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INTRODUCTION

The carapace of sea turtles from the family Cheloniidae 
is covered with keratinized scutes, which are classified as 
nuchal, marginal, vertebral, costal, and supracaudal 
(Kamezaki, 2012a). Generally, green sea turtles (Chelonia 
mydas) have five vertebral and a pair of four costal scutes 
(Kamezaki, 2012b) (Fig. 1A). The number of scutes is known 
to be species-specific, although turtles with non-modal 
scute patterns (NMSP) are frequently observed (e.g., Mast 
ans Carr, 1989; Turkozan et al., 2001; Ozdemir and Turkozan, 
2006; Ergene et al., 2011) (Fig. 1B, C).

Turtles with NMSP are more frequently observed in 
hatchlings than in adults within the same population of sea 
turtle species (e.g., Turkozan et al., 2001; Ergene et al., 
2011). For example, Turkozan et al. (2001) reported that log-
gerhead sea turtle (Caretta caretta) hatchlings in Turkey and 
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Cyprus showed 10.1% incidence of vertebral NMSP, which 
was not the case in the adults. Moreover, dead embryos and 
hatchlings that failed to emerge from the nest had higher 
proportion of NMSP than live hatchlings (Mast and Carr, 
1989; Suganuma et al., 1994). Therefore, a strong link is 
inferred between scute pattern abnormality and survival rate 
in sea turtles (Ozdemir and Turkozan, 2006; Turkozan and 
Yilmaz, 2007; Sim et al., 2014b). To strengthen conservation 
efforts of endangered sea turtle species, elucidation of the 
potential underlying causes of these abnormalities may be 
of value. Scute pattern abnormalities have been considered 
to be induced by the incubation environment (Hewavisenthi 
and Parmenter, 2001; Kazmaier and Robel, 2001; Sim et al., 
2014a), relocation (Mast and Carr, 1989; Suganuma et al., 
1994; Turkozan and Yilmaz, 2007), pollution (Bishop et al., 
1998) and genetic factors (Velo-Anton et al., 2011; Caracappa 
et al., 2016); however, little information is available regarding 
these abnormalities, and the primary cause remains unclear.

Sea turtle species exhibit a temperature-based sex 
determination system, which produces females under 
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warmer incubation temperatures, and the period of sex 
determination (developmental stages 22–27) (Miller, 1985) 
is known to overlap with the period of scute pattern determi-
nation (developmental stage 25) (Miller, 1985). A compari-
son of the frequency of male and female turtles with NMSP 
could thus indirectly clarify whether there is a correlation 
between incubation temperature and observed scute pat-
tern abnormalities. However, previous studies regarding 
scute pattern abnormities focused mainly on nesting females 
and hatchlings, not males or juveniles, due to challenges in 
observation.

The islands of Chichi-jima and Haha-jima of the 
Ogasawara Archipelago, Japan, are known to be the largest 
green sea turtle rookery of the north Pacific population 
(Kurata et al., 1978; Yamaguchi et al., 2005) (Fig. 2). The 
people of these islands have traditionally hunted both female 

and male adult sea turtles, mainly during 
the reproductive season (March to May) 
as a food source; the islands have regu-
lations on harvesting annual catch, cara-
pace length, and hunting period (June 
and July). Due to this culture, the 
Ogasawara Archipelago is a valuable 
place for observations and investigating 
sex differences in scute pattern abnor-
malities.

In the present study, we counted a 
large number of vertebral and costal 
scutes of Ogasawara’s green sea turtles, 
which we classified as hunted male and 
female adults, nesting females, and 
hatchlings, to accumulate basic knowl-
edge of scute pattern abnormalities in 
this species. We then examined whether 
incubation temperature plays a role in 

this abnormality. In addition, potential genetic contribution to 
scute pattern abnormalities was also examined by investi-
gating the scutes of hatchlings from the nests of females 
with or without NMSP.

