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Abstract. Cilacap Bays, critical nesting areas for sea turtles, face growing habitat
disturbances from tourism. However, studies on nesting suitability in these regions
remain scarce. This research assesses the abiotic factors influencing sea turtle nesting
in Cilacap Regency, Indonesia, across eight observation stations. Key ecological
parameters—Iland surface temperature (28°C - 36.3°C), pH (mean 6.8), sand particle
size (0.212-0.500 mm), beach slope (11.50%-20.99%), and beach width (28.8m-
81.8m)—were evaluated. The results highlight Sidaurip Beach as the most suitable for
nesting due to optimal environmental conditions, with Station (SP1) being particularly
favorable for producing male hatchlings due to its suitable 28°C temperature. These
findings suggest targeted egg relocation to SP1 could help address gender imbalances,
ensuring long-term population sustainability. This research provides valuable insights
for sea turtle conservation and supports future policy efforts to protect nesting sites in
Cilacap amidst growing environmental pressures.
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1. Introduction

Cilacap Bays serve as essential nesting grounds for various sea turtle species, including Lepidochelys
olivacea, Chelonia mydas, Eretmochelys imbricata, and Dermochelys coriacea, all of which face
significant conservation challenges due to anthropogenic pressures [1-2]. However, despite the
ecological importance of these beaches, there has been little research on the specific abiotic factors
influencing sea turtle nesting ecology in this region. This study addresses this gap by evaluating the
suitability of Cilacap's nesting beaches, emphasizing critical abiotic factors such as land surface
temperature, sand particle size, beach slope, soil humidity, beach width, and soil pH [3-5]
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Abiotic factors play a crucial role in sea turtle nesting success. For example, temperature influences
embryonic development and sex determination, making it a key parameter in assessing habitat suitability
[6-7]. Similarly, beach slope affects nest site selection, as steep slopes increase the risk of nest
inundation or erosion, which can significantly impact reproductive success [8], [3]. The width of the
beach and its distance from the high tide line also contribute to nest safety, as nests too close to the
shoreline are at risk of flooding, while those placed too far may face adverse conditions such as
desiccation and predation [4], [9].

In addition, sand particle size influences the microenvironment required for egg incubation. Sandy
beaches, as noted by [5], provide the ideal thermal and moisture conditions for embryonic development,
while beaches with coarser particles may impede gas exchange and moisture retention, threatening the
viability of eggs. Humidity further regulate the nest's microclimate, ensuring appropriate moisture and
temperature levels for optimal development [7-10]

This study is among the first to systematically assess the abiotic factors affecting sea turtle nesting
ecology in Cilacap Bay. By evaluating key parameters across multiple study sites, this research provides
the foundation for evidence-based conservation strategies aimed at protecting these threatened species
and ensuring the long-term sustainability of their nesting habitats [11]. Understanding how these
environmental factors interact with turtle nesting behavior is vital for developing targeted management
practices that can preserve Cilacap’s beaches as viable nesting sites for future generations of sea turtles.

2. Methods

2.1. Research time and site

The research was conducted at Turtle Bay of Cilacap, Central Java, Indonesia, at eight observation
stations during the new moon (July 3, 2023; August 16, 2023) and full moon (July 18, 2023; August 2,
2023) conditions. The study covered a distance of approximately 16 km from Sodong Beach (SP 1) to
Pagubugan Beach (SP 8). The stations' geographic coordinates were determined using a Global
Positioning System (GPS), providing precise locations for data collection. Both in-situ (on-site) and ex-
situ (laboratory) parameters were measured, with in-situ data including land surface temperature, pH,
humidity, soil particle size, beach slope, and beach width. The ex-situ analysis focused on soil particle
separation, conducted at Universitas Jenderal Soedirman, Indonesia.

Table 1. Sampling sites with its geographic position

No Code Sampling Site Coordinate

1 SP1 Sodong 7.69195°S, 109.181622°E
2 SP2 Srandil 7.69195°S, 109.191656°E
3 SP3 Welahan Wetan 7.696132°S, 109.231723°E
4 SP4 Widarapayung Kulon 7.692683°S, 109.244497°E
5 SP5 Sidayu 7.698763°S, 109.260091°E
6 SP6 Widarapayung Wetan 7.6987548S, 109.261489E
7 SP7 Sidaurip 7.700976°S, 109.292523°E
8 SP8 Pagubugan 7.700794°S, 109.287625°E

2.2. Ecological parameters measurement

Measurements were taken at a depth of 18 cm, allowing for a more accurate representation of the
environment in which sea turtle eggs are incubated. The temperature, pH, and humidity were recorded
after the probe stabilized, with values noted and compared to classifications established by [10], [12]
for sea turtle nesting suitability (Tables 2 and 3).
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Table 2. Habitats’ temperature, pH, and humidity classification for turtles’ nesting

No Temperature pH Category
Natih et al. (2021) Ngabito et al. (2021)
1 29°C - 32.5°C 7.0-8.0 Very suitable
2 26°C - 29°C 6.0-6.9 Suitable
3 <26°C or >35°C 1.0 —5.55 Not suitable

Humidity of soil has an essential effect on egg hatching rates. The suitability of soil humidity for
turtles’ nesting habitat is classified as presented in Table 3 [10].

