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In order to gain insight into the field of embryonic developmental biology, the study of scute patterning in 
green turtles (Chelonia mydas) has been a subject of considerable attention. Numerous factors, including 
genetic, environmental, and physiological are known to affect the formation of scute patterns. The aim of 
this study was to investigate the relationship between estimated clutch mass (ECM), volume of the sand 
at the top of the eggs (sand volume), and nest depth (ND) with the number of individuals exhibiting non–
modal scute patterns (NMSP) at Alata beach in the eastern Mediterranean during the 2009 nesting season. 
We also conducted an investigation into the prevalence of NMSP frequencies. Using generalized additive 
mixed model (GAMM) analyses, we evaluated 5 covariates, including ECM, sand volume, ND, distance 
from sea and vegetation, that could affect NMSP. A total of 1,064 hatchlings from 33 nests were examined, 
and 801 exhibited the modal scute pattern, while 263 exhibited NMSP. The prevalence of NMSP was 
found to be 24.8%. The GAMM model showed a significant relationship between ECM and the frequency 
of NMSP, which was supported by correlation. ECM was found to account for 26% of the observed 
variation in the model, while ND and sand volume were found to account for less. The limited effect of ND 
and sand volume on NMSP, when considered alongside the modest proportion of ECM alone in explaining 
NMSP frequency, suggests that ECM may play a role in NMSP frequency with other environmental factors. 
This is the initial study to provide preliminary information into the association between ECM and NMSP 
frequency. In future studies, experimental studies involving ECM and environmental factors will be crucial 
in terms of revealing the contribution and joint role of ECM on NMSP frequency.
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BACKGROUND

The green turtle (Chelonia mydas) is a species 
of significant ecological and conservation interest, 
particularly due to its vulnerable status and the threats 
it faces from habitat loss, climate change, and human 
activity (Poloczanska et al. 2009; Mazaris et al. 2023). 
Among the various aspects of green turtle biology, the 

patterns of scute formation have garnered attention 
for their potential implications in understanding 
developmental biology (Barcenas-Ibarra et al. 2015; 
Sönmez and Sağol 2024). Turtles have a unique shell 
pattern and are covered with large keratin scales, called 
scutes, whose number and arrangement form a species–
specific mosaic (Zangerl and Johnson 1957; Kobayashi 
et al. 2017). The arrangement of the scutes is a 
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conserved feature that provides taxonomic information 
despite showing great variability in hatchlings 
(Mast and Carr 1989; Maffucci et al. 2020). These 
variations or anomalies consist of differences in the 
shape, arrangement and number of scutes (misshapen, 
supernumerary, or subnumerary scutes) (Mast and 
Carr 1989; Barcenas-Ibarra et al. 2015; Zim et al. 
2017; Sönmez and Sağol 2024). The presence of these 
variations, anomalies and asymmetries in wild animals 
may be an indicator of developmental instability (Velo-
Anton et al. 2011).

The scute patterns variation is the most common 
malformation in the carapace of hard–shelled sea turtles 
(Mast and Carr 1989; Barcenas-Ibarra et al. 2015; 
Martín-del-Campo et al. 2021; Sönmez and Sağol 
2024). Previous hypotheses on scute variations include 
atavism (ancestral traits) (Gadow 1899; Newman 
1906) and embryonic mutations (Coker 1910). Recent 
research has focused on mechanical defects during 
embryonic development (Moustakas-Verho et al. 2014; 
Zimm et al. 2017) and genetic factors (Velo-Anton et 
al. 2011; Kobayashi et al. 2017). Elevated incubation 
temperatures, especially in the last third of incubation 
(Zimm et al. 2017; Kobayashi et al. 2020; Calderon 
Pena and Azanza Ricardo 2021), moisture and oxygen 
limitations (Hewavisenthi and Kotagama 1989), 
handling of eggs (Mast and Carr 1989; Sönmez et al. 
2011), and environmental pollution (Bishop et al. 1998) 
have been suggested as possible causes of abnormal 
scute patterns. It has been also proposed that variability 
in the number of scutes may depend on environmental 
conditions during embryonic incubation through an 
epigenetic mechanism (Caracappa et al. 2016).

In addition to the temperature and humidity the 
maternal origin, which encompasses both genetic 
and non-genetic factors, may affect the phenotype of 
hatchlings. The researchers demonstrated that egg mass, 
which is a maternal factor, had a more pronounced 
effect on carapace size than nest temperature in green 
turtles (Booth et al. 2013). The egg mass is a strong 
predictor of hatchling mass (Bandimere et al. 2021), 
and is positively associated with hatchling carapace 
length and width in leatherback turtles (Wallace et al. 
2006). Given the correlation between egg mass and 
clutch mass in sea turtles (Gatto et al. 2020), it may be 
postulated that clutch mass may also exert an influence 
on morphology, e.g., size, a compressed carapace, and 
scute anomalies.

Barcenas-Ibarra et al. (2015) noted that the 
pressure exerted by both overlying eggs and sand 
should not be ignored and that this issue is worthy of 
further investigation. Compared to artificial incubation 
(e.g., incubation of eggs in a Styrofoam box packed 
with sand) in Styrofoam boxes where eggs are evenly 

distributed and experience minimal sand pressure, 
natural nests (i.e., those left in their original places 
where the female deposited eggs) are likely to provide 
a more limited area (Barcenas-Ibarra et al. 2015). 
Consequently, eggs in natural nests are subjected 
to greater vertical pressure from the accumulated 
mass of eggs and sand above them. This pressure is 
related to clutch size, hence mass, and becomes more 
marked when large numbers of eggs are deposited 
(Barcenas-Ibarra et al. 2015). Sönmez and Sağol (2024) 
reported that nests with malformations (most observed 
supernumerary scute) exhibited significantly larger 
clutch sizes than nests without malformations. Taking a 
different perspective, it can be concluded that artificial 
incubation may reduce scute anomalies by reducing 
pressure. However, some researchers have recorded 
a higher prevalence of scute anomalies in artificial 
nests (such as relocated and hatchery nests, i.e., nests 
moved to suitable locations on the beach that are close 
to the characteristics of the original nest) compared to 
natural nests (Özdemir and Türkozan 2006; Durmuş et 
al. 2010; Tanabe et al. 2021). This inconsistency may 
be due to biological mechanisms that lead to different 
outcomes in different nest protection protocols. This is 
because in artificial incubation and nests, various factors 
such as temperature, moisture, and oxygen in the nest 
microenvironment (Sönmez et al. 2011; Kobayashi et al. 
2020; Calderon Pena and Azanza Ricardo 2021; Tanabe 
et al. 2021), as well as the handling of eggs (Mast and 
Carr 1989), may have affected scute patterns to varying 
degrees. However, there are currently no reports on the 
possible consequences of the pressure exerted by the 
eggs and the overlying sand on the scute pattern, either 
in natural nests or in artificial incubation and nests.

