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ABSTRACT  
Fort Lauderdale, Florida, USA is a coastal city on the Atlantic Ocean. Its beach 
stretches north-south and is a major tourist attraction generating revenue for the City 
especially in winter. From March to October, the beach becomes a place to visit to sea 
turtles for a different reason. 90% of these ancient mariners in the U.S. flock to 
Florida to lay eggs during the period of nesting season. Sea turtle incubation success 
such as gender balance, morphology and locomotion depends on the temperature of 
the nest. Beach areas of the North Beach Village in Fort Lauderdale is the main focus. 
Through a shadow study, the coastal stretch is divided into 3 distinct areas with 
different building densities or heights. This study investigates effects of the existing 
coastal development on nest thermal conditions, and compares nest temperature 
profiles of nests on beach areas with and without hi-rise buildings. It employs lumped 
parameter heat balance equation to simulate the nest temperature. In addition, it 
considers coastal development, sea temperature and metabolic heat production of 
embryos. 
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INTRODUCTION 
Marine turtles are species with temperature dependent sex determination (TSD). Their 
hatchling success rate also depends on the temperature, moisture, and perhaps other 
environmental factors. The study aims to study thermal effects of coastal development 
in a subtropical region. First, it is necessary to first understand the life cycle of the 
loggerhead sea turtle, as well as the reproduction and nest biology. 
 
Sea turtle life history 
Sea turtles begin as one of many eggs within a clutch on the beach, hatching varies 
with the fluctuation of seasonal temperature from 46-81 days (Matsuzawa, et al. 2002; 
Anon. A). The hatchlings live in the open ocean until they are 5-10 years old or 
approximately 20cm in size.  At this point, the sea turtle leaves the open ocean for 
coral or seagrass habitats until they have reached sexual maturity at approximately 35 
to 50 years old, growing at roughly 3cm each year until this point. Once sufficient 
energy has been stored, the sea turtle is ready to breed, migrating to courtship areas 
every two to six years. Courtship and mating begins, and the male sea turtle leaves the 
female behind to return to the feeding area. It will take this turtle nearly 2 years to 
store enough energy to breed again. As the male returns to the feeding area, the 
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female begins the egg laying cycle, laying approximately five clutches with two 
weeks of rest in between each clutch (Anon. A).   
 
Nesting 
South Florida beaches are a popular destination for loggerhead sea turtles to nest, 
where this species’ nests are the majority in Broward County (Burkholder & Slagle 
2015). In 2015, 7,822 sea turtle emergences were documented in Broward County, 
with only a 41.4% Nesting Success. This is below the loggerhead nesting was the 
majority of nesting activity in Broward County (Burkholder & Slagle 2015). To 
compare, an overall an annual mean of loggerhead hatchlings produced along 
Florida’s beaches was approximately 3.5 million from the years 2002-2012 (Brost, et 
al. 2015). Host of the largest number of loggerhead turtle nests, 90% of all loggerhead 
nesting in the Northwest Atlantic Ocean Distinct Population Segment occurs in 
Florida (Brost, et al. 2015). While these numbers may seem significantly large, sea 
turtles are generally recognized as “Critically Endangered”, “Endangered”, or 
“Vulnerable” by the World Conservation Union (IUCN) (Eckert, Bjorndal, 
Abreu-Grobois, & Donnelly 1999). This makes Florida an imperative hub for 
cooperating in an international approach to management planning (Eckert, Bjorndal, 
Abreu-Grobois, & Donnelly 1999). 
 
Coastal development 
Fort Lauderdale’s beaches have been a popular tourist vacation destination since the 
1950s, later having an influence on the city’s zoning and regulations, as well as 
buildings codes.  Today’s Fort Lauderdale master plan defines a coastal edge with an 
abundance of mid-rise to high-rise buildings along the beach, mainly hotels and 
condominiums. This study categorizes the beach into three different types: area with 
high-rise buildings, area with mid-rise buildings and area with no buildings.  

 
b) Temperature readings           Turtle nest 

 
Figure 1 a) Shadow analysis using butterfly diagrams, b) thermographic surveys 

High-rise 

Midrise 
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In order to visualize thermal signature, an infrared camera is used to collect data in the 
three defined zones. The thermographic surveys were conducted at various times of 
the day in July: during the morning when the sun was projecting on to the sand from 
the east, midday after hours of solar exposure, and after 6pm when shadows were 
projecting from the adjacent buildings on to the sand (Figure 1b). The thermographic 
images show temperature readings in °F. The last image show the sand temperature 
over the nest marked with tape. A shadow analysis produces a butterfly diagram to 
show the distinction among the three areas. It confirms the categorization of areas 
(Figure 1a). 
 