MATERIALS AND METHODS

Nesting females and hatchlings
The islands of Chichi-jima (27°1′–11′N, 142°9′–14′E) and 

Haha-jima (26°32′–42′N, 142°7′–14′E) in the Ogasawara 
Archipelago of Japan have approximately 50 green sea turtle 
nesting beaches. Omura beach, one of the nesting beaches on 
Chichi-jima, is located near the city, which is illuminated by many 
streetlights, and accounts for 10% of the total nests on the 
Chichi-jima and Haha-jima islands. This beach is 500 m in length 
and is covered with vegetation, which is mainly a mix of Sophora 
tomentosa, Hibiscus tiliaceus, Cocos nucifera, and Casuarina 
equisetifolia. Nesting females on this beach mainly make nests at 
the edge of or under the cover of this vegetation, where approxi-
mately 70% of nests are found under shade. When sea turtle hatch-
lings move away from the nests, the horizon line at the lowest angle 
of elevation acts as the cue guiding them to the sea (Limpus and 
Kamrowski, 2013). When nests are present on this particular beach, 
many hatchlings mistakenly move towards the city, due to the dis-
orientation caused by the high levels of artificial light. For this rea-
son, we relocated all nests from this beach to the Ogasawara 
Marine Center, also located on the island of Chichi-jima. To record 
nesting location and time, this beach was patrolled daily from June 
to August of 2011–2015 from 8 pm to 2 am. Upon discovering a 
nesting female, an identification tag was attached and vertebral and 
costal scutes were counted. In addition, we frequently conducted 
daytime patrols to record the undiscovered nest. After approxi-
mately 40 days of incubation, we relocated all nests to the hatchery 
at the center. We note that some previous studies have suggested 
that relocation itself may induce scute pattern abnormalities (Mast 
and Carr, 1989; Suganuma et al., 1994; Turkozan and Yilmaz, 
2007). However, we confirmed that all embryos had developed 
beyond embryonic stage 25 (by which stage scute pattern formation 
is complete) when relocating and unintentionally tearing the eggs 
(very few numbers). Thus, we assume that 40 days should be suf-
ficient to complete scute pattern development, and scute patterns 
of hatchlings in the present study must be complete under natural 
conditions. After hatching, we investigated the hatchlings that 
emerged from the relocated nests and counted vertebral and costal 
scutes. All sampling was performed with permission under the Fish-
eries Adjustment Rules of the Tokyo metropolitan government.

Fig. 1.  Vertebral and costal scute pattern in the green sea turtle. (A) Modal scute pattern 
(5–4–4) (vertebral - left costal – right costal). (B) and (C) Examples of non-modal scute 
pattern ((B) (5–4–5), (C) (6–4–4)). v: vertebral, lc: left costal, rc: right costal.

Fig. 2.  Map of Japan showing the study area.
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Hunted turtles
From 2003 to 2015, vertebral and costal scutes of adult green 

sea turtles, which were hunted by fishermen as a food source, were 
counted. The sex was identified via external morphology and gonad 
observation during dissection. This turtle hunting was undertaken 
with the permission of the Fisheries Adjustment Rules by Tokyo 
metropolitan government.

For the purposes of our study, we defined 5–4–4 (vertebral–
left costal–right costal) as the modal scute pattern, and all the other 
patterns as NMSP. The frequency of turtles with NMSP was 
expressed as a percentage and was calculated by the following 
equation: 100 ×  (the number of turtles with NMSP/the number of 
investigated turtles).

Statistics
A Chi-square test was used to test for significance in the fre-

quency of turtles with NMSP between groups. Statistical analyses 
were performed by Graph Pad Prism5 (San Diego, CA, USA). 
P-values less than 0.05% were considered to be significant.

RESULTS

Scute pattern abnormalities of hatchlings
We counted the vertebral and costal scutes of 44,537 

hatchlings from 574 nests (Table 1). The frequency of hatch-
lings with NMSP per nest was 5.88 ±  8.79% (mean ±  SD: 
Fig. 3), and varied from 0 to 95.24%. The number of verte-
bral scutes varied from 0 to 10, where the most frequent 
number was five vertebral scutes (Table 2). The numbers of 
left and right costal scutes varied from two to eight and three 
to seven, respectively (Table 2). The most frequent pattern 
of costal scutes was 4–4 (Left - Right); 21 total patterns were 
identified (Table 2). Moreover, some hatchlings had more 
costal scutes on the left side than the right side, and vice 
versa (we refer to these patterns collectively as “asymmetry” 
below), and the number of hatchlings with more costal 
scutes on the left was significantly greater than hatchlings 
with more costal scutes on the right (P <  0.01). A total of 77 
combinations of vertebral and costal scutes were observed. 
The most frequent combination of non-modal vertebral and 

costal scutes was 6–4–4 (vertebral–left costal–right costal), 
accounting for 18.21% of the scute pattern abnormalities. In 
all nests investigated, the frequency of nests producing at 
least one hatchling with NMSP was 79.62% (457 nests).