As well as the pressure, clutch size may alter the 
overall nest developmental environment by increasing 
nest temperature via metabolic heating.  Studies on 
green turtles demonstrate a positive correlation between 
clutch size and metabolic heat, which increases during 
the middle and last third of incubation, peaking in 
the last third and leading to elevated nest temperature 
(Önder and Candan 2016; Sönmez 2018). Given the 
documented relationships between nest temperature 
and carapace scute pattern (Telemeco et al. 2013; Zimm 
et al. 2017; Kobayashi et al. 2020; Calderon Pena and 
Azanza Ricardo 2021), the effect of clutch mass on 
carapace scute pattern seems highly likely but is yet 
undocumented. To date, no study has examined the 
relationship between clutch mass (or related clutch size 
and egg mass) and scute abnormalities. In consideration 
of the aforementioned background information, we 
hypothesize that clutch mass and the volume of the 
sand at the top of the eggs (hereafter referred to as 
sand volume) may exert an influence on the carapace 
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scute pattern. Nevertheless, while all studies have 
concentrated on the underlying causes of carapace 
scute deviations, there is a limited number of studies 
that consider the number of individuals exhibiting this 
deviation in each nest (Telemeco et al. 2013; Kobayashi 
et al. 2020). Therefore, it is important to investigate the 
number of hatchlings with abnormalities that join the 
population. It was also noted that the survival of these 
hatchlings entering the population may be jeopardised 
by abnormalities in their development (Wyneken and 
Salmon 2020). In contrast, given that abnormalities 
in the carapace of green and loggerhead turtles do not 
affect their ability to survive (Bentley et al. 2021), if 
these malformations are inherited, they may have an 
impact on the future gene pool. Therefore, the aim 
of this study is to determine the relationship between 
estimated clutch mass and sand volume in green sea 
turtle nests and the number of individuals exhibiting 
deviations in the carapace scute pattern (number of 
individuals with a non-modal scute pattern). It also aims 
to determine the prevalence of non-modal scute patterns 
according to the sample size examined.

MATERIALS AND METHODS

Study area 

The data were collected at Alata Beach located 
on the eastern Mediterranean coastline of Türkiye, 
during the 2009 nesting season. Alata Beach was 
found to be one of the important nesting sites for green 
turtles. This beach, 30 km from the center of Mersin 
province in Türkiye, is located within the borders of 
the Alata Horticultural Research Institute. It extends 
across 3 km from the marine resort on the eastern side 
of the Institute (36°37'930"N, 34°21'187"E) to the 
Topraksu camping site, also belonging to the Institute 
(36°36'868"N, 34°19'711"E) on the western end of the 
beach (Aymak et al. 2017). This beach is designated as 
a first degree protected natural site; it has natural sand 
dunes and is also sheltered, as it is within the boundaries 
of the Institute (Aymak et al. 2017).

Monitoring protocol

The data on the scute pattern of hatchlings were 
collected in accordance with the standard protocol that 
was followed during the protection and monitoring 
study at Alata beach (Aymak et al. 2005; Ergene et 
al. 2009). The protection and monitoring study was 
conducted under the licence and supervision of the 
Ministry of Agriculture and Forestry of the Republic 
of Turkey, 7th Regional Directorate, Mersin Province 

Section. No animal experiments were used in this study. 
The monitoring study was conducted from the middle 
of May to the end of September. The whole beach 
was patrolled both night and day with a team of five 
people. The successful nesting activities were marked 
and recorded with GPS. All nests were protected in 
their original place (in situ) and no cage was used. 
Nest parameters such as the distance from the sea and 
vegetation were also collected during daily monitoring 
patrols. Distance from the sea and vegetation for each 
nest were measured using a flexible tape (± 1 cm).  

Sampling protocol

The nests were checked during the night patrol. 
Upon the emergence of the hatchlings, the scute 
patterns were examined, and then the hatchlings were 
safely released from the original nest site. All hatchlings 
emerging from the nests were checked for scute pattern. 
However, in some cases, such as instances where the 
emergence was missed, it was not possible to access all 
of the hatchlings. In the present study, a two-pronged 
approach was adopted for the sampling of hatchlings. 
Initially, the scute patterns of hatchlings were examined 
on the first day of emergence. The nests of these 
hatchlings were then monitored. Subsequently, if 
hatchling scute patterns from these nests were examined 
on a daily basis (until the end of emergence), they 
were included in the analysis. Conversely, if the scute 
patterns of hatchling emerging from a particular nest 
were checked on different days (non-consecutive), the 
data from these nests were excluded from the analyses. 
This approach was adopted to ensure a homogeneous 
distribution of hatchlings from each nest across days 
and to avoid potential biases in the identification of 
individuals with NMSP. Indeed, the total number of 
nests sampled was 133, with a minimum of one and 
a maximum of 93 hatchlings. Nests and hatchlings 
that did not meet the aforementioned conditions were 
excluded from the analysis. In this context, the scute 
pattern of a minimum of 15 and a maximum of 70 
hatchlings, with an average of 32 hatchlings from a total 
of 33 nests, was examined. A previous study (Ergene 
et al. 2011) revealed the most frequently observed 
scute pattern on Alata beach, which was accepted 
as the modal scute pattern. The modal scute pattern 
was identified as comprising five vertebral, four pairs 
of costal, and eleven pairs of marginal for C. mydas 
hatchlings on Alata beach (Fig. 1b) (Ergene et al. 2011). 
A deviation in at least one of these scute patterns was 
considered to be a non-modal scute pattern (NMSP) 
(Fig. 1a). The prevalence index indicates the ratio of 
individuals with at least one NMSP to the sample size 
examined.
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Estimation of clutch mass and sand volume

The nests were excavated to examine their 
contents 1 week after the first hatchling emerged 
from the nest (Aymak et al. 2005; Ergene et al. 2009). 
Clutch size and nest depth were measured during nest 
excavation. Clutch size was determined by counting the 
number of unhatched eggs and hatch fragments (shell 
formation of more than 50% was accepted as 1 hatch 
(Miller 1999)). Estimated clutch mass was calculated by 
multiplying the mean egg mass by the number of eggs 
in the clutch (clutch size). The egg mass was obtained 
from previously published studies on the Mediterranean 
green turtle population. The mean egg mass for green 
turtles was reported as 34.79 g in Cyprus (Kaska and 
Downie 1999) and 33.25 g in Samandağ beach (Sönmez 
2016). The egg mass was accepted as 34.02 g by taking 
the mean of both studies.

