2017; 2018; 2021). For all models, I 280 

ensured that model Rhat was 1, that the ESS was above 2000 and checked the density plots 281 

and correlation plots to ensure that the models had sampled appropriately. Additionally, I used 282 

posterior predictive checks to ensure good model fit and leave-one-out cross validation to 283 

select best fitting models (Vehtari et al 2017). I used non-informative priors (see provided R 284 

code for details) and ran 4 chains per model of 5000-7000 iterations each and a thinning 285 

interval of 1 (default settings). I used Bayes factors (BF) to evaluate the inclusion of predictors 286 

by determining BF from marginal likelihoods using the package brms. In accordance with 287 

Schmalz and colleagues (2023), I report results as follows: BF above 1 but below 3 are 288 

reported as a weak support for inclusion, BF larger than 3 but below 10 are reported as support 289 

for inclusion, BF larger than 10 but below 30 are reported as strong support for inclusion, and 290 

values larger than 30 are reported as very strong support for inclusion. Data generated during 291 
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this study and the analysis code are available for download from the Open Science Framework 292 

(OSF, https://doi.org/10.17605/OSF.IO/GDQ8Y). 293 

 294 

The influence of the pre-natal incubation environment 295 

I investigated the relationship of average incubation temperature and humidity (response 296 

variables in two separate linear mixed models) with offspring phenotypic sex, incubation time 297 

(in days) and SVL at hatching (in cm) (fixed effects). Incubation time was log transformed as 298 

it was not showing a linear relationship with incubation temperature and humidity. In both 299 

models, I included a random effect of parent identity to account for the fact that females 300 

produced multiple offspring with different males. 301 

 302 

I also investigated if the average temperature and humidity differed across locations in 303 

which geckos deposited their eggs and a control location. I ran two separate linear mixed 304 

models, one for the temperature and one for the humidity (response variable) and used 305 

location as the only fixed effect. Again, I included parent identity as a random effect. 306 

 307 

The influence of the post-natal environment 308 

I investigated the relationship of offspring SVL (response variable), taken every two weeks 309 

until six months of life, with rearing group size, phenotypic sex, incubation time and clutch 310 

number (fixed effects) using a linear mixed model. To understand if animals showed different 311 

growth rates based on rearing group size or phenotypic sex, I included the interactions of 312 

measurement number and rearing group size as well as measurement number and phenotypic 313 

sex as additional fixed effects. However, model selection based on leave-one-out cross 314 

validation indicated that the best fitting model did not include any interactions. Therefore, I 315 

report the results of the simpler model below. Furthermore, I included a random effect of 316 

offspring identity nested in parent identity to account for repeated measures of SVL within 317 

individuals and offspring origin. 318 

https://doi.org/10.17605/OSF.IO/GDQ8Y
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 319 

To understand the potential long-term effects of the post-natal environment, I also ran 320 

a linear mixed model with the body condition at six months of age as the response variable. 321 

To do so, I calculated the Scaled Mass Index (SMI) as the measure for body condition following 322 

Peig and Green (2009): 323 

𝑆𝑀𝐼𝑖=𝑀𝑖 [
𝐿𝑎𝑣
𝐿𝑖

]
𝑏𝑆𝑀𝐴

 324 

SMIi represents the scaled mass index of individual i, M i and Li represent the mass and SVL 325 

of individual i, respectively. Lav represents the average SVL of the study population and bSMA 326 

the scaling exponent estimated by a standard major axis regression (package smatr; Warton 327 

et al. 2012) of mass on SVL.  328 

 329 

Offspring that were raised within a family group remained in these family groups for 330 

the first six month of their lives. I included rearing group size, SVL at hatching, phenotypic sex, 331 

incubation time and clutch number as fixed effects. Again, I included a random effect of parent 332 

identity. 333 

 334 
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 335 

Figure 2. A) Average incubation temperature (in degree Celsius) at which males and females 336 

hatch. The bold line within the boxes indicates the median, the upper and lower box edges 337 

indicate the upper and lower quartile, and the top and bottom whisker ends indicate the 338 

maximum and minimum. B) Relationship between average incubation temperature and 339 

incubation time (days). C) Relationship between average incubation temperature and SVL at 340 

hatching (cm). D) Average incubation humidity (%) at which males and females hatch. E) 341 

Relationship between average incubation humidity and incubation time. F) Relationship 342 

between average incubation humidity and SVL at hatching. Across plots, dots represent 343 

individual data points and the shaded area around the predicted line represents the 95% 344 

confidence interval. a, b – dissimilar letters indicate a difference based on credible intervals. 345 