METHODOLOGY 
The study examines effects of a coastal development area in Broward County on sea 
turtle nest temperature. In addition, it examines the benefit of shading as an active 
nest management strategy. This may also inform a future coastal development policy. 
Thermal simulation is employed as an investigative tool to examine thermal 
phenomena and environmental effects. A state space model of the beach sand and a 
sea turtle nest is developed lumped parameter heat balance equations in Matlab.  
 
MATHEMATICAL MODELLING 
Lumped parameter heat transfer equations are developed for each node as illustrated 
in Figure 2. The unidirectional heat transfer is considered for model simplification. 
The equations are combined into a state space equation in Matlab. State vector 
contains nodal temperatures. At the moment, moisture transfer is not considered, and 
the Typical Meteorological Year weather data (TMY3) as opposed to measured data 
is used.  
 
Boundary and initial conditions 
Sand temperatures at different nodes in column A as shown in Figure 2 are 
determined for a period from February to October and used as a boundary condition 
for the subsequent nest temperature simulation. The initial nodal temperatures are 
assumed to have a gradient pattern ranging between the air temperature at the top 
node to the ocean temperature at the bottom node. The nest volume is assumed to be 
spherical. Due to the symmetry of the nest, only one half of the nest is considered.  
 
The top surface is assumed flat, thus the longwave radiation exchange with the sea is 
not considered. The view angle of the sea from the shoreline to the horizontal 
(roughly 4.7 km away) is only about 2 degrees. The temperature of the node at the 
depth of the ocean tide is assumed to be similar to the sea temperature (Anon. B). The 
study considers effects from surroundings through longwave radiation exchange 
(Bouchair 2001) and shading of the shortwave radiation. Longwave radiation 
exchanges with the high-rise and midrise buildings are similar due to nearly identical 
proportions. Midrise buildings are closer to the beach while high-rises recede more 
from the street resulting in similar view factors. Therefore, the study compares the 
areas with high-rise buildings and no buildings. 
 
Nest conditions 
Sea turtle nests are in the shape of a boot comprising of different sections, namely 
washbowl, laying well and incubation chamber (Billes and Fretey 2001). The first two 
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are called neck. The chamber is assumed to be a sphere containing 113 eggs. 
Loggerhead turtles lay about 100-126 ping-pong sized eggs. We use average number 
of eggs, dimensions and space volumes (egg vs. air) empirically derived by Carthy 
(1996) through nest casting technique for loggerhead turtle nests. We choose 
dimensions for an average nest on renourished beach since the Fort Lauderdale Beach 
was hit by hurricane Sandy and needed renourishment to replenish loss beach sand. 
The study can be expanded later to consider sand thermal properties as a variable and 
study how the beach renourishment can affect the hatching success.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Diagrams of nodes of sea turtle nest, nest volume and coast development 
 
The incubation duration is inversely proportional to the mean sand temperature. 
Therefore, the duration seasonally fluctuates from 46 to 81 days (Matsuzawa, et al. 
2002). We consider 2 cases where eggs are laid at the beginning of March (81 days) 
and June (60 days) for comparison. 
 
Heat production due to embryonic metabolism is estimated using measurements from 
a previous study (Sandoval, et al. 2011). The metabolic heat profile (Figure 3a) 
during incubation is comprised of 4 periods: (i) no heat production in the first half, (ii) 
slow increase, (iii) higher increase, and (iv) rapid decline just before hatching. This 
study assumes that for a different period, the heat production profile can be scaled 
along the x-axis to fit the hatching period: beginning in March and June.  
 
Figure 3b shows a fitted curve or a sigmoid relationship of how the percentage of 
gender can change around the pivotal temperature of 29°C (Hays, et al. 2001, 
Wyneken and Lolavar 2015). Nests in Florida are reported to produce more female 
than male hatchlings due to high nest temperature. In hot and dry conditions, 100% of 
hatchlings are female. Global warming thus presents a threat in terms of gender 
balance. Moreover, the sea level rise can cause more nest damage through inundation  
(Wyneken and Lolavar 2015).  
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Figure 3. a) Embryonic metabolic heat production, b) Pivotal temperature 

 
Beach sand 
Thermal properties of sand depend on saturation, grain size, color and moisture 
content (Hamdhan & Clarke 2010; Hays, et al. 2001; Milton, Schulman and Lutz 
1997; Speakman, Hays and Lindbald 1998). Those of medium coarseness is used 
(Table 1). Sand nodes’ thermal properties are assumed to varied linearly. The top 
node is assumed to be dry, and the bottom node is assumed to be at the sea level, thus 
saturated. This study does not include effects from moisture transfer and landscape. It 
will be expanded to include these considerations. Sand emissivity varies with grain 
size, color (content) and moisture. 
 