Table 3. Soil humidity classification

Humidity Classification Category
Natih et al. (2021)
<20% Dry+ Not suitable
20% - 29% Dry Suitable
30% - 40%or Wet Very suitable
>40% Wet+ Not suitable

Sand particle sizes were determined by collecting approximately 100 g of sand at each sampling site. At
the laboratory, the sand samples were separated using a sieve shaker. The sieve shaker was calibrated
as 0.150 mm, 0.212 mm, 0.500 mm, and 0.100 mm. The sand textures obtained were converted using a
percentage scale for easy analysis and comparison to existing data. Sand particle classification has been
made by [10] as summarized in Table 4.

Table 4. Sand particle size classification

No Diameter (mm) Category
1 0.150-0.212 Fine
2 0.212 -0.500 Medium
3 0.500 — 1.000 Coarse

The beach slope was determined by placing a 50-inch board on the ground, with the length going up and
down the slope being measured. A waterpas was set on the lower end of the board. The lower end of the
board was lifted until the liquid in the waterpas settled in the middle. A measuring tape was used to
measure the distance in inches from the raised board to the ground. The slope was determined according
to the formula from [10]. The category of the beach slope is presented in Table 5.

Slope = (rise /run) cm x 100% €]
Table 5. Beach slope classification [10]
No Slope (%) Class Category
1 3-8 Slope slightly Very suitable
2 8-16 Sideway Suitable
3 >16 Steep Not suitable

Beach width measurement was carried out by placing a scale on the vegetation boundary. The rope
was pulled perpendicular to the shoreline, and the length was noted. The suitability of beach width for
turtles’ nesting has been determined by [13] as summarized in Table 6.

Table 6. Beach width classification

No Width (m) Category
1 20 —40 Very suitable
2 40— 80 Suitable
3 <20 or >80 Not suitable
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2.3. Data analysis

The data collected from the eight stations were analyzed descriptively by comparing the field
parameters; land surface temperature, pH, humidity, soil particle size, beach slope, and beach width,
with established benchmarks for suitable sea turtle nesting habitats [10], [12-13]. Each parameter was
systematically categorized based on suitability, and the results were presented in tables. The descriptive
approach focused on comparing the current field data with previously published standards, ensuring an
interpretation aligned with existing research.

24. Descriptive Comparison

For each station, abiotic factors such as temperature, pH, humidity, and soil particle size were compared
to the classification schemes outlined by [10] and other relevant literature. For instance, land surface
temperatures between 29°C and 32.5°C were considered very suitable for nesting, while values outside
this range were deemed less favorable. Similar classifications were applied to other parameters like pH
and humidity. The comparison allowed us to identify which stations provided the most favorable
conditions for sea turtle nesting without requiring inferential statistical testing.

2.5. Bias and Data Processing

Potential biases in the data were mitigated by performing measurements under both new moon and full
moon conditions to account for tidal variations. GPS devices were used to ensure consistency in station
positioning. Any environmental interference from nearby human activity was noted and considered in
the analysis. The descriptive data were then compared with findings from previous research to establish
the relative suitability of each station for sea turtle nesting.

3. Results and Discussion

3.1. Land surface temperature

Land surface temperature at turtles’ bay Cilacap varied from 26°C to 39°C, with the average temperature
ranged of 28.0°C and 36.3°C. The sampled beach with the highest temperature was station 4,
Widarapayung Kulon Beach with an average mean temperature of 36.3°C. Details of land surface
temperatures and mean temperatures at each sampling site are presented in Table 7.