 346 

Results 347 

The influence of the pre-natal incubation environment 348 

More males than females hatched at higher average incubation temperatures, although the 349 

95% and 90% credible intervals overlapped zero (Table 1, Fig. 2A). However, the 80% credible 350 

interval excluded zero, and model comparison supported the inclusion of phenotypic sex in 351 



RUNNING HEAD: Tokay gecko development 

 16 

the model (BF = 3.711, Table 1). Shorter incubation time was associated with higher average 352 

incubation temperatures as the 95% credible interval did not include 0 and model comparison 353 

strongly supported the inclusion of incubation time in the model (BF = 28.565, Table 1, Fig. 354 

2B). Finally, higher average incubation temperature was also associated with larger hatchling 355 

size. Again, the 95% credible interval did not include 0 and model comparison very strongly 356 

supported the inclusion of incubation time in the model (BF = 44.238, Table 1, Fig. 2C). 357 

 358 

 The posterior estimate suggested no association of phenotypic sex, incubation time or 359 

hatchling size with average incubation humidity. Neither, the 95%, 90% nor 80% credible 360 

interval excluded 0 for all three parameters (Table 1). However, model comparison supported 361 

the inclusion of all three predictors in the model to different degrees (BFsex = 132.676, Fig. 2D; 362 

BFincubation time = 43.010, Fig. 2E; BFhatchling size = 7.576, Fig. 2F). 363 

 364 

Average incubation temperature was higher and humidity was lower at locations where 365 

clutches were found (Table 1). In both models, the 95% credible interval did not include 0 and 366 

model comparison very strongly supported the inclusion of location in the model (temperature: 367 

BF = 83.964; humidity: BF = 62.217). 368 

 369 

Table 1. Parameter estimates and test statistics for the Bayesian linear mixed models looking 370 

at the relationship of phenotypic sex, incubation time, hatchling size and location with average 371 

incubation temperature and humidity. Parameters that show evidence for an effect (based on 372 

credible intervals) are highlighted in bold. 373 

Response 
variable 

Parameter Estimate 
95% credible 
interval 

90% credible 
interval 

80% credible 
interval 

Average 
incubation 
temperature 

Intercept 36.146 24.32,  49.45 26.36,  46.96 28.34,  44.24 
Male 0.287 -0.119,  0.722 -0.045,  0.642 0.029,  0.552 
Incubation time -2.652 -5.499, -0.174 -0.910, -0.582 -4.353, -1.025 
Hatchling SVL 0.793 0.276,  1.322 0.364,  1.228 0.460,  1.126 

Intercept 26.636 26.05,  27.26 - - 
Location clutch 0.557 0.219,  0.906 - - 

Average 
incubation 
humidity 

Intercept 75.625 -103.8,  224.6 -68.03,  203.2 -31.99,  177.1 
Male -1.758 -6.518,  3.260 -5.665,  2.363 -4.789,  1.400 
Incubation time -0.813 -32.41,  38.50 -28.18,  30.36 -22.74,  22.62 
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Hatchling SVL -1.249 -7.887,  4.903 -6.579,  3.918 -5.241,  2.687 

Intercept 72.242 69.11,  74.99 - - 
Location clutch -3.147 -5.777, -0.577 - - 

 374 

 375 

Figure 3. A) Predicted change in SVL across the first six months of life split into the different 376 

rearing group sizes. B) Body condition at six months of age split into rearing group sizes. 377 

Group sizes ranged from one (isolation, N = 7), three (adult parents only, N = 7), four (adult 378 

parents plus one sibling, N = 13) and five (adult parents and two siblings, N = 6). The bold line 379 

within the boxes indicates the median, the upper and lower box edges indicate the upper and 380 

lower quartiles, and the top and bottom whisker ends indicate the maximum and minimum. C) 381 

Body condition of males and females at six months of age. D) Relationship between body 382 

condition at six months and incubation time. E) Relationship between body condition at six 383 

months and SVL at hatching. F) Relationship between body condition at six months and clutch 384 

number. Across plots, dots represent individual data points and the shaded area around the 385 

predicted line represents the 95% confidence interval. a, b – dissimilar letters indicate a 386 

difference based on credible intervals. 387 

 388 
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The influence of the post-natal environment 389 