Nest depth was measured from the sand surface 
to the bottom of the nest using a flexible tape (± 1 cm). 
First, the nests were excavated to the top of the eggs 
during the process of excavating the nest. A cylindrical 
shape was then created between the surface and the 
eggs, covering the top of the eggs. The vertical distance 
between the top of the eggs and the sand surface was 
measured with a flexible tape (± 1 cm), and also the 
diameter of this cylindrical shape was measured from 
two different points. This provided the height and 

radius (r) of the cylindrical shape (the mean of two 
measurements). The sand volume of the cylinder was 
calculated as V = π * r2 * h in cubic centimeters. Where 
V is the sand volume of the cylinder, π (pi number) is 
3.14, r is the base radius, and h is the height.

Statistical analyses

A nonparametric Wilcoxon signed-rank test was 
employed to ascertain whether there were significant 
differences in the number of individuals exhibiting 
modal and NMSP among green turtle nests in terms of 
hatchlings. The Wilcoxon signed-rank test visualizations 
presented here, including all relevant statistical details, 
were generated using the ‘ggstatsplot’ package in 
R (Patil 2021). Correlations between the number of 
individuals exhibiting a NMSP and the independent 
variables were performed using the “sjPlot” package 
V2.8.16 in R and employing the Spearman method with 
listwise-deletion (Lüdecke 2018).

Generalized additive non-parametric regression 
models, referred to as generalized additive mixed 
models (GAMM) with fixed and random or mixed 
effects, were used to investigate factors and/or 
covariates that affect the number of individuals with 
NMSP (Wood and Scheipl 2017). This modelling 
technique enables the flexible specification of both 
error and link functions, thus enabling the arbitrary 

Fig. 1.  The images presented depict a hatchling individual exhibiting two distinct carapacial scute patterns. The first pattern is characterized by a 
non-modal scute pattern (a), while the second individual displays a modal scute pattern (b). Vertebral scutes (V) are constituted of five elements that 
are arranged longitudinally along the midline, and do not form pairs. Costal scutes (C) are defined as those surrounded by a series of paired scutes (4 
pairs) on either side of the vertebral scutes. Marginal scutes (M) are defined as those surrounded by an additional series of paired scutes (11 pairs) on 
the outer side.
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definition of the functional form for each continuous 
covariate included in the model. The GAMM analyses 
included a single response variable (NMSP individuals) 
and five fixed effects, as well as one random effect 
(nest number). The five fixed effects comprised five 
continuous covariates, including estimated clutch mass 
(ECM), sand volume, nest depth (ND), distance from 
sea (DFS), and distance from vegetation (DFV). Given 
that the number of NMSP individuals in the GAMM 
model is a counting variable, the Poisson distribution is 
employed. The Poisson distribution is a statistical model 
frequently employed in the analysis of data concerning 
the number of events characterized by dimensions 
greater than one. It has been used in many studies of sea 
and freshwater turtles to compare the number of live 
hatchlings and adults, the number of non-viable eggs, 
and the total number of eggs (i.e., clutch size) between 
years, individuals, and nests (Pradhan and Leung 2006; 
Sönmez 2019; Arcanjo-Oliveira et al. 2024; Hamilton 
et al. 2024). The GAMM models were fitted using the R 
package gamm4, via a version of the function “gamm()” 
from the “mgcv” package using the “lme” package 
(Wood and Scheipl 2017). The R code for the number of 
non-modal individuals is as follows: gamm4(non-modal 
~ s(ECM) + s(SVolume) + s(ND) + s(DFV) + s(DFS), 
+ random = ~(1| Nestname), + family = poisson, data = 
data).

RESULTS

The abiotic and biotic characteristics of the 
nests in which the carapace scute pattern was counted 
are presented in table 1. A total of 1,064 green turtle 

hatchlings from 33 nests were examined for the 
consistency of their scute pattern. Of the hatchlings, 
801 (75.2%) exhibited a modal scute pattern, while 
263 exhibited a NMSP. The prevalence for the sample 
size was 24.8%. An illustrative visualization of the 
numbers of modal and NMSP individuals in each nest is 
presented in figure 2. The graph, which includes paired 
counts within the same nest, provides details of both 
modal counts in terms of scute patterns of individuals. 
Moreover, the comparison of the modal and the NMSP 
individual counts revealed a statistically significant 
difference between the green turtle nests (VWilcoxon 
= 499.5, p < 0.001, CI95% = 0.57, 0.89). That is, the 
NMSP individual counts showed a significantly lower 
frequency than modal individual counts in the green 
turtle nests. This result indicates that the two groups are 
independent of each other and that the data are suitable 
for further statistical analyses for NMSP individuals.

The corre la t ions  between the  number  of 
individuals exhibiting a NMSP and the independent 
variables are shown in figure 3. A significant positive 
correlation was found between the number of NMSP 
individuals and estimated clutch mass (r = 0.418, p = 
0.016) and nest depth (r = 0.349, p = 0.046). However, 
no significant correlation was found between the number 
of NMSP individuals and the other variables (p > 0.05). 
Furthermore, nest depth exhibited a significant positive 
correlation with both estimated clutch mass (r = 0.48, 
p = 0.005) and sand volume (r = 0.68, p = 0.0001).