Table 7. Land surface temperature at each sampling site in the Cilacap turtles’ bay

No Code Sampling Site Temperature ranges (°C)
1 SP1 Sodong 26 -29
2 SP2 Srandil 31-36
3 SP3 Welahan Wetan 28 - 31
4 SP4 Widarapayung Kulon 31-39
5 SP5 Sidayu 30-38
6 SP6 Widarapayung Wetan 30-36
7 SP7 Sidaurip 29 -36
8 SP8 Pagubugan 30 - 36

3.2 Soil acidity (pH)

Soil acidity was assessed using pH values, with measurements taken in Turtle Bay ranging from 6 to 7.
The specific soil pH recorded during each sampling event conducted on the field trips is detailed in
Table 8.
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Table 8. Soil pH at each sampling in Cilcap Turtle Bay

No Code Sampling Site Soil pH
1 SP1 Sodong 6.0-7.0
2 SP2 Srandil 6.5-17.0
3 SP3 Welahan Wetan 6.0-7.0
4 SP4 Widarapayung Kulon 7.0
5 SP5 Sidayu 7.0
6 SP6 Widarapayung Wetan 6.5-7.0
7 SP7 Sidaurip 6.0-7.0
8 SP8 Pagubugan 6.5-7.0

3.3 Soil humidity
The humidity value kept fluctuating in each of the stations except in SP5 and SP8 where it was Dry+ all
through (Table 9). This could be interpreted as Dry+ signifies extremely dry moisture content, Dry
indicates the availability of moderate humidity, which is very suitable for nesting, Wet+ implies that the
sampled area was extremely wet and Wet simply showed that the humidity was still high although can
still support nesting.

Table 9. Humidity values across sampling stations

No Code Sampling Site Humidity
1 SP1 Sodong Wet — Dry+
2 SP2 Srandil Wet — Dry+
3 SP3 Welahan Wetan Dry — Dry+
4 SP4 Widarapayung Kulon Wet — Dry+
5 SP5 Sidayu Dry+
6 SP6 Widarapayung Wetan Wet — Dry+
7 SP7 Sidaurip Dry — Dry+
8 SP8 Pagubugan Dry+

34. Soil particle size (texture)

The texture of the sand for sea turtle species to land and lay their eggs is very important. The Sand
particles analyzed contained fine sand, medium sand, and coarse sand in the proportion of 0.150-
0.212mm, 0.212-0.500mm, and 0.500-1.00mm, respectively (Table 10), with varying soil content
percentages.

Table 10. Particle size percentage at each sampling site in Cilacap Bay

No Code Sampling Site Particle Size Category (%)
Fine Medium Coarse
1 SP1 Sodong 39.00 56.38 4.26
2 SP2  Srandil 48.42 49.47 2.11
3 SP3 Welahan Wetan 38.78 55.10 6.12
4 SP4  Widarapayung Kulon 55.1 44.90 0
5 SP5 Sidayu 44.89 55.10 0
6 SP6  Widarapayung Wetan 38.78 59.18 2.04
7 SP7  Sidaurip 68.32 31.63 0
8 SP8 Pagubugan 62.88 37.11 0

3.5. Beach slope

The average beach slopes for each sampling station are presented in Table 11. Slopes ranged from
11.50% to 20.99%, with station 2 exhibiting a particularly high average slope. This data will be
instrumental in assessing the range of suitable slopes for nesting, aligning with established parameters
by previous researchers. The findings will identify beaches conducive to sea turtle nesting.
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Table 11. The observed beach slope at each sampling site during the field trips

No Code Sampling Site Slope (%) Mean value
1 SP1 Sodong 11.99 - 31.91 17.20 £ 1
2 SP2  Srandil 11.99 — 36.00 20.99 £ 1
3 SP3 Welahan Wetan 11.99 -31.91 18.50 £1
4 SP4  Widarapayung Kulon 10.00 — 19.98 12.99 + 1
5 SP5 Sidayu 7.99 —19.98 14.50 £ 1
6 SP6 Widarapayung Wetan 10.00 — 11.99 11.50 + 1
7 SP7  Sidaurip 11.99 — 16.00 13.99 + 1
8 SP8  Pagubugan 10.00 — 17.99 12.50 + 1

3.6. Beach width

Beach width plays a crucial role in studying the environmental cues influencing sea turtle nesting. The
proximity of a beach significantly impacts turtle nesting activities and how other environmental factors
affect the laid eggs. The beach width data (Table 12) indicates a range from 28.8m to 81.8m, with SP5
recording the highest measurement. Understanding these variations in beach width is essential for
comprehending the nesting dynamics and its interaction with other environmental parameters.