SVL increased with increasing measurement number supported by the 95% credible interval 390 

not including 0. Model comparison also very strongly supported the inclusion of measurement 391 

number in the model (BF = 6.80*10211, Table 2, Fig. 3A). However, the posterior estimate 392 

suggested no relationship of SVL with rearing group size as neither the 95%, 90% nor 80% 393 

credible interval excluded 0 and model comparison did also not support the inclusion of this 394 

parameter (BF = 0.679, Table 2, Fig. 3A). In addition, the posterior estimate suggested no 395 

relationship of SVL with phenotypic sex, incubation time and clutch number. Again, neither the 396 

95%, 90% nor 80% credible interval excluded 0 for all three parameters (Table 2). Model 397 

comparison did not support the inclusion of incubation time and clutch number (BFincubation time 398 

= 0.035, BFclutch number = 0.183) but the inclusion of phenotypic sex (BF = 5.123). 399 

 400 

The posterior estimate suggested no relationship of rearing group size with body 401 

condition at six month of age as neither the 95%, 90% nor 80% credible interval excluded 0. 402 

However, model comparison did very strongly support the inclusion of rearing group size (BF 403 

= 2832, Table 2, Fig. 3B). Body condition at six month of age was positively associated with 404 

phenotypic sex and clutch number. Males had higher body condition than females and 405 

individuals hatching from later clutches also had higher body condition. The 95% credible 406 

interval did not include 0 in both cases and model selection provided strong support for the 407 

inclusion of both phenotypic sex and clutch number (BFsex = 56.229, BFclutch number = 12.737, 408 

Table 2, Fig. 3C, F). Moreover, body condition increased with increasing incubation time, 409 

although the 95% and 90% credible intervals overlapped zero (Table 2, Fig. 2D). However, 410 

the 80% credible interval excluded zero, and model comparison weakly supported the 411 

inclusion of incubation time in the model (BF = 1.601, Table 2). Finally, body condition also 412 

increased with increasing hatchling size. Although the 95% credible intervals overlapped zero, 413 

both the 90% and 80% credible interval excluded zero (Table 2, Fig. 3E). Furthermore, model 414 

comparison very strongly supported the inclusion of hatchling size (BF = 38.940). 415 

 416 
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Table 2. Parameter estimates and test statistics for the Bayesian linear mixed models looking 417 

at the relationship of measurement number, group size, phenotypic sex, incubation time, and 418 

hatchling size with snout vent length and body condition. Parameters that show evidence for 419 

an effect (based on credible intervals) are highlighted in bold. 420 

Response 
variable 

Parameter Estimate 
95% credible 
interval 

90% credible 
interval 

80% credible 
interval 

Snout vent 
length 

Intercept 3.867 0.903,  7.020 1.374,  6.445 1.933,  5.833 
Measurement number 0.711 0.692,  0.730 0.695,  0.727 0.699,  0.724 
Group size – 3 0.125 -0.514,  0.774 -0.393,  0.654 -0.281,  0.530 
Group size – 4 0.150 -0.617,  0.863 -0.470,  0.747 -0.315,  0.613 
Group size – 5 0.394 -0.484,  1.250 -0.333,  1.108 -0.158,  0.952 
Male 0.238 -0.272,  0.747 -0.185,  0.654 -0.089,  0.567 
Incubation time 0.002 -0.026,  0.029 -0.021,  0.024 -0.016,  0.019 
Clutch number 0.041 -0.051,  0.132 -0.034,  0.116 -0.017,  0.099 

Body 
condition 
at 6 month 
of age 

Intercept 1.183 -48.86,  53.58 -40.93,  43.80 -31.68,  33.76 
Group size – 3 -4.380 -11.64,  2.653 -10.33,  1.342 -8.850,  0.039 
Group size – 4 -4.218 -25.24,  6.765 -13.19,  4.834 -11.14,  2.694 
Group size – 5 -1.228 -11.73,  9.201 -9.799,  7.561 -7.865,  5.492 
Hatchling SVL 6.203 -0.918,  13.17 0.297,  12.05 1.674,  10.69 
Male 6.156 0.160,  12.43 1.142,  11.33 2.265,  10.03 
Incubation time 0.260 -0.091,  0.583 -0.032,  0.534 0.040,  0.476 
Clutch number 1.102 0.073,  2.135 0.248,  1.965 0.448,  1.756 

 421 

Discussion 422 

In this study, I aimed to gain insights into how incubation temperature and humidity as well as 423 

the social environment after hatching influence tokay gecko development. I found that higher 424 

incubation temperature was associated with a higher number of phenotypic males hatching. 425 