Frequency of hatchlings with non-modal scute pattern 
produced by females with non-modal scute patterns

The vertebral and costal scutes of 155 nesting females 
were counted, and 12 females were found to have scute pat-
tern abnormalities. The frequency of hatchlings with NMSP 
produced by these 12 females (20 nests) was significantly 
higher than the frequency of hatchlings with NMSP pro-
duced by the females with modal scute patterns (P <  0.01) 
(Table 3 and 4). All 20 nests produced at least one hatchling 
with NMSP. The hatchlings displaying the same scute pat-

Table 2.  Vertebral and costal scute patterns of green sea turtle 
hatchlings.

Hatchling

Scute numbers n Frequency (%)

Vertebral

0         1 0

1         1 0

2         6   0.01

3       41   0.09

4     442   0.99

5 42,913 96.35

6     825   1.85

7     197   0.44

8       82   0.18

9       27   0.06

10         2 0

Costal

2-3         1 0

3-3         3   0.01

3-4         2 0

3-5         1 0

4-3       11   0.02

4-4 43,137 96.86

4-5     349   0.78

4-6       36   0.08

4-7         2 0

5-4     515   1.16

5-5     349   0.78

5-6       11   0.02

5-7         1 0

6-4       63   0.14

6-5       40   0.09

6-6         5   0.01

6-7         1 0

7-4         3   0.01

7-5         5   0.01

7-6         1 0

8-4         1 0
All 44,537

Costal scute numbers are shown as left costal scute number–right 
costal scute number.

Table 1.  Frequency of green sea turtle hatchings with modal and 
non-modal scute patterns.

Hatchling

n Frequency (%)

Modal 42,286 94.95

Non-Modal   2251   5.05

All 44,537

Fig. 3.  Distribution of the frequency of hatchlings with non-modal 
scute patterns per nest.
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tern abnormality as the mother were confirmed at six nests 
(30.00%). Five nesting females with NMSP nested several 
times, and the multiple nests from one female (pattern 6–4–
4) produced at least one hatchling with the same scute 
abnormal pattern (6–4–4), whereas multiple nests from the 
other four females did not.

Scute pattern abnormalities of adults
We counted the vertebral and costal scutes in 1054 

adults (hunted males: n =  302; hunted females: n =  597; 
nesting females: n = 155) (Table 5). The frequency of adults 
with NMSP was 6.17%. In males, the numbers of vertebral 
and costal scutes varied from four to seven and from four to 
five, respectively (Table 6). There were a total of eight scute 
combinations. In females, the numbers of vertebral and cos-
tal scutes varied from four to nine and from three to six, 
respectively (Table 6). There were a total of 21 scute combi-
nations. The frequency of adults with NMSP was signifi-
cantly greater in females than that in males (P =  0.02). A 
separate analysis of each scute yielded that, the frequency 
of adults with non-modal vertebral scutes was not signifi-
cantly different between the sexes (P =  0.06), but the 
frequency of costal scute abnormalities was significantly dif-
ferent between the sexes (P =  0.04). In adults exhibiting 
asymmetry, the number of turtles with more costal scutes on 
the left side was not significantly different from turtles with 
more costal scute on the right side (P =  0.90). The frequency 
of turtles with NMSP was not significantly different between 
adults and hatchlings (P =  0.10).