The statistical output from GAMMs is presented in 
table 2. The number of NMSP individuals was analyzed 
across six models, and the results demonstrated that only 
three models, i.e., estimated clutch mass, sand volume 
and nest depth, were effective in terms of the number of 

Table 1.  The abiotic and biotic properties of the nests in which the carapace scute pattern was counted, and the 
parameters used in calculating nest cylinder volume. * These values are used to calculate the volume of the cylindrical 
area of the nest. They are not referring to the nest’s diameter or depth. (DFS: distance from sea, DFV: distance from 
vegetation, ND: nest depth)

Parameters Mean ± Sd Min–Max Median 1st Quartile 3rd Quartile

Abiotic properties DFS (m) 13.2 ± 3.7 6.7–23.8 13.4 10.8 15.8
DFV (m) 3.2 ± 3.4 0–13.7 2.5 0 4.8
ND (cm) 75.2 ± 13.2 55–101 71 66 85

Nest cylindrical volume Sand Volume (cm3) 29999 ± 10778 12874–60350.8 30902.3 21178.5 37486.1
Height (cm)* 56.1 ± 14.6 34–87 52 46 67
Mean Diameter (cm)* 25.8 ± 2.7 20–31 26 24 27.5

Biotic properties Clutch Size (count) 118.5 ± 32.9 39–173 120 95 130
Estimated Clutch Mass (g) 4030.9 ± 1121.5 1326.8–5885.5 4082.4 3231.9 4728.8
Eggshell (count) 96.2 ± 28.4 38–149 91 78 120
Hatching Success (%) 82 ± 12.8 51.1–97.8 85 76.4 91.9
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NMSP hatchlings (Table 2 and Fig. 4). The estimated 
clutch mass model was found to explain 26% of the 
model deviance (Table 2) and provided an adequate fit 
to data with significant non-linear effects. The addition 
of four covariates (sand volume, nest depth, distance 
from sea and vegetation) and one random effect (nest 
number) to the model resulted in a reduction of the 
explained deviance to 20% and the failure to provide a 
statistically significant result.

DISCUSSION

The number of individuals exhibiting the modal 
scute pattern was significantly higher than the number 
of individuals exhibiting an NMSP. Furthermore, the 
prevalence of NMSP individuals was found to be 
24.8%. In a study conducted at Alata beach in 2003, 
the prevalence of NMSP in live hatchlings was found 
to be 21.9% (n = 917 hatchlings) (Ergene et al. 2011). 

Fig. 2.  Comparison of modal and non-modal scute pattern individuals in each nest of green turtle hatchlings. The each dashed lines demonstrate the 
discrepancies between modal and NMSP (non-modal scute pattern) individuals in the same nest.

Fig. 3.  The correlations between the number of individuals exhibiting a non-modal scute pattern and the independent variables (NMSP: non-modal 
scute pattern, DFS: distance from sea, DFV: distance from vegetation).
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Durmuş et al. (2010) reported a prevalence of 7.8% 
(n = 644 hatchlings) in nests that were protected 
in situ and 9.8% (n = 536 hatchlings) in nests that 
were relocated at Kazanlı beach, which is an area of 
significant importance for green turtle nesting in the 
Mediterranean. In Cyprus, the prevalence of individuals 
exhibiting a NMSP in relocated green turtle nests was 
reported as 40.3% (n = 718 hatchlings) (Özdemir and 
Türkozan 2006). Similarly, the prevalence of individuals 
exhibiting a NMSP in relocated nests was reported 
as 25.4% (n = 760 hatchlings), and 8.5% (n = 1313 
hatchlings) in nests protected in situ at the green turtle 
nesting beach of Regand Island, Peninsular Malaysia 
(Tanabe et al. 2021). Barcenas-Ibarra et al. (2015) 
reported a prevalence of congenital malformations 
(including head, neck, tail, flippers, and carapace 
abnormalities) of 11% per nest at El Cuyo beach, 
Mexico. The prevalence of congenital malformations 
(including head, neck, tail, flippers, and carapace 
abnormalities) per nest was reported as 39.9% in live 
and dead hatchlings at Samandağ beach in the eastern 
Mediterranean (Sönmez and Sağol 2024).

The prevalence of scute pattern anomalies varied 
considerably between nesting beaches, even within the 
Mediterranean. These discrepancies can be attributed to 
a number of factors, including environmental conditions 
(e.g., temperature and humidity) (Telemeco et al. 2013; 
Zimm et al. 2017), conservation procedures (e.g., in 
situ or relocation) (Mast and Carr 1989; Sönmez et al. 
2011), and maternal effects (e.g., egg mass) (Booth et 
al. 2013) specific to each nesting beach. However, while 
these approaches are more specific to the underlying 
etiological causes of carapace scute deviation, they may 
be limited in explaining the number of individuals that 
possess carapace scute deviation. This may be because 
the time and duration of action of the aforementioned 

etiologies on the hatchlings are more important. 
Telemeco et al. (2013) have previously reported that 
natural nests of painted turtles (Chrysemys picta) 
exposed to extremely high temperatures for > 60 h 
produced more hatchlings with scute abnormalities. It 
can be hypothesized that such prolonged temperatures 
during the developmental period, when the scute 
is particularly sensitive to environmental factors 
(embryonic stage 23 and later are characterized by the 
appearance and development of the scutes) (Miller et 
al. 2017), may have led to an increase in the number 
of individuals with NMSP. Similarly, green turtle 
nests that produced a higher frequency of hatchlings 
with NMSP in unshaded areas were reported to have 
nest temperatures exceeding 31°C within 20 days of 
laying (Kobayashi et al. 2020). Furthermore, this result 
was demonstrated in laboratory conditions, where 
a significant increase in hatchlings with NMSP was 
observed when incubation was conducted at constant 
temperatures exceeding 30°C (Zimm et al. 2017).

The effects of sand albedo (Hays et al. 2003) and 
air temperature (Laloe et al. 2014) as an environmental 
factor on incubation temperature should not be 
ignored. This is because Laloe et al. (2014) emphasised 
that there is a positive relationship between sand 
temperature and air temperature in sea turtle nests. This 
provides important clues to support the hypothesis that 
nesting date (i.e., the beginning, middle and end of 
the nesting season) may also be an important factor on 
NMSP. Although the relationship between the number 
of individuals with NMSP and nesting time does not 
cover our main hypothesis, the nesting date and its 
relationship with the number of individuals with NMSP 
can be suggested as an important research topic in 
future studies. 