Table 12. Beach width in Cilacap bays

No Code Sampling Site Width (m) Mean value
1 SP1 Sodong 2-42 2930+ 1
2 SP2 Srandil 2-40 28.80+ 1
3 SP3 Welahan Wetan 2-45 31.50+ 1
4 SP4 Widarapayung Kulon 65 —-80 79.30 £ 1
5 SP5 Sidayu 73 -90 81.80 £ 1
6 SP6  Widarapayung Wetan 79 — 85 81.50 + 1
7 SP7 Sidaurip 50 - 80 63.80 + 1
8 SP8 Pagubugan 52-90 68.00 £ 1

3.7. Impact of Land Surface Temperature on Sea Turtle Nesting:

The land surface temperature at Turtles' Bay Cilacap ranged between 26-39°C, with an average
temperature of 28.0-36.3°C. The sampled beach with the highest temperature was Station 4,
Widarapayung Kulon Beach, with an average mean temperature of 36.3°C. Detailed land surface
temperatures and mean temperatures at each sampling site are presented in Table 7.

Temperature is a critical environmental factor influencing sea turtle nesting ecology. [14] noted that
temperature fluctuations occur at a depth of 15 cm, while our environmental data were collected at a
depth of 18 cm. The mean-average temperatures across the study locations (SP1-SP8) ranged from 28-
36.3°C (Table 7). According to [15], a gradual and consistent temperature range of 25-35°C is optimal
for sea turtle nesting, leading to good hatching rates and shorter incubation times.

[16] highlighted that temperatures ranging between 33.4-35.7°C can cause uncertainty in egg
development, while temperatures above 36-37.5°C can inhibit hatching. From the data in Table 7, it is
evident that all stations except Station 4 support sea turtle nesting activities. Specifically, SP4, with a
mean average temperature of 36.3°C, presents a high risk of eggs drying out and failing to hatch, as
indicated by [10].

[17] reported that the incubation temperature for Olive ridley turtles ranges from 28.5-32.2°C, while
[10] suggested a range of 24-33°C as suitable. [18] further noted that temperatures exceeding normal
limits can lead to embryo mortality and affect hatchling sex ratios. Temperature-dependent sex
determination in turtles means higher temperatures result in female embryos, while lower temperatures
produce a mix of male and female hatchlings. [19-20] confirmed that elevated temperatures
predominantly produce female hatchlings, and [21] added that temperatures above 28°C result in
females. [22] observed that incubation temperatures between 28-29°C favor male hatchlings, whereas
temperatures above 30°C tend to favor females.
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Based on the data in Table 7, SP1, with an average mean temperature of 28°C, supports male
hatchlings. Stations 1, 3, and 7 are suitable for female hatchlings, while SP 2, 5, 6, and 8 also support
female hatchlings. SP4, however, is unsuitable for nesting due to its high temperature. Therefore,
transferring eggs from SP4 to SP7 or SP1, with close monitoring, is advisable to ensure successful
hatching and balance hatchling sex ratios.

3.8. Soil pH and Its Influence on Nesting Success:

The pH levels recorded across Turtle Bay ranged from 6.0 to 7.0 (Table 8), indicating a generally neutral
to slightly alkaline environment. This is consistent with [12], who identified pH levels between 7 and 8
as ideal for turtle nesting. Our results support this, as no station recorded a pH value below the critical
threshold of 5.5 established by [5]. Low pH levels, which are strongly acidic, have been shown to inhibit
embryo growth and hatching, highlighting the importance of maintaining neutral pH conditions for
successful nesting.

Stations 5 and 6, which consistently recorded a pH of 7.0, are particularly notable as they fall within
the ideal range for nesting, ensuring minimal risk of bacterial infections and promoting healthy embryo
development. Therefore, the neutral pH levels at all study sites suggest that pH is not a limiting factor
for nesting success in the Turtle Bay.

3.9. Humidity and Its Effects on Egg Viability:

Our study recorded humidity levels varying from 'Dry+' to 'Wet+', with extremes observed at SP5 and
SP8 (Table 9) where conditions remained extremely dry. According to [10], and [23], very high humidity
(>40%) can lead to egg rot, while very low humidity (<20%) can cause desiccation. The fluctuating
humidity conditions across stations underscore the importance of moderate humidity levels for
successful incubation.

SP7, with a balanced humidity level of 'Dry', aligns well with the recommended range of 20-29% as
per [13] and [24], making it highly suitable for nesting. Conversely, SP5 and SP8’s 'Dry+' conditions
could potentially lead to desiccation, indicating less suitability for nesting. This variability highlights
the need for precise monitoring and management to ensure optimal humidity conditions for sea turtle
egg incubation.