Table 1. Thermal properties of sand 
  Density (Mg/m3) Conductivity (W/m K) Specific Heat (J/kg K) 

Dry fine 1600 0.15 800 
Saturated fine 2010 2.75 1632 
Dry medium 1700 0.27 800 
Saturated medium 2080 3.34 1483 
Dry course 1800 0.25 800 
Saturated course 2080 3.72 1483 
 
Figure 4 presents temperature profiles of the air temperature, beach sand surface, 
ocean and nets. For a nest in front of the high-rise area, the average temperature of the 
nest nodes on column A for the entire incubation period (81days) starting on March 
1st is 35.10 °C. That of the mid-season period (June 1 – July 31, 60 days) in the same 
area is 38.63 °C. In an area without buildings, the average early-season nest 
temperature becomes 35.39 °C, a slightly higher temperature compared to the area in 
the hi-rise area; while that of the mid-season is 38.75 °C. For shaded nests, the 
average nest temperatures in the early and mid-season are 33.39 and 36.97 °C 
respectively.  
 
Table 2. Summary of the simulation results (average temperature °C) 
  Beginning in March (81 days)   Beginning in June (60 days) 

Hi-rise No buildings Shaded Hi-rise No buildings Shaded 

Top 40.44 40.84 38.10 44.59 44.77 42.33 

Middle 34.32 34.61 32.64 37.69 37.77 36.02 

Bottom 30.54 30.73 29.42 33.62 33.71 32.54 

  35.10 35.39 33.39   38.63 38.75 36.97 
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a) Early season temperature profiles 

 
 

 
 

 
b) Mid-season temperature profiles 
Figure 4. Temperature profiles 
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DISCUSSIONS 
More exposure to the global radiation raises the nest temperature. However, the more 
exposure to the sky increases heat loss through longwave radiation. The effects 
counterbalance each other in the case of nest in the area with no buildings. Another 
explanation is that beachfront buildings shade the beach for only a few hours before 
the sunset. Therefore, for the effect from the shadow of the particular beachfront 
development is insignificant in terms of nest temperature. 
 
Results from Table 2 show a cooling effect from shading of active nest management. 
The shadow from the building is not enough to reduce the gender bias when 
comparing the results with Figure 3b. Only results from the shaded nest in the early 
hatching season presents more potential for gender balance due to lower air 
temperature (Figure 4). However, there is more rainfall in summer and fall which 
could improve the success in the late season. 
 
Wyneken and Lolavar (2015) developed a fitted curve from field data and compared it 
to that developed from laboratory data for studying the TSD effect. They also 
discovered that in-situ or natural nest data do not fit the sigmoid relationship. They 
found that in wetter years, the percentage of female hatchling decreased. This shows 
that moisture through precipitation represents a significant factor. Therefore, other 
hygro-thermal phenomena that will need to be included into the future experiments is 
the effect from sea temperature, evaporation, precipitation and coastal landscape.  
 
CONCLUSION 
The study has developed mathematical models that incorporate sea turtle nest 
environment. The models are developed for predicting nest temperatures. The models 
respond to variables that can be altered for different locations, nesting periods and 
nest conditions. It can be used as a tool to identify appropriate strategies for nest 
management; for instance, nest relocation, shade provision and operability, etc.  
 
Success rates of different geo-tagged nests will be considered with simulation results. 
Variables will be altered for corresponding nest location and nesting period. 
Furthermore, the models can be used as a tool to evaluate coastal development plan 
and policy, and support (sub)tropical coastal communities in striking a balance 
between both natural conservation and man-made development. 
 
FUTURE STUDY 
More hygro-thermal phenomena such as precipitation and evaporation have to be 
included into consideration. The models needs to be validated with measurements not 
only to improve the prediction, but also to include more considerations; for example, 
ocean tide and temperature, sand properties (color and grain size) that may change 
over time due to beach renourishment after cyclonic activity, etc. In addition, a 
radiation exposure map will be developed to provide more accurate inputs for nest 
temperature calculation at different geo-locations. Following the model validation, an 
optimization problem will be formulated to find better location for nests that need to 
be relocated; for instance, those that are damaged by predators and those that may be 
inundated. The optimization will also aim at identifying active nest management 
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strategies for higher hatching success. Effects of illumination from the coastal 
development on the hatchling disorientation should also be studied (Anon. C).  
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