DISCUSSION

Effect of incubation temperature on scute pattern 
abnormalities

The results of the present study reveal a significant dif-
ference in the frequencies of scute pattern abnormalities in 
male and female adult green sea turtles. The period during 
which sex is determined in developing sea turtles overlaps 
with the period during which the formation of scute pattern is 
completed (Miller, 1985), indicating that warmer incubation 
temperatures could be one of the factors responsible for 
inducing scute pattern abnormalities. The fact that the fre-
quency of scute pattern abnormalities tended to increase 
with incubation temperature under constant conditions in the 
loggerhead sea turtle (Reid et al., 2009), supports this sug-
gestion. Moreover, the frequency of costal scute pattern 
abnormalities was significantly different between the sexes, 
whereas the frequency of vertebral scute pattern abnormali-
ties was not. This suggests that incubation temperature may 
especially affect costal scute pattern abnormalities.

Previous studies revealed that dead embryos and hatch-
lings that fail to emerge from the nest showed higher fre-
quencies of scute pattern abnormalities than live hatchlings 
(Mast and Carr, 1988; Suganuma et al., 1994). One possible 
explanation for this phenomenon is that, in general, higher 
incubation temperatures are known to reduce both hatch 
and emergence success in sea turtles (reviewed in Howard 
et al., 2014). Therefore, embryo and hatchling mortalities 
caused by high incubation temperature are likely to show 
high frequencies of scute pattern abnormalities if high incu-
bation temperature is indeed responsible for these develop-
mental abnormalities.

Hatchlings with NMSP appeared relatively less fre-

Table 6.  Vertebral and costal scute patterns of the green sea tur-
tle adults. 

Male Female

Scute numbers n
Frequency 

(%)
n

Frequency 
(%)

Vertebral

4     2   0.66     7   0.93

5 295 97.68 715 95.08

6     4   1.32   21   2.79

7     1   0.33     5   0.66

8 – –     2   0.27

9 – –     2   0.27

Costal

3-4 – –     1   0.13

4-3 – –     3   0.40

4-4 296 98.01 717 95.35

4-5     3   0.99   12 1.6

5-4     2   0.66   12 1.6

5-5     1   0.33     5   0.66

5-6 – –     1   0.13

6-4 – –     1   0.13

All 302 752

Costal scute numbers are shown as left costal scute number–right 
costal scute number.

Table 3.  Frequency of green sea turtle hatchlings with modal and 
non-modal scute patterns from nests of females with non-modal 
scute patterns.

Hatchling

n Frequency (%)

Modal 1429 94.19

Non-Modal   103   5.81

All 1638

Table 4.  Frequency of green sea turtle hatchlings with modal and 
non-modal scute patterns from nests of females with modal scute 
patterns.

Hatchling

n Frequency (%)

Modal 16,797 95.86

Non-Modal     725   4.14

All 17,522

Table 5.  Frequency of green sea turtle adults with modal and non-
modal scute patterns.

Male Female

n Frequency (%) n Frequency (%)

Modal 292 96.69 697 92.69

Non-modal 10   3.31   55   7.31

All 302 752
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quently in the present study than in similar studies on green 
sea turtle hatchlings (Ozdemir and Turkozan, 2006; Ergene 
et al., 2011). This may be an effect of the characteristics of 
the beach where sampling was performed in the present 
study. On Omura beach, approximately 70% of observed 
nests were in the shade. As shade functions to decrease the 
incubation temperature (van de Merwe et al., 2005; Wood et 
al., 2014), the low frequency of hatchlings with NMSP 
observed in the present study could be the result of cooler 
incubation temperatures. Thus, the frequency of hatchlings 
with NMSP in the present study may not reflect the fre-
quency in the whole Ogasawara population, due to the low 
number of hatchlings from Omura beach (10%) relative to 
the whole population.

Effect of genetic factors on scute pattern abnormalities
We observed a significant difference in the frequency of 

NMSP in hatchlings from nests of females with or without 
NMSP, which suggests that scute pattern abnormalities may 
be associated with genetic factors. However, the specific 
scute patterns were not consistent between mother and 
hatchlings. Whereas the nests of females with 6–4–4 pat-
terning (vertebral–left costal–right costal) produced at least 
one hatchling with a 6–4–4 pattern, it should be noted that 
6–4–4 was the most frequently observed scute abnormal 
pattern in the present study. Hence, while our results imply 
that scute pattern abnormality may be heritable, the possibil-
ity that our observations of patterns may not be solely attrib-
uted to genetic factors must be considered.