The GAMM analysis indicated that there was 

Table 2.  Statistical output from generalized additive mixed models (GAMMs) used to investigate the potential 
influence of different covariates on the non-modal scute pattern response of green turtle hatchlings (ECM: estimated 
clutch mass, SVolume: Sand Volume, ND: nest depth, DFS: distance from sea, DFV: distance from vegetation, edf: 
estimated degrees of freedom)

Adjusted r2 Variable edf. Chi.sq p Variable Estimate Std. Error Z value Pr(> |z|)

GAMM4(non–modal ~ s(ECM) 0.26 ECM (g) 1 8.555 0.003 Intercept 1.546 0.19 8.135 < 0.001
GAMM4(non–modal ~ s(SVolume) 0.09 Sand Volume (cm3) 1 3.933 0.047 Intercept 1.530 0.20 7.408 < 0.001
GAMM4(non–modal ~ s(ND) 0.19 ND (cm) 1 5.671 0.017 Intercept 1.537 0.20 7.669 < 0.001
GAMM4(non–modal ~ s(DFS) -0.03 DFS (m) 1 0.149 0.699 Intercept 1.529 0.21 7.012 < 0.001
GAMM4(non–modal ~ s(DFV) -0.01 DFV (m) 1 0.982 0.322 Intercept 1.530 0.21 7.132 < 0.001
GAMM4(non–modal ~ s(ECM) + s(SVolume) + s(ND) + s(DFV) + s(DFS) 0.20 Intercept 1.544 0.18 8.241 < 0.001

ECM (g) 1 3.467 0.062
Sand Volume (cm3) 1 0.163 0.686

ND (cm) 1 0.031 0.860
DFS (m) 1 0.002 0.965
DFV (m) 1 0.152 0.696
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a statistically significant relationship between ECM 
and the number of NMSP individuals. In green turtles, 
metabolic heating is correlated with clutch size, hence 
mass, and metabolic heating increases during the 
middle to late incubation period (Booth and Astill 2001; 

Önder and Candan 2016; Sönmez 2018). The period 
of development when the scute is particularly sensitive 
to environmental factors coincides with a period of 
increased metabolic heating in the nest (Miller et al. 
2017). This may result in embryos being exposed to 

Fig. 4.  Graphical summary of GAMM analysis. The response variable (number of non-modal scute pattern individuals) is shown on the y-axis. The 
covariates are shown on the x-axis: (a) estimated clutch mass (g) (b) sand volume (cm3) (c) nest depth (cm), (d) distance from sea (m) (e) distance 
from vegetation. Shaded areas are bounded by pointwise 95% confidence curves around the fits (NMSP: non-modal scute pattern).
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prolonged higher incubation temperatures. The extent 
to which egg mass, clutch size, and mass contribute 
to nest temperature through metabolic heating and the 
association of this on scute pattern can be investigated 
in further studies for the eastern Mediterranean green 
turtle. 

The number of individuals with NMSP was 
positively correlated with nest depth, and also sand 
volume increased as nest depth increased in this study. 
Given the negative correlation between nest depth and 
temperature documented in green turtles (Booth and 
Astill 2001), it can be considered that the nest depth, 
through the sand volume, could have a contribute. 
However, the opposing effects of nest depth and thus 
nest temperature (a deeper nest means lower nest 
temperature) and increased mass on top of the eggs 
may suggest that nest depth acts in conjunction with 
methylation variance in differentially methylated sites 
(DMS) as an epigenetic effect (Yen et al. 2024). Indeed, 
Yen et al. (2024) found that methylation variance 
in DMS in loggerhead turtle nests showed a strong 
discrimination between hatchlings in deeper (i.e., 
cooler) and shallower (i.e., warmer) nests.  

Furthermore, the results of the GAMM analysis 
indicated a significant interaction between the number 
of NMSP individuals and three explanatory variables: 
estimated clutch mass, sand volume, and nest depth. 
However, the model was best explained by ECM, while 
nest depth and sand volume had a relatively minor 
impact (see Table 2 for details). Upon the introduction of 
continuous covariates (sand volume, nest depth, distance 
from sea and vegetation) to the independent clutch mass 
model, no significant relationship was observed on the 
number of NMSP individuals. It is possible that there 
is collinearity between these additional variables, in 
that some variables may be correlated with each other 
and thereby mask each other’s effect. For instance, nest 
depth is correlated with estimated clutch mass (see Fig. 
3 for details), which may have resulted in the observed 
effect of estimated clutch mass being underestimated 
in the model. Furthermore, each variable was modelled 
with a spline(s), which attempts to capture the non-
linear effects of the variables. In this case, the effect of 
estimated clutch mass may have been masked by the 
other spline terms in the model.

Barcenas-Ibarra et al. (2015) reported that clutch 
size, through pressure, can lead to carapace compression 
in hatchlings. Based on our field observations, nearly all 
of the hatchlings exhibiting carapace compression also 
displayed scute deviation. An increased clutch mass is 
generally associated with a greater number of embryos 
and hatchlings. An increase in the number of hatchlings 
is a means of a greater probability of detecting 
anomalies. 

A significant limitation of this study is the 
absence of investigation into nest temperature and 
metabolic heating in the sampled nests. Previous studies 
have associated NMSP with high nest temperatures. 
Kobayashi et al. (2017 2020) stated that exposing 
nests to high temperatures during the scute formation 
period of the embryonic development may result in a 
higher proportion of NMSP hatchlings. Furthermore, 
Calderon Pena and Azanza Ricardo (2021) noted a 
correlation between the temperature during the last third 
of incubation and scute anomalies. It is known that nest 
temperature increases from the middle third to the last 
third of incubation due to metabolic heat (Booth and 
Astill 2001; Önder and Candan 2016; Sönmez 2018). 
Considering the correlation between metabolic heat and 
clutch size, hence mass, embryos may be exposed to 
high incubation temperatures due to clutch mass. This 
suggests that clutch mass together with nest temperature 
or metabolic heat, may be potential confounding 
factor for NMSP. The limited impact of nest depth and 
sand volume on NMSP, coupled with the moderate 
proportion of estimated clutch mass alone in explaining 
NMSP frequency, indicates that clutch mass may play a 
role in NMSP frequency, potentially in conjunction with 
temperature (Zimm et al. 2017). 