Higher temperatures during incubation were also associated with larger hatchling SVL and 426 

lower incubation time. However, my analysis did not support an association of phenotypic sex, 427 

incubation time and hatchling SVL with average incubation humidity. I also found that geckos 428 

selected nest sites with higher temperature and lower humidity. After hatching, hatchling 429 

growth rate did not differ across rearing group sizes. Furthermore, I found no relationship 430 

between SVL and rearing group size, incubation duration, clutch number or phenotypic sex. 431 

Finally, body condition at six months of age, when offspring where still with parents and 432 

siblings, was not related to rearing group size, but body condition differed between the sexes, 433 

was positively related to hatchling SVL, incubation time and clutch number. 434 

 435 
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According to my prediction, I found that higher incubation temperatures were related 436 

to faster development in offspring which is a general trend across all groups of reptiles (Noble 437 

et al. 2018). All eggs incubated within the enclosures of the parents, and therefore, did not 438 

experience any extreme temperatures (measured range of average temperature = 26.1C to 439 

29.6C). Despite the small range of only 3.5C, I found a difference in incubation duration of 440 

51 days. None of the offspring hatched with deformities (Burghardt and Layne-Colon 2023; 441 

Noble et al. 2018). Therefore, I suggest that these incubation temperatures may have been 442 

within a suitable developmental range. Importantly, I am unaware of a single study 443 

investigating the naturally occurring range of incubation temperatures in the wild in tokay 444 

geckos. This important information could inform future, more targeted investigations related to 445 

development at normal and abnormal temperatures and the effects of rising temperatures due 446 

to global warming. 447 

 448 

Also according to my prediction, I found that a higher proportion of phenotypic females 449 

was observed hatching at lower incubation temperatures (or, conversely, a higher proportion 450 

of phenotypic males at higher temperatures), similar to a closely related species, the 451 

Schlegel's Japanese Gecko (Tokunaga 1985). Based on their observations, Tokunaga (1985) 452 

concluded that G. japonicus demonstrates temperature dependent sex determination. 453 

However, in the light of more recent evidence and the fact that both tokay geckos and G. 454 

japonicus possess sex chromosomes (Solleder and Schmid, 1984), this pattern could 455 

potentially be explained by mechanisms such as sex-biased mortality or sex reversal at certain 456 

temperatures (Burghardt and Layne-Colon 2023; Gutzke and Crews 1988; Nemesházi and 457 

Bókony 2025). Currently, I have no genetic data available to determine the genetic sex of the 458 

animals included in the current study. Therefore, I am unable to confirm if some females that 459 

hatched at lower temperatures are sex-reversed males or if male biased mortality occurred at 460 

lower temperatures. In some clutches incubated at lower temperatures (4/11), only one 461 

individual hatched due to mothers removing the second egg. This could point towards sex-462 
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biased mortality, but could also be an effect of disturbance. Future studies should investigate 463 

if sex reversal or rather sex biased mortality is causing the skewed sex-ratio at different 464 

temperatures. Again, due to incubation within enclosures, no extremely high incubation 465 

temperatures were observed, and therefore, I am unable to determine if the sex-ratio would 466 

have become female biased again at higher temperatures as was found in G. japonicus 467 

(Tokunaga 1985). Finally, despite the statistical model only showing weak evidence for a 468 

relationship between phenotypic sex and incubation temperature, both the raw data and model 469 

comparison support the association. The inability of the model to detect a stronger effect was 470 

likely due to high variability and low sample sizes. 471 

 472 

Contrary to my prediction, incubation at higher temperatures was associated with 473 

larger hatchling SVL possibly because more males hatched at these temperatures which were 474 

larger than females. According to the literature, in many species no difference in hatchling 475 

SVL was found at different incubation temperatures (e.g. Elphick and Shine 1998; Shine et al. 476 

1997b; Tiatragul et al. 2017). To disentangle the effect of incubation temperature and sex on 477 

hatchling SVL in tokay geckos, future studies should incubate eggs under controlled conditions 478 

using temperatures that produce both males and females enabling a direct comparison within 479 

each sex.  480 

 481 

Based on my model estimates, incubation humidity was not associated with phenotypic 482 

sex, incubation time or hatchling SVL as the confidence intervals did cross 0. Humidity is not 483 

often considered as an additional factor aside temperature in reptile development, but a recent 484 

meta-analysis showed a positive relationship between substrate moisture and hatchling SVL 485 

with larger hatchlings under moister conditions (Bell et al. 2025). In the current study, model 486 

comparison strongly supported the inclusion of all three parameters which suggest that there 487 

might be a subtle effect that is not detected with the current sample size. Future studies using 488 

larger sample sizes or more controlled experimental manipulations could help clarify if 489 

humidity has an effect on tokay gecko development or not. 490 
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 491 