Velo-Anton et al. (2011) revealed that a population of the 
European pond turtle Emys orbicularis with low genetic 
diversity displayed an increase frequency of turtles with 
NMSP. With regard to genetic diversity in green sea turtle 
populations, Nishizawa et al. (2013) reported that genetic 
diversity of Ogasawara populations was high, suggesting 
that the lower frequencies of hatchlings with NMSP observed 
in the present study may be related with higher genetic 
diversity. Further study is required to investigate the relation-
ship between genetic diversity and NMSP for sea turtle spe-
cies.

Survival rate in sea turtles with scute pattern abnormal-
ities

More scute pattern was observed in hatchlings (n =  77) 
than adults (n = 21). Although there is no significant differ-
ence between hatchlings and adults with respect to fre-
quency of scute pattern abnormalities, this may indicate that 
hatchlings with NMSP tend to have lower survival rates, 
which is consistent to ideas the studies regarding scute pat-
tern abnormalities put forth in previous studies (Ozdemir and 
Turkozan, 2006; Turkozan and Yilmaz, 2007; Sim et al., 
2014b). Two hypotheses that may explain this difference, as 
supported by our results.

First, incubation temperature, which is thought to induce 
the scute pattern abnormality, is known to affect the survival 
rate of hatchlings. Since hatchlings face significant preda-
tion pressure during the period from emergence to swim-
ming toward sea current for several days, hatchlings with 
higher locomotor performance, and therefore less time 
spent in this period, should experience increased survival 
rates. It has been clearly demonstrated that warmer incuba-

tion temperatures reduce terrestrial and swimming locomo-
tor performance in hatchlings (Ischer et al., 2009; Mickelson 
and Downie, 2010; Booth and Evans, 2011; Maulany et al., 
2012; Booth et al., 2013; Read et al., 2013; Wood et al., 2014; 
Sim et al., 2015). In addition, Sim et al. (2014b) compared the 
swimming locomotor performance of flatback sea turtles, 
Natator depressus, hatchlings with and without modal scute 
patterns, and found that hatchlings with modal scute pat-
terns have significantly higher swimming locomotor perfor-
mances than hatchlings with NMSP, which may be induced 
by the warmer incubation temperature. Hatchlings with 
NMSP may thus tend to lower locomotor performance as a 
result of a thermal effect, which can reduce their survival 
rate.

The second hypothesis is that hatchlings with NMSP 
tend to have growth impediments, and therefore face lower 
survival rates. Generally, animals with abnormalities, such 
as asymmetry, are likely to possess other developmental 
instabilities (e.g., Moller, 1997). For asymmetry hatchlings in 
the present study, a significantly higher number of hatch-
lings displayed more costal scutes on the left side. However, 
this pattern of asymmetry was not apparent in adults. 
Although the mechanisms underlying this asymmetry remain 
unknown, hatchlings displaying asymmetry may have lower 
survival rates than symmetrical hatchlings, which may be 
due to growth impediments.

Conclusion
In the present study, we counted a large number of ver-

tebral and costal scutes of hatchling and adult green sea 
turtles in the largest rookery of the north Pacific population, 
and found that high incubation temperatures and inheritance 
can play roles in the observed scute pattern abnormalities. 
In addition, the lower survival rate of hatchlings with scute 
pattern abnormalities may be attributable to reductions in 
locomotor performance associated with high incubation 
temperature or/and growth impediments. We note however 
that deviation in the frequency of hatchlings with NMSP in 
the nest was huge, so other environmental factors such as 
humidity, sand albedo and nest depth may also affect the 
occurrence of scute pattern abnormalities. For conservation 
of endangered green sea turtles, the occurrence of scute 
pattern abnormalities which are thought to reduce the sur-
vival rate (Ozdemir and Turkozan, 2006; Turkozan and 
Yilmaz, 2007; Sim et al., 2014b) should be minimized. Since 
our results suggest that high incubation temperature may be 
a contributing factor for this abnormality, cooling incubation 
temperature such as by provision of shade (e.g., Wood et al., 
2014) represents a possible method for decreasing the fre-
quency of NMSP. However, because shading may produce 
more male-biased sex ratio than natural, further experimen-
tal basis study is required to clarify which temperature 
induces the scute pattern abnormality for application of such 
methods.
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