CONCLUSIONS

It  can be concluded that estimated clutch 
mass is significantly associated with NMSP, with 
an increase in the number of NMSP individuals 
observed as clutch mass increases. We believe that 
this study as a preliminary can provide a basis for 
further studies to identify that ECM may play a role 
in NMSP frequency when considered in conjunction 
with other environmental factors (such as temperature 
and metabolic heating). In addition, more detailed 
information is needed on parameters that act on NMSP 
under controlled conditions which would enable a more 
accurate assessment of their contribution to NMSP 
frequency.

Acknowledgment: We would like to thank the 
Republic of Türkiye Ministry of Agriculture and 
Forestry, Alata Horticultural Research Institute, for 
the accommodations support in Alata beach and the 
Republic of Türkiye Ministry of Agriculture and 
Forestry, 7th Regional Directorate, Section of Mersin 
Province for the warning plates used in the studies on 
monitoring and conservation during sea turtle nesting 
seasons. Additionally, we would also like to thank Emre 
Sandık for his cooperation in the statistical analyses. 
Finally, the researchers also wish to thank the Mersin 

page 9 of 11Zoological Studies 65:23 (2026)



© 2026 Academia Sinica, Taiwan

University Department of Biology volunteer students 
for helping with the fieldwork.

Authors’ contributions: Bektaş Sönmez (BS), Cemil 
Aymak (CA) and Aşkın Hasan Uçar (AHU) conceived 
the idea and designed methodology; CA, AHU, 
Remziye Serap Ergene Üzdiyen (RSEU) collected the 
data, BS, CA and AHU analysed the data. All of the 
authors have written the manuscript together, have 
contributed critically to the drafts and have given the 
final approval for publication.

Competing interests: The authors have no relevant 
conflicts of interest to declare.

Availability of data and materials: The all data and 
analysis are transformed to R document. The data that 
support the findings of this study are available from the 
authors, upon reasonable request.

Consent for publication: Not applicable.

Ethics approval consent to participate: No ethics 
committee approval is required for this study.

REFERENCES

Arcanjo-Oliveira B, Lima LB, Lima-Junior DP. 2024. Effect of fire 
and environmental temperature on the reproductive recruitment 
of Neotropical freshwater turtles. Aquat Ecol 58:1161–1174. 
doi:10.1007/s10452-024-10131-4. 

Aymak C, Ergene Gözükara S, Kaska Y. 2005. Reproductive ecology 
of Caretta caretta and Chelonia mydas during 2002 and 2003 
nesting seasons in Alata, Mersin, Turkey. In: Demetropoulos 
A, Türkozan O (eds) Proceeding of the Second Mediterranean 
Conference on Marine Turtles, Antalya, 2005.

Aymak C, Ergene S, Katılmış Y, Uçar AH. 2017. Invertebrate 
infestation in green turtle (Chelonia mydas (Linnaeus, 1758)) 
and loggerhead turtle (Caretta caretta (Linnaeus, 1758)) nests 
on Alata Beach, Mersin, Turkey. Turk J Zool 41:753–761. 
doi:10.3906/zoo-1509-26. 

Bandimere A, Paladino FV, Spotila JR, Panagopoulou A, Dieguez-
Uribeondo J et al. 2021. Effects of egg mass and local climate 
on morphology of East Pacific leatherback turtle Dermochelys 
coriacea hatchlings in Costa Rica. Mar Ecol Prog Ser 669:191–
200. doi:10.3354/meps13747. 

Barcenas‐Ibarra A, Cueva H, Rojas‐Lleonart I, Abreu‐Grobois FA, 
Lozano‐Guzman R et al. 2015. First approximation to congenital 
malformation rates in embryos and hatchlings of sea turtles. 
Birth Defects Res A Clin Mol Teratol 103:203–224. doi:10.1002/
bdra.23342. 

Bentley BP, McGlashan JK, Bresette MJ, Wyneken J. 2021. No 
evidence of selection against anomalous scute arrangements 
between juvenile and adult sea turtles in Florida. J Morphol 
282:173–184. doi:10.1002/jmor.21294. 

Bishop CA, Ng P, Pettit KE, Kennedy SW, Stegeman JJ et al. 1998. 
Environmental contamination and developmental abnormalities 
in eggs and hatchlings of the common snapping turtle (Chelydra 

serpentina serpentina) from the Great Lakes—St Lawrence 
River basin (1989–1991). Environ Pollut 101:143–156. 
doi:10.1016/S0269-7491(98)00005-0. 

Booth DT, Astill K. 2001. Temperature variation within and between 
nests of the green sea turtle, Chelonia mydas (Chelonia: 
Cheloniidae) on Heron Island, Great Barrier Reef. Aust J Zool 
49:71–84. doi:10.1071/ZO00059. 

Booth DT, Feeney R, Shibata Y. 2013. Nest and maternal origin can 
influence morphology and locomotor performance of hatchling 
green turtles (Chelonia mydas) incubated in field nests. Mar Biol 
160:127–137. doi:10.1007/s00227-012-2070-y.

Calderon Pena R, Azanza Ricardo J. 2021. Incubation temperatures, 
hatching success and congenital anomalies in green turtle nests 
from Guanahacabibes Peninsula, Cuba. Aquat Res 4:321–330. 
doi:10.3153/AR21027. 

Caracappa S, Pisciotta A, Persichetti MF, Caracappa G, Alduina R 
et al. 2016. Nonmodal scute patterns in the Loggerhead Sea 
Turtle (Caretta caretta): a possible epigenetic effect? Can J Zool 
94:379–383. doi:10.1139/cjz-2015-0248. 

Coker RE. 1910. Diversity in the scutes of Chelonia. J Morphol 21:1–
75. 

Durmuş SH, Özdemir A, Ilgaz Ç. 2010. A comparison of the number 
of carapacial scutes, size and weight of Caretta caretta and 
Chelonia mydas hatchlings emerging from natural and relocated 
nests. Anadolu Doğa Bilimleri Dergisi 1:39.

Ergene S, Aymak C, Uçar AH, Kaçar Y. 2009. The research on the 
population of Chelonia mydas and Caretta caretta nesting on 
Alata Beach (Mersin) in 2005 nesting season. Ege J Fish Aquat 
Sci 26:187–196.