3.10.  Particle Size and Its Role in Nesting Site Selection:

The particle size of beach sand plays a critical role in sea turtle nesting site selection, influencing the
ease with which turtles can dig nests and the stability of the eggs. Our study found that SP7 and SP8,
with high percentages of fine sand (68.32% and 62.88%, respectively) (as in Table 10), are particularly
favorable for nesting. This finding aligns with [25], who reported that green turtles exhibit a preference
for fine sand beaches due to the ease of excavation and egg placement.

The presence of fine sand is crucial for successful nesting because it allows for easier digging and
reduces the likelihood of mechanical resistance during nesting. Conversely, the study found significant
levels of coarse sand at other stations, such as SP3, with up to 6.12% coarse sand, potentially making it
more challenging for turtles to dig their nests. [26] supports this by noting that larger sand particles can
hinder nesting activities, as they require more energy for digging and can lead to nest instability.

Moreover, the absence of coarse sand at SP7 and SP8 corroborates [14], who emphasized the
importance of fine and medium sand in facilitating effective nesting. The high proportion of fine sand
at these stations ensures that nesting is less labor-intensive and more secure, reducing the risk of eggs
being disturbed or dislodged.

3.11.  Beach Slope and Its Suitability for Nesting:

The beach slope is another crucial factor influencing sea turtle nesting. Our study's results indicate that
the average beach slopes ranged from 11.50% to 20.99%, with SP6, SP4, SP8, SP7, and SP5 (Table 11)
exhibiting slopes within the optimal range for nesting. [27] argue that moderate beach slopes are
favorable for nesting, as they facilitate easier access and reduced energy expenditure for turtles.
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Specifically, the slopes at SP6 (11.50%) and SP5 (14.50%) are well-suited for nesting, as they fall
within the range identified by [10] as ideal for successful nesting. In contrast, the steeper slopes at SP1
(17.20%), SP2 (20.99%), and SP3 (18.50%) may pose challenges for turtles, making it more difficult to
locate appropriate nesting sites and potentially leading to increased energy expenditure and lower
nesting success. [24] reinforce this by noting that turtles prefer gentle slopes, which make nesting and
subsequent movement away from the surf easier.

The data thus support the findings of [5], who noted that a gentler slope facilitates turtle landing and
nesting, while steeper slopes could impede these activities. The optimal slope range identified in our
study is consistent with these findings, underscoring the importance of slope in selecting suitable nesting
beaches.

3.12.  Beach Width and Its Influence on Nesting:

Beach width is a critical factor in studying environmental cues for sea turtle nesting, influencing both
nesting activity and the impact of other environmental parameters on the eggs. As shown in Table 12,
beach widths ranged from 28.80 to 81.80 meters, with SP5 having the widest beach.

Beach width is as significant as beach slope in determining the suitability of nesting sites. According
to [27], a sandy beach’s width is often correlated with its slope, with sloping beaches typically having a
wider expanse than steeper ones. Our data (Table 12) support this observation.

For SP1, SP2, and SP3, which have steeper slopes, the beach widths were measured at 28.8 meters,
29.3 meters, and 31.5 meters, respectively. Although these widths fall within the range considered
suitable for sea turtle nesting—20 to 80 meters as indicated by [13] fluctuations in width observed at
these stations could disrupt the nesting process and affect other critical environmental parameters.
Additionally, unstable beach widths may increase the risk of eggs being displaced by water currents.

In contrast, SP7 and SPS8, with average beach widths below 80 meters, are well-suited for nesting.
However, SP5 and SP6, with average widths exceeding 80 meters, are less suitable due to their wider
expanse.

4. Conclusion

This study investigated the diverse abiotic conditions across eight sampling sites along the coastline
of Cilacap, Central Java, Indonesia; a notable nesting habitat for various sea turtle species. Our findings
revealed significant variations in environmental parameters, which have direct implications for sea turtle
nesting and conservation. Sidaurip Beach (SP7) emerged as the most suitable habitat for sea turtle
nesting, demonstrating optimal conditions in terms of humidity, particle size, and beach slope.
Conversely, SP1 was identified as the only site supporting male hatchlings due to its favorable
temperature of 28°C. Given the temperature-dependent sex determination in sea turtles, it is crucial to
address gender balance in nesting sites. To promote gender balance and support the sustainability of sea
turtle populations, it is recommended to transfer some eggs from beaches with less suitable conditions
to SP1. However, such transfers should be conducted with close monitoring to ensure hatchling survival
and adaptation. Effective management of these environmental parameters will be vital in conserving the
sea turtle species in Turtle Bay of Cilacap and enhancing the overall success of nesting and hatching
processes. Again, implementing these recommendations will not only aid in achieving a balanced sex
ratio among hatchlings but also contribute to the long-term conservation and sustainability of sea turtle
populations in the region.
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