Contrary to my last prediction, my models did not detect differences in post-natal 492 

development between rearing group sizes under the conditions and sample size of the current 493 

study (size, growth rate and body condition at six month of age). Offspring were housed in 494 

similar, naturalistic enclosures no matter if raised alone or in a family group. Therefore, 495 

offspring raised alone only experienced lower social complexity and smaller space compared 496 

to offspring raised within a family group. I used scatter feeding of insects during the first six 497 

months adjusting the amount to the group size which might have decreased competition. 498 

Nevertheless, despite model estimates showing no differences across rearing group sizes, 499 

the raw data as well as model comparison both suggest that at least body condition at six 500 

month of age differed across rearing group sizes. This might be explained by the low sample 501 

size and imbalanced design caused by logistical constraints (e.g. space for enclosures, low 502 

number of breeding pairs). In another study, I demonstrated that socially raised individuals 503 

were bolder and varied more in their associative learning ability (Szabo and Ringler 2025). 504 

Both studies together provide some evidence that more impoverished environments influence 505 

lizard development (physical and/or behavioural), similar to what has been found in birds and 506 

mammals (e.g. Meehan and Mench 2002; Schrijver et al. 2002; 2004). Generally, more studies 507 

are needed to investigate the effects of different housing conditions during development in 508 

reptiles (but see Almli and Burghardt 2006; Burghardt and Layne-Colon 2023). Such studies 509 

would greatly improve our ability to create optimal captive conditions to produce healthy adult 510 

individuals (Burghardt and Layne-Colon 2023). This is not just important in terms of captive 511 

welfare but also for reintroduction programs that breed animals in captivity for future release 512 

(Crates et al. 2023). 513 

 514 

Finally, I was also interested in understanding if tokay geckos selected nest sites in 515 

captivity despite the lower variability in environmental factors typical for captive environments. 516 

As discussed above, it is critical for females to select an appropriate nest location both 517 

regarding temperature and humidity to ensure optimal offspring development. In the wild, 518 
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reptiles show plasticity in their choice of nest site to compensate for unfavorable climatic 519 

conditions (e.g. Doody et al. 2006; 2020; Du, et al. 2023) but experiments on nest site selection 520 

under more impoverished captive conditions are missing. My results show that geckos select 521 

sites with higher temperature and lower humidity. I also observed that the same nest sites 522 

were used by different females across years. Both a temperature and humidity gradient were 523 

present in the enclosures, giving females a variety of nest site choices. Future studies should 524 

investigate what conditions geckos prefer when selecting a nest site. Such information would 525 

help design better captive environments that meet the animals' needs under multiple contexts. 526 

 527 

Conclusion 528 

I found that the pre-natal incubation environment but less so the post-natal social environment 529 

were associated with lizard development. In the future, it could be interesting to extend 530 

investigations regarding the influence of the social environment to also include the pre-natal 531 

environment. Tokay geckos produce a clutch of 1-2 eggs every month which are placed 532 

closely together, often attached to each other (Grossmann 2007). Such adjacent incubating 533 

eggs, could be a source of social influence affecting development which could be investigated 534 

in the future. Furthermore, in the current study, all eggs incubated in the presence of parents, 535 

and it would be interesting to investigate if the absence of parents influences development 536 

and hatching success. Thirdly, I have previously shown that females increase basking before 537 

egg production (Szabo 2024). This maternal thermal incubation environment embryos 538 

experience before oviposition is rarely considered in oviparous reptiles (e.g. McDonald and 539 

Schwanz 2018; Schwanz 2016). Future studies could investigate how decreased basking 540 

opportunity for females before egg laying influences offspring development which could 541 

highlight the need for appropriate basking opportunities for breeding females in captivity. 542 

Importantly, contrary to tree skinks (Riley et al. 2017), I only observed tail loss caused by 543 

interactions within the family group in two individuals. Raising multiple offspring without 544 

parents, as was done in tree skinks, could shed further light on how sociality might affect 545 
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juvenile development. Together, my results provide important insights into captive breeding in 546 

tokay geckos but many unanswered questions remain. 547 
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