Ergene S, Aymak C, Uçar AH. 2011. Carapacial scute variation in 
green turtle (Chelonia mydas) and loggerhead turtle (Caretta 
caretta) hatchlings in Alata, Mersin, Turkey. Turk J Zool 
35:343–356. doi:10.3906/zoo-0808-8. 

Gadow H. 1899. Orthogenetic variation in the shells of Chelonia. In: 
Willey A (ed) Zoological results based on material from New 
Britain, New Guinea, Loyalty Islands and elsewhere, collected 
during the years 1895, 1896, and 1897, Cambridge: University 
Press.

Gatto CR, Robinson NJ, Spotila JR, Paladino FV, Santidrian Tomillo 
P. 2020. Body size constrains maternal investment in a small 
sea turtle species. Mar Biol 167:182. doi:10.1007/s00227-020-
03795-7.

Hamilton R, Vuto S, Brown C, Waldie P, Pita J et al. 2024. Freedivers 
harvest thousands of sea turtles a year in the Solomon Islands. 
Aquat Conserv Mar Freshw Ecosyst 34:e4050. doi:10.1002/
aqc.4050. 

Hays GC, Broderick AC, Glen F, Godley BJ. 2003. Climate change 
and sea turtles: A 150–year reconstruction of incubation 
temperatures at a major marine turtle rookery. Glob Change Biol 
9:642–646. doi:10.1046/j.1365-2486.2003.00606.x. 

Hewavisenthi S, Kotagama SW. 1989. Carapace scute variation 
in olive ridley (Lepidochelys olivacea) hatchlings from a 
turtle hatchery in Sri Lanka. In: Proceedings of the Sri Lanka 
Association for Advancement of Science 45:75–76.

Kaska Y, Downie R. 1999. Embryological development of sea turtles 
(Chelonia mydas, Caretta caretta) in the Mediterranean. Zool 
Middle East 19:55–69. doi:10.1080/09397140.1999.10637796. 

Kobayashi S, Endo D, Kondo S, Kitayama C, Ogawa R et al. 2020. 
Investigating the effects of nest shading on the green turtle 
(Chelonia mydas) hatchling phenotype in the Ogasawara islands 
using a field‐based split clutch experiment. J Exp Zool Part A 
333:629–636. doi:10.1002/jez.2411. 

Kobayashi S, Morimoto Y, Kondo S, Sato T, Suganuma H et al. 2017. 
Sex differences and the heritability of scute pattern abnormalities 
in the green sea turtle from the Ogasawara Archipelago, Japan. 

page 10 of 11Zoological Studies 65:23 (2026)

https://doi.org/10.1007/s10452-024-10131-4
https://doi.org/10.3906/zoo-1509-26
https://www.int-res.com/abstracts/meps/v669/p191-200
https://doi.org/10.1002/bdra.23342
https://doi.org/10.1002/jmor.21294
https://doi.org/10.1016/S0269-7491(98)00005-0
https://doi.org/10.1071/ZO00059
https://doi.org/10.1007/s00227-012-2070-y
https://scientificwebjournals.com/AquatRes/Vol4/issue4/AR21027.pdf
https://doi.org/10.1139/cjz-2015-0248
https://doi.org/10.3906/zoo-0808-8
https://doi.org/10.1007/s00227-020-03795-7
https://doi.org/10.1002/aqc.4050
https://doi.org/10.1046/j.1365-2486.2003.00606.x
https://doi.org/10.1080/09397140.1999.10637796
https://doi.org/10.1002/jez.2411


© 2026 Academia Sinica, Taiwan

Zool Sci 34:281–286. doi:10.2108/zs160159. 
Laloe JO, Cozens J, Renom B, Taxonera A, Hays GC. 2014. Effects 

of rising temperature on the viability of an important sea turtle 
rookery. Nat Clim Chang 4:513–518. doi:10.1038/nclimate2236.

Lüdecke D. 2018. sjPlot: Data visualization for statistics in social 
science. R package version 2.8.16. Zenodo. doi:10.5281/
zenodo.2400856.

Maffucci F, Pace A, Affuso A, Ciampa M, Treglia G et al. 2020. 
Carapace scute pattern anomalies in the loggerhead turtle: 
are they indicative of hatchling’s survival probability? J Zool 
310:315–322. doi:10.1111/jzo.12754. 

Martín-del-Campo R, Calderon-Campuzano MF, Rojas-Lleonart 
I, Briseno-Duenas R, García-Gasca A. 2021. Congenital 
malformations in sea turtles: Puzzling interplay between genes 
and environment. Animals 11:444. doi:10.3390/ani11020444. 

Mast RB, Carr JL. 1989. Carapacial scute variation in Kemp’s ridley 
sea turtle (Lepidochelys kempi) hatchlings and juveniles. In: 
Caillouet CW, Landry AM (eds), Proceedings of the First 
International Symposium on Kemp’s Ridley Sea Turtle Biology, 
TAMU-SG 89-105.

Mazaris AD, Dimitriadis C, Papazekou M, Schofield G, Doxa A et al. 
2023. Priorities for Mediterranean marine turtle conservation and 
management in the face of climate change. J Environ Manage 
339:117805. doi:10.1016/j.jenvman.2023.117805. 

Miller JD. 1999. Determining clutch size and hatching success. In: 
Eckert KL, Bjorndal KA, Abreu-Grobois FA, Donnelly M (eds), 
Research and Management Techniques for the Conservation of 
Sea Turtles, IUCN/SSC, Marine Turtle Specialist Group.

Miller JD, Mortimer JA, Limpus CJ. 2017. A field key to the 
developmental stages of marine turtles (Cheloniidae) with notes 
on the development of Dermochelys. Chelonian Conserv Biol 
16:111–122. doi:10.2744/CCB-1261.1. 

Moustakas-Verho JE, Zimm R, Cebra-Thomas J, Lempiainen NK, 
Kallonen A et al. 2014. The origin and loss of periodic patterning 
in the turtle shell. Development 141:3033. doi:10.1242/
dev.109041. 

Newman HH. 1906. The significance of scute and plate “Anomalies” 
in Chelonia. A contribution to the evolutionary history of 
the Chelonian Carapace and Plastron. Biol Bull 10:99. 
doi:10.2307/1535756.

Önder FB, Candan O. 2016. The feminizing effect of metabolic 
heating in Green Turtle (Chelonia mydas) clutches in the eastern 
Mediterranean. Zool Middle East 62:239–246. doi:10.1080/0939
7140.2016.1202927.

Özdemir B, Türkozan O. 2006. Carapacial scute variation in green 
turtle, Chelonia mydas hatchlings in Northern Cyprus. Turk J 
Zool 30:141–146.

Patil I. 2021. Visualizations with statistical details: The ‘ggstatsplot’ 
approach. J Open Source Softw 6:3167. doi:10.21105/joss.03167.

Poloczanska ES, Limpus CJ, Hays GC. 2009. Vulnerability of 
marine turtles to climate change. Adv Mar Biol 56:151–211. 

doi:10.1016/S0065-2881(09)56002-6.
Pradhan NC, Leung P. 2006. A Poisson and negative binomial 

regression model of sea turtle interactions in Hawaii’s longline 
fishery. Fish Res 78:309–322. doi:10.1016/j.fishres.2005.12.013.

Sönmez B. 2016. An assessment of egg size in the green turtle 
(Chelonia mydas) on Samandağ beach, Turkey. Nat Eng Sci 
1:33–41. doi:10.28978/nesciences.286310.

Sönmez B. 2018. Relationship between metabolic heating and nest 
parameters in green turtles (Chelonia mydas, L. 1758) on 
Samandağ Beach, Turkey. Zool Sci 35:243–248. doi:10.2108/
zs180003.

Sönmez B. 2019. Morphological variations in the green turtle (Chelonia 
mydas): A field study on an eastern Mediterranean nesting 
population. Zool Stud 58:16. doi:10.6620/ZS.2019.58-16.

Sönmez B, Sağol Ö. 2024. Congenital malformation in green turtle 
embryos and hatchlings. J Exp Zool Part A 341:925–936. 
doi:10.1002/jez.2851.

Sönmez B, Turan C, Yalçın Özdilek Ş. 2011. The effect of relocation 
on the morphology of green turtle, Chelonia mydas (Linnaeus, 
1758), hatchlings on Samandağ Beach, Turkey: (Reptilia: 
Cheloniidae). Zool Middle East 52:29–38. doi:10.1080/0939714
0.2011.10638476. 

Tanabe LK, Steenacker M, Rusli MU, Berumen ML. 2021. Implications 
of nest relocation for morphology and locomotor performance of 
green turtle (Chelonia mydas) hatchlings. Ocean Coast Manage 
207:105591. doi:10.1016/j.ocecoaman.2021.105591.

Telemeco RS, Warner DA, Reida MK Janzen FJ. 2013. Extreme 
developmental temperatures result in morphological anomalies in 
painted turtles (Chrysemys picta): a climate change perspective. 
Integr Zool 8:197. doi:10.1111/1749-4877.12019. 

Velo-Anton G, Becker CG, Cordero-Rivera A. 2011. Turtle carapace 
anomalies: the roles of genetic diversity and environment. PLoS 
ONE 6:e18714. doi:10.1371/journal.pone.0018714. 

Wallace BP, Sotherland PR, Tomillo PS, Bouchard SS, Reina RD 
et al. 2006. Egg components, egg size, and hatchling size in 
leatherback turtles. Comp Biochem Physiol A Mol Integr Physiol 
145:524–532. doi:10.1016/j.cbpa.2006.08.040.

Wood S, Scheipl F. 2017. gamm4: Generalized additive mixed models 
using mgcv and lme4. doi:10.32614/CRAN.package.gamm4.

Wyneken J, Salmon M. 2020. Linking ecology, morphology, and 
behavior to conservation: Lessons learned from studies of sea 
turtles. Integr Comp Biol 60:440–455. doi:10.1093/icb/icaa044. 

Yen EC, Gilbert JD, Balard A, Afonso IO, Fairweather K et al. 2024. 
DNA methylation carries signatures of sublethal effects under 
thermal stress in loggerhead sea turtles. Evol Appl 17:e70013. 
doi:10.1111/eva.70013. 

Zangerl R, Johnson RG. 1957. The nature of shield abnormalities in 
the turtle shell. Fieldiana Geol 10:341–362.

Zimm R, Bentley BP, Wyneken J, Moustakas-Verho JE. 2017. 
Environmental causation of turtle scute anomalies in ovo and in 
silico. Integr Comp Biol 57:1303. doi:10.1093/icb/icx066.

page 11 of 11Zoological Studies 65:23 (2026)

https://doi.org/10.2108/zs160159
https://zenodo.org/records/2400856
https://doi.org/10.1111/jzo.12754
https://www.mdpi.com/2076-2615/11/2/444
https://doi.org/10.1016/j.jenvman.2023.117805
https://doi.org/10.2744/CCB-1261.1
https://doi.org/10.1242/dev.109041
https://doi.org/10.1080/09397140.2016.1202927
https://doi.org/10.2307/1535756
https://joss.theoj.org/papers/10.21105/joss.03167
https://doi.org/10.1016/S0065-2881(09)56002-6
https://doi.org/10.1016/j.fishres.2005.12.013
https://dergipark.org.tr/en/pub/nesciences/article/286310
https://doi.org/10.2108/zs180003
https://zoolstud.sinica.edu.tw/Journals/58/58-16.html
https://doi.org/10.1002/jez.2851
https://doi.org/10.1080/09397140.2011.10638476
https://doi.org/10.1016/j.ocecoaman.2021.105591
https://doi.org/10.1111/1749-4877.12019
https://doi.org/10.1371/journal.pone.0018714
https://doi.org/10.1016/j.cbpa.2006.08.040
https://cran.r-project.org/web/packages/gamm4/index.html
https://doi.org/10.1093/icb/icaa044
https://doi.org/10.1111/eva.70013
https://doi.org/10.1093/icb/icx066
https://doi.org/10.1038/nclimate2236

	BACKGROUND
	MATERIALS AND METHODS
	Study area
	Monitoring protocol
	Sampling protocol
	Estimation of clutch mass and sand volume
	Statistical analyses

	RESULTS
	DISCUSSION
	CONCLUSIONS
	Acknowledgment
	Authors’ contributions

	Competing interests

	Availability of data and materials
	Consent for publication
	Ethics approval consent to participate
	REFERENCES

